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ABSTRACT: Various activation methods are available for the fragmentation of gaseous protein 

complexes produced by electrospray ionization (ESI). Such experiments can potentially yield 

insights into quaternary structure. Collision-induced dissociation (CID) is the most widely used 

fragmentation technique. Unfortunately, CID of protein complexes is dominated by the ejection of 

highly charged monomers, a process that does not yield any structural insights. Using hemoglobin 

(Hb) as a model system, this work examines under what conditions CID generates structurally 

informative subcomplexes. Native ESI mainly produced tetrameric Hb ions. In addition, 

“noncanonical” hexameric and octameric complexes were observed. CID of all these species 

[(αβ)2, (αβ)3, and (αβ)4] predominantly generated highly charged monomers. In addition, we 

observed hexamer → tetramer + dimer dissociation, implying that hexamers have a 

tetramerꞏꞏdimer architecture. Similarly, the observation of octamer → 2 tetramer dissociation 

revealed that octamers have a tetramerꞏꞏtetramer composition. Gas phase candidate structures of 

Hb assemblies were produced by molecular dynamics (MD) simulations. Ion mobility 

spectrometry was used to identify the most likely candidates. Our data reveal that the capability of 

CID to produce structurally informative subcomplexes depends on the fate of protein-protein 

interfaces after transfer into the gas phase. Collapse of low affinity interfaces conjoins the 

corresponding subunits and favors CID via monomer ejection. Structurally informative 

subcomplexes are formed only if low affinity interfaces do not undergo a major collapse. 

However, even in these favorable cases CID is still dominated by monomer ejection, requiring 

careful analysis of the experimental data for the identification of structurally informative 

subcomplexes. 
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Introduction 

Native electrospray ionization (ESI) [1] can transfer protein complexes into the gas phase as 

multiply charged ions that are amenable to mass spectrometry (MS). The resulting spectra reveal 

the subunit composition and ligand binding stoichiometry of the gaseous macroions [2-7]. The 

overall shape of electrosprayed proteins can be explored by combining ESI-MS with ion mobility 

spectrometry (IMS) [8-12]. 

Gas phase fragmentation experiments can yield additional insights into electrosprayed 

protein complexes, such as subunit connectivities in multi-protein complexes, the location of 

ligand binding sites, and sequence information. Techniques that have been applied in this context 

include electron capture and electron transfer dissociation [13-15], ultraviolet photodissociation 

[16,17], surface-induced dissociation (SID) [18], and blackbody-infrared dissociation [19]. Despite 

recent advances in the development of these and other methods [20,21], collision-induced 

dissociation (CID) remains the most widely used fragmentation technique [22-25]. The popularity 

of CID stems from the fact that it can be easily implemented on most mass spectrometers. During 

CID, analyte ions are electrostatically accelerated in the presence of a background gas. Collisional 

heating slowly increases the ion internal energy until, after some 104 or more collisions, 

dissociation takes place. For moderate collision energies only noncovalent bonds are disrupted, 

while higher energies also rupture covalent bonds [22-24]. In the following we focus on the 

former, specifically, the dissociation of protein complexes into their subunits. 

CID has long been considered to be a promising avenue for extracting quaternary structural 

information, based on the expectation that the weakest subunit interfaces in multi-protein 

complexes should dissociate first [26,27]. For example, if a hypothetical complex consisting of 

subunits abcd preferentially produces ab and cd subcomplexes, one could conclude that ab and cd 

are closely linked, whereas other subunit contacts are much weaker (Figure 1A). In principle, CID 
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should therefore be able to uncover topological information such as subunit connectivities, and the 

placement of subunits inside vs. the periphery of a complex. This strategy has been successful in 

several cases [28,29]. 

Unfortunately, the formation of structurally informative subcomplexes during CID is not 

the dominant scenario. Instead, collisionally activated complexes predominantly eject monomers 

[30-38]. One might assume that a monomer that is ejected from an n-mer should carry roughly 1/n 

of the total charge. However, CID is accompanied by asymmetric charge partitioning (ACP) [30-

34,39]. In this scenario the expelled monomer carries a disproportionally high charge. For 

example, 14+ streptavidin tetramers eject 7+ monomers, i.e., half the total charge is imparted on 

the monomeric product ion [34]. Experiments [32,35,36] and simulations [37,38] revealed that 

ACP is caused by the gradual unravelling of a single subunit, in conjunction with Coulombically 

driven migration of mobile protons onto this subunit. Ultimately, the subunit separates as a highly 

charged unfolded chain, leaving behind a charge-depleted (n-1)-mer (Figure 1B). 

The predominance of ACP compromises the ability of CID to provide quaternary structural 

information, because complexes tend to undergo single-chain ejection regardless of their 

architecture [40,41]. One contributing factor to the information-poor nature of such CID data is the 

internal restructuring of protein complexes during collisional heating, a process that tends to erase 

native conformational features of prior to dissociation [35,36,38,40]. 

As a result of the aforementioned problem, the MS community has largely abandoned CID 

as a tool for interrogating the quaternary structure of protein complexes. Other approaches have 

become more popular. For example, SID can produce subcomplexes that retain a native-like 

topology, with preferential dissociation at the weakest subunit interfaces [18]. Also, topology 

information can be extracted from ESI-IMS/MS experiments conducted under mildly denaturing 

solution conditions where subunit connections are partially retained [42]. 
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 The current work revisits the CID behavior of protein complexes, taking a fresh look at the 

question whether such fragmentation data can yield quaternary structure information. We focus on 

bovine hemoglobin (Hb), a paradigmatic protein that consists of four heme-containing subunits 

(two α and two β chains) [43-46]. Hb has served as model system for numerous earlier native ESI-

MS investigations [12,13,47-50]. Hb tetramers have a “dimer of dimers” quaternary structure, 

where one tightly bound αβ subcomplex interacts weakly with an identical second αβ subcomplex 

[51,52]. The four chains in Hb are referred to as α1, β1, α2, and β2 [53]. The interfacial buried 

surface area (IBSA) represents a measure of protein-protein binding affinity [54]. The high affinity 

α1-β1 and α2-β2 contacts each have an IBSA of 16.8 nm2, much larger than the low affinity 

α1ꞏꞏβ2 and α2ꞏꞏβ1 contacts (IBSA = 10.0 nm2) [55]. To account for the dimer of dimers 

architecture we denote Hb tetramers as (αβ)2, rather than α2β2. Consistent with this structure, Hb in 

solution shows a (αβ)2  2 (αβ) equilibrium [55-57]. This solution behavior is mirrored in native 

ESI mass spectra of Hb which are dominated by (αβ)2 and αβ ions [12,13,47-49]. 

In addition to tetramers [i.e., (αβ)2] and dimers [αβ], native ESI-MS of Hb also reveals the 

existence of larger “noncanonical” complexes, such as hexamers [(αβ)3] and octamers [(αβ)4] 

[47,49,58]. The origin of these noncanonical species has not been fully elucidated yet. It is 

possible that they form as clustering artifacts in shrinking ESI droplets prior to protein release into 

the gas phase [59,60], a scenario that is supported by pulsed hydrogen/deuterium exchange data 

[58]. Alternatively, the noncanonical assemblies might be derived from pre-existing complexes in 

solution. Flow rate or concentration-dependent measurements can sometimes help distinguish 

between these two scenarios [61]. Unfortunately, for the noncanonical Hb complexes considered 

here such experiments were inconclusive, because the abundance of the complexes is quite 

insensitive to the ESI conditions, e.g., nanoESI at 25 nL min-1 vs. regular ESI at 50 µL min-1 [62]. 

Raising the Hb concentration from 3 µM to 170 µM increases the abundance of the complexes 
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[62], but this effect is to be expected for both solution-phase binding and ESI clustering [63]. Hb 

from some animals [64,65] and after certain mutations (e.g., sickle cell Hb) [66] forms (αβ)n 

assemblies with n > 2 in solution. However, we are not aware of solution data on the presence of 

such larger species for wild-type mammalian Hb. Overall, it seems likely that the presence of 

noncanonical Hb complexes in native ESI mass spectra involves contributions from both 

scenarios, i.e., droplet clustering in combination with pre-existing weak solution contacts. Several 

other proteins show a similar behavior [15,39,67]. Regardless of their origin, noncanonical Hb 

assemblies represent an intriguing model system for studying fundamental aspects of protein 

complexes in the gas phase. 

 Here we performed CID experiments on Hb tetramers, hexamers, and octamers generated 

by native ESI. ACP ejection of monomers is the preferred dissociation mechanism for all three 

species. However, CID of hexamers and octamers also produced subcomplexes that report on the 

quaternary structures of the respective precursor ions. By complementing MS data with IMS 

experiments and molecular dynamics (MD) simulations we were able to delineate the necessary 

conditions under which CID generates fragments that provide insights into the subunit architecture 

of protein complexes. 

 

 

Methods 

Materials. Bovine Hb (64,479 Da) was prepared from hemolysate as described previously [49]. 

From its amino acid composition [55], the mass of Hb tetramers is 64,479 Da, corresponding to 

two α subunits (15053 Da), two β subunits (15954 Da), and four heme groups (616.2 Da). Neutral 

aqueous solutions were prepared containing 100 mM ammonium acetate and 60 M Hb (as 

tetramer). ESI-MS studies on other protein complexes tend to use less concentrated (low µM) 
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solutions [2-7]. In the case of Hb, such low concentrations produce spectra that are dominated by 

[αβ] ions, consistent with a tetramer-dimer dissociation constant of ~2 µM [62]. 60 M solutions 

were used here to boost the abundance of tetramers and larger noncanonical assemblies [62] which 

are the focus of our experiments. It is noted that 60 M is still well below the ~5 mM 

concentration which represents the natural state of Hb in red blood cells [64]. Solutions for 

producing charge reduced Hb contained 2.5 mM or 10 mM triethylammonium acetate, and 5 mM 

ammonium acetate. 

 

Mass Spectrometry and Ion Mobility Spectrometry. Mass spectra were acquired on a Synapt 

G2-Si instrument (Waters, Milford, MA). Hb solution was electrosprayed at +2.8 kV from a Z-

spray ESI source at 5 L min-1. Experiments were performed with the cone set to 20 V, source 

temperature 25 °C, and desolvation temperature 40 °C. MS/MS was performed by trap cell CID 

with Ar as collision gas after quadrupole selection, and with trap collision voltages (referred to as 

“collision energy”) of 30 to 70 V. IMS data were acquired on a Waters Synapt G2 using the same 

settings as noted above, except that the cone was lowered to 5 V to promote the preservation of 

solution structures. The transfer collision energy was set to 20 V to further desolvate ions after 

IMS. To promote the transmission of high mass ions the N2 IMS flow was set to 35 mL min-1, with 

an IMS wave height of 35 V and wave velocity of 500 m s-1. Calibration of collision cross sections 

(Ω) followed established procedures [8], using a mix of reference proteins that were electrosprayed 

at pH 7 and in 200 mM ammonium acetate. Measured Ω values represent effective He collision 

cross sections. Error bars represent standard deviations of triplicate experiments on different days. 

The dominant α and β monomeric CID products were in the heme-free state, reflecting the 

fact that heme in Hb is bound only through noncovalent contacts and a weak His coordination 
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bond [55]. Multi-subunit CID products retained their heme groups. To streamline the data 

presentation, we will avoid the designation of product ions as holo/apo except for a few instances. 

 

Molecular Dynamics Simulations. Gas phase MD simulations were conducted using Gromacs 

2018.4 [68], at 300 K without any truncation of nonbonded interactions [69]. The CHARMM36 

force field [70] was used, partly, because it possesses predefined heme parameters that are 

essential for Hb simulations. More importantly, CHARMM36 has been proven to be effective for 

simulations that modeled the entire ESI process, from charged droplets to gaseous protein ions. 

The fidelity of those earlier modeling studies was supported by the agreement between 

experimental data and MD-derived parameters (charge states and Ω values) for a number of 

proteins [71]. The robustness of CHARMM36 for gas phase protein simulations has been further 

bolstered in recent work on the implications of force field overpolarization effects [72]. The X-ray 

data 2QSS [55] served as starting structure. Crystallographic neighbors were generated using the 

“generate symmetry mates within 4 Ẳ” command in Pymol. Various hexamer and octamer starting 

arrangements were generated by selecting one central tetramer in conjunction with adjacent αβ or 

(αβ)2 units. We used side chain titration patterns that maximized the zwitterionic character of the 

protein, consistent with experimental data [73]. For the initial MD stage these charges were chosen 

to obtain a net zero charge, followed by 100 ns of equilibration. For the subsequent 100 ns 

production runs the charges were adjusted to match the experimental values, i.e., tetramer17+, 

hexamer23+, and octamer27+. These were implemented by neutralizing selected Asp and Glu, while 

leaving all Arg and Lys positive (His were neutral). He  values of MD structures were 

determined using Collidoscope [74] for the 80 ns, 90 ns, and 100 ns time points of the production 

runs. Protein interfaces were characterized by their IBSA values [54]. This was done by 

calculating solvent accessible surface areas (SASA) using the Gromacs gmx sasa routine with a 
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probe radius of 0.14 nm. For example, the IBSA of an α/β interface was calculated as IBSA(α/β) = 

SASA(α) + SASA(β) - SASA(αβ).  

 

 

Results and Discussion 

Hemoglobin ESI Mass Spectra. A native ESI mass spectrum of Hb is shown in Figure 2. Similar 

to previous studies [12,13,47-49] the data were dominated by (αβ)2 and αβ ions, consistent with a 

tetramer-dimer equilibrium in solution [55-57]. In addition, the high m/z range of the spectrum 

revealed the presence of hexamers and octamers which represent noncanonical Hb assemblies 

[47,49,58]. The signal intensities of these noncanonical species were more than one order of 

magnitude lower than those of tetramers and dimers. 

 

CID of Hb Complexes. Collisional activation of 19+ tetramers produced α and β monomers with 

charge states of 7+ to 11+, along with the complementary charge-depleted trimers  

 

(αβ)2 
z+ → αβ2 

(z-x)+   +   α x+   (1) 

(αβ)2 
z+ → α2β (z-x)+   +   β x+   (2) 

 

with x ≈ z/2 (Figure 3A). The charge states and signal intensities of αx+ and βx+ were similar, 

revealing that reactions 1 and 2 proceed with comparable kinetics. This behavior is consistent with 

the fact that α and β share similar structures and sequences, although β is slightly longer (145 vs. 

141 residues) [55]. Trimers showed peak splitting due to heterogeneity in subunit stoichiometry 

(α2β and αβ2), and the presence/absence of excess heme (Figures 3A, S1). The CID data of Figure 

3A represent a typical ACP scenario as previously reported for Hb [75,76] and many other 

complexes [30-38]. 
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 ACP behavior was also observed for hexamers. CID of 23+ hexamers produced highly 

charged α and β monomers along with the complementary charge-depleted pentamers. However, 

close inspection revealed the additional presence of tetramer and dimer fragment ions (Figure 3B), 

demonstrating the existence of a hexamer → tetramer + dimer dissociation pathway. This pathway 

suggests the presence a weak interface that is predisposed to dissociate after collisional activation, 

implying that hexamers have a (αβ)2ꞏꞏ(αβ) quaternary structure, i.e., a tetramer that is weakly 

bound to a dimer. The dots (ꞏꞏ) in this notation represent the weak interface. Overall, CID of 

hexamers takes place via three competing reactions 

 

 (αβ)2ꞏꞏ(αβ) z+ → α2β3 
(z-x)+    +   α x+   (3) 

(αβ)2ꞏꞏ(αβ) z+ → α3β2 
(z-x)+    +   β x+   (4) 

(αβ)2ꞏꞏ(αβ) z+ → (αβ)2 
(z-y)+   +   (αβ) y+  (5) 

 

The formation of highly charged αx+ and βx+ in reactions 3 and 4 represents the hallmark of ACP, 

implying that the monomers were ejected non-selectively and after extensive restructuring of the 

complex [30-34,39].  For this reason, reactions 3 and 4 do not yield any insights into the hexamer 

architecture. Only reaction (5) provides information on the quaternary structure of hexamers via 

the release of intact subcomplexes. The high specificity of reaction (5) is underlined by the fact 

that all of the dimeric fragments had an αβ composition, while neither α2 nor β2 ions were 

observed in Figure 3B. Similarly, trimeric fragment ions were absent.  

 Octamer CID data are displayed in Figure 3C. The collisionally activated 27+ ions 

primarily showed ACP behavior, with formation of highly charged monomers and charge-depleted 

heptamers. In addition, Figure 3C reveals a dissociation pathway where octamers dissociate into 

tetramers. This octamer → 2 tetramer dissociation strongly suggests that octamers have a 

(αβ)2ꞏꞏ(αβ)2 architecture, i.e., that they consist of two weakly bound tetramers. The absence of 
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dimeric fragments in Figure 3C renders other possible octamer structures such as (αβ)ꞏꞏ(αβ)2ꞏꞏ(αβ) 

extremely unlikely. The dissociation patterns of Figure 3C can be summarized by the reactions 

 

 (αβ)2ꞏꞏ(αβ)2 z+ → α3β4 
(z-x)+    +   α x+   (6) 

(αβ)2ꞏꞏ(αβ)2 z+ → α4β3 
(z-x)+    +   β x+   (7) 

(αβ)2ꞏꞏ(αβ)2 z+ → (αβ)2 
(z-y)+    +   (αβ)2 

y+  (8) 

 

The intact subcomplexes generated in reaction 8 provide information on the quaternary structure 

of the complex, i.e., the existence of a weak interface between the two tetramers that is prone to 

dissociation. The ACP reactions 6 and 7 do not yield any structural information. 

 In summary, collisional activation of Hb tetramers, hexamers, and octamers is dominated 

by ACP behavior (reactions 1-4, 6, 7). The highly charged monomers associated with these 

reactions represent the dominant signals in the CID spectra of Figure 3. Cursory analysis might 

suggest the absence of alternative pathways, in line with the purported information-poor nature of 

CID experiments on protein complexes [40,41]. Recognizing the occurrence of the structurally 

informative reactions 5 and 8 requires careful analysis of the spectra, because the dimeric and 

tetrameric fragments associated with these processes have relatively low intensities (Figure 3). 

 

Monomer Charge States. The MS/MS data of Figure 3 were acquired with a collision energy of 

40 V. It is interesting to examine how the CID products react to changes in collision energy. 

Monomer charge state distributions generated by CID of tetramers underwent only minor changes 

when the collision energy was ramped from 30 V to 60 V (Figure 4A-D). This invariance is not 

trivial because the collision energy could, in principle, alter charge state distributions by affecting 

the m/z-dependent ion transmission or by depleting high charge states via b and y ion formation 
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[77]. However, the control data (Figure 4A-D) reveal that CID-generated Hb monomers are not 

very susceptible to such effects in the energy range examined here. 

 In contrast to the data in Figure 4A-D, CID spectra of octamers exhibited a pronounced 

dependence on collision energy. CID spectra acquired at 30 V resulted in monomer charge states 

between 9+ and 13+, with a maximum at 11+ (Figure 4E). Upon raising the collision energy to 60 

V these charge states were retained in the spectrum, but additionally the abundance of monomer 

charge states 7+ to 9+ increased dramatically. This effect caused significant broadening of the 

monomer charge state distribution, as well as a shift of the maximum from 11+ to 10+ (Figure 4H). 

Considering the invariance of the control data in Figure 4A-D, the spectral changes in 

Figure 4E-H must be related to the CID behavior of octamers. The likely mechanism behind these 

changes is illustrated in Figure 4I: Octamer dissociation at 30 V proceeds via reactions 6-8; 

monomers in charge states 10+ to 13+ are the most abundant products under these conditions 

(Figure 4E-F). The tetramers formed in reaction 8 are quite stable due to their low charge states 

[77] (16+ down to 13+). However, upon raising the collision energy to 60 V the tetrameric CID 

products undergo secondary ACP dissociation. Second-generation monomers formed in this way 

have relatively low charge states (9+ to 7+) because they originate from low charge state tetramers 

(16+ to 13+). The 9+ to 7+ monomers formed in this way are responsible for broadening of the 

octamer CID spectrum at 60 V (Figure 4H). Our interpretation is supported by CID experiments 

on tetramers produced by ESI with charge reduction (Figure S4). Fragmentation of those species 

produced monomer charge states that depended on the tetramer charge. Specifically, 16+ to 13+ 

tetramers ejected 9+ to 7+ monomers, thereby bolstering the mechanism of Figure 4I. 

Energy-dependent shifts in the charge states of monomeric fragments were also seen in 

CID experiments on hexamers (Figure S2). In analogy to the octamer dissociation of Figure 4E-I 
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we attribute shifts in the hexamer CID data to secondary tetramer (and possibly dimer) 

dissociation at elevated collision energies. 

In summary, the energy-dependent shifts seen during CID of octamers (Figure 4E-H) and 

hexamers (Figure S2) are a telltale sign that helps confirm the existence of competing pathways 

during the fragmentation of protein complexes. One of these pathways is the ACP ejection of 

monomers, a process that does not provide any structural insights. The alternative to these ACP 

events is the formation of diagnostic CID products. This second pathway requires the dissociation 

along weak subunit interfaces, producing subcomplexes that report on the quaternary structure of 

the macroions. The latter is exemplified by the dissociation of (αβ)2ꞏꞏ(αβ) and (αβ)2ꞏꞏ(αβ)2 via 

reactions 5 and 8. The subcomplexes generated in this way can undergo secondary dissociation 

when the collision energy is raised, ejecting single chains that shift the overall monomer spectrum 

toward lower charge states (Figures 3E-H, S2). 

 

Ion Mobility Spectrometry and Structural Modeling. Native ESI-IMS/MS of tetramers, 

hexamers, and octamers yielded Ω distributions with maxima of 38.6, 55.7, and 67.5 nm2, (Figure 

5A), with standard deviations of less than 1 %. These data confirm the expected size progression 

of the three species, i.e., tetramer < hexamer < octamer [50]. When considered in isolation these 

experimental data provide only limited insights, because any given  value is compatible with a 

multitude of conformations [78,79]. Similar to previous studies [79-82], we addressed this 

ambiguity by using MD simulations for generating gas phase candidate structures. 

MD runs were conducted at ambient temperature (300 K) to probe the gas phase protein 

behavior under the gentle conditions of native ESI experiments. Starting from Hb X-ray data [55] 

(Figure 6A) we used 100 ns MD runs to generate nine gas phase tetramer conformations that had 

an average  of 40.4 nm2 (Figure 5B). 
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Identifying suitable starting structures for hexamer and octamer MD runs was less 

straightforward because these noncanonical assemblies have not been characterized previously. 

However, in Hb crystals each tetramer is closely surrounded by many other (αβ)2 units (Figure 

6C). This crystal packing reveals favorable interchain contacts, providing clues to possible 

assembly motifs beyond the canonical (αβ)2 structure [83]. As noted earlier, the formation of Hb 

hexamer and octamer ions may reflect pre-existing solution contacts and/or clustering in the 

shrinking ESI droplets. The crystal interchain contacts provide reasonable starting points for both 

scenarios, because even ESI-generated clusters settle into well-defined free energy minima (e.g., 

magic number complexes [84,85]) instead of forming random conglomerates. Accordingly, we 

used the Hb crystal packing to generate hexamer starting structures by selecting one (αβ)2 along 

with different adjacent αβ units (20 unique coordinate sets). Analogously, octamers were produced 

by selecting pairs of adjacent (αβ)2 units (5 unique coordinate sets). 

Gas phase MD of these complexes, with the appropriate ESI charge states, produced a host 

of structures. The  distributions of these MD structures were wide and multimodal (Figure 5B). 

Comparison with the experimental peak maxima revealed that not all of the MD structures were 

suitable candidates (dashed lines in Figure 5B). To select the most appropriate species we filtered 

tetramer/hexamer/octamer MD structures by only retaining those within 1 nm2 of the experimental 

 values. This filtering resulted in the retention of 2/9 tetramers, 11/60 hexamers, and 6/15 

octamer structures (see examples in Figure 6B, D, E). By design, these MD conformations had  

distributions that agreed closely with the experimental IMS data (Figure 5C). The species 

highlighted in Figure 6B, D, E represent likely candidate structures for the gaseous ions formed 

under the conditions of our work. However, the existence of alternative assembly motifs cannot be 

ruled out, keeping in mind that experimental Ω value are relatively information-poor as they 

represent a single number that may be compatible with various structures [78,79]. 
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CID Behavior is Governed by Gas Phase Quaternary Structure. Our MD data help to 

elucidate the conditions that have to be met for CID to produce structurally informative 

subcomplexes. As discussed above, these analytically desirable dissociation events are in kinetic 

competition with the information-poor ACP ejection of monomers. 

 The crystal structure of Hb tetramers reveals a dimer of dimers structure consisting of four 

subunits that are referred to as α1, β1, α2, and β2 (see Introduction) [51-53]. The α1β1ꞏꞏα2β2 

interface represents the weakest contact in native Hb (IBSA = 26.3 nm2, Figure 6A) [55]. Why 

does CID of tetramers fail to produce dimers via rupture of this interface? Our MD data showed 

that tetramers undergo structural rearrangement in the gas phase, including the collapse of cavities 

at the α1β1ꞏꞏα2β2 interface. This collapse caused the IBSA of this interface to increase 

dramatically (to 58 ± 4 nm2, Figure 6B). Thus, contacts along this interface are substantially 

strengthened after ESI [54]. Similar compaction events have been reported for other gas phase 

proteins [82,86-88]. Strengthening of the α1β1ꞏꞏα2β2 interface in the gas phase reduces the 

likelihood of α1β1ꞏꞏα2β2 → α1β1 + α2β2 dissociation after collisional activation. Instead, CID of 

tetramers proceeds with ACP ejection of α and β monomers (reactions 1, 2). 

 Gas phase collapse of the α1β1ꞏꞏα2β2 interface also occurred for hexamers and octamers, 

resulting in IBSA values of 61 ± 5 nm2 and 65 ± 4 nm2 (Figure 6D, E). In contrast, the 

noncanonical interfaces in hexamers and octamers retained a much looser connectivity, evident 

from their smaller IBSA values of 36 ± 6 nm2 and 38 ± 7 nm2. Visual inspection of the dumbbell-

shaped gas phase structures immediately reveals the locations of these weak interfaces [see the 

constrictions between the tetramer/dimer (Figure 6D), and between the two tetramers (Figure 6E)]. 

The low IBSAs of these noncanonical interfaces increase the likelihood of dissociation into 

structurally informative subcomplexes. As a result, reactions 5, 8 can kinetically compete with the 
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ACP ejection of monomers. Collapse of the noncanonical interfaces may be hampered by their 

relatively nonselective and heterogeneous nature. This is in contrast to the natural α1β1ꞏꞏα2β2 

interface which has a multitude of specific contacts [43-46], that favor collapse in the gas phase. 

 

 

Conclusions 

Previous studies have painted a somewhat unclear picture as to whether CID of noncovalent 

protein assemblies can produce structurally informative subcomplexes [26-29], or whether CID 

should be avoided because it is dominated by ACP monomer ejection [40,41]. The latter pathway 

involves extensive structural changes prior to dissociation, such that the ejection of monomers 

does not imply that these subunits were loosely bound in the native state [35,36,38,40]. The 

current work confirms earlier reports [28,29] that CID can nonetheless yield quaternary structural 

information by generating structurally informative subcomplexes (Figure 1a). However, this 

approach is viable only in certain cases. The chances of learning about subunit connectivities 

depend on the preservation of low affinity interfaces in the gas phase that act as fracture-prone 

“fault lines”, and that preferentially dissociate during ion activation. The current work contributes 

to a better understanding under what conditions such a scenario is viable. 

Our data demonstrate that the presence of a weak protein-protein interface in solution does 

not guarantee preferential dissociation of this interface in the gas phase. Instead, weak interfaces 

may collapse and undergo significant strengthening in the gas phase [82,86-88]. Such a scenario is 

encountered for Hb tetramers (Figure 6A,B). Although the Hb tetramer crystal structure represents 

a prototypical dimer-of-dimers architecture [51,52,55], collapse of the dimer-dimer interface 

generates sticky contacts that prevent tetramer → 2 dimer dissociation during CID. As a result, Hb 
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tetramers only undergo ACP monomer ejection which does not yield insights into quaternary 

structure. 

In contrast to the aforementioned scenario, Hb hexamers and octamers were identified as 

having (αβ)2ꞏꞏ(αβ) and (αβ)2ꞏꞏ(αβ)2 quaternary structures. The dots in this notation represent low 

affinity interfaces that retain a low affinity after transitioning into the gas phase (Figure 6D, E). 

These rupture-prone contacts allow the release of structurally informative subcomplexes. For 

example, the (αβ)2ꞏꞏ(αβ)2 quaternary structure of octamers was deduced from the observation of 

reaction 8 (octamer → 2 tetramers). We did not see any dissociation according to octamer → 

tetramer + 2 dimers, which would have indicated a (αβ)ꞏꞏ(αβ)2ꞏꞏ(αβ) composition. Despite the 

occurrence of structurally informative dissociation events (reactions 5 and 8), most of the Hb 

hexamers and octamers still undergo ACP monomer ejection. These non-informative ACP events 

are prevalent because collisional heating promotes the loss of native structure prior to dissociation 

[35,36,38,40]. As a result, dissociation along structurally informative interfaces is in kinetic 

competition with ACP monomer ejection. 

Overall, this work demonstrates that CID of protein complexes can be a viable approach 

for obtaining quaternary structural information. Recognizing the presence of structurally 

informative subcomplexes after CID requires careful analysis of the spectra, because important 

low intensity product ions may go unnoticed upon cursory inspection. Whether or not CID 

produces diagnostic subcomplexes depends on the extent to which collapse events restructure 

protein-protein interfaces after transfer into the gas phase. Despite the versatility of other ion 

activation methods [20,41,89-91], it is comforting that classical CID measurements remain a core 

utensil in the mass spectrometrist’s toolbox for numerous applications, including the interrogation 

of protein complexes. 
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Figure 1. Possible CID scenarios for a hypothetical protein complex with subunits a, b, c, d. (A) 
The weak abꞏꞏcd interface favors dissociation into ab and cd subcomplexes. This dissociation 
pathway yields insights into the quaternary structure of the complex, i.e., it reveals the presence of 
tight contacts between subunits a and b, as well as c and d. (B) Asymmetric charge partitioning 
(ACP) causes the ejection of a highly charged unfolded monomer (subunit b). This dissociation 
reaction does not provide any insights into the quaternary structure of the complex. 
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Figure 2. Native ESI mass spectrum of Hb. Different protein complexes are annotated according 
to their α/β subunit composition and charge state. Dots indicate expected peak positions calculated 
from the known subunit masses. Intensities at high m/z are magnified by a factor of twenty. 
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Figure 3. CID tandem mass spectra of different Hb complexes at a collision energy of 40 V. The 
residual precursor ion signal is indicated in each spectrum: (A) 19+ tetramer, (B) 23+ hexamer, 
and (C) 27+ octamer. Product ions are indicated as monomers, dimers, trimers, tetramers, 
pentamers, and heptamers. For additional details (e.g., peak splitting caused by heme loss), see 
Figure S1. 
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Figure 4. Monomeric fragment ions obtained after CID of 19+ tetramers (A-D) and 27+ octamers 
(E-H) at different collision energies. The corresponding hexamer data are shown in Figure S2; full 
spectra are shown in Figure S3. (I) Reaction scheme for octamer fragmentation at low (30 V) and 
high (60 V) collision energy. Low energy produces highly charged monomers (left branch), 
whereas high energy additionally generates low charge monomers via secondary fragmentation of 
tetramers (right branch). Although the cartoon only shows ejection of β monomers, ejection of α 
monomers takes place with the same probability. 
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Figure 5. (A) Experimental IMS data for Hb tetramers, hexamers, and octamers. Dashed lines 
indicate experimental peak maxima. (B) Calculated cumulative IMS distributions of all MD 
structures, prior to filtering. The calculated values were convoluted with a Gaussian (FWHM = 1 
nm2) to approximate the experimental IMS resolution. (C) Same as in panel B, but for only those 
MD structures within 1 nm2 of the experimental maxima.  
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Figure 6. (A) Hb crystal structure 2qss [55] with α and β subunits (red/blue). The arc indicates the 
weak α1β1ꞏꞏα2β2 interface. (B) Same as in panel A, but after 100 ns of gas phase MD, charge 
state 17+. (C) Hb crystal structure, where one (αβ)2 (red/blue) is surrounded by other (αβ)2 units. 
One (αβ)2 facing the observer was removed for visualization. (D) MD structures of 23+ hexamers. 
(E) MD structures of 27+ octamers. Purple numbers are interfacial buried surface areas (IBSA, in 
nm2) of the α1β1ꞏꞏα2β2 interface. Dashed lines indicate experimentally observed CID fracture 
interfaces (reactions 5, 8) with their IBSA values (black). Structures in B, D, E were filtered as 
outlined in Figure 5C. 
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