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ABSTRACT OF THE DISSERTATION 

 

Top-Down Mass Spectrometry Characterization of Proteins and Protein-Ligand Complexes 

Important to Neurodegenerative Diseases 

 

By 

 

Piriya Wongkongakthep 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2015 

Professor Joseph A. Loo, Chair 

 

Mass spectrometry (MS) has made significant contributions to protein and proteomics analysis 

during the past decades from its advantages of speed, sensitivity, specificity, and low sample 

consumption. While the proteomics field grows rapidly to identify thousands of proteins in a 

single analysis, “native” mass spectrometry, exploiting the unique features of electrospray 

ionization (ESI) for delivering large macromolecules to the mass spectrometer, has provided 

many potential exciting capabilities and applications to structural biology and biochemistry. It 

can analyze proteins in their native states, i.e., structures present in their native configurations 

from physiological pH solutions, with minimal sample preparation. 

 

In this thesis, I describe the application of native ESI combined with top-down MS using electron 

capture dissociation (ECD) and ion mobility (IM) to characterize the molecular features of 

protein-ligand complexes. Binding and structural information can be comprehensively obtained 
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from this experimental platform. Native ESI-MS alone provides molecular mass, stoichiometry, 

and binding affinity, all from a single analysis. We demonstrate that top-down MS, the 

fragmentation of intact proteins and protein complexes using MS, offers a powerful capability to 

elucidate the location of ligand binding on a protein’s structure and for probing the surface 

topology of proteins. Ion mobility mass spectrometry, a recently developed technique that yields 

information on the structural conformation of molecules, was used to reveal structural changes 

of proteins upon ligand binding. 

 

My thesis focuses on several proteins, including α-synuclein (AS), which is a small protein 

related to Parkinson’s disease. AS is natively unfolded at physiological pH, which makes it 

difficult to study by standard methods such as X-ray crystallography or NMR. Using our mass 

spectrometry techniques, transition metal binding (copper, cobalt, and manganese) to AS that is 

associated with accelerating fibril formation was monitored. The binding of a small molecule 

amyloid inhibitor called molecular tweezer (MT or CLR01) on two model proteins important in 

neurodegenerative diseases, AS and superoxide dismutase (SOD1), was studied. Tandem 

mass spectrometry (MS/MS) techniques such as collisionally activated dissociation (CAD) along 

with ECD were used to characterize the sites of binding of small molecule ligands to proteins. 

Ion mobility mass spectrometry was implemented to reveal the conformational changes of AS 

upon metal binding. It was demonstrated that copper can induce the AS protein to collapse into 

a more compact state, which may provide a hint of the mechanisms behind amyloid fibrillation. 

 

Additionally, two new methods to extend the application of top-down MS for protein structure 

characterization were developed. First, the same molecular tweezer molecule, which has 

specificity to bind lysine residues, was used to probe surface residues of proteins. The lysines 

found to bind to the molecular tweezers identified by top-down MS correlate well with solvent 
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accessibility values, suggesting that the MT compound can be applied as a molecular probe to 

pinpoint surface active lysine residues. Lastly, supplemental activation methods by ultraviolet 

and infrared laser irradiation prior to ECD were applied to assist disulfide bond cleavage of 

complex multiple intermolecular and intramolecular disulfide bond-containing proteins. 

Backbone bond cleavage from top-down MS was significantly increased when the disulfide 

bonds were cleaved, allowing more sequence information to be obtained. The new methods 

described in this thesis extend the applicability of mass spectrometry to provide a more 

complete picture of a protein’s structure. 
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Characterization of Protein Non-covalently Bound Complexes by Mass 

Spectrometry 
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Characterization of protein interactions by conventional biophysical approaches 

Most proteins almost never work alone. They bind to substrates, cofactors, small molecules, or 

other proteins. This binding step forms larger molecular complexes to perform their specific 

functions, which is very important in nearly every cellular process including metabolism. A 

protein may be able to bind different molecules at different sites to activate different tasks, 

creating a variety of multiple functions on a single molecule. Alternatively a protein can bind to 

several proteins to form large molecular machines for more advanced and complex functions1. A 

complete view of the structural biology of protein interactions can lead to an understanding of 

biological pathways and protein recognition2. It is also important for designing new drugs to 

target a specific interaction involved in human diseases3-5. In the past decades, many tools have 

been developed to characterize protein binding. For example, X-ray crystallography6 and NMR7 

have been used as the “gold standard” to examine protein structures. They provide a 

comprehensive view of protein structures with high resolution. But relatively large amounts of 

sample and homogenously pure material are required8, 9. In X-ray crystallography, a large single 

crystal must be obtained, which can be difficult in some cases, particularly amyloid fibrils10. Also 

many biophysical methods such as analytical ultracentrifugation11, isothermal titration 

calorimetry (ITC)12, circular dichroism (CD)13, surface plasmon resonance (SPR)14, and several 

fluorescent spectroscopy based techniques15-17 provide stoichiometry, kinetics, thermodynamic 

characteristics, and temporal resolution of the binding event. However, these approaches reveal 

some aspects of protein binding but none of them can provide everything in a single 

technique18.  
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Figure 1-1. Experimental and computational approaches for characterization of protein 

complexes, and information that is provided by each techniques is listed below. (Reprinted from 

Sali et al (2003)18 with permission from Nature Publishing Group.). 
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Studying proteins and native structures by mass spectrometry 

Mass spectrometry (MS) was developed more than a century ago but it has been used to 

characterize proteins only in the past few recent decades. MS provides measurement simplicity, 

speed, specificity, selectivity and sensitivity, while using only small amounts of sample. It 

measures charged analytes in their gaseous state. In the early days, it has been used to 

analyze small organic molecules to reveal their molecular masses and structures. Analytes were 

usually vaporized by a thermal processes and they were ionized by bombarding with electrons. 

This technique is called electron ionization (EI). Nowadays, EI is used with GC-MS systems or 

with magnetic-electrostatic sector instrument, which are popular for the analysis of volatile small 

molecules. Before electrospray ionization (ESI)19 and matrix-assisted laser desorption ionization 

(MALDI)20 were developed, it was very difficult to find a soft desorption/ionization methods to 

introduce charges onto the protein molecules and also vaporize them into the gas phase without 

decomposing the proteins. Because of the high energy often used during the desorption and 

ionization steps, proteins were usually fragmented before entering the analyzer of the mass 

spectrometer. Thus, obtaining an intact mass of a protein was nearly impossible. Fast atom 

bombardment21 and plasma desorption22, 23 were among the “soft” ionization techniques that 

were used for proteins during that time. However the ionization efficiency was not very good, 

required relatively large amounts of sample, and sample preparation methods required for these 

methods were not easy to implement. 

 

ESI was a groundbreaking advancement for introducing a wide range of biological molecules, 

from small metabolites, DNA, to large proteins into the mass spectrometer. The achievement 

was awarded the Nobel Prize in 2002, along with the development of MALDI. A decade after 

ESI was pioneered, nanoelectrospray (nESI) was developed24 as another variation of ESI that 

has the benefit of lowering sample consumption by using a very low flow rate (around low nL 
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per minute)25. Generally, nESI-MS has a limit of detection at the femtomole level. Another 

advantage of using a low analyte flow rate is that it produces smaller droplets for better 

desolvation, yields high sensitivity and improves salt tolerance (Figure 1-2). Nowadays ESI has 

been widely used for studies of peptides and proteins. Depending on the solvent composition, 

protein structural states can be modulated between the denatured and “native” states. Normal 

ESI solvent conditions generally use compositions in which an organic solvent is added to 

aqueous solutions to achieve a ratio 50:50:1 of acetonitrile (or methanol), water, and formic 

acid, respectively. Sometimes 0.1% TFA (trifluoroacetic acid) or 1% acetic acid is used instead 

of formic acid. With this solvent mixture containing organic solvent and an acid pH (ca. 2-3), 

polypeptides are mostly unfolded or denatured. This condition yields maximum sensitivity for 

polypeptide detection and sequence analysis, but it is not suitable for studying protein folding 

and higher order structures that are present in physiological solution conditions. 

 

When the analyte solution contains a neutral pH buffer and a gentle ESI spray condition is used, 

the “native” state of the protein can be achieved and its original solution structure is preserved. 

Ammonium acetate has become a popular buffer used for such purposes because of its high 

volatility and its pH can be maintained within the near-physiological range (pH 6.8 – 7.0). This 

technique is named native ESI, or native nESI if a low flow rated is used. Native ESI allows MS 

to observe native-like structures and also weakly non-covalent interactions. To avoid non-

specific interactions (i.e., self oligomerization), which can be observed at higher analyte 

concentration, a typical operating sample concentration for native ESI is between 1-10 µM. 

When combining native ESI with MS, the same advantages mentioned previously, including 

speed, simplicity, sensitivity, specificity, selectivity, and low sample consumption can be 

realized. It provides speed because the signal appears within seconds and it does not take 

hours to acquire MS spectra. MS has simplicity because no chemical modification is needed for 
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detection. Sensitivity is very high, while sample consumption is low. It gives specificity and 

selectivity from an ability to measure multiple analytes in mixtures simultaneously;  specific 

precursor ions can be isolated for tandem MS experiments. More selectivity can be achieved by 

coupling ESI-MS with ion mobility, which is a technique that can separate molecules based on 

different structural conformations.  
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Figure 1-2. An ion desolvation process showing how protein molecules are delivered into the 

gas phase under native ESI conditions. (Reprinted with permission from Konijnenberg et. al. 

(2013)26, Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics.) 
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Inside the mass spectrometer 

Mass spectrometry is composed of two main parts: ionization and mass detection. ESI is 

basically an ionization method in which the ionization process occurs at atmospheric pressure 

outside the mass spectrometer analyzer. ESI can be coupled with various types of mass 

analyzers for detection. In the early days it was used with “EB” double focusing instruments that 

has an electric sector (E) in a combination with a magnetic sector (B), or with a single 

quadrupole mass analyzer. Nowadays, the linear ion trap (LIT)27, 28, time-of-flight (TOF)29, 

Orbitrap30, and Fourier transform ion cyclotron resonance (FT-ICR)31, 32 are among the popular 

mass analyzers for native ESI on many commercial instruments. Different mass analyzers have 

their own unique advantages. TOF is a beam type mass analyzer and it is known for its 

measurement speed, but it does not have tandem MS (MS/MS) capabilities on its own. Tandem 

MS is an advancement that includes additional steps before mass detection. The critical step is 

fragmentation, which can provide more structural and compositional information about the 

molecule. Some instruments may have an additional mass isolation section for selecting a 

precursor molecule to undergo fragmentation. Most ion trapping mass analyzers such as the ion 

trap and FT-ICR are capable of performing ion isolation and multi-stage tandem MS (MSn). FT-

ICR has the highest resolution, greater than one million but its detection process is slow. The 

Orbitrap, which is a trapping instrument, is currently a very popular instrument because it is fast 

and it has high resolution. Like TOF, however, the Orbitrap does not have MS/MS capability. 

Generally TOFs and Orbitraps need to be coupled with an additional linear ion trap or 

quadrupole for precursor selection and fragmentation.  

 

Several fragmentation methods have been developed that has advanced the field of mass 

spectrometry. The most widely used conventional approach is collisionally activated dissociation 

(CAD), which was developed more than three decades ago. CAD is performed by introducing 
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precursor molecules into a chamber (a collision cell) containing a neutral bath gas and applying 

additional DC voltage to increase the kinetic energy of the molecules. Activated precursor ions 

collide with the neutral gas molecules (He, Ar or nitrogen). The kinetic energy of the precursor is 

then converted into an internal energy upon collisions, resulting in backbone bond dissociation. 

The more number of collisions, the more the internal energy is increased. Sometimes CAD is 

referred to as a slow-heating method. CAD is usually performed inside an ion trap or a 

quadrupole-based collision cell. But it can be done in the source region (often referring to in-

source fragmentation), or inside the FT-ICR cell as well, by using a technique called Sustained 

Off-Resonance Irradiation CAD (SORI-CAD). Normal CAD is not preferred to be performed in 

the ICR cell because ultra low pressure is required for high sensitivity and resolution ICR 

detection. There is another variation of CAD using high energy called higher-energy collisional 

dissociation (HCD), which is mostly implemented in Orbitrap mass spectrometers. For proteins, 

CAD cleavage sites are dependant on sequence. As the molecule’s internal energy from 

collisions is increased, the weakest bonds or interactions are dissociated first. Thus, most non-

covalent interactions will fall apart during this step. 

 

In late 1990s, McLafferty’s group discovered a new fragmentation mechanism that originates 

from low energy electrons (0.2-1 eV). This method was coined electron capture dissociation 

(ECD). ECD has been heavily studied in the past decades33-35. The mechanism underlying the 

fragmentation is from a capture of electrons by a multiple charged molecule, [M+nH]n+, at a 

carbonyl group of on the protein backbone. A charge-reduced odd-electron ion, [M+nH](n-1)+�, is 

formed; then subsequent cleavage at N-Cα bonds occurs, resulting in production of c (even 

electron) and z� (odd-electrion) fragments (Figure 1-3). Hydrogen radical migration may occur 

yielding c� (odd electron) and z’ (z+1, even electron) products36, 37. Electron capture cross 

sections are proportional to the square root of the charge state of a positively charged 
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precursor. Greater ECD efficiency will be achieved with higher charge. In the past decades, 

many variations have been developed, such as hot ECD38, activated ion ECD (ai-ECD)39-41, 

electron ionization dissociation (EID)42, electron detachment dissociation (EDD)43, negative ion 

ECD (ni-ECD)44 and ETD45. Importantly, ETD expanded the limitation of ECD’s availability to 

only FT-ICR instruments to become more applicable to many other instruments, such as QTOF, 

linear ion trap, and Orbitrap46-48. ECD (or ETD) has many advantages over conventional CAD. 

For example, ECD generates extensive fragmentation throughout the sequence because ECD 

cleavage is a fast process that occurs before the energy has time to randomize and be localized 

to a specific “weak” site. ECD generates less internal fragmentation than CAD49, but secondary 

electron capture is possible. ECD facilitates disulfide bond cleavage50-52. Lastly and most 

importantly, ECD preserves post-translational modifications and weak non-covalent interactions 

while the protein backbone is cleaved53, 54 (Figure 1-4). For this reason, ECD and ETD are 

groundbreaking discoveries that are extremely useful for structural biology, especially for the 

characterization of protein-ligand, protein-peptide interactions55, 56 and protein complex 

assemblies57-59. 
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Figure 1-3. Electron capture dissociation (ECD) breaks the N-Cα bond and generates unique c- 

and z�-type ions (Zhurov et al (2013)33, Jones and Cooper (2011)60). Reproduced from Ref. 33 

and 60 with permission from The Royal Society of Chemistry. 

  

ECD,	e-	
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Figure 1-4. Compared to collision-based fragmentation, ECD does not disrupt labile post-

translational modifications or weakly bound ligands. Thus, identifying ligand binding sites by top-

down MS is feasible (from Zubarev (2004)54). Reproduced with permission from Current Opinion 

in Biotechnology (2004). 
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Native ESI of protein and protein-ligand complexes 

Native ESI-MS studies of complexes have been reported since 1991 when the interaction 

between a cytoplasmic receptor, FKBP, and rapamycin was detected by ESI-MS. Since then 

there have been a number of studies that have been reported for systems such as metal-

peptides61, 62, nucleotide-proteins63, 64, heme binding proteins65, lipid-protein assemblies66-68, and 

drug binding69. Recently native ESI has grown in popularity to study larger protein complexes 

and assemblies70. Native ESI-MS of the proteasome71, monoclonal antibodies, membrane 

protein complexes72, 73, intact ribosomes74, and up to large megadalton-sized viruses75 have 

been illustrated. Top-down MS approaches have been heavily used to reveal several structural 

aspects of large protein complexes. In this case, surface induced dissociation (SID)76 has been 

developed as a superior technique over CAD to break down protein complexes to give more 

information about subunit assembly topology77, 78. Ion mobility mass spectrometry (IM) is a 

technique that is physically connected to a mass spectrometry system to provide information 

about the shape of molecules. IM-MS is a major tool to differentiate between different 

conformations and folding states26, 79-81. ECD has been used to identify protein surface residues 

and flexible regions, but fragmentation efficiency may be limited depending on sequence and 

subunit orientation57, 58, 82, 83. Recently, 193 nm ultraviolet photodissociation (UVPD) has proved 

that it can generate extensive fragmentation for native proteins84, 85. For protein-ligand 

interactions, ECD (or ETD) is still the most available tool for top-down MS to gain sequence 

information, protein structure and possible ligand binding regions65, 86, 87.  

 

Studies of neurodegenerative disease proteins by ESI-MS 

In the past ten years, there have been several research groups interested in characterizing 

amyloid proteins by mass spectrometry88-92. Although most fibrils are insoluble, some 

intermediate oligomeric states are water-soluble93 and available for studies by native ESI-MS. 
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Additionally, with IMS, conformational states and assembly information of protein oligomers can 

be easily obtained94, 95 (Figure 1-5). Intrinsically disordered proteins (IDPs) is especially 

beneficial from IM-MS studies because the unstructured regions are highly flexible and not well 

defined. IDPs are difficult to study by traditional X-ray crystallography or NMR approaches26, 96, 

97. There are many examples of using native ESI coupled to IM-MS to study amyloidogenic 

proteins, such as amyloid-β95, α-synuclein98, IAPP99, and β-2-microglobulin89, 100. By performing 

screening of small molecules, several cofactors and potential inhibitors for amyloid fibrillation 

were identified92. Native ESI-MS has illustrated its capability to directly measure many substrate 

molecules binding to target amyloidogenic proteins. The interactions between metal ions and 

amyloidogenic proteins have been reported, such as α-synuclein-copper101, amylin-copper102, 

and IAPP-Zn103. Also, binding between small molecules and amyloid protein, or amyloid protein 

and other proteins have been investigated, including α-synucelin-dopamine104. IAPP-insulin105, 

tau with amyloid-β106, and amyloid-β and EGEG105, 107. Our group has utilized native ESI and 

top-down MS to determine both stoichiometry and binding location. We were able to 

characterize spermine binding to α-synuclein55. Molecular tweezer (MT), an inhibitor of 

aggregate assembly of amyloidogenic proteins, has been investigated for its binding sites on 

amyloid-β108 and α-synuclein109, 110 and the molecular mechanisms behind inhibition function of 

MT. 

 

In this dissertation, heavy metals (Cu, Co, Mn) binding to α-synuclein are characterized by 

native ESI-MS, IM-MS and top-down MS/MS to reveal the major binding sites and 

conformational changes upon metal binding. CAD and ECD provided complementary 

information regarding binding site identification. This work is demonstrated in Chapter 2, and a 

manuscript is in preparation. Chapter 3 describes the use of ECD top-down MS to determine the 

important binding sites of molecular tweezer to amyloidogenic protein α-synuclein and 
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superoxide dismutase-1 (SOD1);  the tweezer/α-synuclein studies was published in the Journal 

of Biological Chemistry109. Chapter 4 demonstrates an application of molecular tweezer to probe 

the surface residues of small proteins. ECD-MS/MS is, again, implemented to determine the 

binding residues and the results are validated using computational models. Lastly, irradiation 

from a 266 nm UV laser has been used to facilitate disulfide bond cleavage in conjuction with 

ECD-MS/MS. Because disulfide bonds have relatively high bond energies, it survives under 

most CAD and ECD conditions. It prevents chain separation, so that a mass analyzer is not able 

to detect fragments from the protein. We showed that applying UV raditation significantly 

improved disulfide bond cleavage of insulin (containing 3 disulfide bonds), and ribonuclease A, 

which contains 4 disulfide bonds. The method offers a viable means to better characterize 

proteins containing disulfide-bonds by mass spectrometry. Chapter 5 has been published in the 

International Journal of Mass Spectrometry111. 
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Figure 1-5. Ion mobility is capable of separating different oligomeric states of different molecular 

conformations of Aβ42 peptides (from Bernstein et al (2009)95). (Reproduced with permission 

from Nature Chemistry (2009).) 
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Important in Fibrillation of α-Synuclein 
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Abstract 

The 140-residue amyloid-like protein, α-synuclein (AS), involved in the pathogenesis of 

Parkinson’s disease is known to be natively unstructured because of electrostatic repulsion from 

charged acidic residues at physiological pH. Upon exposure of AS to divalent and trivalent 

metals, the AS protein starts to aggregate. The top-down mass spectrometry (MS) approach of 

electrospray ionization (ESI), once combined with electron capture dissociation (ECD), can be 

used to characterize the non-covalent complexes, as both ESI and ECD do not interrupt weak 

protein-ligand and protein-protein interactions. In this work, we report the use of top-down MS 

with high resolution Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometry to 

determine the metal binding sites on α-synuclein. The binding to AS protein by three metals 

(copper, cobalt, and magnesium) was investigated. Product ion sequence maps generated from 

various fragmentation methods (e.g., nozzle skimmer dissociation, NSD; collisional activated 

dissociation, CAD; ECD; multistage tandem MS, MS3) were compared. CAD and ECD product 

ions that retain metal-binding showed that there are two binding sites locating at the N- and C-

termini of the protein. Copper has a primary binding site with high affinity at the N-terminus 

between sequence 1MDVFMKGLSK11. Both cobalt and magnesium share a lower affinity motif 

located near the C-terminus around residue 119DPDNEAYE126 and 132GYQDYE137. By our MS 

methods, two primary binding sites elucidated from MS data agree with the previous studies. 
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Introduction 

 

The protein, α-synuclein (AS), is significantly present in dopaminergic neurons located in the 

substantia nigra region of the brain. Aggregation of AS is thought to be directly linked to the 

neurodegenerative disorder, Parkinson’s disease1-3. Pathological studies have characterized 

synucleinopathies as a major constituent of intraneuronal inclusions called Lewy bodies, which 

are mostly found in Parkinson’s disease patients4, 5. However, the biological functions of AS are 

not fully understood6. AS has been suggested to be involved with dopamine biosynthesis 

because it is abundant in presynaptic termini. It can also bind to negatively charge lipid micelles 

in vitro7-9, suggesting that it may be important in SNARE complex formation and synaptic vesicle 

trafficking10-13. Familial forms of Parkinson’s disease and protein aggregation were shown to 

correlate with the presence of missense mutations, such as A30P14, E46K15, A53T16, and 

recently discovered H50Q17.  

 

The native form of AS is a stable monomeric structure that can form oligomers. But many 

reports have suggested that it might have different structural conformers as well18-21. There are 

three major regions in the primary structure of AS (Figure 2-1): residues 1-60, containing four 

imperfect highly conservative hexamer motifs of sequence KTKEGV; residues 61-95 is the 

highly amyloidogenic sequence known as NAC (Non-Aβ Component of Alzheimer’s disease 

amyloid) and was shown to contribute to about 10% of the amyloid plaques in Alzheimer’s-

related plaques; and lastly the C-terminal region of AS, residues 96-140, is enriched in proline 

and acidic residues that suggests a disordered conformation with an unstructured tail in this 

region. The first two regions exhibit a helical structure. It was shown in vitro that these helices 

are involved with vesicle tethering, implicating a role of AS in vesicle fusion at the synapse22, 23. 

Currently structural studies of AS using EPR, NMR, circular dichroism, fluorescent-base 
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approaches and several other biophysical techniques provide valuable information. 

Unfortunately, a high-resolution structure of full-length AS is currently unavailable. 

 

Metal ions have been identified as one of the major components in neurodegeneration 

processes24-29. In case of AS, metal ions, including calcium, iron, copper, manganese, and 

cobalt, trigger the structural transformation, aggregation, and fibrillation of AS29. AS has also 

been shown to generate reactive oxygen species, i.e., H2O2, in a metal-dependent fashion, 

which is believed to further encourage AS aggregation30. It was suggested that metal ion 

binding neutralizes protein charges and changes the protein’s conformation to a state that is 

more prone to aggregation. 

 

Previous studies have given a structural picture of how metals bind to AS31. Many studies have 

been performed using truncated protein sequences, which may provide a more partial and 

indirect determination of metal binding sites. For example, the copper binding characteristics 

have been widely studied. Previous research using isothermal calorimetry (ITC) and 

fluorescence studies32-35, EPR36-38, NMR39-41, and MALDI-MS of tryptic digested peptides 

revealed that there are two unrelated binding sites42: one is located near the N-terminus at Met1 

and Asp2, while another site at His50 has been debatable38, 41. The solution equilibrium binding 

constant, Kd, was determined to be ca. 50 µM25, 43. Recently, N-terminal acetylation was shown 

to alter the copper binding characteristic40. On the other hand, the C-terminus was 

demonstrated to be a low affinity site for many other metals, including Mn, Co, Ni, Ca, and Fe44, 

45. Available tools for characterizing the metal-binding properties of full-length protein structure 

are limited, but in the past ten years, mass spectrometry (MS) technologies for studying protein-

ligand interactions and large protein complexes have been advanced46-48. 
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Figure 2-1. Sequence of AS highlighting three major structural regions. The N-terminal helix 

region is in green, NAC is in blue, and highly acidic C-terminal region is in yellow. KTKEGV 

repeats are bolded and underlined. 

  

1   MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK 

!

61  EQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDP 

!

121 DNEAYEMPSEEGYQDYEPEA 
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To study protein-ligand complexes by MS, the “native” complexes, i.e., in physiological pH 

aqueous solution to maintain noncovalent interactions present in the complex, can be 

introduced into the mass spectrometer by electrospray ionization (ESI). ESI is a soft ionization 

technique that is commonly used to generate multiply charged molecules while keeping 

peptides and proteins intact, and it can be performed to not disrupt weak covalent bonds or non-

covalent interactions. Post-translational modifications and weakly bound non-covalent 

interactions can be observed in their native state. Protein-ligand complex binding stoichiometry 

can be directly measured from the intact masses of the complexes. Also their binding affinity 

can be quantified46, 49, 50. Although mass spectrometry measurements are performed by 

detecting gas phase molecules, there have been several studies published that confirm that 

stoichiometric data and binding affinity determinations from ESI-MS experiments agree with 

results from conventional methods measured from solution phase. 

 

To gain sequence information for proteins, tandem mass spectrometry (MS/MS) methods can 

be used to break protein backbone bonds and their resulting products (fragments) can be 

measured. There are several means for cleaving the backbone bonds using MS. A slow heating 

method, collisional activated dissociation (CAD), is a popular MS/MS technique used in bottom-

up methods51 because of its robustness and ease of implementation. Briefly, bottom-up 

proteomics is performed by combining proteolysis, liquid chromatography separation coupled to 

mass spectrometry, fragmenting peptides by MS/MS and sequence database searching to 

identify the proteins. However, to gain sequence information directly from protein-ligand 

complexes and to identify sites of ligand binding, traditional bottom-up approaches cannot be 

used because the experimental conditions are not suitable to preserve the complexes in their 

native state. Bottom-up MS coupled with in-solution hydrogen-deuterium exchange (HDX) is a 

viable approach to gain information on sites of ligand interactions and protein-protein 
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interactions52; the HDX-MS/MS has been used by many laboratories to study protein 

conformation and folding53, 54. 

 

Top-down MS approaches, which do not require proteolysis prior to mass spectrometer, can be 

a powerful and direct approach to identify ligand binding sites55. Fragmenting the protein-ligand 

complex and detecting the products of dissociation can be used to map binding sites. Selecting 

the proper MS/MS technique for mapping protein-ligand binding sites is challenging because 

hydrophobic interactions and hydrogen bonding can be easily disrupted by the strong, energetic 

collisions in CAD. The goal would be to maintain the weak, noncovalent ligand interactions to 

the protein structure while cleaving covalent backbone bonds; fragments that retain binding to 

the ligand would be measured to yield information on the site of binding. Electron-base 

techniques, such as electron capture dissociation (ECD), has become a method of choice to 

study protein-ligand interactions56. ECD utilizes low energy electrons (< 10 eV) to deposit 

energy quickly enough to break protein backbone bonds while non-covalent binding survives.  

 

Since the early development of ESI-MS in the mid-1980s to early 1990s, many small protein-

metal complexes have been studied. These early works demonstrated the use of ESI-MS to 

study the interactions between short peptides (3-10 residues) and metals, such as alkali metals, 

calcium, and zinc using CAD fragmentation57-60. Copper binding to β-amyloid 16 (Aβ16), a 

shortened version of the Aβ40 protein that is involved in Alzheimer’s disease, was studied by 

ESI-MS; two histidine residues were revealed to be the copper binding residues61. However, 

other previous studies were limited to small sized proteins due to limited mass resolution and 

insufficient mass accuracy. 
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ESI combined with ECD and high resolution Fourier transform ion cyclotron resonance (FT-ICR) 

mass spectrometry was demonstrated to be able to determine the AS binding sites of small 

ligands such as spermine and spermidine48 and a compound that reduces fibril formation, 

molecular “tweezer” or CLR0162. Even for larger proteins, it was also capable of identifying the 

zinc binding site of the tetrameric 147 kDa yeast alcohol dehydrogenase (ADH) protein63. In this 

technique, briefly, intact protein complexes were ionized by ESI and introduced into the mass 

spectrometer. The ion trajectories and internal energies were manipulated by a series of ion 

optics and quadrupole filters. Ligand-bound molecules that were still in the intact form were 

isolated and subjected to ECD-MS/MS. With the special capabilities of ECD, ligands can still 

remain on its original binding residues even as protein backbone bonds are fragmented. The 

ultra high resolution of FT-ICR  is advantageous for distinguishing between ligand-bound 

fragments (holo-fragments) and fragments without ligand (apo-fragments). Apo- and holo-

fragments, which contain information on their original binding positions, can be used to map out 

the binding motif of ligands. 

 

In the gas phase, electrostatic interactions is dramatically enhanced because the dielectric 

constant in vacuum is much lower than that in solution phase, like water. This fact leads to an 

increase in the gas phase binding affinity between protein and ligands that are held by 

electrostatic forces. These interactions can be retained even during collision based MS/MS 

techniques64, 65; electrostatic interactions can be as strong as covalent bonds. Complexes of 

nucleotide CTP binding to proteins ribonuclease A (RNaseA) and ribonuclease S (RNaseS), 

and ATP binding to adenylate kinase (AK) can be analyzed by ESI and CAD using the top-down 

MS approach; the binding sites were successfully identified66-68.  
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In this paper, AS protein binding to cobalt, manganese, and copper were investigated by top-

down mass spectrometry using ESI-FTICR MS. ECD and CAD were used for MS/MS 

experiments. Subsequently, the binding sites of the three metals were directly revealed from 

their intact states. Ion mobility spectrometry was also used to show structural changes of the 

intact conformation upon metal binding. 

	
	
Experimental 
 

Materials  

Recombinant α-synuclein and three truncated variants (1-60, 61-140, and 96-140) were 

purchased from rPeptide (Bogart, GA). AS was dissolved in distilled water and desalted with 20 

mM ammonium acetate solution by using 10 kDa MWCO centrifugal filter devices from Amicon 

(Billerica, MA). The final protein concentration was 10 uM in 20 mM ammonium acetate solution 

at pH 6.8. Aluminum acetate (basic), cobalt acetate, copper acetate, and manganese acetate 

were purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in 10 mM ammonium 

acetate. Additional ultra-sonication was used to assist dissolution of some metals in solution. 

After protein desalting, metals were added to the AS solution at various concentration ratios 

(protein:metal) from 1:1 to 1:100. 

 

Mass spectrometry 

A nano-ESI source with Au/Pd-coated borosilicate emitters (Thermo Scientific, San Jose, CA) 

was used to deliver the analyte solution at a 0.2 uL/min flow rate using an ESI voltage of 1100-

1300 V. A 15-Tesla Bruker Solarix FTMS instrument (Bruker, Billerica, MA) was used, and the 

estimated resolving power was set to 400,000 at m/z 400. The capillary temperature was set to 

180 C, and 30V additional skimmer voltage was applied to activate ions to improve ECD product 
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ion yield while keeping the protein complexes intact. MS/MS experiments were done using ECD 

and CAD. For the ECD experiments, the precursor ion was isolated in the quadrupole filter and 

transferred to the FTICR cell to perform ECD. CAD was done inside the collision cell after 

quadrupole isolation. CAD fragments were detected by the FTICR cell. Additional MS3 

experiments were performed by nozzle skimmer CAD (NS-CAD) followed by CAD or ECD of the 

highest abundant NS-CAD fragments. MS2 and MS3 fragments were manually assigned against 

the theoretical fragments indicated by Protein Prospector 

(http://prospector.ucsf.edu/prospector/mshome.htm). Fragmentation maps were plotted by 

Matlab. 

 

Ion mobility mass spectrometry (IM-MS) experiments were performed with a Waters Synapt G2 

HDMS instrument (Waters, Milford, MA) by Professor Hugh Kim’s group in Korea University 

(Seoul, Korea). Similar to FTMS, a nano-ESI source with Au/Pd-coated borosilicate emitters 

(Thermo Scientific) was used with a 0.2 µL/min flow rate and an ESI voltage of 1200-1400 V. A 

source temperature of 100 ˚C, a desolvation temperature of 200 ˚C, and a cone voltage of 20 V 

were used. For the helium cell, which is located prior to the IMS cell, a gas flow rate was set to 

150 mL/min and the IMS gas flow was set to 30 mL/min. The IMS wave velocity and wave 

height were set to 150 m/s and 7.0 V, respectively. The pressure in the helium cell and IMS cell 

were 1.37 ×10! and 5.04 ×10! mbar, respectively. 
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Results and Discussion 

 

MS and MS2 of α-Synuclein 

Alpha-Synuclein is known to be natively unfolded at physiological pH; the sequence contains 

many acidic residues, especially at the C-terminal end (Figure 2-1). Coulombic repulsions from 

negative charged acidic residues prevent a globular structure to be formed10, 69. Consequently, 

the measured charge states of AS from native ESI-MS occur are found in the lower m/z region 

compared to other native proteins of similar sizes, i.e., cytochrome C and myoglobin. A positive 

ion mass spectrum of AS in 20 mM ammonium acetate at pH 6.8 is shown in Figure 2-2a. 

Charge states of AS vary from 16+ to 6+ with a maximum intensity at 12+. The result suggests 

that AS is mainly in an unfolded state in the gas phase, even from a pH 7 protein solution. AS 

dimers can be observed at higher m/z with charging between 9+ to 6+. For top-down MS 

experiments, the precursor ions at m/z 1033 (14+), 1113 (13+), and 1206 (12+) were isolated to 

perform CAD and ECD. This result was similar to previous reports70, 71. 

 

Figure 2-3a shows a bar plot of the charge-normalized c/z fragment ion intensities resulting from 

ECD of AS from the combined three charge states (12+ to 14+) as a function of different 

cleavage residues. This is called a fragmentation map. N-terminal fragments (c ions) are plotted 

above the longitudinal axis, and C-terminal fragments (z ions) are plotted below the axis. The 

ECD data shows that fragmentation occurred equally throughout the protein backbone, but 

preferentially toward the N-terminal end. The observed ECD cleavages were dominant at c6, c9, 

c38, c46, where many of the positive charge sites are located. For CAD, a plot of b/y product ion 

intensities and a fragmentation map are shown in Figure 2-3b. CAD favors an extensive 

fragmentation around the acidic C-terminal region because of the proline effect, where cleavage 

of the bond N-terminal to proline residues is particularly favored72. The b116, b126, b127, b137 
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product ions are among the highest abundant products because of the five prolines in the 

sequence: P108, P117, P120, P128, and P138. The most frequently observed C-terminal 

product ion is y13 resulting from M126/P127 cleavage. Also, cleavages of bonds C-terminal to 

acidic residues, including aspartic, are favorable73 and observed as y9, y13, y14, and y21 

product ions. Overall, sequence information is limited from CAD to regions mostly near the C-

terminus rather than the N-terminus. Backbone cleavage efficiencies from ECD and CAD of AS 

were 67.14% and 35.71%, respectively. By combining the results from both techniques, the total 

cleavage efficiency was increased to 90%. 

 

Metal complexes of AS 

Copper, cobalt, and manganese were investigated for their binding characteristics to AS. 

Concentration ratios of AS to copper, cobalt, and manganese that showed significant binding for 

MS experiments were optimized at 2:1, 1:5, and 1:10, respectively. The concentration of AS 

was 10 pmol/µL and copper acetate, cobalt acetate, and manganese acetate were added to 

reach the desired concentration ratios. MS spectra of apo-AS and metal bound-AS are 

summarized in Figure 2-2. Deconvoluted mass spectra (converted from m/z to mass), obtained 

from Bruker DataAnalysis software, are displayed in the insets on the right. The measured 

monoisotopic and average mass of AS are 14452 and 14460 Da (Figure 2-2a), respectively. 

Upon metal binding, negatively charged residues are expected to be electrostatically neutralized 

by the metal ions. Protein structural conformations may be changed and possibly result in a 

change in charge state distribution. As shown in the mass spectra, however, the charge state of 

metal complexes does not significantly shift compared to the apo-AS. The relative abundance 

for the lower charge states increased for the copper complexes. This may suggest that copper 

binding may change protein comformations becoming more compact structures. The charge 

envelope distributions of cobalt and manganese are similar to apo-AS. Ion mobility spectrometry 
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(IMS) will be used to reveal structural changes upon metal binding. Mass shifts from metal 

binding can be easily viewed in the deconvoluted mass spectra. Measured mass accuracies are 

summarized in Table 1, demonstrating the high mass accuracies measured by high resolution 

FT-MS. AS-copper complexes were readily observed at a 1:0.5 protein/metal ratio. A majority of 

the AS species is in the 1:1 complex (AS bound with one copper; 14513 Da, monoisotopic 

mass), but apo-AS was barely observed indicating that copper binds to AS with high affinity and 

specificity (Figure 2d). On the other hand, cobalt and manganese have different affinities to AS. 

Even at higher AS-metal concentration ratios for AS-cobalt and AS-manganese at 1:5 and 1:10, 

respectively, mass spectra of both AS-cobalt and AS-manganese complexes clearly showed 

that intensity ratios of apo-AS and single bound complex were only 40% and 60%, respectively. 

This indicates that cobalt and manganese bind to AS with lower affinity than for copper. Noted 

that the observed masses for singly protonated 1:1 AS-Co and AS-Mn complexes were at 

14510 and 14504 Da, consistent with singly bound metal as shown in Table 2-1. 

 

Table 2-1. A summary of mass accuracies measured by FT-MS for each AS-metal complex 

 

 

  

Compound( Theore-cal(mass((Da)( Observed(mass((Da)( mass(accuracy((ppm)(

AS( 14452.23( 14452.34( 7.61(
AS+Co( 14508.14( 14508.24( 6.89(
AS+Cu( 14513.14( 14513.18( 2.76(
AS+Mn( 14504.15( 14504.24( 6.21(
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Figure 2-2. Mass spectra of apo-AS (a), AS-Manganese complex (b), AS-Cobalt complex (c), 

and AS-Copper complex (d). Deconvoluted spectra showing metal adducts are located on the 

right (e-g). Concentration ratios of protein:metal were 2:1, 1:5, and 1:10 for copper, cobalt, and 

manganese complexes, respectively. 

  

14460 14500 14540 mass 

14+ 12+ 

10+ 
9+ 8+ 

7+ 
6+ 

800 1000 1200 1400 1600 1800 2000 2200 2400 m/z 

11+ 

13+ 

15+ 

14+ 

12+ 

10+ 

9+ 
8+ 

7+ 
6+ 

11+ 13+ 

15+ 
16+ 

16+ 

14+ 

12+ 

10+ 

9+ 8+ 
7+ 

6+ 

11+ 
13+ 

15+ 

14+ 

12+ 

10+ 

9+ 

8+ 

7+ 

6+ 

11+ 

13+ 

15+ 
16+ 

1:5$

1:10$

1:0.5$

M$

AS$(apo)$

AS/Mn$

AS/Co$

AS/Cu$

Deconvoluted+
Spectra+

M$

M$

M$

+Mn$

+2Mn$

+Na$

+Co$

+Cu$

+2Co$

a$

b$

c$

d$



 38 

 

Figure 2-3. Plot of fragment ion intensities and cleavage residue number , i.e., fragmentation 

maps. The map of CAD shows extensive fragmentation near the C-terminus (bottom). The ECD 

map demonstrates equal fragmentation throughout the protein backbone (top). 
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MS/MS of AS-metal complexes 

Three charge states, 14+, 13+, and 12+, of the 1:1 protein-metal complexes were selected for 

the ECD and CAD experiments. The 1:2 complexes of cobalt and manganese were not 

analyzed in our experiment because they are most likely due to non-specific binding (data not 

shown). A MS/MS scan range from m/z 400-4000 was selected. ECD and CAD product ion 

maps were generated, showing bar plots of amino acid residues of the protein against the 

summed charge-normalized product ion intensities from the three precursor ion charge states 

(Figures 2-4 to 2-6).  

 

MS/MS reveals that copper binds to N-terminal helix 

Combining c- and z-type product ions from the 14+, 13+, and 12+ charge states of the AS-Cu 

complexes, an ECD fragmentation map is shown in Figure 2-4 (top). N-terminal, c-product ions 

are displayed above the top part above the x-axis that indicates the amino acid residue number 

for AS. The bottom part below the axis shows C-terminal, z-type product ions. Copper-bound 

fragments are labeled in green, while apo-fragments were shown as hollow bars. The 

fragmentation map for CAD is plotted in the same manner as the ECD data (Figure 2-4, 

bottom). A sum of b-ion intensities is plotted above the x-axis and y-ion intensities are plotted 

below the axis. Ion intensities from fragments with neutral loss (-H2O and –NH3) were 

considered for the plots. From both ECD and CAD, most N-terminal ions were holo fragments, 

except a few apo-fragments observed toward the N-terminal end. All C-terminal ions were 

observed as apo-fragments, indicating that the copper-binding site is located near the N-

terminal region. The CAD fragmentation pattern of AS-Cu complex looked similar to that of apo-

AS. Highly abundant fragments from CAD were found near the C-terminus. However, the ECD 

pattern alters significantly between residues 1-20. This is again an indication that the binding of 

copper to the N-terminus changes the protein’s structural conformation. 
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By examining the fragmentation pattern closely, two N-terminal apo-fragments, c6 and c9 and 

many copper-bound c ions, starting from c11+Cu to c137+Cu, were detected from the ECD-

MS/MS experiments. This is an indication that the binding site is located somewhere around 

residues 1-11.  

 

The CAD data lacks information for the region between residues 1-49. The b50+Cu (copper 

bound b50) was the first N-terminal ion detected. However, the product ion signal of b50+Cu is 

only 0.2% relative to the highest abundant ion, b116+Cu. An important point to note is that there 

are a number of copper-bound fragments retained from the CAD process. This result confirms 

that electrostatic interactions between AS and copper were enhanced in the gas phase. The 

enhanced non-covalent interactions could demonstrate a covalent-like affinity and they could 

survive high-energy gas phase collisions. 

 

However, ECD provides greater in-depth fragmentation information near the N-terminus than 

CAD. We can conclude that a primary copper binding site is near the N-terminus, between 

residues 1MDVFMKGLSK11. Backbone cleavage (sequence coverage) from ECD and CAD 

experiments of AS-Cu were 69.3% and 48.6%, respectively. By combining data from both 

techniques, the total backbone cleavage was increased to 90%. CAD can be used as a 

complimentary technique to ECD for elucidating metal binding and other protein-ligand 

complexes stabilized by electrostatic interactions.  
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Figure 2-4. MS/MS fragmentation maps from ECD (top) and CAD (bottom) of AS-Cu complex 

were generated by plotting fragment ion intensities and residue number.  
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A possibility to perform pseudo-MS3 experiments 

Although CAD-MS/MS and ECD-MS/MS have capabilities to generate metal-binding 

information, there is a possibility to use a third stage of tandem MS (MS3) to further reveal and 

confirm the binding sites. However, the FT-MS that was used in this study is not capable to 

perform “classical” MS3 because it has a quadrupole filter followed by a collision cell coupled 

with the ICR cell. Multistage tandem-in-time (3D or linear ion trap) or tandem-in-space (multiple 

quadrupoles) MSn experiments require additional instrument modifications. Fortunately, It is still 

possible to perform a “pseudo”-MS3 experiment by ramping up the skimmer voltage in the ESI 

atmosphere/vacuum interface to fragment ions; this process is known as nozzle-skimmer 

dissociation (NSD) or in-source CAD (IS-CAD). This process yields a similar result as CAD. By 

utilizing the skimmer potential, the first fragmentation step was performed inside the source 

region. However, precursor selection is not possible for the first fragmentation step. So, all 

charge states generated by ESI are affected by pseudo-CAD in the source. The second 

fragmentation step would be inside the collision cell for CAD, or the ICR cell for ECD, similar to 

MS2 experiments as mentioned above.  

 

MS3 of AS-copper complex  

Based on the CAD data, the most abundant copper-bound fragment is b116+Cu (with a 100% 

relative intensity). For the MS3 experiment, after the protein-metal complex was fragmented by 

IS-CAD, the b116+Cu product ion was isolated in quadrupole filter and was further fragmented by 

CAD in a collision cell, or ECD in an ICR cell. Because the b116+Cu ion is relatively large, results 

from both MS3 IS-CAD/CAD and IS-CAD/ECD, however, did not show any improvement in 

identification of the binding site (data not shown) compared to ECD-MS2 and CAD-MS2. 

However, it provided confirmation of the MS2 data that the copper binding site remains the same 

as MS/MS experiment as mentioned above. 
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Cobalt binds to C-terminal unstructured tail  

For MS/MS analysis, charge states from 14+ to 12+ of the AS-Co 1:1 complexes were 

examined. Fragmentation maps from ECD and CAD are shown (Figure 2-5) in a similar manner 

as for the AS-copper complex. Holo fragments are represented in blue and apo-fragments are 

shown as hollow bars. A map of ECD fragments shown in Figure 2-5 (top) revealed that most N-

terminal fragments up to residue 118 do not contain the ligand, except two cobalt-bound 

fragments near the C-terminal end, c131+Co and c139+Co. The majority of the C-terminal 

fragments, such as z25+Co, have cobalt bound. The only apo-z-fragment is z5. Unlike copper, a 

pattern of ECD of cobalt complex looks similar to apo-AS, especially from the N-terminal region. 

The observed common fragments showing high intensity were c6, c9, c27, c38, and c46. This 

suggests that there was no significant change in protein conformation near N-terminus upon Co-

binding, and Co-binding is not found in this region. The ECD fragments indicate the C-terminal 

tail is the site of binding. However, ECD did not provide backbone cleavage to the same level as 

did CAD. Backbone cleavage by ECD was 78.6%.  

 

If the Co-binding site is at the C-terminus, CAD of the AS-cobalt complex may yield more 

information for metal binding than that of the AS-copper complex due to extensive fragmentation 

near the C-terminus. Backbone cleavage was 60.7%, higher than for apo-AS and the AS-Cu 

complex. The CAD map for AS-Co shows difference compared to that for apo-AS and the AS-

Cu complex (Figure 2-5, bottom). Backbone cleavage from CAD is highly dependent on protein 

structure. The change in the AS-Co CAD pattern compared to the apo-AS form might suggest 

that there is a structural change upon cobalt binding to the C-terminal residues. Overall, we 

observed more abundant apo- and holo- y ions for the AS-Co complex than for apo-AS. The 

following apo-fragments were identified: b115, b116, and y127 (low intensity). Also we observed 

b126+Co, b127+Co, b137+Co, y21+Co and y24+Co holo products. With backbone cleavages from 
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CAD and ECD, we confirmed that cobalt binding region is between residues 119DPDNEAYE126. 

Backbone cleavage (sequence coverage) increased to 96.4% when combining data from both 

ECD and CAD. Generally, CAD provided better identification of C-terminal binding than ECD for 

Co-binding. 

 

Manganese shares the same binding site as cobalt 

Similarly to the experiments with the copper and cobalt complexes, three charge states from 

14+ to 12+ of 1:1 AS-Mn complex were isolated for ECD-MS/MS and CAD-MS/MS. The 

fragmentation patterns of the manganese complex by ECD and CAD (Figure 2-6) from the three 

charge states are very similar to the data for the AS-cobalt complex (Figure 2-5). The maps 

were generated in the same manner as for copper and cobalt complexes. Manganese-bound 

fragments are labeled in red, and the unbound fragments are labeled with hollow bars. ECD of 

the 1:1 AS-Mn complex produced c131+Mn and z25+Mn product ions, which are key manganese-

bound fragments indicating that the Mn binding site is between residues 116-131. Backbone 

cleavage efficiency obtained from ECD was 69.3%. Similar to the cobalt complex, CAD-MS/MS 

of the Mn-bound complex showed better sequence coverage (than by ECD) and more specific 

binding site identification near C-terminus. The CAD pattern is also similar to that from the 

cobalt complex. CAD provided backbone cleavage efficiency of 75.7%, and the total sequence 

coverage increased to 96.4% when ECD and CAD data were combined, similar to the 

experiments for the cobalt complex. The b115 and b116 products were among the highest 

abundant apo-fragment observed. Because b126+Mn, y21+Mn, and y24+Mn ions were observed 

by CAD, it is reasonable to narrow down the Mn binding site to the region between 

119DPDNEAYE126. Again, CAD generated more binding site information for manganese-binding 

compared to ECD because plenty of C-terminal fragments were produced. In summary, 

evidence from ECD and CAD suggested that manganese shares the same binding site as 
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cobalt. There is a possibility of a structural change near the C-terminus upon cobalt/manganese 

binding to AS, as indicated by the CAD fragmentation pattern or profile. 

 

MS3 of AS-cobalt and manganese complexes revealed another possible C-terminal binding site 

Because the CAD fragmentation pattern is similar for cobalt and manganese binding, it 

suggested that cobalt and manganese share a similar binding motif. Similar precursors were 

chosen to perform MS3 experiments to further confirm the binding site determination. As IS-CAD 

generated some metal bound fragments, two precursors from each metal complex: y21+Co, 

y24+Co, y21+Mn, and y24+Mn, were isolated for the MS3 experiments. The four isolated 

precursors were transferred into the collision cell to perform the second stage CAD.  

 

Fragmentation maps for the cobalt-bound 21-mer and 24-mer peptides were created, as shown 

in Figure 2-7. Interestingly, the identified cobalt-binding site by MS3 experiments was slightly 

different from that by MS/MS. While the MS/MS data shows that cobalt binds to a region 

composed by residues 119-126, the CAD-MS3 maps of y21+Co and y24+Co show another 

binding site between 132GYQDYE137 (Figures 2-7a and 2-7b), suggesting that cobalt may 

migrate from one site to another site in the gas phase.  

 

The data for the manganese complexes showed similar results. CAD-MS3 fragmentation maps 

were generated for the y21+Mn and y24+Mn products. The manganese-bound peptide MS3 

maps look different from that for cobalt binding. There is a distinct peptide backbone cleavage at 

E137 (relative to the AS sequence) that yields manganese-bound b-ions (b18+Mn from y21+Mn 

precursor, and b21+Mn from y24+Mn precursor). The rest of the fragmentation profiles were 

similar that found for cobalt binding. The combined data revealed manganese binding site to be 
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the same as cobalt at residues 132GYQDYE137. The results from MS/MS and MS3 confirmed that 

cobalt and manganese have a similar AS-binding behavior. 
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Figure 2-5. MS/MS fragmentation maps from ECD (top) and CAD (bottom) of AS-Co complex 

were generated by plotting fragmented ion intensities and residue number.  
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Figure 2-6. MS/MS fragmentation maps from ECD (top) and CAD (bottom) of AS-Mn complex 

were generated by plotting fragmented ion intensities and residue number.  
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Figure 2-7. IS-CAD/CAD-MS3 fragmentation maps of AS-Co and AS-Mn complexes. For cobalt, 

y21+Co (a) and y24+Co (b) were isolated and CAD spectra were acquired. AS-Mn complex was 

also analyzed. The y21+Mn (c) and y24+Mn (d) ions were isolated for subsequent CAD to 

identify the binding site. 
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MS/MS of truncated AS confirmed metal binding sites 

Three truncated AS sequences (1-60, 61-140, and 96-140) were tested for their metal binding 

characteristics by MS and MS/MS. AS(1-60), which contains a helical domain of AS, showed 

strong binding to copper but not to cobalt and manganese (data not shown). This result agrees 

with Cu binding to be near the N-terminal region. However, when ECD and CAD experiments 

were performed to locate the binding site of Cu to AS(1-60), it showed that the site was shifted 

by 10 residues towards the C-terminus (data not shown). The shifted binding site suggested that 

the 1-60 truncated protein might have different structural conformations compared to the full 

length AS. As expected, both cobalt and manganese bind to AS(61-140) and AS(96-140). The 

binding of copper to AS(1-60) missing the acidic C-terminal region was not observed. The 

complex of AS(96-140) with cobalt and manganese were analyzed by CAD and ECD-MS/MS. 

The binding site was identified to be the same as for full-length AS. 

 

Structural changes were observed by ion mobility spectrometry 

Ion mobility was performed on qTOF (quadrupole time-of-flight) instrument with a T-wave 

mobility cell. Collisional cross-section (CCS) profiles of six charge states (14+ to 9+) for copper-, 

cobalt-, and manganese-AS complexes were examined and compared to CCSs for the apo-AS 

form. Without metal, AS shows one extended conformation for the high charge states (14+ and 

13+). The measured CCS values decreased from 2830 Å2 for the 14+ molecule to less than 

2400 Å2
 for 9+, 10+, and 11+ molecules. Three lower charge states (11+ to 9+) have a major 

conformation with a similar CCS showing a more compact structure than the higher charged 

species. For the lower charge states, more than one conformation at a lower CCS was 

observed. For the 9+ molecule, three additional conformations were measured. The most 

abundant compact structure has a CCS of 1822 Å2.  



 51 

With copper (II) binding, the compact conformation proportion of the low charge states (11+, 

10+, and 9+) increased, as shown with the blue arrows in Figure 2-8. The result confirmed that 

binding of copper at the N-terminal site induced conformational changes of AS. It is possible 

that there are more negatively charge sites for the lower charge state of AS. The copper ion 

may grab the negatively charged C-terminal tail and form a coordination that leads to more 

folded states. This structure may lead to an important understanding of AS aggregation with and 

without acceleration by heavy metals. However, the right panel of Figure 2-8 shows that there is 

no significant difference for high charge states (14+, 13+, and 12+) that is likely to be in 

extended structures. 

 

CCS profiles of cobalt and manganese complexes are shown in Figure 2-9. The MS/MS data 

suggests that cobalt and manganese share the same binding motif on the unstructured C-

terminal tail. Cobalt (left panel) and manganese (right panel) exhibit a similar CCS pattern. 

Similar to apo-AS, higher CCS values were observed for the high charge states (14+, 13+, and 

12+), indicating a more extended conformation for both cobalt and manganese binding. Unlike 

copper, cobalt and manganese do not show conformational changes of compact structures at 

lower charge states (11+, 10+, and 9+). The result agrees with the fact that the C-terminus is 

extended and does not have a defined structure. Binding of copper or manganese to the C-

terminal motif does not significantly change the big picture of protein structure, yielding similar 

CCS profiles between the apo- and holo-forms. There are slight shifts for the 13+ and 12+ 

molecules toward the lower CCS (more compact structure), which need to be further 

investigated.  
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Figure 2-8. Collision cross-section (CCS) profiles from ion mobility of apo-AS (black) and 

copper-AS (red) complex at six different charge states ranging from 14+ to 9+. The lower 

charge states showed a significant change toward compact conformation upon copper binding. 

  

Cu(II) 
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Figure 2-9. Collision cross-section of cobalt (left) and manganese (right) complexes in 

comparison to apo-protein (red:metal complexes, black:apo-protein). The result showed that 

both metals do not noticeably induce protein conformation. 

Co(II) Mn(II) 
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Conclusion 

 

Native top-down mass spectrometry provides important structural information for intact proteins. 

ESI can be used to gently ionize samples without disrupting any weak interactions. Solvent pH 

is kept to the physiological region by to preserve the native structure of the protein. The top-

down MS approach also provides sequence information by fragmenting intact protein backbone 

bonds. By using soft dissociation methods like ECD, weak interactions can be retained in the 

protein while the backbone is cleaved. We successfully utilized these methods to study 

electrostatic interaction between metals and the α-synuclein protein. Our studies suggest that 

electrostatic interactions are enhanced in the gas phase. Table 2-2 shows the metal binding 

affinities to AS as determined from solution phase-based methods. Some of the previously 

reported data shows metal binding to be in the mid-micromolar range. CAD of protein-ligand 

complexes normally would dissociate the ligand from the protein, but the enhanced gas phase 

affinity allows the ligand to be retained even upon CAD. This can be advantageous for mapping 

metal binding sites by CAD, which uses higher energy than ECD; AS can be fragmented while 

metals remain bound to the protein mostly to the same region as for the native solution state. 

For the purposes of this paper, three metals, copper, cobalt, and manganese, were 

investigated. ECD- and CAD-MS/MS revealed that copper binds to the N-terminal end of AS 

near residues 1MDVFMKGLSK11. The ECD pattern of the copper complex was slightly different 

than for apo-AS, suggesting that a minor structural change could occur upon copper binding. 

The structural change was confirmed by ion mobility. Collision cross-sections of the complexes 

at low charge state shows a significant change toward a more compact conformation. Cobalt 

and manganese have similar binding sites. MS/MS unveiled the shared binding site between 

residues 119DPDNEAYE126 near the C-terminus. The binding sites identified by MS agree with 

previous studies74. MS3 experiments of cobalt and manganese complexes were performed by 
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IS-CAD followed by CAD to validate the binding site. However, an identified binding site from 

MS3  was different from the MS/MS experiments. During MS3, metal ions may migrate from 

residues 119DPDNEAYE126 to 132GYQDYE137. MS studies of metal-bound truncated protein show 

an agreement with binding sites identified by top-down mass spectrometry. 

 

Table 2-2. Comparison of results of metal binding affinity to AS protein from MS against 

previous literature data (modified from Binolfi, A.; Fernandez, C.O.; 63, 2012). 

 

 

 

 

 

  

Metal  Binding  Binding  Dissociation 
ion region Sequence Constants 

Cu(II) N-term 1MDVFMK6 0.1 uM 

48VVHGV52 35 uM 
  
     

Mn(II), Fe(II), C-term 119DPDNEA124 ~ 1mM 
Ni(II), Co(II) 
      

Metal  Binding  Binding  Affinity 
ion region Sequence 

Cu(II) N-term 1MDVFMKGLSKA11 High 

      

Mn(II),  C-term 120PDNEAYE126 Low 
Co(II) 
      

MS results Previous studies by NMR and EPR 
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Abstract 

Two amyloidogenic proteins were studied by electrospray ionization mass spectrometry (ESI-

MS). The 140-residue protein, α-synuclein (AS), which is known to be involved in Parkinson’s 

disease, and Cu/Zn superoxide dismutase (SOD1), which can form oligomeric species and is 

implicated in amyotrophic lateral sclerosis (ALS), were characterized by ESI-MS. A chemically 

synthesized compound called molecular tweezer (MT or CLR01) has been shown to disrupt 

aggregation and also disaggregate preformed amyloid fibril by binding to lysine residues. In this 

chapter, top-down mass spectrometry using physiological pH analyte solutions was used to 

characterize binding of MT to AS and SOD1. Electron capture dissociation was utilized to 

generate ligand-bound fragments, which is helpful to locate the MT binding sites. We revealed 

that MT has strong binding affinities to both proteins. MT binds to the K10 or K12 residues on 

AS. Two lysines on the zinc binding loop (K71 and K75) on SOD1 are possible binding residues 

of MT. The study demonstrates that ESI-MS has utility for characterizing the structures of 

amyloid proteins, which can be difficult using X-ray crystallography or NMR. The ligand binding 

data could lead to a better understanding of the mechanisms underlying amyloid fibrillation and 

offer additional insight to potential therapeutic approaches. 
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Introduction 

 

Some peptides or proteins in their soluble forms can undergo an aberrant pathway under some 

conditions and be converted into higher order structured oligomers and eventually amyloid fibrils 

that can be deposited in extracellular tissues. These intermediate states may be toxic or lead to 

phathological disease conditions, which is usually referred to as protein misfolding diseases1. 

Some of them may cause neurodegenerative disorders, systemic amyloidosis, or intracellular 

inclusions. Many misfolded proteins contribute to similar biological functions and share 

propensities to aggregate. In some cases post-translational modifications may promote self-

association into oligomers, such as tau2, 3. Many misfolded proteins are natively unstructured1, 

which make structural characterization by X-ray crystallography or NMR difficult and limiting. As 

described in Chapter 2, α-synuclein (AS) protein is implicated in Parkinson’s disease. It has 

been shown that AS fibrils deposit in neuronal tissue in the form of Lewy bodies4. This 

pathogenic condition is termed synucleinopathies. To date, a crystal structure of full-length AS is 

unknown due to the difficulties in protein crystallization. Recently, there was an effort to 

crystalize a small section of AS from the non-amyloid component (NAC) region5. This NAC 

fragment was shown to form insoluble intermediates and also form highly toxic fibrils. A crystal 

structural model revealed how NAC fragments can form a beta-sheet rich structure that leads to 

aggregation, suggesting that the NAC region may give rise to an initial conformation that can 

lead to toxic oligomers. 

 

There have been numerous studies trying to seek new potential therapeutic approaches to 

prevent and treat neurodegenerative diseases. Some studies reported the use of molecular 

chaperones for neuroprotection induced by several mechanisms6. There are efforts to identify 

potent small molecules and develop them as preventative and intervention therapeutics. Several 
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compounds have been tested to disrupt protein aggregration7-10. Sinha et al. introduced a small 

molecule called molecular tweezer (MT or CLR01), which contains a series of nine six-

membered and aromatic rings and two negatively charged phosphate groups. MT has a high 

affinity to lysine and arginine residues because of its specificity derived from a hydrophobic cleft 

and its ability to form a salt bridge with a positively charged amine group. The structure of MT is 

shown in Figure 3-2 showing it in a locking formation with lysine. Remarkably, MT can bind to 

lysine approximately 2.5 times stronger than arginine11. It has been shown that MT is effectively 

able to disrupt amyloid oligomerization and also disaggregate pre-formed amyloid fibrils of many 

different amyloid proteins, including amyloid-β (Aβ), α-synuclein, tau, IAPP, and β-

microglobulin10, 12. The capability of MT to modulate or inhibit Aβ oligomerization is comparable 

to known inhibitors such as epigallocatechin gallate (EGCG)13, 14. Some potential drugs are 

strong inhibitors to amyloid assembly but they fail to the cross blood-brain barrier to target the 

disease progression in the brain. Interestingly, many studies showed that MT is able to cross 

blood-brain barrier as tested in vivo15, 16. 

 

Cu/Zn superoxide dismutase (CuZnSOD or SOD1) is an abundant enzyme in the cytosol, 

nucleus, mitochondria, and peroxisomes of many human cell types. The 153-residue SOD1 is 

natively found in a dimeric state when copper and zinc are bound and a disulfide bond is 

present. Both metal binding sites are in close proximity (Figure 3-1)17. Copper sits in the main 

catalytic site that convert superoxide into oxygen and hydrogen peroxide via a two-step process. 

The metal-loaded enzyme with a disulfide bone is very stable at high temperature up to 90oC. 

SOD1 mutations have been discovered that are linked with a familial form of amyotrophic lateral 

sclerosis (fALS) disease. ALS, also known as Lou Gehrig's disease, affects motor neuron 

dysfunction in the spinal chord and brain. Most ALS cases are in the form of sporadic ALS 

(sALS) with no genetic component, where its cause is currently unknown. Familial ALS only 
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contributes to 5-10% of the cases18. Insoluble aggregates of SOD1 has been found in spinal 

cords of transgenic mice, especially the one with the A4V mutation, which is the most common 

disease form19. The SOD1 structure and known pathologically related mutations are shown in 

Figure 3-1. Because a disulfide bond is believed to contribute to the high stability of SOD1, it 

has been shown that the reduced form of apo-wild-type SOD1 is more susceptible to self-

aggregation even in physiological conditions20. 

 

To study protein-protein or protein-ligand interactions, aside from techniques that provide a 

complete structural view like x-ray crystallography, there are several conventional biophysical 

methods available, such as surface plasmon resonance, or isothermal colorimetry. Mass 

spectrometry also has capabilities to characterize protein complexes because it provides a 

direct measurement of mass, which can be used to derive molecular mass and stoichiometry. 

Soft conditions must be used during the ionization and ion transfer process to reduce the 

chances for analyte fragmentation. Generally, electrospray ionization (ESI) is preferred with 

physiological solution conditions (ca. pH 7 and room temperature)21, 22. Our lab has been 

utilizing a top-down MS approach to break apart protein backbone bonds, while keeping small 

molecular weight ligands intact23-25. Electron capture dissociation26 is a low energy approach 

that our lab uses to generate peptide fragments that remain bound to the ligand. Measuring 

fragment masses has allowed us to confidentially identify ligand-bound and ligand-free 

fragments, which is ultimately used to pinpoint ligand-binding sites. 

 

In this chapter, we characterize the binding of molecular tweezer binding to α-synuclein and 

human SOD1 using native electrospray ionization and top-down MS fragmentation analysis. 

Molecular tweezer reduces the tendency of AS and SOD1 to form aggregates. The structural 

details of tweezer binding to these proteins are provided by the MS data. Binding stoichiometry, 
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dissociation constants, and possible binding sites were deduced. We used a recombinant 

human α-synuclein and apo-wild-type SOD1 for the experiments. Originally wild-type human 

SOD1 has four cysteins, where two of them form an intramolecular disulfide bond between C57-

C14617. In our experiments, a special mutated version of apo-SOD1, which has methionine at 

the N-terminus and four cysteine mutations (C7A, C58S C112S, and C147S) was used for all 

experiments. The specific cysteine free mutation (noCys SOD1) intrinsically does not contain a 

disulfide bond. It represents a reduced form of SOD1 that leads to an aggregation-prone 

conformation20. 
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Figure 3-1. (a) A crystal structure of human Cu/Zn SOD1 showing a dimeric state when two 

heavy metal ions are bound. Copper ion is in blue and zinc is shown in orange. Zinc binding 

loops are highlighted in orange. (b) Structural representation of SOD1 showing secondary 

structures and a disulfide bond in the sequence. Familial ALS associated mutations are labeled. 

(Reprinted with permission Annual Review of Biochemistry - Valentine, J.S. et al (2005)17). 

 

  

(a) (b) 
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Figure 3-2. A molecular structure of MT (left) and a schematic representation showing the 

specificity of MT to a lysine residue. 
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Experimental 

 

Alpha-synuclein was purchased from rPeptide (Athens, GA). Human SOD1 proteins were 

provided by Dr. Joan Valentine’s lab (UCLA) in their apo-wild-type and apo-cysteine-free 

(NoCys) forms. Molecular tweezer (MT or CLR01) was synthesized in Germany in collaboration 

with Gal Bitan’s lab (UCLA). Ammonium acetate (Sigma Aldrich, St. Louis, MO) buffer solution 

(pH 6.7) was prepared at 20 mM concentration and used for buffer exchange and desalting 

using 10 kDa molecular weight cut-off (MWCO) centrifugal filter devices. Protein solutions were 

then prepared at a concentration of 5-10 µM for analysis. Samples were loaded into a 

borosilicate glass capillary coated with Au/Pd (Proxeon) for nanoelectrospray. The analyte 

solution flow rate was in a range of 50-100 nL/min. 

 

Electrospray ionization was performed using two different mass spectrometers. Ligand titration 

experiments to measure their binding affinities were performed using a Waters Synapt G1 qTOF 

mass spectrometer (Milford, MA) and Bruker Solarix 15-Tesla FT-ICR mass spectrometer 

(Billerica, MA), equipped with an Infinity ICR cell. Both instruments used the same type of 

nanoelectrospray capillary setups. For the Synapt system, the ESI voltage was set to 1.4 kV. 

Sampling cone and extraction cone voltages were tuned to 40 and 80V, respectively. In this 

instrument setup, nitrogen gas was used to supply a backing pressure of 0.02 bar to assist the 

nanoESI analyte solution flow. On the FT-ICR instrument, the ESI voltage was set to 1.1 kV. Dry 

gas was applied at 0.5 L/min at 160 oC in the ESI source region to aid desolvation. Transfer ion 

optics were tuned to the following settings: capillary 200V, deflector plate at 180V, funnel 120V, 

skimmer 40V. 
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Top-down MS experiments of protein-MT complexes were performed with the Bruker Solarix 15-

Tesla FT-ICR MS. The ECD cell was tuned for top-down MS analysis using a 10ms electron 

pulse, a 1V bias, and 15V applied to the lens. Product ions were manually identified by the 

Bruker DataAnalysis software and assigned by a home-built Matlab program using a 10ppm or 

less mass accuracy tolerance. 

 

 

Results and Discussion 

 

Characterization of MT binding 

Alpha-synuclein (AS) and SOD1 have very different structural conformations and features. AS 

natively unfolded at physiological pH; it has a long unstructured tail near the C-terminus, while 

the N-terminal region adopts mostly an alpha-helical structure. On the other hand, SOD1 has a 

compact structure containing two β-sheets, metal binding loops, and one disulfide bond. It forms 

a dimer under native solution conditions (with an oxidized disulfide bond and bound metals). 

Without the metal ions, apo-SOD1 shows a monomeric structure. Native ESI-MS spectra of α-

synuclein were similar to the mass spectra shown in Chapter 2 (Figure 2-2), where the charge 

state distribution is shifted towards relatively high charge states (19+ to 9+). The highest 

intensity charge states are 14+ at m/z 1033.2 and 13+ at m/z 1112.6 (Figure 3-3). The 

observation of relatively high charge states is likely an indication of an unfolded structure of the 

protein in the gas phase27. 

 

The cysteine free mutant of SOD1 (noCys SOD1) was used for all experiments in this chapter 

because the disulfide bond was eliminated. NoCys SOD1 showed a relatively lower charge 
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state distribution, ranging from 8+ to 5+, implying that the protein remained in a more compact 

structure in the gas phase (Figure 3-5).  

 

To determine the binding affinities of the MT ligand to the proteins, ligand titration experiments 

were performed in the protein concentrations are fixed at 10 µM, while the MT concentrations 

are varied from 1:0.5 to a 1:2 protein/ligand ratio for AS and a 1:3 ratio for SOD1. Figure 3-3 

shows native ESI mass spectra of AS at different concentration ratios of MT. Mass spectra are 

displayed between m/z 800-1400. The 1:1 protein-ligand stoichiometry complexes were 

observed with 5 µM of MT in solution (1:0.5 concentration ratio). The second binding event, i.e., 

a 1:2 protein-ligand stoichiometry complex, appears at 7.5 µM of MT (1:0.75 molar ratio). At 

higher concentrations of MT, multiple binding up to 5 ligands was observed. In Figure 3-3, the 

apo-AS species are labeled with open circles, while the ligand-bound species are labeled with 

filled colored circles. The apo-protein was barely observed at a 1:2 concentration ratio due to an 

equilibrium shift toward the multiple ligand-bound forms.  
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Figure 3-3. Native ESI-MS spectra of AS-MT complexes at different protein/ligand 

concentration ratios (apo, 1:0.5, 1:0.75, 1:1, 1:1.5, and 1:2) showing various species of protein-

ligand complexes, where P is protein (AS) and L is ligand (MT). 

 

  

'803.86
18+

'851.08
17+ '904.21

16+

'964.43
15+

'1033.24
14+

'1112.64
13+

'1205.28
12+

'1257.60
23+

'1314.76
11+

20131122_AS_000004.d: +MS

'803.86
18+ '851.08

17+ '904.22
16+

'949.60
16+

'964.43
15+

'1012.84
15+

'1033.24
14+

'1085.11
14+

'1112.65
13+

'1168.51
13+

'1205.29
12+

'1265.80
12+ '1314.77

11+

20131122_AS_000009.d: +MS

'803.86
18+ '851.09

17+ '904.22
16+

'949.60
16+

'964.43
15+

'994.99
16+

'1012.84
15+

'1033.25
14+

'1061.25
15+

'1085.11
14+

'1112.65
13+

'1136.98
14+

'1168.51
13+ '1205.29

12+

'1265.80
12+

'1314.77
11+

1348.55
1+

20131122_AS_000014.d: +MS

'803.86
18+ '851.09

17+
'893.80

17+'904.22
16+

'949.60
16+

'964.43
15+

'979.23
17+ '994.99

16+

'1012.84
15+

'1033.25
14+

'1061.25
15+

'1085.12
14+

'1112.65
13+

'1136.99
14+

'1168.51
13+

'1188.86
14+

'1205.29
12+

'1265.81
12+

'1314.77
11+

20131122_AS_000006.d: +MS

'803.86
18+

'851.08
17+ '904.21

16+

'936.51
17+

'949.60
16+

'964.43
15+

'979.23
17+

'994.98
16+

'1012.84
15+

'1033.24
14+

'1061.25
15+

'1085.11
14+

'1112.64
13+

'1136.98
14+ '1168.50

13+

'1188.85
14+

'1224.36
13+

'1265.80
12+

'1280.22
13+ '1326.31

12+

20131122_AS_000011.d: +MS

824.16
1+ '844.20

18+ '893.80
17+ '924.88

18+ '949.60
16+

'965.22
18+

'979.23
17+

'994.98
16+

'1012.83
15+

'1040.37
16+

'1061.25
15+ '1085.75

16+
'1109.66

15+

'1136.98
14+ '1158.07

15+
'1188.85

14+

'1206.48
15+ '1240.72

14+

'1254.89
15+

'1280.22
13+

'1336.08
13+

20131122_AS_000007.d: +MS

0

1

2

3

4

8x10
Intens.

0.00

0.25

0.50

0.75

1.00

1.25

1.50
9x10

0

1

2

3

8x10

0

1

2

3

4

5
8x10

0.0

0.5

1.0

1.5

8x10

0.0

0.2

0.4

0.6

0.8

1.0

8x10

800 900 1000 1100 1200 1300 m/z

14+ 13+ 12+ 

11+ 

15+ 
16+ 

17+ 
18+ 

14+ 13+ 
12+ 

11+ 

15+ 
16+ 

17+ 
18+ 

18+ 

17+ 
14+ 13+ 12+ 15+ 16+ 

14+ 
13+ 

12+ 
11+ 

15+ 
16+ 

17+ 
18+ 13+ 12+ 17+ 

14+ 15+ 16+ 

14+ 13+ 

12+ 

11+ 

15+ 

16+ 17+ 18+ 
18+ 

13+ 12+ 
17+ 

14+ 15+ 
16+ 

18+ 

18+ 

17+ 
15+ 16+ 13+ 

12+ 
14+ 

14+ 

14+ 
14+ 

14+ 
14+ 

14+ 14+ 

14+ 14+ 14+ 15+ 

15+ 

15+ 15+ 15+ 

15+ 

13+ 

15+ 

15+ 
15+ 

15+ 

16+ 

16+ 
16+ 16+ 

16+ 
16+ 

17+ 
17+ 

17+ 

17+ 

17+ 17+ 

18+ 

18+ 
13+ 16+ 

13+ 
13+ 

13+ 

13+ 

13+ 

13+ 

13+ 

13+ 

12+ 

12+ 
12+ 

12+ 13+ 

11+ 

14+ 

1 : 0.5 

1 : 0.75 

1 : 1 

1 : 1.5 

1 : 2 

1 : 0 

12+ 

12+ 

P PL PL2 PL3 PL4 PL5 



	 73 

By measuring the normalized signal intensities for each protein form against the different charge 

states, equilibrium dissociation constants can be calculated using a Scatchard plot. For cases in 

which there are multiple binding sites, the following holds:  

 

! + ! ⇌ !"   (3a) 

!" + ! ⇌ !!!   (3b) 

!!!!! + ! ⇌ !!!  (3c) 

 

Where P is protein and L is ligand. A total summed concentration of bound and free ligand must 

equal to the initial concentration of ligand [L]o 

 

[!]! = [!]!"## + !" + [!"!] + [!"!] +⋯ (3d) 

 

With the method described previously 28, 29, the relationship can be derived as:  
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A plot between the total free ligand or ([!]! − [!!!])!
!!!  versus the concentration ratio of total 

protein over free protein ! ! !!!!
!!!
!  was generated as shown in Figure 3-4. From equation 3e, 

the first and second dissociation constants from this experiment were calculated (from 4th order 

polynomial fit) as !!! =  1.8 µM and !!! = 4.1 µM (Figure 3-4). 
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Figure 3-4. Scatchard plot of AS-MT complex was generated by varying the concentration of 

ligand (MT) and measuring the protein-MT complex by ESI mass spectrometry. A polynomial fit 

was employed and coefficients were used to calculate the first and second dissociation 

constants as shown in Equation 3e. 

  

y	=	0.0163x3	-	0.1355x2	+	0.5554x	+	0.5624	
R²	=	1	

0	

1	

2	

3	

4	

5	

1	 2	 3	 4	 5	 6	 7	 8	

[t
ot

al
 p

ro
te

in
] /

 [f
re

e 
pr

ot
ei

n]
 

[L]0	-	[PLn]	(uM)	 

Scatchard analysis of alpha-synuclein complexes 



	 75 

MT binding to human SOD1 was characterized using the same approach as α-synuclein. ESI 

mass spectra of SOD1 in its native state showed four charge states ranging from 8+ to 5+ 

(Figure 3-5). An apparent nonspecifically-bound dimer was observed at m/z 2884.3 (11+). MT 

was added to a protein solution to yield concentrations ranging from 5-30 µM (1:0.5 to 1:3 

protein/ligand concentration ratio). Small peaks of single MT bound were readily observed when 

for the low concentration of MT at 5 µM. Interestingly as the concentration ratio increased, 

multiple ligand bound species were detected with up to 3 ligands bound at a 30 µM MT 

concentration. The maximum number of ligand bound was less than that observed for AS, 

despite the larger size for SOD1; we observed up to five ligand binding in AS. The number of 

ligand binding can be correlated with its structure. SOD1 would bind less MT than AS because 

SOD1 has a more compact structure, while AS is natively unstructured. 

 

A dissociation constant of SOD1-MT complexes was determined in the same manner as for α-

synuclein. A 4th order polynomial fit of equation 3e was applied to generate a Scatchard plot for 

binding of MT to SOD1 (Figure 3-6). The first and second dissociation constant was measured 

to be 2.93 µM and 44.9 µM, respectively.  The r-squared (coefficient of multiple determination 

for multiple regression) value is reported to be 0.9933, which indicates a good polynomial fitting. 

The measured Kd of the AS-MT and SOD1-MT complexes are within the same order of 

magnitude, suggesting that MT binds to the amyloid proteins with a similar preference and 

behavior.  

 

From these results, it clearly shows that ESI-MS can provide a comprehensive view of ligand 

binding characteristics that are complimentary to more conventional techniques. For example, 

molecular mass, stoichiometry, and binding affinity can be directly measured in a single 

experiment. The first Kd measured for AS-MT by ESI-MS is in good agreement with 
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measurements using fluorescence spectroscopy techniques30. MT binding to lysine residues on 

proteins has a higher affinity than previously reported for a small molecule containing a single 

lysine residue11. 
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Figure 3-5. Native ESI mass spectra of protein complexes between noCys SOD1 and molecular 

tweezer (MT) at different protein/ligand concentration ratios, ranging from 1:0 to 1:3 (0-30 µM 

MT). MT-SOD1 complexes up to 3 ligand bounds were observed at the 1:3 concentration ratio. 
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Figure 3-6. Determination of first and second dissociation constants !!!and !!! for MT binding 

to SOD1 by Scatchard analysis as shown in Equation 3e. 
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Top-down mass spectrometry for identification of MT binding sites 

Previously we used electron capture dissociation (ECD) for top-down MS (Chapter 2); ECD is a 

relatively gentle technique to generate N-terminal (c) and C-terminal (z.) fragments. Using ECD, 

covalent backbone bonds of the polypeptide are cleaved while non-covalent forces holding the 

ligand bound to the macromolecule are maintained. Previously, this approach was used to study 

relatively weak solution binding of small molecule ligands to α-synuclein23. The sequence of 

these ligand-bound fragments can be mapped onto the full-length protein sequence to 

determine the ligand binding region(s)23-25. Also, this strategy was used previously to measure 

the binding of MT to amyloid β-protein10 and therefore we applied ESI-MS/MS with ECD here to 

determine the sites of MT binding to AS and SOD1. 

 

A 1:1 concentration ratio of AS and MT was used. The MS signal intensity decreased 

significantly by 3 times compared to when no MT was added to both proteins tested. The result 

suggested that using a high concentration of MT suppress the electrospray ionization process. 

For this reason, the MT was kept at an optimal concentration of 10 µM for top-down MS 

experiments of protein-ligand complexes of AS and SOD1. 

 

Once protein complexes were ionized at the ESI source and gently transferred into the mass 

spectrometer, the 13+-charged ions for the 1:1 –α-synuclein-MT complex were isolated and 

subjected to ECD-MS/MS fragmentation. During the electron capture events, charge reduction 

occurred, yielding two more charge states (12+ and 11+). Protein fragments of the c- and z.-

product-ion series were observed around the precursor m/z (Figure 3-7). Fragments were 

identified against theoretical fragments calculated from the Protein Prospector software using an 

in-house Matlab program and re-validated manually. Some product ions from dissociation of the 

polypeptide backbone corresponded to fragments showing no bound ligand (Figure 3-8, black 
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lines), whereas other product ions retained binding to MT (red lines). Figure 3-9 is a magnified 

ECD-MS/MS spectrum showing some representative MT-bound fragments, such as c24+MT, 

c46+MT, c57+MT, and c68+MT. At some positions along the polypeptide chain, product ions were 

observed in both MT-bound and unbound states. An additional voltage was applied to the 

skimmer region to assist ECD cleavage by increase the ions’ internal energy. Observing both 

apo- and holo-fragments for the same residue may suggest that the MT molecule may partially 

fall off the protein during ion transfer or from ECD process due to the additional ion activation. 

Compared with our previous study with amyloid β-protein (Aβ)10, ECD appears to induce more 

dissociation of MT from the protein (α-synuclein). Nonetheless, the specific observation of a MT-

bound c20-product ion and a MT-bound z131-product ion suggests that the binding is located in 

the AS region spanning residues 10–20, most likely at Lys-10 and/or Lys-12.  
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Figure 3-7. ECD-MS/MS spectrum of the 13+ ion for the 1:1 AS-MT protein-ligand complex. 

Charge reduced species (12+ and 11+ charged) and c/z� fragments were observed. 

  

510.2	
1+	

641.3	
1+	

769.4	
1+	

1026.5	
1+	

13+	

12+	

11+	

4+	
500	 1000	 1500	 2000	 2500	 3000	 m/z	



	 82 

 

Figure 3-8. A schematic of the ECD-MS/MS fragmentation profile for the 13+-charged 1:1 - 

AS:MT complex on the protein sequence. Protein fragments of the c- and z�-product-ion series 

were observed. Some product ions from dissociation of the polypeptide backbone corresponded 

to unbound peptide (black line), whereas other product ions retained binding to MT (red line). At 

some positions along the peptide chain, product ions were observed in both MT-bound and 

unbound states. From the fragmentation profile, residues 10 –20 that include Lys-10 and Lys-12 

are suggested to be the site(s) of MT binding. 
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Figure 3-9. A representative MS/MS spectrum showing ECD fragments, containing four MT-

bound peptide fragments (red) and an apo-fragment (black). 
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For MT binding to SOD1, the top-down experiments were performed using the Bruker FT-ICR 

mass spectrometer, using the similar approach as described for AS-MT. The ultimate goal is to 

locate and confirm MT binding site(s) on noCys SOD1. The experiment can be more 

challenging than the α-synuclein complexes because SOD1 has a more compact structure; 

ECD-MS/MS of compact structures may not yield as many fragments as more extended 

structures. Figure 3-10 shows ESI mass spectra of apo-noCys-SOD1 (top) and MT-bound 

noCys SOD1 (bottom). Mass spectra of noCys SOD1 acquired from the FT-ICR MS was mostly 

similar to what we observed using the Synapt HDMS QTOF instrument, which was used for 

SOD1 binding characterization. From the FT-ICR MS data, four charge states (8+, 7+, 6+, and 

5+) appeared to be the most abundant species. These are similar to the mass spectra from the 

QTOF instrument. However, there were some higher charge molecules detected by FT-ICR MS 

that was not observed during the titration experiments using the QTOF MS; four higher charge 

states were observed at 12+ to 9+ at lower intensities than the 8+ to 5+ envelope. When MT 

was added to SOD1 to achieve a concentration of 10 µM or a protein/ligand 1:1 concentration 

ratio, MT-bound complexes were readily detected. Interestingly an additional 13+-charge state 

was seen. Theoretically when MT binds to a lysine residue, negatively charged phosphate 

groups of MT neutralize positively charge lysines, and the overall charge state should be 

decreased. The reason behind a charge increase is currently unknown and will need to be 

further investigated. Single-ligand-bound (red circles) and two-ligand-bound complexes (green 

circles) were observed. This is similar to the result from the QTOF mass spectrometer.  

 

In the top-down MS experiments, six charge states of the 1:1 complexes (1 ligand bound to the 

protein) were examined. Each charge state was isolated and transferred into the FT-ICR cell to 

perform ECD top-down MS/MS separately. ECD fragments were annotated using the theoretical 

mass from Protein Prospector with the home-built software. By this method, MT-bound and 
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unbound fragments were identified. Fragments are mapped on the protein sequence, as shown 

in Figure 3-11. Herein, data for three out of six charge states are shown. The result from the 

three charge states clearly demonstrates that the ECD efficiency is highly dependent on the 

charge of the precursor molecules31, 32. The higher charge, the higher the electron capture 

cross-section, and more c/z� fragments should be generated. For the 12+ precursor, there are 

number of MT-bound fragments (red bars), which are holo z� ions, that were observed between 

residue 3 to 47, suggesting that the binding region may start from residue 47 onwards toward 

the C-terminus. However, when we consider also the N-terminal containing holo-fragments, they 

were observed between residues 31 to 153. Therefore, the binding location is inconclusive. 

From the 12+ data, MT may bind to one of four possible lysines: K31, K37, K71, or K76. A 

higher charge state precursor may display a different gas phase structure that may be more 

extended than a lower charged molecule, so that MT may be more accessible to some lysine 

residues in the third loop region or beta strand (Figure 3-1). ECD fragments from the 11+-

charged precursor are more conclusive. With the observation of c89+MT and z107+MT, we were 

able to narrow down the binding region to be K71 and/or K76, which are in the zinc binding loop. 

This loop is located on the surface and has higher flexibility, as indicated by the Debye-Waller 

factor or B-factor. Lastly ECD of the 10+ charge state generate drastically less MT-bound 

fragments. Since only one MT-bound c-ion and 5 MT-bound z-ion were observed, the identified 

binding region spanned a large region of the protein. There are 7 possible lysines across this 

region, which results in a poorer defined region for deducing MT binding sites. The result from 

the 10+ charge state confirms that ECD is a process that is highly dependent on the charge 

state of a precursor. Two lower charge states (9+ and 8+) were tested but the coverage was 

weaker than 10+, which is insufficient for binding site identification (data not shown).  
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Figure 3-10. Native ESI mass spectra of SOD1 and MT-SOD1 complexes were acquired on the 

FT-ICR mass spectrometer. The most abundant charge states are 8+ to 5+. MT-bound forms at 

six highest charge states (13+ to 7+) were isolated for top-down ECD-MS/MS. 
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Figure 3-11. ECD fragmentation maps of 1:1 MT-SOD1 complex are shown for different 

precursor charge states (12+, 11+ and 10+). The higher charge state (12+) significantly 

generated more fragments, which is beneficial for locating the MT binding residues.  
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Conclusion 

Native electrospray ionization mass spectrometry (ESI-MS) with a top-down approach using 

electron capture dissociation (ECD) is a powerful tool to provide a comprehensive view for 

characterizing protein-ligand interactions. In this chapter, the binding of a synthesized 

compound called molecular tweezer (MT or CLR01) to amyloidogenic proteins was studied. MT 

was previously shown that it can inhibit protein aggregation and disaggregate preformed 

amyloid fibrils of many proteins, such as Aβ, α-synuclein, amylin, etc. We employed top-down 

ESI-MS to reveal the important binding characteristics of MT to α-synuclein and SOD1, which 

are involved with Parkinson’s and ALS diseases, respectively. Binding of MT to α-synuclein and 

SOD1 was readily observed by native ESI-MS and their dissociation constants (Kd) were 

determined to be in the low µM region. Top-down MS analysis shows that the primary MT 

binding site of α-synuclein occurs at K10 or K12, and MT likely binds to K71 or K76 on human 

SOD1. The binding information can be used to develop additional insight and a molecular 

mechanism behind MT binding on amyloid proteins to prevent amyloid proteins to self-

aggregate and form toxic oligomer or fibrils. 
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CHAPTER FOUR 

 

Mapping Protein Surface Residues by Monitoring Molecular Tweezer 

Binding 
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Abstract 

 

The determination of protein structures is very important for understanding their functions. The 

task can be difficult and labor intensive depending on the protein. Here we demonstrate the use 

of a molecular tweezer compound (MT or CLR01) to map the surface region of proteins in their 

native conformation. MT is a small, 726 Da, compound that specifically binds to lysine residues. 

Electron capture dissociation (ECD), which is a soft fragmentation method, with mass 

spectrometry was used to identify MT binding site for several globular proteins. A surface lysine 

of the protein ubiquitin (8.6 kDa) was identified as K11. The binding region of myoglobin (17 

kDa) covers three possible lysines (K133, K145, and K147). Nonetheless, we were able to 

correlate the binding sites from MS/MS results with surface accessibility calculated from 

ASAView and GetArea programs. A good correlation was achieved. With top-down mass 

spectrometry and ECD of MT-protein complexes, determining protein surface lysine residues 

can be quickly characterized.  
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Introduction 

 

Proteins undergo folding through several different pathways, but a specific pathway via a 

chaperone-assisted mechanism achieves the lowest energy states to be fully activated to 

perform their function1. Different regions on properly folded proteins have their own specific 

functions, such as cofactor binding domains and as catalytic sites. Protein surface regions are 

also important because they are the main regions that interact with other proteins, stimuli, or 

undergo some crucial modifications. Elucidating protein structures, especially surface topology 

is important to understand their biological functions. X-ray crystallography2 and NMR3 are the 

most common techniques to study solution phase protein structure. However, they are labor-

intensive tasks and there are many challenging limitations involved depending on protein sizes 

and characteristics4.  

 

Mass spectrometry becomes an alternative choice to provide structural information because of 

its speed, sensitivity, and small sample amount requirements5-7. Since molecules in a mass 

spectrometer operate in vacuum, questions have been raised whether structural information 

obtained from a method that measures gas phase molecules relates to structures found in 

solution. There are a number of studies showing that if proper experimental procedures are 

optimized, an intact protein structure can be preserved in the gas phase that is similar to a 

structure in solution8-12. Generally electrospray ionization (ESI) is preferred because ESI is 

known to be a soft ionization technique13, 14. A normal experimental condition for ESI-MS is the 

use of solutions containing an organic solvent (e.g., methanol, acetonitrile) mixed with an acidic 

aqueous solution to maximize charging, desolvation and sensitivity. But using an ammonium 

acetate buffer to maintain the physiological pH is the most common approach to introduce 

proteins into mass spectrometer in their “native” states15. Native ESI-MS has limited sensitivity 
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compared to normal ESI-MS (using solvents that denatures the structures of proteins), but it can 

provide surface topology information when specific methods are applied. We will discuss more 

about these methods later in this chapter. 

 

There are several alternatives besides native ESI-MS to probe surface residues of proteins, 

including surface labeling16. Labeling approaches are usually performed with additional steps in 

solution. A proteolytic digestion is performed after the labeling step to break apart the labeled 

protein into small peptides, and liquid chromatography is used to separate peptides before MS 

to reduce sample complexity17. The most common labeling techniques are hydrogen-deuterium 

(H/D) exchange18, 19, oxidative footprinting20, 21, chemical crosslinking22, and chemical 

modifications23. These approaches are widely used because the information is truly from 

solution phase structures. H/D exchange is a powerful technique that takes advantage of 

solvent accessible amide protons. Any backbone amide protons can be exchanged with 

deuterium from heavy water in an equilibrium manner. So H/D exchange provides details about 

surface regions, or regions involved in conformational changes24. Ligand binding sites can be 

elucidated because the H/D exchange is hindered at the binding region. However, caution 

needs to be exercised during the exchange reaction, proteolysis, and separation steps because 

back-exchange can obscure the analysis. Moreover H/D scrambling is possible if collision-base 

fragmentation, such as CAD, is used. 

 

Compared to H/D exchange, oxidative footprinting uses a more permanent labeling approach, 

using hydroxyl radicals, which can target almost any residue25, 26. In the past, hydrogen peroxide 

was used to react with ascorbate to generate radicals. It has been shown that oxidative 

footprinting was able to map protein surfaces and disorder regions of myoglobin27. Hydroxyl 

radical can induce unfolding of proteins in the millisecond timescale. Recently, fast 
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photochemical oxidative protein footprinting (FPOP) has been developed. FPOP utilizes a UV 

laser pulse to generate hydroxyl radicals. The labeling process is completed within a few 

microseconds, in which conformational changes becomes minimal28-30.  FPOP has been used 

for mapping surface and conformational changes31, 32. Alternatively, electrochemical oxidation 

can be utilized33. 

 

Chemical crosslinking and covalent labeling are other approaches that provide similar 

information. These methods use chemistry to covalently label solvent accessible residues. 

Chemical crosslinking has also been used for mapping intermolecular protein-protein interfacial 

regions, as well as intramolecular structures. Data analysis is challenging due to its high 

complexity22, 34. On the other hand, conventional covalent labeling using chemical probes has 

less complexity because a reagent only specifically reacts to only one or a few target residues. 

A few examples of covalent labeling reagents (and its target residue) that have been used for 

surface probing include DHCH (arginine)35, succinylation (lysine)36, carbene37 (any residues), 

DEPC38, DMBNHS39 (lysine), and hydrazone40 (lysine). 

 

On the other hand, several non-covalent binding approaches have been developed. These 

methods use specific compounds as molecular recognition probes that non-covalently bind to 

some residues. Some of the more popular compounds are 18-crown-6 (18C6) and 

cucurbit[n]urils (CB[n], where n = 5-8, or 10). The major benefit is minimal sample preparation 

and clean-up steps are required. Weakly bound ligands are unlikely to perturb the protein 

structure. HPLC separation is difficult to be applied because a strong organic content can open 

up the protein structure and disrupt the non-covalent probes. Molecular probes and proteins are 

mixed together in solution. But instrument settings must be carefully tuned for ionization and ion 

transfer so that the protein complexes are preserved in the gas phase8. 18C6 has been used for 
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a method coined “selective noncovalent adduct protein probing (SNAPP)41” to probe structural 

changes on metal binding. CB[6] has also demonstrated a similar ability to 18C6 to monitor 

conformational changes42-44. This chapter describes the use of a small molecular tweezer (MT) 

molecule, which has a high specificity and high affinity to bind lysine residues, to probe surface 

lysine residues of proteins in their native states. Previously MT has been demonstrated to be a 

potential inhibitor for amyloid fibrillation45, 46. 

 

Our lab’s current interests include the characterization of non-covalent protein-ligand 

interactions using mass spectrometry. Electron capture dissociation (ECD) has been used to 

locate ligand-binding sites. ECD is a soft dissociation method that cleaves N-Cα bonds but not 

labile post-translational modifications or weakly bound ligands47, 48. Our lab demonstrated that 

ECD can be used in a top-down fashion to determine the ligand binding sites of several protein 

complexes49-51. Top-down mass spectrometry also reveals the binding site of MT on two 

neurodegenerative disease proteins: amyloid-β and α-synuclein, which are involved in 

Alzheimer’s and Parkinson’s disease, respectively52, 53. Herein, the use of MT and top-down 

ECD MS/MS to probe surface lysine and provide structural information is illustrated. 
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Experimental 

 

Bovine ubiquitin, horse apo-myoglobin, and ammonium acetate were purchased from Sigma-

Aldrich (St Louis, MO). Proteins were dissolved in 10 mM ammonium acetate solution to 

maintain pH at 6.8 to preserve structure in their native state. A buffer exchange was performed 

using a centrifugal filter with a molecular weight cut-off (MWCO) at 3 kDa (for ubiquitin) and 10 

kDa (for apo-myoglobin) to remove excess salt and other matrices. Molecular tweezer (MT or 

CLR01) was provided by Dr. Gal Bitan’s lab at UCLA. Proteins were diluted to achieve the final 

concentration of 10 µM for analysis by ESI-MS. Protein complex sample solutions were then 

inserted into a Au/Pd-coated borosilicate glass capillary (Thermo Scientific, San Jose, CA) and 

hooked up to a nanoelectrospray source with a 1.25 kV ESI voltage. The expected flow rate was 

in a range between 50-100 nL/min. There is a countercurrent nitrogen gas at a flow rate of 1 

L/min and 160 oC temperature to facilitate ion desolvation. A Bruker Solarix 15-Tesla FT-ICR 

mass spectrometer (Billerica, MA), equipped with the infinity ICR cell, was used for this study. 

Source transfer optics were tuned with a voltage of capillary 200V, deflector plate 180V, funnel 

120V and skimmer 50V. Top-down MS/MS experiments were performed inside the ICR cell 

using low energy electrons generated from the ECD cathode filament. The ECD cell was tuned 

to achieve 10 ms pulse, 1V bias and 15V on the ECD lens. Fragments (ligand-bound and ligand 

free) were manually detected by the Bruker DataAnalysis software (Billerica, MA) and annotated 

manually by a customized Matlab program comparing with theoretical masses obtained from 

Protein Prospector (http://prospector.ucsf.edu/prospector/mshome.htm), using a mass accuracy 

of 10 ppm or less. 
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Results and Discussion 

 

Native ESI-MS of MT-bound ubiquitin and apo-myoglobin complexes 

Ubiquitin and myoglobin are standard proteins that have been extensively studied by ESI-MS39, 

47, 54, 55. Ubiquitin was chosen to be a model protein to study unfolding in the gas phase in many 

studies56, 57. Myoglobin with its heme binding has been also heavily explored by top-down 

MS/MS by other labs58. Interactions between MT and various intact proteins were observed by 

MS in the form of [M+nH+726m]n+ ions, where m is a number of bound MT, n is a number of 

charge from protons, and the mass of a bound MT is 726 Da. Unbound MT was observed in 

some concentration ratios. We first tested the MT binding on 5 different proteins (ubiquitin, 

myoglobin, cytochrome C, ribonuclease A, and α-synuclein). Multiple binding (m = 2-4, 

depending on the MT concentration) was found for apo- myoglobin, holo-myoglobin (data not 

shown), ubiquitin and α-synuclein. Binding of α-synuclein and MT is reported in Chapter 3. We 

propose that the high solvent accessible lysine residues will bind with MT under native solution 

conditions.  

 

Figures 4-1 and 4-2 show mass spectra of ubiquitin-MT and apo-myoglobin-MT complexes, 

respectively. A native ESI mass spectrum ubiquitin normally shows the 6+ and 5+ charge 

states15, indicating the protein to be in the folded state because protein charging likely depends 

on protein surface area59, 60. The spectrum of ubiquitin-MT complexes was acquired from a 

solution that contains 10 µM of the protein and 30 µM MT (1:3 ratio). At this ratio, up to three 

ligand-binding events is observed. The most abundant species is the 6+-charged 1:1 complex. 

Because of its intensity and the highest observed charge, it will be further selected for top-down 

experiments by ECD. Unbound protein was barely observed at this concentration ratio. A singly 

charged ammonium adduct of protonated MT is detected at m/z 744. 
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The mass spectrum of apo-myoglobin-MT complexes has two charge distributions. The main 

distribution is at a high m/z region, where 10+ to 7+ charges were observed. This charge 

envelope represents a more compact conformation. Interestingly 16+ to 11+ charges were 

observed in the low m/z region, indicating that a fraction of the protein may be slightly unfolded. 

The higher charge species are expected to have more extended conformations. Although higher 

charge is beneficial for ECD fragmentation, it may become too unfolded to be a model 

conformation for surface residue probing by MT. Consequently, we selected the 9+ charged 

molecule for subsequent ECD experiments. The 12+ charged molecule, which is one of the 

lowest charge states from the high charge envelope, was also chosen for top-down MS 

experiments. 

 

Top-down MS/MS to identify MT binding residues 

ECD has been used to determine the amino acid residues involved in binding small ligands 

because it does not disrupt the non-covalent interactions. MT-bound and apo-fragments were 

identified. ECD of 6+-ubiquitin significantly generated less fragments than higher charge states 

from a denatured protein56. Three unbound (c6, c9, and c10) fragments, or apo-fragments, were 

observed (black lines). Additionally, five MT-bound fragments, or holo fragments, (c21+MT, 

c74+MT, c75+MT, z66
�+MT, z70

�+MT) were observed as depicted by bold red lines. Lysine-11 is 

suggested to be the tweezer-binding site because of the specific observation of c21+MT and 

z66
�+MT. ECD fragmentation is shown on the ubiquitin sequence in Figure 4-1. 

 

For apo-myoglobin, two charge states (12+ and 9+) were isolated and transferred into the ICR 

cell for ECD experiments. An additional skimmer voltage was needed to improve ECD 

fragmentation efficiency for the 9+ charge state species of myoglobin. The additional voltage 
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was properly tuned so that MT-protein interactions can be retained under pre-activation and 

ECD conditions. The ECD fragments identified from both charge states were combined and 

illustrated in Figure 4-2. Here, several of ligand-bound fragments were observed. Fifteen MT-

bound z� ions were found between residues 2-130, suggesting that MT binds at the C-terminal 

region. Two MT-bound c-type fragments (c151+MT, and c152+MT) confirmed the C-terminal 

binding region. The binding motif spans across residues 130-151. There are 3 lysines in this 

region, which are K133, K145, and K147. Although ECD efficiency was limited for the low 

charge states, the measured c/z�-fragments were sufficient for locating the binding sites. The 

identified tweezer binding sites were then compared with the known 3D protein structures to 

develop a model for surface mapping. 
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Figure 4-1. MS spectrum of native MT-bound ubiquitin complex containing five species: 1:1, 

1:2, 1:3 protein-ligand complexes, ligand-free protein, and unbound ligand. The schematic 

below illustrates ECD fragmentation along the protein sequence. MT-bound and unbound 

fragments are highlighted in red and black, respectively.  
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Figure 4-2. (top) MS spectrum of native apo-myoglobin-MT complex showing 1:1 and 1:2 

complexes. The 12+ and 9+ charges were selected for top-down MS experiments. (bottom) A 

fragmentation profile showing backbone cleavage along the sequence. Red lines are ligand-

bound fragment, where black lines are unbound fragments. 
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Surface residues calculation 

Two software packages were used to calculate surface accessibility obtained from the 3D 

structures. 1UBQ and 1YMB are the PDB files of ubiquitin and myoglobin for the structures that 

were used in this experiment. First, ASA-View (http://www.abren.net/asaview/) provides 

accessible surface area (ASA) values and generates a graphical “spiral plot”61. The spiral plot 

sorts residues by their relative solvent accessibility. The outer ring residues are more exposed, 

where the inner residues are buried in the structure. The radius of each circle is proportional to 

the ASA value of that specific residue. Table 4-1 illustrates %ASA values, which is a relative 

amount of solvent accessibility. Theoretical solvent accessibilities were also confirmed by 

GetArea62 (http://curie.utmb.edu/getarea.html). For each residue, GetArea reports the 

contribution of atoms from the backbone and sidechains. It also calculates the random coil value 

of X residue, which represent an average accessible surface area of a tripeptide Gly-X-Gly in 

random conformations. The random coil values can be found on the GetArea website. The 

software then tabulates a ratio of sidechain surface area over random coil value (%SA ratio). A 

ratio greater than 50% is considered to be solvent exposed. The residues with a %SA ratio less 

than 20% are buried. Percent SA ratio values are also listed in Table 4-1. 

 

From Table 4-1, %ASA calculated from ASView of ubiquitin and myoglobin were in agreement 

with calculated %SA ratio from GetArea, confirming the validity of the model. Only theoretical 

values from lysines were displayed. Lys63 is the most solvent accessible residue of ubiquitin, 

but it is not the MT binding site determined by MS. ECD data showed that MT binds to Lys11, 

which is the second most accessible according to the %SA ratio from GetArea. A spiral plot of 

ubiquitin residues is shown in Figure 4-3. Basic residues are colored in blue and the Lys11 

position is shown on the plot. The binding site does not correlate with the surface accessibility 

model very well. We then examined the 3D structure of ubiquitin (PDB: 1UBQ) and highlighted 
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lysines as red sticks (Figure 4-3). The crystal structure clearly showed that K63 is the most 

accessible. K11 does not fully point outwards. It is still possible for MT to bind K11 because K11 

sits on a β-sheet surface and has room for potential MT binding. Another reason that may 

explain the result is from the size of ubiquitin. Compare to other mid-size proteins, ubiquitin is 

relatively small, so it has more surface accessible regions than larger proteins. The theoretical 

surface accessibility from GetArea or ASAView is only relative to the same proteins. Most lysine 

residues of ubiquitin have similar %AS ratio due to its size. From a molecular interaction 

perspective, there might not be a significant difference between accessibility to bind to K11 or 

K63. But K11 is surrounded by the β-sheet region that may contribute hydrophobic interactions 

to stabilize MT binding.  

 

For apo-myoglobin, the ECD data suggested that MT binding occurred at three possible lysines: 

K133, K145, or K147. The binding site could not be narrowed down to a single residue because 

of a lack of backbone cleavages. The calculated surface accessibilities showed that K147 is the 

most accessible lysine of myoglobin. The other two are not surface exposed since their %SA 

ratios are below 50% (Table 4-1). The crystal structure of myoglobin (1YMB) showed that most 

lysines are located on the surface of proteins (Figure 4-4). But it confirmed that K147 is highest 

accessible residue and points out from the helical surface and its structure. Thus, the MT 

binding site determined from top-down ECD of MT-bound myoglobin correlates with the 

protein’s theoretical solvent accessibility. A spiral plot of myoglobin is also shown. Basic 

residues are highlighted in blue and three lysines identified from top-down ECD-MS/MS are 

highlighted in red. In conclusion, mapping of protein surface residues can be quickly 

characterized by top-down ECD-MS/MS of MT-protein complexes. The most solvent accessible 

lysine can be assessed.  
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Table 4-1. Solvent accessibility of lysine residues of ubiquitin and apo-myoglobin.  

 

 

 

  

Protein Residues %ASA %SA ratio 
Ubiquitin K6 51 58.15 

K11 47.6 58.21 
K27 7.3 9.51 
K29 34.5 36.31 
K33 54.4 48.12 
K48 48.6 54.56 

  K63 64.7 72.28 
Myoglobin K16 19.4 21.6 

K42 39.9 30.8 
K45 54.9 60.5 
K47 37.9 45.7 
K50 70 77.1 
K56 52.5 58.4 
K62 36 44.2 
K63 68.5 82.9 
K77 45.2 49.9 
K78 43.3 49.2 
K79 45.7 48.4 
K87 59.3 71.6 
K96 76.8 83 
K98 52 61.9 
K102 50.6 61.7 
K118 27.7 24 
K133 27.7 37.4 
K145 19.9 23.9 
K147 83.1 91.3 
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Figure 4-3. (left) A spiral plot of surface accessibility for each residue of ubiquitin. Basic 

residues are highlighted in blue. (right) The 3D structure of ubiquitin with lysines highlighted. 
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Figure 4-4. (left) A spiral plot showing solvent accessibility of myoglobin, derived from PDB file 

1YMB. Blue circles are basic residues. (right) 3D structure of myoglobin. Lysine residues are 

highlighted in red. 
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Conclusion 

 

Molecular tweezer binding sites of ubiquitin and apo-myoglobin were identified. Previously, 

Bitan et al. showed that the tweezer compound was able to inhibit α-synuclein aggregation as 

well as Aβ4. Our data suggests that α-synuclein has a potential MT binding site near the N-

ternimus. For other proteins, ECD-MS data suggests the MT-binding sites to be K11 for 

ubiquitin and residues 130-151 for myoglobin. The known 3D structures of ubiquitin and 

myoglobin were used to calculate their percent relative solvent accessibility. The data indicates 

that the MT binding site information from ECD experiments matched to the surface residues 

information from ASA view. Information from FT-ICR MS with ECD of tweezer-bound protein 

complexes can be utilized as a method to characterize and map native protein surface residues. 
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Abstract 

 

The application of ion pre-activation with 266 nm ultraviolet (UV) laser irradiation combined with 

electron capture dissociation (ECD) is demonstrated to enhance top-down mass spectrometry 

sequence coverage of disulfide bond containing proteins. UV-based activation can homolytically 

cleave a disulfide bond to yield two separated thiol radicals. Activated ECD experiments of 

insulin and ribonuclease A containing three and four disulfide bonds, respectively, were 

performed. UV-activation in combination with ECD allowed the three disulfide bonds of insulin to 

be cleaved and the overall sequence coverage to be increased. For the larger sized 

ribonuclease A with four disulfide bonds, irradiation from an infrared laser (10.6 µm) to disrupt 

non-covalent interactions was combined with UV-activation to facilitate the cleavage of up to 

three disulfide bonds. UV activation poorly improved disulfide bond cleavage for lysozyme and 

β-lactoglobulin. We conclude that preferences for disulfide bond cleavage are dependent on 

protein structure and sequence. Disulfide bonds can reform if the generated radicals remain in 

close proximity. By varying the time delay between the UV-activation and the ECD events, it 

was determined that disulfide bonds reform within 10-100 msec after their UV-homolytic 

cleavage. 
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Introduction 

 

Disulfide bonds are one of the most important post-translational modifications because they aid 

proteins to preserve their tertiary structure 1, 2. The development of methods for the structural 

elucidation of protein disulfide bonds has been on-going for many years. As antibodies and 

antibody-drug conjugates become more popular in the market as therapeutic drugs, the 

development of efficient, rapid, and accurate methods for characterizing disulfide bond linkages 

become more important 3, 4. 

 

Several mass spectrometry approaches for characterizing disulfide bonds have been reported in 

the literature 5, 6. A common strategy employs chemical reduction of the S-S bond (with, for 

example, dithiothreitol or TCEP (tris(2-carboxyethyl)phosphine)), followed by alkylation of the 

free thiols to prevent disulfide scrambling; the resulting protein is digested with a suitable 

protease and the peptide products are measured by LC-MS/MS. However, information of the 

disulfide bond linkages (i.e., residues) can be lost 5. In some cases, partial reduction and 

alkylation can be used, but this results in complex mixtures of peptides with differing amounts of 

alkylated residues 7. Top-down MS analysis, i.e., direct analysis and dissociation of the intact 

gas phase protein without prior chemical/enzymatic fragmentation into smaller peptides, has 

been considered because it skips the time-consuming proteolysis and chromatographic 

separation steps 8, 9. The number of disulfide bonds can be directly by determined from an 

accurate intact protein mass measurement and comparison to the theoretical sequence mass. 

However, top-down analysis of disulfide bonded proteins remains challenging due to the limited 

efficiency of disulfide bond fragmentation. Backbone fragments often still remain connected by 

S-S bridges and it becomes difficult to interpret the product ion mass spectra to obtain 

sequence information within disulfide-bridged regions 10-12. 
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More than a decade ago, McLafferty’s group introduced the development and application of 

electron capture dissociation (ECD) with MS for protein sequencing 13, 14. The early ECD-MS 

work demonstrated its capability to not only cleave backbone bonds for large proteins, but also 

disulfide bonds for peptides 15, while leaving labile post-translational modifications and non-

covalent interactions intact. Possible mechanisms of ECD related to disulfide bonds include the 

migration of a hydrogen radical (H�) from a neutralized ammonium group at an electron capture 

site to a disulfide bond to form –S� and –SH (Cornell mechanism), or another possibility is that 

an S-S bond captures an electron to generate –S� and –S-
, which is converted to –SH later 

(Utah-Washington mechanism) 16-18. Electron transfer dissociation (ETD) 19 has also shown 

some capabilities for disulfide bond cleavage 20, 21. However, the efficiency for disulfide bond 

cleavage for proteins is relatively low, even with additional collisional and vibrational excitation 

22. 

 

There have been several alternative techniques proposed to cleave disulfide bonds for 

characterization by top-down MS. These include online electrolytic reduction prior to 

electrospray 23-26, activation/dissociation of metal cation-adducted species 27, and radical-driven 

approaches 28. Our research group previously introduced supercharging reagents to enhance 

charging of native proteins and complexes 29-31. We demonstrated that by activating higher 

charged proteins, ECD could access more sequence information, especially for proteins 

containing multiple disulfide bonds 32. 

 

Laser-based approaches have also been tested to tackle this problem. Because the maximum 

absorption of a disulfide bond is in the vacuum-UV region (around 150 nm for cystine 33), 157-

nm ultraviolet photodissociation (UVPD) was used to target disulfide bond cleavage; however, 

some competitive dissociation channels of protein backbone were observed 34. Julian’s group 
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demonstrated the use of 266 nm UVPD to provide more selective disulfide bond cleavage in 

peptides 35; this work was based on a possible mechanism that utilized electronic energy 

transfer (EET) from neighboring tyrosine or tryptophan residues 36. However, there remains the 

question on whether any of these methods can be applied to larger molecules such as proteins.  

In this work, we demonstrate that 266 nm UVPD could be combined with vibrational excitation 

through infrared laser activation to give rise to backbone cleavage for small proteins, and we 

show evidence that suggests a strong relationship between disulfide bond cleavage and EET 

via adjacent tyrosine residues. 
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Experimental 

 

Materials 

Two disulfide bond-containing proteins, bovine insulin (UniprotKB P01317) and bovine 

ribonuclease A (UniprotKB P61823) were purchased from Sigma-Aldrich (St. Louis, MO). The 

proteins were resuspended in water and desalted by centrifugal filtration using 3 kDa MW cutoff 

(MWCO) membranes for insulin and 10 kDa MWCO for ribonuclease A. The desalted proteins 

were dissolved in 50:50:0.1 (v/v/v) H2O/CH3CN/formic acid. 

 

Instrumentation 

A 15-Tesla SolariX FT-ICR mass spectrometer equipped with an infinity cell (Bruker Daltonics, 

Bremen, Germany) was used for the high-resolution top-down MS experiments. Two types of 

lasers were used for the experiments. A 10.6 µm (30 W) infrared beam was generated by a CO2 

laser (Synrad, Mukilteo, WA). UV radiation (266 nm) was generated from the 4th harmonic of a 

Nd:YAG laser (Continuum, Santa Clara, CA). A BaF2 window was mounted on the end flange of 

the vacuum system to allow the laser beams to pass through to the infinity ICR cell. A fused-

silica window beamsplitter (Esco Optics, Oak Ridge, NJ) was aligned 45o to both the infinity cell 

and the 10.6 µm IR beam, acting to reflect the IR beam partially while transmitting the 266 nm 

UV beam (Figure 5-1). Because the UV and IR laser beams propagated to the center of the 

infinity cell overlapped and were co-linearly aligned, UV and IR irradiation can be applied 

individually or together without realignment. Both lasers were triggered by unique TTL pulses 

from the FT-ICR mass spectrometer data system, controlled by a customizable pulse program. 

An iodinated-tyrosine containing peptide (N-4-iodobenzoyl-RGYALG) was used to test the 

alignment of the UV laser by generating the [RGYALG]• radical from homolytic C–I bond 

cleavage 37. 
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Samples were directly infused into the FT-ICR mass spectrometer by nanoelectrospray 

ionization (nanoESI) using Au/Pd coated borosilicate emitters (Thermo Scientific, San Jose, 

CA). The ESI voltage was set to 800-1000 V. The instrument parameters were set to the 

following: glass transfer capillary temperature, 180 oC; applied voltages to ion funnel and 

skimmer were 120 and 50 V, respectively; ion source RF frequency was set to 200 Vpp; 

quadrupole and hexapole RF frequencies were 2 MHz, 1200 Vpp. Ions were accumulated for 0.5 

sec before sending them to the ICR cell with the time-of-flight of 1.2 msec. The signal transient 

length was set to 2.8 sec to achieve a resolving power of 800,000 at m/z 400. The isolation 

power was to 35%. Precursor ions were isolated by the quadrupole and transferred into the ICR 

cell to perform ECD or activated-ion ECD (activation by UV or IR irradiation or both). The 

electron energy for ECD was 1 eV (10 ms pulse and 15 V on the lens). ECD fragments were 

detected by the SNAP centroid peak detection algorithm (Bruker Daltonics) and manually 

assigned against theoretical fragments obtained from Protein Prospector. Mass spectra were 

externally calibrated with CsI. 
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Figure 5-1. Instrument diagram of the modified 15-Tesla FT-ICR mass spectrometer interfaced 

to the UV and IR lasers. 
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Results and Discussion 

 

Structural Overview 

Insulin consists of two peptide chains (chain A: 21 residues, and chain B: 30 residues). It is first 

synthesized in beta cells as a single chain, proinsulin. After being processed by proteases, 

cleaving off the C-peptide in the middle of its sequence, it becomes mature insulin 38. Two 

intermolecular disulfide bonds connect chain A and B: C7A-C7B, C20A-C19B. There is another 

intramolecular disulfide bond linking C6 and C11 on chain A. Ribonuclease A (RNaseA; bovine) 

is a small 13.7 kDa single-chain protein that has a complex intramolecular linkage, containing 

four disulfide bonds. The amino acid sequences of insulin and ribonuclease A are shown in 

Figure 5-2. 

 

The ESI mass spectrum of denatured insulin shows a narrow charge state distribution from 6+ 

to 4+. The mass spectrum of denatured RNaseA showed relatively low charging from 12+ to 5+ 

compared to the disulfide-reduced form 39-41, with the maximum intensity measured for the 8+ 

charged molecule. Disulfide bonds prevent the protein to be completely unfolded and fully 

protonated to yield maximum charging (Figure 5-3).  

 

UV irradiation separates insulin chains and preferentially fragments RNaseA 

To study how 266 nm UV activation affects protein fragmentation, a series of short pulses (~8 

nsec, 4 mJ per pulse) was fired and directed into the ICR cell where ions were trapped. 

Disulfide bond cleavage by photodissociation was readily observed when 10 laser shots per 

spectra were applied. For insulin, ions for both chains A and B were detected, confirming that 

the two intermolecular disulfide bonds were cleaved by PD and yielded a separation of both A 

and B chains (Figure 5-4a). The measured masses of both chains confirmed that homolytic 
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cleavage (—S• •S—) occurred. However, the PD yield was low; relative abundances for the 

liberated chains A and B were only 1% relative to the precursor ion abundance. This result 

might be expected because both intermolecular disulfide bonds need to be cleaved to separate 

the two chains. A number of y-product ions from the C-terminal portion of the B-chain outside of 

the disulfide bonds were observed, such as y4,B, y5,B, and y6,B (where the “B” denotes that it 

originates from chain B), in addition to b-fragments from chain B connected to intact chain A 

(e.g., b24,B+A, b25,B+A, b26,B+A). The observed collisionally activated dissociation (CAD)-type ions 

(i.e., b/y) can occur following internal conversion of the photon energy into vibrational excitation 

and should yield fragments similar to what is observed by CAD or IRMPD. 

 

For RNaseA, there was no direct evidence of disulfide bond cleavage from only PD because the 

protein mass remains the same after homolytic cleavage(s) of the disulfide bond(s). 

Interestingly, cleavage of a bond between Val116-Pro117 to generate the y8 ion (PVHFDASV124) 

was found for PD of the [M+11H]11+ molecule (Figure 5-4b). This may suggest that UV 

irradiation was absorbed by the protein probably from a nearby tyrosine (Tyr-115). Formation of 

the y8 ion was likely from UV photoactivation resulting in an elevated internal energy to produce 

a favorable cleavage at the proline residue 42, 43. The abundance of the y8 ion was about 2% 

relative to the precursor. The complimentary ion, [M-y8+10H]10+, was observed also, in addition 

to charge stripped [M+10H]10+ and [M-y8+9H]9+. From this evidence for insulin and ribonuclease 

A, 266 nm irradiation can photodissociate and photoactivate small proteins, but the PD yields 

are relatively low. 
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Figure 5-2. Amino acid sequence and disulfide bonds of (a) bovine insulin and (b) bovine 

ribonuclease A. 
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Figure 5-3. ESI mass spectra of (a) insulin and (b) ribonuclease A. 
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Figure 5-4. UVPD (266 nm) mass spectra of (a) 6+ charged insulin and (b) 11+ charged 

ribonuclease A. 
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Disulfide bond cleavage of insulin by UV-enhanced ECD 

Although ECD alone can cleave disulfide bonds for disulfide-linked peptides, the efficiency is 

low for proteins and it may be sequence dependent 22. In some cases, such as 20 kDa trypsin 

inhibitor, ECD does not promote disulfide bond cleavage. In our study, UV activation combined 

with ECD was aimed to enhance disulfide bond cleavage. Insulin and RNaseA were tested with 

ECD alone, and with some pre-activation by UV and IR irradiation. Backbone cleavage of 

regions enclosed by disulfide bonds will be indicative of the presence of disulfide links. 

 

The 6+ charge state, which was the highest charge observed for insulin, was isolated and 

transferred into the ICR cell to perform ECD or UV-activated ECD. ECD mass spectra were 

acquired from an average of 200 microscans. Upon ECD, two charge-reduced species 

([M+6H]5+• and [M+6H]4+••) were observed. Small c/z�-type fragments were observed between 

m/z 400-1000 (e.g., c5,A, c4,B, c6,B, z8,B, z9,B). Larger fragments linked to one of the intact chains 

were detected at m/z 1200-1800 (for instance, c23,B+A, c28,B+A, z27,B+A, z29,B+A, c20,A+B, z16,A+B, 

z26,A+B). However, the majority of the fragments were from outside both intermolecular disulfide 

bonds (C7A-C7B, C20A-C19B). Also observed were b/y-type product ions (b4,A, y4,B, y6,B, y7,B, y8,B, 

y9,B, and y20,A+B). Figure 5-5 summarizes the backbone cleavage coverage of ECD of the insulin 

6+ charge state. Interestingly, six fragments showed evidence of intermolecular disulfide bond 

cleavage of C20A-C19B: z13,B, z15,B, z16,B, c14,B+A, c19,B+A, and c17,A+B (Figure 5-6a). The ECD 

results are consistent with previous reports by McLafferty, McLuckey, and Breuker 15, 22, 44. The 

loss of S and •SH was observed, which is also an indication of disulfide bond cleavage. From 

the c/z�-fragments when only ECD was applied, only one disulfide bond (C20A-C19B) was 

cleaved, and the other two S-S bonds remained intact. Overall, 51 product ions were observed 

and cleavage of 51% of the total possible inter-residue linkages was achieved. 
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Figure 5-5. Cleavage pattern of insulin by (a) ECD and (b) UV-activation/ECD showing one and 

three disulfide bonds cleaved, respectively. Fragments are color coded according to the 

corresponding cleaved disulfide bonds 
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Figure 5-6. Fragmentation mass spectra of 6+ charged insulin using (a) ECD and (b) UV-

activation/ECD. Product ions confirming disulfide bond cleavages are highlighted in red. 
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For UV-assisted ECD, 10-pulses of the UV laser were programmed to fire immediately prior to 

ECD, with no additional time delay between the UV laser and ECD events. From the results, it is 

clear that UV activation improved the ECD efficiency for disulfide bond cleavage. The total 

number of backbone cleavages increased slightly from 51 to 68, but most of the new products 

(15) were from regions within the formerly disulfide bond-enclosed area. These newly created 

fragments were not observed with ECD alone. The fragmentation pattern indicated that all three 

disulfide bonds were cleaved. Similar to ECD alone, products z13,B, z15,B, z16,B, c14,B+A, and 

c19,B+A indicated dissociation of the intermolecular C20A-C19B bond (Figure 5-6b). Evidence for 

C7A-C7B bond dissociation is given by product ions c8,A, c11,A, c14,A, c16,A, c8,B, c9,B, c12,B, c13,B, 

y22,B+A, and z4,A+B. The c8,A ion confirmed that the C6A-C11A  disulfide bond was cleaved. 

Moreover, some fragments (c25,B and c29,B) suggested (near) simultaneous cleavage of both 

intermolecular disulfide bonds to yield the separation of chains A and B, as found for UVPD 

alone (vide supra). Upon UV photoactivation prior to ECD, 73% of the total possible inter-

residue linkages were cleaved. Out of the 68 total fragments observed, 31% (21) originated 

within the formerly disulfide bonded regions.  

 

Disulfide bond cleavage efficiency was further quantified as the relative abundance of the 

disulfide bond derived fragments (%SS abundance) as defined by: 

 

Equation 5-1. 

%!! !"#$%!$&' =  !"#$%&' !"# !"#$"%!#& !"#$ !"#$%&"!' !"#$%&$ !"#$%&
!"!#$ !"#$%&' !"# !"#$"%!#& !"#$%&$'  

 

The %SS abundance increased from 1.6% for ECD alone to 8.1% for UV activation/ECD, 

indicating the significant improvement of using UV pre-activation for ECD of disulfide bonds for 

insulin. 
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UV with vibrational excitation can assist ECD to cleave RNaseA disulfide bonds 

Ribonuclease A has four intramolecular disulfide bonds (C26-C80, C40-C95, C58-C110, and 

C65-C72) that predominantly cover residues 26-110, which represent 68.5% of the protein 

sequence (Figure 5-2). The [M+11H]11+ and [M+10H]10+ molecules were chosen for the ECD 

and UV-activated ECD experiments. The c/z�-ion abundances were normalized and displayed 

against each cleavage site; the eight cysteine residues that form the four intramolecular 

disulfide bridges are displayed as vertical lines in the fragmentation plots (Figure 5-7). 

 

ECD of RNaseA yielded c/z�-fragments that were solely from the regions that are not bridged by 

disulfide bonds, toward the N- and C-terminal ends (i.e., c2-24, c121, c122; z6, z9, z12, z121’ and 

z122’). Increasing collisional activation prior to ECD by increasing the skimmer voltage to 60 V, 

as suggested by Ganisl and Breuker 22, did not yield fragments in the disulfide-bridged region. 

We also implemented an additional vibrational excitation by IR laser irradiation prior to the ECD 

event, generally known as activated ion ECD (ai-ECD), to disrupt weak noncovalent interactions 

such as hydrogen bonds that may be holding c-/z-product pairs together 45 and can significantly 

improve ECD fragmentation efficiency 46-48. Elevated internal energy from IR irradiation also 

enhances secondary ECD fragmentation that may play a role in disulfide bond cleavages. In this 

experiment, the ai-ECD of RNaseA generated four c-fragments from residues 33-36, which are 

in the region covered by the first disulfide bond (C26-C84), but not in the second (C40-C95) 

(Figure 5-7b). Three of the fragments, c34-36, contained an extra hydrogen atom suggesting that 

the disulfide bond cleavage mechanism is from ECD and hydrogen radical migration. 
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Figure 5-7. Relative abundances of backbone fragmentation for ribonuclease A using (a) ECD, 

(b) ai-ECD, (c) UV-ECD, and (d) UV/IR-ECD. The vertical lines represent cysteine residues that 

form disulfide bonds. The bolded lines indicated the cysteines where the disulfide bond 

cleavage occurred. Bars above the zero level represent N-terminal containing product ions (b- 

and c-products) and the bars below the zero level represent C-terminal containing product ions 

(y- and z-products). 

  

(d) UV/IR-ECD (b) ai-ECD 

(c) UV-ECD (a) ECD 
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Activated ion-ECD yielded only a single disulfide bond cleavage event in RNaseA, and so we 

investigated additional activation methods to facilitate disulfide bond cleavage from ECD radical 

cascade reactions. UV-activation prior to the ECD event was tested. Ten consecutive UV pulses 

were used without significantly reducing precursor signal intensity. Similar to ai-ECD, some 

fragments from residues 26-38 were observed (Figure 5-7c), indicating a single disulfide bond 

(C26-C84) was cleaved. Fragmentation from the disulfide-bridged region was slightly improved 

compared to ai-ECD; five newly-observed c-fragments (c26+H, c27+H, c30+H, c32+H, and c38+H) 

were observed by UV-ECD. A total of 9 c-type ions out of 15 possible backbone cleavage sites 

between the first and second disulfide bonds (residues 26-39) were observed. However, the 

overall normalized abundance of fragments from the C26-C84 bridge region was low, around 

5% relative to small fragments from the N-terminal region. The large number of small N-terminal 

fragments might indicate a secondary dissociation from secondary electron capture of larger 

fragments because most disulfide bonds were still intact. Along the C-terminal region outside 

the disulfide bridges, more c/z�-fragments were observed with higher abundance when UV-ECD 

was used. 

 

To further improve the prospects for top-down protein disulfide bond cleavage, we utilized both 

UV- and IR-based activation prior to ECD by firing 10-shots of UV light followed by a 60-msec 

IR pulse. Because both UV and IR irradiation were used, the IR laser irradiation time was 

reduced from 120-150 msec (for normal ai-ECD experiments) to 60 msec to minimize CAD-type 

fragmentation prior to electron capture. Figure 5-8 shows the ECD-MS spectra with UV followed 

by IR activation (UV/IR) compared to ECD alone. Several new fragments were detected 

between m/z 1000-1500 from UV/IR-activated ECD. In the region of residues 26-39 that is 

covered by the first disulfide bond, 13 out of 14 available backbone cleavages (93%) were 

detected. Interestingly, c44+2H and c45+2H fragments were observed (Figure 5-7d), which 
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results from cleavage of both the first (C26-C84) and second (C40-C95) disulfide bonds. Unlike 

fragments from the region between residues 26-39, the cleavage at sites 44 and 45 contains 

additional two hydrogen atoms, which is evidence for breaking two disulfide bonds. Moreover, 

the detection of z21 and z24 fragments confirmed that the third disulfide bond (C58-C110) was 

cleaved (but only one disulfide bond cleavage is required to observe these fragments). Three 

representative ECD-type fragments, which indicated cleavage of the first, second, and third 

disulfide bonds, are shown in the mass spectra depicted in Figure 5-9. The loss of S and �SH, 

which is evidence of disulfide bond cleavage, was observed when UV was used and was more 

abundant when both UV- and IR-activation were applied. Overall, using both UV- followed by 

IR-activation provided the best results for RNaseA disulfide bond cleavage. The %SS 

abundance results are summarized in Figure 5-10a. 

 

Further, the affects of reversing the chronological order of the two laser irradiation events prior 

to ECD was investigated (Figure 5-10b). With the IR excitation event immediately before UV-

activation (IR/UV), the %SS abundance was slightly lower compared to UV/IR, but still higher 

than both single laser activation experiments (i.e., ai-ECD, UV-ECD). We considered that the 

radicals from UV homolytic cleavage could recombine if the two cysteine residues are in close 

proximity. Application of IR heating immediately after UV excitation could allow for the 

separation of the two thiol radicals immediately after their generation. IR activation mitigated 

disulfide bond reformation by reducing intramolecular noncovalent interactions. UV/IR-activation 

yielded more ECD fragmentation from the disulfide-bridged regions than the IR/UV approach.  
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Figure 5-8. (a) ECD mass spectra of the 11+ charged ribonuclease A and (b) with UV/IR-

activation prior to ECD. Fragments from disulfide bridged regions are highlighted in red and 

purple. 
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Figure 5-9. UV/IR-activated ECD products (c35+H, c45+2H, and z21) represent cleavage of the 

first, second, and third disulfide bonds, respectively, from ribonuclease A. 
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We further investigated the kinetics of disulfide bond reformation. A short time delay was set 

between the UV laser (both 5 and 10 shots) and the ECD event with no additional vibrational 

activation applied (i.e., UV-ECD). The purpose of this experiment was to estimate the timescale 

of radical reformation. The delay ranged from 10 msec to 1 sec. The results (Figure 5-10b) 

showed that number of fragments from disulfide-bridged regions dropped significantly even with 

a 10 msec delay. Disulfide bond cleavage was no longer observed with a delay of longer than 

100 msec, suggesting that the timescale of disulfide bond reformation was between 10-100 

msec. The %SS abundance decayed slower with the greater number of UV laser shots (10) 

because more radicals from homolytic cleavage were generated.  

 

Disulfide bonds can be cleaved by UV activation prior to ECD, but why are some bonds 

preferentially cleaved compared to others? The 266 nm wavelength of the UV laser used is 

close to an absorption band for aromatic residues like tyrosine and tryptophan. Disulfide bonds 

have some absorption in this region, but it is far less than for the aromatic residues 36, 49. Julian’s 

group described that energy absorbed by aromatic residues can be transferred to nearby 

cysteine residues by excitation energy transfer (EET) and it is strictly distance dependent 36. 

Tryptophan has a working range of around 15 Å to facilitate disulfide bond cleavage, whereas 

tyrosine requires a shorter distance of less than 6 Å. Another report suggested that 270-290 nm 

UV excitation of tryptophan residues in solution is followed by transfer of electrons to the S-S 

bonds, resulting in their reduction, confirming the importance of tryptophan and tyrosine 

residues 50. Insulin has no tryptophans, but Y19A is next to the C20A of the C20A-C19B disulfide 

bond. Interestingly, fragments from C20A-C19B cleavage exhibited higher signal intensities 

compared to other disulfide bond cleavages, and thus suggesting that the C20A-C19B bond is 

the first disulfide bond that is preferentially cleaved by UV-ECD. The C26-C84 disulfide bond of 

RNaseA is preferentially cleaved by UV-ECD and UV/IR-ECD; C26 is adjacent to Y25. The 
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second disulfide bond (C40-C95) is in close proximity to Y97, where the distance is two 

residues apart. Unfortunately, the efficiency of EET would be much lower, resulting in no 

fragments observed between sites 40-57 when only UV activation was used. Fewer fragments 

were observed when IR was combined with UV activation. Although C65-C72 is next to Y73, 

evidence for disulfide bond cleavage was not observed because the C65-C72 bridge is located 

in the middle of the sequence that is covered by the other three disulfide bonds. The single C65-

C72 disulfide bond and some N-Cα bonds might be cleaved, but the fragments likely remained 

bound to the protein. All four disulfide bonds must be cleaved in order to separate the ECD 

fragments within C65-C72 region. Overall our results are in agreement with the EET model 

described previously. 
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Figure 5-10. Comparison of %SS abundance for ECD of ribonuclease A (a) between different 

activation conditions and (b) as a function of delay time between UV-activation and the ECD 

event for UV-ECD. 
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To further investigate the UV activation, an additional two intramolecular disulfide bond proteins 

were tested. The first protein was lysozyme, which contains four intramolecular disulfide bonds. 

Lysozyme is a good system to test because it has the same number of bonds as RNaseA, but 

the larger disulfide-bonded region is covering 94.5% of the sequence, while RNaseA is 68.5% 

covered. The outermost bond links between C6 and C127, creating the tight lock in its structure 

starting from near N-terminus to C-terminal end. Thus it makes lysozyme difficult to study by 

top-down MS. Another protein in this study is β-lactoglobulin. There are two forms of β-

lactoglobulin, A and B. In this experiment we focused only on the B form, which has two 

intramolecular disulfide bond (C66-C160 and C106-C119). ECD with additional activation 

approaches were used in the same manner as RNaseA, including ECD only, ai-ECD (with IR 

vibrational activation), UV-ECD, and IR/UV-ECD. Fragments were plotted against residue 

number (Figure 5-11).  

 

For lysozyme, ECD and ai-ECD yielded similar results. The outside disulfide bond is the only 

bond cleaved. UV-ECD generated more fragments between C6 and C30, where the second 

bond is. It indicated that the C6-C127 bond is cleaved more efficient than ECD and ai-ECD, 

However, there is no further improvement when IR and UV were combined. The best 

achievement is from UV-ECD or IR/UV-ECD, which were able to to break one disulfide bond. 

%SS abundance from 10+ and 11+-charge state were summarized in Figure 5-12a. Overall, 

additional activation methods were not able to improve ECD to cleave disulfide bonds. In this 

case, %SS abundance is relatively high compared to other proteins because the majority of 

sequence is covered by disulfide bonds. Most observed fragments (>50%) are from at least one 

disulfide bond cleavage. The order of UV and IR activation did not significantly alter the result. 
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UV activation did not appear to enhance disulfide bond cleavage in β-lactoglobulin. Figure 5-11 

shows c/z� fragments of β-lactoglobulin from different activation methods plotted against a 

residue number. Again, one disulfide bond (C66-C160) was successfully cleaved by all 

techniques. Number of z� and z+H were observed between residue 149-159, near the C-

terminus. A small abundance of z65+H fragment locating in the middle of the sequence was also 

observed in both ai-ECD and UV-ECD. This fragment is also from a single bond cleavage. 

However, z65+H was not observed in IR/UV-ECD, suggesting that the combination between two-

laser might not always give the best result. UV/IR-ECD, where the UV laser was fired before the 

IR event, was not tested for this protein. From %SS abundance values from three charge states 

in Figure 5-12b, it clearly demonstrated that UV-ECD and IR/UV-ECD did not assist disulfide 

bond cleavage for β-lactoglobulin.  

 

Insulin and ribonuclease A have tyrosine in a close proximity to a cysteine residue (Y19-C20 on 

insulin A chain, and Y23-C24 on RNaseA). Lysozyme has three tysosines where β-lactoglobulin 

has four. However, none of tyrosine are located adjacent to cysteine residues. The distance 

from tyrosine, which is a chromophore for 266 nm, is too far for the EET process. Lysozyme has 

many tryptophan residues. One of them is W28, which is close to the second disulfide bond 

(C30-C115). W62 and W63 are also located right next to C64-C80 disulfide linkage. These three 

tryptophan residues may assist UV absorption and transfer energy to break disulfide bond via 

EET. However, to generate fragments in this region requires a cleavage of the outermost 

disulfide bond C6-C127 first. It may explain why there were not many fragments observed 

between residues 30-115. 
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Figure 5-11. Relative abundance plot of c/z� fragments from different activation methods for 

lysozyme (left) and β-lactoglobulin (right). Vertical lines are the cysteine residues of the disulfide 

bonds. 
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Figure 5-12. A comparison between different ECD activation methods for lysozyme (a) and β-

lactoglobulin (b) does not show a significant improvement to assist disulfide bond cleavage. 
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Conclusion 

Two separate laser systems, a UV laser operating at 266 nm in combination with an IR laser 

was interfaced to an FT-ICR mass spectrometer for promoting disulfide bond dissociation of gas 

phase proteins. UVPD was able to initiate homolytic cleavage of disulfide bonds as indicated by 

chain separation of insulin. With ECD only, one intermolecular disulfide bond can be cleaved. 

With UV pre-activation prior to ECD, all three disulfide bonds of insulin were cleaved. For 

ribonuclease A, none of the four intramolecular disulfide bonds could be cleaved by ECD alone. 

A significant improvement was shown by applying 10 shots of UV irradiation followed by 

vibrational activation before electron capture to cleave up to three disulfide bonds. Unfortunately 

UV and a combination with IR activation failed to assist disulfide bond cleavage of lysozyme and 

β-lactoglobulin. Thus, preferential bond cleavage is strongly affected by the sequence of the 

protein. For insulin and ribonuclease A, tyrosine appears to facilitate disulfide bond cleavage by 

EET if in a close proximity. In summary, we have demonstrated that UV excitation can enhance 

disulfide bond cleavage of intermolecular disulfide linked proteins and this method should be 

beneficial for protein characterization by top-down MS approaches. 
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Conclusion and perspectives 

 

Native electrospray ionization (ESI) mass spectrometry has delivered a potentially powerful 

technique for protein structural characterization that can be useful for the structural biology 

community. Native ESI introduces gas phase protonated proteins in their nearly native states to 

the mass spectrometer1. Not only can proteins be successfully ionized and transferred to MS, 

but protein-ligand complexes, protein-protein interactions, membrane proteins, and large protein 

complexes can be analyzed by native ESI-MS2-5. Membrane proteins are difficult to study by x-

ray crystallography because of problems with solubility and finding proper conditions to promote 

crystallization, but recently it has been shown that native ESI-MS with a proper sample handling 

can be used to measure membrane proteins and membrane protein complexes6-8. Additionally, 

native ESI-MS can provide comprehensive data for binding events from a single analysis, such 

as molecular mass, stoichiometry, and binding affinity9. When native ESI-MS is combined with 

other on-line techniques, significantly more structural information can be obtained. For example, 

ion mobility provides structural information such as shape and conformation of protein 

molecules. Top-down MS reveals sequence specific information including binding sites, 

interfacial regions, and possibly protein subunit orientation (for multisubunit complexes). 

Labeling techniques can be used to illustrate surface topology. Herein, we showed several 

applications of native ESI combined with top-down mass spectrometry to characterize protein-

ligand complexes that are involve with neurodegenerative diseases. We extended the use of 

protein-ligand binding to map out the surface residues of small proteins. Lastly, a photon-based 

activation method was presented to improve top-down MS of disulfide bond containing proteins. 

 

The Parkinson’s disease related protein α-synuclein (AS) is a small protein (14 kDa), which is 

natively unstructured at physiological pH10. Previous research has shown that several heavy 
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divalent metal ions can initiate self-oligomerization of the protein11, 12. Native ESI-MS was used 

to monitor AS protein complexes with copper, cobalt, and manganese. Metal binding affinities 

can be roughly estimated from ESI mass spectra. We showed that copper is tightly bound to 

AS. Top-down MS using both electron capture dissociation (ECD) and collisionally activated 

dissociation (CAD) identified the binding site of copper to the N-terminal helix region of AS. 

Copper and manganese have similar behavior. They have less affinity to AS compared to 

cobalt. They share the same two binding locations near the C-terminus. Ion mobility 

spectrometry (IMS) was also used to probe structural changes upon metal binding. The IMS 

data suggested that copper induces conformational changes for the low charge state molecules, 

but no conformational changes were observed for cobalt and manganese binding. Top-down 

MS with ECD was also able to locate the lysine residues of AS and SOD1 that is bound to 

molecular tweezer (MT) to form complexes. It is likely that these lysines are key residues that 

are involved with fibrillation because MT binding was able to inhibit self-oligomerization for both 

AS13 and SOD1 (unpublished data). More in vitro biochemical experiments will be needed to 

further investigate the importance of these specific lysines. We had no significant difficulties to 

generate top-down ECD fragments from AS-MT complexes because AS is natively 

unstructured14. Some native protein complexes are difficult to fragment in top-down MS 

experiments because they are tightly folded. 

 

We further extended ECD to assess and identify surface residues of small proteins. It was 

demonstrated that MT binds non-covalently to proteins besides those involved in 

neurodegeneration as well. The MT compounds were designed to bind to positively charged 

residues, such as lysine and arginine, with preference for lysine15. MT-bound fragments were 

generated to help locate the sites of binding, which are then compared with theoretical solvent 

accessibility values. We showed that the lysines found to bind to MT correlated well with solvent 
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accessibility, suggesting that MT binds to lysine residues found on the surface topology of the 

protein and that MT could be a useful protein surface probe. 

 

However, there are significant challenges to the top-down MS analysis of native proteins and 

complexes. Backbone bond cleavages generated from ECD is limited due to the low charge 

state from native ESI. This challenge limited the amount of structural information that could be 

obtained for the study of SOD1-MT binding. ECD efficiency is proportional to the charge of the 

precursor ion. One way to improve ECD efficiency is to isolate the entire charge envelope to 

increase number of precursor ions for simultaneous fragmentation instead of selecting only one 

charge state. ECD data from multiple charge states simultaneous was useful to gather sufficient 

fragmentation information to confidently conclude the MT binding site to be in the zinc binding 

loop of SOD1. However, this approach is not practical if more than one species are present in a 

precursor spectrum, e.g., overlapping charge distributions from multiple species in a mixture. 

Another way to increase ECD efficiency is to increase precursor charge by supercharging 

reagents16, 17. Supercharging agents are molecules that are added to the analyte solution to 

directly increase its ESI multiple charging. The use of supercharging agents for native ESI-MS 

has been shown in our laboratory to increase the charge state of the native complex without 

significantly disrupting the binding of most proteins and ligands and other larger 

macromolecules. But an extra caution must be considered on whether the additives may 

suppress non-covalent interactions for some types of complexes. Moreover, the concentration 

of the supercharging reagent may need to be optimized; too much supercharging reagent may 

suppress analyte signal. 

 

Another challenge to be considered that affects the efficiency of ECD is the requirement for the 

peptide fragments to be released upon dissociation. Some proteins may have especially strong 
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intramolecular interactions, such as hydrogen bonds, salt bridges, or hydrophobic interactions. 

Hydrogen bonds and salt bridges are based on electrostatic interactions, which are greatly 

enhanced in strength in vacuum because of the low dielectric constant of the media. Such 

enhanced intramolecular bonds prohibit ECD-generated fragments to be clearly separated from 

the rest of the molecule and be detected by mass spectrometry. This is possibly one of the 

explanations why some proteins do not appear to fragment well by ECD. The same situation 

applies for disulfide bond proteins. Some research groups have developed additional activation 

methods to increase the internal energy of the protein molecule to break down intramolecular 

interactions. Radiation from an infrared laser is a well-known approach to provide the 

supplemental activation prior to or after ECD. Backbone cleavage efficiency can be significantly 

improved by this method; this method is referred to as activated ion ECD (ai-ECD). However, 

the use of supplemental activation may need to be reconsider when protein-ligand complexes 

are analyzed because the additional energy may disrupt the weak interactions holding the 

protein-ligand complex together. Instrumental settings will need to be carefully optimized. For 

disultide bond proteins, we also utilized a 266 nm UV activation step to facilitate disulfide bond 

cleavage and improve ECD fragmentation18. Alternatively, electron ionization dissociation 

(EID)19 and ultraviolet photodissociation (UVPD) using 193 nm wavelength radiation20 have 

been shown very recently to generate extensive backbone cleavages that is greatly improved 

from ECD or CAD alone. EID and UVPD are promising techniques that in the future can be 

applied potentially to study non-covalent complexes. The application of top-down MS for 

characterizing native protein complexes has already shown utility for structural biology 

applications, but future improvements to the experimental approach will surely expand the 

applicability of the approach.  
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