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ABSTRACT: This work employs electrospray mass spectrometry (ESI-MS) and UV-vis spectroscopy for
monitoring the mechanism of acid-induced hemoglobin (Hb) denaturation. The protein for these experiments
has been freshly prepared from bovine blood. All three Hb derivatives studied (oxyHb, metHb, and
cyanometHb) respond to gradual changes from pH 6.8 to 2.1 in a manner that can be described by a stepwise
sequential unfolding mechanism: (Rhâh)2 f 2 Rhâh f 2 Rh

folded + 2 âh
folded f 2 Ra

unfolded + 2 âa
unfolded

+ 4 heme (superscripts “h” and “a” refer to holo- and apo-forms, respectively). The results obtained on
these freshly prepared samples are significantly different from those of similar experiments previously
conducted onmetHb obtained commercially as lyophilized powder. Those earlier experiments suggested
a highly asymmetric behavior of the two globin chains, involving a heme-deficient dimer (Rhâa) as a
mechanistically important intermediate on the (dis)assembly pathway. Importantly, heme-deficient dimers
are virtually undetectable for the freshly prepared Hb derivatives studied herein at any pH. This apparent
discrepancy is attributed to the occurrence of oxidative modifications in the commercial protein. Liquid
chromatography and tandem mass spectrometry reveal significant levels of sulfoxide formation for all
four methionine residues in commercially obtainedmetHb. The extent of these modifications for freshly
prepared protein is lower by at least a factor of 10. It is concluded that the acid-induced denaturation of
Hb follows a highly symmetric mechanism. The occurrence of other mechanisms (possibly involving
asymmetric elements) under different solvent conditions cannot be ruled out.

Hemoglobin A (Hb1) is a highly conserved oxygen
transport protein found in mammalian red blood cells (RBCs)
at a tetramer concentration around 5 mM (1). Hb is composed
of two heme-containingR- and â-globin dimers (Râ)
arranged in a tetrahedral dimer of dimers fashion (2, 3).
VertebrateR- and â-globins share roughly 50% sequence
homology (4). TheR- andâ-subunits are equally divergent
from the oxygen storage protein myoglobin, with a globin
fold comprising seven and eight helices, respectively (4, 5).
The noncovalent contacts that stabilize tetrameric Hb are
located along two distinct interfaces and encompass nonpolar
and van der Waals interactions, hydrogen bonds, and salt
bridges (5). R- and â-subunits interacting along theR1â1

(R2â2) packing interface form contacts that involve some 34
residues (6-8). TheR1â2 (R2â1) sliding interface is charac-
terized by somewhat weaker contacts, involving only about
19 residues (2, 8). The specific architecture of thisR1â2

(R2â1) interface provides the structural basis for cooperative
oxygen binding. More extensive salt bridges are present in

the T (tense) or deoxy state than in the R (relaxed) or oxy
state (3). This structural change leads to a remarkable
increase in the tetramer-dimer dissociation constant upon
oxygenation, from ca. 10-11 M in the T state to ca. 10-6 M
in the R state (1, 9).

Hb also serves as an important model system for exploring
the mechanisms by which multi-subunit complexes assemble
from their monomeric constituents. Studies of this kind have
been carried outin Vitro (10-12) and in cell-free systems
(13) as well asin ViVo (14). A total of eight moieties, namely,
two apo-R-chains (Ra), two apo-â-chains (âa), and four heme
groups are required for the formation of the intact (Rhâh)2

tetramer (superscripts a and h refer to apo- and heme-bound
holo states, respectively). For many previousin Vitro
experiments, the assembly of Hb has been triggered by
mixing initially separatedRh and âh subunits under native
solvent conditions. Prior to mixing, the isolated subunits form
noncovalent (Rh)2 and (âh)4 complexes, respectively. The
dissociation of these species into monomers allows the
formation ofRâ heterodimers to occur, which can then form
the native (Rhâh)2 structure (10, 15-19). Electrostatic
interactions play an important role in guiding these assembly
processes (20-22). Thein ViVo mechanism of Hb formation
likely involves co-translational folding and heme binding of
the individual subunits. A chaperone (AHSP,R-hemoglobin-
stabilizing protein) binds to nascent monomericRh, thereby
preventing the formation of cytotoxicR-globin aggregates
(8, 23-28). Interestingly, the assembly of intactmetHb from
extensively unfolded monomeric subunits and free heme can
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proceedin Vitro even in the absence of AHSP (29). The
overall picture that emerges from these previous studies as
well as from equilibrium experiments (7) is that the Hb
assembly mechanism follows the general sequence 2R + 2
â f 2 Râ f (Râ)2 (23, 30, 31). It is undisputed that native
(Rhâh)2 is generated by the binding of twoRhâh heterodimers
to each other. However, the question whetherRhâh is
preceded by another heterodimeric species is still a matter
of debate (32). Soret absorption measurements and other
spectroscopic experiments suggest that the assembly process
at near-neutral pH may involve semi-R-hemoglobin (Rhâa)
as a major intermediate for both human and bovine Hb (13,
32-37).

In principle, bothR- and â-globin can exist in various
conformations, heme binding states, and quaternary struc-
tures, thus resulting in a vast number of possible species that
could potentially be involved in the assembly process. On
the basis of conventional spectroscopic measurements, it is
challenging to obtain clear-cut evidence for the existence of
specific reaction pathways and to prove or disprove the
existence of certain intermediates. Electrospray ionization
(ESI) mass spectrometry (MS), however, is a highly selective
technique that allows the detection of multiple coexisting
protein species (38). The gentle nature of the ESI process
implies that intact ligand-protein and protein-protein
complexes can be transferred into the gas phase such that
the composition of these assemblies can be deduced from
their mass (38-43). At the same time, the charge-state
distributions of the observed protein ions provide information
on the overall compactness of the corresponding solution-
phase conformations. Unfolded proteins generally result in
higher protonation states than tightly folded conformers (38,
44, 45).

In an interesting study, Griffith and Kaltashov (46) recently
employed ESI-MS for monitoring the response ofmetHb to
increasing acid concentrations. A stepwise decrease in pH
from 8 to 3 resulted in a gradual decay of the (Rhâh)2 signal.
Rh andRhâh were the major species observed around pH 5.
Below pH 4, unfoldedRa andâa chains were dominant. These
experiments suggested characteristic differences in the
behavior ofR- andâ-globin. The former was able to bind
heme independent of its association state, apparent by the
observation of monomericRh. In contrast, monomeric
â-globin was seen exclusively in its apo-state. On the basis
of these observations, it was proposed thatâ-globin exhibits
heme-binding competency only while in association withRh

chains, in either a dimeric or tetrameric complex. Another
notable result was the observation of a heme-deficient dimer
(Rhâa), which was interpreted as a key intermediate of the
(dis)assembly process. It was suggested that the apparent
asymmetric behavior of the two subunits during acid-induced
unfolding might have general implications for the assembly
of Hb under nondenaturing conditions bothin Vitro and in
ViVo (35, 46, 47). A subsequent study from our laboratory
came to somewhat different conclusions. Upon monitoring
the refolding ofmetHb at slightly basic pH, it was found that
both monomericR- and â-globin were capable of binding
heme. Moreover, these refolding data did not support the
notion thatRhâa is an obligatory intermediate en route toward
the native (Rhâh)2 complex (29).

Most biochemical experiments on Hb that have been
performed since the 1950s employed protein that had been

freshly prepared from RBCs. This is in contrast to quite a
number of more recent ESI-MS studies that were based on
Hb obtained commercially as lyophilized powder (29, 47-
52). In particular, experiments on commercial protein
provided the basis for the proposed asymmetric unfolding
mechanism of Hb at acidic pH (35, 46). It has been noted
earlier that commercial Hb contains significant levels of
chemical modifications (52, 53). While studies on these
samples can undoubtedly provide interesting information, it
is imperative to explore how far the history of the protein
affects its biochemical properties. This work revisits the
mechanism of acid-induced Hb denaturation. Using ESI-MS,
we show that the behavior of freshly prepared Hb is
dramatically different from that of protein from commercial
sources. We study the response to changes in pH for three
forms, oxyHb (oxygen-bound with heme iron in the Fe2+

oxidation state),metHb (physiologically inactive, with heme
iron in the Fe3+ oxidation state), andcyanometHb (metHb with
heme iron distally ligated by CN-) (5). The pH profiles
obtained in this way reveal a remarkably symmetrical
behavior for bothR- andâ-globin, with Rhâa dimers being
virtually undetectable under any conditions.

EXPERIMENTAL PROCEDURES

Materials.BovineoxyHb was prepared from fresh hemoly-
sate via standard procedures (5). Briefly, fresh blood was
collected from a Holstein heifer (54) using sterile intravenous
techniques into a chilled glass vial containing sodium citrate
as an anticoagulant to a final concentration of 0.3% (w/v).
Centrifugation at 5,500g for 20 min gave a RBC pellet.
Plasma and buffy coat (containing white blood cells and
platelets) were removed with suction. Isolated RBCs were
resuspended and washed in isotonic 0.9% (w/v) sodium
chloride and then centrifuged again at 5,500g for 20 min.
This washing step was repeated four times to rid the samples
of plasma proteins and cellular debris. Hemolysate was
obtained through osmotic shock, and stromal impurities were
extracted into an organic phase. This was achieved by mixing
the packed RBCs with an equal volume of distilled water
containing 10% (v/v) toluene. Centrifugation at 15,000g for
30 min yielded an aqueous layer of purified hemolysate,
which was then dialyzed at 4°C against 10 mM ammonium
acetate over a period of 36 h with multiple buffer exchanges.
The total concentration of the purifiedoxyHb stock solution
obtained in this way was determined via the pyridine
hemochromogen method to be 1.7 mM (as tetramer) (55).
Analyses employing UV-vis spectroscopy oncyanometHb with,
ε540 ) 44 mM-1 cm-1 (as tetramer), were in agreement with
this result (56, 57). In contrast to human Hb, the bovine
protein interacts only weakly with 2-3-diphosphoglycerate
(DPG), and the 2-3-DPG levels in bovine RBCs are
relatively low (58, 59). Inductively coupled plasma MS
revealed that the dialysis procedure outlined above further
lowered the concentration of organophosphates in the
hemolysate by roughly 1 order of magnitude. In order to
minimize auto-oxidation ofoxyHb to metHb, the protein stock
solutions were flash frozen in liquid nitrogen in 10 mM
ammonium acetate. Rapid thawing was practiced in ac-
cordance with previous studies (60). The percentage ofmetHb
in the thawed oxyHb stock solutions was ca. 2%, as
determined by measuring the absorbance decrease at 620 nm
upon addition of KCN (61-63). Aliquots of freshly prepared

10676 Biochemistry, Vol. 46, No. 37, 2007 Boys et al.



oxyHb were purposely converted tometHb by oxidation with
a 1.2-fold stoichiometric excess of potassium ferricyanide
for 5 min at 25°C. A fraction of themetHb was then further
derivatized tocyanometHb by exposing it to a 1.2-fold sto-
ichiometric excess of neutralized potassium cyanide for 2
min at 25°C. All derivatized Hb species were desalted on a
3 × 25 cm G-25 Sephadex column prior to analysis.

Commercial bovinemetHb was purchased from Sigma (St.
Louis, MO). The purification procedure used by this
manufacturer (64) is similar to that outlined above, except
that the protein was lyophilized after purification. Stock
solutions were generated from the lyophilized powder by
dissolving it in 10 mM ammonium acetate at a concentration
1 mM (as tetramer). Subsequently, these solutions were
dialyzed against 10 mM ammonium acetate. Small amounts
of insoluble debris were removed by centrifugation. Post-
dialysis samples were flash frozen in liquid nitrogen and
stored at-80 °C. The percentage ofmetHb in the com-
mercially obtained stock was found to be around 99%. All
experiments in this work were carried out on Hb solutions
containing ammonium acetate at a final concentration of 10
mM. Absorption measurements were performed on a Carry-
300 Varian UV-vis spectrophotometer (Palo Alto, CA),
using a protein concentration of 15µM (as tetramer) and a
cuvette with a 1 mmoptical path length.

Mass Spectrometry.Mass spectra were recorded on a
Q-TOF Ultima API instrument (Waters/Micromass, Manches-
ter, UK) utilizing a standard Z-spray ESI source operating
in positive ion mode. All MS parameters were optimized to
give the highest Hb tetramer signal at pH 6.8. A capillary
voltage of 3.5 kV, a cone voltage of 45 V, and an RF lens
1 voltage of 20 V were found to be optimal. The desolvation
and source temperatures were kept low (30 and 80°C,
respectively) to minimize tetramer dissociation. Samples
were introduced into the mass spectrometer at a flow rate of
5 µL min-1 via a syringe pump. Hb samples analyzed by
ESI-MS were of high concentration (60µM as tetramer) to
minimize the dissociation of noncovalent complexes in
solution. All Hb samples were diluted from the corresponding
stock solution, and the pH was adjusted with formic acid,
allowing an equilibration period of 1 h prior to analysis. The
mass spectrometer was calibrated with CsI. The ion optics
were adjusted to provide uniform transmission in them/z
range of interest. All data were acquired and analyzed using
MassLynx software provided by the instrument manufacturer.
Consistent with previous reports, the subunit masses of the
protein were found to be 15,053 and 15,954 Da forRa and
âa, respectively (50, 65). The heme prosthetic group accounts
for an additional 616 Da for each subunit.

The locations of oxidative modification sites in commercial
metHb were determined by tryptic peptide mapping and LC-
ESI-MS/MS. Fifty micromolarmetHb was digested with
trypsin for 4 h at 37°C using a 10:1metHb/trypsin ratio by
weight. The digest was loaded into a 25µL sample loop
and separated on a Symmetry 300 C18 column (2.1 100 mm,
Waters). The 1525µm pump (Waters) employed for these
HPLC experiments was operated at a flow rate of 100µL
min-1, with a linear water/acetonitrile gradient in the presence
of 0.05% trifluoroacetic acid. The acetonitrile content of the
mobile phase was ramped from 2% to 60% within 60 min.
Peptides of interest were analyzed by ESI-MS/MS as they

eluted from the column by operating the Q-TOF in data-
dependent acquisition mode.

RESULTS AND DISCUSSION

Comparison of Different Hemoglobin Samples.The ESI
mass spectrum recorded for commercially obtainedmetHb at
pH 6.8 (Figure 1A) resembles data reported in previous ESI-
MS studies (46, 52). It shows a host of different species,
including (Rhâh)2 tetramers,Rhâh dimers, heme-deficient
dimers (Rhâa

ox), and monomericRh, âh, andâa
ox as well as

free heme. The subscript ox is used for ions exhibiting a
molecular mass that is 32 Da higher than expected on the
basis of their amino acid sequence. This phenomenon is
attributed to oxidative modifications (29, 52), as discussed
in more detail below. The occurrence of a tetramer-dimer
equilibrium for metHb is well established (7, 66, 67) such
that the observation of dimeric species in Figure 1A is not
surprising. AKd value of 4µM has been reported for the
MetHb (Rhâh)2 T 2 Rhâh dissociation, whereas the corre-
sponding value forcyanometHb is 1µM at pH 7 (9). However,
the presence of significant amounts of monomeric globin
ions in Figure 1A is unexpected, considering the results of

FIGURE 1: ESI mass spectra of different Hb derivatives recorded
under native solvent conditions (pH 6.8) at a tetramer concentration
of 60 µM. (A) metHb obtained commercially as a lyophilized
powder. The other three panels show data for Hb freshly prepared
from bovine blood: (B)oxyHb; (C) metHb; and (D) cyanometHb.
Notation: H, O, De, Do are hexamers, octamers, decamers, and
dodecamers, respectively. Peaks labeled with black squares repre-
sent the (apo-â +32) Da species (âa

ox). The inset in (C) shows a
ferrocyanide and potassium (K) adduct bound tometHb tetramers.
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previous experiments carried out in bulk solution (7, 66, 67).
It might be suspected that some of the monomeric and
dimeric species in the spectrum are fragmentation products
generated during ESI, but recent hydrogen/deuterium ex-
change studies have shown this not to be the case. Instead,
all of the ionic signals mentioned so far correspond to protein
species that exist in solution (53). Figure 1A also reveals
the presence of hexamers (Rhâh)3, octamers (Rhâh)4, decamers
(Rhâh)5, and dodecamers (Rhâh)6. Although there is evidence
for the possible formation of higher order Hb assemblies
under some conditions (1), (Rhâh)n species withn > 2
observed here likely represent clusters generated during
ionization, a common occurrence in ESI-MS (53, 68, 69).
Somewhat surprisingly, the relative contributions of these
large assemblies were not strongly dependent on the protein
concentration used. Decreasing the concentration by a factor
of 10, or increasing it 2-fold, resulted in hexamer to
dodecamer intensities similar to those in Figure 1A (data
not shown).

Compared to the data for commercialmetHb, the ESI mass
spectrum of freshly preparedoxyHb has a much simpler
appearance (Figure 1B), being strongly dominated by (Rhâh)2

ions. The contributions ofRhâh and larger aggregates are
greatly reduced. Monomeric species as well as heme-
deficient dimers are virtually undetectable. The measured
mass corresponds to that of de-oxygenated Hb, that is, O2

binding is not maintained during the ESI process, although
the protein is infused into the ion source in its fully
oxygenated form. The peak width is significantly reduced
because of vast improvements in desolvation behavior. Signal
broadening caused by the presence of residual solvent
adducts is frequently observed in ESI mass spectra of large
noncovalent complexes, as exemplified in Figure 1A (40,
70, 71). The observation of much more favorable desolvation
properties for freshly preparedoxyHb (Figure 1B) is remark-
able. To investigate whether the different ESI-MS behavior
of the two samples is related to the oxidation state of the
heme iron, freshly preparedoxyHb was converted tometHb
by exposure of the protein to potassium ferricyanide. The
resulting spectrum (Figure 1C) is very similar to that obtained
for oxyHb, albeit with slightly elevated intensities for dimers
and larger aggregates (hexamer to dodecamer). Close inspec-
tion of the tetramer signals reveals peak splitting due to a
residual Fe(CN)6 adduct (Figure 1C, inset). This behavior is
consistent with the known tendency of Hb to accommodate
ferrocyanide in its organophosphate binding site, which lies
between the twoâ-subunits in the tetrameric complex (5,
72). Dimers do not possess this binding site, consistent with
the observation thatRhâh does not form a ferrocyanide
adduct. For completeness, we also investigated the properties
of cyanometHb, which was obtained by incubation ofmetHb with
a slight molar excess of neutralized KCN (see the Experi-
mental Procedures section). The overall differences between
the ESI mass spectra of freshly preparedcyanometHb (Figure
1D) andmetHb (Figure 1C) are relatively small. However,
Figure 1D shows a lower contribution ofRhâh, consistent
with the fact that heme ligation with CN- reduces theKd of
(Rhâh)2 by a factor of 4, as mentioned above (9).

In additional experiments, freshly preparedoxyHb was
lyophilized, followed by redissolution and extended storage
of the resulting samples. Mass spectra obtained for protein
treated in this way resembled that of commercialmetHb

(Figure 1A), with prominent monomer, dimer, andRhâa
ox

signals (data not shown).
Acid-Induced Denaturation.Figure 2 depicts the changes

in the ESI mass spectrum upon acidification of freshly
preparedoxyHb. Lowering the pH from 6.8 to 4.4 (Figure
2A and B) results in a dramatic shift of the tetramer-dimer
equilibrium such thatRhâh becomes the dominant species.
In addition, ionic signals corresponding to monomericRh

andâh are observed. The low charge states (around 7+) of
these monomer ions indicate that they represent highly
compact protein conformers in solution (45, 73). Upon
decreasing the pH to 4.0, the relative signal intensities ofRh

and âh increase further. At the same time, highly charged
Ra andâa ions appear in the spectrum, indicating the presence
of significantly unfolded apo-globin chains in solution
(Figure 2C). This trend continues upon further acidification
(Figure 2D). Figure 2E represents the end point of the
titration. The spectrum under these conditions (pH 2.1)
exclusively showsRa andâa ions, with charge-state distribu-
tions that have their maxima around 17+. These data reflect
the fact that at pH 2.1 all quaternary contacts and heme-
protein interactions have been disrupted and that the mon-
omeric subunits are extensively unfolded in solution (45, 73).
The higher signal intensities forRa than for âa can be
attributed to ion suppression effects as well as to differences
in the desolvation behavior of the two globin chains (74).
The heme released during denaturation is not detectable in
Figure 2C-E because of the rapid aggregation of the free
porphyrin under acidic conditions (75, 76). ESI mass spectra
very similar to those depicted in Figure 2 were obtained
during the acid-induced denaturation of freshly prepared
metHb andcyanometHb, demonstrating that the overall denatur-
ation mechanism of the three forms studied here is largely
insensitive to changes in heme oxidation and ligation state.
Detailed ESI-MS titration data for the two ferri Hb deriva-
tives are not shown because of space limitations; however,
selected spectra formetHb will be discussed below (Figure
7).

Complementary information on the acid-induced denatur-
ation of the three freshly prepared Hb derivatives can be
obtained by UV-vis spectroscopy. The absorbance changes
accompanying the titration ofoxyHb are depicted in Figure
3. At neutral pH, the protein shows bands at 577 and 541
nm and a dominant Soret signal at 415 nm. The presence of
these so-calledR, â, andγ bands confirms that the protein
is indeed in its fully oxygenated low-spin Fe2+ state (5).
Acidification leads to a gradual disappearance of the 577/
541 nm doublet, and the Soret peak shifts to 405 nm. This
spectral transition reflects a change in formal heme oxidation
state to Fe3+, corresponding to that ofmetHb. The onset of
this process occurs around pH 4, that is, in the range where
monomericRh, âh, and free apoprotein start to occur in the
ESI mass spectrum (Figure 2C). These changes reflect the
fact that the highly specific structural environment of the
native heme binding pocket inoxyHb protects the heme iron
from autoxidation (77). Disruption of the binding pocket
during denaturation allows the Fe2+ f Fe3+ transition to
occur under the aerobic solution conditions used here. Further
acidification leads to a broad spectrum that is blue shifted
even further, characteristic of heme that has been released
from the protein and has undergone acid aggregation (78-
80).
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The spectral changes accompanying the acid-induced
denaturation of freshly preparedmetHb exhibit an isosbestic
point at 380 nm (Figure 4). This suggests that the ferri-heme
chromophore experiences a two-state transition, from protein-
bound to aggregated in acidic solution. Since these spectral
changes only probe the heme environment, the apparent two-
state nature of the optical transition does not contradict the
observation of various protein oligomerization states (mono-
mers, dimers, and tetramers) by ESI-MS. In the range

between pH 4 and pH 2.1, the data forcyanometHb (Figure 5)
are very similar to those formetHb (Figure 4), reflecting the
transition from protein-bound ferri-heme to the acid-
denatured state of Hb. In the case ofcyanometHb, however,
this process is preceded by the loss of cyanide, apparent from
an absorbance decrease around 540 nm, as well as a shift of
the Soret band from 419 to 405 nm (Figure 5) (5).
Presumably, the driving force for this reaction is the
protonation of cyanide at low pH. This cyanide loss is a

FIGURE 2: ESI mass spectra of freshly preparedoxyHb recorded at different pH (as indicated). Notation: the same as that in Figure 1; the
red and blue symbols representRa andâa ions, respectively. The charge states of selected ions are indicated.
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gradual process that can be monitored directly by ESI-MS
(Figure 6). In the near-neutral range, the mass spectra show
(Rhâh)2 bound to up to four CN- groups. Acidification
induces a gradual shift of the distribution, until at pH 3.5
the base peak corresponds to the mass of unligated (Rhâh)2.
Because protonation is an integral part of the ionization
process, it is possible that some cyanide is released in the
form of HCN during ESI. Thus, the distributions in Figure

6 likely under-represent the actual cyanide binding levels in
bulk solution. No cyanide binding was observed for dimeric
or monomeric globins.

A key conclusion from the acid-induced denaturation data
presented so far (especially those in Figures 1 and 2) is that
theR- andâ-subunits of freshly prepared Hb exhibit a highly
symmetric behavior: changes in association state, heme
binding, and conformation exhibited byR-globin are closely
mirrored by theâ-subunit. On the basis of Figure 2, the
denaturation process can be summarized by the following
simplified scheme (ignoring the possible involvement of
higher order aggregates):

This result contrasts the data previously obtained on com-
mercial metHb, which indicate highly asymmetric behavior
of the two subunits, as discussed in the Introduction section
(46).

A particularly striking result in previous studies on
commercialmetHb was the observation of anRhâa dimer
during acid-induced denaturation (46). It was proposed that
this species represents a mechanistically important intermedi-
ate during the (dis)assembly process of the native tetramer
(35, 46, 47). The spectrum depicted in Figure 1A confirms
the existence of a heme-deficient heterodimer for the
commercial protein at pH 6.8, albeit with a+32 Da

FIGURE 3: UV-vis spectral changes accompanying the acid-
induced denaturation of freshly preparedoxyHb. The pH values for
the individual spectra are indicated. Also shown are the character-
istic absorption maxima foroxyHb andmetHb (5).

FIGURE 4: UV-vis spectral changes accompanying the acid-
induced denaturation of freshly preparedmetHb.

FIGURE 5: UV-vis spectral changes accompanying the acid-
induced denaturation of freshly preparedcyanometHb. Also shown
are the characteristic absorption maxima formetHb andcyanometHb
(5).

FIGURE 6: Partial ESI mass spectra showing the (Rhâh)2 18+ region
of freshly preparedcyanometHb at different pH values. The dotted
lines numbered 0 through 4 indicate the number of cyano groups
bound to the protein tetramer. The changes in the overall spectrum
as a function of pH are very similar to those depicted in Figure 2.

(Rhâh)2 f 2 Rhâh f

2 Rh
folded + 2 âh

foldedf (Scheme1)

2 Ra
unfolded+ 2 âa

unfolded+ 4 heme
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modification. MS/MS experiments verified the composition
of this species asRhâa

ox, ruling out other possible combina-
tions that would result in the same mass such asRa

oxâh (81).
Importantly, none of the freshly prepared Hb species
investigated here exhibits significant levels of heme-deficient
dimers when studied under native solvent conditions (Figure
1B-D). The same result is obtained when exposing the
freshly prepared protein to semi-denaturing conditions. In
the case ofoxyHb, this has already been demonstrated by the
data in Figure 2. A direct comparison of ESI mass spectra
for commercial and freshly preparedmetHb (i.e., using the
same iron oxidation state in both cases) confirms the lack
of Rhâa and Rhâa

ox for the freshly prepared protein, as
exemplified for pH 5.8 (Figure 7A and B) and pH 4.2 (Figure
7C and D). Moreover, these data demonstrate that the
commercial protein is less resistant to acid denaturation, as
seen from the much higher intensity of monomeric globin
chains in Figure 7C than in Figure 7D.

It is concluded that the asymmetric behavior (46) of the
R- and â-subunits during acid-induced denaturation of
commercialmetHb represents an artifact, likely caused by
structural damage of the protein during isolation and/or

storage. This apparent asymmetry seems to be largely caused
by substantial levels of chemically alteredâ-globin (termed
âox). The existence ofRhâa

ox complexes implies thatâox is
still able to form noncovalent contacts withRh, while
exhibiting a greatly reduced heme affinity. However, the
presence of a considerable fraction of freeâa

ox under native
conditions (Figure 1A) suggests that the interaction between
Rh and âa

ox is relatively weak. Since the overallR/â
stoichiometry in the sample is unity (74), the existence of
free âa

ox necessarily leads to the presence of unbound
R-globin. The latter maintains a compact heme-bound
conformation, as seen by the low ESI charge states ofRh. In
contrast, the lack of heme inâa

ox traps modifiedâ chains in
a non-native conformation (12) that is characterized by high
ESI charge states (labeled with black squares in Figure 1A).

Identification of Oxidation Sites in CommercialmetHb.
Deconvoluted mass distributions of acid-denaturedmetHb
provide an estimate of the overall level of covalent modifica-
tions. As expected from the data discussed above, the
â-subunit of the commercial protein exhibits a dominant
satellite peak that is shifted by+32 Da (Figure 8A). In
addition, theâ-globin mass distribution in Figure 8A exhibits
less intense signals at+16 and+48 Da. These observations
are attributed to the incorporation of one, two, or three
oxygen atoms (82). Signals corresponding to up to three
oxidation events also appear in the mass distribution of
R-globin, albeit at lower levels. In contrast, the mass
distributions of freshly preparedmetHb subunits recorded
under identical conditions show only trace levels of oxidative
modifications for both subunits (Figure 8B).

Tryptic peptide mapping was carried out in order to
identify the locations of oxidation sites in commercialmetHb.
Shown below are the sequences of bovineR- andâ-globin,
with trypsin cleavage sites indicated as spaces (65).

FIGURE 7: ESI mass spectra of commercially obtainedmetHb (A)
and freshly preparedmetHb (B) recorded at pH 5.8. Also shown
are the corresponding data for pH 4.2 (C, commercialmetHb; D,
freshly preparedmetHb). The insets focus on them/z range
corresponding to the 13+ heterodimer. The expected peak positions
for Rhâa

ox
13+ andRhâa 13+ are indicated as vertical dashed lines in

the inset of panel (A). Arrows marked with “X” in (B) and (D)
highlight the lack ofRhâa and/orRhâa

ox in the spectra of freshly
preparedmetHb.

FIGURE 8: Deconvoluted mass distributions ofR- and â-globin,
obtained for acid-denaturedmetHb at pH 2.1. (A) Commercial
protein; (B) freshly prepared protein. The main peaks observed for
each distribution correspond to the masses of unmodifiedR- and
â-globin. Mass shifts of the observed covalent modifications are
indicated. All four mass distributions have been normalized such
that the base peak has roughly the same height in each case.
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LC-MS revealed that all four methionine-containing tryptic
peptides (one forR, three for â) were accompanied by
derivatized variants carrying a+16 Da modification. None
of the other peptides were found to carry+16 Da additions
or multiples thereof. The oxidized species eluted at lower
acetonitrile concentrations than the corresponding unmodified
peptides (data not shown). This behavior reflects the fact
that incorporation of oxygen increases the overall hydrophi-
licity of the modified peptides, resulting in less favorable
interactions with the reverse-phase column (82). It was found
that the intensity of the satellite peaks in Figure 8A depends
somewhat on the experimental conditions, with higher ESI
voltages leading to elevated oxidation levels. This phenom-
enon is attributed to redox reactions occurring during the
ionization process, a common occurrence in ESI-MS (83).
Importantly, however, the fact that oxidized and non-oxidized
peptides can be separated on an LC column demonstrates
the existence of oxidative modifications in bulk solution.
Tandem mass spectrometry was used to confirm methionine
as the site of oxidation in all four modified peptides. As an
example, MS/MS data for the modified and unmodified
peptide â6 are depicted in Figure 9. The masses of the
C-terminal fragment ions up to y′′4 are identical in both
cases, whereas all fragments from y′′5 onward show a mass
shift of +16 Da. This confirms that methionine, the fifth
residue from the C-terminus, carries the oxygen atom.

The observation of oxidized methionine residues is not
particularly surprising, given the well-known susceptibility
of this residue to oxidative damage by sulfoxide formation
(R-S-CH3 f R-SO-CH3) (84). It is interesting to note that
no modifications were found for peptideâ12, which contains
cysteine as another potential oxidation site. However, this
cysteine residue appears buried in the X-ray structure of the
protein, whereas all three methionines in theâ-subunit are
partially solvent accessible. We note that low levels of non-
methionine residues must be affected by oxidation as well,
otherwiseR-globin (carrying only one single Met) could not
exhibit weak +32 and +48 Da signals (Figure 8A).
Unfortunately, the identity of these low-level oxidation sites
could not be uncovered in our MS/MS experiments. In
summary, it appears that partial methionine oxidation is
chiefly responsible for the different behavior of commercial
and freshly prepared Hb during acid-induced denaturation.
Oxidation ofâMet54 (Figure 9A), located close to theR1â1

interface, has previously been shown to destabilize the
structure of (Rhâh)2 (85). This provides an explanation for
the significant level of monomeric globin chains for com-
mercialmetHb under the conditions of Figure 1A. Our results
suggest that methionine oxidation also interferes with the
binding of â-globin to heme, evident from the presence of
âa

ox and Rhâa
ox in the spectra of the commercial protein

(Figure 1A).

CONCLUSIONS

Earlier ESI-MS experiments sought to gain insights into
the Hb assembly and disassembly mechanism by studying
the protein at increasing acid concentrations (46). The results
of that study suggested major differences in the behavior of
R- andâ-globin during pH denaturation. On the basis of those
data, it was proposed that the assembly of (Rhâh)2 follows a
highly asymmetric mechanism. Unfortunately, the fact that
those experiments were based on commercialmetHb casts
doubts on the general validity of the conclusions reached.
Our data reveal significant levels of oxidative damage in
commercialmetHb. In contrast, oxidative modifications were
almost absent in freshly prepared samples (Figure 8).
Experiments on three freshly prepared Hb derivatives in the
current study demonstrate that the responses ofR andâ to
changes in pH are remarkably similar, as summarized in
scheme 1. Thus, our work does not confirm the presence of
a highly asymmetric Hb disassembly pathway upon acid
denaturation.

It is not immediately clear whether experiments on the
acid-induced denaturation of Hbin Vitro have direct implica-
tions for the assembly of this protein complex at near-neutral
pH and/or in a cellular environment, as suggested in ref46.
The data presented here, therefore, do not rule out the
possible occurrence of asymmetric (dis)assembly pathways
under different conditions. In particular, the existence of a
chaperone protein that specifically interacts withR-globin
is consistent with an asymmetric mechanismin ViVo (8, 23-
28). It appears that ESI-MS should be well suited to provide

FIGURE 9: MS/MS spectra of the singly oxidized (A) and
unmodified (B) tryptic peptideâ6 obtained from commercialmetHb.
The signals attributed to the doubly charged precursor ions (m/z
1053.47 andm/z 1045.48) are indicated, along with major singly
charged fragment ions.
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detailed insights into the exact way in which this chaperone
assists the assembly process of Hb in RBC precursors.
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