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Formation of a Molten Globule Intermediate Early
in the Kinetic Folding Pathway of Apomyoglobin

Patricia A. Jennings and Peter E. Wright*

Hydrogen exchange pulse labeling and stopped-flow circular dichroism were used to
establish that the structure of the earliest detectable intermediate formed during refolding
of apomyoglobin corresponds closely to that of a previously characterized equilibrium
molten globule. This compact, cooperatively folded intermediate was formed in less than
5 milliseconds and contained stable, hydrogen-bonded secondary structure localized in the
A, G, and H helices and part of the B helix. The remainder of the B helix folded on a much
slower time scale, followed by the C and E helices and the CD loop. The data indicate that
a molten globule intermediate was formed on the kinetic folding pathway.

Molten globules have been postulated as
universal folding intermediates formed on
the kinetic folding pathways of all proteins
(1). The term “molten globule” describes a
partially folded state with a molecular vol-
ume intermediate to that of the native and
the unfolded states, a relatively high con-
tent of secondary structure, and few fixed
tertiary interactions (I-3). Two-dimen-
sional (2D) NMR studies of these interme-
diate species (4—6) have been used to estab-
lish the presence of elements of hydrogen
bonded secondary structure in which amide
protons are protected from exchange. Al-
though equilibrium molten globules have
been detected for a few proteins under
appropriate conditions of pH, temperature,
and ionic strength (2, 3, 7-9), it has been
unclear whether this species actually partic-
ipates in kinetic folding events.
Apomyoglobin (apoMb) (Fig. 1) is one
of the few proteins studied that forms an
equilibrium molten globule. The molten
globule state is populated at low pH and
temperature (8, 10, 11), is compact, and
contains substantial secondary structure
(~35% helix) that appears to be largely
associated with folding of the A, G, and H
helices (4). To investigate the kinetic fold-
ing pathway(s) and the role of the molten
globule in folding, we have undertaken
stopped-flow circular dichroism (CD) and
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hydrogen exchange pulse-labeling studies of
the apoMb refolding reaction.

ApoMb is well suited for studies of
folding mechanisms. The absence of the
heme group makes folding unimolecular,
the protein is stable under various condi-
tions, and the NMR spectrum of the
carbon-monoxy complex of the holopro-
tein has been assigned (12). Although the
structure of apoMb has not been deter-
mined, all available data (4, 10, 13, 14)
indicate that it has a compact hydropho-
bic core that resembles the tertiary struc-
ture of the holoprotein. The differences
between the apo and holoproteins appear
to be largely confined to the F helix region,
which abuts the heme and provides the
proximal histidine ligand (4, 14).

Fig. 1. Scheme of Mb with the eight a helices (A
to H) indicated.



Circular dichroism provides a sensitive
probe of apoMb folding. The urea-induced
unfolding reaction of apoMb is cooperative
with a midpoint of ~2.2 M urea (Fig. 2).
The unfolding transition is fully reversible,
as judged by the complete recovery of the
native helical content when the urea was
diluted from 6 to 0.8 M and by the ability of
the refolded apoprotein to bind the heme
group quantitatively. In a representative
kinetic trace obtained by monitoring the
change in ellipticity as a function of refold-
ing time (Fig. 2A), the ellipticity at the
endpoint of the refolding reaction was the
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Fig. 2. (A) Refolding kinetics of apoMb at pH
6.1 and 5°C monitored by stopped-flow CD
spectroscopy at 222 nm (33). The ellipticity of
the unfolded protein (left arrow) was obtained
by linear extrapolation of data collected above
4 M urea in equilibrium CD experiments. The
ellipticity of the folded protein (right arrow) in
0.8 M urea was determined from equilibrium
experiments. The solid line is a single exponen-
tial fit of the data. (B) The equilibrium unfolding
of apoMb (O) monitored by the change in
ellipticity at 222 nm as a function of urea
concentration at pH 6.1 and 5°C. The burst
phase amplitudes [®], observed in refolding
experiments are also indicated (A). (C) CD
spectra of the burst phase intermediate (@) and
refolded (O) protein generated by varying the
wavelength of detection during stopped-flow
refolding experiments. Spectra of the native
protein in 0.8 M urea (lower curve) and unfold-
ed protein in 6.0 M (upper curve) urea under
equilibrium conditions are also shown.

same as that observed for the native apo-
protein in 0.8 M urea. The transient was
well fitted by a single exponential decay
with a relaxation time of 943 = 20 ms. The
stopped-flow CD measurements indicate
that the protein was completely refolded
within 4 s and that a substantial fraction
(64%) of ellipticity at 222 nm was regained
in a burst phase within the dead time of the
instrument (5 ms). The burst phase was
kinetically uncoupled from subsequent fold-
ing events by a difference in rate of two to
three orders of magnitude; thus, the initial
amplitude can be taken as a measure of the
concentration of the species formed within
the first 5 ms (15, 16). Measurement of the
burst phase ellipticity as a function of final
denaturant concentration (Fig. 2B) shows
that the folding of this species is coopera-
tive. However, the transition is distinct
from that observed for unfolding of the
native protein in both amplitude and urea
dependence, demonstrating that the burst

Table 1. Amide proton protection data.

REPORTS

phase species is an intermediate and not a
fractional population of the native protein.
A two-state fit (I5) to the data of Fig. 2B
gives an apparent stability of 2.5 = 0.5
kcal/mol for the intermediate relative to the
unfolded protein. The CD spectrum of the
burst phase intermediate (Fig. 2C) shows
the formation of helix.

To investigate further the kinetic fold-
ing pathway of apoMb, rapid mixing proce-
dures coupled with amide proton exchange
were used to label structured intermediates,
with subsequent analysis of the data by 2D
NMR methods (17, 18). The refolding of
apoMb was studied in the absence of heme
(19); the protein was then reconstituted
(20) and NMR spectra were recorded. The
intensities of assigned (I2) crosspeaks in
both homonuclear double quantum and
NOESY spectra (21) were measured to de-
termine the extent of amide proton ex-
change at variable refolding time periods.
Results obtained from both data sets are in

Residuet Rate N Region
(helix) (apoMb) Partner involved
L9 (A7) F (<5 ms) 5.9
V10 (A8) F 6-10
“L11 (A9) F 7-11
W14 (A12) F 10-14
V17 (A15) F 13-17 A3-A15
L29 (B10) F 25-29
130 (B11) F 26-30
F33 (B14) F 2933 B6-B14
K102 (G4) F 1024
L104 (GS5) F 100-104
107 (G8) F 103-107
A110 (G11) F 106-110
112 (G13) F 108-112
H113 (G14) F 109-113
V114 (G15) F 110-114
L115 (G16) F 111-115 G1-G16
K133 (H10) F 129-133
F138 (H15) F 134-138
1142 (H19) F 138142
A143 (H20) F 139-143 H6-H20
E18 (A16) M (~1s) 14-18 A16
128 (B9) M 24-28
R31 (B12) M 27-31 B9-B12
K34 (B15) S (~2.5s) 30-34 B15
H36 (C1) s 32-36
T39 (C4) s 35-39
L40 (CS5) s 36-40 c1-C5
F43 (CD1) s 40-43 CD1
He4 (E7) s 60-64
V66 (E9) s 62-66
V68 (E11) s 64-68
L69 (E12) s 65-69
T70 (E13) S 66-70
L72 (E15) s 68-72
A74 (E17) s 70-74
175 (E18) s 71-75
L76 (E19) s 72-76
K77 (E20) s 73-77 E3-E20

*The hydrogen bonding partners were determined in the neutron diffraction study of the holoMbCO complex

(34).

‘tAbbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |,

lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. Both residue

number and helix position are given for clarity.

$The backbone amide proton of K102 is involved in a hydrogen

bond with a water molecule and is completely buried in the hydrophobic interior of the protein (34).
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Fig. 3. Representative data for the time course of protection of backbone
amide protons from exchange with solvent deuterons. Proton occupan-
cies as a function of the refolding time before application of the labeling

excellent agreement. Thirty-eight amide
protons, well distributed throughout the
protein, exchange sufficiently slowly under
the experimental conditions to be used as
probes of the folding process (Table 1). A
substantial fraction of the available probes
become protected (Fig. 3) at the shortest
delay achievable under the conditions of
the pulse labeling experiments (6.1 ms).

The amide protons of residues from the
A, G, and H helices are fully protected
within 6.1 ms after exposure to refolding
conditions (Fig. 3 and Table 1). The amide
protons of L29, 130, and F33 in the B helix
also exhibit complete protection within 6.1
ms. Additional residues in the B helix (128
and R31) become fully protected within 1
second after initiation of refolding. The
amide protons of the residues at the COOH-
terminal ends of helices A (E18) and B
(K34) show protection kinetics slightly slow-
er than other amides in these helices, possi-
bly reflecting helix fraying before the forma-
tion of the native fold (6, 22). Finally, the
amide protons of the C and E helices become
highly protected from exchange only after
~2 s and demonstrate very similar protec-
tion kinetics (Fig. 3). The observation of
protection profiles for the amide protons in
the A, G, H, and B helices which are similar
to one another yet are kinetically distinct
from those observed for the rest of the
protein provides clear indication of the re-
gions of the protein that participate in the
cooperatively folded kinetic intermediate
observed by CD.

Several residues in the B and E helices
show partial protection (~20 to 30%) from
exchange at the earliest time point (Fig. 3).

894

Partial protection can arise in several ways
as follows: the residues are moderately pro-
tected via a loose association with the
folded subdomain, a folding phase occurs in
“the same time frame as the length of the
labeling pulse (23), or there is a bifurcation
of the folding pathway such that a propor-
tion of protein molecules folds completely
and a second subset folds more slowly (24).
This latter mechanism seems unlikely since
amide protons in the C helix and C-D loop
and much of the E helix show no protection
at the earliest time points (25). A more
likely explanation involves a dynamic pro-
cess in which helix B and part of the E helix
become associated with the folded subdo-
main in a folding phase that is in the same
time frame as the labeling pulse (23).

The kinetic pathway for folding of
apoMb involves an intermediate species
that strongly resembles the equilibrium
molten globule state previously character-
ized at low pH and temperature. The
stopped-flow CD studies indicate that the
first detectable event in the folding of
apoMb, occurring within the 5 ms dead
time, is the formation of an intermediate
containing substantial helix. This burst-
phase intermediate has a helix content
(35%) equal to that of the equilibrium
molten globule (4, 10, 11). The hydrogen
exchange pulse-labeling experiments also
show formation of a transient intermediate
in less than 6.1 ms. A substantial fraction
of the available probes, localized in the A,
G, and H helices and a region of the B
helix, are completely protected at this time.
The same amide protons are protected in
the equilibrium molten globule state (4),
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pulse are plotted. Representative experimental errors are indicated for the
CD loop. Separate determinations of the peak heights for duplicate
experiments differed on average less than 20%.

providing strong evidence for the similarity
of the two species. Although similar hydro-
gen exchange protection patterns are ob-
served in both the equilibrium and kinetic
folding intermediates, the protection fac-
tors are greater in the transient species. It
is important to note that the stability of
the equilibrium and kinetically populated
species can vary due to the necessary
differences in solution conditions. Indeed,
it has recently been shown that the apoMb
equilibrium molten globule state is ~1
kcal/mol more stable at neutral pH, cor-
responding to the conditions used for our
kinetic studies, than at pH 4.2, where it is
maximally populated (26).

Hydrogen exchange measurements for
several proteins under native conditions
indicate that the most slowly exchanging
amide protons are both involved in hydro-
gen bonds and are buried in hydrophobic
cores (23). Despite concerns of non-native
hydrogen bond formation in folding inter-
mediates (27), available evidence supports
protection from exchange as a result of
native-like secondary structure formation
(28). In the case of apoMb, the comple-
mentary data from stopped-flow CD and
NMR pulse labeling experiments provide
particularly compelling evidence that the
molten globule folding intermediate con-
tains helix and that the amide protons are
protected because of stabilized secondary
structure formation. The helix content
(~30%) estimated by assuming that all
protected amide protons in the folding in-
termediate are in helical structures is in
excellent agreement with the helicity mea-
sured by CD (~35%). This species is coop-
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observed on the kinetic folding pathway.

A generalized model of protein folding
has been proposed in which folding pro-
ceeds by way of a molten globule interme-
diate (2, 3, 7-9 and references therein).
Until now, the principal evidence in sup-
port of this hypothesis has come from opti-
cal studies of a-lactalbumin refolding (16),
but detailed structural characterization of
the observed kinetic folding intermediate
has not yet been realized. Although all of
the proteins studied previously by hydrogen
exchange pulse-labeling methods form fold-
ing intermediates that contain stable, hy-
drogen bonded secondary structure (17, 18,
31, 32), it was not established unambigu-
ously that these intermediates were struc-
turally equivalent to the equilibrium mol-
ten globule. Our data, however, provide
strong evidence in support of the molten
globule folding model by clearly establish-
ing a close structural similarity between the
earliest detectable kinetic folding interme-
diate and the equilibrium molten globule
state.

Fig. 4. Stereoview of the backbone of Mb (34) showing the regions protected within 6.1 ms (red),
1s (green), and 2.5 s (blue). The gray coloring indicates regions where amide protons in the native
protein exchange too rapidly to be used as probes of folding. Colored spheres indicate the
positions of the amide proton probes. The colored backbone indicates the regions inferred to
participate in formation of helical hydrogen bonds. The orientation is identical to that of the

schematic in Fig. 1.
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Detection of Transient Protein Folding Populations
by Mass Spectrometry

Andrew Miranker, Carol V. Robinson, Sheena E. Radford,
Robin T. Aplin, Christopher M. Dobson

Hydrogen-deuterium exchange measurements are becoming increasingly important in
studies of the dynamics of protein molecules and, particularly, of their folding behavior.
Electrospray ionization mass spectrometry (ESI-MS) has been used to obtain the distri-
bution of masses within a population of protein molecules that had undergone hydrogen
exchange in solution. This information is complementary to that from nuclear magnetic
resonance spectroscopy (NMR) experiments, which measure the average occupancy of
individual sites over the distribution of protein molecules. In experiments with hen lyso-
zyme, a combination of ESI-MS and NMR was used to distinguish between alternative
mechanisms of hydrogen exchange, providing insight into the nature and populations of
transient folding intermediates. These results have helped to detail the pathways available

to a protein during refolding.

Measurements of hydrogen-deuterium ex-

" change have provided considerable insight

into protein and peptide stability, protein
dynamics including local fluctuations, anti-
body epitope mapping, allosteric interac-
tions, and protein folding (I, 2). The ad-
vent of ESI-MS has enabled the determina-
tion of accurate molecular weights of pico-
molar quantities of proteins, typically to
within 1 dalton for proteins with molecular
weights up to about 20,000 (3). This level
of accuracy and the ability to observe intact
protein molecules have made the observa-
tion of hydrogen exchange of proteins by
electrospray ionization feasible (4). In this
report, we show that a combination of
ESI-MS and NMR can provide crucial in-
formation on the nature and populations of
species on the folding pathway of a protein,
information that hitherto was not possible
to obtain with either technique in isola-
tion.

Experiments were performed with hen
egg-white lysozyme, the native structure of
which has been characterized in great detail
by a variety of experimental and theoretical
methods (5, 6). The refolding kinetics of
this enzyme have been extensively studied
under equilibrium conditions in which a
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cooperative two-state model is well estab-
lished (7). Furthermore, non-equilibrium
refolding studies of lysozyme by pulsed hy-
drogen-exchange labeling and two-dimen-
sional (2D) NMR have already revealed
many details of the folding process (8).
These details include the observation that
the two structural lobes of the native pro-
tein are also distinct folding domains and
that one, the predominantly o helical do-
main, folds more rapidly than the other,
largely a B sheet domain, in the majority of
molecules.

A comparison of the ESI-MS spectra of
protonated lysozyme and a sample in which
all labile hydrogens had been exchanged for
deuterium [deuterated lysozyme (9)] is
shown in Fig. 1. Although both samples
had been dissolved in protonated solvent
before the spectra were run, the deuterated
protein shows an increase in mass of about
80 daltons (10). Because lysozyme contains
approximately 250 exchangeable hydro-
gens, these 80 sites represent hydrogens
protected from exchange by the compact
structure of the native protein under these
conditions. Studies with NMR have shown
that the majority of these protected hydro-
gens arise from backbone amide groups (6,
11).

Although amide hydrogen exchange can
be measured in a consistent manner by
ESI-MS and NMR, the nature of these two
methods is complementary. The NMR
method monitors the average exchange at
individual sites, permitting interpretation





