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Abstract

Native mass spectrometry (MS) has become an invaluable tool for the characterization of proteins 

and non-covalent protein complexes under near physiological solution conditions. Here we report 

the structural characterization of human hemoglobin (Hb), a 64 kDa oxygen-transporting protein 

complex, by high resolution native top-down mass spectrometry using electrospray ionization 

(ESI) and a 15-Tesla Fourier transform ion cyclotron resonance (FTICR) mass spectrometer. 

Native MS preserves the non-covalent interactions between the globin subunits, and electron 

capture dissociation (ECD) produces fragments directly from the intact Hb complex without 

dissociating the subunits. Using activated ion ECD, we observe the gradual unfolding process of 

the Hb complex in the gas phase. Without protein ion activation, the native Hb shows very limited 

ECD fragmentation from the N-termini, suggesting a tightly packed structure of the native 

complex and therefore low fragmentation efficiency. Precursor ion activation allows steady 

increase of N-terminal fragment ions, while the C-terminal fragments remain limited (38 c ions 

and 4 z ions on the α chain; 36 c ions and 2 z ions on the β chain). This ECD fragmentation pattern 

suggests that upon activation, the Hb complex starts to unfold from the N-termini of both subunits, 

whereas the C-terminal regions and therefore the potential regions involved in the subunit binding 

interactions remain intact. ECD-MS of the Hb dimer show similar fragmentation patterns as the 

Hb tetramer, providing further evidence for the hypothesized unfolding process of the Hb complex 

in the gas phase. Native top-down ECD-MS allows efficient probing of the Hb complex structure 

and the subunit binding interactions in the gas phase. It may provide a fast and effective means to 

probe the structure of novel protein complexes that are intractable to traditional structural 

characterization tools.
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INTRODUCTION

Protein complexes are ubiquitous and important functional units in the cellular environment. 

Many biological processes require coordinated interactions of individual proteins to form 

higher order complex assemblies with distinct compositions and topology, which are crucial 

for the biological function. These macromolecular assemblies are widely present in nearly 

all organisms including Saccharomyces cerevisiae,1–4 Drosophila melanogaster,5, 6 

Caenorhabditis elegans 7, 8 and Homo sapiens.9–11 It is estimated that each protein in yeast 

is involved in about eight interactions with other proteins, and the interaction network for 

human proteins is expected to be even larger.12 Many of these protein interactions and their 

perturbations are underlying causes for human diseases.13–18 Therefore, elucidating the 

structure of protein assemblies is an important aspect in understanding their biological 

functions and the molecular basis of disease.

Structural characterization of proteins is usually carried out by biophysical methods such as 

X-ray crystallography,19 nuclear magnetic resonance (NMR),20, 21 cryo-electron microscopy 

(cryoEM), etc.22, 23 However, these methods each have noticeable limitations. X-ray 

crystallography requires the growth of diffraction grade pure crystals to provide high 

resolution protein structural information; however, protein crystallization is challenging and 

requires significant efforts and optimization. It can be difficult to produce high quality 

mono-crystals for large heterogeneous protein complexes with high degree of 

conformational flexibility. NMR can provide structural information of proteins directly from 

the solution, but it has a practical size limit. In addition, these methods usually require 

relatively large quantities of sample and involve time-consuming procedures. Therefore, a 

fast and efficient method to probe the higher order structure of protein complexes is 

desirable.

Recently, mass spectrometry has emerged as an important tool for the study of native protein 

complexes and non-covalent interactions between biomolecules.24–27 This has benefited 

greatly from the development of soft ionization techniques such as electrospray ionization 

(ESI), which allows ionization and transfer of many types of large biomolecules and 

noncovalently-bound complexes into the gas phase, even for protein assemblies as large as 

megaDalton-sized viruses.28 The MS-based method has considerable advantages in 

specificity, sensitivity and speed, and consumes much less samples than biophysical 

methods. The stoichiometry of protein complexes can usually be confidently determined by 

the mass measurement. Additionally, when coupled with high resolution instruments, 

significant structural information can be obtained by direct fragmentation of protein 

complexes and interpretation of the product ions in a top-down MS format. For example, 

recent studies by Gross and coworkers showed that by using Fourier transform ion cyclotron 

resonance (FT-ICR) and electron capture dissociation (ECD), certain structural information, 

such as the flexible regions of several protein complexes and the non-covalent metal binding 

sites can be determined.29, 30 Given the growing evidence that tertiary and quaternary 

structures of proteins can be maintained in the gas phase on the time scale of typical MS 

experiments,24–31 high resolution native top-down MS may represent an especially valuable 

tool to probe the higher order structural investigations of protein complexes.
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Hemoglobin (Hb) is the major respiratory protein in the red blood cells of vertebrates and 

mammalian organisms, and it plays a central role in binding and transporting oxygen to 

support essential energy and metabolic needs for life. Because of its critical physiological 

functions, hemoglobin has been extensively studied and its structural information has been 

well characterized over the past several decades.32 Mammalian Hbs are heterotetrameric 

protein complexes that are composed of two symmetric pairs of dimers consisting of α and β 

chains with 141 and 146 amino acid residues, respectively (MW α chain 15.1 kDa; β chain 

15.9 kDa). The four globin chains are assembled together by non-covalent interactions such 

as hydrogen bonding, salt bridges and hydrophobic interactions. Additionally, each globin 

chain binds to a heme molecule in its native state. Although mass spectrometry has been 

used to study Hb in the past decades,33–40 sequence-specific structural characterization of 

intact Hb complex has not been reported until very recently.41–43 In this work, we used 

native human Hb complex as a test bed, given its well characterized structural information. 

We aim to explore the potential of high resolution native top-down MS as a structural 

characterization tool for probing the high order structural information of protein assemblies, 

such as subunit interactions and binding interfaces, and furthermore its application to 

address novel protein complexes.

EXPERIMENTAL SECTION

Samples and Sample Preparation

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. All 

solutions were prepared in Milli-Q water (Millipore Corporation, Billerica, MA). Hb was 

prepared from blood samples collected from healthy human donors and the procedures were 

performed according to bioharzardous sample preparation protocols by the NIH. Briefly, 

human blood (30–40 mL) was collected with heparin anticoagulant from a healthy donor 

following appropriate institutional protocols. Red blood cells were collected by 

centrifugation at 700 x g for 10 min at 4 °C. The cells were washed three times with 0.9% 

NaCl and equilibrated with carbon monoxide (CO) for 5 min. The cells were then collected 

by centrifugation and lysed by resuspension in five volumes of water, followed by 

incubation on ice for 30 min. NaCl was added to a final concentration of 0.9%, resulting in 

aggregation of the membrane fractions into a gelatinous phase, which was removed by 

centrifugation for 15 min at 9500 x g. The supernatant containing Hb was supplemented 

with 1 mM EDTA and equilibrated with CO for 5 min. After adjusting the pH to 6.9, the 

hemolysate was applied to an SP Sepharose Fast Flow column (GE Healthcare) equilibrated 

with 10 mM NaH2PO4, 1 mM DTT, pH 6.9, and Hb was eluted with 10 mM Tris-HCl, pH 

8.5. The fractions containing Hb were pooled, supplemented with 1 mM EDTA, and 

equilibrated with CO for 5 min. Subsequently, the sample was applied to a Q Sepharose Fast 

Flow column (GE Healthcare) equilibrated with 10 mM Tris-HCl, pH 8.5. Pure Hb was 

eluted with 30 mM NaH2PO4, pH 6.9, with a yield of 100 mg of protein/ml of blood. Hb 

concentrations were determined using Drabkin’s reagent (Sigma).

Top-down FT-ICR Mass Spectrometry

Top-down MS of native human Hb A complexes was performed on an ultrahigh resolution 

15-Tesla Bruker SolariX hybrid Qq-FTICR mass spectrometer. Native HbA samples (10 
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μM) were prepared in 20 mM ammonium acetate buffer (pH 6.8). The protein solutions 

were electrosprayed via nanoESI glass emitters (Proxeon/Thermo Scientific) at flow rates 

ranging from 20–50 nL/min. The electrospray source temperature was controlled by source 

heater and countercurrent nitrogen drying gas flow. The temperature was set between 180–

200°C with a counter current gas flow of 2.5 L/min to provide optimal desolvation and 

heating of the native protein samples while maintaining the integrity of the non-covalent 

complex. MS experiments were performed in the broadband mode (m/z 600 – 8000) with the 

following settings: 1 M data size, capillary voltage 1000–1200 V, 0.5 sec source 

accumulation time, 1 sec ion accumulation time, 0.05 sec ion cooling time, 1 ms time of 

flight. The skimmer potential was tuned between 35–80 V to provide source activation of 

the Hb complex for sufficient desolvation.

Precursor ions of a single charge state were isolated by Q1 mass and a mass window size of 

10 – 20 m/z. MS/MS experiments were performed with the following settings: 0.01 sec ECD 

pulse length, 1 V bias, 15 V ECD lens. ECD mass spectra were collected from data 

averaging of up to 800 scans with a transient length of 1.8 sec.

Data Analysis

MS/MS data were processed with DataAnalyis and Biotools (Bruker Daltonics). Briefly, 

monoisotopic masses ([M+H]+) were extracted by DataAnalysis software using a modified 

Thrash algorithm (SNAP ver 2.0, Bruker Daltonics) with the following settings: quality 

factor threshold 0.5; S/N threshold 2; maximum charge state, ≥ protein precursor charge 

state. Data were calibrated by internal product ions and further assigned using Biotools 

based on protein sequences determined by accurate mass measurements. A mass accuracy of 

1.5 ppm was used for ECD product ion assignments. The assigned ions were manually 

confirmed to ensure the quality of the assignments.

RESULTS AND DISCUSSION

High Resolution Native MS of Human Hb

Native MS of human Hb electrosprayed from aqueous solutions (pH 6.8) showed the 

presence of two ion populations, corresponding to the Hb dimer (32 kDa, charge states 10+ 

to 12+) and tetramer (64 kDa, charge states 15+ to 17+), respectively (Figure 1(a)). This 

dimer/tetramer equilibrium is characteristic of the native Hb in the solution, indicating the 

preservation of the native Hb complex in the gas phase. The narrow charge state 

distributions of the dimer and tetramer ions suggest compact conformations of the native Hb 

in the gas phase.38, 39 High resolution, accurate mass measurements show the MW of 

32,226.82 and 64,453.79 Da for the dimer and tetramer, respectively (from the most 

abundant isotopic masses; 10 ppm and 12 ppm, respectively, from its theoretical values; 

acquired with a resolving power of 175,000 at m/z 4029), which is consistent with the 

molecular formula of αhβh and (αhβh)2 (where α and β stand for the respective subunit 

globin chains, UniProtKB P69905 (HBA_HUMAN) and P68871 (HBB_HUMAN); h stands 

for the non-covalently bound heme, protoporphyrin IX (C34H32O4N4Fe)). Accurate mass 

measurements reveal that the Hb molecules are completely desolvated in the gas phase, and 

no apparent post-translational modifications are found. This is consistent with the Hb sample 
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source from a healthy adult donor where the predominant form is Hemoglobin A (α2β2). The 

MS signal intensities indicate that the Hb complex are present at approximately 70% in the 

tetramer form and 30% in the dimer form, considering the ionization efficiency differences 

between the tetramer and dimer. This is consistent with the native MS results obtained on a 

quadrupole time-of-flight (QTOF) instrument in our laboratory42, 44 and those reported by 

other groups.33, 35, 40, 41

Activated Ion ECD Reveals the Hb Complex Unfolding in the Gas Phase

To obtain structural information on the Hb complex, top-down MS was performed on the Hb 

tetramer and dimer precursor ions. Collisionally activated dissociation (CAD) causes the Hb 

complex to simply dissociate into individual subunits and therefore cannot yield structurally 

useful information. This is observed in our experiments and was previously reported by 

other groups as well.36, 45 Alternatively, ECD represents a preferred method for the 

fragmentation of native protein complexes, owing to its ability to generate backbone 

fragmentations while preserving labile modifications46, 47 and non-covalent 

interactions.26, 27, 29, 30, 48 Figure 1(b) shows an ECD spectrum for the Hb tetramers 

(capillary voltage 1000–1300 V, source temperature 200 °C, funnel skimmer voltage 80 V). 

Precursor ions from all three charge states were selected for fragmentation to improve the 

product ion yields. Extensive fragmentations are observed from both subunit chains, while 

the Hb complex remains intact.

Despite its advantages, ECD of native protein complexes has significant technical 

challenges. First, a native protein carries significantly less charges than its denatured forms, 

and the lack of charge can reduce the fragmentation efficiency severely. Denatured Hb 

monomers have an average charge state of greater than 20+, whereas the native Hb tetramer 

only carries 15 to 17 charges. Because the electron capture cross section scales with the 

square of the charge of the protein ions, the ECD efficiency of the Hb monomer is about 

twice as high as the Hb tetramer complex. Secondly, native protein complexes adopt tight 

globular conformations through strong inter- and intramolecular interactions, which may 

prevent the fragment ions from releasing and being detected.49 This effect is more 

significant for ECD of native protein complexes than for denatured proteins.

Figure 2(a) and (d) show the ECD product ions from the native Hb tetramer under normal 

ECD conditions. Without ion activation, only 5 c ions and 2 z• ions are observed from the α 

chain subunit, and 12 c ions and 2 z• ions are observed from the β chain subunit. Electron 

capture may induce more N-Cα bond cleavages on the subunit protein backbones, however 

these fragment intermediates and precursor complexes are held together by strong non-

covalent interactions that prevent the fragment ions from being separated and observed. To 

overcome this problem, infrared irradiation of the protein ions prior to ECD in the ICR cell 

has been performed.49, 50 Additional ion activation disrupts the intramolecular non-covalent 

bonds within the gaseous protein ion’s secondary and tertiary structure to significantly 

increase the number of product ions observed from a protein. Here we activate the ions by 

increasing the ion source funnel skimmer (FS) potential, similar to the method used by 

Gross and coworkers.30 The increased FS potential induces collisions with the source gas to 

deposit internal energy to the protein ions. Figure 2(b) and (e) show the ECD fragmentation 
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of the Hb tetramer under an elevated FS potential (60 V). Significantly more fragments ions 

are observed from both the α chain subunit (20 c ions, 4 z• ions) and the β chain subunit (15 

c ions, 1 z• ions). A maximum of 36 c ions and 4 z• ions from the α chain, 22 c ions and 2 z• 

ions from β chain can be observed from ECD of the intact Hb complex, by increasing the FS 

energy to 80 V (Figure 2(c) and (f)). However, further increase of the FS potential causes 

the Hb complex to start dissociating and lose subunits.

Comparison of the activated ion ECD data shows an interesting pattern from the intact Hb 

complex fragmentation. Despite increased product ion formation upon the Hb activation, the 

increased fragmentation is mainly observed from the N-terminal sequences of both subunit 

chains, whereas the C-terminal fragmentation remains very limited. This suggests that upon 

ion activation, the non-covalent interactions near the N-termini of the Hb complex are being 

disrupted and the Hb complex starts to unfold from the N-termini of both subunits. The 

unfolding process proceeds as the internal energy of the Hb complex increases and extends 

further into both subunits, while the C-terminal sequences of both subunits remain tightly 

associated by the intermolecular interactions that holds the Hb complex intact before its 

dissociation by higher energy collisional activation.

Given the well characterized structure of the Hb complex,51 it is of interest to correlate the 

ECD fragmentation patterns of the Hb complex with its structural elements such as the 

regions involved in the subunit interactions. Figure 2 highlights the four main subunit 

interfaces in the Hb tetramer. The light shaded bars indicate the tetramer interfaces between 

the two identical dimers α1β1 and α2β2, corresponding to Pro37-Tyr42, Ala88-Asn97 on the 

α chain, and Pro36-Phe41, His97-Leu105 on the β chain. The dark shaded bars indicate the 

dimer interfaces within the two dimers, corresponding to Arg31-Ser35, His103-Asp126 on 

the α chain, and Arg30-Tyr35, Asn108-Gln131 on the β chain. The quaternary structure of 

the Hb complex is formed by the tight association of α and β chain subunits into two pairs of 

identical dimers, and two dimers are further assembled into the Hb tetramer in a dynamic 

equilibrium. Therefore the non-covalent interactions involved in the dimer interfaces are 

stronger than those in the tetramer interfaces. Consistent with these structural features, when 

subjected to ECD without ion activation, only limited fragment ions are observed from 

residues outside the complex interfaces near N- and C-termini of both subunits, indicating 

an undisrupted near native state structure (Figure 2(a) and (d)). When subjected to ion 

activation, the N-terminal sequences that are not involved in subunit interactions start to 

unfold, giving rise to more fragment ions near the N-terminal ends of both subunits. Note 

that a few fragment ions start to be observed from the interface residues near the N-termini, 

suggesting these two shorter interfaces start to unravel as well, probably due to the more 

hydrophobic nature and therefore weaker interactions (Figure 2(b) and (e)). Higher 

activation energy causes the N-terminal interfaces to completely unravel and 

correspondingly extensive fragmentation from the unfolded N-terminal regions of both 

subunits results, whereas the C-terminal sequences of both subunits remain tightly locked by 

the stronger binding interfaces near the C-termini. As a result, only very few fragment ions 

are observed near the C-termini (Figure 2(c) and (f)).

This hypothesis can be further confirmed by ECD fragmentation of denatured Hb 

monomers. Upon denaturing of the Hb complex, the Hb tetramer is dissociated into α and β 
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subunit monomers and the binding interfaces are completely eliminated. As a result, 

extensive fragmentation is observed from both N- and C-termini of the monomers (Figure 

3).

ECD of the Hb Dimer

To obtain structural information for the Hb dimer, the dimer precursor ions are selected by 

the quadrupole and subjected to ECD fragmentation in the ICR cell. Figure 4 shows the 

ECD data of the Hb dimer with 80 V activation. The fragmentation pattern is similar to that 

of the Hb tetramer in that fragment ions are mainly produced from the N-terminal sequences 

of the subunits and C-terminal fragments are very limited. This is consistent with the fact 

that the Hb tetramer is formed from a dynamic equilibrium of two dimers; the Hb tetramer 

and dimer have very similar molecular shapes and identical dimer interfaces, except that the 

tetramer interfaces are not present in the dimer. Intuitively, one would expect more fragment 

ions from the dimer, given the exposed tetramer interface residues. However, the difference 

is not significant, possibly because of two factors. First, the reduced charge states of the 

dimer precursor ions, compared to those of the tetramer, reduce the electron capture 

efficiency of the dimer and therefore the fragmentation efficiency. Secondly, the tetramer 

interfaces are relatively smaller compared to the main dimer interface near the C-termini, 

and furthermore the tetramer interfaces are confined by the dimer interfaces along the 

subunit backbone. Therefore, upon activated ion ECD, the Hb dimer undergoes a similar 

unfolding process as the tetramer, giving rise to a generally similar fragmentation pattern 

that is characteristic of the native Hb structure. This is consistent with the general structural 

features of the Hb dimer according to the crystallographic structure.

ECD has become a preferred method for characterizing labile post-translational 

modifications in top-down MS. However, mapping of protein non-covalent interactions 

directly by ECD is significantly more challenging. Protein complexes associated by weak 

non-covalent interactions often dissociate in the gas phase, before the protein primary 

structure is interrogated by ECD to provide the information concerning the binding sites or 

interface. For non-covalent protein complexes involving smaller ligands such as metals and 

peptides, the binding sites can be probed more readily by ECD as long as the protein-ligand 

complexes have sufficient stability in the gas phase.25, 48, 52, 53 Localizing protein-protein 

complexes binding interfaces by ECD requires a fine balance between maintaining the 

native structure of the protein complex and providing enough energy to facilitate 

fragmentation. In the Hb complex, ECD without protein ion activation only produces ions at 

the N- and C-termini of both subunits, suggesting the remaining part of the primary 

sequences are bound by non-covalent interactions and therefore intractable to fragmentation. 

Increasing the activation energy causes the interfaces formed by weaker interactions to 

dissociate and the Hb complex to unfold from the N-terminal sequences of both subunits, 

resulting in more fragment ions observed from the N-termini. At a high activation energy, 

the unfolding further extends and the fragmentation pattern provides a reference for the main 

interface of the Hb complex. From both the Hb tetramer and dimer ECD data, it can be 

deduced that the primary sequences between Gly59 and Asp126 on the α chain, Gly69 and 

Gln127 on the β chain are likely involved in the binding interfaces. This result is in general 
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agreement with the characterized structure of the Hb complex by the crystallography 

results.32, 51

Correlation of ECD Fragmentation to the Hb Crystallographic Structure

X-ray crystallography has remained a standard technique for protein structural 

characterization, and the complementary nature of MS as a structural biology tool has been 

well reviewed.54 Therefore, it is useful to draw a comparison with the crystallographic data 

to evaluate the potential utility of native protein ECD as a proxy technique for the high 

resolution structural method. Previously, Zhang et al reported correlations between the B-

factors of several protein complexes and their native ECD MS data, and concluded that ECD 

fragmentation preferentially occurred on the flexible regions of protein crystal 

structures.29, 30 However, the authors did not provide the physical basis of such correlations. 

One explanation could be a possible correlation between the flexible regions and the surface 

residues of the protein structure, as the residues on the exterior of the protein structure are 

less restrained by the intra- and intermolecular bonds and therefore tend to have higher 

flexibility. However, this correlation is not apparent in the native Hb ECD data in our study. 

Figure 5 shows the ECD fragment ions highlighted on the Hb crystal structure, in 

comparison to the flexibility of the structure as indicated by the B-factor. It is apparent that 

some residues colored as high flexibility regions did not yield fragmentation, whereas 

certain regions with lower flexibility showed fragmentation. A recent work by Gross and 

coworkers on other proteins such as ubiquitin,55 as well as ECD of aldolase in our group56 

showed poorer correlation with the B-factor. Therefore the correlations between ECD 

fragmentation and crystallographic structural flexibility do not seem to be converging as a 

general rule, but it is worth further investigation with more examples in the future to better 

define the correlation between solution phase and gas phase structures.

CONCLUSIONS

We performed a structural investigation of the human Hb complex by native top-down ECD 

MS. ECD showed the capability to generate fragment ions directly from the intact Hb 

complex without disrupting the intermolecular non-covalent interactions between globin 

subunits. By applying activated ion ECD fragmentation, the Hb complex structure can be 

gradually probed to yield information concerning the non-covalent binding interactions 

between the subunits. Specifically, protein ion activation disrupted the weaker binding 

interactions to induce the Hb complex structural unfolding from the N-termini of both 

subunits. This allowed the main binding interaction interfaces to be localized on the primary 

structures of the α and β subunits. Overall, our studies suggest that high resolution native 

top-down ECD MS may provide a fast and efficient tool to probe the higher order structure 

of protein complexes and may be applied to the structural investigation of novel protein 

complexes not amenable for conventional structural characterization methods.
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Figure 1. 
Native top-down ECD MS of human hemoglobin (Hb). (a) ESI-FT-ICR mass spectrum of 

native human hemoglobin (10 μM Hb in 20 mM NH4OAc, pH 6.8); (b) ECD mass spectrum 

of Hb tetramers, showing extensive c/z•-product ions (m/z 400–2000) and charged-reduced 

precursors (m/z 3700–8000).
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Figure 2. 
Top-down ECD analysis of human Hb complex tetramers. Sequence cleavage map of the α 

chain: (a) funnel skimmer (FS) potential 30 V; (b) 60 V; (c) 80 V. Sequence cleavage map 

of the β chain: (d) FS 30 V; (b) 60 V; (c) 80 V. Source temperature was set at 200 °C, ESI 

capillary voltage 1000–1300 V. Dark shaded bars denote the backbone sequences involved 

in the dimer interface interactions; light shade bars denote sequences involved in the 

tetramer interface interactions.
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Figure 3. 
Top-down ECD analysis of denatured Hb monomers in 50 % ACN, 0.1 % formic acid. (a) 

cleavage map of the α chain; (b) cleavage map of the β chain. Dark and light shaded bars 

denote the dimer and tetramer interfaces, respectively.
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Figure 4. 
Top-down ECD analysis of human Hb complex dimers (FS potential 80 V). Backbone 

cleavage map of the α chain (a) and the β chain (b). Dark and light shaded bars denote the 

dimer and tetramer interfaces, respectively.
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Figure 5. 
Tetrameric Hb crystal structure (PDB ID: 1HHO) with (a) color highlights of ECD product 

ions on the α globin chain; (b) the B-factor putty representation of the α globin chain; (c) 

color highlights of ECD product ions on the β globin chain; (d) the B-factor putty 

representation of the β globin chain.
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