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Characterization of a Partly Folded Protein by NMR Methods: Studies on the

Molten Globule State of Guinea Pig a-Lactalbumin'
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ABSTRACT: NMR spectroscopy has been used to investigate the structure of a partially folded state of a
protein, the molten globule or A-state of a-lactalbumin. The 'H NMR spectrum of this species differs
substantially from those of both the native and fully unfolded states, reflecting the intermediate level of
order. The resolution in the spectrum is limited by the widespread overlap and substantial line widths of
many of the resonances. Methods have therefore been developed that exploit the well-resolved spectrum
of the native protein to probe indirectly the A-state. A number of resonances of the A-state have been found
to be substantially shifted from their positions in the spectrum of the unfolded state and have been identified
through magnetization transfer with the native state, under conditions where the two states are interconverting.
The most strongly perturbed residues in the A-state were found to be among those that form a hydrophobic
core to the native structure. A number of amides were found to be highly protected from solvent exchange
in the A-state. These have been identified through pH-jump experiments, which label them in the spectrum
of the native protein. They were found to occur mainly in segments that are helical in the native structure.
These results enable a model of the A-state to be proposed in which significant conformational freedom

exists but where specific elements of native-like structure are preserved.

Txe properties of partially organized states of proteins, in
which only a subset of the native folding interactions may be
present, are of fundamental importance in relation to our
understanding of the nature of protein folding. The cooper-
ativity of folding is such that these species often exist only
transiently in the course of folding (Tanford, 1968; Kim &
Baldwin, 1982), so that their detailed characterization may
be feasible only if some form of trapping is possible (Creighton,
1978; Ghelis, 1980; Kim, 1986; Roder, 1988). Recently,
however, it has been reported that several proteins can exist,
under certain conditions, in partially structured states which
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are stable at equilibrium (Kuwajima, 1977; Dolgikh et al,,
1981; Brazhnikov et al., 1985; Denton et al., 1981; Ohgushi
& Wada, 1983; States et al., 1987). A number of such species
have been characterized as “molten globule states”, and these
appear to be compact states exhibiting a high level of secondary
structure (Dolgikh et al., 1981, 1985; Ohgushi & Wada, 1983).
This description has been established from extensive experi-
mental studies, but in order to understand fully the nature of
these species, and particularly the manner in which they are
related to native structures, it will be necessary to characterize
the behavior of individual residues within a molten globule
structure. We have been investigating the application of NMR
spectroscopy to this problem in the specific case of the molten
globule state of a-lactalbumin.

a-Lactalbumins are globular proteins of molecular weight
around 14000 produced in the lactating mammary gland (Hill
& Brew, 1975; Hall & Campbell, 1986). They show close
sequence homology with c-type lysozymes, and a recent X-ray
crystallographic study of baboon a-lactalbumin confirms that
in the native state they are also closely similar in conformation
(Stuart et al., 1986; Phillips et al., 1987). The a-lactalbumins
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are, however, quite different from lysozymes in their biological
role, in their tight binding of CaZ* ions (Hiraoka et al., 1980),
and in their folding properties. While lysozymes conform
rather closely to the classical two-state model for cooperative
folding (Tanford et al., 1966; Privalov & Khechinashivili, 1974;
Dobson & Evans, 1984), it is well established that a-lactal-
bumins do not. A state resembling unfolded lysozyme is ob-
tained for a-lactalbumins only in the presence of high con-
centrations of chemical denaturants (Kuwajima, 1977; Dolgikh
et al., 1985). At lower denaturant concentrations, or on
thermal or acid-induced unfolding, the molten globule state
is generated in which considerable conformational order is
retained (Dolgikh et al., 1985).

Several studies by 'H NMR of a-lactalbumins in their
native states have been reported (Bradbury & Norton, 1975;
Berliner & Kaptein, 1981; Koga & Berliner, 1985; Kuwajima
et al., 1986). The spectra are typical of globular proteins of
this size and as such are potentially amenable to extensive
assignment and analysis using methods which, for example,
have recently permitted the virtually complete assignment of
the spectra of hen and human lysozymes (Redfield & Dobson,
1988, and unpublished results). The spectrum of bovine a-
lactalbumin in the molten globule state has also been reported
(Dolgikh et al., 1985; Kuwajima et al., 1986). It differs
substantially from the spectrum of the protein in its native state
and is relatively poorly resolved. Conventional NMR ap-
proaches to assignment and structure determination rely on
well-resolved spectra and on well-defined conformations; their
direct applicability to studies of a-lactalbumin in the molten
globule state is therefore likely to be restricted. We demon-
strate in this paper, however, an approach whereby specific
structural features of the molten globule state can be defined
indirectly by methods that correlate resonances in the poorly
resolved spectrum of the molten globule state with those in
the well-resolved spectrum of the native state. The early results

of this approach applied to guinea pig a-lactalbumin, which

exploits and extends a strategy recently used to study the
unfolded state of lysozyme (Wedin et al., 1982; Evans, 1986),
are discussed in terms of their implications for our under-
standing of the molten globule state and its relationship to the
native state.

MATERIALS AND METHODS

Guinea pig a-lactalbumin (GPLA) was purified from whole
milk obtained from Porcellus Animal Breeding, Sussex, by gel
filtration of the whey on Sephadex G100 (Brew & Campbell,
1967), followed by ion exchange on DEAE-Bio-Gel A against
a sodium chloride gradient and extensive dialysis. Deuterated
urea was prepared by exchanging the labile protons of Analar
urea (obtained from the BDH Chemical Co.) in D,0O and
lyophilizing.

Samples were unbuffered and ranged in concentration from
1 to 3 mM for 1D NMR spectra and 5 mM for 2D spectra.
For pH-jump hydrogen-exchange studies, the protein was
initially dissolved in dilute solution at pH 2 in D,0O (35 mg/25
mL of D,0) and left for various intervals during which time
exchange took place from the A-state. The pH was then
carefully raised to restore the native structure, and the sample
was lyophilized. Finally, the protein was redissolved in 0.5
mL of D,O and the pH adjusted as necessary prior to accu-
mulation of spectra.

NMR experiments were performed on spectrometers of the
Oxford Centre for Molecular Sciences. These were Bruker
500- and 300-MHz machines equipped with Aspect 3000
computers and a home-built 500-MHz spectrometer equipped
with an Oxford Instruments Co. magnet, a GE/Nicolet 1280
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FIGURE 1: 500-MHz 'H NMR spectra recorded at 52 °C of guinea
pig a-lactalbumin at (a) pH 5.4 (the native state), (b) pH 2.0 (the
molten globule state), and (c) pH 2.0 in the presence of 9 M urea
(the unfolded state). In each case the protein was dissolved in 2H,0
for 6 h at 20 °C prior to acquisition of the spectrum.

computer, and a Bruker probe. Phase-sensitive NOESY ex-
periments were carried out by using either the method of
time-proportional phase increments (Marion & Wiithrich,
1983) or the method of States et al. (1982) with 10% random
variation in the mixing time. Data sets collected by using the
States method consisted of 256 ¢, increments of 4K data points,
and those collected by using the TPPI method were of 512 ¢,
increments of 2K data points. Various methods of resolution
enhancement were used including trapezoidal multiplication
and shifted sine bell; where data sets were to be directly
compared, the same resolution enhancement was used in each.
Zero filling was normally used to give a digital resolution of
3.5 Hz/point. All 2D spectra are presented as contour plots,
and since both the native NOEs and the chemical-exchange
peaks appear in the positive contour levels, only these are
shown.

RESULTS

Spectrum of the Molten Globule State. The 'H NMR
spectrum of guinea pig a-lactalbumin in its native (N) state
is shown in Figure 1a. The wide dispersion of chemical shifts
is characteristic of globular proteins and reflects the highly
specific interresidue interactions within the compact folded
structure. These features can be seen particularly clearly in
the aromatic region of the spectrum, which is shown in Figure
2a, where the chemical shifts range from approximately 5.5
to 8.0 ppm. The spectra shown in Figures Ic and 2c, by
contrast, are typical of the unfolded state of a protein and are
characterized by only marginal deviation from the spectrum
predicted for an ideal random coil (Bundi & Wiithrich, 1979).
This state was obtained by exposure of the a-lactalbumin to
9 M urea at pH 2 and will be referred to as the U-state.
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FIGURE 2: Expansion of the low-field regions of the spectra from Figure
1, showing resonances from the protons of aromatic residues and from
amide protons that have not exchanged with deuterons from the 2H,0
solvent.

In the absence of urea at pH 2, the spectrum observed is
very different from those of either the N- or U-states (Figures
1b and 2b). Under these conditions the molten globule state,
which we will refer to as the A-state, exists. The chemical
shifts of many resonances in the A-state spectrum are close
to those in the U-state spectrum but others are markedly
shifted. In addition, many peaks are much broader than those
in either the N- or U-state spectra. These features are par-
ticularly clearly seen for the pair of resonances at 6.15 and
6.3 ppm in Figure 2b. When the temperature is increased,
these two resonances are observed to shift progressively to
lower field and also ultimately to sharpen up, revealing them
to be a pair of two proton intensity doublets (Figure 3). These
resonances are mutually coupled and are readily assigned to
the ring protons of a single tyrosine residue. Similar tem-
perature-dependent effects are observed for other perturbed
resonances, and the spectrum of the A-state progressively
approaches that of the U-state at higher temperatures. It is
interesting to note, however, that even at temperatures as high
as 75 °C the chemical shifts of many resonances are still
significantly perturbed relative to random coil values. Similar
behavior is observed on titration of the A-state with the
chemical denaturant urea. Here, however, the resonances have
chemical shifts close to random coil values at high concen-
trations of denaturant, at which point the protein is said to
be in the U-state. An important feature of both the tem-
perature and urea dependence is that the changes in the spectra
are gradual. No abrupt transition, characteristic of a coop-
erative transition (Tanford, 1968), is observed.

The broadening of many individual resonances of the A-state
is particularly evident in the aromatic region of the spectrum,
as seen in Figure 2. Broadening of resonances in protein NMR
spectra is generally associated either with chemical exchange
processes or with restricted rotational motion. Spectra of the

Biochemistry, Vol. 28, No. 1, 1989 9

T=82°C

T=65°C

Hiai

T=48°C
b
J\/\J o
a
1 - 1 1
75 70 65 60
ppm

FIGURE 3: The aromatic region of the 500-MHz 'H NMR spectrum
of the A-state of a-lactalbumin (pH 2.0 in 2H,0) at (a) 31 °C, (b)
48 °C, (c) 65 °C, and (d) 82 °C. The amide protons were completely
exchanged for deuterons prior to acquisition by equilibration for several
minutes at the highest temperature.

A-state at a variety of temperatures were obtained both at 500
and 300 MHz and the line widths compared. The resolved
tyrosine doublets are convenient to observe, and it was found
that at temperatures up to about 65 °C the lines were
markedly broader at 500 MHz than at 300 MHz; at higher
temperatures the line widths became narrower and more
closely comparable at both fields. Similar behavior was evident
for other resonances, although severe overlap makes it difficult
to measure the line widths of individual peaks. Such field-
dependent broadening is typical of intermediate exchange
processes and would be consistent with interconversion between
a number of different conformations of the molten globule at
a rate slower than about 10 s, The temperature dependence
was found to be complex, however, and the nature of such
interconverting conformers cannot yet be defined. The pos-
sibility that slower overall tumbling of the A-state also con-
tributes to the broadening has not been eliminated. Mea-
surements of the radius of gyration suggest, however, that this
tumbling would probably not be significantly slower for the
A-state than for the native protein (Dolgikh et al., 1985; Gast
et al.,, 1986), indicating that this is unlikely to be a major
contribution to the observed line widths. Molecular association
has been ruled out as a possible cause of the line broadening
by two methods. First, the line widths were found to be in-
dependent of concentration over the range 0.02-2 mM.
Second, equilibrium sedimentation measurements for a-lac-
talbumins from several species at protein concentrations used
in the NMR experiments confirm that the major species
present is a monomer (Dolgikh et al., 1985; C. Hanley, un-
published results).

A further interesting feature of the spectra in Figure 2 is
the contrast between patterns of hydrogen exchange. Each
of these spectra was obtained after the protein had been dis-
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solved in D,O for 6 h under the conditions specified. From
these, together with 2D phase-sensitive COSY spectra, the
number of remaining amide hydrogens that have not been
substituted by deuterons can be counted. In the N-state there
are 20-25 amides, and in the A-state there are 8-10; the
U-state, obtained by adding urea at pH 2, has no remaining
amide hydrogens after this time. The resonances in the A-state
persist for several days at room temperature, and some of those
of the native state persist for longer still. The hydrogen-ex-
change behavior of the A-state therefore appears in this sense
intermediate between that of the N- and U-states.

The character of the chemical shift dispersion, broad lines,
and hydrogen-exchange behavior demonstrates the existence
of some level of residual folded structure in the A-state of
a-lactalbumin. The shifts of the resonances of specific protons
away from those observed in the U-state are likely to result
from close interactions with other residues, particularly aro-
matic residues. The very slowly exchanging amide hydrogens
show the presence of elements of structure that greatly reduce
solvent accessibility. The disappearance of these characteristic
effects upon addition of concentrated denaturant further
confirms the notion that the molten globule includes elements
of persistent folded structure.

The nature of the spectrum of the A-state affords little
prospect of resonance assignment by conventional methods.
Alternative strategies for detailed study of this state via the
well-resolved and dispersed resonances of the native state are
therefore essential. In the following sections two approaches
devised to achieve this are described.

Magnetization-Transfer Experiments. Magnetization-
transfer methods can correlate resonances of different states
where these coexist at equilibrium and interconvert at rates
comparable to, or faster than, the nuclear spin—lattice relax-
ation rates (Forsen & Hoffman, 1963; Jeener et al., 1979;
Campbell et al., 1978). Reversible thermal unfolding of a-
lactalbumin occurs above approximately 65 °C at pH 7.4. The
unfolded state under these conditions gives a spectrum which
is qualitatively similar to that of the A-state at pH 2, although
the perturbations from the U-state are somewhat less pro-
nounced than those observed at pH 2 and lower temperatures.
Results from other spectroscopic techniques have also dem-
onstrated the similarity of these states (Dolgikh et al., 1985).
We can therefore conclude that the thermally unfolded state
has a molten globule structure akin to that of the species
present at pH 2, and therefore we subsequently refer to this
form also as the A-state. At lower pH the midpoint of un-
folding occurs at lower temperatures; for example, at pH 3.5
it is close to 40 °C. The perturbations attributable to molten
globule structure are greater at this lower temperature, but
magnetization-transfer studies are easier at pH 7.4 and higher
temperature where the interconversion rate is higher and the
A-state lines are less broad. Our present experiments have
therefore been carried out at the higher pH.

Figure 4 shows the aromatic region of the spectrum of
a-lactalbumin at pH 7.4 and 65 °C, close to the midpoint of
the unfolding transition. The line widths of several resonances
are markedly greater than found either above or below this
temperature. The broadness is attributed to intermediate
exchange effects associated with the interconversion of the N-
and A-states; the rate is estimated from the exchange
broadening to be approximately 7 s™!. The 2D chemical-ex-
change spectrum obtained with a mixing time of 40 ms is also
shown in Figure 4. Both NOE and exchange cross peaks can
occur in such an experiment (Jeener et al., 1979), but here
they were readily distinguished from one another by per-
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FIGURE 4: (a) Low-field region of the S00-MHz 'H NMR spectrum
of a-lactalbumin at pH 7.4 in H,0O, recorded at 68 °C. This tem-
perature is close to the midpoint of the transition between the N- and
A-states of the protein. Most of the resonances downfield of 7.4 ppm
arise from the amide protons. (b) The corresponding region of the
two-dimensional exchange correlated spectrum obtained with a mixing
time of 40 ms. The cross peaks indicated arise from aromatic protons
tentatively assigned to (I) Y103 C(2,6)H, (II) W26 C6H, (III) W26
CSH, (1V) F31 C(2,6)H, (V) Y103 C(3,5)H, and (VI) W104 C4H.
The native state resonances are indicated above the 1D spectrum. In
the case of proton VI the cross peak was visible only at lower contour
level.

forming the same experiment at 55 °C, just below the tran-
sition zone of unfolding, at which temperature the protein is
fully in its native state and only NOE peaks are expected to
occur.

Despite the rather broad lines resulting from the exchange
effects, we have been able to use this experiment to correlate
the strongly perturbed resonances evident in the aromatic
region of the spectrum of the A-state with those of the N-state.
The exchange cross peaks observed most clearly were those
from aromatic proton resonances which in the N-state have
been identified from 2D COSY experiments as belonging to
the protons of a tyrosine, a phenylalanine, and two tryptophan
residues; see Figure 4. No crystal structure of GPLA is
available, but nuclear Overhauser experiments conducted on
the N-state have been analyzed by using a model based on the
crystal coordinates of hen lysozyme (Handoll, 1985) and ba-
boon a-lactalbumin (Stuart et al., 1986), both of which are
presumed to be closely similar, to predict proton proximities
in the guinea pig protein. These studies are consistent with
the assignment of these four aromatic residues to Tyr 103, Phe
31, Trp 26, and Trp 104; sequential assignment studies are
presently in progress to confirm these assignments. An im-
portant observation is that these resonances, with the largest
deviations from random coil shifts in the A-state, correlate well
with those having the largest shifts in the N-state. This
strongly implies similarity between at least some features of
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FIGURE 5: Low-field regions of the NOESY spectra of a-lactalbumin at 35 °C freshly dissolved (a) in 2H,O at pH 5.4 and (b) in 2H,0 at
pH 5.4 following the pH-jump experiment. The sequential connectivities between residues 90 and 97 are shown in both cases. The broken
lines in (b) indicate connectivities from (a) that are not observed in the spectra following the pH jump; these are between residues 90-91, 91-92,

and 96-97.

the structures of the N- and A-states. Specifically, the highly
perturbed resonances that have been identified are all located
in the “hydrophobic box” region in the native structure, sug-
gesting that this clustering of aromatic residues persists in the
molten globule state.

Hydrogen-Exchange Experiments. The spectrum shown
in Figure 1b reveals that a group of amide protons remains
unexchanged after exposure to D,O at pH 2 for several hours.
The very slow exchange of these amides with solvent indicates
that in the A-state certain regions of the protein backbone are
highly protected from solvent, which is itself a remarkable
observation for a protein not in its globular state. It is of great
interest to assign this slowly exchanging subset in the A-state
but once again conventional methods cannot readily be used.
Magnetization transfer, used to assign the chemically shifted
aromatic resonances, also proved difficult for this purpose
because hydrogen-exchange rates were too fast under the
optimal conditions for this procedure. Instead, a method has
been used whereby the slowly exchanging amides in the A-state
are assigned by labeling them in the spectrum of the native
protein.

The pH-jump hydrogen-exchange experiment used to
achieve this consisted of two parts. First, the protein was
dissolved in D,0O at pH 2 for 10 h, during which time hydrogen
exchange took place. Second, the protein was restored to the
native state by carefully raising the pH to 5.4. NMR ex-
periments then revealed that the subset of amide protons that
had not exchanged out at pH 2 could now be observed in the
spectrum of the native protein. Moreover, these amides were
found to be strongly resistant to further exchange from within
the native structure. Thus, those amides that are protected

from solvent exchange in the molten globule are all likewise
protected in the folded state, providing further firm evidence
that the two states are structurally closely related. This ex-
periment thus offers the possibility of assigning this subset of
amides in the N-state spectrum and so identifying, indirectly,
regions where there is stable structure in the A-state.

Figure 5a shows the amide region of the NOESY spectrum
of a-lactalbumin freshly dissolved in D,O at pH 5.4. Prom-
inent among the cross peaks in this region is the characteristic
pattern of NH~-NH,,, correlations (Wiithrich, 1986) of a
specific a-helical region, and this has been indicated in the
figure. We have been able to assign these resonances by
sequential methods (Wiithrich, 1986) to the helix encom-
passing residues 89-96; spin systems were analyzed via
phase-sensitive COSY and single and double relayed coherence
transfer spectroscopy in H,O. The peptide sequence corre-
sponding to the a-helix connectivities seen in Figure 5a was
Ile-U-U-Val-U-U-Ile-Leu, where U indicates a residue as yet
unidentified. The full helix, observed only in H,0, contains
the sequence Thr-U-U-Ile-U-U-Val-U-U-Ile-Leu-U. This
sequence occurs uniquely in the protein in the segment com-
prising residues 86—97; the part of the helix seen in D,O in
Figure 5a is therefore assigned to residues 89-96.

After the pH-jump experiment, all but one of the NH~
NH,4, cross peaks in the 89-96 helix remain (see Figure 5b),
showing that amides from this region have been protected from
exchange in the A-state. The amide hydrogen of Cys 91 has
exchanged in the A-state after 10 h: hence the two missing
cross peaks at 7.7-7.25 and 7.7-8.65 ppm and the missing
resonance at 7.7 ppm in the 1D spectrum. By contrast, in the
spectrum of the freshly dissolved protein the intensity of Cys
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91 NH appears comparable to the others in the helix. The
peaks at 8.65-7.3 and 8.50-7.55 ppm are attributed to histidine
C2-C4 couplings, and those at ca. 7.7-6.9 ppm are residual
cross peaks of side-chain NH, protons of glutamine or as-
paragine. The remaining cross peaks in this region indicate
that other short stretches of neighboring amides are also slowly
exchanging in the A-state; for example, the residues with NH
resonances at 8.72, 7.58, and 8.65 ppm are adjacent to one
another. Finally, in COSY experiments performed after the
pH jump all but one out of the seven cross peaks detectable
in the fingerprint region were found to correspond to an amide
that gives a cross peak in the NH,-NH;,, region of the
NOESY spectrum. The implications of these observations are
discussed below.

DiscussIoON

The NMR spectrum of the A-state of a-lactalbumin has
been shown to have overall properties quite different from those
typical of either native or unfolded proteins. The existence
of elements of folded structure within the molten globule is
reflected in the deviations from random coil chemical shifts
and in the slowly exchanging amide protons. The spread of
chemical shifts is much less than in the native state, however,
and many of the resonances are rather broad. Both of these
features are indicative of fluctuations between conformations
within the molten globule structure which are much greater
than those occurring within the native protein. In this paper,
we have described methods whereby the behavior of individual
residues of the A-state can be investigated by taking advantage
of the much more highly resolved spectrum of the native state.
In particular, magnetization-transfer and pH-jump hydro-
gen-exchange experiments have been employed to identify the
chemically shifted aromatic resonances as well as a very slowly
exchanging subset of amide protons of the A-state.

The experiments described in this paper have been carried
out with guinea pig a-lactalbumin while many of the studies
using other techniques have used the more easily available
bovine protein. Our studies have shown that the spectra from
the bovine, human, and guinea pig a-lactalbumins in the
A-state strongly resemble one another. The overall appearance
of the spectra, notably the prominent tyrosine resonances at
high field of the aromatic envelope, and the spectral changes
observed as the temperature and the concentration of urea were
varied, are all closely similar. Guinea pig a-lactalbumin was
chosen as the species to be studied in detail because, under
our conditions, hydrogen-exchange kinetics were observed to
be slowest for the guinea pig protein, making it most suitable
for the techniques employed. Further, work is in progress on
the heterologous expression of the cloned gene for this par-
ticular protein, which should permit protein engineering studies
to be performed in the future (P. A. Evans, unpublished re-
sults).

The hydrogen-exchange experiments, in which 8-10 amides
were found to be slowly exchanging, show that certain regions
of the polypeptide backbone are highly protected from solvent.
These observations are of particular interest in the light of the
results of circular dichroism and infrared experiments, from
which a helical content of 30-40% in the A-state of a-lac-
talbumins has been estimated (Dolgikh et al., 1985). The
implication is that, just as in native globular proteins, the
secondary structure does not uniformly protect amide hydro-
gens from solvent exchange but rather that there are specific
regions of particular stability which fluctuate rather little at
room temperature, while other regions are more labile and
afford only marginal protection. We have determined that
all but one of the most slowly exchanging amide hydrogens
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in the A-state give rise to NH,-NH,,; cross peaks in the
NOESY spectrum after the pH jump, which is consistent with
their location in segments of the protein that are helical in the
native state. One particular long stretch of helix has already
been assigned to residues 89—-96. The strong implication is
that these elements of secondary structure are conserved in
the A-state. In fact, the majority of NH,~NH,4, correlations
in the spectrum of freshly dissolved a-lactalbumin in the native
state are also visible after the pH jump, indicating a close
relationship between the two states in terms of the stability
of elements of helical structure. However, most of the other
amides that are slowly exchanging in the N-state, identifiable
both in 1D and COSY spectra, are not preserved after the pH
jump. These are presumably located in nonhelical regions,
and indeed we have already traced some to the main §-sheet
of the protein. The clear qualitative difference in exchange
behavior demonstrates that these parts of the molecule are
much more labile in the molten globule state than in the native
state.

Results from high-angle diffuse X-ray scattering experi-
ments have suggested that residues are rather densely packed
in the interior of the molten globule structure (Timchenko et
al., 1986; Damaschun et al., 1986), but substantial averaging
of the side-chain environment is nevertheless indicated by a
sharp loss of intensity in the near-UV CD spectra compared
to those of native proteins (Dolgikh et al., 1981, 1985). The
NMR data are consistent with this view. The large deviations
from random coil chemical shifts of many resonances in the
spectrum of the N-state arise from the close proximity of
protons to specific residues, particularly aromatic residues, in
the folded structure. These shifts are strongly dependent on
orientation as well as distance; their substantial diminution
in the A-state spectrum indicates widespread averaging of
interresidue interactions. It does not necessarily mean, how-
ever, that the structure is markedly less compact than that of
the native state. Further, the extent of this averaging is not
uniform, and some resonances show quite large deviations from
random coil shifts. This shows that some interactions between
individual residues are relatively specific and persistent.

CONCLUSION

The results presented in this paper have permitted a con-
siderably more detailed picture of the molten globule state of
a protein to be pieced together than has hitherto been possible.
For a-lactalbumin we are able to conclude that there are
specific elements of native-like secondary structure conserved
in the molten globule state; in particular, one major helical
region, including residues 89-96, has been identified from the
hydrogen-exchange experiments. Second, the helical sections
of the molten globule state, including the extended sequence
89-96, are extremely stable. This contrasts with the obser-
vations of helical segments in small peptides, where there
appears to be generally rapid interconversion with a significant
population of unstructured forms (Bierzynski et al., 1982;
Dyson et al., 1988), but resembles conclusions drawn from the
study of kinetic intermediates in protein refolding experiments
(Roder et al., 1988; Udgaonkar & Baldwin, 1988). The helix
in a-lactalbumin that contains residues 89-96 is amphipathic,
and like all the helical segments in the protein it borders, in
the native state, on the hydrophobic box region of the structure.
The magnetization-transfer experiments reported here reveal
that the most highly perturbed residues of the molten globule
state, as judged from chemical shift values, include aromatic
residues located in this region. We therefore conclude that
this is a highly structured part of the molecule; the stability
of the 89-96 helical structure may thus be a consequence of
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a variety of side-chain interactions within this region of the
protein. Even in this region of the molecule, however, there
is considerably enhanced dynamic averaging of side-chain
interactions relative to that found in the native state of the
protein. By contrast to the hydrophobic core of the molecule,
other regions of the molten globule state are evidently much
less structured, including at least a major part of the §-sheet
region found in the native structure. In particular, the small
chemical shift dispersion of the majority of the resonances in
the NMR spectrum of the molten globule state shows that
there is considerable conformational disorder in much of the
molecule. The molten globule state therefore appears inter-
mediate in structure between the native and the fully unfolded
state of the protein and, as such, should provide insight both
into the factors stabilizing structural elements of globular
proteins and perhaps into structural features likely to be found
in intermediate states on protein folding pathways.
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