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Photochemically induced dynamic nuclear polarization NMR pulse-
labeling techniques have been used to obtain detailed information
about side-chain surface accessibilities in the partially folded (mol-
ten globule) states of bovine and human �-lactalbumin prepared
under a variety of well defined conditions. Pulse labeling involves
generating nuclear polarization in the partially folded state, rap-
idly refolding the protein within the NMR sample tube, then
detecting the polarization in the well dispersed native-state spec-
trum. Differences in the solvent accessibility of specific side chains
in the various molten globule states indicate that the hydrophobic
clusters involved in stabilizing the �-lactalbumin fold can be
formed from interactions between a variety of different hydro-
phobic residues in both native and nonnative environments. The
multiple subsets of hydrophobic clusters are likely to result from
the existence of distinct but closely related local minima on the
free-energy landscape of the protein and show that the fold and
topology of a given protein may be formed from degenerate
groups of side chains.

hydrophobic cluster � protein folding � pulse labeling � chemically induced
dynamic nuclear polarization � molten globule

Very significant advances, both theoretical and experimental,
have been made in recent years in elucidating the principles

that govern the folding of proteins (1, 2). In particular, the concept
of an energy landscape has provided a general framework for
interpreting the thermodynamics and kinetics of the folding process
through which a polypeptide chain converts from a disorganized
unfolded state into the tightly packed native state (N state) at the
global energy minimum (3, 4). Recent approaches, involving a
combination of computer-simulation techniques with experimental
constraints, have enabled three-dimensional structural ensembles
of various partially folded species and folding intermediates to be
defined and provide a coarse-grained description of the develop-
ment of interresidue interactions and chain topologies involved in
attaining the final native structure (5–7). Of particular importance
in this context are compact denatured states, often known as molten
globules (MGs), which are commonly characterized by the presence
of native-like secondary structure and hydrodynamic radii but lack
both native-like packing of the internal amino acid side chains and
exclusion of solvent molecules from the hydrophobic core of the
protein (8, 9). The detailed experimental description of such states
will undoubtedly provide important information about the specific
factors stabilizing the overall chain topology at a residue-specific
side-chain level (10). However, MG states are very difficult to
characterize by using conventional x-ray crystallography or NMR
techniques because of their heterogeneous character (11, 12).

We have recently developed NMR techniques to characterize
aromatic side chains in transient, kinetic intermediate species
present in real-time protein folding experiments (13, 14) or in
partially folded states that are stable under equilibrium conditions
(15, 16). To circumvent the difficulties in studying such states
directly, we have shown that magnetization transfer from the
partially folded state to the N state by rapidly refolding the protein
can, in principle, yield structural information on the former from

the well resolved spectrum of the latter (14–16). However, to carry
out such experiments successfully, it is essential that refolding takes
place faster than nuclear spin-lattice relaxation. To this end, we use
two key methodological procedures. The first is an in situ injection
device that permits rapid homogeneous mixing of solutions in the
NMR magnet within 50 ms to initiate the refolding reaction (14).
The second is photochemically induced dynamic nuclear polariza-
tion (photo-CIDNP), a technique involving the reaction of laser-
induced photoexcited triplet molecules with surface-accessible
tryptophan, tyrosine, and histidine residues to provide information
on the accessibilities of specific side chains in the partially folded
MG state (17, 18). CIDNP is not observed for residues buried deep
within a protein molecule, in contrast to residues with significant
exposure to the solvent, thereby permitting the environment of the
side chains of specific residues in the protein to be defined.

A wide range of experimental studies has been undertaken to
gain insight into the MG state of �-lactalbumin (123 residues, Mr �
14,200; see Table 1, which is published as supporting information on
the PNAS web site) (8, 9), a species that has recently gained
considerable attention through successful clinical trials as a key
component of an antitumor compound (19). Most previous studies
have focused on the low pH, acidic MG state (A state) (20).
However, it is well established that MG states of �-lactalbumin can
also be generated at neutral pH by removal of the bound Ca2� ion
(the ‘‘apo state’’) or the addition of chemical denaturants at
moderate concentrations [sometimes termed the ‘‘partly dena-
tured’’ (P) form] (21). In all forms of the MG species, near-UV CD
spectra suggest the substantial weakening of native tertiary inter-
actions, whereas far-UV CD spectra show the persistence of large
elements of secondary structure (see Fig. 5, which is published as
supporting information on the PNAS web site) (8, 9, 21). Various
methods including small-angle x-ray scattering indicate that the
hydrodynamic radii of the MG states, regardless of how they are
generated, are only slightly larger than that of the N state (21, 22).
Together with intrinsic fluorescence spectra and the binding prop-
erties of the hydrophobic probe 8-anilino-1-naphthalene sulfonate
(ANS), these results lead to the conclusion that the MGs produced
under different conditions have broadly similar overall properties
(8, 9).

In this article, we describe pulse-labeled photo-CIDNP studies
designed to examine the characteristics of the different MG states
of bovine and human �-lactalbumin at the level of individual amino
acid side chains. The side chains detected by CIDNP (tryptophan,
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tyrosine, and, less importantly, histidine) are fairly evenly distrib-
uted in the �-lactalbumin sequence, allowing the polypeptide chain
to be probed throughout its length. Moreover, many of the tryp-
tophan and tyrosine residues are buried in the hydrophobic core of
the native proteins. Analysis of the solvent accessibilities of these
side chains in the various MG states allows one to compare their
respective environments within the ensemble of conformations
with those in the native proteins.

Materials and Methods
Proteins and Reagents. Human �-lactalbumin (HLA) and bovine
�-lactalbumin (BLA) were purchased from commercial sources,
and their various MG states were prepared as described (21).
Details of the protein sample preparation and the procedure for
rapid refolding are given in Supporting Text, which is published as
supporting information on the PNAS web site.

CIDNP Pulse Labeling. A recently developed rapid-mixing device was
used to perform all experiments (14). Briefly, 50 �l of a 1.5-mM
solution of �-lactalbumin in its MG state containing 0.15 mM flavin
mononucleotide was polarized by using an Ar� laser (Stabilite
2016-05, 5-W multiline output principally at 488 and 514 nm;
Spectra-Physics) for a specified time period (50–500 ms), then
pneumatically injected into 280 �l of refolding buffer contained in
the NMR sample tube. Complete mixing could be accomplished
within 50 ms of injection (14). A free induction decay was acquired
after a specified postinjection delay (normally set at 100, 150, or 200
ms) during which time the MG state refolded to the N state. For
steady-state CIDNP spectra, the laser irradiation was at 4 W for 100
ms, and difference spectra were generated by subtraction of ‘‘dark’’
spectra (no laser irradiation) from ‘‘light’’ (with laser irradiation)
spectra, each being an average of eight transients.

NMR Spectroscopy. All 1H NMR experiments were performed on a
spectrometer operating at 600.1 MHz. Experiments on the A state
were performed at 25°C. In contrast to the low-pH conditions under
which the A state is formed, at neutral pH in the presence of
moderate concentrations of denaturant (e.g., 2.0 M guanidinium
chloride) or after the removal of the bound Ca2� ion, there is an
equilibrium partitioning of the population of protein molecules into
N, MG, and unfolded states (8, 23). Therefore, care was taken to
ensure that the MG state was essentially the only species present
before the refolding event (for example, the temperature was
increased for the P- and apo-MG pulse-labeling experiments; for
details, see Fig. 6, which is published as supporting information on
the PNAS web site, and Supporting Text). A solvent-suppression
method [CHEmical Shift Selective (CHESS) imaging] (24), de-
signed originally for in vivo NMR, was implemented to counteract
the effects of bulk solvent motion after injection on the refocusing
of the solute magnetization. Each spectrum was the difference
between the sum of eight light and eight dark experiments.

Data Analysis. The side-chain 1H resonance assignments of the
N-state spectra of BLA and HLA were used to identify peaks in the
pulse-labeled spectra (25). No ambiguities arose from minor devi-
ations of chemical shifts resulting from the presence of residual
denaturant or temperature differences. Calculations of side-chain
static solvent accessibilities were performed with NACCESS (26) by
using the crystallographic structures of native BLA and HLA (27,
28). Residue numbering was identical in both proteins; residue
positions of different amino acids are denoted with a superscript to
identify the species (e.g., Trp-26BLA and Leu-26HLA).

Results
The pulse-labeling experiment involves initial in situ generation of
CIDNP in the MG state, followed by rapid injection of the polarized
protein solution into a buffer solution containing excess Ca2� ions.
A delay of 100–200 ms after injection allows the partially folded

state to refold, transferring the polarization enhancements to the N
state so that the solvent-accessible side chains of the MG state can
be identified from the well resolved spectrum of the N state (16).
The experiment permits observation of the exchangeable trypto-
phan indole protons (expected between 9.5 and 12.0 ppm) as well
as the aromatic resonances of tryptophan, tyrosine, and histidine
(6.5 and 8.0 ppm), greatly aiding the assignment of the CIDNP
spectra. Side chains (particularly of tryptophan residues) that have
solvent accessibilities as low as �15% can be detected under the
present conditions (17, 18).

The conventional CIDNP spectrum of the N state of BLA is well
resolved, containing side-chain resonances corresponding to one of
each of the four tryptophan, four tyrosine, and three histidine
residues in the protein (Trp-118, Tyr-18, and His-68; Fig. 1b) (16,
25, 29). In contrast, and consistent with the conventional 1H NMR
spectrum (Fig. 1e), the photo-CIDNP spectrum of the A state of

Fig. 1. The 600 MHz 1H NMR and photo-CIDNP spectra of BLA in its N and A
states,andtheCIDNPpulse-labeledspectrumoftheAstateatpH2.0.The 1HNMR
(a) and photo-CIDNP spectra (b) of BLA in the N state are shown. CIDNP-active
tryptophan, tyrosine, and histidine residues are labeled. (c) Pulse-labeled spec-
trum recorded 150 ms after initiation of the rapid refolding of the A state to the
N state. ‘‘Tyr MG’’ indicates the tyrosine signal from the residual spectrum of the
Astate. ‘‘Tyrnonnative’’ identifiesanemissive tyrosineH3,5peakwhosechemical
shift does not correlate with any tyrosine residue in the N state (see text).
Photo-CIDNP (d) and 1H NMR (e) spectra of BLA in the A state. (f) Ribbon
representation of the three-dimensional structure of BLA (27). The CIDNP-active
(cyan) and CIDNP-silent (yellow) residues identified from analysis of the pulse-
labeled CIDNP spectra are shown. All three-dimensional structure figures were
prepared with the program MOLMOL (version, 2K.1) (56).
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BLA (Fig. 1d) exhibits broad lines and poor chemical-shift disper-
sion because of conformational exchange occurring on the milli-
second time scale (16, 29–31). In the A state of BLA, the charac-
teristic emissive signals from the H3,5 protons of the tyrosine
residues appear as an intense broad signal at �6.8 ppm, whereas the
absorptive signals from the aromatic protons of the tryptophan
residues (H2, H4, H6, and, at lower intensity, H5 and H7) are seen
as broad signals between 7.0 and 7.3 ppm. The overlapping tryp-
tophan NH indole proton resonances appear as a single broad peak
at �10.2 ppm (Fig. 1 d and e).

The pulse-labeled CIDNP spectrum of the BLA A state (Fig. 1c)
is markedly different from the conventional CIDNP spectra of both
the initial MG state (Fig. 1d) and the N state (Fig. 1b) (16). Because
the half-time of refolding is �30 ms (32), and the delay after
initiating mixing is 100–200 ms, most of the A-state molecules are
expected to be completely refolded at the time the pulse-labeled
spectrum is recorded. The most readily assigned peaks are in the
range of 10–12 ppm and belong to the exchangeable indole protons
of three of the four tryptophan residues (Trp-60, Trp-104, and
Trp-118) (Fig. 1c). Confirming these assignments, aromatic proton
resonances (H2, H4, and H6) attributable to these three residues
are observable in the range of 6.5–8.0 ppm, albeit with some degree
of overlap. However, peaks attributable to Trp-26 (e.g., the indole
proton at 10.4 ppm) are conspicuously absent from the spectrum,
suggesting that this residue is fully shielded from the solvent in the
A state. Similarly, characteristic H3,5 emissive peaks for tyrosine
residues can observed for Tyr-18, Tyr-36, and Tyr-50, whereas the
corresponding resonance of Tyr-103 (at �6.5 ppm) is not visible in
the spectrum, indicating that the Tyr-103 chain is not solvent
accessible in the A state.

The spectra of the other MG states of BLA and HLA also exhibit
characteristically broad peaks and poor chemical-shift dispersion
(Fig. 2 b–d and i–k). Pulse-labeled CIDNP spectra recorded under
various conditions corresponding to the A, P, and apo states of both
proteins are shown in Fig. 2 e–g and l–n. As with the A state of BLA,
the spectra contain well resolved resonances enabling side chains
that are accessible to solvent in the partially folded states to be
identified (for details, see Fig. 3, Supporting Text, and Fig. 7, which
is published as supporting information on the PNAS web site).

Last, an additional emissive peak whose chemical shift (7.1 ppm)
does not correspond to the resonances of any tyrosine residue in the
N state is observed in the pulse-labeled spectrum of one of the
partially folded species, the A state of BLA (Fig. 1c). A signal at this
chemical shift has previously been detected in a real-time CIDNP
refolding experiment and was attributed to the H3,5 protons of a
tyrosine residue in a nonnative environment, suggesting the pres-
ence of an intermediate in the folding reaction (31). Its appearance
in the pulse-labeled spectrum indicates that the species giving rise
to this peak is present before the laser flash; therefore, we suggest
that the peak originates from a tyrosine residue in a relatively
solvent accessible and significantly nonnative environment in the
equilibrium A state. The population of molecules possessing this
nonnative tyrosine environment appears to refold more slowly than
most of the A-state molecules; if the entire population of MG
molecules had refolded to completion within the time after the
mixing step, such nonnative peaks would be absent in the pulse-
labeled spectrum. Fourier transform infrared (FTIR) studies on the
identical A-to-N refolding reaction have also shown the transient
existence of nonnative secondary structure (33), supporting the

Fig. 2. The 600 MHz photo-CIDNP pulse-labeled NMR spectra of the MG states of BLA and HLA. Steady-state photo-CIDNP spectra of the N states of BLA (a) and HLA
(h); the steady-state photo-CIDNP spectra of the A state of BLA (b) and HLA (i); the P state (2.0 M guanidinium chloride) of BLA (c) and HLA (j); and the Ca2�-removed
(apo-MG) state of BLA (d) and HLA (k) are shown. Below these images, pulse-labeled spectra of the A state of BLA (e) and HLA (l); the P state of BLA (f) and HLA (m);
and the apo-MG state of BLA (g) and HLA (n) are shown. Slight differences in chemical shifts result from variations in the solvent and temperature conditions.
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presence of ordered nonnative structures during the folding pro-
cess. (The presence of nonnative conformers is addressed further
below.)

Discussion
Overview of the Pulse-Labeling Strategy. The structure of native
�-lactalbumin consists of an �-domain (residues 1–39 and 81–123),
comprising four �-helices and one 310 helix, and a �-domain
(residues 40–80), comprising a region of �-sheet structure and
another 310 helix (Fig. 3). Two distinct hydrophobic cores are
present; one hydrophobic core is formed by residues found within
the A and B helices and the C-terminal 310 helix (‘‘aromatic cluster
I’’), and the other hydrophobic core consists of residues from the C
and D helices and part of the �-domain (‘‘aromatic cluster II,’’
sometimes called the ‘‘hydrophobic box’’) (Fig. 4) (25, 27, 34).
Potentially CIDNP-responsive residues are present in both cluster
I (Tyr-36 and Trp-118) and cluster II (Trp-26BLA, Trp-60, Trp-104,
and Tyr-103), all of which are largely sequestered from solvent
(defined here as �15% accessibility) in the N state. As shown in Fig.
4, these aromatic chains constitute approximately half of all of the
residues involved in the packing of the two hydrophobic clusters,
demonstrating that tryptophan and tyrosine are well suited to serve

as accessibility reporter groups in studying the internal regions of
the various MGs. The other three reporter residues (Tyr-18, Tyr-50,
and His-68BLA) are situated outside these clusters and are accessible
to solvent in the N states.

Fig. 1f shows the three-dimensional structure of native BLA on
which the CIDNP-active residues are mapped according to their
solvent accessibility in the A state. In this state, Trp-26BLA and
Tyr-103, both part of cluster II (25, 27, 34), are the only solvent-
inaccessible Tyr�Trp side chains; the other six Tyr�Trp residues
display clear accessibility to the flavin mononucleotide triplet
molecules generated by the laser pulse and, therefore, to solvent.
One of the solvent-accessible residues in the A state is Trp-104,
whose indole side chain in the native structure is tightly buried and
spatially positioned between the two side chains of Trp-26BLA and
Tyr-103. Therefore, structure in this region of the protein in the
BLA A state must differ significantly from that of the N state.
Whereas the side chains of other aromatic residues lining the
hydrophobic cluster in the N state (Trp-60, Trp-104, Trp-118, and
Tyr-36) demonstrate significant solvent exposure in the A state, it
is notable that progressive denaturation experiments monitored by
15N-1H HSQC spectroscopy show that the main chain in the regions
of these residues is relatively highly structured (11, 35, 36). Pro-

Fig. 3. Schematic representation of pulse-labeling
results for BLA and HLA. The side chains of tryptophan
(■ ), tyrosine (F), and histidine (Œ) are indicated at their
positions in the sequence. Blue symbols correspond to
CIDNP-active (solvent-accessible) residues, and yellow
symbols correspond to CIDNP-silent (solvent-excluded)
residues. Secondary-structure elements in the N state
(27, 28) and the locations of the disulfide bonds in
native �-lactalbumin are shown at the top. The do-
main boundaries are shown as dotted lines.

Fig. 4. Stereo diagram depicting the side chains of the amino acid residues (in space-filling representation) comprising the two aromatic clusters (25, 27, 34)
in HLA (28). (Left) CIDNP-responsive side chains are shown in red (aromatic cluster I) and purple (aromatic cluster II), whereas other hydrophobic residues are
shown in green (aromatic cluster I) and coral (aromatic cluster II). (Right) Specific identification of the side chains is shown.
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gressive denaturation experiments probe the relative stabilities of
the polypeptide main chain in different regions of the protein by
determining the concentration of chemical denaturant and�or
increase in temperature that is required for them to become
unfolded (11).

The results obtained by the pulse labeling of the A state provide
a basis on which a wide range of previous studies can be put into
context. Side-chain protons of Tyr-103 show significant 1H NMR
chemical shift deviations from random coil values in the A state and
give rise to nonnative nuclear Overhauser enhancement (NOE)
effects, implying that the structure of this region significantly differs
from that in the N state (34). In the A state of guinea pig
�-lactalbumin, the Trp-26GPLA indole 1H exchange protection
factor is one of the highest (�103) of all values reported for this
state, supporting our conclusion that this side chain is involved in
a tightly packed structure (37). Long-range hydrophobic interac-
tions involving core residues such as Tyr-103 and Trp-26BLA have
been shown to bring the B- and D-helices into close proximity,
leading to ready formation of the Cys-28–Cys-111 disulfide bond
during oxidative folding and generation of the native fold (38).
Similarly, a disulfide-bridged synthetic peptide construct (residues
1–38 and 101–120) containing these two residues displays native-
like signatures in far-UV CD and fluorescence spectra, highlighting
the importance of the long-range interactions between Trp-26BLA

and Tyr-103 in stabilizing native-like structure (39). Concerning the
protein backbone, well resolved 15N-1H HSQC peaks for Tyr-103
and Trp-26BLA NH protons are observed at only the highest urea
concentrations (10 M) in progressive denaturation experiments
(35), indicating that the backbone regions of these residues are
highly recalcitrant to complete unfolding. Hence, in the BLA A
state, it appears that only a relatively small number of side chains
need to be completely sequestered to form a hydrophobic network
for stabilization of the fold.

Comparison of BLA and HLA MGs. Despite the strong homology
between BLA and HLA (76% sequence identity), the reporter side
chains in the C-terminal region of the MG states of HLA are largely
sequestered from solvent, whereas these same side chains exhibit
significant exposure to solvent in the MG states of BLA (Fig. 3). For
example, the solvent accessibilities of Trp-118 are very different in
both the A and P states of BLA and HLA (exposed in BLA;
nonnatively sequestered in HLA) (Fig. 3), correlating well with the
less strongly denaturing conditions required to unfold the C-
terminal region of the main chain of BLA than that of HLA in
progressive denaturation experiments (35, 40). Another example is
Trp-104, located in the CD loop, where the pulse-labeled spectra of
the HLA A and P states indicate that it is highly buried, whereas the
BLA spectra indicate solvent exposure (Fig. 3). As a result, in the
A and P states of HLA, residues belonging to both aromatic cluster
I (Trp-118 and to a lesser extent Tyr-36) and aromatic cluster II
(Trp-60, Tyr-103, and Trp-104) are substantially excluded from
solvent. By contrast, only residues belonging to aromatic cluster II
(including Trp-26BLA and Tyr-103) are solvent-inaccessible in BLA.
The relative free energy of unfolding of the MG state (�GMG3U)
of HLA is significantly greater than that of BLA (23, 35), and
therefore, it appears that the differences in stability between the
MG states of the two proteins can be attributed, at least in part, to
the greater burial of the hydrophobic core of the protein in HLA
compared to BLA. These conclusions agree well with and support
the �-domain level stability differences between BLA and HLA
observed by using peptide constructs (41).

In contrast to the A and P states, the side-chain solvent acces-
sibilities of the Ca2�-depleted, apo-MG states formed at neutral pH
for BLA and HLA are similar (Fig. 3). Indeed, except for the
sequence substitutions in the two proteins (Trp-26BLA�Leu-26HLA

and His-68BLA�Gln-68HLA), the profile of accessible side chains is
found to be identical (Fig. 3). In addition to Tyr-36, the exposure
of the Trp-118 side chain in both apo-MG species, as found for the

A and P states of BLA but not HLA (Fig. 3), suggests that aromatic
cluster I is not fully formed in apo-HLA. Therefore, we speculate
that both apo-MG states have closely similar hydrophobic cores
centered around aromatic cluster II and, if so, may exhibit similar
thermodynamic stabilities in contrast to the differences in �GMG3U
found in the A states.

The Occurrence of Nonnative Interactions. In the N states of HLA and
BLA, the backbone amide protons of residues in the D-helix and the
C-terminal 310 helix exchange too rapidly to be measured, preclud-
ing the use of hydrogen exchange methods to probe this region (11).
However, the CIDNP results reveal a high degree of solvent
exclusion for the side chains of Tyr-103, Trp-104, and Trp-118 in the
A state of HLA, suggesting the formation of stable hydrophobic
clusters in this region, a finding that confirms previous suggestions
using single proline-substituted mutants (42). Another example is
Tyr-36, which, by virtue of being situated in the interdomain loop
between the �-domain B-helix and �-domain �-sheet, lacks back-
bone hydrogen-exchange information. Although excluded from
solvent and contributing to aromatic cluster I in the N states of both
HLA and BLA (Fig. 4), Tyr-36 is accessible to solvent in all MG
states of HLA and BLA (Fig. 3), indicating that side chains involved
in the stabilization of the N state may exist in nonnative environ-
ments in the MG states.

Other examples of differences between the partially folded states
and the N states include the side chain of Tyr-103, which is
inaccessible in all MG states of HLA, but accessible in the N state
(Fig. 3). Likewise, in agreement with previous 19F NMR and
fluorescence experiments (43, 44), Trp-118 is sequestered from
solvent in the A and P states of HLA but accessible in the N state,
indicating that the partially folded states are not simply associated
with the loss of native interactions. Therefore, in addition to the
nonnative tyrosine peak observed for the BLA A state, it appears
that, in contrast to the situation for the main chain, there are
significant nonnative environments for the side chains of aromatic
residues of both BLA and HLA in their MG states.

Nonnative interactions have been well documented in the un-
folded state of hen lysozyme, in which natively accessible trypto-
phan residues were observed to be inaccessible in the early stages
of kinetic refolding experiments (13). Backbone relaxation mea-
surements on the unfolded state have also shown that Trp-123 is
involved in hydrophobic clusters containing long-range, nonnative
interactions that stabilize a native-like core (45). The sequence
homology of the c-type lysozymes with the �-lactalbumins (35–40%
sequence identity) suggests that similar nonnative hydrophobic
clusters involving aromatic residues may be involved in stabilizing
a native-like fold in the partially folded forms of HLA and BLA as
well. Other similar examples of nonnative interactions have been
found for various proteins, indicating that they could be a common
feature of partially folded proteins (12, 46–48). One interesting
example is the unfolded state of the N-terminal SH3 domain of the
Drosophila drk protein, where a natively accessible indole side chain
of a tryptophan residue was found buried within a nonnative cluster
of various aliphatic and aromatic residues (47). One explanation for
this type of phenomenon is that the efficient burial of hydrophobic
residues during folding is a mechanism for increasing the stability
of the compact denatured species and minimizing the potential for
aggregation (2).

Comparisons Between Different MGs of the Same Species. As well as
the species-dependence (BLA vs. HLA) of the solvent accessibility
profiles, differences are found in the various MG states of the same
protein (Fig. 3). In all cases, a variable subset of a small number of
side chains appears to remain highly solvent-inaccessible within the
core of the MG state, presumably stabilizing the overall fold.
Mutagenesis studies on the A state of HLA to discern which
residues are most important in generating the native topology have
indicated that a relatively small number of residues is sufficient for
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stabilizing the fold (49). And, as determined previously with a stable
HLA variant containing a multiple leucine-substituted �-domain
(50), the hydrophobic residues involved in the stabilization of the
fold need not be the native ones. The experimental findings
described here demonstrate that, at the level of individual side
chains and depending on the conditions imposed, a general native-
like topology can be stabilized by exploiting a variety of different
interactions that include multiple choices in the sequestration of
core residues.

Distinct Local Energy Minima on Free-Energy Landscapes. The present
finding of heterogeneity in partially folded states supports conclu-
sions from the analysis of structural ensembles generated from
computer simulated MG states of HLA (6, 51). In these structures,
significant nonnative contacts are found in addition to native-like
interactions and native-like secondary structure. Moreover, in the
ensemble of structures obtained from Monte Carlo simulations
constrained by data from progressive denaturation NMR experi-
ments, key structural cores were found to persist and define
native-like topologies even in the absence of a significant number
of native-like interactions. Of particular interest is the identification
of Leu-26HLA (Trp-26BLA), Tyr-104, and Trp-60 as residues that are
involved in long-range contacts within these structural cores (6). In
the present study, some or all of the side chains of these four
residues have been found to be solvent-inaccessible in the MG
states of HLA and BLA.

The simulated free-energy landscape constructed for the A state
of HLA contains deep valleys representing ensembles of partially
folded conformers surrounded by large energy barriers, suggesting
that the MG state is relatively robust against changes in external
conditions (6). Spanning different species (BLA vs. HLA) and
different conditions (A, P, and apo-MG states), the partially folded
forms described here may represent multiple but distinct local
minima within these deep valleys, as predicted for the ‘‘rough’’
energy surfaces observed in folding simulations (4). Although
clearly distinguishable by using pulse-labeling CIDNP NMR, the
similarity of the energy of these minima levels may explain the
apparent lack of hydrodynamic and UV�fluorescence�CD spectral
differentiation between the various HLA or BLA MGs prepared
under different conditions or observed during stopped-flow kinetic
studies (8, 9, 32). Moreover, depending on which particular side
chains are solvent exposed in a given local minimum, there may be

alternative folding, misfolding, and aggregation steps associated
with conformational transitions between different regions of the
folding energy landscape (2, 52). Particularly interesting examples
include the conversion of the apo-MG state of HLA in the presence
of oleic acid into a partially folded variant that stimulates apoptosis
in tumor cells (19, 53) and the formation of amyloid fibrils from the
A state of BLA in the presence of a high concentration of salt (54).

In summary, pulse-labeled photo-CIDNP studies of the various
equilibrium partially folded states of �-lactalbumins have enabled
us to differentiate patterns of hydrophobic-core surface accessibil-
ities. We propose that these differences reflect different local
minima on a generalized free-energy landscape and that multiple
subsets of buried residues may be able to encode a particular type
of fold. The fact that the amino acid sequence dictates a unique,
native three-dimensional structure has long been part of the dogma
of protein science. Experimental data, together with computer
simulations, are increasingly demonstrating that the complex pro-
cess of attaining a unique structure may involve degenerate routes
involving both native and nonnative interactions. Indeed, the
hydrophobic core ensemble of even the native states of proteins can
encompass some variations in side-chain conformations (55). The
elucidation of such conformational variability will undoubtedly
contribute significantly to our understanding of the manner in
which the sequence of a protein encodes a highly specific and
unique fold, giving rise to distinctive biological function.
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