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Application of electrospray mass spectrometry (ES/MS) to a protein refolding study was
demonstrated. Acid denaturation of equine myoglobin was reversed by adding various
amounts of ammonium hydroxide to the protein that was unfolded in 10% acetic acid. The
protein refolding process was followed by ES/MS, in which both the changes in the protein
charge-state distribution and mass were monitored. The ES/MS results show that the
pH-dependent renaturation of the acid-denatured myoglobin is stepwise, consisting of two
major steps. The unfolded polypeptide chain first refolds to establish a compact nativelike
structure, without the assistance of the heme prosthetic group. The newly formed binding
cavity then retains the heme group by noncovalent interactions. It is also shown that
inclusion of a stabilizing buffer, such as ammonium acetate, in the protein solution is greatly
beneficial to the ES/MS detection of intact noncovalent globin/heme complex. (J Am Soc
Mass Spec/rom 1993, 4, 638-645)

T
he conformation of a protein in solution can be
altered by changing pH, ionic strength, solvent
composition, and temperature, etc. The conver

sion from the native state to a denatured one renders
the protein biologically inactive because the tertiary
and secondary structures [1-4] of the native protein
have been partially or completely destroyed. Such con
formational changes are reversible for some proteins
but not for others. Studying protein denaturation (i.e.,
unfolding) and refolding processes is important not
only for deducing the fundamental structure/property
correlations [1-4], but also for understanding the cellu
lar responses of various biological systems and for
efficient production of biologically active recombinant
proteins [5]. Various instrumental methods, such as
x-ray crystallography [1-4], circular dichroism [3, 6, 7],
proton nuclear magnetic resonance [1, 3, 6, 8, 9], in
frared and Raman spectroscopy [3], and cyclic voltam
metry [10, 11], have been used for protein conforma
tional studies.

Electrospray mass spectrometry (ES/MS) [12-16],
which offers high measurement precision [17, 18] and
has an analytical mass range as high as 200,000 Da for
proteins [19], has demonstrated great versatility in
various biochemical studies, such as characterizing
protein primary structures [20-23], enzyme reaction
intermediates [24, 25], inhibition mechanisms [26], and
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covalent [24-27J and noncovalent [28J enzyme com
plexes. It has also been shown [29-34] that the charac
teristic electrospray multicharging, which usually
forms one (or more) charge-state distribution in the
mass-to-charge ratio range 500-2500, is sensitive to
protein conformational changes in solution. This
unique feature of electrospray further extends the ca
pability of mass spectrometry for biochemical charac
terization because it provides the potential to study the
three-dimensional structures of proteins.

In this article we report a novel utilization of ES/MS
for studying protein refolding in which the pl-l-depen
dent renaturation process of the acid-denatured myo
globin is followed by monitoring the changes in both
the charge-state distribution and the mass of the pro
tein. The mechanistic significance of the ESjMS find
ings in relation to the myoglobin refolding process is
also discussed.

Experimental

Mass Spectrometry

A triple quadrupole mass spectrometer (API III, Sciex,
Thornhill, Ontario, Canada) was used for the ES/MS
study. The instrument had a mass-to-charge ratio range
of 2470 and was fitted with a pneumatically assisted
electrospray (also referred to as ion spray [16]) device.
Multiply charged protein ions were generated by
spraying the aqueous sample solution at room temper
ature and under atmospheric pressure, The electro
sprayer, a stainless steel capillary [200-/Lm inner diam-
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eter (10)] held +4.8 kV above the instrument ground
potential, was assisted by a coaxial air flow (0.6 L/min)
along the capillary; the pressure in the aeronebulizer
was set to 20 Ib/in2

• The sample solution was deliv
ered at a flow rate of 1-2 pL/min to the electro
sprayer by a syringe infusion pump (model 22, Har
vard Apparatus, South Natick, MA) through a fused
silica capillary of 100-pm ID. The electrospray-pro
duced ions, driven by the voltage difference between
the sprayer and the instrument body, migrated under
atmospheric pressure toward the ion entrance orifice
(approximately 100 /-Lm in diameter) at the atmo
sphere/vacuum interface. A gas curtain formed by a
continuous flow (1.2 Lymin) of nitrogen gas around
the conical orifice served to prevent moisture from
entering the vacuum chamber and to cause a very
large number of near-thermal collisions in the postori
ficc free-jet expansion region and in the quadrupole
guidance lens (Qo) in front of the first quadrupole
mass analyzer (Ql)'

For ion mass measurement, the instrument orifice
voltage was set at +35 V during the mass-to-charge
ratio calibration with the singly charged ammonium
adduct ions of polytpropylene glycols) and then in
creased to +80 V to enhance the myoglobin ion sig
nals, unless otherwise stated. The ion-molecule colli
sions in the atmosphere/vacuum interface region,
which were energized by the elevated orifice voltage,
stripped off the solvent molecules attached to the myo
globin ions and produced the bare protein ions for
mass-to-charge ratio analysis. To induce ion structural
changes by the interface collisions [20, 22], the orifice
voltage was further raised to between + 130 and +250
V to boost the ion internal energy uptake. For the mass
spectrometry studies conducted here, only the QI
quadrupole was utilized for the ion mass-to-charge
ratio analysis, and all other quadrupoles of the triple
quadrupole mass spectrometer served as the ion gutd
ance lenses.

concentrations 3-9% (w/w), raising the solution pH to
as high as 8, and further decreasing the protein con
centration to as low as 2 X 10-5 M. Ammonium ac
etate buffer was produced as a result of the acid/base
neutralization reaction between acetic acid and ammo
nium hydroxide. To avoid temperature- and solvent
induced denaturation, all experiments were carried out
at room temperature, and organic solution modifiers,
such as popularly used methanol or acetonitrile, were
not used in any of the above experiments.

Results and Discussion

The native form (the state before denaturation or after
complete refolding) of myoglobin is composed of two
parts (i.e., the proteinic globin main body, a single
polypeptide chain of 153 amino acid residues and
mass 16,951 Da, and the organometallic heme pros
thetic group, an iron protoporphyrin IX of mass 616.5
Da), Myoglobin is biologically functional (i.e., capable
of storing oxygen) only after the heme group is re
tained within the binding cavity of the folded globin
by multiple van der Waals interactions [1, 2, 35-38].
Therefore, detecting the intact ions of the noncova
lently bound globin/heme complex under the ES/MS
experimental conditions [30, 34] is essential to the
full-range study of the myoglobin refolding process. In
an earlier effort [34] to study the native globin/heme
complex, the equine myoglobin sample was dissolved
in pure water at neutral plI, at which the protein
maintained a native conformation; however, under
such a solvent condition, a substantial amount of the
native globin/heme complex would often dissociate
during the electrospray ionization, as evidenced by the
abundant heme-less ions from the polypeptide portion
of myoglobin in the electrospray mass spectrum (Fig
ure 1). It was suspected that the ionic polarization of
the solution by the high voltage on the electrosprayer,
and the subsequent proton enrichment in the nebu-
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Figure 1. Electrospray mass spectrum of equine myoglobin dis
solved in pure water; (e) ions from the noncovalently bound
globin/heme complex (mass 17,568 Da): (0) ions from the
heme-less globin part (mass 16,951 Da), The charge states (i.c.,
the number of hydrogen cations) on a few representative multi
charge ion. are indicated.

Materials and Sample Handling

Horse skeletal muscle myoglobin and its heme-less
counterpart, apomyoglobin, were obtained from Sigma
Chemical Co. (St. Louis, MO) and were used without
further purification. To detect the intact noncovalently
bound complex ions of the native myoglobin, the pro
tein sample was sprayed as an aqueous solution at a
concentration of 1.7 mg/mL (I X 10-4 M), with 10
mM ammonium acetate as the stabilizing buffer (plI
6.7) unless otherwise stated. To release the heme group
from the noncovalent binding, the native myoglobin
was acid denatured by mixing the buffered sample
solution with an equal volume of 20% (vIv) acetic
acid solution, reaching a solution acidity of 10% acetic
acid (pH 2.2) and reducing the protein concentration to
5 X 10-5 M. To effect the refolding of the acid-dena
tured myoglobin, the solution acidity was reduced by
adding various amounts of ammonium hydroxide of
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Figure 2. (a) Electrospray mass spectrum of equine myoglobin
dissolved in a buffer solution containing 10 mM ammonium
acetate (pH 6.7). The mass integrity of the native globin /heme
complex was nearly fully preserved (orifice voltage +80 V), as
indicated by the predominant ions of the charge states 8+ and 9+
(e), which retained the heme prosthetic group (mass 616.5 Da),
Inset, spectrum taken under the same buffer condition but at a
higher orifice voltage (+100 V) for a myoglobin sample contami
nated with potassium salt. The broad tails of the protein peaks
were caused by the potassium cation adducts, and the minor
peaks (0) were due to the ions that lost the heme group at the
higher orifice voltage. (b) Electrospray mass spectrum of the
same sample as in (a) but denatured by adding acetic acid to a
final concentration of 10% (pl-I 2.2). The charge-state distribution
of the multiply charged ions (0) shifted to high-charge-state
(low mass-to-charge ratio) region in addition to losing the heme
group. (c) Electrospray mass spectrum of "partially renatured"
equine myoglobin. The protein was first denatured in 10% acetic
acid, and then the solution pH was raised 10 5 by adding
ammonium hydroxide. A second charge-state distribution
(7+-9+), whose ions had no heme attachment, appeared at mass
to-charge ratio 1800-2470.

lized microdroplets during the solvent evaporation
under atmospheric pressure, could have caused partial
denaturation of the protein, leading to the detachment
of the heme group from the noncovalent complex.
Hence, in the ensuing experiments the myoglobin sam
ple was instead dissolved in a buffer solution contain
ing 10 mM ammonium acetate (pH 6.7) in the hope
that the pH-regulating effect of the buffer would stabi
lize the protein during the electrospray ionization. This
revised approach, much as expected, nearly com
pletely eliminated the unwanted denatured myo
globins ions, producing a clean spectrum dominated
by the ions from the undissociated globin/heme com
plex of mass 17,568 Da (Figure Za), [Although the
concentration of ammonium acetate was more than
two orders of magnitude higher than that of myo
globin in the solution, it was surprising that formation
of ammonium adducts to the protein ions remained
insignificant (Figure 2a). In sharp contrast, sodium or
potassium salts were often a nuisance to the ES/MS
analysis because of the high tendency of their cations
to stick to the protein. These noncovalent cation
adducts added long tails to the protein peaks (see
Figure 2a, inset) and could not be completely removed
by the gas-phase collisional activation in the atmo
sphere/vacuum interface region, even when the orifice
voltage was raised to its maximum value of +250 V.]
Similar to the previous observations made under the
unbuffered weakly acidic [30] and neutral [34] solution
conditions, the charge-state distribution of the native
myoglobin, which was dominated by the 8+ and 9+
ions (Figure Za), was drastically different from that of
the myoglobin denatured in 10% acetic acid (pH 2.2),
which centered around 18+ and extended to as high as
29+ (Figure 2b).

In solution, the positive charges of a protein are
mainly located on the side-chain amino groups of the
basic residues, such as arginine (Arg), lysine (Lys), and
histidine (His) (p K, values of which, in the free state,
are 12.5, 10.5, and 6.0, respectively; see ref 2, p 79), and
the negative charges on the side-chain carboxylic
groups of the acidic residues, such as aspartic acid
(Asp) and glutamic acid (Clu) (pKa values of which,
in the free state, are 3.9 and 4.3, respectively; see ref 2,
p 79). Among the 153 amino acid residues in equine
myoglobin, 32 are basic (2 Arg, 19 Lys, and 11 His),
and 21 are acidic (8 Asp and 13 Glu), X-ray crystallo
graphic data [2, 35-38] show that in the native myo
globin, all chargeable residues of both polarities, ex
cept for the two buried His residues that sandwich the
heme group, are placed on the solvent/proton-accessi
ble molecular surface; however, under the ES/MS con
ditions, mainly 8 and 9 net positive charges were
observed for the native myoglobin (Figures 1 and 2a).
These low-charge states, which sharply contrasted with
the high-charge states of the acid-denatured myo
globin (Figure Zb), could not be attributed to instru
mental effects because the operating parameters were
kept identical during the experiments. In addition,
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varying the orifice voltage in the range +30 to +100 V
(data not shown) did not produce drastic changes in
the charge distribution pattern of either the native or
acid-denatured myoglobin (however, in the orifice
voltage range +30 to +50 V, the protein peaks were
very broad, with peak widths at half height as large as
1400 Da in the molecular weight scale due to insuffi
cient collisional desolvation of these gaseous ions at
low activation energies). Although the charge-state
distribution of the acid-denatured myoglobin was
shifted moderately toward the high mass-to-charge
ratio region at increased solution pH (Figure 2b,c),
only minor profile alterations (data not shown) were
registered for the charge-state distribution of the na
tive myoglobin from pH 5 to 10. Therefore, the low
charge states of the native myoglobin could not be
simply due to the decreased concentration of hydrogen
ions in solution at higher pH. More likely, the struc
tural features of the native myoglobin had restricted
the maximum number of net charges that the molecule
could carry while still maintaining its conformational
integrity. It appeared, in solution at least, that at the
native conformation the negative charges on the 21
acidic residues had counteracted the positive charges
on the 30 exposed basic residues, resulting in fewer net
positive charges (mainly 8+ and 9+ ions observed in
the gas phase) on the myoglobin molecule. Such an
analysis, which does not rule out possible modifica
tions to the original charge-state distribution by other
forces during the electrospray and ion transportation
processes, is consistent with the general observation
[29-34] that the gaseous ions from a protein having the
native solution conformation always carry fewer
charges than those from its denatured counterpart.

At the native conformation, the polypeptide chain
of myoglobin curls into a roughly spherical shape in
which a cavity is left open to trap the heme group. The
molecular interior, which is almost entirely composed
of nonpolar amino acid residues, except for two his
tidines, is extremely compact and fits the heme group
very tightly with little extra space [2, 35-38]. The
higher mass observed for the native myoglobin in the
ES/MS experiment leaves no doubt that the heme
group remains attached to the polypeptide chain, even
after the multiply charged ions have been ejected into
the gas phase by the high electric field on the evaporat
ing microdroplets. Although it remains open to specu
lation (and further experimentation) whether the key
features of the heme-binding pocket have survived the
solution-to-gas-phase transition, the heme attachment,
and the high mass-to-charge ratio charge-distribution
profile that is characteristic of proteins at their native
conformational states [29-34], can be taken as an indi
cation that these gaseous globin/heme complex ions
have originated from the myoglobin species having the
native conformation in solution [30, 34].

To gain a better understanding of the refolding
process, it is advantageous to first look at its counter
process denaturation because these two molecular

transitions are closely related to each other, and useful
information about the former can often be obtained by
studying the latter. Acid denaturation completely or
partially destroys the tertiary and secondary structures
of the native myoglobin in solution. Such structural
changes greatly diminish the heme-binding capability
of the polypeptide chain, resulting in the release of the
trapped heme group and thus in the reduction of the
protein mass (Figure Zb), The drastic shift of the
charge-state distribution to the low mass-to-charge ra
tio (high-charge state) region (Figure 2b), which is
usually accompanied by broadening of the charge-state
distribution, is another direct consequence of protein
denaturation [29-34].

Inspection of the myoglobin x-ray structural model
reveals that at the native conformation, approximately
14 positively charged side-chain amino groups of Arg
and Lys residues are paired at the intercharge dis
tances of 2.4-5.0 A, with an equal number of nega
tively charged side-chain carboxylic groups of Asp and
Glu residues, These electrostatically interacting in
tramolecular ion pairs (often called salt bridges or salt
links [3, 36] in the biochemical literature), along with
hydrogen bonds and hydrophobic interactions, stabi
lize the tertiary structure of the native protein [2, 3]. At
low pH, the increased solution acidity, which neutral
izes the negative charges on the carboxylic groups [3,
39] and unveils the counteracting positive charges on
the amino groups, disrupts the ion pairs and causes
the protein to unfold. The relaxed myoglobin polypep
tide chain after denaturation also exposes other buried
chargeable sites, such as the interior His residues, for
protonation. Furthermore, a denatured protein is phys
ically capable of holding more charges simply because
its greatly increased molecular volume has substan
tially reduced the Coulombic repulsion among the
charges. For example, a fully stretched-out myoglobin
polypeptide chain occupies one order of magnitude
more space than one that is compactly folded in the
native state [36]. Therefore, the multiple actions of acid
denaturation, such as unveiling the masked positive
charges, exposing the hidden chargeable sites, and
enlarging the molecular volume, bring a substantial
charge increase to the protein and shift the charge-state
distribution to the high-charge-state (low mass-to
charge ratio) region (Figure 2b). Depending on the
degree of neutralization among the negatively charged
carboxylic groups (alone or in ion pairs), the number of
net positive charges would also vary on acid denatura
tion. Such an effect may have contributed to the broad
ening of the charge-state distribution of the acid-dena
tured myoglobin (Figure Zb),

To reverse the denaturation of the native myoglobin
caused by the high concentration of acetic acid (10%
v/v. pH 2.2), various amounts of ammonia hydroxide
were added to the protein solution to reduce its acid
ity. Of interest, when the solution pH reached 5, a
nativelike charge-state distribution emerged in the high
mass-to-charge ratio region (Figure Zc); however, the



Figure 3. Partial electrospray mass spectra of equine myoglobin
at mass-to-charge ratio 1600-2470 containing ions of the charge
states 7 c-10+. The charge-state distributions in the high mass
to-charge ratio region, which resembled that of the native
globin/heme complex in Figure 2a, were produced by adding
various amounts of ammonium hydroxide to the denatured
protein in 10% acetic acid. The spectra were taken at pH 5 (a),/)
(b), and 8 (c); (e) peaks due to the noncovalsnt reattachment of
the heme group to the polypeptide chain at higher pHs; satellite
peaks on the rig/It side of the two heme-containing peaks in b
were due to acetate adducts.

sulfate and a protein appears to be smaller than that of
a covalent bond because sulfate adducts can usually be
removed under mild collision conditions without caus
ing fragmentation of a polypeptide chain [40]; and
x-ray crystallographic data [38] show that the sulfate
interacts with the molecular surface of the native myo
globin via hydrogen bonds.) As shown in Figure 4c,
some myoglobin ions that were intentionally infested
with ammonium sulfate in solution retained their non
covalent sulfate attachments in the gas phase, even
after they had released the heme group at the in
creased orifice voltage. The facile release of the repos
sessed heme group, both in solution by reacidification
and in the gas phase by collisional activation, showed
that the heme reattachment at the near-neutral
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ions in this new charge-state distribution remained
heme-less. It appears that as a result of the decrease in
solution acidity, structural changes in a direction op
posite to the chain unfolding and extension caused by
acid denaturation, such as chain twisting and contrac
tion, may have occurred to the myoglobin polypeptide
chain in addition to removing the protons from the
carboxylic groups that are in the neutral state and the
amino groups that are positively charged. The high
mass-to-charge ratio charge-state distribution of the
"partially renatured" myoglobin (Figure 2c) is similar
to that of the native myoglobin (Figure 203), possibly
because the solution conformation of the former re
sembles that of the latter.

Remarkably, when the solution pH was further in
creased to the range 6-8, the heme group became
reattached to the polypeptide (Figure 3). At pH 6, a
large fraction of the polypeptide became heme bound
(Figure 3b), and the relative intensities of the heme-less
high-charge-state ions in the denatured charge-state
distribution (mass-to-charge ratio 800~1600,not shown)
were further reduced to < 50% of the new base peak
(8+) intensity. At pH 8, the heme rebinding appeared
to be nearly complete (Figure 3c) because only a very
small fraction of the heme-less ions remained in the
high mass-to-charge ratio region shown, and no appre
ciable ion signals of the denatured myoglobin could be
detected in the region below mass-to-charge ratio 1600.
Among the covalent side attachments to the heme
central ring are the two vinyl groups and two propi
onic acids that are potentially susceptible to chemical
reactions with certain functional groups under some
special conditions; however, covalent binding between
the heme group and the myoglobin polypeptide chain
at pH 6-8 can be ruled out on several lines of evi
dence. First, under the room temperature and near
neutral pH conditions used, formation of covalent
bondts) between the heme group and certain side-chain
groups of the polypeptide appeared very unlikely
because these conditions were well within the myo
globin stability region (up to 80°C and between pH 5
and 11 [39]). Second, reacidifying the solution imme
diately caused the protein to shed the heme group in
addition to shifting the charge-state distribution back
to the low mass-to-charge ratio region. Third, slightly
energizing the desolvation collisions between the myo
globin ions and the nitrogen curtain gas in the
atmosphere/vacuum interface region [20, 22, 40] easily
removed the heme group in the gas phase (Figure 403).
Similar to the native myoglobin (Figure 4b), the colli
sional release of the heme group from (i.e., the "gas
phase denaturation" of) the renatured myoglobin (Fig
ure 403) required very little activation, at which no
cleavage of the covalent bonds in the polypeptide
chain could be detected. In fact, knocking off the heme
group needed somewhat less activation energy than
collisionally stripping the noncovalent sulfate adducts
[40] from the heme-containing ions of a less pure
myoglobin sample. (The binding strength between a
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Figure 4. Collisional release of the heme group from the ions of
(a) the equine myoglobin renatured at pH 8 by adding ammo
nium hydroxide and (b) the pure and (c) the sulfate-infested
native equine myoglobin at pH 7 in 10 mM ammonium acetate
buffer. The partial spectra at mass-to-charge ratio 2050-2300 that
contain the peaks of the 8+ ions are shown. To effect gas-phase
activation in the atmosphere/vacuum interface region, the bias
voltage on the instrwnent orifice was raised from + 80 V, the
usual operating voltage for myoglobin ions, to +150 V in a and b
and to +130 V in c. The energized ion-molecule collisions
between the myoglobin ions and the nitrogen curtain gas dissoci
ated a fraction of the globin/heme complex (e), producing the
lower mass (heme-less) ions (0). In c, the marked tailing peaks
in the two peak clusters were caused by the successive attach
ment of a sulfate (mass 98 Da) to the two leading 8+ bare ions;
on gas-phase activation, some myoglobin ions released the heme
group but retained their noncovalently bound sulfate adducus),
The collisional removal of the heme group for all three samples
and the stripping of the sulfate adduets in c became complete at
the orifice voltage +200 V.

pHs remained noncovalent in nature. Once unfolded,
the polypeptide chain of myoglobin, which has 1.0

disulfide cross-linkage, possesses little bind
ing affinity toward the heme group. Therefore, repos
session of the heme group at the near-neutral pHs
occurred most likely because the functional sec
ondary and tertiary structures, and thus the heme
binding pocket, had been restored from the unfolded
polypeptide chain.

At pH 5, the myoglobin polypeptide chain may
have refolded or partially refolded to form a compact
structure similar to that of the native myoglobin, as
suggested by the appearance of the nativelike, yet
heme-less, charge-state distribution (Figures 2c and
3a); however, the inability of this intermediate "native
like" state to retain the heme group also points out
that at pH 5, the fine structures around the heme-bind
ing pocket are still not in exactly the right order to
effect the tight "lock-and-key" fitting between this
newly folded polypeptide chain and the heme group
(possibly because one of the interior His residues re
mains protonated), Rebinding of heme at pH 6-8 sug
gests that some subtle structural and/or charge
changes induced by the further pH increase have made
the heme fitting within the myoglobin cavity much
tighter, thus enabling the protein to retain the heme
group with greater efficiencies.

It is very clear that the pH increase has caused the
reverse structural changes (i.e., renaturation) of the
acid-denatured myoglobin; however, the role of the
heme group during this molecular transition remains
obscure. Being concomitant with the polypeptide chain
in the denatured myoglobin solution, the heme group
could be either actively involved or a passive entity
during the initial refolding of the polypeptide chain. In
the former scenario, the heme group could possibly
serve as a core for the myoglobin polypeptide chain to
wrap around. If this were the case, the polypeptide
chain either would not refold or would misfold in the
absence of the heme group (e.g., the polypeptide chain
of cytochrome c relaxes into a random coil once its
heme group is removed [41, 42]). To check whether the
heme group is required to initiate the refolding of the
myoglobin polypeptide chain, a parallel base-induced
"renaturation" experiment was also performed on
apomyoglobin in which the noncovalently bound heme
group had been removed [39] by solvent extraction. As
seen in Figure 5, adding ammonium hydroxide pro
duced a similar upward mass-to-charge ratio shift for
the charge-state distribution of the apomyoglobin that
was dissolved in 10% acetic acid. This experiment
strongly suggests that the chain refolding of the acid
denatured myoglobin in solution does not require the
assistance of the heme prosthetic group. It also shows
that in the absence of the heme group, apomyoglobin
alone can maintain a nativelike structure (although it
appears that the heme-less molecule is conformation
ally less stable than its heme-containing counterpart,
as evidenced by the presence of a small amount of
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Figure 5. Electrospray mass spectrum of "renatured" equine
apomyoglobin. The heme-less protein was first dissolved in 10%
acetic acid solution (which gave a spectrum similar to that shown
in Figure 2b), and then the solution pH was raised to 8 by adding
ammonium hydroxide. The new charge-state distribution (7+-9+)
became predominant after raising the solution pH.
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Conclusions

This study demonstrates that E5/MS can be used to
monitor the refolding process of a denatured protein.
The ES/MS results show that renaturation of acid-de
natured myoglobin is stepwise, consisting of two ma
jor steps: refolding of the relaxed polypeptide chain
into a compact nativelike structure, in which the assis
tance of the heme prosthetic group is not required, and
refitting of the heme group into the newly formed
binding cavity. This study also shows that inclusion of
a stabilizing buffer, such as ammonium acetate, in the
protein solution is greatly beneficial to ES/MS detec
tion of the intact ions of the noncovalent globin/heme
complex.
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denatured high-charge-state ions in the mass-to-charge
ratio range 800-1600 in Figure 5). This is in accordance
with other conformational studies using proton nu
clear magnetic resonance [6, 9], stopped-flow absorp
tion [7], fluorescence [7], and circular dichroism [6, 7]
techniques that under the conditions stabilizing the
native conformation, apomyoglobin retains as much as
70%-80% [6, 431 of the original secondary structure,
and its tertiary structure is highly similar to that of the
native myoglobin. Because this intermediate nativelike
globular structure is stable enough to be isolated in
various experiments, it must occupy one of the global
minima on the myoglobin conformational potential
energy surface.

Altogether, the ES/MS results suggest that the re
naturation process of the acid-denatured myoglobin
consists of two major steps in which the relaxed
polypeptide chain first refolds itself into a nativelike
compact structure, and then the heme prosthetic group,
whose assistance is not required during the initial
chain refolding, refits into the binding cavity of the
newly folded polypeptide chain. Such a stepwise re
naturation mechanism is consistent with the observa
tion made in an earlier optical study [44, 45] in which a
discrepancy between the optical rotation measurement
and the optical density measurement was discovered.
The optical rotation method, which determined the
a-helical content of the polypeptide chain, showed that
in the transition pH region, the add-denatured myo
globin refolded on the time scale of a few milliseconds;
however, the optical density method, which directly
monitored the fraction of the heme group relodged
within the myoglobin binding cavity, gave a much
slower rate, on the time scale of several minutes,
indicating that the heme reattachment occurred much
later in the time course of myoglobin renaturation.
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