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a-Lactalbumin, a small calcium-binding protein, forms an equilibrium
molten globule state under a variety of conditions. A set of four peptides
designed to probe the role of local interactions and the role of potential
long-range interactions in stabilizing the molten globule of a-lactalbumin
has been prepared. The ®rst peptide consists of residues 20 through 36 of
human a-lactalbumin and includes the entire B-helix. This peptide is
unstructured in solution as judged by CD. The second peptide is derived
from residues 101 through 120 and contains both the D and 310 helices.
When this peptide is crosslinked via the native 28 to 111 disul®de to the
B-helix peptide, a dramatic increase in helicity is observed. The cross-
linked peptide is monomeric, as judged by analytical ultracentrifugation.
The peptide binds 1-anilinonaphthalene-8-sulphonate (ANS) and the ¯u-
orescence emission maximum of the construct is consistent with partial
solvent exposure of the tryptophan residues. The peptide corresponding
to residues 101 to 120 adopts signi®cant non-random structure in aqu-
eous solution at low pH. Two hydrophobic clusters, one involving resi-
dues 101 through 104 and the other residues 115 through 119 have been
identi®ed and characterized by NMR. The hydrophobic cluster formed
by residues 101 through 104 is still present in a smaller peptide contain-
ing only residues 101 to 111 of a-lactalbumin. The cluster also persists in
6 M urea. A non-native, pH-dependent interaction between the Y103 and
H107 side-chains that was previously identi®ed in the acid-denatured
molten globule state was examined. This interaction was found to be
more prevalent at low pH and may therefore be an example of a local
interaction that stabilizes preferentially the acid-induced molten globule
state.
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Introduction

Many proteins are believed to fold via a compact
intermediate that contains signi®cant secondary
structure (Creighton, 1997; Kuwajima, 1989, 1996;
Privalov, 1996; Ptitsyn, 1995). These kinetic inter-
mediates are thought to be similar to the equili-
brium molten globule state, which can be
stabilized under mild non-native conditions
(Ikeguchi et al., 1986; Kuwajima et al., 1989), and
there is considerable interest in elucidating the
interactions that stabilize these states. The classic
description of the equilibrium molten globule is a
state that is compact and contains a high degree of
native-like secondary structure, but lacks the ®xed
tertiary contacts of the native state (Dolgikh et al.,
1981; Kuwajima et al., 1976). Detailed information,
such as knowledge of the speci®c contacts and
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interactions that stabilize molten globule states, is
dif®cult to obtain, because their NMR spectra are
poorly dispersed with broadened lines (Dobson,
1992).

The A-state of a-lactalbumin is populated under
acidic conditions and is one of the best character-
ized of molten globule states. The molten globule
state of a-lactalbumin can be populated at neutral
pH by the addition of moderate concentrations of
denaturants, by the removal of Ca2� and other
ionic salts, or by thermal denaturation (Kuwajima
et al., 1976; Maruyama et al., 1977; Hiraoka &
Sugai, 1984; Haynie & Friere, 1993). a-Lactalbumin
is a 14 kDa protein whose structure is virtually
identical with its evolutionary partner lysozyme
(Acharya et al., 1989; Phillips, 1974). It contains two
subdomains: one is a primarily helical domain
comprised of residues 1 to 39 and 81 to 123 (the
a-domain) and the other is a predominantly sheet
and coil domain that encompasses the remainder
of the molecule (the b-domain). All of the available
evidence indicates that the a-domain is structured
and the b-domain is unstructured in the molten
globule state (Baum et al., 1989; Peng & Kim, 1994;
de Laureto et al., 1995; Schulman & Kim, 1996).
Kim and co-workers have shown that a peptide
model of the a-domain consisting of residues 1 to
39 and 81 to 123 connected by a three-residue gly-
cine linker can fold into a molten globule-like state.
This construct is highly helical and shows a strong
preference for native-like disul®de bond formation
(Peng & Kim, 1994; Wu et al., 1995). The a-domain
includes four a-helices, denoted A through D, and
a short 310 helix. It is not known if smaller con-
structs are capable of forming a molten globule-
like structure or if all of the helices are required
(Schulman & Kim, 1996; Kuhlman et al., 1997).

Interactions between the B and D helices are
likely to be important in stabilizing the molten glo-
bule state. In the native state, the B-helix is cross-
linked via the 28 to 111 disul®de to the region that
includes the D-helix and the 310 helix. Studies of
mutants of a-lactalbumin containing only a single
disul®de demonstrate that the 28 to 111 disul®de
has the highest propensity to form in the molten
globule state and hence indicate a high propensity
to form structure in this region (Peng et al., 1995).
Computational studies have also suggested that
association of these regions of the protein is likely
to be an important event in the folding process.
Algorithms that are designed to predict potential
folding pathways by considering the amount of
hydrophobic surface area buried upon the folding
and packing together of segments of the polypep-
tide chain predict that the association of the
regions of the chain corresponding to the B and D
helices is an important event in the folding
process of the closely related protein lysozyme
(Chelvanayagam et al., 1992; Moult & Unger, 1991).

Here, we report the results of a study of a set of
four peptides designed to directly probe the role of
local interactions in the regions of the B helix and
the D helix as well as the role of potential long-

range interactions between these regions in stabi-
lizing the molten globule. We report the results of
detailed CD and NMR studies of the conformation-
al tendencies of these peptides at both low and
neutral pH and in the presence and absence of
organic cosolvents.

Molten globule states are often considered to be
stabilized by relatively non-speci®c interactions;
nevertheless, it is clearly important to establish
whether there are speci®c interactions, local or
long-range that stabilize these states. If so, are
these interactions identical when molten globule
states are isolated under different conditions? This
question is a particularly important issue for the
case of a-lactalbumin, since the molten globule
state can be stabilized at both neutral and low pH,
where it is known that the structure of the native
state differs in the region of the D helix (Acharya
et al., 1991; Harata & Muraki, 1992; Pike et al.,
1996). Interestingly, in the low pH form of the mol-
ten globule state, this region of the protein chain
appears to adopt an entirely different conformation
involving non-native side-chain interactions
(Alexandrescu et al., 1993). Our peptides are well
suited to study the role that local interactions play
in de®ning these conformations.

Results

The ribbon diagram of the structure of a-lactal-
bumin shown in Figure 1 highlights the regions
probed by our set of peptides. The ®rst peptide,
designated alac:20-36 consists of residues 20
through 36 of human a-lactalbumin and encom-
passes the entire B helix as well as several
additional residues at the N and C termini. The
second peptide, alac:101-120, contains both the D
and 310 helices. A third peptide, designated the BD
pair, was prepared and consists of the 20 to 36
fragment crosslinked via the native disul®de to the

Figure 1. Ribbon diagram of the high-pH crystal
structure of human a-lactalbumin (Acharya et al., 1991).
The shaded regions correspond to residues 20 to 36 and
101 to 120. The N and C termini are labeled and the 28
to 111 disul®de is indicated. The individual elements of
secondary structure are labeled. The diagram was cre-
ated using the program MOLSCRIPT (Kraulis, 1991).
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101 to 120 fragment. Finally, a fourth peptide com-
prised of residues 101 to 111, denoted alac:101-111,
was synthesized. This peptide was designed to
help elucidate the local conformational propensities
of the D-helix region. The remainder of this section
is organized as follows. We ®rst describe exper-
iments designed to probe the structural preferences
of alac:20-36. Experiments are then described that
examine the conformation of alac:101-111 at low
pH. We compare the behavior of the longer
alac:101-120 peptide to that of alac:101-111, and
examine the effect of varying pH on both of these
fragments. The conformation of both of these pep-
tides is then analyzed in 30% (v/v) TFE. We con-
clude by examining the crosslinked BD pair.
Comparison of the structural preferences of the BD
pair to the conformational tendencies of the two
individual peptides provides a sensitive test for
any mutually stabilizing interactions.

CD experiments show that aaalac:20-36
is unstructured

The CD spectrum of alac:20-36 recorded at
pH 2.8, 25�C indicates that the peptide is largely
unstructured. The mean residue ellipticity at
222 nm is only ÿ1000 deg cm2 dmolÿ1. This pep-
tide encompasses the B helix and the random-coil
nature of the CD spectrum demonstrates that
long-range interactions are required to induce
structure in this region of a-lactalbumin in the
molten globule state. There is no signi®cant change
in the CD spectrum over the pH range of 2 to 11
(D. Moriarty, S.J.D., & D.P.R., unpublished results).
Unfortunately, the peptide is not soluble above
approximately 50 mM, precluding NMR studies.

NMR and CD experiments provide evidence for
the formation of non-random structure in
aaalac:101-111 in aqueous solution at low pH

Concentration-dependent CD and NMR exper-
iments show that alac:101-111 is monomeric up to
at least 6 mM peptide concentration at pH 2.8. CD
experiments clearly demonstrate that this peptide
forms non-random structure in aqueous solution.
The CD spectrum of alac:101-111 recorded at
pH 2.8 and 25�C in aqueous solution shows a sub-
stantial signal at 222 nm (ÿ6000 deg cm2 dmolÿ1;
Figure 2). Due to the small size of the peptide and
possible contributions from the aromatic residues
to the intensity observed at 222 nm, interpretation
of the signal in terms of fraction helix is compli-
cated (Chakrabartty et al., 1993). Nonetheless, non-
random structure in the peptide is evident from
the shoulder at 222 nm in the spectrum.

NMR experiments provide additional evidence
for non-random structure in this peptide. The spec-
tra are well resolved and can be easily assigned
using standard methods. The ®ngerprint region of
the TOCSY spectrum is shown in Figure 3A and
the deviation of the CaH chemical shifts from ran-
dom coil values is included in Figure 4(A) (Wishart

et al., 1992, 1995). The ®rst eight CaH resonances
all show an up®eld shift from random coil values.
The CaH resonances of residues D102 to K108 are
all shifted by at least 0.14 ppm and several of these
residues have signi®cantly larger deviations, which
presumably re¯ects a propensity to preferentially
sample the helical region of f,c space. Several
amide protons are shifted well up®eld of random
coil values (WuÈ thrich, 1986). The amide proton
chemical shift values of W104 (7.80 ppm), A106
(7.77 ppm) and L105 (7.58 ppm) at 25�C are par-
ticularly noteworthy. Up®eld shifts of this nature
are often the result of interactions with nearby aro-

Figure 2. CD spectra of alac:101-111 (circles) and
alac:101-120 (diamonds) at pH 2.8, 25�C in the presence
and in the absence of TFE. Open symbols indicate that
the solvent is water. Filled symbols indicate that the sol-
vent is 30% (v/v) TFE.

Figure 3. The ®ngerprint region of the TOCSY spectra
of alac:101-111 and alac:101-120. A, alac:101-111 at
25�C, pH 2.8 in water. B, alac: 101-111 at 25�C, pH 2.8,
30% (v/v) TFE. C, alac:101-120 at 45�C in water, pH 2.8
(the K108 crosspeak is unassigned and the H107 and
W118 crosspeaks are saturated). D, alac:101-120 at 25�C,
pH 2.8, 30% (v/v) TFE.
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matic residues (Kemmink et al., 1993; Kemmink &
Creighton, 1995).

The observed pattern of ROEs provides
additional evidence for deviations from random
coil behavior in this peptide, particularly for resi-
dues 101 through 107. A total of 166 inter- and
intraresidue ROEs could be assigned in the ROESY
spectrum of this peptide, 130 of which involve resi-
dues located in the ®rst seven positions of the
sequence. All of the sequential amide to amide
ROEs are observed, except for that between the C-
terminal two residues. Weak (i, i � 2)aN, (i, i � 3)aN

and (i, i � 3)ab ROEs also indicate that there is
some propensity for non-random backbone struc-
ture in the N-terminal seven residues. The C-term-
inal four residues appear to be less ordered. A plot
of the observed main-chain to main-chain ROEs is
included in Figure 4(A).

A hydrophobic cluster involving residues I101,
Y103 and W104 was identi®ed on the basis of a set
of ROEs between the side-chains of these residues.

A total of 18 interresidue side-chain to side-chain
(ten) and side-chain to main-chain (eight) ROEs
were observed between I101, Y103 and W104. An
additional seven ROE peaks from these hydro-
phobic residues could not be unambiguously
assigned. Two of the seven are between the side-
chain of W104 and the side-chain of Y103. The
other ®ve are from the indole ring of W104 to
methyl resonances of either I101 or L105 and to b
and g resonances. An interaction between the side-
chains of Y103 and H107 was identi®ed by ROEs
between these two residues. A contact map depict-
ing the pattern of the backbone to side-chain and
side-chain to side-chain ROEs is shown in
Figure 4(A).

The amide proton chemical shift temperature
coef®cients offer more evidence of non-random
structure in the N-terminal region of alac:101-111
at pH 2.8. Residues 104 through 108 have small
amide temperature coef®cients, possibly due to sol-
vent inaccessibility resulting from shielding by the
side-chains in the hydrophobic cluster and/or
residual hydrogen bonding (Deslauriers & Smith,
1980). Interactions with nearby aromatic rings also
may contribute (Kemmink et al., 1993). The remain-
ing six residues have values between ÿ6.8 and
ÿ7.3 ppb/K.

The only 3JNHa coupling constant that deviates
signi®cantly from random-coil values is that for
Y103, which has a value of 4.9 Hz. Dobson and co-
workers have shown that ¯uctuations about helical
f,c values can, in isolated helical peptides,
increase the 3JNHa coupling constants above the
values expected for a static helix (Bolin et al., 1996).
The 3Jab coupling constants of the AMX spin sys-
tems were determined from E.COSY spectra. All of
the residues except H107 have 3Jab coupling con-
stants indicative of conformational averaging. The
3Jab coupling constants of H107 are 9.9 and 5.6 Hz.
Assignment of a speci®c w1 rotamer was not poss-
ible, due to the inconclusive pattern of NOEs
(Wagner et al., 1987).

Side-chain to side-chain interactions in
aaalac:101-111 are not disrupted by the addition
of urea

CD and NMR experiments indicate that signi®-
cant structure remains even in 6 M urea. y222

decreased from ÿ6000 deg cm2 dmolÿ1 in the
absence of urea to ÿ3800 deg cm2 dmolÿ1 in 6 M
urea. The CD spectrum of the peptide in 6 M urea
does not correspond to what is expected for an
unstructured peptide, indicating either residual
structure or a signi®cant contribution to the far-UV
signal from the aromatic residues. A ROESY exper-
iment in 2H2O in 6 M urea provides unambiguous
evidence that the hydrophobic cluster involving
residues I101, Y103 and W104 as well as the inter-
action between Y103 and H107 are still intact. The
ten side-chain to side-chain ROEs that were
observed in water are still present in 6 M urea and
are of comparable intensity. Two of the eight side-

Figure 4. Deviations of the CaH chemical shifts from
random coil values, main-chain to main-chain ROEs,
and ROESY contact map of (A) alac:101-111 in aqueous
solution at pH 2.8, 5�C and (B) alac:101-111 in 30% TFE
at pH 2.8, 25�C. The deviations of the CaH chemical
shifts are displayed with downward open rectangles
indicating shifts of at least ÿ0.1 ppm from random-coil
values and ®lled rectangles indicating CaH chemical
shifts that are shifted by at least ÿ0.2 ppm from ran-
dom-coil values. In the contact maps, triangles below
the diagonal indicate main-chain to main-chain ROEs.
The symbols above the diagonal indicate side-chain to
side-chain (squares), side-chain to main-chain (circles),
or both side-chain to side-chain and side-chain to main-
chain (diamonds) ROEs. Open symbols (both above and
below the diagonal) indicate one or more weak ROEs
and ®lled symbols indicate at least two or more ROEs
of at least medium intensity.
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chain to main-chain ROEs that were observed in
water were to amide protons and hence would not
be detectable in 2H2O. Of the remaining six ROEs,
two are detectable. A set of seven additional side-
chain to side-chain ROEs was observed in this
region of the peptide in water that could not be
unambiguously assigned to particular proton pairs
(although some could be assigned to particular
residues). Six of these seven ROEs are still present
in 6 M urea, including peaks from the indole ring
of W104 to the side-chain of Y103. Because the
hydrophobic cluster is so robust, it must dictate, in
some fashion, the allowable conformations that the
peptide backbone can adopt even under denatur-
ing conditions.

Conformational analysis of aaalac:101-120 in H2O
provides evidence for non-random structure in
the region of residues 115 through 119

Extending the C terminus of the peptide does
not appear to signi®cantly perturb the structure
formed in alac:101-111. The addition of nine resi-
dues to the C terminus increases the helical con-
tent, as judged by CD. The mean residue ellipticity
of alac:101-120 at 222 nm is ÿ9500 deg cm2 dmolÿ1

(Figure 2). Substitution of Ala for the wild-type
Cys at position 111 has no detectable effect on the
CD spectra, and all NMR experiments were per-
formed with the Ala mutant to eliminate any
potential complications due to disul®de formation.
alac:101-120 associates at low temperatures at

concentrations above 500 mM; however, the pep-
tide is monomeric at NMR concentrations at 45�C
and above. At this temperature, the peptide
appears to be slightly less structured, as judged by
CD, y222 decreases to ÿ7400 deg cm2 dmolÿ1. The
pattern of the ®ngerprint peaks of the ®rst 11 resi-
dues of alac:101-120 at 45�C is similar to the pat-
tern found in the ®ngerprint region of alac:101-111
at 25�C (Figure 3C). Most of the ROEs between
residues 101 through 108 that were observed in the
shorter peptide are visible in the longer peptide.
Interestingly, the pattern of CaH chemical shifts
observed in this peptide are similar to those
observed in a peptide corresponding to the same
region in hen lysozyme, even though the primary
sequences are very different (Yang et al., 1996).

There is evidence for non-random interactions
involving residues in the C-terminal region of
alac:101-120. The CaH chemical shifts of four of the
®ve C-terminal residues are shifted up®eld of ran-
dom coil values by at least 0.15 ppm. These shifts
are even larger at 25�C; however, the spectra at
low temperature are complicated by some self-
association. Non-native side-chain to side-chain
ROEs are observed between the indole ring of
W118 and methyl groups of both L115 and L119,
suggestive of a second hydrophobic cluster near
the C-terminal end of the peptide. A weak (i,
i � 3)aN ROE was observed between L115 and
W118.

The effect of pH on the structure of
aaalac:101-111 and aaalac:101-120

Unfortunately, alac:101-120 associates at neutral
pH and could not be studied under these con-
ditions. alac:101-111 is monomeric up to at least
3 mM at pH 7.0 as judged by concentration-depen-
dent CD and NMR measurements. The CD spec-
trum of alac:101-111 recorded at pH 7.0 is very
similar to the spectrum recorded at pH 2.8,
although the value of y222 is slightly more negative,
ÿ6600 deg cm2 dmolÿ1 compared to ÿ6000. The
CaH chemical shifts are also very similar; however,
there are noticeable shifts in the amide proton res-
onances and the dispersion in the amide region is
considerably reduced. Residues 104 through 106 all
experience down®eld shifts, and the amide chemi-
cal shift temperature coef®cients of W104 and L105
are both more negative (i.e. closer to random-coil
values) at pH 7.0 than at pH 2.8. These obser-
vations suggest that there is some change in the
conformational preferences of this region of the
peptide.

The effect of varying the pH on the Y103 chemi-
cal shifts provides additional indirect evidence for
a pH-dependent conformational change. The
apparent pKa values of the ionizable residues were
determined by monitoring their chemical shifts
from pH 1.4 to pH 11.0. The pKa values of D102
(3.6) and H107 (6.4) are relatively unperturbed
compared to random-coil values. The chemical
shift of the 2,6 protons of Y103 display a sigmoidal
transition as the pH is varied through the pKa of
the D102 side-chain, shifting approximately 0.12
ppm up®eld between pH 2 and 5. As the pH is
increased through the pKa of the H107 side-chain,
this resonance shifts back down®eld. The H107
imidazole protons also display a minor pertur-
bation as D102 is protonated. Although it is clearly
hazardous to associate pH-dependent chemical
shift perturbations with speci®c structural changes,
the data do suggest that there is a pH-dependent
interaction between Y103 and H107 that may be
modulated, in some fashion, by D102. Taken
together, the pH-dependent perturbations of the
Y103 ring protons, the perturbations of the amide
chemical shifts and of the amide chemical shift
temperature coef®cients indicate that there must be
some pH-dependent change in the structure of this
region of the peptide.

pH-dependent changes in the H107 3Jab coupling
constants are consistent with a weaker Y103-H107
interaction at pH 7.0, 5�C. The difference between
the two 3Jab coupling constants of H107 is notice-
ably smaller at pH 7.0 (1.9 Hz) than at pH 2.8
(4.3 Hz), suggesting that rotation about the H107
a-b bond is less hindered at neutral pH. ROESY
experiments provide direct evidence that the inter-
action between Y103 and H107 is weaker at neutral
pH (Figure 5). No ROE is observed between these
two side-chains at 25�C, pH 7, while a set of four
ROEs was observed at pH 2.8. The interactions
involving the hydrophobic side-chains also appear
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to be less extensive at pH 7.0, 25�C than at pH 2.8,
25�C. Only three of the eight main-chain to side-
chain ROEs that were observed at pH 2.8 are pre-
sent at pH 7.0, and seven of the ten side-chain to
side-chain ROEs that were detected at pH 2.8 are
present at pH 7.0. Reducing the temperature to
5�C stabilizes the structure, and the pattern of
crosspeaks detected in the ROESY spectra of
alac:101-111 recorded at pH 7.0, 5�C is very similar
to the pattern of crosspeaks observed in the pH 2.8
spectrum measured at 25�C. Three of the four
ROEs involving Y103 and H107 are detectable and
the fourth would be obscured by the diagonal.
Nine of the ten side-chain to side-chain and seven
of the eight side-chain to main-chain ROEs

between residues in the hydrophobic cluster are
present at pH 7.0, 5�C. ROEs between Y103 and
A106 and between the acetylated N-terminal
methyl group and Y103 are present at pH 7.0, 5�C.

It is important to point out that the His107 side-
chain will not be fully deprotonated at pH 7.0.
Based on the experimentally determined pKa value,
approximately 20% of the molecules will be proto-
nated at pH 7.0. It would clearly have been desir-
able to obtain two-dimensional NMR spectra at
higher pH values; unfortunately, the samples
undergo slow, time-dependent aggregation at high-
er pH values and it was not possible to obtain two-
dimensional spectra. Nonetheless, it is clear that the
Y103-H107 interaction is weaker at neutral pH.

Figure 5. Sections of the ROESY spectrum of alac:101-111. A, pH 2.8, 25�C; B, pH 2.8, 5�C; C, pH 7.0, 25�C;
D, pH 7.0, 5�C. Crosspeaks from the Y103 ring to the H107 side-chain are indicated.
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The effects of TFE on aaalac:101-111
and aaalac:101-120

TFE is often used to induce structure in peptides
and there are several studies of the effects of TFE
on the structure of intact proteins. Of relevance to
this work are the studies by Dobson and co-
workers of a-lactalbumin in TFE. They have used
two-dimensional NMR and CD spectroscopy to
probe the structure of a-lactalbumin in 50% TFE
(Alexandrescu et al., 1994) and it is of interest to
examine the effect of TFE on the local structural
preferences of alac:101-111 and alac:101-120.
Dobson and co-workers have determined the struc-
ture of a slightly shorter peptide corresponding to
residues 101 to 110 of human a-lactalbumin in 95%
(v/v) TFE (Smith et al., 1995) at low pH. The ther-
modynamic properties of TFE/water solvent mix-
tures are sensitive to the solvent composition and
solutions of low concentrations of TFE in water
behave very differently from solutions of low con-
centrations of water in TFE (Blandamer et al., 1990;
Cammers-Goodwin et al., 1996).

TFE increases the apparent helical content
of aaalac:101-111

The addition of TFE to alac:101-111 at pH 2.8
increased the apparent helicity, as judged by the
intensity of the CD signal at 222 nm. The mean
residue ellipticity reaches its maximum intensity
by 30% (v/v) TFE. In 30% TFE, the measured
value of y222 is ÿ22,100 deg cm2 dmolÿ1 (Figure 2).

NMR spectra of alac:101-111 recorded in 30%
TFE are well resolved and could be assigned in a
straightforward manner. The ®ngerprint region of
the TOCSY spectrum is shown in Figure 3B. The
CaH resonances of residues W104 through L109
are all shifted up®eld by at least 0.1 ppm relative
to their values in water at pH 2.8 (Figure 4(B)). The
CaH resonance of H107 experiences the largest
up®eld shift, 0.36 ppm. The amide proton chemical
shift of L105 also undergoes a dramatic change. In
water, this resonance is the most up®eld amide
and is found at 7.56 ppm. In 30% TFE, this peak
shifts by almost 0.9 ppm to 8.42 ppm and is the
most down®eld amide resonance. The large chemi-
cal shift change indicates that there must be a
change in the local environment of the L105 amide.
A likely explanation is a change in the distance
and/or relative orientation of an aromatic side-
chain.

In contrast to the results in water, alac:101-111
displays a complete set of sequential amide to
amide ROEs in 30% TFE. No long-range amide to
amide ROE is detected. The main-chain to main-
chain ROEs are summarized in Figure 4(B). All of
the 3JNHa coupling constants decrease in 30% TFE
to below 5.4 Hz, except for those of L110 and
A111. It is interesting to note that the coupling con-
stants are lower than those observed for the C-
helix peptide of hen lysozyme in 50% TFE (Bolin
et al., 1996). That peptide forms a helix in 50% TFE

and the majority of the 3JNHa coupling constants
are between 5.0 and 6.5 Hz. The smaller 3JNHa
coupling constants, the shifts of the CaH reson-
ances, and the observed pattern of ROEs all indi-
cate that alac:101-111 has a pronounced tendency
to adopt helical or helical-like turn conformations
in 30% TFE. The lack of amide to amide (i, i � 2)
and a to amide (i, i � 4) ROEs demonstrates, how-
ever, that the peptide does not form a well-ordered
a-helix.

TFE modulates the non-native side-chain
interactions present in aaalac:101-111

Many of the ROEs between hydrophobic side-
chains that were observed in water are missing or
weaker in 30% TFE. Fewer ROEs are detected
between the I101, Y103 and W104 side-chains, and

Figure 6. Deviations of the CaH chemical shifts from
random-coil values, main-chain to main-chain ROEs,
and overall ROESY contact map of alac:101-120 in 30%
TFE at pH 2.8, 25�C. Deviations of the CaH chemcial
shifts are displayed with downward open rectangles
indicating shifts of at least ÿ0.1 ppm from random-coil
values and ®lled rectangles indicating CaH chemical
shifts that are shifted by at least ÿ0.2 ppm from ran-
dom-coil values. In the contact maps, triangles below
the diagonal indicate main-chain to main-chain ROEs.
The symbols above the diagonal indicate side-chain to
side-chain (squares), side-chain to main-chain (circles),
or both side-chain to side-chain and side-chain to main-
chain (diamonds) ROEs. Open symbols (both above and
below the diagonal) indicate one or more weak ROEs
and ®lled symbols indicate at least two or more ROEs
of at least medium intensity.
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the intensity of the remaining ROEs is diminished
compared to what is observed in aqueous solution.
The ROEs between the Y103 and H107 side-chains
are, however, still present and are of comparable
intensity. A contact map of the backbone to side-
chain and side-chain to side-chain ROEs is shown
in Figure 4(B).

The effect of TFE on the structure of
aaalac:101-120

Addition of TFE increases the apparent helicity
of alac:101-120. The maximum value of y222,
ÿ26,500 deg cm2 dmolÿ1, is reached by 28% (v/v)
TFE (Figure 2). The peptide is more soluble in 30%
TFE than in water; therefore, NMR spectra could
be recorded at 25�C. This allows direct comparison
with the studies of alac:101-111. The ®ngerprint
region of the TOCSY spectrum is shown in
Figure 3D. The CaH chemical shifts of all of the
residues of alac:101-120 suggest an increased pro-
pensity to adopt values of f,c in the helical region
of the Ramachandran map. The CaH chemical
shifts of the N-terminal ®ve residues and the C-
terminal ®ve residues change the least in TFE,
suggesting that structure already present in these
areas is not disrupted by the addition of TFE. The
deviations of the CaH chemical shifts in TFE from
random-coil values are shown in Figure 6. The lar-
gest perturbations in the CaH chemical shifts com-
pared to their values in water arise from residues
H107 to K114, all of which experience signi®cant
up®eld shifts with the addition of TFE. H107 has
the largest up®eld shift of ÿ0.47 ppm. This reson-
ance displays the largest shift upon addition of
TFE to the shorter peptide. This is suggestive
additional evidence that the local structure in this
region of alac:101-111 is preserved in alac:101-120.

ROESY spectra also indicate an increased pro-
pensity to populate helical-like conformations for
alac:101-120 in the presence of 30% TFE. Sixteen of
the 20 possible sequential amide to amide ROEs
are observed. Of the four missing crosspeaks, three
would lie too close to the diagonal to detect. Seven
(i, i � 3)aN and eight (i, i � 3)ab medium to weak
ROEs are also detected. Five of the seven (i,
i � 3)aN and four of the eight (i, i � 3)ab ROEs are
within the N-terminal seven residues. Three med-
ium intensity (i, i � 2)aN ROE peaks are present in
the C-terminal region. The main-chain to main-
chain ROEs are summarized in Figure 6. With the
exception of H107 and A120, the measured 3JNHa
coupling constants are all below 5.5 Hz and all
except D102, T112, E116 and W118 are below
5.0 Hz.

The pattern of side-chain to side-chain ROEs
between the residues that make up the N-terminal
hydrophobic cluster is very similar to that
observed for the shorter peptide in 30% TFE. Inter-
estingly, the C-terminal cluster identi®ed in water
is more structured in 30% TFE. A large number of
interresidue side-chain to side-chain (17) and main-
chain to side-chain (eight) ROEs were identi®ed in

the C-terminal region. Particularly noteworthy are
ROEs of medium strength from W118 to both L115
and L119, and a set of weaker ROEs from W118 to
Q117 and to K114. A contact plot of the side-chain
to side-chain and side-chain to main-chain ROEs is
shown in Figure 6. Several ROE crosspeaks that
were observed in the ROESY spectrum of the
shorter peptide are not resolved in the spectra of
alac:101-120, due to spectral overlap. The 3Jab coup-
ling constants of residues Y103, H107 and W118
deviate from the values expected for conformation-
al averaging, indicating restriction in the mobility
about the a-b bonds. The differences between 3Jab2

and 3Jab3 are 2.2 Hz for Y103, 3.0 Hz for H107 and
3.6 Hz for W118. It is interesting that the side-
chain interactions involved in the N-terminal clus-
ter are weaker in 30% TFE, while the interactions
that lead to the C-terminal cluster appear to be
favored in 30% TFE. This may re¯ect the fact that
more residues are involved in the N-terminal clus-

Figure 7. CD spectrum of the BD pair (triangles) com-
pared to the sum of the spectra of the reduced peptides
(circles). The spectra were recorded at pH 2.8, 25�C.

Figure 8. Fluorescence emission spectra of ANS in the
presence (®lled circles) and in the absence (open circles)
of the BD pair. Spectra were recorded at pH 2.8, 25�C.

286 Interactions in a Molten Globule



ter, and that this cluster appears to impose more
structural constraints upon the peptide backbone.

Crosslinking aaalac:20-36 to aaalac:101-120 by the
native 28 to 111 disulfide results in a
significant increase in structure

Sedimentation experiments indicate that the BD
pair is monomeric in aqueous solution at a concen-
tration of 5 mM in 10 mM NaCl at pH 2.8, 25�C.
The apparent molecular mass derived from a glo-
bal ®t to the centrifugation data is 4590 (�/ ÿ 260)
Da, which is within 5% of the known actual mass,
4366 Da. The data ®t well using a single-species
model and the residuals are random. The BD pair
associates at concentrations above 25 mM; there-
fore, all CD experiments were performed at 5 mM.

The CD spectrum of the BD pair recorded at
pH 2.8 shows a dramatic increase in the value of
y222 compared to the value calculated for the sum
of the spectra of the two reduced peptides
(Figure 7). The molar ellipticity of the BD pair at
222 nm is ÿ9700 deg cm2 dmolÿ1, which corre-
sponds to approximately 30% helicity, assuming
no signi®cant contribution from either the disul®de
or the aromatics. The sum of the molar ellipticities
at 222 nm of the reduced peptides is ÿ5600 deg
cm2 dmolÿ1, corresponding to roughly 17% heli-
city.

The BD pair contains two of the four tyrosine
residues found in human a-lactalbumin and two of
the three tryptophan residues. The ¯uorescence
emission maximum of native a-lactalbumin,
measured at 25�C, pH 7.0, 100 mM Ca2� is 330 nm.
The emission maximum of the molten globule state
at pH 2.8, 25�C, 1 mM EDTA is 342 nm. The emis-
sion maximum of the BD pair is 352 nm at pH 2.8.
This value of the emission maximum is red shifted
from the value measured for the native state and
from the value observed for the molten globule
state. This indicates that the tryptophan residues
are likely to be more accessible to solvent in the
BD pair than they are in the molten globule state
of intact a-lactalbumin. This is not at all unreason-
able, given the relatively small size of the peptide.

The ¯uorescent hydrophobic molecule 1-anilino-
naphthalene-8-sulphonate (ANS) is commonly
used as a probe of molten globule state formation
(Semisotnov et al., 1991). The BD pair binds ANS.
The ANS emission maximum is blue shifted to
492 nm in the presence of an equimolar amount of
BD pair (2 mM ANS, 2 mM peptide) and there is a
2.2-fold increase in ¯uorescence intensity (Figure 8).
Binding is abolished by the addition of urea. The
BD pair associates at neutral pH, precluding ANS
binding studies. A smaller blue shift of the ANS
emission maximum (511 nm) and weaker (1.6 fold)
enhancement of ¯uorescence intensity is observed
in the presence of alac:101-120 at low pH, indicat-
ing that this peptide weakly binds ANS and hence,
presumably, contains a hydrophobic surface. This
result is consistent with the observation of hydro-
phobic cluster formation by NMR. Binding is abol-

ished by the addition of 6 M urea. ANS binding is
not observed for this peptide at pH 7.0, indicating
either a pH-dependent change in structure or some
electrostatic contributions to the weak bindng
observed at low pH. alac:20-36 and alac:101-111 do
not bind ANS.

The position of the tryptophan emission maxi-
mum of the construct and its ability to bind ANS
are consistent with a loose packing of the hydro-
phobic side-chains, reminiscent of the molten glo-
bule state.

Conclusions

Our data demonstrate that the N-terminal region
of alac:101-111 and alac:101-120 has a high propen-
sity for non-random structure in water. It is clear
that a hydrophobic cluster can be formed via local
interactions in these peptides without the aid of
stabilizing interactions from more distant regions
of the peptide chain. This strongly argues that
these interactions should persist in the denatured
state under conditions that favor folding. The N-
terminal cluster persists in 6 M urea, indicating
that it may also be populated under conditions
that favor the denatured state. The Y103-H107
interaction is clearly non-native. In all crystal struc-
tures, the phenol ring of Y103 is at least 10 AÊ from
the imidazole side-chain of H107. The interaction is
weaker at neutral pH, but is still present. The pH-
dependence of this interaction demonstrates that it
could preferentially stabilize the acid-induced mol-
ten globule state. Because this interaction is non-
native, it will need to be disrupted during the tran-
sition from the molten globule to the native state.
This interaction may be an example of a non-native
interaction that contributes to the roughness of the
folding free-energy landscape. It is likely to play a
less signi®cant role at neutral pH, since it is weaker
under these conditions.

We have found evidence for a second hydro-
phobic cluster localized in residues 115 to 119. The
local hydrophobic clusters characterized in this
work may provide a manifold for other regions of
the protein to pack against during the formation of
the molten globule state. In a recent study of 15N-
labeled human a-lactalbumin, Kim, Dobson and
co-workers found that most of the 1H-15N amide
peaks of the a-domain could not be observed, due
to broadening caused by slow conformational ¯uc-
tuations (Schulman et al., 1997). Upon unfolding of
the molten globule by temperature and urea, the
last 1H-15N amide resonances to appear were those
from the D helix and from residues 115 to 119.
This was interpreted as indirect evidence that this
region of the molten globule is the most resistant
to denaturation. Our demonstration that the local
interactions present in alac:101-111 are not elimi-
nated in urea is completely consistent with the
results reported by Schulman et al. (1997). Both
clusters may be key determinants in the formation
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of the molten globule state during the initial events
of protein folding.

Both alac:101-111 and alac:101-120 are noticeably
more structured in TFE, and both appear to have
an increased propensity to populate the helical
region of the f,c map. This may be relevant to stu-
dies of intact a-lactalbumin in TFE, which have
demonstrated a dramatic increase in the intensity
of the CD signal at 222 nm (Alexandrescu et al.,
1994). It is interesting to speculate on the origins of
the changes in the structure of the alac:101-111
peptide in the two different solvents. In water, the
structure appears to be stabilized by side-chain to
side-chain interactions involving Y103, H107 and
several apolar residues. These interactions are
weaker in 30% TFE. The weakening of the side-
chain interactions may be the result of backbone-
driven structure formation in TFE/water mixtures
versus structure formation driven by hydrophobic
clustering and the Y103-H107 interaction in water.

The existence of long-range stabilizing inter-
actions between the B helix and the C-terminal
region of the protein have been clearly demon-
strated by our studies of the BD model peptide
and indicate that interactions between these
regions of the protein are suf®cient to drive for-
mation of secondary structure. The measured heli-
city of the BD pair is approximately twofold
greater than that of the reduced peptides. The ¯u-
orescence emission spectrum of the BD pair
suggests that the tryptophan side-chains are
exposed to solvent, and its ability to bind ANS
indicates a loose packing of the side-chains at the
interface of the two peptides. These results are
fully consistent with the notion that relatively non-
speci®c hydrophobic interactions between seg-
ments of the peptide chain that have some intrinsic
propensity to form local structure can play an
important role in stabilizing the molten globule
state.

It is interesting to compare the results reported
here with studies of peptide fragments derived
from other proteins that form well-characterized
molten globule states. Mutagenesis studies of the
A-state of cytochrome c have shown that inter-
actions between the N and C-terminal helices
stabilize the A-state (Marmorino & Pielak, 1995).
Peptide fragments derived from the N and C-term-
inal regions of cytochrome c have little tendency to
adopt structure in isolation. However, Roder and
co-workers have shown that a heme-containing N-
terminal fragment associates with a peptide corre-
sponding to the C-terminal helix to form a highly
helical, non-covalent complex (Wu et al., 1993).
Wright, Dyson and co-workers have performed
extensive studies of peptide fragments of myoglo-
bin and have shown that a peptide encompassing
the G helix is largely unstructured, while a peptide
corresponding to the H helix is approximately 30%
helical (Waltho et al., 1993). These helices interact
in the native state and in the molten globule state
(Eliezer et al., 1998; Kay & Baldwin, 1996). A pep-
tide model consisting of the G and H helices cross-

linked by a disul®de bond is highly helical in
water, demonstrating that intermolecular associ-
ation also stabilizes secondary structure in this sys-
tem (Shin et al., 1993).

Our crosslinked BD peptide is considerably
more helical than the individual reduced peptides,
but the observed helicity cannot account for the
known helical content of the molten globule state.
The mean residue ellipticity of the low-pH form of
the molten globule state at 25�C, is ÿ12,000 deg
cm2 dmolÿ1 at 222 nm. A mean residue ellipticity
of this magnitude could be generated by assuming
that 42 of the 123 residues in the full-length protein
adopt a helical conformation. The BD pair would
have to be fully helical to account for this amount
of helical structure. The experimentally measured
ellipticity of the BD pair can, however, be gener-
ated by only an 11 residue helix. Although clearly
a gross oversimpli®cation, this crude calculation
demonstrates that the BD pair does not account for
the total helicity observed in the molten globule
state. Therefore, it will be interesting to explore
what other elements of structure are necessary to
arrive at a more adequate model of the a-lactalbu-
min molten globule state. Studies of larger pep-
tides that include both the A and B helices
crosslinked to residues 101 to 120 are underway.

Materials and Methods

Peptide synthesis and purification

alac:101-111 and alac:101-120 were designed with the
native Cys residues at positions 111 and 120 replaced by
Ala. A second version of the 101-120 peptide was pre-
pared with the wild-type Cys at position 111. Peptide
synthesis reagents were purchased from PerSeptive Bio-
systems Inc. or Advanced ChemTech. Solvents were pur-
chased from Fisher Scienti®c. alac:101-111 was
synthesized using a Rainin Model PS3 automated pep-
tide synthesizer. alac:20-36 and alac:101-120 were pre-
pared on a 0.2 mmol scale using a Millipore 9050
automated peptide synthesizer. Fmoc-L-amino acids
were coupled via O-(7-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium tetra¯uoroborate (TBTU) activation. The
polystyrene support with a peptide amide linker (PAL
resin) provided amidated carboxy termini. The amino
termini were acetylated upon completion of the synth-
eses. Peptides were cleaved from the resin using a sol-
ution of 90% TFA, 3.3% ethanedithiol, 3.3% anisole, 3.3%
thioanisole. The peptides were puri®ed using reverse-
phase HPLC with water/CH3CN gradients containing
0.1% TFA using a Vydac C18 column. The BD pair was
formed by oxidation of a mixture of alac:20-36 and
alac:101-120 at pH 8.4 in aqueous solution. The BD pair
was puri®ed from the other oxidized species by reverse-
phase HPLC. alac:101-111 and the BD pair were charac-
terized by MALDI mass spectrometry: alac:101-111,
expected 1341.5 Da, determined 1341.0 Da; BD pair,
expected 4366.0 Da, determined 4364.8 Da. aLac:20-36,
alac:101-120 (Ala) and alac:101-120 (Cys) were character-
ized by FAB mass spectrometry at the University of Illi-
nois Mass Spectrometry Facility: alac:20-36, expected
1898.0 Da, determined 1898.6 Da; alac:101-120 (Ala),
expected 2441.0 Da, determined 2441.0 Da; alac:101-120
(Cys), expected 2473.9 Da, determined 2473.4 Da.
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CD

CD measurements were performed on an Aviv model
62A circular dichroism spectrometer. Wavelength scans
were performed with a minimum of three repeats and
an averaging time of three seconds. A 2 mM phosphate,
2 mM borate, 2 mM citrate, 10 mM NaCl buffer was
used for all CD experiments. Concentration-dependence
studies were performed by dilution from a concentrated
peptide stock solution into the buffer solution. For
measurements of 100 mM peptide and below, a separate
stock solution of 100 mM peptide was prepared and
diluted by weight measurement into buffer, assuming a
1:1 density ratio. The concentrations of the stock sol-
utions were determined by absorbance measurements at
280 nm using extinction coef®cients calculated via the
method of Pace et al. (1995). Fraction helix fhlx was calcu-
lated from the measured molar ellipticity at 222 nm
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.

1H NMR

1H NMR experiments were carried out on Varian
Unity INOVA 500 and 600 MHz spectrometers. Standard
presaturation techniques were used for solvent suppres-
sion. All TOCSY and ROESY experiments were per-
formed with either 256 or 512 t1 increments and 2048
data points in t2. TOCSY experiments utilized a 75 ms
mixing time and ROESY experiments used 250 to 300 ms
mixing times. The intensities of the amide to amide and
alpha to amide ROE crosspeaks were corrected for offset
effects (Griesinger & Ernst, 1987). DQF-COSY and
E.COSY experiments were performed with 512 t1 incre-
ments and 8 K and 4 K data points in t2, respectively.
All experiments used the TPPI method of data collection
(Marion & WuÈ thrich, 1983), except the E.COSY exper-
iments, which used the method of States et al. (1982). All
data sets were processed and analyzed using Felix 95.0
(Biosym). 70 to 90� shifted sinebell window functions
were applied to all 2D data sets. The data sets were
zero-®lled once in the ®rst dimension and twice in the
second dimension before Fourier transformation.
Sequence-speci®c assignments were determined by
assigning spin systems from the TOCSY spectra and
using sequential alpha to amide ROE peaks (WuÈ thrich,
1986). 3JNHa coupling constants were estimated by
measurement of ua and ud from DQF-COSY experiments
(Kim & Prestegard, 1989). 3Jab coupling constants were
measured as passive couplings from E.COSY exper-
iments (Griesinger et al., 1987).

Apparent pKa values for alac:101-111 were determined
by ®tting chemical shift changes with pH to a modi®ed
form of the Henderson-Hasselbalch equation:

d�pH� � �dbase � dacid�1� 10�pKaÿpH���
�1� 10�pKaÿpH��

dbase and dacid are the chemical shifts of the ionizable resi-

dues in their fully deprotonated and fully protonated
forms, respectively, and d(pH) is the measured chemical
shift. The change in the chemical shift of the amide pro-
ton of D102 and the average of the chemical shift
changes of the two bCH2 protons of D102 were used to
determine the apparent pKa of the D102 side-chain. The
chemcial shift changes of the 2H and 4H protons of the
imidazole ring of H107 were ®tted in order to determine
pKa values for this residue. The data were ®t using
KaleidaGraphTM.

Sedimentation equilibrium

A solution of the BD pair was dialyzed against a buf-
fer containing 2 mM phosphate, 2 mM borate, 2 mM
citrate and 10 mM NaCl. Experiments were performed at
25�C with a Beckman XL-A analytical ultracentrifuge,
using rotor speeds of 30,000, 40,000 and 50,000 rpm. The
concentration of the BD pair was 5 mM. Experiments
were carried out using 12 mm pathlength, six-channel,
charcoal-®lled, Epon cells with quartz windows. Data
were collected at 230 nm. 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 a single-
species model with the molecular mass treated as a ®t-
ting parameter. The HID program from the Analytical
Ultracentrifugation Facility at the University of Connecti-
cut was used for the ®tting analysis.

Fluorescence measurements

All ¯uorescence measurements were performed using
an ISA Fluorolog spectrometer. ANS ¯uorescence was
measured using an excitation wavelength of 370 nm. The
emission spectrum was recorded over the range of 380 to
650 nm. An ANS stock solution was prepared in metha-
nol. The concentrations of the ANS stock solutions were
determined using an extinction coef®cient of 8.0 � 103

Mÿ1 cmÿ1 at 372 nm in methanol (provided by Molecu-
lar Probes). The stock solution was diluted into 3 ml of
buffer at pH 2.8 to give a ®nal ANS concentration of
2 mM. Peptide was titrated into this solution.
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