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ABSTRACT. Dynamics of bovine hemoglobin assembly was investigated by monitoring monomers/oligomers
equilibria in solution with electrospray ionization mass spectrometry and circular dichroism spectroscopy.
Intensities of ionic signals corresponding to various protein species (tetramers, dimers, heme-deficient
dimers, as well as apo- and holo-monomers) were used to estimate relative fractions of these species in
solution as a function of pH. The fraction of folded protein for each observed species was estimated
based on charge-state distributions of corresponding ionic species in the mass spectra. The cumulative
numbers (averaged across the entire protein population) were in good agreement with circular dichroism
data at the Soret band and in the far-UV region, respectively. The mass spectral data confirm that
hemoglobin dissociation involves a step where heme is first lost fronBitieain of theas-dimer to

form a heme-deficient dimeric species. This dimer dissociates further to produce a-bbkin and an
apos-chain. The former is tightly folded into a comparatively compact structure at neutral pH, while the
latter always exhibits significant backbone disorder. Acidification of the protein solution to pH 4 leads to
partial heme dissociation and significant increase of the backbone flexibility imttieains as well.
Complete dissociation of the heme from tikehains at a pH below 4 coincides with the total disappearance

of the dimeric and tetrameric hemoglobin species from the mass spectra. The experimental data provide
strong evidence that binding of a partially unstructured ggain to a tightly folded hol@x-chain to

form a heme-deficient dimer is the initial step of hemoglobin assembly. Such binding locRsctieEn

in a highly ordered conformation, which allows for an efficient heme acquisition, followed by docking of
two hemoglobin dimers to form a tetrameric form of the protein. The asymmetry of the roles of the two
chains in the assembly process is surprising, given a rather high sequence homology (ca. 43%) and highlights
functional importance of intrinsic protein disorder. The study also demonstrates a tremendous potential
of mass spectrometry as an analytical tool capable of elucidating protein interaction mechanisms in highly
heterogeneous systems.

Mammalian hemoglobins (Hb)are among the most Most mammalian Hb molecules have a tetrameric structure
studied proteins and have long served as a paradigm forwith a molecular mass of approximately 64.5 kOa They
cooperativity and allosteryl( 2). Hence, the majority of the  are composed of two pairs of and/-subunits containing
research efforts have been geared toward the characterizatiod41l and 146 amino acid residues, respectively. The four
of ligand-binding properties of this protein, whose major subunits have the same tertiary fold, with the and the
function is the physiological transport of oxygen in the blood. S-chains containing seven and eiglthelices, respectively
Recently, there has been renewed interest in understanding7). Structures of the oxygen-bound and oxygen-free forms
the dynamics of Hb assembly and dissociation. Several of Hb reveal significant difference3{9), thus allowing the
factors stimulated this interest. First, the dissociation behavior dynamics of the ligand-binding process to be deduced based
of the Hb molecule has a direct effect on its oxygen-binding largely on such static snapshots. Contrary to that, studies of
properties. Second, several disorders have been linked tathe Hb assembly/dissociation processes have to rely on
abnormalities in the Hb association proceds}. Last, since  spectroscopic methods that provide both structural and
Hb scavengers such as haptoglobin do not bind to the intactdynamic information. Another intrinsic difficulty is a highly
protein, Hb dissociation is an important determinant of its heterogeneous character of the Hb system. Once released
rapid clearing from circulation during hemolysi®) (or from a red blood cell, Hb tetramers can dissociate to
following the transfusion of Hb based oxygen carrieds ( heterodimers and in dilute solutions further to globin

monomers 10). All stages of interactions between subunits
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RO1 GM61666. process are in continuous and rapid equilibriutd)( The
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mass spectrometry; CD, circular dichroism; UV, ultraviotatz, mass- dissociate than the deoxy tetramet&,(13). An equilibrium
to-charge ratio. also exists between the protein globin and the hemin
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prosthetic group X4). The Hb equilibrium processes are 1 mM stock solution of Hb in water. All other chemicals,
affected by a number of extrinsic factors. These include pH, buffers, and solvents were of analytical grade or higher.

denaturing agents, temperature, and organophosptidles ( Mass SpectrometnAll mass spectra were acquired on a
Some of the physicochemical methods used to study theJMS-700 MStation (JEOL, Tokyo, Japan) two-sector mass
Hb tetramer-dimer equilibrium are chromatography, sedi- spectrometer equipped with a standard ESI source. The Hb
mentation, light scattering, auto-oxidation, and the binding sample solutions were prepared by diluting the stock solution

of Hb to haptoglobin15). However, there are no quick, easy, in 10 mM ammonium acetate solution whose pH (in the
and reliable methods for making species-specific measure-range 3-10) was adjusted to a desired level with }pH
ments in Hb solutions because of its highly heterogeneousor CH;CO,H. The final protein concentration in each sample
character (Hb dimers have spectral and ligand-binding was 10 uM. All solutions were equilibrated at room
properties very similar to those of the fully liganded tetramer) temperature (24C) for 1 h prior to analysis. The appearance
(15). of spectra did not change for any of the longer equilibration
As a result of extensive research efforts in the past decade fimes investigated. The samples were introduced into the ESI
a picture of Hb assembly/dissociation is now beginning to source at flow rates of gL/min. All ESI source settings
emerge 16). It has been proposed that there may be three (temperature in the desolvation region, electrostatic potentials
distinct pathways of Hb tetramer assembly: through a heme-on all ion-optical elements, and settings of the quadrupole
containing heterodimen 3*), a semihemoglobing3* or ion guide) were chosen to minimize the gas-phase decom-
o*f), or an apo-Hb dimeroff) (17). Recently, in vitro position of the Hb noncovalent complexes at physiological
evidence has been provided for the pathway that includespH. To investigate the effect of the ESI source settings on
an o* B-intermediate that ensures correct formation of the the gas-phase dissociation of the Hb ions and to choose the
active Hb tetramerslg), which may be also important for ~ optimal parameters (i.e., those settings that minimize dis-
understanding the in vivo Hb assembly pathway. Some of sociation), a series of Hb spectra was acquired at neutral
these intermediates may also have physiological significancepH (Supporting Information). The optimal source parameters
as species designed for facile recognition by haptoglobin andwere determined by increasing the source temperature and
heme scavengers outside the erythrocytes following hemoly-skimmer potential in a stepwise fashion from their lowest
sis (14). values to achieve adequate protein ion desolvation and a

Over the past several years, an explosive growth of signal-to-noise ratio with no change in the appearance of
e|ectrospray jonization (ES|) mass Spectrometry (MS) has the distributions of the SpeCieS in the mass SpeCtrUm (Vide
enabled the study of numerous noncovalent protein com-infra). The optimal source settings were found to be as
plexes (8—20). Following the pioneering work by Chowdhury ~ follows: orifice potential, O V; ring lens potential, 55 V;
et al. 1) and Loo et al. 22), it has been also used as a orifice temperature, 126C; and desolvating plate temper-
qualitative probe of protein conformational changes in ature, 80°C. These ESI source settings were kept constant
solution. It is now becoming an increasing|y popu|ar thrOUghOUt all measurements to avoid any pOSSibIe Changes
technique to probe protein higher order structure and in the ion desorption and transmission conditions. The spectra
dynamics under a variety of condition23. ESI MS has were acquired by scanning the magnet at a rate of 5 s/decade.
also played a prominent role in hemoglobin research; T0 ensure a high signal-to-noise ratio, 500 scans were
however, its applications have been mostly limited to averaged to record each spectrum. ESI spectra were pro-
sequence analysis of various Hb forms, variants, and mutantscessed (peak integration) using Microcal Origin (Microcal
(24); posttranslational modification of HI2%); and quater- ~ Software, Inc., Northampton, MA) software.
nary structure of giant extracellular Hb molecules from  Circular Dichroism All CD experiments were performed
nonvertebrate organism2g, 27). with a JASCO J-715 CD spectropolarimeter (Jasco Corpora-

In the present work, we are using ESI MS as a tool to tion, Tokyo, Japan) at 20C. Sample preparation was exactly
monitor Hb assembly/dissociation equilibria as a function the same as for the mass spectrometry section. Spectra for
of solution pH. The experimental data provide strong support two regions were recorded: the far-UV region (2&50
to the notion that a Hb tetramer assembly proceeds throughnm) and the near-UV/vis region (25800 nm). A 1 mm
a heme-deficient dimengiemepglobin, oro*B) intermedi- path length was used for both sets of experiments. For the
ate. The latter is formed via association of a tightly folded far-UV CD, the following instrumental settings were used:
holo form of theo-chain @*) and a highly unstructured apo- ~ step resolution, 1 nm; scan speed, 50 nm/min; response, 2
form of the f-chain (). Flexibility of the 8-chain appears s; bandwidth, 1 nm; sensitivity, 50 mdeg; and slit width, 1000
to be an important factor facilitating the 3-dimer formation ~ «m. For the near-UV CD, similar instrumental settings were
by allowing easy adoption of the native-like structure by the used with the following differences: sensitivity, 20 mdeg
B-chain on a rigid templatea¢). Formation of theo* 8- and scan speed, 100 nm/min. In each region, spectra were
dimer locks the8-chain conformation in a highly structured recorded as an average of five scans.
native or native-like conformation, which allows for a robust
heme acquisition, leading to the formation ofcr3*-dimer RESULTS

k%Y,
and eventually to ao**).-tetramer. Mass SpectrometryFigure 1 shows a typical mass

EXPERIMENTAL PROCEDURES spectrum of bovine Hb at near-physiological pH (pH 8).
Under these conditions, protein ion peaks appear to be wide
Materials. Bovine Hb and horse heart myoglobin (lyoph- because of incomplete desolvation in the gas phase. Mass
ilized powder) were purchased from Sigma Chemical Co. assignment for such peaks has been done using a procedure
(St. Louis, MO). All sample solutions were prepared from a introduced by Amster et al2@). In brief, acquisition of a
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Ficure 1: ESI mass spectrum of a M bovine Hb solution in 10 mM ammonium acetate pH 8. Presence of a heme group on globin
chains is indicated with (*). lonic signal belom/z 1675 has been multiplied by a factor of 5 for clear visualization. On the insets (from

left to right) peak shapes ofxf)*8, (a*A*)*12, (o*)™2 and @*[*),"18 ions in the mass spectrum acquired under conditions favored
better desolvation and partial dissociation of the noncovalent protein complex ions in the gas phase (full spectra are presented in Supporting
Information). Calculated masses are marked with dotted lines.

mass spectrum under mild ESI conditions was followed by (mostly unfolded) structure, which allows a larger number
an increase of the orifice potential (cone voltage) and/or of charges to be accumulated on a protein molecule during
desolvating temperature. Although these harsher conditionsthe ESI process3d). Absence of- and f*-globin species
resulted in partial dissociation of noncovalent protein com- in the spectrum suggests that the observed heme-deficient
plexes (vide infra), the desolvation of the surviving complex dimer (vide supra) is indeed @& 5-species.
ions was significantly improved. This allowed the survivor ~ The dynamics of Hb assembly/dissociation was studied
ion peaks to be assigned with high confidence (see insets inby monitoring a set of equilibria in aqueous solutions in the
Figure 1). pH range from 3 to 10, as shown in Figure 2. The tetrameric
Multiple species are present in the spectrum, correspondingHb species ¢*5*), dominates the spectra acquired in the
to monomers, dimers, and a tetramer, with the latter one pH range 79 and is most abundant at pH 8. Putative
being the most abundant in the spectrum. In addition to the tetrameric species lacking one or more heme group have not
abundant ionic signal corresponding to the Hb dinegi5t), been detected in any of the acquired spectra. The dimeric
the mass spectrum also shows the existence of a dimericspeciesq*5*) dominates the spectra at pH 5, 6, and 10 and
species lacking one heme (labelets in Figure 1). This is always accompanied by a heme-deficient dimer. The
species has previously been suggested to be an obligatorynonomeric species dominate the spectra at pH 4 and below.
intermediate in the Hb association/dissociation pathvi&y. ( The a-chains retain their heme-binding capacity until the
No ionic signal corresponding to either a putative apo-dimeric pH is lowered to 4. Heme dissociation from thhechains is
form of Hb (a8) or homodimers ¢z, o*», 32, *2) can be complete at pH 3; however, a significant fraction of the
detected in the spectrum. a-chains remains highly structured in solution even under
Consistent with earlier reports by Heck and Versl&9)( these conditions, as evidenced by a bimodal charge-state
and Loo et al. 30), the presence of monomeric globins was distribution of thea-ionic species in the mass spectrum
detected even at neutral pH. The absence of such ionic(Figure 2, top trace). A very weak ionic signal corresponding
species from the ESI spectra of Hb is usually a result of to apo-dimeric species, o3, andf) with no sign of heme-
either chemical cross-linking3() or discrimination against ~ containing dimers can be seen in this spectrum as well.
low m/zions in the mass analyze32). Importantly, available At pH > 4, the protein is expected to exist mostly in the
solution equilibrium data on Hb dissociatioB3] suggest natively structured stat&9); however, thes-chain maintains
that monomeric globin chains should be present in solution an unfolded structure, as judged by the broad charge-state
under conditions used in our experiments. Out of four distributions and higher average charge density as compared
possible monomeric speciast( o, 5*, andp), only the holo- to the a-chains. The holg-chains *) have not been
o- and apogs-chains are present in the spectrum, together observed at any pH. To obtain more detailed information
accounting for less than 15% of the total ionic signal. In on globin monomers conformations, their charge-state dis-
addition to lacking the heme grougchains also exhibita  tributions have been processed using a chemometric proce-
significantly higher charge density and a broader charge- dure described in detail elsewher86). Singular value
state distribution, as compared to tiie-ionic species. This  decomposition (SVD) of the charge-state distributions yielded
is usually a manifestation of a significantly less compact four significant singular values, indicating the presence of
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Ficure 2: ESI mass spectra of M bovine Hb solutions in 10 mM ammonium acetate arranged in order of increasing pH (from 3 to 10).
lon peaks marked withQ) correspond to the semi-hemoglobin dimersg. lonic signal abovenw/z 2400 (in the top spectrum) has been
multiplied by a factor of 25 for clear visualization.

four conformers for each globin. Figure 3 presents the results 7 COMpact protein signat
of deconvolution of the charge-state distributions éd, gy, T 2Agpe T 205 T Agn T A T Ay
a-, andgS-globin ions at pH 8 and 4. The assignment of the
four detected conformers was done based on the results Ay, T 2P 2Prp T A A T A, T A
obtained previously for a structurally similar protein, myo- x 100 (1)
globin: N, the most compact state; I, an intermediate state
(pH 4 intermediate); E, extended conformation; and U, % heme-bound protein signad
unfolded state (random coilB6). The globin ion signal at Aepry, T 2Agepe T Agepg T+ A
charge states-7 through+9 arises mostly because of the
contribution from the compact (native or native-like) N state, ey, T 2 T g T A T Ape T A H Ay
while the less structured states contribute to the ionic signal x 100 (2)
at higher charge states (Figure 3). The oligomeric Hb specieswhereA s, is total peak areas for the tetrameric species;
((a*p *)2, o* 4 *, and a* §) always maintain highly structured A, is total peak areas for the dimeric species in which
compact conformations as suggested by low protein chargepoth subunits are in their holo-forma;s is total peak areas
density and narrow charge-state distributions. for the heme-deficient dimeric specie;, A,, andAs are

The percentage of natively folded protein and the fraction total peak areas for the holo-chain, apoa-chain, and apo-
of heme-bound globin chains have been estimated at eactp-chain, respectively; and,n andAgy are total peak areas
pH by processing the mass spectra in the following fashion. for the natively folded globin chains (charge stateg
The areas under the mass ped&ksvere used to calculate through+9, vide supra). The results of these computations
the following fractions: are presented in Figures 4 and 5. The abundance of ionic

total




10028 Biochemistry, Vol. 42, No. 33, 2003 Griffith and Kaltashov

801 201
A B C
80

@

(&)

5 60

=

=

=

2

o

@

= i

£ 40

®
20+
0 T T 1

0 5 0 15 20 25 30

relative abundance

0 5 10 15 20 25 30 0 5 10 15 20 25 30
charge state charge state charge state

Ficure 3: Charge-state deconvolution of ionic signalesf(B, E) andg- (C, F) chains as compared with horse heart myoglobin (A, D)

at pH 8 (top row) and pH 4 (bottom row). Closed squares and shaded areas represent holo species; open squares and unshaded area:
represent apo species. Two data points were removed from distributions in panels E and F due to significant overlaps of ion peaks corresponding
to a- andf-chains at these charge states.
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FIGURE 4: Fraction of compactly folded protein as a function of culated from mass spectral dal) @nd CD data in the Soret region
pH, calculated from mass spectral da and far-UV CD dataat ~ (®). Shift of the CD Soret bandifay) is shown as a function of
222 nm @). pH (O).

species corresponding to compact (highly structured) proteins Circular Dichroism The far-UV and near-UV/vis CD
remains fairly constant within the pH range-50 and spectra of hemoglobin are shown in Figures 6 and 7, re-
decreases dramatically at pH4 (Figure 4). The percentage spectively. The far-UV CD spectra show that hemoglobin
of protein with bound heme (holo-protein) shows a very has a primarilya-helical structure based on the overall ap-
similar trend, as it remains fairly constant within the pH range pearance of the spectrum and the negative ellipticity mea-
5—10 but falls off sharply at pH< 5 (Figure 5). sured at 222 nm. In the pH range-5%0, there is not much
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25 These include assembly pathways proceeding through an

o*fB*-dimer, a heme-deficient dimer (i.e., a hengdobin
pair, also termed semi-Hb), or an apo-dimet3). The
McDonald group has recently presented strong evidence that
in vitro assembly most likely proceeds through the formation
of an obligatoryo* 5-intermediate 16). The in vivo assembly
may proceed through a similar mechanism (with inclusion
of globin chaperonins to prevent aggregation at high protein
concentration) 7, 38). A goal of the present work was to
obtain a more detailed mechanistic insight on the in vitro
assembly pathway by monitoring the assembly/dissociation
equilibria by ESI MS.

A mass spectrum of the Hb aqueous solution acquired at
neutral pH highlights the heterogeneous character of this
system (Figure 1). At the concentration used in these
experiments, 10uM, the majority of the hemoglobin
molecules is assumed to stay mostly in the tetrameric form,
as the tetramerdimer solution dissociation constant is on
10 : the order of 2uM (12, 13).

The fact that all observed Hb oligomers in Figure 1 contain
only even numbers of subunits (no globin trimers are present
in the spectra) emphasizes the structural importance of the
pHO dimeric species in hemoglobin assembly. The presence of a
heme-deficient dimeric species in the mass spectrum along-
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Ficure 6: Far-UV/vis CD spectra of 1M bovine Hb solutions
acquired in the pH range of-3L0.

pH10

|
s 6 ' . : : CeR .
£ pHg side the intact dimen*f* is significant, as it has been
oL b | pH7 suggested to be an important player in the assembly process
5 4 [ (16). We note that neither putative apo-dimgt nor heme-
@ pH6 .. .
i s deficient tetramers are present in the spectrum. Furthermore,
= I pHS the absence af- andg*-monomers from the mass spectrum
2 : oH4 indicates that the heme-deficient dimer is formed through
1 l oHa binding of the apg3-chain to the hola-chain (i.e.o* +

o = o*f5), consistent with a hypothesis recently put forward
250 300 350 400 450 500 550 600 by McDonald and Vasudeval). ' .
Changes in the position of the equilibrium are evident in
FIGURe 7 Near-UV CD spectra of 1aM bovine Hb solutions the visual differences between the mass spectra (Figure 2)
acquired in the pH range of-310. Each successive spectrum as the solution pH is varied. The spectra are dominated by

(beginning with pH 4) has been shifted upward by one unit for tetrameric and dimeric species at a pH above 4, consistent
clear visualization. with earlier reports that bovine Hb is stable down to pH 4.1

. o for at least 24 h35). No signal corresponding to an apo-
change in the CD spectrum, but further acidification of the ,_chajn could be detected within this pH range, highlighting
protein solution (pH 4 and below) results in significant the strength of the hemeglobin interaction. Importantly, the
reductlc_m of the protein helical content and adoption of a gnget of heme dissociation from thechain (pH 4) coincides
more disordered structure. with a significant shift in the oligomers/monomers equilib-

The molar ellipticity at the Soret band (46830 nm rium, indicating an important role played loy in the dimer
region) is highest at pH 7. It decreases gradually as theassembly process (Figure 8).
solution pH is decreased from neutral pH to pH 5, followed  Thg (ota] fraction of heme-bound protein (estimated based
by a dramatic intensity loss accompanied by a noticeable 4, the relative intensities of all apo- and holo-protein ions
blue shift at pH 4 and below (from 419 to 398 nm). Some , g spectra, eq 2) follows the same trend ascthiéa +
intensity loss is also evident in the CD spectra at elevated o*) (Figure 5). This heme dissociation curve was also
pH (above 8) and is accompanied by a red-shift. Summariescompared with the evolution of the Soret band in the pH
of the results of CD measurements in the far-UV region and range 3-10. The absorption Soret band (41480 nm) arises
at the Soret band are presented in Figures 4 and 5. because of the coupling of the — z* transitions of the

heme group and neighboring aromatic residis. (In CD

DISCUSSION spectra, the intensity of the Soret band is governed by the

Hb Species in Aqueous SolutioNarious Hb forms asymmetry of the protein environme#df and is often used
(tetramers, dimers, and monomeric chains) coexist in aqueousas a reporter of structural changes within the heme-binding
solutions under dynamic equilibriumll), although the pocket and indeed the heme dissociation from myoglobin
crowded cytosolic environment of an erythrocyte usually and hemoglobin in solutiot(Q). Diminished intensity of the
drives the equilibrium toward the functional tetrameric state Soret band is usually attributed to disruption of the heme-
(a* 5*)2. While the knowledge of the exact mechanism(s) protein binding 41). We note that the evolution of a Soret
by which fully functional Hb tetramers are assembled is still CD signal is in good agreement with the fraction of heme-
lacking, several possible scenarios have been propd$pd ( bound Hb chains calculated based on the ESI MS data at

wavelength, nm
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100 o ogy), although the tertiary structures of all three chains appear
to be almost identical. There is, however, much more

o~ similarity in the observed dynamic behavior between myo-
80+ / hi— globin and thea-globin, as opposed to thg-globin. At

] neutral pH, thea-globin exhibits only slightly higher
60 flexibility as compared to holo-myoglobin, as evidenced by
a low-intensity shoulder in its charge-state distribution
extending up to thet15 state (compare Figure 3A,B).
40 Deconvolution of this distribution suggests the presence of
two low-abundance partially unstructured conformers, whose
204 charge densities are similar to those of the intermediate states
:/' of myoglobin | and E (nomenclature by Callender et &4)(

fraction of protein ion signal, %
.

As with myoglobin @5), the heme group remains bound to
———T——T——T— these states of the-globin, despite a partial loss of structure.
It is possible that these states are only transiently sampled
FiGure 8: Fraction of heme-bound-globins, o*/(a. + oc*) (), by thea-globin, and the refolding rate is too high to allow

and oligomeric Hb specie®] as a function of pH in ESI mass ~ the heme-globin dissociation to occur. The refolding rate
spectra. should be significantly decreased under mildly denaturing

conditions, leading to partial dissociation of the hergibin

pH 7 and below. Both curves have a plateau in the pH rangecomplex at acidic pH (Figure 3E). Acid-induced loss of the
5—7, indicating a high percentage of heme-bound protein. heme group leads to stabilization of the partially unstructured
The onset of heme dissociation is at pH 4, followed by almost states of thex-globin, processes analogous to that observed
a complete disappearance of the signal corresponding to thewith myoglobin (Figure 3D). Thg-globin, on the other hand,
heme-bound globin chains in both near-UV CD and ESI exhibits a highly heterogeneous character even at neutral pH,
spectra at a lower pH. The two curves exhibit markedly with the natively folded conformer being a minor fraction
different behavior at pH 8 and higher; however, the Soret (Figure 3C).
signal in the above-the-neutral pH region cannot be used as Unlike the individual globin chains, Hb oligomers (both
areliable indicator of proteinheme binding. Deprotonation  dimers and tetramers) always maintain a compact structure
of some noncoordinating aromatic residues in the hemein solution (regardless of pH), as evidenced by narrow
binding pocket are known to result in intensity loss, as well charge-state distributions and low charge density of the
as to a noticeable red-shift of the Soret absorption band in corresponding ions in the ESI spectra. Thus,ahg*-dimer
heme-proteins 42). Therefore, the observed behavior of the ions have an average charge of approximat¢li2, as
Soret band in the CD spectra of Hb at pH 8 and above cannotcompared to an average &f3 of its constituents (in their
be attributed to the hemsglobin dissociation. most compact states). Association of two dimers to form a

Flexibility of Globin Chains and Hb Dimer Formatio tetramer results in a further decrease of the average charge
unique feature of ESI MS is its ability to provide not only per Hb subunit €18 for (@*/*),), consistent with the
compositional but also conformational characteristics of reduction of the solvent-accessible protein aré@).(It is
proteins in solution. Charge-state distributions of protein ions interesting to note that the charge-state distribution of the
can be used to monitor changes in the protein tertiary heme-deficient dimea*f is essentially the same as for the
structure, as the partially unstructured (less compact) statesholo-dimeric form of Hb, suggesting that the-globin
accumulate a greater number of charges during the ESlflexibility is dramatically reduced upon binding to the
process 43). This feature of ESI MS has been used in the a*-chain. Although acidification of the protein solution to
past to monitor protein conformational changes induced by pH 4 and below leads to dissociation of Hb oligomers to its
ligand binding, chaotropic agents, et@3). It has been constituents, no partial unfolding of the remaining oligomeric
recently demonstrated that multiple protein conformers Hb species is evident in ESI spectra under any conditions.
coexisting in solution under equilibrium can be detected and Therefore, only separate globins may contribute to any loss
characterized simultaneously based on the protein ion chargeof tertiary structure. Figure 4 represents a fraction of compact
state distributions in the ESI specti@6]. Careful analysis  (folded) protein as a function of solution pH, estimated based
of the charge-state distributions of protein ions in Hb spectra on the appearance of the ionic charge-state distributions using
reveals that the ap@-chains are mostly highly charged, eq 1. In calculating the percentage of natively folded protein,
possessing a broad charge-state distribution, and the holothe dimers, tetramers, and monomers with, +8, and-+9
o-chains show significantly lower charge density and nar- charge states adi-, o*-, and -chains were considered to
rower charge-state distribution (Figure 1). This suggests thatpossess natively folded structures (based on the results of
the-chain exhibits significantly higher flexibility in solution  the charge-state deconvolution, Figure 3). This acid-induced
as compared to the-chain. unfolding curve was then compared to a progressive loss of

To characterize the globin chains’ flexibility in a semi- helical structure, as determined by far-UV CD. Analysis of
gquantitative fashion, charge-state distributions of the two CD spectra using the CD trough at 222 nm is perhaps the
globins from the ESI spectra acquired at pH 7 and 4 have simplest method to derive the fractional value of helical
been processed using a chemometric approach describedtructure 47). The CD spectra acquired in the pH range
elsewhere36) and compared to that of a structurally similar 5—10 show little change in protein helical content (Figures
protein, myoglobin. The.- andS-chains are almost equally 4 and 6). A noticeable loss of helical structure occurs when
divergent from myoglobin (roughly 27% sequence homol- the pH is decreased to 4. A further decrease of pH results in
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a very significant loss of helical conformation and an spectra), thus emphasizing the structural importance of the
accumulation of unstructured proteins, as evidenced by bothheme group for the dimerdimer interface. In fact, the results
the reduction of),,, and the shift of both minima in the CD  of this work produce solid evidence that the heme group is
spectrum (Figure 6). These spectra were used to calculatevital to the very existence of the 3, (but nota,,) interface.

the evolution of Hb total helical content as a function of pH This is not surprising, since even the highly structured apo-
(Figure 4). Sincgg-strands are not present in Hb, théelix p-globin is likely to lack a stable F-helix (by analogy with

to random coil transition can be used as a quantitative gaugethe native state of apo-myoglobir§l), an element that is

of protein unfolding. This acid-induced unfolding curve is crucial for formation of the dimerdimer interface.

in good agreement with the ESI MS data, as the loss of A significant asymmetry exhibited by the two globins in
helical content by Hb (as measured by far-UV CD) appears the assembly process highlights the structural and functional
to be correlated with the loss of Hb compactness (as deducedmportance of disordered protein states. It seems plausible
from the ESI MS charge-state distributions), Figure 4. Both that the rigid a*-chains serve as templates for dimer
techniques indicate that Hb remains highly structured in the formation, to which the highly dynamje-globins can easily

pH range 5-10. The onset of Hb unfolding is at pH 4 (mostly adapt. Structural elements that form thgs;-interface are
because of the emergence of partially unstructaretbbins), B-, G-, and H-helices and GH corners of both globins.
followed by a rapid loss of protein structure at a more acidic Significant reduction of plasticity in these segments of the
pH. It is at this pH that traces of apo-dimers appear in the S-globin (following the o*5-dimer formation) apparently

ESI spectrum (with no signs of eithex*s* or o*f), makes it competent for heme acquisition (by inducing a stable
apparently resulting from indiscriminate binding of the apo- requisite tertiary structure of th&globin).
forms of a- andf-globins (Figure 2, top trace). It therefore Interestingly, earlier work by Yamaguchi and Adachi

appears that both the native structure and the presence ouggested that the isolat8efjlobins form homo-dimers much
the heme group in the-globin are essential for efficient  more readily as compared to the isolategjlobins 62). It
formation of Hb dimers and tetramers. ESI mass spectra of has also been shown that when unstghthain variants are
the separated apo-forms of bath and S-globins (unpub- incorporated into dimers with normetchains, the dissocia-
lished results from this group) show that both chains in their tion rate to monomers is greater for nornuei*-dimers
heme-free forms have a highly flexible structure. Isolated than for the dimers containing the unstafilehain variants
and heme-reconstituted-chains are monomeric and give (53). Combined with the results presented in our work, this
rise to a charge-state distribution very similar to that of suggests that the role of flexible building blocks in the
monomerica-chains in the ESI spectrum of Hb (as shown assembly process may actually outweigh the importance of
in Figures 1 and 3). On the other hand, isolafedhains having a correct structural template that directs the binding.
mixed with a (molar) excess of heme do show an ability to  The intimate relationship between protein flexibility and
form tetramers, as well as dimey&*(3* and 5*3), although binding has been shown to exist in many cases, as humerous
the most abundant species are loosely structured monomerigroteins either lack intrinsic globular structure or contain long
species (botl# and/*). Interestingly, formation of a homo-  disordered segments under physiological conditids¥). (
tetrameric hemoglobin moleculeHp H) is a well-docu- Such structural disorder may be relieved upon binding of
mented clinical consequence of significant overexpressionthe protein to its target molecule. Unstructured protein
of 3-globin in a-thalassemic disorde#8, 49). Such ability molecules are believed to have greater capture radii (resulting
of flexible S-globins to undergo ordered oligomerization (as in significantly enhanced binding kinetics), a feature that is
opposed to aggregation) also highlights the extreme impor-invoked in a recently introduced “fly-casting” model of
tance of chain dynamics and intrinsic disorder for the protein macromolecular bindingsg). It is also recognized that the
assembly process. intrinsic lack of structure can confer to a protein the ability
Implications for the Mechanism of Hb Assembly/Dissocia- to precisely control the binding processt]. What makes
tion. The analysis of Hb dissociation/assembly equilibria the apparent intrinsic disorder of tifeglobin so surprising
presented above suggests that the in vitro assembly of thes its high sequence homology, near-identical structure, and
functional state of the protein proceeds via the following common origin with thex-globin (57), which needs to be
steps: (i) binding of a natively folded holo-globin and a tightly folded and contain a heme group for the binding to
partially unfolded apgs-globin to form a highly structured  occur. It is likely that such asymmetry has been developed
heme-deficient dimero*y + Bu — (o*f)n; (i) heme under the evolutionary pressure to minimize globin aggrega-
acquisition by a heme-deficient dimer to form a holo-dimer, tion in a crowded cytosolic environment of erythrocytes. The
o*f + heme— a*p*; and (iii) association of two holo-  dramatic increase of oxygen demand in higher vertebrates
dimers to form tetrameric Hb,cZ 5* — (o*5*)2. resulted in significant elevation of Hb levels in vascular
Spirin et al. have demonstrated theiglobin acquires a  circulation 68, 59). Simple rheological consideration8Qj
significant proportion of its native fold and heme-binding suggest that higher oxygen demands are optimally met by
capacity cotranslationallybQ), prior to any interactions with  relatively low molecular weight Hb molecules at high
the-globin. It now seems likely that the latter one emerges concentration (i.e., tetrameric vertebrate as opposed to giant
from the ribosome in a mostly unstructured, heme binding- extracellular nonvertebrate hemoglobing},(62). Compart-
incompetent form. However, the binding of such a disordered mentalization of such relatively low molecular weight
polypeptide chainfy) to a foldeda*-chain apparently locks ~ hemoglobins inside erythrocytes minimizes their loss through
the 5-globin in a compact, native-like fold, thus making it excretory filters and reduces the solute load on pla$8h (
competent for a robust heme acquisition. Importantly, these Typical Hb concentration inside a mammalian erythrocyte
heme-deficient dimers cannot produce higher oligomers (asis on the order of 5 mM &3), a far higher number as
no heme-deficient tetramers were observed in any of the ESIcompared to that of a typical erythrocyte-containing inver-
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tebrate §9). The efficiency of oxygen delivery from lungs Another important issue that needs to be addressed is a
to tissue had been further enhanced by highly cooperativepossibility of monomeric globin ions’ (both apo- and holo-)
ligand binding, as a result of the emergence of two separateformation in the gas phase as a result of the dissociation of
Hb chains about 450 million years ag#9f. However, the oligomeric ions (dimers and tetramers). Gas-phase dissocia-
presence of two different globin chains (expressed by tion of globin oligomers ions has been thoroughly studied
different chromosomes in mammals) at very high concentra- by Heck and Versluis29) and Karas and Schmid6¥).

tion are potentially disastrous, as they may provoke mis- Karas and Schmidt observed the asymmetric dissociation of
folding and aggregation. The asymmetry of globin interaction a multiply charged Hb tetramer in the gas phase leading to
reported in this work may provide a vital safeguard, which the formation of a trimerd*,3* or a*f5*,) and a comple-

(in addition to recently reported-globin chaperonins)3{, mentary monomeric globin2). A similar gas-phase dis-
38) may inhibit random oligomerization, thus directing the sociation pattern was also observed for another noncovalent
assembly process alongside a correct pathway. tetramer protein, transthyretif). Asymmetric dissociation

The present work also highlights the utility of ESI MS ©of Hb tetramers (to form trimers and complementary
for studies of both structural and dynamic aspects of protein monomers) is evident at high orifice potentials. Thus,
interaction in h|gh|y heterogeneous Systems_ While most elevation of the orifice pOtentiaI above 130 V leads to the
other techniques provide structural data averaged across thémergence of thea(z5*)™ and @*f*2)™ and heme-
entire protein population or biased toward the most stable deficient trimers ¢ = 10, 11) ion peaks in the ESI spectra
state(s), mass spectrometry is capable of monitoring bothOf Hb (Supporting Information Figure 1). These peaks are
composition and conformation of protein complexes in a complementary to the monomeric globin ion carryihg
species-specific fashion. This may provide a key to under- of +8 charges, which also become prominent in the spectra
standing mechanisms of such diverse processes as macrginder these source conditions. None of the trimer ions is

molecular assembly and recoghnition. present in the spectrum acquired under mild source condi-
tions, suggesting that the Hb tetramer ions do not dissociate
APPENDIX in the gas phase under the conditions used in our work.

Dissociation of heme-containing globin dimers in the gas
Because of the fragile nature of noncovalent protein phase has been considered by Heck and Versdgs who
complexes, ESl interface conditions typically need to be as gpserved uneven charge distribution between the two mon-
gentle as possible to maintain the intact complexes through-gmeric fragments. The average charge state oftg®bin
out the desorption procesa(). At the same time, sufficient  jons detected under the mild ESI source conditions actually
energy is needed to reduce the residual solvation of proteinexceeds that of the dimer ions, effectively disqualifying the
ions to ensure sensitive detection and confident speciesjatter ones as a possible source of ffhglobin ion formation
aSSignment. To find Optlmal conditions for the ESI mass in the gas phase_ The* _g|0bin monomers detected under
spectral measurements, the influence of the ESI sourcethe mild ESI source conditions (charge states through
conditions on the appearance of the Hb spectra was9) may potentially represent the products of the Hb dimer
investigated. A selection of these spectra have been includedon dissociation in the gas phase. However, the complemen-
in the Supporting Information. Among several possible tary f-globin ions (charge states3 through+5) are not
noncovalent complex ion dissociation processes, particulardetected in the spectra unless the orifice potential is raised
attention has been paid to two groups: (i) dissociation of a o at least 130 V (Supporting Information Figure 1). This
heme group from globin monomers and oligomers and (ii) suggests that the dimer-to-monomer dissociation does not
dissociation of oligomers to globin monomers. occur under the conditions used in the present work.
In our assessment of the dissociation of multiply charged
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