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Populating the equilibrium molten globule state of apomyoglobin under 
conditions suitable for structural characterization by NMR 
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Abstract Conditions have been determined under which the 
equilibrium molten globule state of apomyoglobin is stable and 
remains monomeric for periods of time sufficient for the 
application of three-dimensional heteronuclear NMR experi-
ments. The quality of initial two-dimensional NMR spectra 
suggests that sequence-specific assignments can be made for a 
majority of the protein resonances under these conditions. A pH 
titration of the protein followed using two-dimensional 1H-15N 
correlation experiments indicates that the equilibrium intermedi-
ate undergoes fast exchange on the chemical shift time scale with 
the unfolded state and intermediate time scale exchange with the 
native state, and suggests a strategy to assist with backbone 
resonance assignments. The conditions and techniques described 
may be applicable to the characterization of other equilibrium 
folding intermediates. 
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1. Introduction 

Apomyoglobin has been observed to fold through a kinetic 
intermediate which shows a high degree of similarity to a 
partially unfolded equilibrium state populated under mildly 
acidic conditions [1-3]. Because of this similarity, it is ex-
pected that structural properties of the equilibrium 'molten 
globule' state reflect structure in the kinetic folding intermedi-
ate. While the kinetic intermediate is too short-lived to allow 
for a direct detailed structural characterization, the equilib-
rium state provides a unique opportunity for obtaining in-
sights into structure formation during the folding process. 

NMR is the technique best suited for detailed structural 
characterization of proteins in non-native conformations. Pre-
vious studies of the apomyoglobin equilibrium intermediate, 
however, have indicated that this state is prone to aggregation 
[3]. The conditions (low temperature and low concentration) 
which have been used previously to characterize the structure 
of this intermediate by amide proton exchange trapping [3] are 
not suitable for high-resolution NMR studies. Here we de-
scribe conditions under which apomyoglobin populates the 
equilibrium intermediate state, remains largely monomeric 
for the extended periods of time required to execute modern 
three-dimensional NMR pulse sequences, and yields high 
quality spectra. The assignment of resonances in the inter-
mediate state remains difficult because of severe spectral over-
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lap and line-widths which are broad compared to those in 
spectra of fully unfolded proteins. We demonstrate that in 
addition to the use of triple-resonance spectra, a series of 
two-dimensional heteronuclear NMR spectra collected 
throughout the equilibrium acid-induced unfolding of apo-
myoglobin can be used to transfer assignments from the 
acid-unfolded state (which is amenable to direct assignment 
strategies) to the equilibrium intermediate. Using two-dimen-
sional NMR to monitor unfolding also provides information 
about the transition rates between the equilibrium intermedi-
ate and the native and acid-unfolded states. 

2. Materials and methods 

2.1. Sample preparation 
For NMR experiments uniformly and selectively labeled apomyo-

globin was expressed in Escherichia coli and purified from inclusion 
bodies as previously described [4,5]. Sample purity was greater than 
95% as judged by analytical HPLC and electrospray mass spectrom-
etry. Purified lyophilized protein was dissolved and unfolded in a 
solution containing 6 M urea and 10 mM sodium acetate at pH 6.1 
and allowed to equilibrate for 30 min. This solution was then diluted 
7-fold using 10 mM sodium acetate, pH 6.1 and the protein was 
allowed to refold (to the native state) and equilibrate for 60 min at 
4°C. This solution was dialyzed extensively against 10 mM sodium 
acetate, pH 6.1, to remove the remaining urea and any remaining 
HPLC solvents. The native protein solution was then concentrated 
using Amicon gas-driven concentrators to approximately 300 |xM final 
apomyoglobin concentration, as judged by UV absorption at 280 nm. 
10% by volume D2O was added during the concentration process. An 
alternative protocol in which lyophilized protein was dissolved di-
rectly in 10 mM sodium acetate, 10% D20, pH 6.1 and subsequently 
passed through a Sephadex G-25 column (equilibrated with the same 
buffer) was used in some of the more recent experiments. To populate 
the equilibrium intermediate state, native protein samples were ti-
trated to pH 4.0 using a small volume of 3.6 M acetic acid. 10% by 
volume of ethanol was added to many of the samples to retard the 
aggregation of the intermediate state (as discussed below). Freshly 
prepared samples were used for all measurements. HC1 was used to 
titrate samples below pH 3.3. AU pH values were determined at room 
temperature. 

For small angle X-ray scattering experiments, apomyoglobin was 
prepared starting with holomyoglobin from natural sources, using the 
method of Teale [6], as a 2 mM stock solution in 10 mM acetate 
buffer at pH 6.1. Scattering data from native apoprotein samples 
prepared at various concentrations using this stock solution (not 
shown) show no indication of oligomeric species. The stock solution 
was diluted two-, four-, eight-, and 16-fold to yield samples of 1 mM, 
500 u.M. 250 uM and 125 uM concentration. The intermediate state 
was then prepared from these samples as described above. Scattering 
data were collected using a portion of each of the freshly prepared 
samples of the intermediate, as described below. The remaining por-
tion of each sample was sealed and stored in a bath at 50°C for a 
period of 52 h. At the end of this time, another set of scattering data 
were collected for the purpose of comparison with the data from the 
freshly prepared samples. 

Samples for fluorescence and circular dichroism measurements were 
prepared in the same way as NMR samples, except that the final 
protein concentration used was about 2 |xM. No ethanol was used 
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for the fluorescence measurements. Circular dichroism data were col-
lected both prior to and following the addition of 10% by volume 
ethanol. 

2.2. Nuclear magnetic resonance 
NMR spectra were collected on a Bruker 750 MHz DMX spec-

trometer using an actively shielded gradient triple-resonance probe. 
HSQC spectra [7] were collected using recently published pulse se-
quences [8]. These two-dimensional spectra exhibit a single correlation 
peak for each amide proton in the protein molecule. Each peak is 
labeled by the resonance frequencies of the proton itself and of the 
attached nitrogen atom. 

2.3. Small angle X-ray scattering 
Small angle X-ray scattering (SAXS) data were collected at the 

Stanford Synchrotron Radiation Laboratory using the Biotechnology 
Small Angle X-ray Scattering camera situated on beamline 4-2. The 
X-ray photon energy was calibrated to 8980 eV using a high-flux 
multi-layer X-ray monochromator. The sample-to-detector distance 
was 2.3 m. The sample was contained in a ceramic sample cell with 
thin ( ~ 20 um) quartz windows and a 1 mm sample pathlength. The 
cell was kept in thermal contact with an aluminum block which in 
turn was maintained at 50°C using a circulating water-bath. Samples 
were exposed for 30 s each. Four to six such exposures were collected 
at each protein concentration. No evidence of radiation damage was 
observed. 

2.4. Fluorescence and circular dichroism 
Fluorescence data were collected on an SLM Instruments SPF-

500C spectrofluorometer using a 1 cm pathlength cell with excitation 
at 278 nm (2 nm bandwidth) and detection at 320 nm (4 nm band-
width). Circular dichroism (CD) data were collected on an Aviv mod-
el 61DS spectropolarimeter using a 1 cm pathlength cell. The sample 
cell holders were maintained at 50°C using a circulating bath. The 
signal was monitored until thermal equilibrium was reached before 
data were recorded. 

3. Results and discussion 
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Fig. 2. 1H-15N HSQC spectra of apomyoglobin in 10 mM acetate, 
50°C, pH 4.0 in the absence (top) and presence (bottom) of 10% by 
volume ethanol. 

Direct NMR studies of partially folded equilibrium inter-
mediates are made difficult by poor dispersion and broad lines 
(see for example [9,10]). It is therefore necessary to search for 
the 'best' conditions possible when attempting such studies. 
NMR spectra of proteins are temperature dependent, with 
spectra collected at higher temperatures typically exhibiting 
narrower lines. Thus, one possible approach to improving 
spectra from equilibrium intermediates is to work at higher 
temperatures when possible. The original description of the 
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Fig. 1. Fluorescence from apomyoglobin in 10 mM acetate at 50°C 
as a function of pH. Excitation was at 278 nm and emission was 
monitored at 320 nm. The peak around pH 4 is characteristic of 
the 'molten globule' equilibrium intermediate state. 

apomyoglobin equilibrium intermediate state [11] indicates 
that this state is populated at pH 4 over a range of temper-
atures between — 6°C and 50°C. This is borne out in the NMR 
data presented below. Although most published studies have 
been performed at low (4°C) or room (25°C) temperatures, we 
decided to take advantage of the fact that this state is stable at 
temperatures as high as 50°C for the purpose of NMR char-
acterization. A fluorescence monitored titration of apomyo-
globin between pH 6.1 and pH 3.3 at 50°C (Fig. 1) exhibits 
the peak in fluorescence intensity which is characteristic of the 
equilibrium intermediate, and confirms the earlier observation 
by Griko et al. [11]. Work by Damaschun and colleagues [12] 
confirms that other properties characteristic of the intermedi-
ate state persist at high temperatures. While the helicity at pH 
4 (as monitored by CD) is slightly lower at 50°C than at 4°C, 
the transitions between the pH 4 state and the acid-unfolded 
and native states are cooperative at both temperatures [13], 
implying that the intermediate is essentially fully populated. 

1H-15N HSQC spectra of sub-millimolar samples of freshly 
prepared apomyoglobin at pH 4 in 10 mM acetate at 50°C 
(Fig. 2) appear significantly more tractable than those col-
lected at room temperature or lower (data not shown). Never-
theless it is clear that in order to obtain resonance assign-
ments, sophisticated heteronuclear triple-resonance 
experiments are required. Unfortunately, the quality of the 
spectra degrades severely within hours of sample preparation, 
making it impracticable to run the necessary triple-resonance 
experiments, which typically require several days of data col-
lection. Equilibrium intermediates are in general highly prone 
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Fig. 3. Circular dichroism spectra of apomyoglobin in 10 mM acetate, 50°C in the native state (pH 6.3) and in the equilibrium intermediate 
state (pH 4.0) in the absence and presence of ethanol. The inset shows the change induced in 8222 by the presence of ethanol. 
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Fig. 4. 1H-15N HSQC spectra of apomyoglobin in 10 mM acetate, 50°C at different pH values between 2.3 and 6.1. The spectral degradation 
between pH 4 and 6 is thought to reflect transitions occurring between the native and intermediate states on an intermediate chemical shift 
time scale, which is estimated to be in the order of milliseconds. 
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to aggregation, which in turn severely degrades the quality of 
NMR spectra, and it is therefore likely that sample aggrega-
tion is responsible for the observed time-dependent degrada-
tion of the NMR spectra. Because aggregation is believed to 
be largely mediated by hydrophobic interactions, and because 
alcohols generally weaken hydrophobic interactions (see for 
example [14]), we attempted to eliminate or retard the aggre-
gation of our samples by the addition of small volumes of 
ethanol. We found that by adding 10% by volume of ethanol 
to the samples, the quality of HSQC spectra remained accept-
able for a period exceeding 3 days after sample preparation, 
providing sufficient time for the execution of sophisticated 
triple-resonance experiments. Although some loss in reso-
nance intensity was observed after 3 days, the position of 
the resonances remained constant, and no new resonances 
were observed. After longer periods of time (a week) spectra 
were usually noticeably degraded, with split and missing res-
onances. 

In order to evaluate the effects of adding 10% ethanol to 
our samples, we compared two-dimensional HSQC spectra of 
samples with and without ethanol (Fig. 2). Although slight 
shifts are observed in the positions of some resonances, in 
general the spectra are very similar in the presence and ab-
sence of ethanol. Fig. 3 shows circular dichroism data at 50°C 
from the native state and the intermediate with and without 
ethanol. A slight increase in 6222 is apparent in the presence of 
ethanol, but the corresponding increase in the total estimated 
helicity is only around 2%. Based on these observations we 
conclude that the addition of ethanol does not significantly 
perturb the structure of the apomyoglobin equilibrium inter-
mediate state. 

In order to ascertain more fully the extent of aggregation in 
our samples, we carried out a series of SAXS measurements 
(which are highly sensitive to sample aggregation) on samples 
of different protein concentrations. SAXS data (not shown) 
were collected from samples freshly prepared with 10% by 
volume ethanol at four different protein concentrations (1.0, 
0.5, 0.25, and 0.125 mM) and from the same samples after 
storage at 50°C for 52 h. The fresh sample data at all four 
concentrations do not show any evidence of aggregation. The 
data at 1 mM protein concentration indicate that significant 
aggregation has occurred after 52 h. At 0.5 and 0.25 mM 
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Fig. 5. ^ - ^ N HSQC spectra at pH 2.3, 50°C of apomyoglobin se-
lectively 15N-labeled at lysine backbone sites. 

pH 

Fig. 6. XH chemical shift as a function of pH for several resonances 
in Fig. 5. Tentative assignments (based on assignments of the acid-
unfolded state) are indicated. 

protein concentration a slight increase in the small angle scat-
tering suggests that after 52 h a small amount (less than 10%) 
of the protein sample may oligomerize. The data at 125 u\M 
show essentially no change after 52 h, from which we con-
clude that no significant oligomerization or aggregation has 
occurred under these conditions. These results are consistent 
with the observations made using NMR, and indicate that at 
sufficiently low protein concentrations in the presence of 10% 
ethanol, the apomyoglobin equilibrium intermediate remains 
largely monomeric for a period of several days. 

A variety of triple resonance NMR experiments have been 
acquired for the apomyoglobin intermediate under the above 
conditions. The resulting spectra are of high quality, but res-
onance assignment is made difficult by the rather poor reso-
nance dispersion. In order to facilitate the assignment process, 
a strategy was devised to transfer resonance assignments from 
native apomyoglobin at pH 6.1 [5] to the pH 4 intermediate. 
By collecting two-dimensional HSQC spectra at incremental 
pH values between 6 and 4 (Fig. 4), we hoped to connect each 
resonance in the intermediate state with its corresponding as-
signed resonance in the native state. Unfortunately, there is a 
severe degradation in the quality of the spectra midway be-
tween the native and intermediate states, which most likely 
indicates that the transition between the native and intermedi-
ate states occurs at a rate which is intermediate on the chem-
ical shift time scale. Using the known field strength and esti-
mating the chemical shift changes involved, this time scale is 
calculated to be in the order of milliseconds. This behavior 
precludes the possibility of transferring resonance assignments 
from the native state to the pH 4 intermediate. However, 
spectra between pH 4 and pH 2.3 (where the protein is max-
imally unfolded by acid) remain of high quality, with resolved 
resonances throughout. Careful examination suggests that in 
each spectrum, each resonance appears only once, at a chem-
ical shift value intermediate between that which it assumes at 
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the pH 4 and pH 2.3 endpoints. This indicates that the tran-
sitions between the pH 4 intermediate and the acid unfolded 
state occur at a rate which is fast on the chemical shift time 
scale (100 \is or less). Thus, although resonance assignments 
cannot be easily transferred from the native state to the pH 4 
intermediate, assignments from the acid-unfolded state can be 
transferred to the intermediate state by simply tracking the 
position of each peak as the pH is raised incrementally. 

The observation that the transitions between the intermedi-
ate and native state are slow (leading to exchange broadening 
of NMR resonances even at 50°C) while those between the 
acid-unfolded and intermediate states are fast is entirely con-
sistent with previous kinetic data on the folding of apomyo-
globin [1], which show that the intermediate state forms very 
rapidly, whereas the subsequent transition to the native state 
is orders of magnitude slower. The quantitative estimates 
above are also consistent with other published values. Jamin 
and Baldwin [15] report a time scale of 20 ms for the urea 
unfolding of the apomyoglobin pH 4 intermediate at 4.5°C. 
An increase in this rate to values such as we estimate above is 
reasonable given the difference in the temperatures (4.5°C 
versus 50°C). 

The titration-based assignment strategy can be extended by 
using selectively labeled protein samples. Fig. 5 shows a 1H-
15N HSQC spectrum of lysine-labeled apomyoglobin (pre-
pared as part of the characterization of the native apoprotein 
[5]) at pH 2.3. The spectrum shows all 19 Lys resonances and 
is considerably simplified when compared to those in Fig. 4. 
Using such selectively labeled samples in a pH titration 
greatly facilitates the tracking of individual resonances. Fig. 
6 shows the *H chemical shift of some of the better resolved 
Lys NH cross peaks in Fig. 5 as a function of pH between 2.3 
and 4. The resonances which exhibit the largest changes ap-
pear to be in regions corresponding to the A, G, or H helices 
of the native protein. The large changes that occur with de-
creasing pH clearly reflect unfolding of the A-G-H helical core 
[3] of the intermediate state. An apparent pK of approxi-
mately 3.4 for the unfolding of the A-G-H intermediate can 
be estimated from Fig. 6. This value is in good agreement with 
fluorescence and CD data on unfolding of the intermediate 
state, and could be associated with the protonation of Asp or 
Glu residues, as is implicated in the unfolding transition (with 
an apparent pK of 3.6) of peptides corresponding to the B 
helix [16]. Resonances which fail to show significant chemical 
shift changes during the titration, e.g. Lys-79 and Lys-98, 
originate from residues which are believed to be in largely 
unstructured regions of the intermediate state [3]. Thus, chem-
ical shift changes upon pH titration can be used to identify 
folded versus unfolded regions of the intermediate, and to 
determine whether its unfolding is a two-state or more com-
plex process. 

Using recently obtained resonance assignments of apomyo-
globin at pH 2.3 [17] in conjunction with HSQC titration data 
and the triple-resonance data discussed above, the assignment 
of backbone resonances of the apomyoglobin pH 4 intermedi-
ate state has been nearly completed. The complete assign-
ments will be published elsewhere. 

4. Conclusions 
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apomyoglobin equilibrium intermediate under conditions suit-
able for the collection of high quality NMR data. In order to 
assign resonances in the highly overlapped spectra of the in-
termediate, we have devised a strategy which combines mod-
ern triple-resonance NMR experiments with the transfer of 
assignments from the acid-unfolded state (using selective la-
beling when necessary). The assignment transfer process has 
also yielded information about the transition rates between 
the native and intermediate states and between the intermedi-
ate and acid-unfolded states. Titration curves for individual 
resonances between pH 2.3 and 4 suggest that the largest 
structural changes between these two conditions occur in the 
A, G, and H helix regions. Extensive analysis of pH titration 
curves may help to evaluate the cooperativity of this transi-
tion, using probes located at residues throughout the polypep-
tide. The complete set of resonance assignments will lead to a 
wealth of information about the intermediate state through 
analysis of the chemical shift, relaxation, and NOE data 
and should provide a picture of both structural and dynamical 
propensities in a folding intermediate at an unprecedented 
residue-specific level of detail. We anticipate that the ideas 
and techniques described in this work may prove effective in 
NMR studies of partially folded states of other proteins as 
well. 
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