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ABSTRACT 

The advent of electrospray ionization enabled the study of intact protein complexes via MS. 

For example, in the mid-1990s, the observation that viruses can survive after entering the gas-

phase and still retain activity was shown. Advances in sample preparation methodologies, mainly 

native MS, allowed for the preservation of large non-covalently bound complexes, which led to 

structural characterization studies that were previously unachievable. However, native MS suffers 

from complications arising from inherent heterogeneity and severe salt adduction. Consequently, 

the spectra can consist of broad and overlapping peaks that may even preclude the ability to obtain 

a mass measurement. This dissertation will focus on a gas-phase technique to address highly 

complex native MS scenarios that give rise to poorly resolved signals using the E. coli ribosome 

as one model system. Moreover, brief discussion of improvements made on our QToF platform 

(SCIEX 5600) will be compared with other state-of-the-art instruments. Lastly, other applications 

to our ion/ion reaction workflow will be explored.  
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 INTRODUCTION TO NATIVE MASS SPECTROMETRY 

AND GAS-PHASE ION/ION CHEMISTRIES  

The early pioneers of mass spectrometry J.J. Thompson and Francis Aston (1,2) would be 

astounded by its growth as an abundantly utilized tool. The impact of MS ranges from drug testing 

(3) to the petroleum industry (4), with many other sectors across a wide range of fields. In the 

strictest sense, MS is the analytical measurement of the molecular weight, which aids in the 

identification of the analyte. There have been many advancements since its inception, which will 

be discussed in this chapter. 

1.1 Ionization techniques 

MS is a gas-phase technique, wherein ions are generated, and their motions controlled to 

traverse through the instrument via ion optics to eventually reach the detector. Consequently, the 

initial analytes that were amenable to MS were small and volatile molecules. The early ionization 

techniques involved the bombardment of high energy electrons, referred to as electron impact (5-

6). The high energy used to generate ions led to severe fragmentation and frequently precluded the 

observation of the molecular ion. Moreover, this technique was not useful in studying proteins 

because of the low volatility of proteins precludes their vaporization via conventional methods.  

1.1.1 Electrospray ionization 

A technique that couples well with the study of large and fragile biomolecules was developed 

in the late 1980s by John Fenn (7), although the first use of electrospray ionization with MS was 

reported in the late 1960s (8). This methodology is referred to as a soft ionization technique due 

to the observation of intact non-covalently bound complexes. During Fenn’s Nobel speech, he 

referred to this method as “wings for molecular elephants” (9). Consequently, this technique has 

allowed for the study of large systems that were previously inaccessible. The schematic of ESI can 

be seen in Figure 1.1. The process of ESI begins with filling the sample inside the spraying nozzle. 

An electric field is generated between the end of the nozzle and the MS interface. This creates 

what is referred to as a Taylor cone (10) which emits droplets from the tip of the cone. These 

droplets contain the analyte molecule with charges on the surface of the droplet. The droplet 
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undergoes solvent evaporation until the Rayleigh limit is reached (11), wherein the repulsive force 

is greater than the surface tension of the droplet. The solvent evaporation and coulombic fission 

process repeat until the charge is deposited onto the analyte. Another iteration is referred to as 

nano-ESI (Figure 1.2) where the sample is placed in a glass capillary that is approximately 1-3 

µM wide at the tip, referred to originally as micro-ESI. It is important to note that there is another 

soft-ionization technique called Matrix Assisted Laser Desorption Ionization (MALDI) that was 

also developed in the 1990s (12). Both MALDI and ESI can generate [M + nH]n+. It is very 

common for MALDI to form singly charged peaks. This prevents the ability to study large ions, 

because the m/z may not be accessible to most mass analyzers. Furthermore, the process of 

embedding the analyte into a matrix is often not conducive to the preservation of non-covalent 

complexes. Consequently, the focus of this dissertation was the ESI technique because of the 

ability to form multiply-charged ions and the ability for charge-state manipulation. 

1.1.2 Evaporation models 

There are competing evaporation models for ESI (Figure 1.3), where the analyte can  

undergo any single or combinatory path (13). The size of the analyte molecule indicates the most 

likely path of the ions. For small molecules, the ion evaporation model is the most probable 

pathway. Moreover, analyte molecules with a high surface affinity also tend to undergo the ion-

evaporation pathway. For large globular proteins, the droplet undergoes evaporation until the 

charge is deposited across the surface of the analyte. This is referred to as the charged residue 

mechanism (CRM). Lastly, proteins that have unfolded, which is achieved by utilizing denaturing 

conditions, tend to result in the chain ejection model (CEM), where a portion of the analyte is 

extruded through the surface of the droplet and undergoes a charge equilibrium. The difference 

between CRM and CEM is key to understanding the structural difference between a native vs 

denatured MS (14). The spectra of both can be seen in Figure 1.4.   

1.2 Native MS 

Native MS (spraying under non-denaturing conditions) is a technique that allows the  

protein complex to maintain its fully intact tertiary structure (15-17). The term ‘native MS’ was 

mentioned in 2004 (18), but evidence of the presence of folded proteins were seen as early as 1991 
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(Figure 1.5), where using a slightly higher pH revealed holo-myoglobin ions, which retain the 

non-covalently bound heme group. This early data showed that the proteins can remain in a folded 

state as they enter the gas-phase. Another early example was demonstrated with viral ions (Figure 

1.6), where the tobacco mosaic viral ions were generated and retained both the supramolecular 

structure and the viral viability, which was shown by inoculating tobacco leaves (19). A truly 

fascinating experiment that initiated the study of viral ions, which were previously unattainable.  

The “native MS” sample preparation methodology nomenclature has varied over the years, 

such as the terms non-denaturing, macromolecular or supramolecular MS (16). Recently, clearly 

defining the term “native” has gained consensus. The term “native” is meant to describe the 

proteins solution condition, which should resemble the physiological state the protein experiences. 

Factors that are important here include the pH and salt concentrations. MS is a gas-phase technique. 

Consequently, if the sample solution being analyzed is devoid of organics (methanol, acetonitrile 

etc.) and the pH is within an appropriate range (pH ~7), the sample is considered to be native.  

However, in some cases, additions to the solution, such as magnesium ions, may also be required 

to form and preserve a specific non-covalent complex. 

This sample methodology, coupled with instrumentation capable of analyzing ions of high 

m/z, has allowed for the study of supramolecular compounds, such as viruses (20-21), ribosomes 

(22-24) and membrane proteins (25). Prior to the maturation of native MS, obtaining structural 

information and subunit stoichiometry presented challenges. The typical analytical techniques 

used for studying protein complexes are nuclear magnetic resonance and X-ray crystallography, 

each with limitations such as needing high concentrations and needing to be crystallized (which 

can be difficult). Native MS methodology has developed and improved over the last 20 years and 

is now a complementary technique to these biophysical methods, as it addresses, to some degree, 

their respective shortcomings and provides mass information. 

1.2.1 Differences in spectra between native and denatured MS 

The main differences between native and denatured MS can be observed in Figure 1.4.  

The immediate observation is the lower charge states of the native MS peaks compared to the 

charge states of peaks generated from denatured proteins. This is due to the difference in 

evaporation model each sample preparation method leads toward. For denatured samples, the 

protein unfolds, which reveals more solvent-accessible surface area to obtain more charge. During 
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the extrusion of the analyte from the droplet, the analyte abstracts more charge before being fully 

ejected. In contrast, the protein is folded for the native sample and thus does not have as much 

solvent-accessible surface area for protonation leading to a lower charge state. The width of the 

charge-state distribution (CSD) is also different between the two methods. For the denatured the 

CSD is much wider and has over 20 peaks, while the native CSD is 4 peaks wide. 

1.3 Key factors for native MS experiments 

The native MS experiment can be separated into 3 different sections. The first being the  

sample preparation method, the second being the instrumentation utilized and the last being the 

data analysis section. An introduction to these can be seen below. Our instrument platform, and its 

improvements will be mentioned in a later chapter. 

1.3.1 Sample Preparation 

The sample preparation varies for each analyte, but there is a general trend to follow. For 

small molecule analysis, the sample conditions are 1:1 with water: methanol/acetonitrile and ~1% 

acetic acid (or ammonium hydroxide for negative mode MS). This causes the denaturation and 

unfolding of the sample, which will preclude the preservation of non-covalent bonds. For native 

MS, the use of aqueous conditions with a physiological pH range is required. Most common 

buffers used for the storage of the protein complexes contain non-volatile salts, such as NaCl, 

which are not ideal for MS experiments. There is severe signal suppression when incorporating 

these non-volatile buffers, as well as severe adduction which complicates the spectral 

interpretation. Consequently, native MS experiments utilize a “MS-friendly” buffer – the most 

common buffer is ammonium acetate. The use of volatiles buffers allows for the removal of these 

salt adducts through collisions with bath gas in the MS. This preparation is done by using a spin 

column with molecular weight cut-off that is approximately 1/3rd of the mass of the target analyte. 

Initially, the storage sample is buffer exchanged in this spin column and in some cases, this 

repeated cycle of spin, remove flow-through, add new buffer is done several times (23,26). Low 

concentration of sample, such as 1–20 µM, is required for native MS analysis. The use of 

conventional ESI, is not ideal for native MS workflow. The higher flow-rate required by 

conventional ESI limits the analysis of low-volume samples and the larger droplet size generated 
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by ESI causes saltier charge states (27). Consequently, nano-ESI is utilized for native MS 

experiments, where both of those limitations are addressed. Typically, a 10 µL solution is placed 

in the capillary and the voltage is generated by a metal emitter wire (or the capillary is gold coated). 

All the experiments in this dissertation were done using a platinum emitter, as opposed to steel, 

which can generate redox reactions in the solution after the voltage is applied and affect the native 

structure of the protein. 

1.3.2 MS instrumentation for native MS 

The MS instrumentation for native MS is crucial in being able to measure m/z values. 

Native MS samples utilize aqueous solvents at neutral pH and the ions have less charge, relative 

to ions generated using the denatured sample preparation approach. Therefore, the charge state 

envelope appears at higher m/z. The maximum charge state of the analyte can be approximated 

using the ZR (Rayleigh charge) and increases with higher mass. An example would be that ions 

appearing at 4,000 and 20,000 m/z, their respective masses would be 100 and 2,400 kDa (16). This 

necessitates the use of an instrument capable of wide m/z range and a high upper m/z limit for 

native MS experiments. Most of the early research was with time-of-flight mass analyzers, which 

satisfy these requirements and was used in the measurement of large viruses (20,21). As 

instrumentation has rapidly developed for studying these large native complexes, the OrbitrapTM 

has pushed the current capabilities. Charge detection mass spectrometry (CDMS), a single particle 

technique where the masses of individual ions are determined by the measurement of the m/z and 

the charge, has measured multiple-MDa systems (28). The Q-Exactive ultra-high mass range 

(UHMR) is an OrbitrapTM-based instrument designed to take into consideration the transmission, 

resolution, upper m/z of large native complexes and has pushed the boundaries for commercialized 

instrumentation (29). Recently, the Q-Exactive UHMR underwent alterations, such as the use 

lower frequencies for all ion-routing elements to improve ion transmission of large m/z ions. 

 A separate aspect of the native MS workflow is the need for higher pressure regions to 

facilitate transmission of large ions. MS analyzers and the detector suffer when pressures are too 

high, which is why the analyzer region is under low-pressure for MS instruments. The transmission 

of ions, however, benefits from having a higher-pressure region near the interface of the instrument. 

This is most evident with larger ions (30). The ions entering the MS need to be radially focused to 

pass through the aperture and along the rest of the ion optics. This can be done by altering the 
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frequency, as done by the Q-Exactive UHMR, or by altering the initial region’s pressure. The 

effect of the latter can be seen in (Figure 1.7). The 20S proteasome is approximately 690 kDa and 

under low pressure in Q0, the initial quadrupole, the analyte signal was very low. As the pressure 

continued to increase, the analyte signal became much more prominent. The higher pressure 

enabled the ions to focus/collapse to the center of the quadrupole, and therefore transmit more 

efficiently towards the subsequent ion-optics by a process known as collisional cooling. There was 

a point where any further increase of pressure did not improve the signal (after 30 mTorr). This an 

early version of the SCIEX QTOF platforms. A separate quadrupole, referred to as QJet, was 

recently introduced as a higher-pressure region preceding the Q0 quadrupole. 

 A major benefit to native MS experiments is the ability to study the connectivity of 

complexes which can be done by employing separate fragmentation techniques. The gold standard 

for fragmentation in MS experiments is collision induced dissociation (CID). The most common 

use of CID is in the generation of vast libraries that aid in the identification of unknown analytes 

(31-32). This technique is affected by accelerating the ions across the instrument into a high-

pressure collision cell, referred to as beam-type or high-energy CID. The other form is referred to 

as ion-trap CID, where the ions are first trapped in the collision cell and a voltage applied at their 

secular frequency to position the ions out of the center of the trap by resonance excitation (33-34). 

As the ions get closer to the rods on the quadrupole, they are exposed to higher electric fields that 

result in energetic collisions with the gas in the trap until enough internal energy is deposited to 

induce fragmentation.  

The vast majority of native MS CID studies have employed the high-energy methodology. 

There are other fragmentation methods that have proven to be very useful for studying non-

covalent complexes. The creative use of a metal surface, which is much larger than the mass of 

the commonly used N2 bath gas, has shown great promise in uncovering the connectivity of protein 

complexes (35). This method is referred to as surface induced dissociation (SID), and its major 

benefit lies in its fast activation capability. The commonly observed signal for non-covalently 

bound complex CID experiments is the monomer and the (n-1)mer. For example, if the complex 

is made by 14 monomers (14-mer) then the fragmentation will be a monomer and a 13-mer. One 

of the most commonly studied system in native MS is GroEL, which is an example of a 14-mer 

complex. The SID spectrum of GroEL generates a variety of products up to heptamers and CID 

generates only the products mentioned above (36). The new generation of SID devices are 
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minimally invasive to conventional ion paths and have been introduced into different MS platforms 

(37-38). The other methods used for fragmenting ions are spectroscopic (39-40) and electron 

transfer/capture dissociation techniques (41).  

The mass measurement is the most important aspect of an MS experiment. The narrow CSD 

of native MS ions can lead to erroneous mass measurements, as the more independent m/z 

measurements the probability of correctly assigning the charge states is increased. If the native MS 

ions contain a heterogeneous mixture, or are severely adducted, the charge states may overlap 

leading to a “blob”. Our lab has addressed both limitations to native MS ions by employing gas-

phase ion/ion reactions (24). 

1.4 Ion/ion reactions  

The advent of ESI, which tend to lead to multiple charging of large analytes, has allowed 

for the exploration of gas-phase ion/ion reactions. This is a technique that can be used to 

manipulate analyte charge states and, in some cases probe their structures, with demonstrated 

utility for lipids, proteins, and carbohydrates (42-44). The kinetics of ion/ion reactions are different 

from those of ion/molecule reactions. The kinetics are driven by the attractive potential of the 

oppositely charged ions for ion/ion reactions, and the ion/dipole-induced dipole interaction for 

ion/molecule reactions. Another important consideration is the cross section of ion/ion reaction 

process which can be approximated by the following equation [45]. 

σ𝑜𝑟𝑏𝑖𝑡  ≈  
𝑍1

2 𝑍2
2𝑒4

4π ε0(µv2 )2        (1) 

Z1 and Z2 are related to the unit charges of the ions, e is the electron charge, ε0 is the vacuum 

permittivity, v is the relative velocity and µ is the reduced mass. The ions can be positioned with 

a large enough distance to preclude the reaction. However, the dampening of the relative velocity 

of the ions via collisions, as well as “tidal” effects that arise from the effect of changing electric 

field as ions orbit each other, can be bring the ions close enough for chemical reactions (i.e., 

electron transfer, proton transfer, or complex formation). Consequently, the cross-section can be 

orders of magnitude greater with ion/ion reactions than with ion/molecule reactions. There are a 

variety of ion/ion reactions that can occur, such as proton transfer, multiply-charged ion attachment, 

electron transfer, metal transfer and covalent modification (44). The focus of this dissertation will 

be on proton transfer and multiply-charged ion attachment. 
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1.4.1 Ion/ion reaction experimental 

The first step in performing an ion/ion reaction is to electrospray oppositely charged 

species. This can be accomplished by setting two emitters at the interface of the MS instrument. 

The dual emitters, which are typically nano-electrospray emitters, need to be alternatively pulsed 

to ensure there is adequate time for product ions to reach the detector (46). Once the initial ions 

are sprayed, they are accumulated and stored in q2. The first emitter is turned off and a voltage is 

applied to the second emitter that generates oppositely charged ions. During this step, the ion optics 

are switched to allow for the transmission of the oppositely charged ions. Once these ions reach 

q2, a supplemental alternating current (AC) is applied to the surrounding lenses (47) to allow for 

the mutual storage of both ion polarities. This reaction time is referred to as mutual storage, and 

the longer the mutual storage time the more extensive the reaction (i.e., greater depletion of 

reactants and greater likelihood for multi-step reactions). There are a few other modifications that 

will be mentioned in later chapters, but these are the only modifications needed to perform an 

ion/ion reaction. 

1.4.2 Competing ion/ion reactions 

The mutual storage of oppositely charged ions can lead to different products. Proton 

transfer reactions lead to product peaks that differ in mass by 1 Da and one charge and occurs 

when the reagent ion either abstracts or donates a proton to the analyte ion for positive-mode and 

negative-mode MS, respectively. Proton transfer can occur either via formation of and subsequent 

break-up of a long-lived complex or via proton transfer at a crossing-point on the energy surface 

without formation of a long-lived complex. Alternatively, a long-lived complex can be formed that 

survives detection. In this case, the mass of the complex is the sum of the masses and charges of 

the reactant ions. When the reagent ion is multiply-charged, the mass and charge of the product 

peak change by more than 1 Da in mass and more than a single charge. In the case of our native 

MS workflow, we refer to this complex formation technique as mass analysis of macro-molecular 

analytes via multiply-charged ion attachment or MAMA-MIA, which is illustrated in Figure 1.7 

(24). The equation for maximum distance a proton can hop (rPT) can be estimated by equation 2 

(45). 

𝑟𝑃𝑇  ≈  
Z1 Z2 𝑒2

 4πε0∆𝐻𝑃𝑇
        (2) 
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where ΔHPT represents the enthalpy of the proton transfer reactions. For the MAMA-MIA 

application, it is desirable to avoid single proton transfer, as this can complicate the measurement. 

To maximize the formation of long-lived complex, it is therefore desirable that the cross-section 

for a physical collision is comparable to or larger than the cross-section for proton hopping (i.e., 

𝜋𝑟𝑃𝑇
2 ). This is favored by the use of physically large reactant ions and ions of relatively low charge  

employing an appropriate reagent that has a large physical collisional cross-section and relatively 

low charge (45). For the reagents and analytes studied thus far, MAMA-MIA undergoes complex 

formation exclusively, which can be seen in later chapters. 

1.5 Conclusions 

The advent of ESI has allowed for the study of large ions, which was previously not possible 

with the existing ionization techniques. The study of large viral ions, and other molecular machines 

were observed shortly after the development of ESI. The scene was set for native MS to enter and 

improve the structural characterization of non-covalently bound complexes. Although there are 

many benefits to native MS, there are limitations that arise due to the narrow CSD and the 

adducted/desolvated ions that are commonly associated with such experiments, which can 

preclude the accurate mass assignment of the analyte. The use of ion/ion reaction techniques 

address these concerns, and thus bring value to the native MS field. 
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1.7 Figures 

 

 

 

 

 

 

 

 

 

Figure 1.1. The schematic of electrospray ionization. Reproduced from Banerjee, S and 

Mazumdar, S. Int. J. of Anal. Chem., 2012(8), 1-40 (2012).  
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Figure 1.2. Micro(nano)-electrospray ionization which allowed for small volume (µL) MS 

analysis. Reproduced from Wilm, M.S. and Mann, M, Int. J. of Mass Spectrom. and Ion Process., 

136(2), 167-180 (1994).  
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Figure 1.3. The schematic of the different evaporation models (a) ion evaporation, (b) charge 

residue model and (c) charge ejection model. Reproduced from Konermann, L.; Ahadi, E.; 

Rodriguez, A. D.; Vahidi, S. Anal. Chem. 85(1), 2–9 (2013).   
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Figure 1.4. Carbonic anhydrase positive-mode ESI-MS with native (top) and denatured 

(bottom). Reproduced from Kafader, J. O.; Melani, R. D.; Schachner, L. F.; Ives, A. N.; Patrie, 

S. M.; Kelleher, N. L.; Compton, P. D., J. Am. Soc. Mass Spectrom. 31(3), 574–581 (2020).  
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Figure 1.5. ESI-MS of myoglobin under pH 3.35 (top), and pH 3.90 (bottom). Reproduced from 

Katta, M. and Chait, B., JACS, 113(22), 8534-8535 (1991).  



 

35 

 

Figure 1.6. The ESI of tobacco mosaic virus ions. A collector plate is placed between Q2 and Q3 

(top left). The transmission electron microscopy of the collected tobacco mosaic virus (top right). 

The inoculation of the collected viral ions on leaves (bottom). Reproduced from Siuzdak, G.; 

Bothner, B.; Yeager, M.; Brugidou, C.; Fauquet, C. M.; Hoey, K.; Change, C.-M., Chem. Biol. 

3(1), 45–48 (1996).  
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Figure 1.7. MAMA-MIA reaction with pyruvate kinase monomer sprayed under denaturing 

blobby conditions (top), an isolation of the blob and reacting with insulin chain A reagent (6-) 

charge state, and the ion/ion reaction (bottom).  
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Figure 1.8. The schematic of a QToF (a), and the effect of pressure in Q0 and the ion signal for 

Proteasome 20S (b). Reproduced from Chernushevich, I. V. and Thomson, B. A., Anal. Chem. 

76(6), 1754–1760 (2004).
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 ION/ION REACTIONS ON THE SCIEX QTOF 5600 

PLATFORM 

The development of native MS was accelerated by improvements in sample preparation 

methods and the natural progression of MS instrumentation. However, native MS ions require 

specific instrumental upgrades, due to the transmission, the resolution, and the detection needed 

for high m/z ions. This chapter will illustrate the improvements made on our platform with focus 

on native MS ions.  

2.1 Introduction 

Native MS is aimed at the preservation of non-covalently bound complexes, stoichiometry, 

and composition of biomolecules (1,2). The main difficulties in measuring ions under native 

conditions can be categorized in two different ways. The first is when charge states overlap because 

of the inherent width of each peak, which widens with salt adduction, or because of population 

heterogeneity in the analyte (3–5). These complex sample analyses can lead to misassignment of 

the charge, which will lead to an erroneous mass measurement. The second difficulty lies in the 

narrow charge state distribution, which can also lead to misassignment of the charge state. Major 

improvements in native MS have attempted to deal with these limitations, leading to the ability for 

researchers to tackle complicated analytes, which was not possible during the initial years of native 

MS. These improvements can be categorized into deconvolution, instrumentation, and charge 

manipulation. The focus of this chapter will be on the two latter improvements. 

The ESI measurement of large native MS ions appear at high m/z, which preclude the ability 

to utilize instruments with upper m/z limitations. Consequently, the initial ion detection used for 

native MS was the time-of-flight (TOF) mass analyzers, which detected large systems such as 

GroEL, viruses and ribosomes (6–8). An alternative approach to solve this is the simultaneous 

measurement of the m/z and the charge of the ion, which is the basic principle of charge detection 

mass spectrometry (CDMS). CDMS measures individual ions and bins these ions to generate a 

mass spectrum. This typically requires long acquisition times, with respect to TOF, but the 

usefulness of this experimental measurement has been demonstrated to outweigh this drawback 

(9). A separate instrument designed for the study of native MS ions is the Q-Exactive UHMR, 
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which is an OrbitrapTM-based instrument that has gained attention over the last few years (10). 

This instrument has produced remarkable results with ribosome and viruses (5). However, there 

are certain shortcomings with utilizing an OrbitrapTM. This chapter will illustrate the improvements 

made on our qTOF instrument, and how we utilize ion/ion reactions to address the two major issues 

with native MS ions – the overlap of charge states and the narrow charge state distribution, which 

may lead to erroneous mass measurements (11).     

2.2 Experimental 

2.2.1 Sample preparation for native mass spectrometry of bio-complexes  

GroEL (Sigma Aldrich) lyophilized powder preparation was described before in detail (12). 

Briefly, the sample was buffer exchanged and underwent acetone precipitation. The buffer 

exchange occurred via centrifugation with a 150 mM ammonium acetate (Sigma Aldrich) buffer 

adjusted to pH 7 with ammonium hydroxide (Sigma Aldrich), using a 10 kilodalton (kDa) 

molecular weight cutoff (MWCO) Amicon Ultra 0.5 mL filter (Millipore Sigma). The final 

recovered sample (~15 µL) was diluted with the same buffer to achieve 1 µM concentration from 

the stock solution.  

Rabbit pyruvate kinase was purchased from Sigma Aldrich. The lyophilized solid was 

reconstituted in water to create a stock solution at a concentration of 3 µM (calculated by using 

the mass of the tetramer). The sample underwent buffer exchange, via centrifugation, once with 

an ammonium acetate (Sigma Aldrich) buffer adjusted to pH 7 with ammonium hydroxide (Sigma 

Aldrich), using a 100 kilodalton (kDa) molecular weight cutoff (MWCO) Amicon Ultra 0.5 mL 

filter (Millipore Sigma). The recovered sample (15 µL) was diluted with the same buffer to achieve 

the same original concentration from the stock solution. 

2.2.2 Sample preparation for the reagent anions 

Our charge reducing reagent for proton transfer reactions is perfluoro-1-octonal (PFO), 

which was prepared as a 1 mg/mL stock solution in methanol. The working solution was diluted 

to 30 µM in methanol with 1% ammonium hydroxide to form the anion. The formation of singly 

deprotonated dimers, which were previously observed to be an effective reagent for proton transfer 

reactions, was isolated and used as our proton transfer reagent (13). For the multiply-charged ion 
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attachment reagent, we utilized oxidized insulin chain A (IcA) from bovine pancreas (average 

mass, free acid = 2531.66 Da) purchased from Sigma Aldrich. The lyophilized solid was 

reconstituted in water. The working solution was a 50:50 mixture of aqueous ammonium 

hydroxide (pH 11) and HPLC grade methanol (Sigma Aldrich) to give a final concentration of 

25 µM. The most abundant charge states were [IcA-5H]5- and [IcA-6H]6-. For negative mode nano-

ESI analytes, our charge reducing reagent was bovine ubiquitin, which was prepared under similar 

denaturing conditions, except the use of 1% acetic acid. The charge state distribution and isolated 

peaks can be seen in Figure 2.1.   

2.2.3 Ion-ion reactions in the mass spectrometer.  

All experiments were performed using a QTOF 5600 (SCIEX), Figure 2.2, which was 

previously modified to allow for ion/ion reactions (14). The positive and negative ions were 

generated by utilizing an alternately pulsed nano-electrospray ionization source (nESI) (15).  

Mutual ion polarity trapping was enabled by applying a supplemental AC to the end plates of the 

linear ion trap reaction cell, q2. Multiply protonated protein cations and reagent anions were 

sequentially isolated before being stored in q2 to react over times of 50-100 ms. The reagent anions 

were isolated during Q1 transmission by conventional RF-DC apex isolation. The protein cations 

were too high in m/z to be isolated via conventional RF-DC apex isolation. Therefore, sequential 

resonance ejection ramps in q2 were used to eject ions of lower and higher m/z ratios that bordered 

the population of interest (16).  

2.2.4 Native MS  

Both analyte and reagent ions were generated via nESI from separately pulsed borosilicate 

glass emitters. The large bio-complexes were sprayed in both positive and negative mode with 

approximately ±1200 V applied to a platinum wire, which was in contact with the solution. The 

reagent anions were sprayed in negative or positive mode, respectively, with an applied voltage of 

approximately ±1400 V. The large complex ions were initially injected into the instrument and 

isolated (see above) and stored in q2. Subsequently, the reagent anions were injected and isolated 

during Q1 transmission before being accumulated and stored in q2. The mutual storage time can 

be controlled to determine the extent of the ion/ion reactions. Nitrogen gas was used in q2 at 
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pressures ranging from 6-8 mtorr. Due to the size of the large ions, the difference in DC offsets of 

Q0 and q2 were increased to as high as 50-70 V to collisionally activate the ions upon injection 

into q2 to drive off weakly-bound adduct species.  A Q0-q2 voltage difference of 5-15 V was used 

for the reagent anions as minimal salt adduction was observed for these species. Mass calibration 

over a wide range was done in two stages, using primary and secondary calibrants. Cesium iodide, 

the primary calibrant, was used to calibrate the instrument over the range of m/z 1,000-10,000 

(Figure 2.3). This allowed for an accurate mass determination of the pyruvate kinase tetramer, the 

secondary calibrant, from the mass spectrum derived under native conditions. Finally, the 

population of pyruvate kinase charge states was reacted with the oxidized insulin chain A, [IcA-

6H]6- anions with product peaks spreading across a wide m/z with the final peak at m/z ~120,000. 

2.3 Results and Discussions 

2.3.1 Instrument 

The platform we use for our native MS work is the quadrupole/time of flight (QTOF) 5600 

instrument. This commercial instrument is comprised of four quadrupoles (Figure 2.2), which 

differs from the earlier rendition of the SCIEX instrument, the QStar instrument, which is 

comprised of three quadrupoles, Q0, Q1 and q2 (17). A reflectron TOF analyzer is used as the 

detector. The instrument is differentially pumped, and the pressure reduced, towards the TOF mass 

analyzer. The effect of increased pressure towards the initial segments of the instrument aids in 

the collisional cooling of the ions to the center of the ion path. This initial section under higher 

pressure is vital for the transmission of large native ions, such as proteasome 20S (~692 kDa), 

when increasing the Q0 pressure from  5 to 30 mTorr (18). Moreover, the overall signal of large 

ions with non-covalent interactions has shown to increase with higher pressures in the trapping 

region (19). The pressure in our initial ion guide, QJet in our schematic, is set to several orders of 

magnitude higher at 2 Torr to aid in the transmission of large ions. The frequency of our QJet was 

reduced and replaced with a 300 kHz coil box. It is known that reducing the frequency of the 

quadrupole aids in the transfer of large ions (10). Our group did not alter other quadrupole 

frequencies because doing so would inhibit the study of the small ions, which this platform is also 

used for. Lastly, we adjusted the gas inlet for q2, by placing a t-line with stoppage valves, to allow 

for the introduction of heavier bath gas. The introduction of larger bath gas will appear in the later 
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section of this dissertation. That is the extent of alterations made, in terms of physical hardware 

changes, on the 5600 platform. Our group utilizes SCIEX research grade software (ASD), which 

allows for the control of every ion optical element of the instrument. Consequently, we have a high 

degree of experimental flexibility. 

The gradients and the relationships of the ion optics can be seen in the equations above 

Figure 2.2. A typical scan function involving ion/ion reactions can be seen in previous work done 

in our group (17). The schematic between spraying small and large m/z ions can be seen in Figure 

2.3. The major difference is in the initial optics of the instrument, as that section has the largest 

impact on increasing analyte signal for large m/z ions. Typically, the spray voltage generates the 

ion which then travels through the MS in a steady gradient towards the detector. For large ions, 

the signal is increased if the orifice is set to a lower voltage than the QJet rod offset, while the 

curtain plate is set higher. This creates a voltage barrier that lowers the kinetic energy of the large 

m/z ions so their travel across QJet and Q0 has a longer duration, allowing for more collisional 

cooling of the ions. This technique discriminates against smaller m/z ions. Depending on the 

steepness of the voltage difference between the orifice and QJet rods, smaller ions may be 

prevented from passing through that barrier due to insufficient kinetic energy. As that voltage 

difference increases, the m/z of the measured ions increase. 

2.3.2 Figures of Merit 

During the advent of native MS experiments, most of the research was done using a TOF 

mass analyzer (8). However, improvements in MS that are directed towards the study of large 

biomolecules have made huge leaps over the last several years. In particular, the development of 

the Q-Exactive UHMR towards studying large complexes have pushed the limitations set by 

heterogenous mixtures (2,10). These improvements with instruments capable of much higher 

resolution has pushed research towards the direction of OrbitrapTM and FT-ICR instrumentation 

(1, 20). A TOF mass analyzer has certain benefits when employed for the detection of large ions. 

This section will address these benefits and compare them with the current state-of-the-art 

instrumentation for native MS. 
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2.3.3 Isolation 

The isolation of ions is crucial when studying complex systems. Before fragmenting ions, 

simplifying the precursor by utilizing a homogeneous precursor ion population would aid in the 

mass spectral interpretation. Moreover, isolation is important for our ion/ion reaction experiments. 

If the precursor is extremely “blobby”, where the ions have great overlap, performing charge 

reduction with proton transfer reactions can be difficult (see chapter 3). Our lab utilizes two 

different forms of isolation. Our RF/DC isolation, where the voltages are increased to position 

non-target ions out of the stable boundary conditions, can be done in Q1. However, there is an 

upper limit to that isolation type of m/z ~3000, which is not ideal for native ions.  

For native MS studies, we utilized q2 RF ramping, where we use a fixed frequency and 

high amplitude to remove the borders of the target ion. Another form is stored-waveform isolation 

Fourier transform (SWIFT), which is a way to generate a tailored wave-form to isolate a region of 

interest (Figure 2.5). 

2.3.4 Resolution 

The large ions associated with native MS typically are formed with excess salt adduction 

and incomplete desolvation. The resolution required to resolve the isotopes with large m/z ions are 

prohibitive in most cases over 1 MDa. Our platform does not have better performance in that 

resolution measurement, but there is a benefit that is exclusive to TOF mass analyzer. The 

relationship between m/z and the various mass analyzers can be seen in Figure 2.6 (21). The 

resolution of the orbitrap and FT-ICR are much higher at lower m/z. At high m/z, the resolution of 

those mass analyzers fall, due to their inverse relationship between m/z and resolution (21). The 

resolution is not related to the m/z for TOF mass analyzers. Moreover, for native MS experiments, 

the m/z position of the charge state distribution can be directly related to the molecular weight of 

the analyte (1). TOF mass analyzer are suitable for native MS studies because of their lack of 

dependence on m/z and resolution, while also having a theoretical unlimited upper m/z limit. 

In our experiments, we performed an ion/ion reaction with GroEL and PFO (Figure 2.7). 

The initial precursor spectrum of GroEL, a 14mer that is ~800 kDa, is centered around m/z 11,000 

under native MS positive-mode MS conditions. The reaction forms products across a wide m/z 

region. The overlaid spectra in different color traces indicate the injection conditions (Q0 – Q2) 
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for GroEL before the subsequent injection of the anions. Under small gradients, 10 V, the 

molecular weight of GroEL was ~807 kDa and for the highest gradient, 165 V, the molecular 

weight was ~801 kDa. The width of the peaks can visually be seen in the inset of Figure 2.7. The 

peaks shift to lower m/z as the gradient is increased, indicating a lower mass of the ions because 

each cluster of peaks is from similar charge states. The differences in mass are consistent with 

more extensive removal of excess salt as the energy of ion injection into q2 increases. A separate 

observation is the larger FWHM width of the 10 V gradient with respect to the 165 V gradient, 

where the high gradient narrows the FWHM of the peaks. This is also consistent with greater loss 

of excess salts at higher ion injection energies. The apparent resolution (i.e. FWHM of the mass 

of the peak profile) vs. the m/z of these ions are plotted in Figure 2.8. The resolution is doubled in 

the 165 V gradient. It is important to note that the resolution remains consistent across the m/z axis. 

This shows the strength of employing a TOF mass analyzer in the study of high m/z ions. 

2.3.5 Upper m/z limits 

A separate, but important, characteristic of the native MS instrumentation is the need for a 

sufficiently high m/z limit. This is the main reason for the early use of the TOF mass analyzer. For 

proteins under denaturing conditions, the m/z limit ranges from 500 – 2000 m/z (see Figure 2.1). 

However, large native ions are formed at much higher m/z values, beyond m/z 50,000 for viruses 

(3), for example. Theoretically, there is no upper m/z limit for TOF mass analyzer. The upper m/z 

in the present apparatus is limited by the initial ion optics, the ability to capture, cool to the center 

and transfer the ions, or detector response. 

 The ion/ion proton transfer reaction of GroEL with more PFO can be seen in Figure 2.9. 

To increase the amount of PFO in the reaction chamber, q2, the fill time segment, where a voltage 

is being applied to the PFO emitter, is increased. The ions were pushed ranging from m/z 40,000 

to 400,000. The most abundant charge state was the 4+ in the bottom spectrum. There was a point 

at which any further increase of the PFO reagent would not increase the abundance of the 2+ 

charge state. Our explanation for this is the width of the ion cloud of those high m/z ions. If the 

q2RF voltage is not high enough to focus those clouds to the center of the trap before ejecting to 

the TOF mass analyzer, then a subsequent transfer across the narrow exit aperture may decrease 

the number of ions that reach the detector. We can see the effects of the q2RF on the abundance 

of high m/z ions in Figure 2.10.  This voltage has a large effect, as increasing the q2RF from 200 
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to 400 V, the appearance of the m/z 400,000 ion becomes observable. However, the difference 

between 400 and 500 V is not immediately obvious as the abundance for that ion is roughly the 

same. Each experiment was averaged with 500 scans for a total acquisition time of about 5 mins. 

The use of a higher voltage may focus the ion clouds closer to the center and allow for an increase 

in the abundance of the 2+ charge state. We utilize the research grade software and can observe 

large mass ranges and high m/z ions on our platform because of the control we have for the pulsing 

of ions to the detector. There are certain limitations set in place for the commercial version, that 

we have learned to circumvent.  

The pseudopotential well-depths of the ions generated from GroEL can be seen in Figure 

2.11. The well-depth is the effective trapping potential of ions given certain storage conditions. 

Calculation of the well-depth requires the q value (22): 

 

𝑞 =
4𝑧𝑒𝑉𝑅𝐹

𝑚𝑟0
2𝛺𝑑

2         (1) 

where z is the charge of the ion, e is the electron charge, VRF is the RF voltage amplitude (0-p), m 

is the mass of the ion, r is the radius of the quadrupoles and Ω is the drive frequency. From there, 

the well-depth can be approximated by (23): 

 

𝐷 =
𝑞𝑉

8
         (2) 

 

where D is the well-depth. The size of the trapped ion cloud is inversely related to the well-depth, 

meaning that a large m/z ion will have a shallower well-depth and thus less likely to be trapped 

(24). The well depth between the 4+ and the 2+ is not a large decrease, so the stability of these 

ions in the trap should be comparable. This agrees with our notion that the stability of ions do not 

cause the limit in the abundance of the 2+ charge state, but that, instead, the ion cloud is not narrow 

enough to pass through the exit aperture. 

2.3.6 Fragmentation 

In addition to mass information, mass spectrometry can also provide primary structural 

information via fragmentation. In the case of proteins, identification applications usually include 

the mass measurement of both precursor and product ions in a fragmentation experiment. There 
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are two general approaches for protein identification, referred to as the bottom-up and the top-

down MS (25). The bottom-up approach starts by extracting the protein of interest from a cell or 

tissue. The protein is then digested, typically with trypsin, to form small peptides that undergo 

separate chromatographic separation before tandem mass spectrometry. Consequently, the mass 

information of the fully formed protein complex is not observed in bottom-up proteomics. 

However, there are many benefits to the bottom-up approach. For example, with the high 

resolution of low m/z ions, the location of post-translational modifications can be determined in 

the smaller peptides formed from the digestion step. This would be a difficult measurement with 

large native ions.  

The top-down approach starts at the same step with protein purification; however, the protein 

is not digested to smaller peptides. Instead, the protein undergoes buffer exchange and then 

measured directly by the MS. The intact protein complex is then subjected to collisional activation 

techniques to induce fragmentation. The activation techniques were mentioned in the first chapter. 

Our platform is capable of beam-type (BT) CID, also referred to as high energy CID, and ion trap 

CID. The BT-CID of GroEL precursor can be observed in Figure 2.12. The typical fragmentation 

observed for native complexes, consisting of multiple monomers, is the release of a monomer and 

the residual N-1mer. In the case of GroEL, consisting of 14 monomers, the CID fragmentation 

would yield a monomer and a 13-mer. The ion-trap CID can be observed in Figure 2.13. The 

details of ion-trap CID can be found in chapter 1. Briefly, each m/z ion has a secular frequency 

that when applied come into resonance and move from the center of the trap. The maximum region 

that we can apply a “tickle”, which is referred to when a particular ion observes its unique secular 

frequency, is m/z 46,000. The m/z of the ion is inversely related to the frequency. High m/z ions 

need lower frequency, and our current platform has a lower limit of 5 kHz for the frequency. 

2.4 Conclusions 

The rapid improvements for native MS instrumentation have enhanced the capabilities for 

studying large systems. Our QTOF platform has the capability needed to study large non-

covalently bound complexes. Moreover, our platform is also equipped with ion/ion reaction 

capabilities which generate product peaks that spread across a very broad m/z region. The 

importance of this is that with more independent m/z measurements the associated error with the 

mass and charge assignment of the precursor peak is minimized (11, 26). The m/z region that we 
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have access to with our ion/ion reaction experiments is wide, and with that we can ensure an 

accurate mass measurement. Our current upper m/z limit is more than 3x the Q-Exactive UHMR, 

an instrument designed for ascertaining mass information from native ions. Moreover, the 

consistent resolution across a large m/z region makes this platform more suitable than the other 

leading instruments available for the study of large complexes.  
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2.6 Figures 

 

 

 

 

 

 

Figure 2.1. The reagents utilized for multiply-charged ion attachment experiments. When the 

analyte is in the positive mode, the insulin chain A is the reagent (top). When the analyte is in the 

negative mode, the ubiquitin is the reagent (bottom).  
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Figure 2.2. The instrument schematic for the SCIEX 5600. The dual emitter near the interface is 

pulsed to allow for each reagent to travel down the instrument. Supplemental AC is fixed on the 

the IQ2 and IQ3 lens to allow for mutual storage of the ions. Q0 and q2 DDC moves the ion off-

axis.  
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Figure 2.3. Cesium iodide clusters serve as the primary calibrant (top) to measure an accurate 

mass assignment of pyruvate kinase, the secondary calibrant (bottom)  



 

 

52 

 

Figure 2.4. Schematic of the typical gradient for small m/z ions (top), and high m/z ions 

(bottom). CP = curtain plate, OR = orifice, QJO = rod offset for QJet.  
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Figure 2.5. GroEL mass spectrum in the negative mode (top) and the isolation of GroEL by 

SWIFT. 
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Figure 2.6. The relationship between the maximum resolution for the FTICR, Orbitrap, and TOF 

mass analyzer. The minimum resolution needed for charge state separation. Reproduced from

 Lössl P. et al., J. Am. Soc. Mass Spectrom. 25. 906–917 (2014).  
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Figure 2.7. The ion/ion proton transfer reaction of GroEL and PFO, using different injection 

conditions for the GroEL prior to the reaction. The mass measurements next to the gradients 

were measured via zero-charge deconvolution. The inset is a section of the designated m/z.  
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Figure 2.8. The apparent resolution vs the m/z of the GroEL/PFO proton transfer reaction for 

two ion optic gradients. The ion/ion reaction can be seen in the previous figure.  
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Figure 2.9. The proton transfer reaction of GroEL and PFO. The introduction of more PFO 

pushed the reaction forward so the most abundant charge state was the 4+ regardless of any 

higher PFO fill times.  
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Figure 2.10. The effect of q2RF voltages on high m/z ions of GroEL with N2 as the bath gas in 

the reaction chamber.  
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Figure 2.11. The well-depth vs the m/z of ions measured in the GroEL and PFO ion/ion proton 

transfer reactions.  
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Figure 2.12. The GroEL precursor population (top) and the BT-CID activation of the precursor 

(bottom).  
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Figure 2.13. The ion/ion proton transfer reaction of GroEL and PFO. The thunderbolt is the 

location at which the ion is excited by using the secular frequency.
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 MASS ANALYSIS OF MACRO-MOLECULAR 

ANALYTES VIA MULTIPLY-CHARGED ION ATTACHMENT 

Adapted with permission from Abdillahi, A.M.; Lee, K. W.; McLuckey, S. A. Anal. Chem. 

92(24), 16301–16306 (2020). Copyright 2020 American Chemical Society. 

A novel gas-phase charge and mass manipulation approach is demonstrated to facilitate the 

mass measurement of high mass complexes within the context of native mass spectrometry.  

Electrospray ionization applied to solutions generated under native or near-native conditions has 

been demonstrated to be capable of preserving biologically relevant complexes into the gas phase 

as multiply-charged ions suitable for mass spectrometric analysis.  However, charge state 

distributions tend to be narrow and extensive salt adduction, heterogeneity, etc. tend to lead to 

significantly broadened peaks.  These issues can compromise mass measurement of high mass bio-

complexes, particularly when charge states are not clearly resolved.  In this work, we show that 

the attachment of high mass ions of known mass and charge to populations of ions of interest can 

lead to well-separated signals that can yield confident charge state and mass assignments from 

otherwise poorly resolved signals.  The approach is demonstrated with the attachment of multiply-

charged holo-myoglobin anions to cations generated from 30S, 50S, and 70S components of the 

E. coli ribosome.   

3.1 Introduction 

The observation of gaseous ions comprised of specific non-covalently bound components 

known to exist together in solution (1,2,3,4) was a remarkable development in electrospray 

ionization (ESI) mass spectrometry (MS).  It indicates the possibility of generating gaseous ions 

from specific non-covalently bound protein-ligand, protein-protein, and protein-nucleic acid 

complexes for subsequent characterization by mass spectrometry and ancillary techniques.  Since 

then, a branch of biological mass spectrometry, often referred to as ‘Native MS’, has emerged for 

the study of large non-covalent complexes (2,3,5,6,7,8). Native MS encompasses mass 

spectrometry, tandem mass spectrometry (9,10), and ion mobility measurements (11) applied to 

ions derived from complexes subjected to ESI under conditions designed to preserve the 

complexes of interest as gas-phase ions.  Challenges associated with native MS include the fact 

that, despite the multiple charging associated with ESI, ions are of relatively high mass-to-charge 



 

 

63 

(m/z) ratios and are generated with relatively narrow charge state distributions, presumably due to 

their formation via the so-called ‘charged residue mechanism (12,13,14).  Therefore, technologies 

amenable to high m/z measurements, such as mass filters operated at low frequency for ion 

isolation and TOF or electrostatic traps for m/z measurement, are often employed (15,16).  

Ultimately, the complexity of the sample, which can arise from mixtures of counter-ions, salts and 

other adducts, and the native heterogeneity of the complex (e.g., post-translational modifications 

(PTMs), varying identities of components in the complex, etc.) can render the native MS 

uninterpretable due to an inability to resolve and/or identify charge states.   One way to address 

this problem is to measure m/z and z simultaneously on an ion-by-ion basis, which is the approach 

taken by charge detection MS (17,18).  We present an alternative approach to dealing with the 

heterogeneity problem that does not rely on single ion analysis/detection and that retains the 

potential for tandem mass spectrometry and ion mobility using platforms currently in use for native 

MS with relatively minor modification.  

 The underlying concept relies on simplifying the mixture of ions generated by ESI via 

mass-selection of a fraction of the broad distribution of m/z ratios present in the original ESI mass 

spectrum and subjecting this mixture to an ion attachment reaction that gives rise to a known Δm 

and Δz.  This idea has been described for proton transfer ion/molecule (19) and ion/ion (20) 

reactions in which Δm = 1 Da and Δz = 1 unit charge.  The idea has also been demonstrated with 

electron transfer ion/ion reaction reagents (21,22). Such small changes in mass and charge, 

however, can be difficult to resolve when they occur with highly charged high mass heterogeneous 

mixtures.  We describe here ion attachment ion/ion reactions in which Δm and Δz are both much 

greater than 1 Da and 1 unit charge, respectively.  This form of charge and mass manipulation 

leads to large m/z separations that are much more readily resolved than those associated with single 

proton or electron transfer. 

3.2 Experimental 

3.2.1 Sample preparation for native mass spectrometry of bio-complexes  

Rabbit pyruvate kinase was purchased from Sigma Aldrich. The lyophilized solid was 

reconstituted in water to create a stock solution at a concentration of 3 µM (calculated by using 

the mass of the tetramer). The sample underwent buffer exchange, via centrifugation, once with 
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an ammonium acetate (Sigma Aldrich) buffer adjusted to pH 7 with ammonium hydroxide (Sigma 

Aldrich), using a 100 kilodalton (kDa) molecular weight cutoff (MWCO) Amicon Ultra 0.5 mL 

filter (Millipore Sigma). The recovered sample (15 µL) was diluted with the same buffer to achieve 

the same original concentration from the stock solution. Ferritin from equine spleen (Sigma 

Aldrich) lyophilized powder was prepared in a similar manner to pyruvate kinase. GroEL (Sigma 

Aldrich) lyophilized powder preparation was described before in detail (23). Briefly, the sample 

was buffer exchanged and underwent acetone precipitation.   

E. coli 70S ribosome solution was purchased from New England Biolabs. The original 

sample, with an initial concentration of 13 µM, was constituted in a buffer containing 10 mM 

magnesium acetate, which is necessary for the 70S ribosome to be intact in the condensed phase. 

The sample preparation for the working solutions was described in detail previously (24) and 

modified accordingly. Briefly, the sample was buffer exchanged 8 times with 150 mM ammonium 

acetate and 10 mM magnesium acetate (Sigma Aldrich) with the same filter used in the 

aforementioned section. It is important to note a difference in the preparations. We utilized our 

reagent anion to perform the charge reduction of the protein in the gas phase, therefore we did not 

employ the use of the reducing agent, triethylammonium acetate, to the solution.  

3.2.2 Sample preparation for the reagent anions 

Oxidized insulin chain A (IcA) from bovine pancreas (average mass, free acid = 2531.66 

Da) was purchased from Sigma Aldrich. The lyophilized solid was reconstituted in water. The 

working solution was a 50:50 mixture of aqueous ammonium hydroxide (pH 11) and HPLC grade 

methanol (Sigma Aldrich) to give a final concentration of 25 µM. The most abundant charge states 

were [IcA-5H]5- and [IcA-6H]6-. In experiments where a larger charge reduction was required, we 

utilized myoglobin from equine skeletal muscle (Sigma Aldrich). Holo-myoglobin (hMb) (average 

mass=17,567 Da), which retains the heme group, was prepared with piperidine (Sigma Aldrich). 

We isolated and used the two different charge states in the experiments shown in this manuscript. 

The final solution was 20 µM holo-myoglobin and 50 mM piperidine in water. 
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3.2.3 Ion-ion reactions in the mass spectrometer.  

All experiments were performed using a QTOF 5600 (SCIEX), which was previously 

modified to allow for ion/ion reactions (25). The positive and negative ions were generated by 

utilizing an alternately pulsed nano-electrospray ionization source (nESI) (26).  Mutual ion polarity 

trapping was enabled by applying a supplemental AC to the end plates of the linear ion trap 

reaction cell, q2.  Multiply protonated protein cations and reagent anions were sequentially isolated 

before being stored in q2 to react over times of 50-100 ms. The reagent anions were isolated during 

Q1 transmission by conventional RF-DC apex isolation.  The protein cations were too high in m/z 

to be isolated via conventional RF-DC apex isolation.  Therefore, sequential resonance ejection 

ramps in q2 were used to eject ions of lower and higher m/z ratios that bordered the population of 

interest (27).  

3.2.4 Native MS  

Both analyte and reagent ions were generated via nESI from separately pulsed borosilicate 

glass emitters (28). The large bio-complexes were sprayed in positive mode with approximately 

+1500 V applied to a platinum wire, which was in contact with the solution. The reagent anions 

were sprayed in negative mode with an applied voltage of approximately -1400 V. The large 

complex ions were initially injected into the instrument and isolated (see above) and stored in q2. 

Subsequently, the reagent anions were injected and isolated during Q1 transmission before being 

accumulated and stored in q2. The mutual storage time can be controlled to determine the number 

of sequential adductions.  Nitrogen gas was used in q2 at pressures ranging from 6-8 mtorr. Due 

to the size of the ribosome particles, the difference in DC offsets of Q0 and q2 were increased to 

as high as 50-70 V to collisionally activate the ions upon injection into q2 to drive off weakly-

bound adduct species.  A Q0-q2 voltage difference of 5-15 V was used for the reagent anions as 

minimal salt adduction was observed for these species.  Mass calibration over a wide range was 

done in two stages, using primary and secondary calibrants. Cesium iodide, the primary calibrant, 

was used to calibrate the instrument over the range of m/z 1,000-10,000. This allowed for an 

accurate mass determination of the pyruvate kinase tetramer, the secondary calibrant, from the 

mass spectrum derived under native conditions (see insert to Figure 3.1a). Finally, the population 

of pyruvate kinase charge states was reacted with the oxidized insulin chain A, [IcA-6H]6- anion 
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([IcA-6H]-; Δm = 2526 Da) resulting in a series of peaks extending beyond m/z 100,000.  This 

experiment allowed for the mass scale to be calibrated over the range of m/z 6,500-100,000.  

3.2.5 Simulation of mass spectra 

 Predicted mass spectra of ion/ion reaction products were calculated and plotted using a R 

Shiny app developed in our lab (https://mcluckey-apps.shinyapps.io/iirxnspeccalc/).  The analyte 

mass distribution is a normal distribution defined by a user defined mean and standard deviation.  

The user inputs a range of charge states for the analyte, and the relative intensities of the charge 

states are calculated from a user defined mean and standard deviation.  The reagent ion can 

similarly be defined with a mass and charge distribution; however, for the experiments in this 

publication, the reagent ion is limited to one charge state.  Additionally, the reagent ion has a 

number distribution which describes the extent of proton transfer or ion attachment. (Note that 

proton transfer is the same as ion attachment where the mass of the “attaching” reagent is −1 Da 

and the charge is −1.)  The number distribution is also a normal distribution with a user defined 

mean and standard deviation.  All possible masses and charges determined from the different 

number of reagent ions added to the analyte ion are calculated, and their ratios give the m/z values 

of the reaction products.  The relative intensities of reaction products are given by multiplying the 

corresponding relative intensities from the charge distributions and the reagent ion number 

distribution.  The widths of the product peaks are calculated by multiplying the variances (standard 

deviation squared) of the analyte and reagent ions that correspond to a particular reaction product 

and dividing it by the corresponding charge of that reaction product.  The resulting product peaks 

are plotted individually and their intensities are summed to give the total predicted spectrum. 

3.3 Results and Discussion 

The concept is modeled in Figure 3.1 for a cationic mixture of ions generated from a 

particle of average mass 2 MDa, width of 50 kDa (FWHM), charge state range of 70+ to 80+, and 

analyzer resolution of 10,000 FWHM (see Supplemental Information for a description of the 

model).  Under these conditions, the ESI mass spectrum shows a large unresolved envelope 

(Figure 3.1a), which precludes a mass measurement due to a lack of information regarding charge.  

Figure 3.1b shows the simulated spectrum after an isolation step centered at the maximum of the 

https://mcluckey-apps.shinyapps.io/iirxnspeccalc/
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distribution with a FWHM width of 900 m/z units.  Figure 3.1c shows the simulated spectrum 

following up to fifty single proton transfer steps, as might result from ion/ion reactions of the 

multiply-charged ions with singly charged anions of opposite polarity (20).  Figure 3.1d shows 

the result after the attachment of up to 5 ions of mass 17,557 Da and unit charge of 10-.  This Δm 

and Δz apply to the 10- charge of hMb, which is one of the reagents used for the data reported here 

(see below).  After the isolation of ions in a selected region of the mass spectrum (Figure 3.1b), 

multiple single proton transfer reactions tend to spread the signal among many products (Figure 

3.1c) without baseline resolution of adjacent peaks until close to 50 proton transfers.  However, 

after the attachment of up to five high mass reagent anions of z = 10-, baseline-resolved peaks are 

apparent that can be used to determine the charge states of the ions that make up the centroids of 

the peaks without spreading the signal across much of the m/z range.  After the fourth attachment, 

even the individual charge states within the initially selected ion population are beginning to 

separate sufficiently to be resolved.  

The determination of charge states associated with the peak centroids in Figure 3.1d, 

which involves the attachment of reagent ions of known mass and charge to the high mass complex 

ions, requires a generalization of the relationships originally provided by Mann et al. (29) for the 

determination of charges from the m/z values of adjacent charge states in an electrospray mass 

spectrum.  For positively charged complexes, the m/z value for a given charge state is given by: 

 

𝑚 𝑧1⁄ =
𝑀+𝑛𝑥

𝑛
         (1) 

 

where M is the mass of the neutral molecule, n is the charge state, and X is the average mass of 

the cationizing agent (e.g., an excess proton).  The m/z value of the product generated by the 

attachment of a single reagent of mass = Δm and charge = Δz is given by: 

 

𝑚 𝑧2⁄ =
𝑀+𝑛𝑥+𝛥𝑚

𝑛−𝛥𝑧
        (2) 

 

The magnitude of the charge on the initial analyte ion, n, is given by: 

 

𝑛 =
𝛥𝑧(𝑚 𝑧1⁄ )−𝛥𝑚

(𝑚 𝑧2⁄ −𝑚 𝑧1⁄ )
        (3) 
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The same relationship applies for any two adjacent attachment products such that M, the mass of 

the original complex represented by peak apex, can be determined from any of the attachment 

products via: 

𝑀 = (𝑚 𝑧(𝑁+1)⁄ )(𝑛 − 𝑁∆𝑧) − 𝑛𝑋 − 𝑁∆𝑚     (4) 

 

where N is the number of attached reagent anions.  

It has been previously noted for relatively small proteins that reactions of oppositely 

charged proteins can result in the formation of a long-lived complex along with proton transfer 

products (30,31).    When the hard-sphere cross-sections are large (i.e., when the reactants are 

physically large) and when the m/z ratios are large (i.e. the charge densities within the reactant ions 

are relatively low), the formation of long-lived complexes (i.e., the attachment of an ion to a cation), 

becomes the exclusive product (32).  In the cases of the very large complexes encountered in native 

MS, ion attachment is essentially the exclusive ion/ion reaction process, provided the charge 

density of the reagent ion is not too high.  This is illustrated in Figure 3.2 with ions derived from 

the tetrameric pyruvate kinase complex (approximately 232 kDa) in reactions with two different 

anionic reagents.  The insert in Figure 3.2a shows the charge state distribution generated via 

positive ion nESI of pyruvate kinase under native MS conditions.  The shaded charge state was 

selected for subsequent ion/ion reactions with a) the [IcA-6H]6- anion (average Δm = 2525.7 Da) 

and b) the [hMb-13H]13- anion (Δm = 17,554 Da).  The attachment of up to three reagent anions is 

observed in the case of [IcA-6H]6- (Figure 3.2a) and up to two reagent anions in the case of [hMb-

13H]13- (Figure 3.2b).  (Note that the addition of three anions in the case of [hMb-13H]13- would 

result in the generation of a negatively-charged complex.)  The tabular insert in Figure 3.2b 

summarizes the measured m/z values and calculated charges and masses arising from the two 

experiments using the relationships listed above.  The experiment of Figure 3.2a yielded an 

average mass of 231,969±2 Da and the experiment of Figure 3.2b yielded an average mass of 

232,134±12 Da.  Key observations from this proof-of-principle example are that multiply-charged 

reagent anions can give rise to exclusive ion attachment (i.e., no proton transfer is observed for 

either reagent) and that there is a high degree of flexibility in choosing reagents over wide ranges 

of Δm and Δz, which provides for the ‘tunability’ of the m/z spacings between successive ion 

attachments.   It is also noteworthy that no loss of the non-covalently-bound heme group in hMb 

is observed in these experiments, which indicates that ion attachment to large complexes results in 
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little or no dissociation of the complex.  Results of analogous experiments using the [M-6H]6- IcA 

anion in reactions with cations derived from ferritin (480 kDa) and GroEL (804 kDa) are provided 

in Figures 3.3 and 3.4, respectively.  In all cases, exclusive ion attachment is observed, thereby 

reinforcing the generality of the observations noted in Figure 3.2.    

The E. coli ribosome constitutes an example of a complex that is inherently heterogeneous 

(33).  The protein complement can vary in stoichiometry, identities of proteins, and PTMs of 

proteins. There is also heterogeneity in ribosomal RNA that includes both alternative RNA and 

modifications of RNA.  These sources of heterogeneity add to the usual mixture of counter ions, 

salts, etc. associated with any large bio-complex ion generated under native conditions via ESI 

(34).  The E. coli ribosome is comprised of two components, the smaller 30S and larger 50S 

subunits, that associate to form the intact 70S ribosome. The presence of magnesium ions is 

important for the association of the two subunits and the appearance of the mass spectrum can be 

highly influenced by magnesium ion concentration (3).  Figure 3.5 shows mass spectra collected 

at concentrations of 0.5 mM Mg2+ (Figure 3.5a) and 10 mM Mg2+ (Figure 3.5b).   Consistent with 

previous reports (3,24), at high Mg2+ concentrations (10 mM, in this case) ions associated with the 

30S and 50S subunits are present in addition to ions associated with the 70S complex, the latter of 

which centered at roughly m/z 29,000 (Figure 3.5b). At 0.5 mM Mg2+ (Figure 3.5a), the 70S 

signals are largely absent and the ions from the 30S and 50S subunits show somewhat narrower 

peaks than do the subunits with higher magnesium concentrations, presumably due to extra 

adduction from counter ions, and non-specific adduction of magnesium (24).  In all cases, 

overlapping charge state distributions are evident, indicating that a mixture of species is present 

for each of the 30S, 50S, and 70S-related complexes.  We note that there is sufficient separation 

between peaks in the spectra of Figure 3.5 to estimate the charges of the components via 

deconvolution. However, the limited numbers of charge states and peak overlap leads to significant 

uncertainty in charge state assignments (20,35).   

Figure 3.6 summarizes the results from [hMb-10H]10- ion attachment experiments for the 

30S (Figure 3.6) and 50S (Figure 3.6) species observed from nESI of the 10 mM Mg2+ solution.  

The mass spectrum is shown as an insert in Figure 3.6 (see also Figure 3.5b) and the ions selected 

for subsequent ion attachment are indicated within a blue box (30S) or red box (50S).  The ion 

attachment experiment for the 30S component (Figure 3.6a) revealed two major components 

(863.2 kDa (purple dots) and 802.0 kDa (green dots), respectively) that differ in mass by that of 
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the S1 stalk protein. The stalk protein, RS1 (61.2 kDa), is a labile component that has been 

observed to dissociate when the 30S ribosome is activated (3,23). The masses indicated above are 

roughly 1.8% greater than those expected for the intact 30S component (847.5 kDa) and 30S-S1 

(786.3 kDa). The difference might be attributed to either non-specific magnesium adduction (24) 

and/or incomplete desolvation commonly seen on TOF platforms, which typically requires higher 

amounts of collisional cooling (16,36) or the presence of an additional roughly 15 kDa component, 

or the combination of both.  We note that at a concentration of 0.5 mM Mg2+, the average masses 

for the two components noted above were 861.8 kDa and 799.8 kDa, respectively, and a third 

major component (772.7 kDa) was observed following the ion attachment experiment which was 

consistent with the largest component minus both the S1 and S2 (26.7 kDa) (24)  stalk proteins 

(see Figure 3.7 for a summary of the ion attachment experiment associated with the 30S related 

ions at 0.5 mM Mg2+).  

For the 50S subunit (Figure 3.6b), we detected three major components of masses 

1,479.7±0.2 kDa (blue line), 1,413±2 kDa (green line), and 1,399.4±0.6 kDa (red line).  The mass 

difference between the two larger components is consistent with that of the stalk complex 

[L10(L7/L12)4] (66.5 kDa) (37) and the mass difference between the two smaller components is 

consistent with that of the L11 ribosomal protein (14.9 kDa) (24).  The stalk complex for the 50S 

subunit is believed to contain multiple dimers (L7/L12)4 (38,39). The dimers are bound to the L10 

ribosomal protein, which is also bound to the L11 protein.  Consequently, the loss of these 

components is plausible.  The 1,479.7 kDa component is roughly 1.7% higher in mass than the 

nominal mass of the 50S component (24), which could be due to the presence of additional protein 

component(s), salts, etc.  These components were not well separated after the first two attachments 

but were resolved in the 3rd and 4th attachments.  An expanded region highlighting the 4th [hMb-

10H]10- attachment is provided as an insert in Figure 3.6b. Ion attachment data for the 50S-related 

ions generated at a concentration of 0.5 mM Mg2+ is provided in Figure 3.8.  No evidence for the 

two larger intact components noted in Figure 3.6b was noted at lower Mg2+ concentration.  Rather, 

a fourth component (1,389.5 kDa) was found to be most abundant along with the 1399.7 kDa 

component (see Figure 3.8).    A prominent signal for a 50S component at relatively low Mg2+ 

concentration of 1,389.6 kDa has been noted previously and was ascribed to (50S-L10(RL7/12)4) 

(24).  The fact that we see this component as well as larger components might suggest that one or 

more additional components may be associated with the 50S particle at high Mg2+ concentrations. 
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Both examples illustrated in Figure 3.6 involve the presence of mixtures of complexes.  A 

complication in native MS is the fact that multiple combinations of mass and charge can give rise 

to similar m/z ratios over the narrow charge state ranges typically generated under native MS 

conditions.  This can complicate charge state assignment as well as the identification that mixtures 

are present.  However, ions of significantly different mass will not overlap over wide ranges of 

charge.  The ion attachment approach described here allows for a very wide range of charge to be 

accessed, thereby resulting the separation of components somewhere along the m/z scale.  Regions 

of significant overlap of the mixture components identified for both the 30S and 50S examples 

were observed prior to and after one or more ion attachments.  However, in both cases, one or 

more attachments (e.g., attachments 3 and 4) showed separation of the components.  A similar 

situation prevails for the 70S-related ions. 

The extent of heterogeneity for both the 30S and 50S subunits can propagate to the 70S-

related ions, so there is little surprise that overlapping mixture components appear to be present in 

the 70S region of the mass spectrum shown in the insert of Figure 3.6a.  A similar result was 

found in both the E. coli (24) and Thermus thermophilus (40) ribosomes.  In our 70S ribosome ion 

attachment mass spectrum (Figure 3.9), greater separation was noted for every successive 

attachment reaction.  Nevertheless, a significant extent of overlap is observed even after four 

attachment reactions.  We found at least three distinct populations.  There are almost certainly 

more than three but the three we report here are the most abundant.  We did not observe a clearly 

resolvable component with a molecular weight larger than the expected mass of the intact ribosome 

(2,302 kDa).  The masses of the three assigned components were 2,271±2 kDa, 2,223±1kDa, and 

2,209±1 kDa.  The difference in mass between the largest and smallest components is consistent 

with the 30S S1 protein and the difference in mass between the two smaller components is 

consistent with the 50S L11 protein mentioned above.  If the largest component corresponds to the 

loss of the large subunit stalk complex (70S-[L10(L7/L12)4]), the mass measurement is roughly 

1.5% high relative to the predicted value (2,236 kDa), which is consistent with the errors noted 

above for the 30S and 50S subunits ionized with 10 mM Mg2+.  We note that, given the widths of 

the peaks observed here, that a 70S-S1 (predicted value of 2,241 kDa) product could also be present. 
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3.4 Conclusions 

Electrospray ionization applied to solutions that mimic physiological conditions has enabled 

the development of native MS.  Such conditions, however, lead to relatively narrow charge state 

distributions and, broadened signals due to extensive salt adduction.  These consequences can 

complicate mass measurement due to uncertainties in charge state assignment and/or extensive 

signal overlap that precludes the resolution of individual charge states.  The situation is 

exacerbated for inherently heterogeneous complexes that generate mixtures with overlapping 

charge state distributions.  A strategy introduced here to address these problems and demonstrated 

with ions generated from the E. coli ribosome, relies on the isolation of a sub-population of ions 

of interest and the attachment of a large highly-charged ion of opposite polarity of known mass 

and charge.  The large defined change in mass and charge in a single step allows for the separation 

of ions of initially similar mass-to-charge ratios but different masses and charges.    The charges 

of the selected ions can be determined via measurement of the m/z values of the successive ion 

attachment peaks.  Charge state assignment accuracy is enhanced by the generation of related ions 

via successive reagent ion attachments over wide ranges of mass-to-charge.  The net result is 

improved ability to determine the masses of high-mass heterogeneous complexes in native mass 

spectrometry. 
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3.6 Figures 

 

 

 

 

 

 

Figure 3.1. Simulated mass spectra of (a) a hypothetical 2 MDa (50 kDa FWHM) analyte 

particle with 70 to 80 charges, (b) selection (900 FHWM) of most abundant charge states, (c) up 

to 50 proton transfer reactions of the selected analyte charge states, and (d) up to 5 attachments 

(indicated by colored numbers) of the 10− charge states holomyoglobin (Δm = 17,557 Da) to the 

selected analyte charge states.  Abundance scales in (c) and (d) are relative to (b).  
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Figure 1.2. Inset (upper right) Positive nESI mass spectrum of pyruvate kinase a) Post-ion/ion 

mass spectrum after reaction of the 32+ ions of pyruvate kinase with [IcA-6H]6- anions derived 

from nESI of IcA. b) Post-ion/ion mass spectrum after reaction of the 32+ ions of pyruvate 

kinase with the [hMb-13H]13- anions derived from nESI of holo-myoglobin.  
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Figure 1.3. The spectra for Ferritin precursor (top), isolation (middle) and the ion/ion reaction 

with Insulin chain-A (bottom).  
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Figure 1.4. The spectra for GroEL precursor (top), isolation (middle) and the ion/ion reaction 

with Insulin chain-A (bottom).  
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Figure 1.5. The mass spectra of the E. coli ribosome with (a) 0.5 mM and (b) 10 mM Mg2+ 

concentrations. The higher concentration preserves the 70S population centered around m/z 

29,000.  
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Figure 1.6. Post-ion attachment MS spectra of the E. coli ribosome subunits, (a) 30S  and (b) 

50S , reacting with with hMb. The concentrations of Mg2+ is 10 mM. The inset in panel (a) is the 

E. coli ribosome  
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Figure 1.7. The post-ion attachment mass spectrum for the 30S ribosomal subunit reacting with 

[hMb−11H]11-. The ribosomal ions were generated from a 0.5 mM Mg2+ solution of the E. coli 

ribosome. The inserted spectrum is the zoom-in of the 3rd adduction, which reveals a third 

population. The third population corresponds to the loss of both S1 and S2 ribosomal protein 

from the 30S subunit.  
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Figure 1.8. Post-ion attachment mass spectrum of the 50S ribosomal subunit reacting with[hMb-

10H]10-. The ribosomal ions were generated from a 0.5 mM Mg2+ solution of the E. coli 

ribosome.  
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Figure 1.9. Post-ion attachment mass spectrum of 70S ribosome-related ions reacting with 

[hMb−10H]10- . The 70S ribosome precursor population (green border) are shown in the insert to 

Figure 3.6a.  The insert shows an expansion of the fourth and fifth anion attachment regions.  
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 DEVELOPMENT OF MS FOR LARGE (>200 kDa TO 

MDa) PROTEIN COMPLEXES 

The mass measurement of viruses presents challenges due to the inherently large molecular 

weight, and the existence of heterogeneity from the assembly process. The introduction of 

electrospray ionization and native mass spectrometry have bridged the gap needed to study these 

systems. In a collaborative project with Merck Pharmaceuticals, we utilized our ion/ion reaction 

techniques to study the virus-like particles of the human papillomavirus. 

4.1 Introduction 

Electrospray ionization (ESI) is a soft ionization technique that allows for the preservation 

of non-covalently bound complexes (1,2). John Fenn described these ions as flying elephants, 

because prior to its advent, only small molecules were amenable to MS analysis. Large complex 

analysis typically couples ESI with native MS (nMS) - a technique that utilizes solvent conditions 

that are non-denaturing to allow for the study of intact proteins and non-covalent protein-protein 

complexes (3,4). Despite its many advantages as a complementary biophysical method to 

crystallography and NMR, there are short-comings. For example, nMS yields a relatively narrow 

charge state distribution (CSD) of ions relative to when denaturing conditions are employed. It is 

important to note that more independent mass measurements will yield a higher accuracy for the 

mass assignment (5,6). Moreover, with nMS the narrower CSD is comprised of broad and 

overlapping peaks due to extensive adduction of salts. The salt adduction broadens each m/z peak, 

and in certain cases, the adjacent ions become indistinguishable, leading to what is commonly 

referred to as a “blob”. The problem is exacerbated when the analytes are heterogeneous, and the 

ions of each component appear in the same m/z space. To solve this problem, we utilize gas-phase 

ion/ion chemistry (7). In short, we isolate a segment of the “blob” and react it with an oppositely 

charged reagents. The resulting spectrum will yield new product peaks that are different by a 

specific Δm and Δz, which will allow for mass determination of the initial precursor. 
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4.2 Experimental 

4.2.1 Sample preparation for native mass spectrometry of bio-complexes  

The HPV virus-like particle was purchased from Creative Diagnostics. The sample was 

prepared in two separate ways: denatured sample preparation and native-like sample preparation, 

for the proton transfer reaction and the multiply-charged ion attachment experiments, respectively. 

The denatured sample preparation was done by washing the sample with water (using a 3 kDa 

MWCO spin column) to remove excess salts, and then adding acetonitrile and acetic acid. The 

native-like sample preparation was done by buffer exchange into 150 mM ammonium acetate 

using a spin column with a 300 kDa MWCO filter. 

4.2.2 Sample preparation for the reagent anions 

Perflouoro-1-octonol was used as the reagent for the proton transfer experiments. Oxidized 

insulin chain A (IcA) from bovine pancreas (average mass, free acid = 2531.66 Da) was purchased 

from Sigma Aldrich. The lyophilized solid was reconstituted in water. The working solution was 

a 50:50 mixture of aqueous ammonium hydroxide (pH 11) and HPLC grade methanol (Sigma 

Aldrich) to give a final concentration of 25 µM. The most abundant charge states were [IcA-5H]5- 

and [IcA-6H]6-. The sample preparation for the pepsin and myoglobin reagents were similar to IcA. 

4.2.3 Ion-ion reactions in the mass spectrometer.  

All experiments were performed using a QTOF 5600 (SCIEX), which was previously 

modified to allow for ion/ion reactions (8). The positive and negative ions were generated by 

utilizing an alternately pulsed nano-electrospray ionization source (nESI) (9). Mutual ion polarity 

trapping was enabled by applying a supplemental AC to the end plates of the linear ion trap 

reaction cell, q2.  Multiply protonated protein cations and reagent anions were sequentially isolated 

before being stored in q2 to react over times of 50-100 ms. The reagent anions were isolated during 

Q1 transmission by conventional RF-DC apex isolation. The protein cations were too high in m/z 

to be isolated via conventional RF-DC apex isolation. Therefore, sequential resonance ejection 

ramps in q2 were used to eject ions of lower and higher m/z ratios that bordered the population of 

interest (10).  
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4.2.4 Native MS  

Both analyte and reagent ions were generated via nESI from separately pulsed borosilicate 

glass emitters (11). The large bio-complexes were sprayed in positive mode with approximately 

+1500 V applied to a platinum wire, which was in contact with the solution. The reagent anions 

were sprayed in negative mode with an applied voltage of approximately -1400 V. The large 

complex ions were initially injected into the instrument and isolated (see above) and stored in q2. 

Subsequently, the reagent anions were injected and isolated during Q1 transmission before being 

accumulated and stored in q2. The mutual storage time can be controlled to determine the number 

of sequential adductions. Nitrogen gas was used in q2 at pressures ranging from 6-8 mtorr. Due to 

the size of the viral particles, the difference in DC offsets of Q0 and q2 were increased to as high 

as 50-70 V to collisionally activate the ions upon injection into q2 to drive off weakly-bound 

adduct species. A Q0-q2 voltage difference of 5-15 V was used for the reagent anions as minimal 

salt adduction was observed for these species.  Mass calibration over a wide range was done in 

two stages, using primary and secondary calibrants. Cesium iodide, the primary calibrant, was 

used to calibrate the instrument over the range of m/z 1,000-10,000. This allowed for an accurate 

mass determination of the pyruvate kinase tetramer, the secondary calibrant, from the mass 

spectrum derived under native conditions. Finally, the population of pyruvate kinase charge states 

was reacted with the oxidized insulin chain A, [IcA-6H]6- anion ([IcA-6H]-; Δm = 2526 Da) 

resulting in a series of peaks extending beyond m/z 100,000.  This experiment allowed for the 

mass scale to be calibrated over the range of m/z 6,500-100,000 (see chapter 3).  

4.3 Results and Discussion 

4.3.1 Measuring oligomers 

In our initial experiments, the goal was to demonstrate a charge state reduction method for 

the L1 protein. The aggregation of L1 monomers to form pentamers (capsomers) is depicted in 

Figure 4.1a. L1 forms this capsomere which self-aggregates to form the virus-like particle (VLP). 

The final structure consists of 72 capsomers. The L1 protein Type 11 (from E. coli) was purchased 

from Creative Diagnostic (CD). The CD sample underwent an LC/MS workflow, which yielded 

monomer, dimer, trimer and “other” (Figure 4.1b). The assignment for the monomer, dimer and 

trimer came from the zero-charge deconvolution of the mass spectrum. However, the charge states 
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were not clearly resolved for the “other” population. The mass spectrum of the CD sample without 

any prior purification/separation can be seen in Figure 4.1c. The blob seen is an combination of 

the monomer, dimer, trimer and the “other” population.   

 The proposed solution was to explore the utility of gas-phase ion/ion strategies. 

Specifically, proton transfer reaction (PTR) and multiply-charged ion attachment (Figure 4.2). 

The former involves a reagent that is oppositely charged that either removes a proton (if the analyte 

is a cation) or donates a proton (if the analyte is an anion). This works well for smaller analytes, 

and samples with relatively simple mixtures. When faced with more challenging samples, we 

developed a methodology where the reagent ion collides with the analyte and forms a long-lived 

complex that survives detection. The difference in mass and charge can be selected at the user’s 

discretion. This method was previously demonstrated with the E. coli ribosome as the model 

system. Most of the data for specific aim 1 was done by utilizing the PTR method. 

 The first specific aim was to demonstrate a charge state reduction of the CD sample and 

reveal the monomer, dimer and trimer (Figure 4.3). The pre-ion/ion mass spectrum of the CD 

sample can be seen in the top panel. In this spectrum, there are no clearly resolved peaks. The next 

step involved selection of a segment of the mass spectrum (blue box), in this case a region centered 

around m/z 1200 and reacting it with the de-protonated perfluoro-1-octanol dimer (PFO). The 

isolation was done by applying the appropriate RF and DC voltages to Q1. The bottom panel is 

the resulting ion/ion PTR. The spectrum shows the monomer, dimer (centered between each 

monomer), and trimer (satellite peaks on each side of the dimer peaks). The results were consistent 

with the LC/MS data in Figure 4.1. However, the peaks identified as “other” in the LC trace were 

not see in this data set.  

In hopes of identifying the unknown “other” peaks, we moved the isolated precursor peaks 

to a higher m/z value. It is well known in the native MS (nMS) community that larger complexes 

tend to appear at higher m/z values, which is partly due to the relatively smaller solvent-accessible 

surface area present in large non-covalently bound complexes. We moved the isolated segment to 

m/z 2000 (Figure 4.4). The resulting spectrum from the ion/ion PTR showed similar peaks 

attributable to the monomer, dimer and trimer. However, there are low level components that are 

above the noise threshold. The zero-charge deconvolution of this spectrum indicates that the 

tetramer and pentamer are responsible for the low-level components. This result was promising as 
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it clearly showed the presence of larger oligomers, which was suggested by the LC/MS method 

used for the analysis of the CD sample, but not unambiguously demonstrated.  

An interesting observation was made when comparing an older sample against a freshly 

prepared sample (Figure 4.5). The older sample was left in the fridge for about 2 months. The 

typical monomer, dimer and trimer peaks were present in both spectra, along with the tetramer and 

pentamer. In the old sample, however, there were other peaks present at higher m/z. These peaks 

are evidence of higher order oligomers, as they do not correspond to the oligomers mentioned 

above. This could indicate L1 assembly process over a slow time period. 

4.3.2 Measuring VLP 

A separate approach to studying this VLP system would be from the top-down, wherein 

the final assembled system would be measured initially. However, to achieve a mass measurement, 

we need to utilize a different sample preparation methodology. The sample contained polysorbate 

80 (PS-80), which is used as a stabilizer (12) for the storage of the HPV VLP sample. The sample 

preparation methodology consists of utilizing a spin column with a MWCO filter that is high 

enough to remove the excess salts. The high concentration of the PS-80 creates micelles that are 

large enough to be retained in the 100 kDa MWCO filter. In this case, we used a Vivaspin 300 

kDa MWCO spin column to aid in the removal of these large PS-80 micelles. The resulting 

spectrum can be seen in Figure 4.6, where there is a population of peaks in the m/z 35000 – 55000 

region. Based on the anticipated charge-state of the ~19 MDa VLP using the Rayleigh limit, the 

peaks should appear around a similar m/z area (13). There are multiple populations (shoulders) in 

this region, indicating heterogeneity. The isolation of those peaks was done by utilizing stored 

waveform isolation Fourier transform (SWIFT) in q2. Our QTOF platforms Q1 RF/DC isolations 

function up to m/z 3000. Consequently, these ions required the SWIFT isolation, which allowed 

for a higher m/z isolation limit. The isolation of ions at this high of an m/z is difficult. The severe 

loss of signal when removing the border ions, and the lower well-depth for these ions present 

challenges in generating a tight isolation window.  

 Due to these difficulties in isolating high m/z ions, the resulting width of the isolated region 

was about m/z 10000. The ion/ion reaction of the precursor spectrum and apo-myoglobin can be 

seen in Figure 4.7. The result of this reaction did not achieve discernable and separate peaks. A 

tighter isolation window (m/z 5000 window) and higher charged reagent, pepsin (z = 38-) 



 

 

90 

generated similar results. If the tops of the smoothed peaks were selected, the calculated mass 

measurement of VLP would be ~21 MDa. To achieve better results, we need to either have a tighter 

isolation, or use a reagent with a much higher charge state. The search for a higher charged reagent 

and the optimization of a tighter VLP isolation are currently under way. 

4.4 Conclusions 

The current results for this part of the study are promising. The ion/ion PTR worked well 

for the separation of the smaller oligomer ions in the mass spectrum. The LC/MS workflow is 

suitable for separating out and analyzing (through the MS zero-charge deconvolution) the 

monomer, dimer, and trimer. However, the “other” LC peaks are identified as such because the 

zero-charge deconvolution did not work, because the mass spectrum did not generate discernable 

peaks. These constraints of the LC/MS methods were successfully addressed by using this gas-

phase strategy. Moving forward, our goal is controlling the assembly/disassembly of the L1 protein. 

Time has shown to be a factor in the assembly process, as there were higher ordered oligomers in 

the older sample. The ultimate goal is measuring the fully-formed VLP (~19 MDa) – which will 

most likely require the use of the multiply-charged ion attachment methodology. 
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4.6 Figures

 

 

 

 

 

 

 

 

Figure 4.1. L1 protein analysis. A) The self-assembly process of the L1 monomer to form the 

intact VLP. B) The LC/MS of the CD sample, indicating unknown peaks defined as other. C) 

The mass spectrum of the CD sample without any prior purification. Panel A is reproduced from 

Creative Diagnostics website <https://www.creative-diagnostics.com/news-recombinant-hpv-l1-

vlp-68.htm>  
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Figure 4.2. Ion/ion reaction strategies. Proton transfer occurs when a reagent removes a proton 

from the analyte. Multiply-charged ion attachment is formed by long-lived complexes where the 

reagent collides to the analyte.  
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Figure 4.3. Ion/Ion reaction of the CD sample. Top: Mass spectrum of the CD sample without 

prior LC purification. Middle: The isolated segment of the precursor and the reagent ion PFO. 

Bottom: The ion/ion reaction of the precursor analyte and the PTR reagent.  
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Figure 4.4. Ion/Ion reaction of the CD sample with higher isolation. Top: Mass spectrum of the 

CD sample without prior LC purification. Middle: The isolated segment of the precursor and the 

reagent ion PFO. Bottom: The ion/ion reaction of the precursor analyte and the PTR reagent. The 

low level components did not appear in Figure 3.3.  
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Figure 4.5. Ion/Ion reaction of the old vs new CD sample with higher isolation. A) The mass 

spectrum of the old CD sample reacting with PFO. Sample was prepared on 2020-12-08. B) The 

mass spectrum of the new CD sample reacting with PFO. Sample was prepared on 2021-02-08.  
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Figure 4.6. Precursor spectrum of the VLP under native conditions (top panel). The isolated 

region of the population centered around m/z 47k using SWIFT isolation (bottom panel).  



 

 

98 

 

Figure 4.7. Ion/ion reaction of the isolated region of the VLP precursor spectrum and apo-

myoglobin 18-.  
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Figure 4.8. Ion/ion reaction of the isolated region of the VLP precursor spectrum and pepsin 38-.  
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 ACTIVATION AND FRAGMENTATION OF NATIVE 

MS IONS 

Mass spectrometry (MS) is a useful tool for structural elucidation. An approach to uncover 

structural information about the analyte via MS involves the activation of ions via collisions with 

a separate entity, which can be a neutral gas molecule or a large surface. Fragmentation with 

respect to large native MS ions will be described in this chapter, along with mention of the 

introduction of a larger bath gas in our collision chamber, which has allowed us to perform ion 

trap activation. 

5.1 Introduction 

For the last 30 years, initiated by the advent of electrospray ionization, researchers have 

studied ions comprised of non-covalently bound subunits (1). The development of native MS 

sample preparation methodology allowed for the study of these ions, enabling the mass 

measurement of these complexes after entering the gas-phase. Previous chapters have illustrated 

the difficulty with ascertaining the molecular weight of native MS ions. A separate but vital aspect 

of native MS experiments is the activation of ions to study the connectivity (2,3).  

Tandem MS, also referred to as MS/MS or MSn, is an experiment where a precursor is 

subjected to collisional activation to generate fragment ions that are then mass analyzed. For a 

protein complex, the most utilized fragmentation technique is referred to as collision-induced 

dissociation (CID). The typical CID fragmentation pattern of non-covalently bound complexes 

yields the loss of a monomer and an N-1mer that carries less charge (Figure 5.1). The monomers 

can be subsequently activated to yield the backbone sequence (4). The use of a surface, in place of 

bath gas, for the activation of ions has proven to generate impressive structural information. This 

method is referred to as surface induced dissociation (SID). Utilizing GroEL, a 14-mer that is 

commonly used native MS system, SID yielded fragments that corresponded to heptamers, while 

CID yielded the monomer and 13-mer (5). The recent rendition, generation 3, of the SID device 

have decreased in size enough to be used as the lenses surrounding the collision chamber, which 

has allowed for tandem SID (6). Our platform is capable of fragmenting by CID and other unique 

methodologies that will be discussed in detail below. 
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5.2 Experimental 

5.2.1 Sample preparation for native mass spectrometry of bio-complexes  

Rabbit pyruvate kinase and β-galactosidase were purchased from Sigma Aldrich. The 

lyophilized solid was reconstituted in water to create a stock solution at a concentration of 3 µM 

and 10 µM (calculated by using the mass of the tetramer), respectively. These samples underwent 

buffer exchange, via centrifugation, once with an ammonium acetate (Sigma Aldrich) buffer 

adjusted to pH 7 with ammonium hydroxide (Sigma Aldrich), using a 10 kilodalton (kDa) 

molecular weight cutoff (MWCO) Amicon Ultra 0.5 mL filter (Millipore Sigma). The recovered 

samples (15 µL) were diluted with the same buffer to achieve the same original concentration from 

the stock solutions.  

GroEL (Sigma Aldrich) lyophilized powder preparation was described before in detail (5). 

Briefly, the sample was buffer exchanged and underwent acetone precipitation. The buffer 

exchange occurred via centrifugation with a 150 mM ammonium acetate (Sigma Aldrich) buffer 

adjusted to pH 7 with ammonium hydroxide (Sigma Aldrich), using a 10 kilodalton (kDa) 

molecular weight cutoff (MWCO) Amicon Ultra 0.5 mL filter (Millipore Sigma). The final 

recovered sample (~15 µL) was diluted with the same buffer to achieve 1 µM concentration from 

the stock solution.  

E. coli 70S ribosome solution was purchased from New England Biolabs. The original 

sample, with an initial concentration of 13 µM, was constituted in a buffer containing 10 mM 

magnesium acetate, which is necessary for the 70S ribosome to be intact in the condensed phase. 

The sample preparation for the working solutions was described in detail previously (7) and 

modified accordingly. Briefly, the sample was buffer exchanged 8 times with 150 mM ammonium 

acetate and 10 mM magnesium acetate (Sigma Aldrich) with the same filter used in the GroEL 

preparation.  

5.2.2 Native MS  

The analyte ions were generated via nESI from separately pulsed borosilicate glass emitters. 

The large bio-complexes were sprayed in both positive and negative mode with approximately 

±1200 V applied to a platinum wire, which was in contact with the solution. The reagent anions 

were sprayed in negative or positive mode, respectively, with an applied voltage of approximately 
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±1400 V. The large complex ions were initially injected into the instrument and isolated (see above) 

and stored in q2. Nitrogen, or sulfur hexafluoride (SF6) gas was used in q2 at pressures ranging 

from 6-8 mtorr. Due to the salt adduction on the large m/z ions, the difference in DC offsets of Q0 

and q2 were increased to as high as 50-70 V to collisionally activate the ions upon injection into 

q2 to drive off weakly-bound adduct species.   

5.3 Results and Discussions 

Our platform allows for collisional activation to be done by various means of ion 

acceleration.  These include dipolar direct current (DDC), beam-type (high energy) collisional 

activation, and ion trap resonance excitation. Each of these will be explained in more detail below. 

5.3.1 Dipolar Direct Current Ion Activation 

DDC is a broadband activation technique that moves ions away from the center of the trap 

by applying a potential across opposing rods (8). This is demonstrated schematically in Figure 5.2. 

Under normal conditions, the rods all have the same DC potential. During DDC, an opposing pair 

of rods (B1 and B2), which normally have the same DC potential, have different DC voltages, 

which shifts the ions away from the center of the trap where the RF potential is at a minimum. The 

DDC voltage moves ions into regions of higher RF potentials where they can absorb power from 

the RF drive. As a result, the ion velocities increase leading to more energetic collisions with the 

background gas in the collision cell. This overall process is often referred to as ‘RF-heating’.  The 

effect of DDC in q2 can be seen in Figure 5.3, where the peaks associated with the charge states 

of pyruvate kinase sharpen with the use of higher DDC voltage. Moreover, ions at higher m/z are 

observed, which correspond to lower charge ions. This is a common phenomenon seen which is 

referred to as charge stripping, and normally appears before the ions has enough activation energy 

to fully fragment (9). 

The DDC activation technique is a very useful tool for driving off salt adducts and 

fragmenting small molecules, but does not pair well with ions of high m/z. The upper m/z limit of 

DDC can be calculated by (8) 
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where e is the electron charge, r0 is the radius of the rods, Ω is the drive angular frequency, VRF is 

the 0-p amplitude of the drive RF voltage and VDDC is the magnitude of the applied dipolar DC 

voltage. There is an inverse relationship between the m/z and the DDC voltage, and ions with high 

m/z are displaced further from the center of the trap, with respect to lower m/z ions. The net result 

is that there is a “high m/z” cut-off associated with DDC and is a drawback for using DDC in the 

fragmentation of native MS ions.  

5.3.2 Beam-type CID 

The standard approach for tandem native MS is currently high energy CID, which our lab 

refers to as beam-type (BT) CID. This form of CID is a non-resonant dissociation technique, which 

relies on inducing energetic collisions via acceleration of the ions into a gas-filled collision cell. 

The kinetic energy of the accelerated ions leads to energetic collisions that impart enough energy 

for the ion to fragment. Consequently, this technique can fragment both weak and strong bonds. 

This method can also cause scattering, which leads to the loss of signal, or induce secondary 

fragmentation if the initial fragment products are not efficiently cooled. The fragmentation of ions 

of high m/z pairs well with BT-CID on our platform. The large complexes can fragment, and the 

fragment products are still large enough to have more interactions with the bath gas in q2 for 

effective collisional cooling.  

Our lab can perform this experiment from Q0-q2 or Q1-q2 (Figure 5.4). The GroEL 

fragmentation spectra are comparable for the two BT-CID experiments. The fragment products are 

the monomer charge state distribution around m/z 2000, and the 13-mer charge state distribution 

around m/z 21000. Interestingly, the signal for the 13-mer fragment for the Q0-q2 BT-CID has less 

abundance than the Q1-q2 BT-CID. There is a large pressure difference between Q0 and Q1. Ion 

isolation using RF/DC voltages is done in Q1, which is why the pressure for the Q1 region is low. 

During Q0-q2 BT-CID, there may be some fragmentation towards the end of Q0, which is then 

loss due to the lack of collisional cooling in Q1. A separate experiment comparing the BT-CID of 

GroEL in the positive and negative mode from Q1-q2 can be seen in Figure 5.5. Similar 

fragmentation patterns are observed in the negative mode, as well. The average charge state for 

the 13-mer is shifted to the right. The negative mode of GroEL precursor is at a lower charge than 

the positive mode precursor (see chapter 7). Consequently, the lower average charge state of the 

13-mer is due to the conservation of charge.  
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We have attempted the BT-CID of the 30S ribosome (Figure 5.6), which is not as efficient, 

but did produce RS6 protein in its 4 isomers at low m/z (7). Moreover, the charge states of the 

isolated 30S precursor sharpened, indicating the shedding of salt adducts from the collisional 

activation. The BT-CID of β-galactosidase can be seen in Figure 5.7. The main observations here 

is the loss of the octamer signal with BT-CID and the noticeable sharpening of the tetramer peaks. 

Many of our experiments have demonstrated that the β-galactosidase complex(s) are challenging 

to fragment utilizing BT-CID. 

5.3.3 Ion Trap CID 

Ion trap CID is a resonant dissociation technique that accelerates an ion based on its secular 

frequency, which when a voltage is applied at this frequency, will move away from the center of 

the trap. To reach the needed collision energy to induce fragments, ions are accelerated slowly, 

relative to BT-CID. Consequently, this technique is referred to as “slow-heating”. The ions have 

many collisions with the bath gas during this excitation process. After the ion fragments, the 

secular frequency of those fragment ions become off-resonant. The fragment products continue 

colliding with the bath gas which then cools the products so that they may be effectively trapped. 

Thus, secondary fragments are less common in ion trap CID than it is in either beam-type CID or 

DDC CID. 

The vast majority of native MS workflow takes advantage of the BT-CID methodology, 

especially with large m/z ions (7,10). This is because the ions need more imparted energy, with 

respect to smaller m/z ions, which is easier to attain via BT-CID. However, as can be seen, there 

are limitations with BT-CID. For example, β-galactosidase is a difficult system to fragment via 

BT-CID (Figure 5.7) due to its relatively high kinetic stability. All the experiments mentioned in 

this chapter employed the use of nitrogen as the bath/collision gas. We have not been able to 

fragment GroEL using ion-trap CID, even though we have the capabilities of applying the 

frequencies needed for that experiment and have not been able to fragment β-galactosidase with 

any of our activation techniques using nitrogen. 

We have employed the use of SF6, which has allowed us to fragment GroEL (Figure 5.8). 

The ion trap CID spectrum does not have any residual GroEL precursor. The average charge states 

for the 13-mer are lower in the ion trap CID spectrum, as well. The monomer charge states are 

correspondingly higher. This implies that the slow heating from the ion trap CID allows for the 
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unraveling of the monomer, which in turn abstracts more protons from the complex before 

dissociating. With SF6, we were also able to fragment β-galactosidase for the first time using both 

activation techniques (data not shown).  

5.4 Conclusion 

The advent of ESI and native MS has allowed for the study of large non-covalently bound 

complexes. The mass measurement difficulties of native MS ions have been explained in earlier 

chapters. However, the fragmentation of these complexes is important in understanding 

connectivity, which directly relate to the function of proteins. The activation techniques on our 

platform each have their respective benefits and shortcomings. The major benefit to ion trap CID 

is that the ions can remain in the collision cell. In contrast, BT-CID requires back transfer of ions 

(from q2 to Q1), which loses a percentage of analyte signal each time a back transfer is completed. 

Native MS ions tend to generate lower signal due to the difficulty in transmission of these ions. 

Consequently, ion trap CID with the use of SF6 has shown great promise in allowing for MSn 

experiments for native MS ions, without loss in signal, in our qTOF platform.  
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5.6 Figures

 

 

 

 

Figure 5.1. The mass spectrum of the protein complex (top), the fragmentation of the complex 

(middle) and the subsequent fragmentation of the monomers (bottom). Reproduced from Zhou 

M. et al., Chem. Sci. 11. 12918–12936 (2020).  



 

 

108 

 

Figure 5.2. The rods of the quadrupole in Q0 and q2. Under normal conditions all DC voltages 

are the same. During DDC, the voltage differs between the B1 and B2 rods.  
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Figure 5.3. The nano-ESI mass spectrum of pyruvate kinase (top) and the application of q2-

DDC on the precursor ions (bottom).   
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Figure 5.4. The BT-CID of GroEL with the gradient voltage between Q0-q2 (top), and Q1-q2 

(bottom). The higher m/z 13-mer population for the top spectrum is multiplied by 5x.  
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Figure 5.5. The BT-CID fragmentation of GroEL in the positive mode (top) and negative mode 

(bottom).  
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Figure 5.6. The mass spectrum of the isolated 30S precursor (top), and the BT-CID of that 

population (below).  
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Figure 5.7. The mass spectrum of β-galactosidase (top), and the BT-CID of the precursor 

spectrum (below).  
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Figure 5.8. The mass spectra of BT-CID of GroEL (top) and the ion trap CID using SF6 as the 

bath gas (bottom).
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 PROTEIN COMPLEX SURFACE ANALYSIS USING 

MAMA-MIA AND CID 

The improvements in the mass measurement and fragmentation efforts of large non-

covalently bound systems have established native MS as an important complementary tool to other 

commonly used biophysical methods. However, there are certain difficulties with native MS ions, 

such as the potential overlap of charge states and the narrow charge state distributions that may 

preclude or prevent an accurate mass measurement. MAMA-MIA can address these problems by 

utilizing ion/ion reactions (see earlier chapters). A separate attempt at probing surface accessibility 

using MAMA-MIA will be the focus of this chapter. 

6.1 Introduction 

The ability for gas-phase analysis of proteins was demonstrated with electrospray ionization 

(ESI) (1). Shortly after this discovery, analyzing large systems such as viruses and ribosomes were 

attempted (2–4). This initiated a new field of MS, referred to as native MS, which corresponds to 

the native structure of ions in the condensed phase (5). Although native MS has shown great utility 

in structural characterization of large biomolecules, there are difficulties in the mass measurement 

because of narrow charge state distributions, which complicates the assignment of charge and, 

therefore, the mass (6). Moreover, when the charge states overlap because of severe salt adduction 

or heterogeneity, the assignment of charge and mass may be precluded altogether (7,8).  

A separate aspect of native MS experiments, which extends beyond measuring the mass of 

the ions, is the ability to study the topology and the structural information of native ions. Utilizing 

ion mobility, in conjunction with native-ESI MS, to model the tertiary and quaternary structure of 

biomolecules has been previously demonstrated (9,10). In its simplest form, ion mobility works 

by separating ions across a drift tube, where the slowest ion has the most interactions with the bath 

gas, which prevents the forward momentum of the ions across a small potential gradient. 

Alternatively, another set of experiments uses deuterated-water as a reagent to study the surface 

of a protein. This approach relies on the rapid exchange of hydrogen to deuterium (HDX) at the 

amide site from a disordered region of a protein, such as one that is lacking hydrogen-bonding. 
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Tightly folded proteins are more protected from HDX, and therefore that exchange rate is abated 

(11,12). 

The fragmentation of the complex has shown the ability to uncover the connectivity of the 

analyte. There are several different activation techniques such as photodissociation (13,14), 

surface induced dissociation (14,15) and electron transfer dissociation (17), but the gold standard 

is collision induced dissociation (3,18). Previous chapters of this dissertation have demonstrated 

the activation capabilities in our lab for native MS ions. After isolating and activating the MAMA-

MIA product, we noticed an interesting observation. Depending on the reagent, the fragmentation 

of this product yielded a charge inverted reagent and charge reduced precursor, or the system 

fragmented, and the reagent was “sticky” enough to remain behind. 

6.2 Experimental 

6.2.1 Sample preparation for native mass spectrometry of bio-complexes  

Hemoglobin and β-galactosidase were purchased from Sigma Aldrich. The lyophilized 

solid was reconstituted in water to create a stock solution at a concentration of 3 µM and 10 µM 

(calculated by using the mass of the tetramer), respectively. These samples underwent buffer 

exchange, via centrifugation, once with an ammonium acetate (Sigma Aldrich) buffer adjusted to 

pH 7 with ammonium hydroxide (Sigma Aldrich), using a 10 kilodalton (kDa) molecular weight 

cutoff (MWCO) Amicon Ultra 0.5 mL filter (Millipore Sigma). The recovered samples (15 µL) 

were diluted with the same buffer to achieve the same original concentration from the stock 

solutions.  

GroEL (Sigma Aldrich) lyophilized powder preparation was described before in detail (19). 

Briefly, the sample was buffer exchanged and underwent acetone precipitation. The buffer 

exchange occurred via centrifugation with a 150 mM ammonium acetate (Sigma Aldrich) buffer 

adjusted to pH 7 with ammonium hydroxide (Sigma Aldrich), using a 10 kilodalton (kDa) 

molecular weight cutoff (MWCO) Amicon Ultra 0.5 mL filter (Millipore Sigma). The final 

recovered sample (~15 µL) was diluted with the same buffer to achieve 1 µM concentration from 

the stock solution.  
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6.2.2 Sample preparation for the reagent anions 

Oxidized insulin chain A (IcA) from bovine pancreas (average mass, free acid = 2531.66 

Da) was purchased from Sigma Aldrich. The lyophilized solid was reconstituted in water. The 

working solution was a 50:50 mixture of aqueous ammonium hydroxide (pH 11) and HPLC grade 

methanol (Sigma Aldrich) to give a final concentration of 25 µM. The most abundant charge states 

were [IcA-5H]5- and [IcA-6H]6-. Bovine ubiquitin purchased from Sigma Aldrich was prepared in 

the similar manner. In experiments where a larger charge reduction was required, we utilized 

myoglobin from equine skeletal muscle (Sigma Aldrich). Holo-myoglobin (hMb) (average 

mass=17,567 Da), which retains the heme group, was prepared with piperidine (Sigma Aldrich). 

We isolated and used the two different charge states in the experiments shown in this manuscript. 

The final solution was 20 µM holo-myoglobin and 50 mM piperidine in water. 

6.2.3 Ion-ion reactions in the mass spectrometer.  

All experiments were performed using a QTOF 5600 (SCIEX), which was previously 

modified to allow for ion/ion reactions (20). The positive and negative ions were generated by 

utilizing an alternately pulsed nano-electrospray ionization source (nESI) (21).  Mutual ion polarity 

trapping was enabled by applying a supplemental AC to the end plates of the linear ion trap 

reaction cell, q2.  Multiply protonated protein cations and reagent anions were sequentially isolated 

before being stored in q2 to react over times of 50-100 ms. The reagent anions were isolated during 

Q1 transmission by conventional RF-DC apex isolation. The protein cations were too high in m/z 

to be isolated via conventional RF-DC apex isolation. Therefore, sequential resonance ejection 

ramps in q2 were used to eject ions of lower and higher m/z ratios that bordered the population of 

interest (22).  

6.2.4 Native MS  

The analyte ions were generated via nESI from separately pulsed borosilicate glass emitters. 

The large bio-complexes were sprayed in both positive and negative mode with approximately 

±1200 V applied to a platinum wire, which was in contact with the solution. The reagent anions 

were sprayed in negative or positive mode, respectively, with an applied voltage of approximately 

±1400 V. The large complex ions were initially injected into the instrument and isolated (see above) 
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and stored in q2. Nitrogen was used in q2 at pressures ranging from 6-8 mtorr. Due to the salt 

adduction on the large m/z ions, the difference in DC offsets of Q0 and q2 were increased to as 

high as 50-70 V to collisionally activate the ions upon injection into q2 to drive off weakly-bound 

adduct species.   

6.3 Results and Discussions 

6.3.1 Observation of a sticky reagent 

The ability for MAMA-MIA to create space between adjacent states is paramount in its 

ability in ascertain mass information under non-favorable conditions, i.e. overlapping charge states 

from severe salt adduction and/or inherent heterogeneity. Our lab was interested in understanding 

more about the strength of the non-covalent bonding between the analyte and reagent, which forms 

a complex that survives detection. The general experimental workflow using GroEL as the native 

MS ion system can be seen in Figure 6.1, for insulin chain A as the reagent, and Figure 6.2, for 

holo-myoglobin as the reagent. The main features of this experiment involve the ion/ion reaction 

of the native MS ions with the oppositely charged reagent, and the subsequent isolation of the first 

attachment population. Our isolation technique has been mentioned previously, but in short, we 

performed isolation utilizing a fixed frequency and the sweeping of q2 RF to the m/z borders of 

the peaks of interest. 

 After isolating this 1st attachment population, we performed a back transfer of those ions 

to Q1, and then accelerated them back into our collision cell (q2) to effect beam-type CID. This is 

a high-energy technique that is described in an earlier chapter. In short, the ions undergo 

acceleration via a steep gradient of the ion optics, and once the ion reaches q2 multiple energetic 

collisions occur that induces fragmentation of the population if enough energy is imparted. The 

result of the fragmentation of the population of ions is dependent on the reagent used in the 

preceding ion/ion reaction. For the holo-myoglobin reagent, the BT-CID yields the loss of the 

reagent (at lower m/z) and the recovery of the precursor, albeit a charge reduced version (Figure 

6.3, top). The most abundant charge state of the charge inverted reagent was 10+, which indicates 

a change in charge of 20 for the initial holo-myoglobin ion. The results for the insulin chain A 

reagent differed, as insulin chain A was not released upon excitation of the 1st attachment 

population (Figure 6.3, bottom). The insulin chain A remained on the 13-mer complex. The 
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increase in mass can be seen when comparing the zero-charge deconvolution of the 13-mer, from 

the GroEL precursor, and the 13-mer from the 1st attachment of GroEL/insulin chain A (Figure 

6.4). The molecular weight difference is approximately 2700 Da which agrees with the mass of 

the insulin chain A (~2500 Da). The extra mass may be from extra salt adducts on the 13-mer 

complex. 

 To confirm that this phenomenon was reagent specific, we utilized two different reagents 

and performed the same experiments. The fragmentation result from using ubiquitin as the reagent 

was similar to the holo-myoglobin experiment (Figure 6.5). Spraying a negative GroEL analyte 

and using lysozyme as the charge reducing reagent, the fragmentation result was also similar to 

the holo-myoglobin experiment (data not shown). Moreover, we utilized a different analyte, β-

galactosidase which, depending on the spray conditions, can form oligomers at various abundances 

(Figure 6.6). The 1st attachment population fragmentation results from the 4-mer and 8-mer of β-

galactosidase with holo-myoglobin can be seen in Figure 6.7 and Figure 6.8, respectively. The 

holo-myoglobin dissociates from the β-galactosidase after activating the 1st attachment population. 

The experiment with β-galactosidase, and insulin chain A as the reagent, did not yield any 

fragments, even upon our harshest conditions (data not shown).  

Consequently, insulin chain A appeared to be the only reagent we have used that did not 

break apart from the protein complex after activation. The insulin chain A sample is the fully 

oxidized version with four sulfonic acids. Conversely, the other reagents utilized were 

deprotonated at the carboxylic acid sites. The difference in the interaction strength (23) between 

carboxylates and sulfonates can be seen in Figure 6.9. This implies that the sulfonates are 

“stickier” than the carboxylates, and thus, possibly, opens a new direction of research, such as 

studying the surface accessibility of a hetero-complex using MAMA-MIA. 

6.3.2 Hemoglobin 

Hemoglobin is a hetero-tetramer that is responsible for oxygen transport in red blood cells 

(24). This protein consists of two separate components, the α and β that form clusters around a 

heme group (25). The mass spectrum of hemoglobin consists of a dimer and tetramer, where the 

latter has 4 heme groups associated with the complex. The CID fragmentation of the entire 

population of peaks, the dimer and tetramer, yield a convoluted spectrum with monomer, dimer, 

trimer and residual tetramer overlapping (Figure 6.10). Isolating out a single tetramer charge state 
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simplifies the mass spectrum interpretation, and the typical monomer and N-1mer is observed 

(Figure 6.11). The MAMA-MIA reaction with that isolated hemoglobin peak and insulin chain A 

with the subsequent isolation of the 1st attachment can be seen in Figure 6.12. The fragmentation 

of that population yields a distribution of monomers and trimers Figure 6.13. The zero-charge 

deconvolution indicates the presences of both α and β monomers along with the addition of an 

insulin chain A attached to each subunit. The percentage of holo-α (with insulin chain A) and apo-

α is ~15% and the percentage of holo-β and apo-β is ~23%. This is calculated by utilizing the 

abundances of the zero-charge deconvolution for each population. The β-subunit is larger in mass, 

and presumably surface area, than the α-subunit. Consequently, there may be more accessibility 

for the insulin chain A to preferentially attach to the β-subunit. This work is at an early stage, but 

this technique shows promise in being able to probe surface area of hetero-complexes. 

6.4 Conclusion 

The utility of MAMA-MIA extends beyond the mass measurement of native MS ions. The 

use of a reagent, such as insulin chain A, that can survive subsequent activation can be useful in 

understand surface accessibility of hetero-complexes. The future direction of this project is ideally 

utilizing a system that has a buried component that differs from the surface proteins. The expected 

result would be that the insulin chain A would not attach to that buried component upon complex 

fragmentation. This would give the proof of concept for this surface analysis methodology. 
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6.6 Figures 

 

 

 

 

 

 

Figure 6.1. The mass spectra of a slightly isolated population of GroEL (top), an ion/ion reaction 

of that precursor and insulin chain A (middle) and the isolated 1st attachment population 

(bottom).  



 

 

124 

 

Figure 6.2. The mass spectra of GroEL (top), an ion/ion reaction of a slightly isolated population 

of GroEL precursor and holo-myoglobin (middle) and the isolated 1st attachment population 

which did not have enough signal to smooth (bottom).  



 

 

125 

 

Figure 6.3. The fragmentation spectra of the 1st attachment population using holo-myoglobin 

(top) and insulin chain A (bottom) as the MAMA-MIA reagents.   
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Figure 6.4. The MS/MS spectra, and the respective zero-charge deconvolution of the 13-mer, for 

GroEL precursor (left column), and the 1st attachment MAMA-MIA population using insulin 

chain A as the reagent (right column).  
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Figure 6.5. The mass spectra of GroEL (top), an ion/ion reaction of GroEL precursor and 

ubiquitin (middle) and the BT-CID fragmentation of the isolated 1st attachment population 

(bottom).  
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Figure 6.6. The mass spectra and effects of harsh (top) and soft (bottom) transfer conditions for 

β-galactosidase.   
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Figure 6.7. The mass spectra of β-galactosidase 4-mer (top), an ion/ion reaction of β-

galactosidase 4-mer precursor and holo-myoglobin (middle) and the BT-CID fragmentation of 

the isolated 1st attachment population (bottom).  
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Figure 6.8. The mass spectra of β-galactosidase 8-mer (top), an ion/ion reaction of β-

galactosidase 8-mer isolated precursor and holo-myoglobin (middle) and the BT-CID 

fragmentation of the isolated 1st attachment population (bottom).  
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Figure 6.9. A generic energy diagram for proton transfer reaction (a), and the interaction 

strength between three basic groups and 3 reactant groups (b). Reproduced from Shih M. and 

McLuckey, S.A., Int. J. Mass Spectrom. 444. 116181 (2019).  
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Figure 6.10. The mass spectrum of hemoglobin with soft conditions (top) and harsh transfer 

conditions (bottom).  
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Figure 6.11. The mass spectrum of hemoglobin with tetramer isolation (top) and the BT-CID of 

that precursor (bottom).  
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Figure 6.12. The mass spectra of hemoglobin 4-mer isolation (top), an ion/ion reaction of that 

precursor and insulin chain A (middle) and the isolated 1st attachment population (bottom).  
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Figure 6.13. The BT-CID of the isolated 1st MAMA-MIA attachment of hemoglobin/insulin 

chain A (top) and the zero-charge deconvolution (bottom) of the shaded region. 
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 DEVELOPMENT OF NEGATIVE MODE MAMA-MIA  

This chapter is a continuation of our MAMA-MIA development that focuses on the use of 

negative mode electrospray ionization (ESI) of the analyte. Consequently, we can access higher 

charge states with the use of a cationic reagent. With the employment of this negative mode 

strategy of MAMA-MIA, we have uncovered several populations of the E. coli ribosome that have 

not previously been mentioned in literature.  

7.1 Introduction  

Native MS, an approach intended to preserve large non-covalently bound complexes, pushed 

the capabilities of ESI to analyze large systems. Typically, nMS utilizes positive mode ionization 

with charge-reducing reagents, which can form adducts to broaden each peak. Previous studies 

have noted that negative mode ionization is more suitable for some nMS studies (1,2). However, 

the possibility of very broad peaks (i.e., the notorious blob), due to extensive salt adduction, 

heterogeneity and incomplete desolvation, may still preclude the resolution needed to assign 

charge states in the negative mode. Several approaches to the mass measurement of native MS 

ions have been described in earlier chapters (see chapter 3 introduction). 

We have an approach, described in chapter 3, which uses ion/ion reaction chemistry to 

separate adjacent peaks wide enough to ascertain a mass measurement. In short, a population of 

the cationic analytes are isolated and reacted with an anionic reagent to form long-lived products 

that span across a wide m/z, while creating sufficient spacing between adjacent peaks to measure 

an accurate charge assignment of the precursor. This chapter presents negative MAMA-MIA, 

which has some advantages, such as the lowering of the average charge state, which is certainly 

noticeable for protein complexes. For example, the charge state distribution of GroEL varies 

depend on the ionization polarity (Figure 7.1). The most abundant charge state of GroEL lowers 

by 8 charges when employing negative mode ESI, which is already an improvement in facilitating 

resolution of neighboring charge states. However, this is not true for all analytes. For example, the 

charge state distribution of E. coli ribosome subunits, which consists of proteins and ribonucleic 

acids, are slightly higher charged in the negative mode spectrum (Figure 7.2). 
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7.2 Experimental 

7.2.1 Sample preparation for native mass spectrometry of bio-complexes  

GroEL (Sigma Aldrich) lyophilized powder preparation was described before in detail (3). 

Briefly, the sample was buffer exchanged and underwent acetone precipitation. The buffer 

exchange occurred via centrifugation with a 150 mM ammonium acetate (Sigma Aldrich) buffer 

adjusted to pH 7 with ammonium hydroxide (Sigma Aldrich), using a 10 kilodalton (kDa) 

molecular weight cutoff (MWCO) Amicon Ultra 0.5 mL filter (Millipore Sigma). The final 

recovered sample (~15 µL) was diluted with the same buffer to achieve 1 µM concentration from 

the stock solution.  

E. coli 70S ribosome solution was purchased from New England Biolabs. The original 

sample, with an initial concentration of 13 µM, was constituted in a buffer containing 10 mM 

magnesium acetate, which is necessary for the 70S ribosome to be intact in the condensed phase. 

The sample preparation for the working solutions was described in detail previously (4) and 

modified accordingly. Briefly, the stock solution was buffer exchanged 8 times with 150 mM 

ammonium acetate and 10 mM magnesium acetate (Sigma Aldrich) at pH 7.4 with the same filter 

mentioned above. The sample was then diluted with 150mM ammonium acetate buffer at pH 7.4 

to obtain a final concentration of 0.5 mM Mg2+ for the working solution.  

7.2.2 Sample preparation for the reagent anions 

The reagents ubiquitin and carbonic anhydrase were purchased from Sigma Aldrich. The 

lyophilized solid of each reagent was reconstituted in equal parts of H2O:Methanol with 1% glacial 

acetic acid at 10 µM concentrations. Denaturing conditions were used to ensure higher charge state 

formation.   

7.2.3 Ion-ion reactions in the mass spectrometer.  

All experiments were performed using a QTOF 5600 (SCIEX), which was previously 

modified to allow for ion/ion reactions (5). The positive and negative ions were generated by 

utilizing an alternately pulsed nano-electrospray ionization source (nESI) (6).  Mutual ion polarity 

trapping was enabled by applying a supplemental AC to the end plates of the linear ion trap 

reaction cell, q2.  Multiply deprotonated protein anions and reagent cations were sequentially 
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isolated before being stored in q2 to react over times of 50-100 ms. The reagent anions were 

isolated during Q1 transmission by conventional RF-DC apex isolation. The protein cations were 

too high in m/z to be isolated via conventional RF-DC apex isolation. Therefore, sequential 

resonance ejection ramps in q2 were used to eject ions of lower and higher m/z ratios that bordered 

the population of interest (7).  

7.2.4 Native MS  

The analyte ions were generated via nESI from separately pulsed borosilicate glass emitters. 

The large bio-complexes were sprayed in negative mode with approximately -1200 V applied to a 

platinum wire, which was in contact with the solution. The reagent cations were sprayed in positive 

mode with an applied voltage of approximately +1400 V. The large complex ions were initially 

injected into the instrument and isolated (see above) and stored in q2. Nitrogen was used in q2 at 

pressures ranging from 6-8 mtorr. Due to the salt adduction on the large m/z ions, steep gradients 

ranging from 50-70 V to collisionally activate the ions upon injection into q2 to drive off weakly-

bound adduct species.   

7.3 Results and Discussions 

The E. coli ribosome is molecular machine that consist of two subunits, the 30S and the 50S. 

Previous results from positive mode MAMA-MIA for the ribosome can be seen in chapter 3. For 

the 30S and 50S ribosome, we measured extra populations that were in low abundance for the 

precursors (8). However, there was missing information from our 30S ribosome, such as the 5kDa 

stationary-phase protein that was attached to each population of the 30S subunit, albeit under low 

abundances, in previous studies using an orbitrap (4). Our set of experiments using the 30S 

ribosome in the negative mode has revealed the presence of this low-level population (Figure 7.3). 

This was possible because we were able to generate 4 attachments, whereas previous results in the 

positive mode generated 3 attachments. The ubiquitin reagent had far more signal in the isolated 

10+ charge state than the previously used myoglobin (10-) charge state, which allowed for more 

attachments without unfavorably increasing the fill time of the reagent. Lower spray time for the 

reagent minimizes the probability of clogging the analyte tip, which is a common issue with native 
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MS experiments. This 4th attachment was increased by filling the trap with more ubiquitin cation 

reagent, to generate the inset in Figure 7.3. 

The most impressive results were from the negative mode MAMA-MIA of the 50S subunit. 

Previously, we measured 2 populations under low magnesium concentrations (8). The results from 

the 50S ribosome anions can be seen in Figure 7.4. We were able to generate a 6th attachment 

population from the precursor, as opposed to the 4 attachments in our positive mode workflow 

(chapter 3). This is an extra 20 charges that were reduced in this set of experiments, which was 

enough to resolve 5 separate populations that were previously overlapped. We did not observe the 

mass of a fully intact 50S ribosome, so the mass configuration of the 5 populations is difficult. 

However, we set a provisional mass for the intact species which is approximately 3% higher in 

mass than the theoretical molecular weight of the 50S subunit, which is common in native MS 

experiments due to salt adducts. The assignments for the 30S and 50S populations can be seen in 

Figure 7.5. A negative mode MAMA-MIA experiment with the 70S ribosome shows the true 

strength of this technique. Prior to the reaction, the precursor charge states overlap, and no mass 

information can be attained from the spectrum. After isolating a segment from the 70S population 

and reacting with carbonic anhydrase (30+), we can space adjacent peaks by more than 60 charges 

after two attachments. An overlay of a simulated/calculated spectrum indicates that the mass 

measurement of the 70S ribosome is approximately 2.3 MDa (Figure 7.6).  

7.4 Conclusion 

We demonstrate that MAMA-MIA using a cationic reagent and a negatively charge complex 

under native conditions generates similar results to the positive mode MAMA-MIA. The major 

benefit to utilizing negative mode MAMA-MIA is the accessibility of higher charged cationic 

reagents, which can generate wider steps in the m/z axis. This has been demonstrated with the 

highly heterogenous E. coli ribosome system. We were able to measure low-level populations for 

the 30/50S subunits by generating product peaks above m/z 100k. Moreover, a mass measurement 

of the 70S under conditions of severe overlap was done with two attachments of a 30+ carbonic 

anhydrase. 
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7.6 Figures

 

 

 

 

 

 

 

 

 

Figure 7.1. A mass spectrum overlay of GroEL in the positive mode (black trace) and negative 

mode (red trace).  
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Figure 7.2. Mass spectra of E. coli ribosome under low Mg2+ conditions in the positive (top) and 

negative mode (bottom).  
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Figure 7.3. The post-ion/ion reaction mass spectrum of an isolated 30S precursor and ubiquitin. 

The inset is a zoom-in of the 4th attachment. The colored circle masses correspond with the mass 

measurements found in Figure 7.5.  
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Figure 7.4. The post-ion/ion reaction mass spectrum of an isolated 50S precursor and ubiquitin. 

The inset is a zoom-in of the 6th attachment. The colored circle masses correspond with the mass 

measurements found in Figure 7.5.  
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Figure 7.5. The mass measurements from the 30S subunit (top) and the 50S subunit (bottom).  
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Figure 7.6. The mass spectrum of E. coli ribosome with 10 mM Mg2+ and carbonic anhydrase 

(top) and the ion/ion reaction of an isolated 70S precursor and carbonic anhydrase (black trace) 

30+ overlaid with a simulated spectrum (blue trace).
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