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Abstract 

 This thesis describes the development and application of electrospray 

ionization mass spectrometry (ESI-MS) based techniques to investigate protein-

carbohydrate interactions in vitro. A catch-and-release electrospray ionization 

mass spectrometry (CaR-ESI-MS) assay was developed for the identification of 

specific interactions between water-soluble multisubunit proteins and 

glycosphingolipids (GSL). The assay is of high sensitivity and specificity, and 

demonstrates the potential for discovering biologically relevant protein-GSL 

interactions.  

Collision-induced dissociation (CID) experiments and molecular dynamic 

simulations were performed to investigate the dissociation pathways of 

multisubunit protein-ligand complexes in the gas phase. The observation of 

multiple dissociation pathways suggests that collisional activation of multisubunit 

protein-ligand complexes in the gas phase is likely to induce significant changes 

to the nature of the protein-ligand  interactions.  

  



 
 

Table of Contents 

Chapter 1                   1 

Study of Non-Covalent Multisubunit Protein-Carbohydrate Interactions by 

Electrospray Ionization Mass Spectrometry  

1.1 Introduction                 1 

1.2 Mass spectrometry                5 

1.2.1 Electrospray ionization                     6 

1.2.2 Mass spectrometer               9 

 1.2.2.1    StepWave ion guide                                             11 

 1.2.2.2    Quadrupole mass filter                                        12 

 1.2.2.3    Time of flight mass analyzer                               12 

 1.2.2.4    Ion mobility separation                                     
 
  14 

1.3 Tandem MS (MS/MS)             18 

1.3.1 Activation of gas phase ions by CID                                   20 

1.3.2 Application of gas phase dissociation                                20 

1.4 Nanodisc technology              21 

1.4.1 Phospholipid bilayer ND                                                    22 

1.4.2 Membrane proteins or receptors assembled into ND         24 

1.4.3 Application of ND                                                              24 

1.5 Literature cited                                                                                25 

 



 
 

Chapter 2                 34 

Protein-Glycosphingolipid Interactions Revealed using Catch-and-Release 

Mass Spectrometry 

2.1 Introduction               34 

2.2 Material and methods              35 

2.2.1 Reagents                                                     35 

2.2.2 Glycolipid extraction             36 

2.2.3 Expression and purification of MSP1E1          37 

2.2.4 Preparation of nanodiscs                                                     38 

2.2.5 Mass spectrometry                                                               39 

2.3 Results and discussion                        40 

2.3.1 Overview of catch-and-release (CaR) ESI-MS assay    
  
   40 

2.3.2 Revealing protein-GSL interactions using ND  

of defined composition                                             43 

  2.3.3 Discovering receptors using ND of a complex mixture     56 

2.4 Conclusions                          59 

2.5 Literature cited                         59 

 

Chapter 3                 63 

Dissociation of Multisubunit Protein-Ligand Complexes in the Gas Phase. 

Evidence for Ligand Migration 

3.1 Introduction               63 

3.2 Material and methods                            66 



 
 

3.2.1 Proteins and ligands             66 

3.2.2 Nanodiscs                         68 

3.2.3 Mass spectrometry                                                     
   

       68 

3.2.4 Computational methods                                        
 
             70 

3.3 Results and discussion             75 

3.3.1 CID of (CTB5 + 5GM1)
n+/-

 and (CTB5 + 5GM1-Cer)
n+/-

  

ions               75 

3.3.2 CID of (S4 + 4B)
n+/-

 and (S4 + 4Btl)
n+/-

 ions                       94 

3.3.3 MD simulations                                                       106            

3.4 Conclusions             112 

3.5 Literature cited            113 

 

Chapter 4 Conclusions and Future Work          121 

Literature Cited            123 

  



 
 

List of Tables 
 

Table 1.1 Optimal ratios of phospholipids to MSPs, diameters and incubation 

temperature for nanodisc assembly.                                               23    

Table 3.1 Charge configurations considered for the MD simulations 

performed on the (CTB5 + 5GM1)
15+

 and (CTB5 + 5GM1)
14-

 ions. 

                                                                                                        74                                                                                                 

Table 3.2 Average charge states (ACS) of the CTB, (CTB + GM1) and (CTB 

+ GM1-Cer) product ions observed by CID of protonated and 

deprotonated (CTB5 + 5GM1)
n+/-

, (CTB5 + 5GM1-Cer)
n+/-

 and 

(CTB5)
n+/-

 ions.                                                                               92         

Table 3.3 Average charge states (ACS) of the S subunit and (S + Btl) product 

ions observed by CID of protonated and deprotonated (S4 + 4B)
n+/-

 

and (S4 + 4Btl)
n+/-

 ions.                                                                   99 

 

  



 
 

List of Figures 

Figure 1.1 Schematic representation of ESI carried out in positive ion mode 

and the processes that lead to the formation of gas phase ions.       7 

Figure 1.2 A schematic diagram of the Synapt G2-S nanoESI- quadrupole-

IMS-TOF mass spectrometer.                                                        10 

Figure 1.3 Diagram of the conjoined stacked ring ion guides.                        11 

Figure 1.4 Diagram of stacked ring ion guide (SRIG) and its operational 

principle.                                                                                        17 

Figure 1.5 Principles of tandem MS in space and in time. (a) A typical 

arrangement of mass spectrometers in tandem MS in space. (b) A 

general sequence of events occurs in tandem MS in time.            19             

Figure 1.6 Cartoon of nanodisc.                                                                      23 

Figure 2.1 Schematic overview of the catch-and-release electrospray 

ionization mass spectrometry (CaR-ESI-MS) assay for detecting 

protein-glycosphingolipid interactions in solution.                       42 

Figure 2.2 Isoforms of the glycosphingolipids GM1-Cer and Gb3-Cer.   44-45 

Figure 2.3  ESI mass spectra acquired in negative ion mode for aqueous 

ammonium acetate (200 mM) solutions of (6 M) CTB subunit (a) 

alone or in presence of (10 M) ND containing (b) only DMPC 

(GM1-Cer(-)) or GM1-Cer(+) ND in GM1-Cer:DMPC ratios of (c) 



 
 

1:12 and (d) 1:400, which correspond to an average of 0.5 and 16.7 

molecules of GM1-Cer per ND, respectively. (e) CID mass 

spectrum acquired for the (CTB5 + 5L)
14-

 ion, where L ≡ GM1-Cer. 

(f) IMS arrival time distributions measured for the released La
-
 

(solid line) and Lb
-
 ions (dashed line). (g) CID mass spectrum 

measured for the La
-
 and Lb

-
 ions after the IMS cell. Only fragment 

ions originating from reactant ions with IMS arrival times between 

20 to 24 ms are shown.                                                             48-49 

Figure 2.4 (a) ESI mass spectrum acquired in negative ion mode for a 

methanol solution of (40 M) GM1-Cer. (b) IMS arrival time 

distributions measured for La
-
 (solid line) and Lb

-
 ions (dashed line). 

(c) CID mass spectrum acquired for the La
-
 and Lb

-
 ions following 

ion mobility separation.  (d) Fragmentation scheme for La.           50 

Figure 2.5  (a) ESI mass spectrum acquired in negative ion mode for an 

aqueous ammonium acetate (200 mM) solution of (10 M) Stx2 (≡ 

AB5). (b) CID mass spectrum acquired using an isolation window 

centered at m/z 5242, which corresponds to (Stx2 + Gb3-Cer)
14-

. 

Ions were produced by ESI from an aqueous ammonium acetate 

(200 mM) solution of (10 M) Stx2 and (30 M) Gb3-Cer(+) ND 

(with a Gb3-Cer:DMPC ratio of 1:100). (c) IMS arrival time 

distributions measured for the Le
-
 (solid line) and Lf

-
 (dotted line) 

ions following their release from the (Stx2 + Gb3-Cer)
14-

 ion. (d) 

CID mass spectrum acquired using an isolation window centered at 



 
 

m/z 5242. Ions were produced by ESI from an aqueous ammonium 

acetate (200 mM) solution of (30 M) Gb3-Cer(-) ND (DMPC 

only). The maximum signal intensity of the portion of the mass 

spectrum shown in the inset is 1/50 that of the inset shown in 

Figure 2.5b.                                                                                     53 

Figure 2.6   (a) ESI mass spectrum acquired in negative ion mode for a 

methanol solution of (35 M) Gb3-Cer. (b) IMS arrival time 

distributions measured for three Gb3-Cer isoforms, Le
-
 ( ), Lf

-
 

( ) and Lg
-
( ) ions.                                                                   54 

Figure 2.7  ESI mass spectra acquired in negative ion mode for aqueous 

ammonium acetate (200 mM) solutions of (a) (6 M) CTB and (10 

M) Gb3-Cer(+) ND with a Gb3-Cer:DMPC ratio of 1:100 and (b) 

(10 M) Stx2 and (30 M)  GM1-Cer(+) ND with a GM1-

Cer:DMPC ratio of 1:12.                                                                55 

Figure 2.8  (a) ESI mass spectrum acquired in negative ion mode for aqueous 

ammonium acetate (200 mM) solution of (6 M) CT B subunit and 

(20 M) ND prepared using lipids extracted from A549 cells. (b) 

CID mass spectrum of the (CTB5 + L)
13-

 ion, where L ≡ GM1-Cer. 

The inset shows an expanded view of the mass spectrum in the 

region from m/z 700 to 1800. (c) CID mass spectrum measured for 

the La
-
, Lb

-
, Lc

-
 and Ld

-
 ions after the IMS cell. Only fragment ions 



 
 

originating from reactant ions with IMS arrival times between 20 to 

24 ms are shown.                                                                            57 

Figure 2.9   (a) ESI mass spectrum acquired in negative ion mode for a 

methanol solution of A549 cell extract. The major ion corresponds 

to depronated lactosylceramide (LacCer). The inset shows an 

expanded view of the mass spectrum in the region from m/z 1470 

to 1720 that corresponds to ions with arrival times of between 20 

and 24 ms. CID mass spectrum acquired for (b) Lc
-
, (c) La

-
, (d) Lb

-
 

and (e) Ld
-
 after isolation. Shown in the insets are the 

corresponding arrival time distributions.                                        58 

Figure 3.1  ESI mass spectra acquired in (a) positive and (b) negative ion mode 

for aqueous ammonium acetate (200 mM) solution of (6 M) CTB5 

subunit and (10 M) ND containing 8% GM1-Cer (≡ L).             71 

Figure 3.2  ESI mass spectra acquired in (a) positive and (b) negative ion 

mode for aqueous ammonium acetate (200 mM) solution of (5 M) 

streptavidin and (10 M) ND containing 8% Btl. Nonspecific 

binding between DMPC and Btl is likely responsible for the 

appearance of the S4Btl4(DMPC)
n+/-

 ions.                                      72 

Figure 3.3   ESI mass spectra acquired in (a) positive and (b) negative ion 

mode for an aqueous ammonium acetate (200 mM) solution of (6 

M) CTB5 subunit and (38 M) GM1 (≡ L).                                 77 



 
 

Figure 3.4  CID mass spectra of the (CTB5 + 5L)
14+

 ion, where L ≡ GM1, at a 

collision energy of (a) 30 V, (b) 40 V, (c) 50 V and (d) 60 V.       78 

Figure 3.5 CID mass spectra of the (CTB5 + 5L)
14-

 ion, where L ≡ GM1, at a 

collision energy of (a) 10 V, (b) 30 V and (c) 50 V.                      79 

Figure 3.6  CID mass spectra in positive mode of the (CTB5 + 5L)
15+

 ion 

(where L = GM1) at a collision energy of (a) 20 V, (b) 40 V and (c) 

50 V.                                                                                               82 

Figure 3.7  CID mass spectra in negative mode of the (CTB5 + 5L)
13-

 ion 

(where L = GM1), at a collision energy of (a) 10 V, (b) 30 V and (c) 

50 V. The intensities in the m/z range 4000 – 8000 (c) were 

magnified x5.                                                                                  83 

Figure 3.8 CID mass spectra in negative mode of the (CTB5 + 5L)
12-

 ion 

(where L = GM1) at a collision energy of (a) 10 V, (b) 30 V and (c) 

60 V. The intensities in the m/z range 4000 – 8000 (c) were 

magnified x10.                                                                                84 

Figure 3.9 CID mass spectra of the (CTB5 + 5L)
14+

 ion, where L ≡ GM1-Cer, 

at a collision energy of (a) 30 V, (b) 40 V, (c) 50 V, and (d) 60V. 

                                                                                                                                86 

Figure 3.10 CID mass spectra of the (CTB5 + 5L)
14-

 ion, where L ≡ GM1-Cer, 

at a collision energy of (a) 10 V, (b) 30 V and (c) 55 V.               87 



 
 

Figure 3.11 CID mass spectra in positive mode of the (CTB5 + 5L)
15+

 ion 

(where L = GM1-Cer) at a collision energy of (a) 20 V, (b) 40 V 

and (c) 50 V.                                                                                   88 

Figure 3.12 CID mass spectra in positive mode of the (CTB5 + 5L)
16+

 ion 

(where L = GM1-Cer) at a collision energy of (a) 20 V, (b) 40 V 

and (c) 50 V.                                                                                   89 

Figure 3.13 CID mass spectra in negative mode of the (CTB5 + 5L)
13-

 ion, ion 

(where L = GM1-Cer) at a collision energy of (a) 10 V, (b) 45 V 

and (c) 65 V. In (b) and (c) the intensities in the m/z range 6000 - 

8000 were magnified x5.                                                                90 

Figure 3.14 CID mass spectra in negative mode of the (CTB5 + 5L)
15-

 ion 

(where L = GM1-Cer) at a collision energy of (a) 10 V, (b) 30 V 

and (c) 40 V. In (b) and (c) the intensities in the m/z range 5500 - 

7000 were magnified x5.                                                                91 

Figure 3.15 ESI mass spectra acquired in (a) positive and (b) negative ion mode 

for aqueous ammonium acetate (200 mM) solution of (5 M) S4 

and (20 M) B.                                                                               95 

Figure 3.16 CID mass spectra in positive mode of the (S4 + 4B)
15+

 ion at a 

collision energy of (a) 3 V, (b) 26 V, (c) 32 V, and (d) 38 V. In the 

inset of (b), the intensities in the m/z range 3750 - 3850 were 

magnified x5.                                                                                  96 



 
 

Figure 3.17 CID mass spectra in positive mode of the (S4 + 4B)
16+

 ion at a 

collision energy of (a) 3 V, (b) 24V, (c) 28 V and (d) 36 V.          97 

Figure 3.18 CID mass spectra in positive mode of the (S4 + 4Btl)
15+

 ion at a 

collision energy of (a) 3 V, (b) 30 V, (c) 40 V, and (d) 50V. In (b), 

(c) and (d) the intensities in the m/z range 3700 - 6500 were 

magnified x50.                                                                              100 

Figure 3.19 CID mass spectra in positive mode of the (S4 + 4Btl)
16+

 ion at a 

collision energy of (a) 3 V, (b) 25 V and (c) 40 V. In (b), the 

intensities in the m/z range 4000 - 6000 were magnified x10; in (c) 

the intensities in the m/z range 3500 - 6000 were magnified x50.  

                                                                                                      101 

Figure 3.20 CID mass spectra in negative mode of the (S4 + 4B)
12-

 ion at a 

collision energy of (a) 3 V, (b) 28 V, (c) 32 V and (d) 40 V.       102 

Figure 3.21 CID mass spectra in positive mode of the (S4 + 4B)
13-

 ion at a 

collision energy of (a) 3 V, (b) 20 V, (c) 26 V, and (d) 36 V.      103 

Figure 3.22 CID mass spectra in negative mode of the (S4 + 4Btl)
13-

 ion at a 

collision energy of (a) 3 V, (b) 20 V, (c) 40 V and (d) 60 V.       104 

Figure 3.23 CID mass spectra in negative mode of the (S4 + 4Btl)
12-

 ion at a 

collision energy of (a) 3 V, (b) 20 V, (c) 40 V, and (d) 60V.       105 



 
 

Figure 3.24 (a) Initial structure of the (CTB5 + 5GM1)
15+

 ion used for MD 

simulations. (b) Plots of Rg for 12 different charge configurations 

of (CTB5 + 5GM1)
15+ 

ion
 
calculated from the trajectories at 800 K. 

(c)-(m) Representative structures taken at ~1.5 ns for charge 

configurations: (c) B15_12, (d) B15_3, (e) B15_7, (f) B15_1, (g) 

B15_6 and (h) B15_4, (i) B15_11, (j) B15_2, (k) B15_10, (l) 

B15_9 and (m) B9_1.                                                            109-112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

List of Abbreviations 

Ab   Abundance 

ACS   Average charge state 

ATD   Arrival time distribution 

B   Biotin 

Btl 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

(biotinyl) 

BIRD   Blackbody infrared radiative dissociation 

CaR   Catch and release 

CID   Collision induced dissociation 

CRM   Charge residue model 

CTB5   Cholera toxin B subunit homopentamer 

Da   Dalton 

DC   Direct current 

DMPC   1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DMS   Differential-mobility spectrometry 

DTIMS   Drift-time ion mobility spectrometry 

Ea   Activation energy 

ECD   Electron capture dissociation 

ESI   Electrospray ionization 

ESI-MS  Electrospray ionization mass spectrometry 

FAIMS  Field-asymmetric waveform ion mobility spectrometry 

FT-ICR Fourier transform ion cyclotron resonance  



 
 

GM1 (-D-Galp-(13)--D-GalpNAc-(14)[-D-Neu5Ac-

(23)]--D-Galp-(14)--D-Glcp 

GM1-Cer (-D-Galp-(13)--D-GalpNAc-(14)[-D-Neu5Ac-

(23)]--D-Galp-(14)--D-Glcp-Cer 

GSL Glycosphingolipid 

IEM   Ion evaporation model 

IMS   Ion mobility separation 

IRMPD  Infrared multiphoton dissociation 

ITC   Isothermal titration microcalorimetry 

Ka   Binding constant 

L   Ligand 

MALDI  Matrix-assisted laser desorption ionization 

MD   Molecular dynamics 

MS   Mass spectrometry 

MSP   Membrane scaffold protein 

MS/MS  Tandem mass spectrometry 

MW   Molecular weight 

m/z   Mass-to-charge ratio 

ND   nanodisc 

nanoESI  Nanoflow electrospray ionization 

NMR   Nuclear magnetic resonance 

RF   Radio frequency 

S4   Homotetrameric streptavidin 



 
 

SPR   Surface plasmon resonance 

SRIG   Stacked ring ion guide 

Stx2    Shiga toxin 2  

T-Wave  Travelling wave 

TIMS    Trapped ion mobility spectrometry 

TOF   Time of flight  

TWIMS  Traveling-wave ion mobility spectrometry  

ΔH   Solvation enthalpy  



1 
 

Chapter 1 

Study of Non-Covalent Multisubunit Protein-Carbohydrate Interactions by 

Electrospray Ionization Mass Spectrometry 

 

1.1 Introduction 

It is well established that the interactions of pathogen-generated proteins, 

such as toxins or surface lectins (adhesins), with carbohydrates present as 

glycoproteins or glycolipids on the cell surface are involved in a number of 

important molecular recognition events, and play critical roles in a wide range of 

physiological and pathological cell functions, such as inflammation, cell−cell 

interactions, signal transduction, fertility, development, and cancer metastasis.
1
 

Hence, the detection and characterization of protein-glycolipid or protein-

carbohydrate interactions are of fundamental importance and may facilitate the 

design of receptor analogues as competitive inhibitors.
2
 

Glycolipids are molecules in which an oligosaccharide is linked to a lipid 

moiety. They reside with their hydrophobic lipid moieties in the external leaflet of 

the plasma membrane and their hydrophilic oligosaccharides protruding into the 

aqueous environment. Typically, proteins recognize oligosaccharide moieties 

through hydrogen bond (H-bond) networks, ionic intereactions and stacking 

between the side chains of aromatic amino acids and the hydrophobic faces of 

sugar rings.
3
 The interactions for protein-carbohydrate complexes often exhibit 

low association constants (Ka), in the ~10
3
 M

-1 
range.

4 
This is compensated by the 

fact that many carbohydrate-binding proteins possess multiple carbohydrate 
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binding sites to allow multivalent binding in which a simultaneous association of 

more than one ligand is involved to give a strong and specific binding required for 

biological processes.
5
  

There are a variety of experimental techniques available to identify and 

characterize the protein-carbohydrate complexes, each with its own strengths and 

weaknesses. X-ray crystallography is widely used to establish the higher-order 

structure of biological complexes and to identify interactions between binding 

partners.
6, 7

 However, not all biomolecules and their complexes are readily 

crystallized. X-ray does not provide a direct measurement of the strength of the 

non-covalent interactions. Nuclear magnetic resonance spectroscopy can provide 

both the structure of the complex and the strength of the interaction.
8-11

 However, 

it usually requires large amounts of sample (~mg), and is generally limited to 

relatively small proteins or complexes.
8
 Surface plasma resonance (SPR) 

spectroscopy represents one of the most widely used assays for quantifying the 

interactions of protein-ligand complexes.
12, 13

 It is of very high sensitivity, 

requires a very small amount of sample (~ng), and can measure the Ka as well as 

the association and dissociation rate constants. A limitation of SPR assay is the 

immobilization of one of the binding partners, which may affect the nature of 

binding interaction. Additionally, non-specific adsorption to the surface can lead 

to false signals. Isothermal titration calorimetry (ITC) is generally considered as 

the “gold standard” technique for quantifying the binding thermochemistry in 

solution, and is the only assay that directly provides a measurement of the heat 

associated with the formation of a complex, i.e., change in enthalpy (ΔH).
14-16
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However, the enthalpy change upon other potential accompanying events such as 

solvent rearrangement and conformational changes in binding partners may be 

included in the evaluation of ΔH. A number of other experimental (e.g. atomic 

force microscopy, small angle scattering, circular dichroism) and computational 

methods can provide complementary information about interactions and structures 

of protein-carbohydrate complexes.
17-19

   

Recently, electrospray ionization mass spectrometry (ESI-MS) has 

emerged as an important tool for identifying and characterizing the interactions of 

protein-ligand complexes.
20

 The assay is fast (measurements normally can be 

completed in less than ~1 min), consumes little sample (typically ~pmol per 

analysis), provides direct insight into binding stoichiometry, and can be used to 

measure multiple binding equilibria simultaneously. Furthermore, the assay is 

extremely versatile as there is no requirement for labeling or immobilization of 

analyte molecules. While the ESI-MS assay is now well established for detecting 

and characterizing interactions between water soluble proteins and ligands, its 

application to interactions between water soluble proteins and insoluble ligands, 

such as glycolipids, has not been previously demonstrated. Moreover, there were 

no detailed ESI-MS studies on the changes to the nature of the protein-ligand 

interactions upon collisional activation. In Chapter 2, a catch-and-release (CaR-

ESI-MS) assay for identification of the protein-glycosphingolipid (GSL) 

interactions is reported. It is achieved by first incubating the target protein with 

GSL/cell extract, which are incorporated into nanodiscs (ND), in aqueous solution 

to catch any interaction and then transfer to the gas phase by electrospray 
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ionization (ESI). The intact protein-GSL complex was detached from ND in the 

ion source using mild collision induced dissociation (CID). Following their 

release, the protein-GSL complex ions can be isolated in Quadrupole and 

subjected to another stage of CID, either in Trap or Transfer region, to break the 

non-covalent protein-GSL interactions. Accurate mass analysis, fragmentation 

pattern, together with the IMS results allowed for the positive identification of the 

released GSL receptor.  

The ESI-MS assay has also shown its application in providing insights into 

the compositions and topology of multiprotein and protein-ligand complexes in 

vitro
21-24

 and, in some instances, the identity and location of bound ligands.
25, 26

 In 

Chapter 3, the dissociation pathways of multisubunit protein-ligand complexes in 

the gas phase were studied based on the results of CID experiments performed on 

gaseous protonated and deprotonated complex ions and molecular dynamics 

simulations. Three dissociation pathways: (1) loss of the ligand-unbound protein 

subunit, (2) loss of subunit-ligand complex and (3) loss of ligand (neutral or 

charged), were observed upon collisional activation, suggesting that collisional 

activation of multisubunit protein-ligand complexes in the gas phase is likely to 

induce significant changes to the nature of the protein-ligand interactions. 

Consequently, caution must be exercised when using MS and CID (or similar 

activation methods) to establish the location(s) of ligands bound to multiprotein 

complexes. 
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1.2 Mass spectrometry 

Mass spectrometry (MS) is an analytical technique that determines the 

masses of atomic or molecular ions in the gas phase based on the measured mass-

to-charge ratios (m/z). Generally, all mass spectrometers consist of three regions: 

ion source, mass analyzer and ion detector. Samples are first ionized in the ion 

source by one of the many available ionization methods, and the ions are then 

transferred to the mass analyzer. In the mass analyzer, ions are sorted and 

separated by electric or magnetic fields according to their m/z. The number of 

ions with a particular m/z are recorded and amplified by the ion detector. The 

mass spectrum is a plot of the detector response as a function of m/z. It should be 

noted that most MS instruments require a vacuum system of less than 10
-5

 torr
27

 to 

avoid (a) collisional defocusing of ions; (b) electrical discharge and (c) high 

background signal.  

A variety of ionization methods and mass analyzers are currently in use. 

Based on the nature of the sample and type of information required from the 

analysis, researchers may choose different combinations. With respect to 

ionization methods, electron impact ionization (EI) and chemical ionization (CI) 

are usually used for volatile, low mass molecules. While EI can generate a lot of 

fragment ions for structural information, CI, which produces the protonated 

molecules, is good for determining the molecular mass of the compound. 

Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization 

(MALDI), often referred to as “soft ionization” techniques, are most suitable for 

analysis of larger biomolecules. In MALDI, ions are produced from sample 
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crystals upon exposure to a laser beam, and are usually singly charged.
28, 29

 ESI, 

in contrast, produces a range of charged species for each molecule which is 

transferred directly from solution by a strong electric field.
30 While both ESI and 

MALDI allow for the generation of intact macromolecular ions, ESI is usually 

utilized for mass spectrometric studies of noncovalent protein complexes formed 

in solution.
31

  

There are also a number of different types of mass analyzers including (1) 

magnetic sector, separating ions based on the radius of arc of ions deflected in the 

magnetic field
32

; (2) quadrupole, defining specific stable ion trajectories
33

; (3) ion 

trap, similar as quadruple, trapping ions with stable oscillation
34

; (4) time of flight 

(TOF), determining m/z based on the time that ions take to move through a field-

free region between the source and the detector
35

; (5) Fourier transform ion 

cyclotron resonance (FT-ICR), measuring the m/z of an ion according to its 

cyclotron frequency
36

 and (6) orbitrap, obtaining m/z using Fourier transform of 

the ion’s axial-oscillation frequency
37

. Among them, TOF has the highest m/z 

range, up to 10
6
.
34

 

In the present work, nanoflow ESI (nanoESI), which emits smaller 

droplets than conventional ESI, combined with TOF was used to investigate the 

interactions and topologies of protein-ligand complexes. 

1.2.1 Electrospray ionization  

ESI is one of the techniques used in mass spectrometry to introduce 

biological molecules into the gas phase. It usually generates intact, multiply 

charged ions, protonated or deprotonated, i.e., [M + nH]
n+

 or [M - nH]
n-

, 
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respectively, depending on the ionization mode (positive or negative). The 

mechanism of ESI
30

 involves three steps: (a) production of charged droplets at the 

ESI capillary tip; (b) the shrinkage of charged ESI droplets due to solvent 

evaporation and droplet disintegration; and (c) the formation of very small, highly 

charged droplets from which gas-phase ions are produced. 

 

Figure 1.1 Schematic representation of ESI carried out in positive ion mode 

and the processes that lead to the formation of gas phase ions. 

Figure is reproduced from reference 30. 

 

Shown in Figure 1.1 is a schematic diagram describing the ESI process in 

positive ion mode. A voltage of 2-3 kV is applied to the capillary and induces 

charge separation in solution. The positive ions drift towards liquid surface, 

leading to the formation of a liquid cone referred to as a Taylor cone – a stable 

liquid cone exists with competing forces between downfield forces generated by 
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electric field and resistance by surface tension of the liquid. At a sufficiently high 

electric field, the liquid cone becomes unstable and emits a thin liquid filament 

whose surface is enriched in positive ions. Subsequently, it breaks up into small 

positively charged droplets. Solvent evaporation leads to droplet shrinkage and an 

increase of electric field normal to the surface of the droplet.
38

 As the charge 

density on the droplet surface increases, the Columbic repulsion of the surface 

charges overcomes the surface tension of the droplet. This leads the droplet 

become unstable and undergoing Coulomb fission, forming small, highly charged 

offspring droplets. The production of gas-phase ions from these droplets follows 

one of two proposed mechanisms: the ion evaporation model (IEM), and the 

charge residue model (CRM). IEM, proposed by Iribarne and Thomson, assumes 

gas-phase ions are emitted directly from very small and highly charged droplets.
39

 

The escape of the ion to gas phase is initiated by elastic deformation of the droplet, 

and facilitated by the repulsion between the ion and the charges on the droplet 

surface. This mechanism does not require the production of extremely small 

droplets containing only one ion, and is experimentally well-supported for small 

ions.
40

 CRM, proposed by Dole and coworker, postulates that the droplets 

undergo many fission events and finally produces very small droplets containing a 

single ion.
41

 These droplets undergo solvent evaporation, leading to the 

production of gas phase ions. It is generally believed that CRM describes the 

formation of gas phase macromolecule ions based on the observations that (a) the 

charge acquired by a macromolecule during ESI is dictated by the size of itself, 

and (b) a number of adducts are present due to the presence of solutes in the final 
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droplets.  

In the present study, gaseous ions were produced by nanoESI whose 

mechanism is similar to that of ESI. NanoESI was carried out using borosilicate 

capillaries (1.0 mm o.d., 0.68 mm i.d.) pulled to ∼5 μm by a P-97 micropipette 

puller (Sutter Instruments, Novato, CA). Analyte is filled into the back end of the 

capillary, and a metal wire is inserted in the back end to apply the spraying 

potential. A voltage ranging from a few hundred volts to just under 2 kV is 

typically applied. The advantage of nanoESI is that it operates at very low flow 

rate of ~20 nL/min and generates small size of droplets, about 100 – 1000 times 

smaller than conventional ESI.
42

 Smaller droplets possess the advantage of higher 

surface-to-volume ratio, making a larger proportion of analyte molecules 

available for desorption. In addition, the mild conditions used in nanoESI 

attenuate effects upon weak bonds in the desolvation process, allowing the 

detection of noncovalent complexes.  

1.2.2 Mass spectrometer 

In this work, all experiments were carried out using a Synapt G2-S 

quadrupole-ion mobility separation-time-of-flight (Q-IMS-TOF) mass 

spectrometer (Waters, UK), (Figure 1.2), equipped with a nanoESI source. This 

system combines exact-mass, high resolution mass spectrometry with high-

efficiency ion mobility-based separation (IMS).  

Gaseous ions are produced by nanoESI. The cone voltage is set to 35-75 V, 

the source offset voltage is set at 50 V, and the source block temperature is 

maintained at 60 ºC. Ions first pass through the source sampling orifice and then 
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enter into the StepWave transfer optic. The focussed ions are then transmitted 

through a quadrupole mass filter to the ion mobility section of the instrument 

(Triwave) which contains three traveling wave (T-Wave) ion guides. The Trap T-

Wave traps and accumulates ions that will be released in a packet into the IMS T-

Wave where the Ion mobility separation is performed. At the front of IMS T-

Wave, a high-pressure helium-filled cell is used to minimize scattering and/or 

fragmentation as ions are introduced into the high N2 pressure region. The 

Transfer T-Wave delivers the mobility separated ions to an orthogonal 

acceleration (oa) - TOF mass analyzer (QuanTof™) equipped with a high field 

pusher and a dual-stage reflectron.  

 

Figure 1.2 A schematic diagram of the Synapt G2-S nanoESI- quadrupole-

IMS-TOF mass spectrometer. Figure was adapted with permission 

from Waters Corporation. 
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1.2.2.1 StepWave ion guide 

The StepWave transfer optics comprise two stages: a conjoined ion guide 

as the first stage and a narrow bore ion guide as the second one. When sampling 

ions are generated from an atmospheric pressure ion source, a significant quantity 

of gas enters the vacuum system. It is essential to remove the accompanying gas 

from the ions before they enter into the mass analyzer. Moreover, ion beam 

undergoes expansion when passing through the sampling orifice. The conjoined 

ion guide (first stage) focuses the ion beam and separates ions from the gas flow 

by an off-axis configuration (Figure 1.3). Briefly, the ions enter the larger 

diameter ion guide and are directed into the upper ion guide using a differential 

voltage. Gas, neutral species, and any non-desolvated material are directed to the 

rough pump inlet. A reverse travelling wave on the lower guide ensures ions are 

not swept out with the high gas flow and have time to transfer into the upper 

guide.
43

 The ion beam is then directed to the second stage where it is further 

focused and propelled into Quadrupole ion guide. 

 

Figure 1.3 Diagram of the conjoined stacked ring ion guides. Figures were 

reproduced with permission from Waters Corporation. 
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1.2.2.2 Quadrupole mass filter 

Quadrupole mass filters are four cylindrical metal rods that are accurately 

positioned in a radial array, and the diametrically opposed rods are paired. Each of 

the rods carries both a direct current (DC) potential and a raiofrequency (RF) 

potential, with opposing rods being held at identical potentials and polarity, and 

adjacent rods being identical in potential, but opposite in polarity. Based on this 

arrangement, a hyperbolic field is created. The filtering action of the quadrupole 

is obtained by the application of specific voltage and frequency. Ions of a 

particular m/z ratio can be selected and transmitted down the entire length of the 

rods while other ions outside the m/z range hit the rods and are expelled. The 

width of the bandpass region is governed by the ratio of DC-to-RF potentials 

applied to the rods.
44

 By turning off the DC voltages and operating in RF only 

mode, the quadrupole can also act as a very broad bandpass mass filter that 

transmits and guides ions over a wide m/z range to other components of the 

apparatus. In this case, quadrupole is an excellent ion focusing device. 

In present study, ions of interest, i.e., precursor ions, were isolated by 

quadrupole mass filter and transmitted down to the next stage of MS to perform 

tandem MS. 

1.2.2.3 Time of flight mass analyzer 

In the TOF mass analyzer, the physical property that is measured during 

an analysis is the flight time of the ions.
35, 45-47 

Mass-to-charge ratios are 

determined by measuring the time that ions take to move through a field-free 

region (flight tube) between the source and the detector, according to equation 1.1: 
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1/2 s2eV

L
(m/ z) = t

 
 
 

                                                  (1.1) 

where m is the mass of the ion, z is the charge state of the ion, e is the elementary 

charge, Vs is the acceleration potential, t is the flight time and L is the length of 

the flight tube. This equation shows that m/z can be calculated from a 

measurement of t
2
, provided that all of the ions enter the flight tube at the same 

time and with the same initial kinetic energy.  

There are two types of TOF analyzers, linear TOF analyzer and reflectron 

TOF analyzer. The linear TOF analyzer suffers from the drawback that ions of the 

same m/z can reach the detector at different times, due to initial energy 

distribution, resulting in peak broadening and poor resolution. The reflectron TOF 

analyzer compensates this energy distribution by using successive sets of electric 

grids of increasing potential which deflects the ions and reverses their flight 

direction, sending them back through the flight tube. Depending on their kinetic 

energy, ions of the same m/z will penetrate the field at different depths; ions with 

more kinetic energy and hence with more velocity will penetrate the field more 

deeply than ions with lower kinetic energy. Consequently, the faster ions will 

spend more time in the reflectron and will reach the detector at the same time as 

the slower ions with the same m/z. The net effect is improved mass resolution, 

typically in the range of 10,000-20,000 with minimal losses in sensitivity.  

Coupling TOF analyzers with continuous ionization techniques (like ESI) 

requires the use of the orthogonal acceleration (oa) technique. Ion optics focuses 

the ions generated from ESI into a parallel beam and directs them to the 

orthogonal accelerator where the primary ion beam is deflected from its original 
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direction into a flight tube. Ions gain a new component of velocity which is 

vectorially independent of their axial velocity. During the time that the ions 

continue their flight in the flight tube, the orthogonal accelerator is refilled with 

new ion beam.  

In the Synapt G2-S system, a QuanTof technology, which combines a high 

field pusher and dual-stage refelctron is used to deliver fast, high-resolution, 

accurate mass and quantitative results simultaneously. Ions are subjected into the 

dual-stage reflectron twice by high-field pusher and ion mirror, improving the 

focusing of high energy ions.  

1.2.2.4 Ion mobility separation 

IMS is a gas-phase electrophoretic technique that separates ions based on 

their mass, charge and collision cross section (i.e., size and shape).
48-53

 Generally, 

a pulse of ions is injected into a drift region filled with a known inert gas at a 

known pressure. Under the influence of a static electric field, ions experience 

electrostatic force pulling them through the region; this force is countered by a 

number of collisions between ions and the buffer gas. Larger ions with greater 

collision cross sections experience more collisions than smaller ions and therefore 

take longer time to traverse the drift tube.
48

 Ions can be separated by their 

characteristic velocity through the gas-filled electric field. The distinct velocity of 

ions depends on the electric field strength and the ions’ mobility (K), which is 

intrinsic to a particular ion for a specific gas under low electric field conditions
54

 

and is determined by equation 1.2: 

 
d

d
K =

t E
                                                                (1.2) 
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where td is the time taken to traverse the drift cell, d is the length of the drift cell 

and E is the electric field gradient. 

In 1960s, McDaniel coupled IMS drift tube to a mass spectrometer, 

creating the hybrid technique of IMS-MS, to study the separation and reactions of 

ions and small molecules in the gas phase.
55

 In the late 1990s, researchers began 

to use IMS-MS for simultaneous determination of multiple ions’ m/z ratios and 

mobility.
56

 Recently, this technique becomes an important tool for the analysis 

and conformational determination of biological molecules.
25, 57-59

 Moreover, it 

provides an additional dimension of separation, enabling the separation of 

structural isomers, i.e., analytes which are isobaric in m/z but different in 

structure.
60-62

 

There are five techniques of IMS that are currently used in mass 

spectrometry, drift-time ion mobility spectrometry (DTIMS),
63

 aspiration ion 

mobility spectrometry (AIMS),
64

 differential-mobility spectrometry (DMS),
65

 

which is also called field-asymmetric waveform ion mobility spectrometry 

(FAIMS), trapped ion mobility spectrometry (TIMS) and traveling-wave ion 

mobility spectrometry (TWIMS).
66

 The detail of TWIMS, which is used in this 

thesis, is outlined briefly below. 

The IMS section of the Synapt G2-S system consists of three T-Wave 

devices (Triwave), Trap T-Wave, IMS T-Wave and Transfer T-Wave, all of 

which comprise travelling wave-enabled stacked ring ion guides (SRIG) (Fig. 1.4). 

The SRIG constitutes a series of planar electrodes arranged orthogonally to the 

ion transmission axis. Opposite phases of a RF voltage are applied to electrodes to 
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provide a radially confining effective potential barrier. To propel ions, a transient 

DC voltage is superimposed on the RF applied to a pair of adjacent electrodes in a 

repeating sequence along the length of the device. A series of potential hills 

generated are subsequently applied to the next pair of electrodes downstream at 

regular time intervals, providing a continuous sequence of “travelling waves”. 

The ions within the device are driven away from the potential hills and 

consequently are carried through the device with the waves, minimizing their 

transit time. After trapped and accumulated in the Trap region, ions are propelled 

by the “travelling wave” through the gas in TWIMS where ion species of high 

mobility slip behind the waves less often than species of low mobility and so are 

transported through the device more quickly, thus mobility-based separation of 

ions occurs.
53

 The separated ions are then transmitted through the Transfer region 

and detected by TOF mass analyzer. A particular advantage of the TWIMS device 

over most drift tubes is that through the use of ion accumulation and radial ion 

confinement, the sensitivity of the mass spectrometer is not compromised when 

operating in mobility mode. The use of Trap and Transfer regions furthermore 

helps to minimize ion loss, allowing investigations on analytically significant 

levels of sample.
53
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Figure 1.4 Diagram of stacked ring ion guide (SRIG) and its operational 

principle. Figures were reproduced with permission from Waters 

Corporation. 

 

In addition, the Trap and Transfer regions can also act as collision cells 

where CID can be carried out. Under this circumstance, each ring electrode not 

only has the transient DC voltage used to propel ions to the next stage of the 

instrument, but also a constant DC offset (collision energy voltage) to increase the 

kinetic energy of ions. In this study, CID in both Trap and Transfer regions were 

used for gas-phase dissociation of non-covalent protein complexes which were 
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first isolated in Quarupole, providing composition and topology information as 

well as aiding in identification of specific receptors.  

1.3 Tandem MS (MS/MS) 

Tandem MS, also known as MS/MS, is an MS technique involving 

multiple sequential stages of mass spectrometry segments where ions are selected, 

energetically excited and analysed sequentially. Early studies using tandem MS 

focused on obtaining structural information of a particular ion, the precursor ion, 

through its fragmentation pattern. Recently, its application in protein complexes 

study has showed tremendous potential. There are two main categories of 

instruments that can conduct tandem MS experiments: tandem MS in space and 

tandem MS in time.
67

 In tandem MS in space, the instrument is made up of two or 

more separate elements, e.g., electric sectors, magnetic sectors, quadrupole, TOF, 

assembled in tandem. Shown in Figure 1.5a is a representative scheme of mass 

spectrometer arrangement in tandem MS in space. Analytes are first ionized by 

one of the ionization methods and then introduced into the first stage of tandem 

MS, MS
1
, where the precursor ion is selected based on its m/z. Fragmentation of 

the precursor ion occurs in the next stage, MS
2
, forming product ions which are 

consequently subjected to MS
3
 for analysis and observed by detector. In tandem 

MS in time, multiple stages of mass analysis can be achieved by a single mass 

spectrometer with the MS steps separated in time. Usually, the ion cyclotron 

resonance (ICR)
68

 or the ion trap mass spectrometer is used to store ions, in which 

the precursor ion can be selected by ejecting all the others. The product ions are 

produced from fragmentation of the precursor ion during a selected time period 
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and are analyzed by the same mass spectrometer before detection. As shown in 

Figure 1.5b, all the processes are implemented sequentially in the same space. 

 

Figure 1.5 Principles of tandem MS in space and in time. (a) A typical 

arrangement of mass spectrometers in tandem MS in space. 

Precursor ion is isolated in the first stage, MS
1
, and subjected to 

MS
2
 for fragmentation. Ions generated in MS

2
 are usually analysed 

or further selected in MS
3
 before going to the detector. (b) A 

general sequence of events occurs in tandem MS in time. Ions are 

injected into a mass spectrometer where precursor ion selection, 

fragmentation and analysis of product ions take place, followed by 

ion detection. 



20 

 

1.3.1 Activation of gas phase ions by CID 

Activation and dissociation of the isolated gaseous ions can be performed 

by many techniques, including CID or collision-activated dissociation (CAD)
69

, 

surface-induced dissociation (SID)
70

, electron transfer and electron capture 

dissociation (ETD and ECD)
71, 72

, infrared radiative multiphoton dissociation 

(IRMPD)
73

 and blackbody infrared radiative dissociation (BIRD)
74

. Among them, 

CID, which molecular ions are fragmented in the gas phase by colliding with a 

neutral gas (often helium, nitrogen or argon), is the most commonly used 

activation method in tandem MS. During the collision, a portion of the ion’s 

kinetic energy is converted into internal energy, resulting in the subsequent 

fragmentation if sufficient internal energy is accumulated. The increase in internal 

energy is determined by many factors, including the number of collisions between 

ions and gas, the amount of time ions spend in the collision cell and the nature of 

the target ions. Besides its utility in the breakage of covalent bonds for gaining 

structural information, CID is also the most frequently used method for gas-phase 

dissociation of non-covalent protein complexes, providing compositional 

information.
69

 In addition, MS combined with CID plays an important role in 

probing the spatial arrangement of proteins within multiprotein complexes.
75-77

 

1.3.2 Application of gas phase dissociation  

The transfer of noncovalently bound multiprotein and protein-ligand 

complexes from solution to gas-phase may lead to change of conformation and 

interaction due to the removal of solvent. However, numerous reports suggest that 

some conformational properties of biomolecules in solution are preserved in the 

http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Helium
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/wiki/Internal_energy
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gas phase.
78-81

 Thus, gas phase study of desolvated biological complexes 

represents a promising experimental approach to probe directly the intrinsic 

(solute-solute) intermolecular interactions and, indirectly, the role of solvent in 

biological recognition. To elucidate the structure and dynamics of gaseous ions, a 

variety of ESI-MS based techniques have been developed. Among them, MS/MS 

is frequently used for the study of protein assembly’ composition and topology,
19, 

82
 identity and location of the bound ligand,

20, 83-85
 and characterization of protein-

protein or protein-ligand interactions.
26, 86, 87

 In the present work, MS combined 

with CID was used to identify the bound ligand and deliver compositional 

information of the protein-ligand complex based on the dissociation products and 

dissociation pathways upon collision. 

1.4 Nanodisc technology 

Model membrane systems are essential for research on glycolipids and 

membrane proteins which are naturally embedded in a dynamic lipid bilayer.
88

 A 

variety of systems, including detergent micelles, liposomes and bicelles, have 

been developed for reconstitution and solubilisation of membrane proteins. 

Although each of them has its own advantages, they are not perfect for mimicking 

the biological lipid bilayers. Recently, the Sligar lab established a new model 

membrane system, the ND system, for rendering membrane proteins or membrane 

bound ligands soluble in aqueous solution, and, more importantly, in a native-like 

bilayer environment where they remain active.  
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1.4.1 Phospholipid bilayer ND 

The ND consists of a phospholipid bilayer and two copies of an 

amphipathic membrane scaffold protein (MSP) (Figure 1.5), which is derived 

from apolipoprotein A-I (apoA-I).
89

 ApoA-I is a major protein component of 

high-density lipoprotein (HDL). In vivo, two molecules of ApoA-I wrap around 

the edges of the lipid bilayer to form nascent discoidal HDL particles. The ND is 

assembled in a similar way: phospholipids are first transiently solubilized by a 

detergent in the presence of MSPs; and a self-assembly process is initiated when 

the detergent is removed, either by dialysis or adsorption to hydrophobic beads. 

Due to the amphipathic characteristic of MSPs, they shield the hydrophobic acyl 

chain from the aqueous solution, making the ND water-soluble.
90 

The resulting 

ND contains approximately 130-260 phospholipids and is 9.5-13 nm in diameter, 

and about 5.5 nm in thick based on small-angle X-ray scattering.
91 

To ensure a 

production of homogenous size of NDs, the self-assembly should be performed at 

the phase transition temperature of the chosen lipid so that a homogeneous 

phospholipid/detergent micellar phase is present before assembly starts. After 

detergent removal, the NDs are purified by size exclusion chromatography (SEC) 

to remove any excess lipids or proteins. 
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Figure 1.6 Cartoon of nanodisc. Blue belts represent two copies of MSP 

which surround the lipid bilayer with (right) or without (left) 

receptors incorporated. 

 

 

Table 1.1 Optimal ratios of phospholipids to MSPs, diameters and incubation 

temperature for nanodisc assembly. The diameter of nanodisc is 

determined by the length of MSP, while the incubation temperature 

is the phase transition temperature of the chosen lipid.
89, 92

 

Optimal 
Ratios  

MSP1D1 MSP1E1 MSP1E1D1 MSP1E2D1 MSP1E3D1 
Incubation 
Temperature 

POPC 61 79 79 103 125 4 oC 

DPPC 82 106 106 134 167 37 oC 

DMPC 77 N/A 102 122 148 23 oC 

Diameter of 
Nanodisc 

(Å)   
98 105 106 119 129  

Data from references 89 and 92. 



24 

 

1.4.2 Membrane proteins or receptors assembled into ND 

Membrane proteins or membrane-bound receptors are usually pre-

solubilized with a compatible detergent and mixed with phospholipids and MSPs. 

The proteins or receptors will self-assemble into ND upon the removal of 

detergent. By using different length of MSPs, ND size can be changed to 

accommodate a range of membrane proteins, such as cytochrome P450
93-95

, 

phosphoinositides
96

, bacteriorhodopsin
97

, G-protein coupled receptors
98

 and 

SecYEG
99

. Also, uniform size of protein/receptor incorporated NDs can be 

produced by optimizing the lipid : MSP : protein/receptor stoichiometry during 

the self-assembly process.
100

 Thus, ND possesses the advantages of self-assembly, 

solubility, size-control, stability, and the ability to provide a native-like 

environment for membrane proteins and membrane-bound receptors.  

DMPC and MSP1E1 were used for the present study. The optimal ratio, 

100:1, was determined based on SEC profile. NDs with varying degrees of GSL 

or 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (Btc), the 

receptors in this work, were prepared by mixing the desired ratios of DMPC and 

GSL or Btc, keeping the total GSL/Btc + DMPC molar amount constant. 

1.4.3 Applications of ND 

The distinct characteristics of ND offer diverse biochemical applications. 

To date, it has been applied to receptor studies, enzyme studies, ligand binding, 

channels and transporters, and structural investigations.
96, 98, 99, 101-103

 A variety of 

analytical techniques, including surface plasmon resonance spectroscopy
104

, 

nuclear magnetic resonance spectroscopy
96

, fluorescence polarization 



25 

 

measurements
91

, Raman spectroscopy
95

, atomic force microscopy
105

, and 

MALDI-TOF MS
106

 have been used. In the present study, ND was used to 

solubilize membrane-bound receptors for revealing their interactions with water-

soluble proteins and investigating gas-phase dissociation of multisubunit protein-

ligand complexes by ESI-MS. 
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Chapter 2 

Protein-Glycosphingolipid Interactions Revealed using 

Catch-and-Release Mass Spectrometry

 

 

2.1  Introduction 

Interactions between pathogen-generated proteins, such as toxins and 

surface lectins, with glycosphingolipids (GSL) in the membrane of epithelial cells 

are critical events in the progression of many infectious diseases.
1
 The 

development of receptor analogs as competitive inhibitors of cell adherence and 

invasion by pathogens represents an attractive therapeutic strategy.
2
 For this 

strategy to be effective the natural receptors must first be identified and their 

interactions with pathogen-generated proteins characterized. While human 

receptors have been established for some bacterial and viral proteins, the 

identification and characterization of the functional GSL receptors is a significant 

challenge, one that demands new, and more sensitive, experimental methods.
3
 

Recently, electrospray ionization mass spectrometry (ESI-MS) has emerged as a 

powerful tool for detecting and quantifying protein-ligand complexes in vitro,
4
 

and is extensively used in the analysis of protein-carbohydrate interactions.
5
 The 

application of ESI-MS to the analysis of membrane proteins and their complexes 

has also been reported.
6
 These measurements are typically carried out on aqueous 

solutions containing high concentrations of detergents, which are needed to 

solubilize the membrane proteins. However, the ESI-MS assay is not readily 

                                                      
 A version of this chapter has been published: Zhang, Y.; Liu, L.; Daneshfar, R.; Kitova, 

E. N.; Li, C.; Jia, F.; Cairo, C. W.; Klassen, J. S. Anal. Chem. 2012, 84(18), 7618-21. 
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amenable to analysis of interactions between water-soluble proteins and insoluble 

ligands, such as GSL. The common practice of using water-soluble receptor 

analogs for structural and quantitative binding studies is of questionable value 

since the structural and functional properties of the receptors may change upon 

removal from the cell membrane.
7
 Thus, it is essential to develop an experimental 

method to characterize the protein-GSL interactions. 

Nanodiscs (ND) consist of a discoidal phospholipid bilayer surrounded by 

two copies of an amphipathic helical scaffold protein (called membrane scaffold 

protein, MSP) that stabilize and solubilize the lipid bilayer by shielding the 

hydrophobic region from the aqueous environment. These bilayer packets have 

been used to solubilize a variety of membrane-bound receptors, including GSL, 

for structural and binding studies.
8-14

 However, to the best of our knowledge, they 

have not been previously used in conjunction with direct ESI-MS binding 

measurements. As highlighted below, direct ESI-MS detection of the intact 

protein-GSL-ND complexes is not straightforward. Therefore, a novel catch-and-

release (CaR) ESI-MS assay is established for detecting specific interactions 

between proteins or protein complexes and their cellular GSL receptors.  

2.2      Materials and methods 

2.2.1    Reagents 

Cholera toxin (CT) B subunit (monomer MW 11 604 Da) was purchased 

from Sigma Aldrich (Oakville, ON). Shiga toxin 2 (Stx2) (MW 72 260 Da) was a 

gift from Prof. G. Armstrong (University of Calgary). To prepare stock solutions 

of CTB5 and Stx2 for the ESI-MS measurements, samples were concentrated and 
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dialyzed against 200 mM ammonium acetate (pH 7.0) using microconcentrators 

(Millipore Corp., Bedford, MA) with a molecular weight cutoff (MWCO) of 10 

kDa and stored at -20 ºC until needed. 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC, MW 677.9 Da) dissolved in chloroform was purchased 

from Avanti Polar Lipids (Alabaster, AL). Globotriaosylceramide (Gal(l-

4)Gal(l-4)Glc(1)-ceramide, Gb3-Cer) was purchased from Matreya LLC 

(Pleasant Gap, PA) and bovine monosialotetrahexosylganglioside (Gal(l-

3)GalNac(l-4)[Neu5Ac(2-3)]Gal(l-4)Glc(1)-ceramide, GM1-Cer) was 

purchased from Axxora LLC (San Diego, CA). All detergents and other chemicals 

were purchased from Thermo Fisher Scientific Inc. (Toronto, Canada) or Sigma-

Aldrich Canada (Oakville, Canada). 

2.2.2  Glycolipid extraction 

The A549 cell line was obtained from ATCC (Manassas, VA) and cultured 

according the manufacturer’s directions (DMEM, supplemented with 10% FBS, 

grown at 37 
°
C in a humidified incubator with 5% CO2). Wash steps were 

performed in a desktop centrifuge at 1200 rpm for 2 min. Control cells were 

grown in a 75 cm
2
 flask to about 80-90% confluency. The culture medium was 

removed by aspiration, and the cell monolayer was washed twice with phosphate 

buffered saline (PBS). Fresh PBS (3 mL) was then added to the flask, and the 

cells were scraped and transferred to a 15 mL centrifuge tube. The suspension was 

spun at 1200 rpm for 2 min, and the pellet was resuspended in 1 mL of fresh PBS. 

The suspension was then loaded into 1.5 mL centrifuge tubes, spun at 1200 rpm 

for 2 min and washed 3 times with PBS. The pellet was then re-suspended in 60 
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L water and sonicated in a water bath for 30 s. A solution of 1:1 chloroform-

methanol (400 L) was added and the sample was incubated at room temperature 

for 10 min. The sample was spun at 10,000 rpm for 10 min, and the supernatant 

was transferred to a glass sample vial. The solution was reduced by drying with 

N2. An additional aliquot of 1:1 chloroform-methanol solution (1.4 mL) was 

added at -20 °C for 4 hr. The cleared solution was then transferred to a 1.5 mL 

centrifuge tube and spun at 10,000 rpm for 10 min. The remaining sample was 

dried over N2 in a glass vial and stored at -20 °C. 

2.2.3 Expression and purification of MSP1E1   

Recombinant membrane scaffold protein MSP1E1 (MW 27 494 Da) was 

prepared using plasmid pMSP1E1 acquired from Addgene (Cambridge, MA). 

Protein expression and purification was carried out using the procedure described 

at http://sligarlab.life.uiuc.edu/nanodisc.html. Briefly, protein was expressed using 

the pET 28a system (Novagen, Madison, WI) with the E.coli BL-21 (DE3) strain 

as a host. Liquid LB medium containing 30 µg/mL kanamycin was inoculated 

with the biggest colony from a plate and shaked at 37 ºC until OD600 reached 0.6-

0.8. 40 mL of this starter culture was transferred to 1 L scale-up culture, shaking 

at 200 rpm, 37 ºC, until OD600 reached 2.5-3.0 after 2.5-3 hr. 1 mM IPTG was 

added to induce expression. One hour after induction, the temperature was 

lowered to 28 ºC. After another 3-3.5 hr, cells were collected by centrifugation at 

8 000 g for 20 min and stored at - 80 ºC for up to several months.  

For purification, about 15 grams of cells were resuspended in 100 mL 20 

mM sodium phosphate (pH 7.4) and disrupted in the presence 1% Triton X-100, 

http://sligarlab.life.uiuc.edu/nanodisc.html
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inhibitor and RNase by sonication. The lysate was cleared by centrifugation at 

36,000 rpm for 60 min at 4 ºC. The supernatant was passed through a 2.5x6 cm 

column containing Chelating Sepharose Fast Flow (Amersham Biosciences, 

Piscataway, NJ) charged with Ni
2+

 according to manufacturer's instruction. 

MSP1E1 fractions were collected and checked for purity by both sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and mass spectrometry, 

then dialyzed against ND buffer (20 mM Tris, 0.1 M NaCl, 0.5mM EDTA, pH 

7.4), 8 hr x 3 times, stored at -80 ºC. The MSP1E1 concentration was determined 

by absorbance at 280 nm using calculated extinction coefficient. 

2.2.4   Preparation of nanodiscs 

Nanodiscs composed of DMPC alone or DMPC and GSL, or lipids 

extracted from cells were prepared using procedures described previously
15,16 

and 

only brief description is given here. To prepare ND containing only DMPC, the 

chloroform was removed under a gentle stream of nitrogen and replaced with Tris 

buffer (20 mM Tris pH 7.4, 0.1 M NaCl, 0.5 mM EDTA) containing 25 mM 

sodium cholate. To prepare the ND containing GM1-Cer or Gb3-Cer, DMPC (in 

chloroform) and either GM1-Cer or Gb3-Cer (in a 2:1 chloroform-methanol 

solution) were mixed at the desired molar ratio; the procedure for solvent removal 

and addition of buffer was the same as above. To prepare the ND containing the 

lipids extracted from the A549 cells, the lipids were first dissolved in a 2:1 

chloroform-methanol mixture; the procedure for solvent removal and addition of 

buffer was the same as above. MSP1E1 at a concentration of 0.3 to 0.4 mM was 

added to the cholate-solubilized lipid and GSL mixture at the desired ratios. After 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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30 min incubation at 23 ºC, the self-assembly process was initiated by adding 

equal volume of pre-washed biobeads SM-2 (Bio-Rad) followed by gentle 

agitation at 23 ºC, 4 hr. Beads were removed by sedimentation and the 

supernatant was then loaded onto a Superdex 200 HR 10/300 GL column (GE 

Healthcare). ND fractions were collected, concentrated and dialyzed against 200 

mM ammonium acetate (pH 7.0) using an Amicon microconcentrator with a MW 

cut-off of 30 kDa, then stored at -80 ºC. The concentration of the ND solutions 

was determined by absorbance at 280 nm using the extinction coefficient of 

MSP1E1.  

2.2.5   Mass spectrometry 

All experiments were carried out using a Synapt G2-S quadrupole-ion 

mobility separation-time-of-flight (Q-IMS-TOF) mass spectrometer (Waters, UK), 

equipped with a nanoflow ESI source. To perform nanoESI, tips were produced 

from borosilicate capillaries (1.0 mm o.d., 0.68 mm i.d.) and pulled to ∼5 μm 

using a P-97 micropipette puller (Sutter Instruments, Novato, CA). A platinum 

wire was inserted into the nanoESI tip, and a capillary voltage of 1.0−1.3 kV was 

applied to carry out ESI. Given below are representative instrumental conditions. 

Cone voltage and source offset voltage were both set at 50 V, and the source 

block temperature was maintained at 60 °C. The Trap CE and Transfer CE were 

maintained at 5 V and 2 V, respectively. The bias on Trap DC was 45 V. Argon 

was used in the Trap and Transfer ion guides at a pressure of 1.42 × 10
−2

 mbar 

and 1.74 × 10
−2

 mbar, respectively. The helium chamber preceding the traveling 

wave ion mobility (TWIMS) device was operated with a He flow rate of 151 mL 
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min
-1

. All traveling-wave ion mobility measurements were carried out using N2 as 

the mobility gas at a flow rate of 40 mL min
-1

. Data acquisition and processing 

were carried out using MassLynx (v 4.1).  

To confirm the identity of the bound GSL, ions of the protein−GSL 

complex of interest were isolated using the quadrupole mass filter and then 

subjected to CID. The bound GSL were released from the protein by increasing 

the collision energy in the Trap ion guide from to 5 V to between 40 and 70 V. 

The released GSL ions were subjected to MS analysis, allowing for accurate MW 

determinations. The released GSL ions were also subjected to IMS, and the 

corresponding arrival time distributions (ATD) were compared to ATDs measured 

for the GSL in the commercial samples. The uncertainty in the average ATDs for 

the GSL ions was found to be less than 2% under the experimental conditions 

used. Following IMS, the GSL ions were fragmented by increasing the collision 

energy in the Transfer ion guide from 2 V to between 50 and 100 V. The resulting 

CID mass spectra were compared to CID mass spectra measured for GSL from 

commercial samples.  

2.3       Results and discussion 

2.3.1    Overview of catch-and-release (CaR) ESI-MS assay 

The assay, which is outlined in Figure 2.1, involves direct ESI-MS 

analysis of carbohydrate-binding proteins and GSL, which are incorporated into 

ND, in aqueous solution.
17

 Briefly, GSL-ND were incubated with protein of 

interest to catch any interaction and then transferred to the gas phase by ESI. 

Identification of the protein-GSL interactions is achieved by first detaching the 
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intact protein-receptor complex from the ND in the ion source using mild 

collision-induced dissociation (CID), which breaks the lipid-lipid interactions 

involving the GSL and phospholipids. Following their release, the protein-GSL 

complex ions can be isolated and subjected to another stage of CID to break the 

stabilizing protein-GSL interactions. Accurate mass analysis of the released GSL 

receptor ions is usually sufficient for positive identification. However, in cases 

where there is the possibility of isomeric GSL being present, analysis of the 

arrival time distributions measured using ion mobility separation (IMS), and 

fragmentation spectra produced by CID, can aid in identifying receptors.
5
 

 

  



42 

 

 
 

Figure 2.1  Schematic overview of the catch-and-release electrospray ionization 

mass spectrometry (CaR-ESI-MS) assay for detecting protein-

glycosphingolipid interactions in solution. The soluble carbohydrate-

binding protein (shown here as a hompentameric protein complex, B5) 

is incubated with nanodiscs (ND) containing the glycosphingolipid 

(GSL) receptors and the resulting ND-bound (B5 + iGSL) complexes 

are transferred to the gas phase by ESI. Mild collision-induced 

dissociation (CID) conditions in the ion source of the mass 

spectrometer allow for the detachment of the intact (B5 + iGSL) 

complexes from the ND. Isolation of the gas phase ions corresponding 

to the (B5 + iGSL) complexes is followed by CID to release the bound 

GSL. GSL released as ions are analyzed by ion mobility separation 

(IMS), followed by CID and mass analysis.  
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2.3.2   Revealing protein-GSL interactions using ND of defined composition 

Interactions between the cholera toxin (CT) and Shiga toxin type 2 (Stx2) 

and their native GSL receptors, the ganglioside GM1-Cer and the 

globotriaosylceramide Gb3-Cer (Figure 2.2), respectively, served as model 

systems. Both CT and Stx2 belong to the family of AB5 bacterial toxins and are 

composed of five B subunits, which are responsible for host recognition, and an A 

subunit, which is catalytically active and responsible for toxicity. While the Stx2 

holotoxin was used in the present study, only the B5 homopentamer of CT (which 

is non-toxic) was employed due to safety concerns. Each B subunit of CT and 

Stx2 possess a single, dominant, carbohydrate binding site.
18,19

 The affinities of 

CTB5 for Gal(l-3)GalNAc(l-4)[Neu5Ac(2-3)]Gal(l-4)Glc and Stx2 for 

Gal(l-4)Gal(l-4)Glc are reported to be 2x10
7 

M
-1 

and
 
<10

3
 M

-1
, respectively.

20,21
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(a) 

 Lc
-
: d16:1-18:0 (MW 1517.8 Da)  

 

 

Lc
-
: d18:1-16:0 (MW 1517.8 Da) 

 

La
-
: d18:1-18:0 (MW 1545.8 Da) 

 

 
 

Lb
-
: d20:1-18:0 (MW 1573.9 Da) 

 

 
 
 

Figure 2.2 Isoforms of the glycosphingolipids GM1-Cer and Gb3-Cer. (a) GM1-

Cer, Lc
- 

(d16:1-18:0, d18:1-16:0), La
-
 (d18:1-18:0) and Lb

- 
(d20:1-

18:0). 
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Ld
-
: d20:1-22:0 (MW 1629.9 Da) 

 

 
 

Ld
-
: d18:1-24:0 (MW 1629.9 Da) 

 

(b) 

 

Le
-
: d18:1-22:0 (MW 1107.8 Da) 

 

 
 

Lf
-
: d18:1-24:0 (MW 1135.8 Da) 

 

Figure 2.2 Continued. GM1-Cer, Ld
-
 (d20:1-22:0 and d18:1-24:0). (b) Gb3-Cer, 

Le
-
(d18:1-22:0) and Lf

-
 (d18:1-24:0); the structure of the Lg

-
 (C42:2-

OH, MW 1150.8 Da) isoform has not been reported. 
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Shown in Figure 2.3 are ESI mass spectra acquired in negative ion mode for 

aqueous neutral solutions of CTB5 alone, in the presence of GM1-Cer(-) ND 

(containing only DMPC) and GM1-Cer(+) ND (containing GM1-Cer and DMPC). 

The major CTB5 ions detected by ESI-MS correspond to the deprotonated 

homodecamer ions, i.e., (B5)2
n-

, was also detected (Figure 2.3a). The latter are 

likely nonspecific in nature and formed during the ESI process.
22 

Upon addition of 

GM1-Cer(-) ND to the solution, a broad peak centered at mass-to-charge ratio 

(m/z) ~9000 was observed (Figure 2.3b). This spectral feature is attributed to the 

gaseous ions of intact ND. The ND ions are, presumably, unresolved due to their 

heterogeneity and the associated charge-state distributions resulting from the ESI 

process. The introduction of GM1-Cer(+) ND (at a GM1-Cer:DMPC ratio of 1:12) 

resulted in the complete disappearance of the B5
n-

 ions and the appearance of 

putative (CTB5 + iGM1-Cer)
n-

 ions, where i = 4 or 5 (Figure 2.3c). Reduction of 

the GM1-Cer:DMPC ratio resulted in a decrease in the number of bound GM1-

Cer molecules; a maximum of one bound GM1-Cer was observed at a GM1-

Cer:DMPC ratio of 1:400 (Figure 2.3d). To confirm the presence of bound GM1-

Cer, the (CTB5 + 5GM1-Cer)
14-

 ion was isolated and CID was performed to 

release the deprotonated GM1-Cer receptor. In addition to the loss of 

deprotonated subunit, i.e., B
n-

, CID of the (CTB5 + 5GM1-Cer)
14-

 ion resulted in 

the sequential loss of deprotonated ligands, La
-
 and Lb

-
, which appeared at m/z 

1545 and 1573, respectively (Figure 2.3e). According to the measured m/z values, 

La
-
 and Lb

-
 correspond to the deprotonated ions of the two major forms of GM1-

Cer (d18:1-18:0 and d20:1-18:0, respectively) that were detected in the GM1-Cer 
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sample that was added to the ND (Figure 2.4).
23

 The identity of La
-
 and Lb

-
 could 

be further confirmed by their IMS arrival times, 21.37 and 21.92 ms, respectively 

(Figure 2.3f), which agree with those measured (under identical conditions) for 

the ions produced directly from the GM1-Cer sample (Figure 2.4). CID of the La
-
 

and Lb
-
 ions following IMS produced a number of diagnostic fragment ions, 

notably the (B0 – H2)
-
, Y0

-
 and Y2- NeuAc

-
 ions, which are formed by cleavage of 

the pentasaccharide (Figure 2.3g).
24

 These same ions are observed in the CID 

spectra measured for the La
-
 and Lb

-
 ions (using the same collision energies) 

obtained directly from the GM1-Cer sample (Figure 2.4).  
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Figure 2.3 ESI mass spectra acquired in negative ion mode for aqueous 

ammonium acetate (200 mM) solutions of (6 M) CTB subunit (a) 

alone or in presence of (10 M) ND containing (b) only DMPC 

(GM1-Cer(-)) or GM1-Cer(+) ND in GM1-Cer:DMPC ratios of (c) 

1:12 and (d) 1:400, which correspond to an average of 0.5 and 16.7 

molecules of GM1-Cer per ND, respectively.   
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 Figure 2.3  continued (e) CID mass spectrum acquired for the (CTB5 + 5L)
14-

 

ion, where L ≡ GM1-Cer. (f) IMS arrival time distributions 

measured for the released La
-
 (solid line) and Lb

-
 ions (dashed line). 

(g) CID mass spectrum measured for the La
-
 and Lb

-
 ions after the 

IMS cell. Only fragment ions originating from reactant ions with 

IMS arrival times between 20 to 24 ms are shown.   
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Figure 2.4 (a) ESI mass spectrum acquired in negative ion mode for a 

methanol solution of (40 M) GM1-Cer. (b) IMS arrival time distributions 

measured for La
-
 (solid line) and Lb

-
 ions (dashed line). (c) CID mass spectrum 

acquired for the La
-
 and Lb

-
 ions following ion mobility separation.  (d) 

Fragmentation scheme for La (d18:1-18:0). 
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The interactions in CT B subunit-GM1-Cer complex are quite strong 

compared to most protein-carbohydrate interactions, which often exhibit affinities 

in the 10
3
 M

-1
 range.

25 
However, as illustrated by the results obtained for the Stx2-

Gb3-Cer complex, the utility of the CaR-ESI-MS assay is not limited to only high 

affinity interactions. Shown in Figures 2.5a and 2.5b are ESI mass spectra 

acquired in negative ion mode for aqueous neutral solutions of Stx2 alone and in 

the presence of Gb3-Cer(+) ND, respectively. Although the exact Gb3-Cer:DMPC 

ratio could not be accurately determined due to the presence of impurities in the 

commercial sample, it was estimated to be 1% based on the relative signal of 

Gb3-Cer ions in ESI mass spectrum acquired for the sample alone (c.a. 3%, 

Figure 2.6a). In contrast to the CTB5/GM1-Cer system, ESI-MS analysis (with 

mild collisional activation in the ion source) failed to detect evidence of ions 

corresponding to distinct (Stx2 + iGb3-Cer) complexes. However, following 

isolation of a narrow m/z window centered at 5242 (which corresponds to the m/z 

of the expected (Stx2 + Gb3-Cer)
14-

 ion composed of the d18:1-24:0 form of Gb3-

Cer), CID resulted in the appearance of free B subunits ions and ions 

corresponding to Gb3-Cer (Figure 2.5b). The dominant form of Gb3-Cer detected 

was d18:1-22:0 (m/z 1107); the d18:1-24:0 form (m/z 1135) was also detected but 

at lower abundance.
26

 The measured arrival times (Figure 2.5c) were consistent 

with those measured for the ions of Gb3-Cer produced directly from the Gb3-Cer 

sample (Figure 2.6b). Notably, in the absence of Stx2 in solution, isolation of the 

same m/z window, followed by CID did not result in the appearance of any Gb3-

Cer ions (Figure 2.5d). To test for false positives, which could result from 
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nonspecific GSL-protein binding, measurements were also performed on solutions 

of CTB5 with Gb3-Cer(+) ND (at a Gb3-Cer:DMPC ratio of 1:100) and Stx2 with 

GM1-Cer(+) ND (at a GM1-Cer:DMPC ratio of 1:12). Importantly, these control 

experiments failed to produce any evidence of interactions between CTB5 or Stx2 

with the non-native GSL (Figure 2.7). 
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Figure 2.5 (a) ESI mass spectrum acquired in negative ion mode for an aqueous 

ammonium acetate (200 mM) solution of (10 M) Stx2 (≡ AB5). (b) 

CID mass spectrum acquired using an isolation window centered at 

m/z 5242, which corresponds to (Stx2 + Gb3-Cer)
14-

. Ions were 

produced by ESI from an aqueous ammonium acetate (200 mM) 

solution of (10 M) Stx2 and (30 M) Gb3-Cer(+) ND (with a Gb3-

Cer:DMPC ratio of 1:100). (c) IMS arrival time distributions 

measured for the Le
-
 (solid line) and Lf

-
 (dotted line) ions following 

their release from the (Stx2 + Gb3-Cer)
14-

 ion. (d) CID mass spectrum 

acquired using an isolation window centered at m/z 5242. Ions were 

produced by ESI from an aqueous ammonium acetate (200 mM) 

solution of (30 M) Gb3-Cer(-) ND (DMPC only). The maximum 

signal intensity of the portion of the mass spectrum shown in the inset 

is 1/50 that of the inset shown in Figure 2.5b. 
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Figure 2.6 (a) ESI mass spectrum acquired in negative ion mode for a methanol 

solution of (35 M) Gb3-Cer. (b) IMS arrival time distributions 

measured for three Gb3-Cer isoforms, Le
-
 ( ), Lf

-
 ( ) and Lg

-
( ) 

ions.  
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Figure 2.7 ESI mass spectra acquired in negative ion mode for aqueous 

ammonium acetate (200 mM) solutions of (a) (6 M) CTB and (10 

M) Gb3-Cer(+) ND with a Gb3-Cer:DMPC ratio of 1:100 and (b) 

(10 M) Stx2 and (30 M)  GM1-Cer(+) ND with a GM1-

Cer:DMPC ratio of 1:12. 
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2.3.3    Discovering receptors using ND of a complex mixture 

The results described above illustrate the application of the CaR-ESI-MS 

strategy for detecting specific protein-GSL interactions using ND of well-defined 

composition. This experimental strategy requires foreknowledge of the specific 

GSL receptor(s) to be loaded into the ND. However, an alternative approach 

would be to use the CaR-ESI MS assay for the discovery of unknown receptors 

from a complex mixture. Along these lines, we envisioned ND could be used as 

“surrogate cells” by allowing the transfer of packets of the plasma membrane into 

the gas phase, while preserving the specific protein interactions. To demonstrate 

this capability, measurements were performed on solutions of CTB5 and ND 

produced using lipids extracted from a human epithelial cell-line (A549, lung 

adenocarcinoma) known to contain GM1-Cer.
27

 Weak signals corresponding to 

(CTB5 + GM1-Cer)
n-

 ions are evident, suggesting that GM1-Cer is in low 

abundance (Figure 2.8a). CID of (CTB5 + GM1-Cer)
13-

 produced free B
n-

 ions, the 

La
-
 and Lb

-
 ions (confirmed by IMS and CID), and two other ions, Lc

-
 at m/z 1517 

and Ld
-
 at m/z 1629, which correspond to the d16:1-18:0 (or d18:1-16:0) and 

d20:1-22:0 (or d18:1-24:0) forms of GM1-Cer, respectively (Figure 2.8b).
23

 These 

ganglioside isoforms are not found in appreciable abundance in the commercial 

GM1-Cer sample, which was derived from bovine brain (Figure 2.4). But they are 

detected in the methanol solution of A549 cell extract (Figure 2.9a). The CID  
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Figure 2.8 (a) ESI mass spectrum acquired in negative ion mode for aqueous 

ammonium acetate (200 mM) solution of (6 M) CT B subunit and 

(20 M) ND prepared using lipids extracted from A549 cells. (b) CID 

mass spectrum of the (CTB5 + L)
13-

 ion, where L ≡ GM1-Cer. The 

inset shows an expanded view of the mass spectrum in the region 

from m/z 700 to 1800. (c) CID mass spectrum measured for the La
-
, 

Lb
-
, Lc

-
 and Ld

-
 ions after the IMS cell. Only fragment ions originating 

from reactant ions with IMS arrival times between 20 to 24 ms are 

shown.  
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Figure 2.9 (a) ESI mass spectrum acquired in negative ion mode for a methanol 

solution of A549 cell extract. The major ion corresponds to 

depronated lactosylceramide (LacCer). The inset shows an expanded 

view of the mass spectrum in the region from m/z 1470 to 1720 that 

corresponds to ions with arrival times of between 20 and 24 ms. CID 

mass spectrum acquired for (b) Lc
-
, (c) La

-
, (d) Lb

-
 and (e) Ld

-
 after 

isolation. Shown in the insets are the corresponding arrival time 

distributions.  
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mass spectrum and corresponding arrival time distributions of La
-
, Lb

-
, Lc

- 
and Ld

-
 

provide more information for comfirmation (Figure 2.9b, c, d, e). Signal 

corresponding to the deprotonated pentasaccharide, i.e., the C5
-
 ion (Figure 2.8b), 

which in principle could come from the fragmentation of GM1-Cer ions, was also 

detected (Figure 2.4d). However, it can be shown, based on an analysis of arrival 

times, that the C5
-
 ion is not produced by CID of the GM1-Cer ions following 

IMS (Figure 2.8c).  

2.4       Conclusions 

 In summary, the CaR-ESI-MS assay represents an important addition to the 

arsenal of tools available for identifying and characterizing protein-GSL receptor 

interactions. The assay can be applied to ND of known GSL composition in order 

to test for specific interactions. The assay may also prove useful for evaluating 

relative affinities for different GSL, although this application remains to be 

demonstrated. Significantly, the assay can be applied to ND composed entirely of 

lipids extracted from tissue or cell cultures and, therefore, holds tremendous 

potential as a tool for the discovery of native GSL receptors within the complex 

milieu of the plasma membrane. 
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Chapter 3  

Dissociation of Multisubunit Protein-Ligand Complexes in the Gas Phase.  

Evidence for Ligand Migration
*
 

 

 3.1 Introduction 

Investigations into the assembly and organization of proteins into 

complexes and their interactions with other biomolecules (e.g. DNA, RNA, 

peptides, carbohydrates) and small molecules is stimulated by the critical 

importance of protein complexes and multiprotein assemblies in cellular 

processes.
1-3 

There are a variety of experimental techniques available to probe the 

structures of protein complexes. High resolution structural data have been 

generated using X-ray crystallography and solution and solid state nuclear 

magnetic resonance spectroscopy.
4, 5

 A number of other experimental (e.g. 

electron microscopy, small angle scattering, circular dichroism) and 

computational methods can provide complementary structural information on 

protein complexes.
6-9

  

In recent years electrospray ionization mass spectrometry (ESI-MS) has 

emerged as an important tool for characterizing the composition and structure of 

multiprotein and protein-ligand complexes in vitro and, in some instances, it can 

provide insights into topology and connectivity and the identity and location of 

bound ligands.
10-35

 The disruption of the non-covalent interactions within 

multiprotein complexes, either in solution or the gas phase, followed by the MS  

                                                      
*
  A version of this chapter has been accepted for publication: Zhang, Y.; Deng, L.; 

Kitova, E.N.; Klassen, J.S. J. Am. Soc. Mass. Spectrom. 
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analysis of the monomeric/multimeric products can provide information about 

composition. The dissociation/disassembly of multiprotein complexes in solution 

can be achieved by altering the solution pH, temperature or ionic strength.
15, 16 

In 

the gas phase, energetic collisions with neutral gases (collision-induced 

dissociation, CID) are commonly used to cause the dissociation of multiply 

charged ions of intact protein complexes.
16, 17

 The use of CID, as well as other 

slow heating methods, such as infrared radiative multiphoton dissociation 

(IRMPD)
18

 and blackbody infrared radiative dissociation (BIRD)
19-21

, to establish 

the composition of multiprotein complexes is somewhat limited by the tendency 

of the complexes to dissociate by the loss of a single, highly charged subunit, with 

the remaining complex resisting further dissociation. This phenomenon is 

believed to involve the asymmetric unfolding of the leaving subunit (relative to 

the other subunits in the complex); unfolding enhances the gas phase 

acidity/basicity of the subunit and promotes charge transfer.
22-24 

In contrast, nearly 

complete disassembly of multiprotein complexes into monomers can be achieved 

with surface induced dissociation (SID), for which heating occurs on a much 

shorter timescale.
25, 26

  In addition to composition, MS combined with gas-phase 

activation methods such as CID can be used to probe the spatial arrangement of 

proteins within multiprotein complexes.
27-30 

For example, it has been shown that 

subunits located on the periphery of the large multiprotein assemblies of the intact 

ribosome
27

, RNA polymerase
28

, 19S proteasome lid
29

 and human eukaryotic 

initiation factor 3 protein complex
30

 are preferentially lost upon collisional 

activation.  
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To date, there have been relatively few studies of the gas-phase 

dissociation of ligand-bound multiprotein/multisubunit complexes
31-35 

and it 

remains unclear to what extent the location and nature of ligand binding can be 

probed in the gas phase. CID performed on the fully ligand-bound 24-mer of 

tryptophan RNA-binding attenuation protein (TRAP) resulted in the loss of the 

TRAP monomer, as well as the successive loss of ligands (Trp).
31

 Based on 

differences in the relative stabilities of the bound ligands, an asymmetric structure 

of the TRAP24 assembly bound to 22 Trp molecules was suggested.
31

 The results 

of both CID and SID of the heterotetrameric hemoglobin complex have been 

reported. SID resulted predominantly in the formation of  and  subunits, free of 

heme.
32

 In contrast, CID proceeded by multiple pathways involving the loss of  

and  subunits, heme, heme dimer and  and  subunits bound to heme
33

, 

Surprisingly, CID also produced 2 trimers bound to four heme groups.
32,33

 The 

loss of an  subunit, in its apo-form, from the intact holo-tetramer necessarily 

requires the migration of a heme group from one subunit to another. The process 

of ligand migration is, presumably, induced by collisional activation of the 

gaseous complex. 

In the present study, the possibility of ligand migration within 

multisubunit protein complexes in the gas phase is examined in more detail. To 

this end, CID was performed on the complexes of two different multisubunit 

proteins, cholera toxin B subunit homopentamer (CTB5) bound to its native 

ganglioside receptor -D-Galp-(13)--D-GalpNAc-(14)[-D-Neu5Ac-

(23)]--D-Galp-(14)--D-Glcp-Cer (GM1-Cer) and the soluble 
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pentasaccharide -D-Galp-(13)--D-GalpNAc-(14)[-D-Neu5Ac-(23)]--

D-Galp-(14)--D-Glcp (GM1) and the homotetramer streptavidin (S4) with its 

high affinity ligand biotin (B) and biotin bound to a phosphatidylethanolamine 

group (PE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) (Btl). 

CTB5 possesses five identical binding sites for GM1 (and GM1-Cer) and the 

intrinsic affinity (Ka) is reported to be between 10
5
 and 10

7
 M

-1
.
36-38

 According to 

the crystal structure of the the (CTB5 + 5GM1) complex (PDB id 3CHB), the 

GM1 binding site is made up primarily from a single B subunit, with 18 direct or 

solvent mediated H-bonds between GM1 and amino acid residues located within 

the subunit and one H-bond with residue Gly33 from an adjacent subunit.
39

 The 

S4 homotetramer possesses four identical binding sites for B and the streptavidin-

biotin interaction (Ka ≈ 10
14

 M
-1

) is one of the strongest known.
40

 Each B is 

stabilized primarily through intermolecular H-bonds and van-der-Waals 

interactions within a single subunit. Additionally, there is a contact between B and 

the aromatic ring of the Trp120 in an adjacent subunit.
41

 CID was performed on 

the protonated and deprotonated ions of the (CTB5 + 5GM1), (CTB5 + 5GM1-

Cer), (S4 + 4B) and (S4 + 4Btl) complexes. The influence of charge state and 

collision energy on the dissociation pathways was assessed. Molecular dynamics 

(MD) simulations were performed on the protonated (CTB5 + 5GM1)
15+

 and 

deprotonated (CTB5 + 5GM1)
14- 

ions in an effort to elucidate the molecular details 

of the ligand migration and dissociation reactions.  

3.2 Materials and methods  

3.2.1 Proteins and ligands 
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The pentasaccharide -D-Galp-(13)--D-GalpNAc-(14)[-D-

Neu5Ac-(23)]--D-Galp-(14)--D-Glcp (GM1, MW 998.34 Da), was 

obtained from Elicityl (Crolles, France) and bovine 

monosialotetrahexosylganglioside -D-Galp-(13)--D-GalpNAc-(14)[-D-

Neu5Ac-(23)]--D-Galp-(14)--D-Glcp-Cer (GM1-Cer) was purchased from 

Axxora LLC (San Diego, CA). The GM1-Cer sample was composed 

predominantly of two isoforms, d18:1-18:0 (MW 1545.88 Da) and d20:1-18:0 

(MW 1573.91 Da). 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

(biotinyl) (Btl, MW 917.59 Da) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC, MW 677.50 Da) were purchased from Avanti Polar Lipids (Alabaster, 

AL).  Recombinant membrane scaffold protein MSP1E1 (MW 27 494 Da), used 

in the preparation of nanodiscs (ND), was produced using plasmid pMSP1E1 

acquired from Addgene (Cambridge, MA). Protein expression and purification 

was carried out using the procedure described at 

http://sligarlab.life.uiuc.edu/nanodisc.html. Cholera toxin B subunit (CTB, 

monomer MW 11 604 Da) and biotin (B, MW 244.09 Da) were purchased from 

Sigma-Aldrich Canada (Oakville, Canada). A recombinant, truncated form 

(containing residues 13-139) of wild type streptavidin (S, monomer MW 13 271 

Da) was used in this study; the plasmid was a gift from Prof. Stayton (University 

of Washington). The protein was expressed in E. coli and purified using 

procedures described elsewhere.
42

 The solutions of S4 and CTB5 were exchanged 

into 200 mM aqueous ammonium acetate using an Amicon microconcentrator 

http://sligarlab.life.uiuc.edu/nanodisc.html
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with a MW cut-off of 10 kDa, concentrated to 100 µM and stored at -20 °C and 

4 °C, respectively, until needed.  

3.2.2 Nanodiscs 

Nanodiscs (NDs) composed of DMPC and GM1-Cer or Btl were prepared 

using procedures reported elsewhere
43, 44

 and only brief description is given here. 

DMPC (in chloroform) was mixed with either GM1-Cer or Btl (in a 2:1 

chloroform-methanol solution) at a 12:1 ratio; the solvent was removed under a 

gentle stream of nitrogen and replaced with Tris buffer containing 25 mM sodium 

cholate. MSP1E1 at a concentration of 0.3 to 0.4 mM was added to the cholate-

solubilized lipid and GM1-Cer or Btl mixture at the desired ratios. After 30 min 

incubation at 23 ºC, the self-assembly process was initiated by adding an equal 

volume of pre-washed biobeads SM-2 (Bio-Rad), followed by gentle agitation for 

4 hr at 23 ºC. The beads were removed by sedimentation and the supernatant was 

then loaded onto a Superdex 200 HR 10/300 GL column (GE Healthcare). GM1-

Cer-ND or Btl-ND fractions were collected, concentrated and dialyzed against 

200 mM ammonium acetate (pH 7.0) using an Amicon microconcentrator with a 

MW cut-off of 30 kDa, then stored at -80 ºC. The concentration of the ND 

solutions was determined by absorbance at 280 nm using the extinction 

coefficient of MSP1E1.  

3.2.3 Mass spectrometry 

All experiments were carried out using a Synapt G2-S quadrupole-ion 

mobility separation-time-of-flight (Q-IMS-TOF) mass spectrometer (Waters, 

UK), equipped with a nanoflow ESI (nanoESI) source. To perform nanoESI, tips 
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were produced from borosilicate capillaries (1.0 mm o.d.; 0.68 mm i.d.) and 

pulled to ∼5 μm using a P-97 micropipette puller (Sutter Instruments, Novato, 

CA). A platinum wire was inserted into the nanoESI tip, and a capillary voltage of 

1.0−1.2 kV was applied to carry out ESI. Given below are representative 

instrumental conditions used in positive ion mode. A cone voltage of 35-50 V was 

used, and the source block temperature was maintained at 60 °C. The Trap and 

Transfer collision energies were maintained at 5 V and 2 V, respectively, for 

detection of the complexes. For the energy-resolved CID experiments, ions of 

interest were isolated using the quadrupole mass filter and then subjected to CID 

by increasing the collision energy in the Trap ion guide from 10 to 120 V for the 

(CTB5 + 5GM1)
n+

  and (CTB5 + 5GM1-Cer)
n+

 ions or from 3 to 70 V for the (S4 + 

4B)
n+

 and (S4 + 4Btl)
n+

 ions, using steps of 2 or 3 V. Argon was used in the Trap 

and Transfer ion guides at a pressure of 1.42 × 10
−2

 mbar and 1.74 × 10
−2

 mbar, 

respectively. Helium, at a flow rate of 151 mL min
-1

, was introduced into the He 

chamber preceding the traveling wave ion mobility (TWIMS) device. Data 

acquisition and processing were carried out using MassLynx (v 4.1).  

To produce gaseous ions of the protein complexes containing the water 

soluble ligands (GM1 or B), ESI was performed on aqueous 200 mM ammonium 

acetate solutions containing 6 M of CTB5 and 38 M GM1, or 5 M S4 and 20 

M B. To produce gaseous ions of the protein complexes containing the insoluble 

GM1-Cer or Btl ligands, ESI was performed on aqueous 200 mM ammonium 

acetate solutions containing 6 M of CTB5 and 10 M ND with 8% GM1-Cer or 

5 M S4 and 10 M ND with 8% Btl. Mild in-source dissociation was used to 
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release the (CTB5 + 5GM1-Cer)
n+/-

  and (S4 + 4Btl)
n+/-

 ions from the gaseous ND 

complexes.
45

 Shown in Figures 3.1 and 3.2 are representative mass spectra 

measured in positive and negative ion mode, respectively. 

The average charge states (ACS) of the subunit product ions (i.e. CTB
x+/-

 

and S
x+/-

) were calculated from the CID mass spectra using eq 1:  

                     





x

x

x

x

x

Ab

Ab

ACS                                                         (1) 

where Abx and x are the relative abundance and the charge state of each CTB
x+/-

 or 

S
x+/-

 ion. The ACS values of the (CTB + GM1)
y+/-

, (CTB + GM1-Cer)
y+/-

 and 

(S+Btl)
y+/-

 product ions were calculated in a similar manner.  

3.2.4 Computational methods  

MD simulations were performed using the Amber 11 program suite
46

 

(Accelrys, San Diego, CA). Currently with Amber atomic charges and atom type 

parameters are available only for the charged forms of the Arg, N-terminal Thr 

(NThr) and C-terminal Asn (CAsn) residues. Consequently, it was necessary to 

develop charges and parameters for the neutral form of Arg, NThr and CAsn. The 

charges and parameters for the neutral form of Arg were established in a previous 

study.
47 

The charges for the neutral form of NThr and CAsn, incorporated into 

dipeptides (NThr-Gly-NME and ACE-Gly-CAsn, respectively), were 

parameterized using the RESP ESP Charge Derive server
48, 49 

and Gaussian 

C.01
50

, enforcing net neutrality across the residues. The crystal structure of the 

CTB5 subunit complexed with five GM1 (PDB ID: 3CHB) has been reported.
51

 

The initial geometry of the CTB5 was generated by converting all of the charged 
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Figure 3.1  ESI mass spectra acquired in (a) positive and (b) negative ion mode 

for aqueous ammonium acetate (200 mM) solution of (6 M) CTB5 

subunit and (10 M) ND containing 8% GM1-Cer (≡ L). 
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Figure 3.2  ESI mass spectra acquired in (a) positive and (b) negative ion 

mode for aqueous ammonium acetate (200 mM) solution of (5 M) 

streptavidin and (10 M) ND containing 8% Btl. Nonspecific 

binding between DMPC and Btl is likely responsible for the 

appearance of the S4Btl4(DMPC)
n+/-

 ions.  
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acidic and basic amino acid residues to their neutral forms. Incomplete GM1 

structures found in the crystal structure were corrected by aligning each 

incomplete ligand to the complete ligand structure and grafting the missing atoms 

onto each ligand using Open Babel 2.0
52, 53

. 

The (CTB5 + 5GM1) complex at charge state +15 and -14 were chosen for 

investigation. For the (CTB5 + 5GM1)
15+

 ion, only the basic residues (Lys, Arg 

and His) on the surface of CTB5 (<5 Å from the surface) and N-Thr were 

considered as possible protonation sites.
54

 To mimic the dissociation pathways 

observed in the CID experiments, seven of the fifteen charges were placed on 

subunit D and the other eight were distributed evenly on other four subunits (E, F, 

G, H). The twelve different charge configurations considered are listed in Table 

3.1. Topology and coordinate files for the simulations of each charge 

configuration were created using the Antechamber module of the AmberTools 

(version 11)
55

. For the (CTB5 + 5GM1)
14-

 ion, all five GM1 ligands were 

deprotonated (at the sialic acid residue); the other nine charges were distributed 

asymmetrically among the five subunits (five charges on subunit D and one 

charge on each of the other four subunits). Only Glu and Asp residues on the 

surface of CTB5 (<5 Å from the surface) were considered as possible 

deprotonation sites (Table 3.1). The MD simulations were performed using the 

Amber 03 force field
56

 for CTB5 and a general Amber force field (GAFF)
57

 for 

GM1. The MD integration time step was 1 fs; bonds involving hydrogen atoms 

were constrained with SHAKE. Following 1000 steps of minimization, the system 

was heated from 300K to 800 K within 20,000 steps (0.02 ns). The temperature 
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was then held constant at 800 K and 3 ns of dynamics were performed. Trajectory 

analysis and the calculation of the radius of gyration (Rg) were performed using 

the Visual Molecular Dynamics package.
58

  

Table 3.1 Charge configurations considered for the MD simulations 

performed on the (CTB5 + 5GM1)
15+

 and (CTB5 + 5GM1)
14-

 ions.  

Configuration Subunit Protonated residues 

B15_1 D NThr 01, Lys 23,34, 62, 91, His 13, 18 

 

E, F, G and H His 13, Lys 43 

B15_2 D NThr 01, Lys 23, 34, 63, 91, His 13, 18 

 

E, F, G and H His 13, Lys 43 

B15_3 D NThr 01, Lys 43,34, 62, 91, His 13, 18 

 

E, F, G and H His 13, Lys 43 

B15_4 D NThr 01, Lys 43, 34, 63, 91, His 13, 18 

 

E, F, G and H His 13, Lys 43 

B15_5 D NThr 01, Lys 81,34, 62, 91, His 13, 18 

 

E, F, G and H His 13, Lys 43 

B15_6 D NThr 01, Lys 81, 34, 63, 91, His 13, 18 

 

E, F, G and H His 13, Lys 43 

B15_7 D 

NThr 01, Lys 43, 34, 63, Arg 94, His 13, 

18 

 

E, F, G and H His 13, Lys 43 

B15_8 D 

NThr 01, Lys 43, 34, 62, Arg 94, His 13, 

18 

 

E, F, G and H His 13, Lys 43 

B15_9 D 

NThr 01, Lys 23, 34, 63, Arg 94, His 13, 

18 

 

E, F, G and H His 13, Lys 43 

B15_10 D 

NThr 01, Lys 23, 34, 62, Arg 94, His 13, 

18 

 

E, F, G and H His 13, Lys 43 

B15_11 D 

NThr 01, Lys 81, 34, 63, Arg 94, His 13, 

18 

 

E, F, G and H His 13, Lys 43 

B15_12 D 

NThr 01, Lys 81, 34, 62, Arg 94, His 13, 

18 

 

E, F, G and H His 13, Lys 43 

B9_1 D 

Deprotonated residues 

Glu 11, 51, 79, 83, Asp 59 

 

E, F, G and H Asp 22 
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3.3 Results and discussion  

3.3.1 CID of (CTB5 + 5GM1)
n+/-

 and (CTB5 + 5GM1-Cer)
n+/-

 ions 

Representative ESI mass spectra acquired in both positive and negative 

ion mode for an aqueous ammonium acetate (200 mM) solution of CTB5 (6 M) 

and GM1 (38 M) are shown in Figure 3.3. The major protein ions detected 

correspond to protonated (+ mode) or deprotonated (- mode) homopentamer 

bound to three, four or five GM1 ligands, i.e.; (CTB5 + iGM1)
n+

 ions where i = 3, 

4 and 5, at charge states +13, +14, +15 (Figure 3.3a) and (CTB5 + iGM1)
n-

 ions 

where i = 3, 4 and 5, at charge states -12, -13, -14 (Figure 3.3b). Control ESI-MS 

measurements, employing the reference protein method
59

, were performed in 

order to confirm that observed ions were formed from the specific (CTB5 + iGM1)
 

complexes in solution, with no contribution from nonspecific ligand binding 

during the ESI process (data not shown).
60

 Energy-resolved CID of the protonated 

(CTB5 + 5GM1)
n+ 

ions, at charge states  +14 and +15, and deprotonated (CTB5 + 

5GM1)
n-

 ions, at charge states  -12, -13 and -14, was carried out as described in 

the Experimental section. A summary of the dissociation pathways observed for 

the (CTB5 + 5GM1)
n+

 and (CTB5 + 5GM1)
n-

 ions is given in Scheme 3.1. 
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a.  (CTB5 + 5GM1)
n+                         

(CTB4 + 5GM1)
(n-x)+ 

 + CTB
x+

 

                                                (CTB4 + 4GM1)
(n-y)+ 

+ (CTB + GM1)
 y+

    

 (CTB5 + 5GM1-Cer)
n+                        

(CTB4 + 5GM1-Cer)
(n-x)+ 

 + CTB
x+ 

                                                      (CTB4 + 4GM1-Cer)
(n-y)+ 

+ (CTB + GM1-Cer)
 y+ 

 

b.  (CTB5 + 5GM1)
n-                            

(CTB5 + 4GM1)
(n-1)- 

 + GM1
-
 

                                               
             

(CTB4 + 4GM1)
(n-y)- 

+ (CTB + GM1)
 y- 

        (CTB4 + 5GM1)
(n-x)- 

+ CTB
x- 

  (CTB5 + 5GM1-Cer)
n-                          

(CTB5 + 4GM1-Cer)
(n-1)- 

 + GM1-Cer
-
 

                                               
         

  (CTB4 + 4GM1-Cer)
(n-y)- 

+ (CTB + GM1-Cer)
 y- 

 (CTB4 + 5GM1-Cer)
(n-x)- 

+ CTB
x- 

 

c.       (S4 + 4B)
n+   

                 (S4 + 3B)
n+

 + B 

                                                       (S4 + 3B)
(n-1)+

 + B
+ 

                                                       (S3 + 4B)
(n-x)+

 + S
x+ 

     (S4+4Btl)
n+

                    (S3+4Btl)
(n-x)+ 

 + S
x+

 

                                              (S3+3Btl)
(n-y)+

  + (S+Btl)
y+

  

 

d.        (S4+4B)
n-                               

(S4+3B)
n- 

 + B 

                                                       
 
(S4+3B)

(n-1)- 
 + B

- 

     (S4+4Btl)
n-                           

(S4+3Btl)
(n-1)- 

 + Btl
-
 

Scheme 3.1 Summary of CID pathways observed for (a) (CTB5 + 5GM1)
n+

, n = 

14 and 15, and (CTB5 + 5GM1-Cer)
n+

, n = 14 – 16; (b) (CTB5 + 

5GM1)
n-

, n = 12 – 14, and (CTB5 + 5GM1-Cer)
n-

, n = 13 – 15; (c) 

(S4 + 4B)
 n+

 and (S4 + Btl)
n+

, n = 15 and 16; and (d) (S4+4B)
n-

, n = 

12 and 13, and (S4+4Btl)
n-

, n = 11 – 13. 
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Figure 3.3   ESI mass spectra acquired in (a) positive and (b) negative ion 

mode for an aqueous ammonium acetate (200 mM) solution of (6 

M) CTB5 subunit and (38 M) GM1 (≡ L).  
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Figure 3.4  CID mass spectra of the (CTB5 + 5L)
14+

 ion, where L ≡ GM1, at a 

collision energy of (a) 30 V, (b) 40 V, (c) 50 V and (d) 60 V.  
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Figure 3.5 CID mass spectra of the (CTB5 + 5L)
14-

 ion, where L ≡ GM1, at a 

collision energy of (a) 10 V, (b) 30 V and (c) 50 V.  
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Shown in Figures 3.4 and 3.5 are representative CID mass spectra 

acquired for the (CTB5 + 5GM1)
14+

 and (CTB5 + 5GM1)
14-

 ions, respectively; 

CID mass spectra measured for the (CTB5 + 5GM1)
15+

, (CTB5 + 5GM1)
13-

 and 

(CTB5 + 5GM1)
12-

 ions are shown in Figures 3.6 – 3.8. At all collision energies 

investigated, the major dissociation pathway observed for the protonated (CTB5 + 

5GM1)
n+

 ions was the loss of a single subunit, i.e.; CTB
x+

, where x = 4 – 6 (for 

+14 parent ion) and x = 4 – 7 (+15) and the formation of the complementary 

(CTB4 + 5GM1)
(n-x)+

 ions, where (n-x) = 8 – 10 (+14) and (n-x) = 8 – 11 (+15). 

The ACS (Table 3.2) of the CTB
x+ 

product ions (5.3 ± 0.1 for +14 and 5.9 ± 0.1 

for +15) was found to be independent of collision energy. A second (minor) 

pathway, observed at higher collision energies (>40 V), was the simultaneous loss 

of CTB subunit and GM1, i.e.; (CTB + GM1)
y+ 

ions, where y = 4 and 5 (for +14) 

and y = 5 and 6 (for +15), and the formation of the complementary (CTB4 + 

4GM1)
10+

 and (CTB4 + 4GM1)
9+

 ions. Notably, the loss of GM1 (charged or 

neutral) was not observed at any collision energy.  

The dominant dissociation pathway observed for the (CTB5 + 5GM1)
n-

 

ions, at charge states -12, -13 and -14, (Figures 3.8, 3.7 and 3.5) was the 

sequential loss of the deprotonated GM1, leading to abundant (CTB5 + iGM1)
[n-(5-

i)]-
 product ions, where i = 0 – 4. Subunit loss, which resulted in CTB

x-
 ions (ACS 

of 4.8 ± 0.1 (-12), 4.9 ± 0.1 (-13) and 5.2 ± 0.1 (-14), Table 3.2) and the 

complementary (CTB4 + 5GM1)
(n-x)-

 ions, was a minor pathway. The collision 

energy was found to have little influence on the CID mass spectra, although a 

second minor pathway, involving the loss of (CTB + GM1)
5-

 and (CTB + GM1)
6-
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ions, was observed for charge states -13 and -14 at higher collision energies 

(Figures 3.7 and 3.5).  

The native receptor of CTB5 is the ganglioside GM1-Cer, which possesses 

ceramide at the reducing end of the pentasaccharide.
61

 To assess whether the 

presence of ceramide influences the dissociation pathways, CID was performed 

on (CTB5 + 5GM1-Cer)
n+

 ions at charge states +14, +15 and +16, and (CTB5 + 

5GM1-Cer)
n-

 ions at charge states -13, -14, and -15. Representative CID spectra 

for the (CTB5 + 5GM1-Cer)
14+

 and (CTB5 + 5GM1-Cer)
14-

 ions are shown in 

Figure 3.9 and Figure 3.10, respectively. CID mass spectra for the other charge 

states investigated are shown in Figures 3.11 – 3.14. Dissociation of the (CTB5 + 

5GM1-Cer)
n+

 ions proceeded by the loss of a single CTB subunit and by the 

simultaneous loss of CTB subunit and GM1-Cer. This is similar to what was 

observed for the (CTB5 + 5GM1)
n+

 ions. However, the presence of ceramide 

measurably enhanced (by ~6%) the latter pathway. The ACS of the ejected subunit 

(5.2 ± 0.1 (+14), 5.9 ± 0.1 (+15) and 6.5 ± 0.1 (+16) are similar to those of the 

(CTB + GM1-Cer)
x+

 product ions and those of subunits ejected from CTB5
 n+

 ions 

(Table 3.2). CID of (CTB5 + 5GM1-Cer)
n-

 ions proceeded by two major pathways, 

the loss of deprotonated GM1-Cer and the loss of subunit. The enhancement of 

the subunit loss pathway (compared to that for the corresponding (CTB5 + 

5GM1)
n-

 ions) was particularly significant for the -13 charge state (Figure 3.13). 

The ACS of the ejected subunits (4.8 ± 0.1 (-13), 5.0 ± 0.1 (-14), and 5.4 ± 0.2 (-

15)) are similar to those found for the corresponding (CTB5 + 5GM1)
n-

 ions 

(Table 3.2).  
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Figure 3.6  CID mass spectra in positive mode of the (CTB5 + 5L)
15+

 ion 

(where L = GM1) at a collision energy of (a) 20 V, (b) 40 V and (c) 

50 V.  
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Figure 3.7  CID mass spectra in negative mode of the (CTB5 + 5L)
13-

 ion 

(where L = GM1), at a collision energy of (a) 10 V, (b) 30 V and (c) 

50 V. The intensities in the m/z range 4000 – 8000 (c) were 

magnified x5. 
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Figure 3.8 CID mass spectra in negative mode of the (CTB5 + 5L)
12-

 ion 

(where L = GM1) at a collision energy of (a) 10 V, (b) 30 V and (c) 

60 V. The intensities in the m/z range 4000 – 8000 (c) were 

magnified x10. 
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The CID results obtained for protonated and deprotonated ions of the 

(CTB5 + 5GM1) and (CTB5 + 5GM1-Cer) complexes are intriguing. The loss of a 

single subunit, free of ligand, necessarily requires that the ligand originally bound 

to the ejected subunit migrate to another subunit. The migration process is, 

presumably, induced upon collisional heating of the gaseous complex. It is also 

possible that migration occurs prior to CID (i.e.; during or after desolvation the 

complex). However, this possibility is viewed as unlikely given that the 

intermolecular interactions in a number of protein-ligand complexes have been 

shown to be preserved upon transfer of the complexes from solution to the gas 

phase.
47, 62-67 

The observation of ligand migration between subunits is, perhaps, a 

surprising finding given that it is generally accepted that the loss of a charge-

enriched subunit requires unfolding.
22-24, 34, 68-70 

Subunit unfolding would, in turn, 

be expected to result in the loss of intermolecular protein-ligand interactions and, 

consequently, the loss of the ligand from the complex. However, for the 

protonated complexes, GM1 loss is not observed under any conditions. The 

absence of this pathway would seem to suggest a high kinetic barrier to the 

cleavage of the intermolecular interactions. However, these same interactions are 

necessarily lost during the migration process (to a neighbouring subunit). While 

the exact mechanisms of ligand migration cannot be established from the CID 

results alone, the experimental observations can be reasonably explained in terms 

of a multistep mechanism involving bond (intermolecular) cleavage and formation 

of protein-ligand interactions. According to this view, the energetic penalty 

associated with the cleavage of the intermolecular interactions (presumably H-  
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Figure 3.9 CID mass spectra of the (CTB5 + 5L)
14+

 ion, where L ≡ GM1-Cer, 

at a collision energy of (a) 30 V, (b) 40 V, (c) 50 V, and (d) 60V.  
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Figure 3.10 CID mass spectra of the (CTB5 + 5L)
14-

 ion, where L ≡ GM1-Cer, 

at a collision energy of (a) 10 V, (b) 30 V and (c) 55 V.  



88 

 

 

Figure 3.11 CID mass spectra in positive mode of the (CTB5 + 5L)
15+

 ion 

(where L = GM1-Cer) at a collision energy of (a) 20 V, (b) 40 V 

and (c) 50 V.  
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Figure 3.12 CID mass spectra in positive mode of the (CTB5 + 5L)
16+

 ion 

(where L = GM1-Cer) at a collision energy of (a) 20 V, (b) 40 V 

and (c) 50 V.  
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Figure 3.13 CID mass spectra in negative mode of the (CTB5 + 5L)
13-

 ion, ion 

(where L = GM1-Cer) at a collision energy of (a) 10 V, (b) 45 V 

and (c) 65 V. In (b) and (c) the intensities in the m/z range 6000 - 

8000 were magnified x5. 
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Figure 3.14 CID mass spectra in negative mode of the (CTB5 + 5L)
15-

 ion 

(where L = GM1-Cer) at a collision energy of (a) 10 V, (b) 30 V 

and (c) 40 V. In (b) and (c) the intensities in the m/z range 5500 - 

7000 were magnified x5. 
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Table 3.2  Average charge states (ACS) of the CTB, (CTB + GM1) and (CTB 

+ GM1-Cer) product ions observed by CID of protonated and 

deprotonated (CTB5 + 5GM1)
n+/-

, (CTB5 + 5GM1-Cer)
n+/-

 and 

(CTB5)
n+/-

 ions. 

Parent ion 

n (charge 

state of 

parent ion)  

x (ACS of 

leaving 

CTB)  

y (ACS of 

leaving 

(CTB+GM1)) 

(x/n)

% 

(y/n)

% 

(CTB5 + 5GM1) 14+ (5.3 ± 0.1)+  (4.8 ± 0.1)+  38% 34% 

  15+ (5.9 ± 0.1)+ (5.6 ± 0.1)+ 39% 37% 

  12- (4.8 ± 0.1)- n/a 40% n/a 

  13- (4.9 ± 0.1)- (5.3 ± 0.3)- 
a
 38% 41% 

  14- (5.2 ± 0.1)- (5.5 ± 0.1)- 
 a
 37% 39% 

(CTB5 + 5GM1-Cer) 14+ (5.2 ± 0.1)+ 5+
 b
 37% 36% 

  15+ (5.9 ± 0.1)+ (5.7 ± 0.1)+ 39% 38% 

  16+ (6.5 ± 0.1)+ (6.4 ± 0.1)+ 41% 40% 

  13- (4.8 ± 0.1)- n/a 37% n/a 

  14- (5.0 ± 0.1)-  6-
 a,b

 36% 43% 

  15- (5.4 ± 0.2)- (5.3 ± 0.4)-
  a

 36% 35% 

CTB5
 c
 14+ (5.3 ± 0.1)+ n/a 38% n/a 

  15+ (5.9 ± 0.1)+ n/a 39% n/a 

  16+ (6.3 ± 0.1)+ n/a 39% n/a 

  12- (5.0 ± 0.1)- n/a 42% n/a 

  13- (5.1 ± 0.1)- n/a 39% n/a 

  14- (5.5 ± 0.1)- n/a 39% n/a 

a. These product ions were observed only at higher collision energies (>40V). 

b. Only a single charge state was observed. 

c. CID mass spectra not shown. 
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bonds) with the subunit to which the ligand was originally bound is offset by the 

formation of new interactions with one or more of the other subunits. Moreover, 

that the presence of ceramide enhances the simultaneous loss of CTB subunit and 

GM1-Cer for the (CTB5 + 5GM1-Cer)
n-

 ions suggests that the long acyl chains of 

the ceramide moiety help to stabilize the nonspecific, nonpolar interactions with 

the subunit. The suggestion is supported by the results of recent studies of the 

dissociation kinetics of gaseous complexes of bovine -lactoglobulin and long 

chain fatty acids, which revealed the gaseous complexes are stabilized 

predominantly by protein-lipid interactions.
64, 67, 71

  

Equally intriguing is the observation of the simultaneous loss of a subunit 

bound to GM1. On its own, this finding would seem to suggest that ligand binding 

does not necessarily preclude subunit unfolding. Some insight into the degree of 

subunit unfolding can be gleaned from the ACS measured for the ejected subunits 

and subunit-ligand complexes from the (CTB5 + 5GM1)
n+

, (CTB5 + 5GM1-Cer)
n+

 

ions (Table 3.2). For the protonated ions, it can be seen that the charge states of 

the (CTB + GM1)
y+

 and (CTB + GM1-Cer)
y+ 

product ions are similar to those of 

the corresponding CTB
x+

 ions produced from the same reactant ion. Assuming 

that the ACS of the leaving subunit correlates with its surface area
22-24

, these 

results suggest that ligand binding does not preclude unfolding.  

That the deprotonated (CTB5 + 5GM1)
n-

 ions dissociate preferentially by 

the loss of deprotonated GM1, as opposed to subunit ejection, can be explained in 

terms of the relatively low gas phase acidities of carbohydrates and their ability to 

effectively compete for charge with the protein
63, 72 

and the influence of 
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Coulombic repulsion on the dissociation kinetics. As discussed elsewhere
22, 34, 73

, 

Coulombic repulsion between charged product ions produced from gaseous 

noncovalent protein complexes will lead to a reduction in the dissociation 

activation energy (Ea). Consequently, the Ea for the loss of deprotonated GM1 is 

expected to be significantly lower than for the loss of neutral GM1 and, 

presumably, lower than for GM1 migration to another subunit.   

3.3.2 CID of (S4 + 4B)
n+/-

 and (S4 + 4Btl)
n+/-

 ions 

The CID results obtained for the (CTB5 + 5GM1)
n+/-

 and (CTB5 + 5GM1-

Cer)
n+/-

 ions provide evidence for the occurrence of ligand migration between 

subunits upon collisional activation. To test whether the phenomenon of ligand 

migration is general for multisubunit protein-ligand complexes in the gas phase, 

CID measurements were extended to the (S4 + 4B)
n+/-

 and (S4 + 4Btl)
n+/-

 ions. 

Shown in Figure 3.15 are ESI mass spectra acquired in both positive and negative 

ion mode for an aqueous ammonium acetate (200 mM) solution of S4 (5 M) and 

B (20 M). The most abundant protein ions detected corresponded to protonated 

or deprotonated homotetramer bound to four B molecules, i.e.; (S4 + 4B)
n+

 at 

charge states +15 and  +16 (Figure 3.15a) and (S4 + 4B)
n-

 ions at charge states -12, 

-13 and -14 (Figure 3.15b). Representative CID mass spectra obtained for the (S4 

+ 4B)
15+

 and (S4 + 4B)
16+

 ions are shown in Figures 3.16 and 3.17. The major 

dissociation pathway was the loss of B, either in its protonated or neutral forms. 

The loss of a single subunit, i.e.; S
x+

, with an ACS of x = 6.8 ± 0.1 (+15) and 6.9 ± 

0.1 (+16), was observed as a minor pathway (Table 3.3); the contribution of this 

pathway appeared to be enhanced at higher collision energies. Because substantial  
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Figure 3.15 ESI mass spectra acquired in (a) positive and (b) negative ion mode 

for aqueous ammonium acetate (200 mM) solution of (5 M) S4 

and (20 M) B.  
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Figure 3.16 CID mass spectra in positive mode of the (S4 + 4B)
15+

 ion at a 

collision energy of (a) 3 V, (b) 26 V, (c) 32 V, and (d) 38 V. In the 

inset of (b), the intensities in the m/z range 3750 - 3850 were 

magnified x5. 
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Figure 3.17 CID mass spectra in positive mode of the (S4 + 4B)
16+

 ion at a 

collision energy of (a) 3 V, (b) 24V, (c) 28 V and (d) 36 V.  
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loss of B was observed under the CID conditions used, it is not possible to 

conclude whether ligand migration take place prior to subunit ejection based 

solely on the appearance of S
x+

 ions. However, within a narrow range of collision 

energies (26-30V for +15 and 12 - 30 V for +16), (S3 + 4B)
(n-x)+

 ions could be 

detected, although at low abundance. These results confirm that collisional 

activation does promote ligand migration between subunits. 

  Representative CID mass spectra of the (S4 + 4Btl)
15+

 and (S4 + 4Btl)
16+

 

ions are shown in Figures 3.18 and 3.19, respectively. Interestingly, the loss of a 

subunit (ACS of the S
x+

 product ions are 7.1 ± 0.1 for +15 and 7.3 ± 0.1 for +16, 

Table 3.3) was the major dissociation pathway observed at all collision energies 

investigated (this pathway is enhanced by 85% compared to the same pathway 

involving (S4 + 4B)
n+

); no ligand loss was detected. These results indicate that PE, 

much like does ceramide, promotes ligand migration between subunits, 

presumably through the formation of nonspecific interactions with subunits. A 

minor pathway involving the loss of (S + Btl)
y+ 

ions, y = 6.8 ± 0.1 (+15) and 6.9 ± 

0.1 (+16), was also identified. Curiously, the ACS of the S
x+

 product ions 

produced from the (S4 + 4Btl)
n+ 

ions are somewhat larger than for S
x+

 ions 

produced from the corresponding (S4 + 4B)
n+

 ions (Table 3.3). On its own, this 

suggests that Btl migration promotes additional unfolding of the subunits. The 

reason for this effect is not clear. 

For the deprotonated (S4 + 4B)
n-

 ions, at charge states -12 and -13, the 

sequential loss of B (in its neutral or deprotonated forms) was the only 

dissociation pathway observed at all collision energies investigated (Figure 3.20 
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and Figure 3.21, respectively). Similar results were obtained for the (S4 + 4Btl)
13-

  

and  (S4 + 4Btl)
12-

 ions, except that only the loss of deprotonated Btl was observed 

(Figure 3.22 and  Figure 3.23, respectively). 

 

 

Table 3.3  Average charge states (ACS) of the S subunit and (S + Btl) product 

ions observed by CID of protonated and deprotonated (S4 + 4B)
n+/-

 

and (S4 + 4Btl)
n+/-

 ions. 

 

 

Parent ion 

n (charge 

state of 

parent ion ) 

x (ACS of 

leaving S)  

y (ACS of 

leaving 

(S+Btl)) 

(x/n)% (y/n)% 

(S4 + 4B) 15+ (6.8 ± 0.1)+ n/a 45% n/a 

 
16+ (6.9 ± 0.1)+ n/a 43% n/a 

 
12- n/a n/a n/a n/a 

  13- n/a n/a n/a n/a 

(S4 + 4Btl) 15+ (7.1 ± 0.1)+ (6.8 ± 0.1)+ 47% 45% 

 
16+ (7.3 ± 0.1)+ (6.9 ± 0.1)+ 46% 43% 

 
11- n/a n/a n/a n/a 

 
12- n/a n/a n/a n/a 

  13- n/a n/a n/a n/a 
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Figure 3.18 CID mass spectra in positive mode of the (S4 + 4Btl)
15+

 ion at a 

collision energy of (a) 3 V, (b) 30 V, (c) 40 V, and (d) 50V. In (b), 

(c) and (d) the intensities in the m/z range 3700 - 6500 were 

magnified x50. 
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Figure 3.19 CID mass spectra in positive mode of the (S4 + 4Btl)
16+

 ion at a 

collision energy of (a) 3 V, (b) 25 V and (c) 40 V. In (b), the 

intensities in the m/z range 4000 - 6000 were magnified x10; in (c) 

the intensities in the m/z range 3500 - 6000 were magnified x50. 
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Figure 3.20 CID mass spectra in negative mode of the (S4 + 4B)
12-

 ion at a 

collision energy of (a) 3 V, (b) 28 V, (c) 32 V and (d) 40 V.  
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Figure 3.21 CID mass spectra in positive mode of the (S4 + 4B)
13-

 ion at a 

collision energy of (a) 3 V, (b) 20 V, (c) 26 V, and (d) 36 V.  
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Figure 3.22 CID mass spectra in negative mode of the (S4 + 4Btl)
13-

 ion at a 

collision energy of (a) 3 V, (b) 20 V, (c) 40 V and (d) 60 V.  
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Figure 3.23 CID mass spectra in negative mode of the (S4 + 4Btl)
12-

 ion at a 

collision energy of (a) 3 V, (b) 20 V, (c) 40 V, and (d) 60V.  
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3.3.3 MD simulations  

The aforementioned CID results confirm that ligand migration can 

generally occur upon collision activation of multiprotein-ligand complexes in the 

gas phase. However, on their own, they do not provide any insight into the 

underlying mechanisms. With the goal of elucidating the influence of charge on 

the ligand migration and subunit loss processes, MD simulations were performed 

on twelve different charge configurations of the (CTB5 + 5GM1)
15+

 ion in which 

seven charges were located on subunit D and two charges placed on each of other 

four subunits, E, F, G and H (Table 3.1). The GM1 ligands were assumed to be in 

their neutral form in all cases.  

The initial structure of the (CTB5 + 5GM1)
15+

 ion used for the simulations 

is shown in Figure 3.24a. Shown in Figure 3.24b are plots of Rg measured along 

the trajectory for each of the twelve charge configurations considered. A common 

feature is a gradual increase in the magnitude of Rg of the ion with simulation 

time. This observation indicates that the overall size of the complex is increasing 

with time due to thermally-induced unfolding of the subunits. Interestingly 

though, all of the subunits, not just subunit D, exhibited significant unfolding. 

Analysis of the trajectories also reveals that, in all cases, the original interactions 

between GM1 and the CTB subunits were altered and the nature of the changes 

was strongly dependent on charge configuration. For nine (B15_1, B15_2, B15_3, 

B15_4, B15_6, B15_7, B15_10, B15_11 and B15_12) of the twelve 

configurations considered, ligand migration to another subunit was observed. 

However, the “donor” and “acceptor” subunits varied depending on configuration.  
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For charge configuration B15_12, GM1 migrated from subunit D to E (Figure 

3.24c), from H to D for B15_3 (Figure 3.24d) and B15_7 (Figure 3.24e), from G 

to H for B15_1 (Figure 3.24f) and B15_6 (Figure 3.24g), from E to D for B15_4 

(Figure 3.24h), and from F to G for B15_11 (Figure 3.24i). Interestingly, 

migration of more than one ligand was also observed for B15_2 (Figure 3.24j) 

and B15_10 (Figure 3.24k). For B15_2, GM1 molecules migrated from E to D 

and from G to H. In charge configuration B15_10, GM1 molecules originally 

bound to F and G migrated so as to bridge both subunits, similarly GM1 

molecules on subunits D and E migrated so as to bridge both subunits and GM1 

from subunit H migrated to the interface of D and H. For the three remaining 

charge state configurations, ligand migration within a subunit was observed. A 

representative structure from charge configuration B15_9 (at 1.5 ns) is shown in 

Figure 3.24l. GM1 located on the subunit D migrated from the original binding 

site to the N-terminus where it was stabilized by two ionic hydrogen bonds 

between charged N-terminal Thr and the branching Gal residue.  

Although the results of the MD simulations must be viewed with caution, due 

to their inherent limitations (simulation time (ns) is much shorter compared to 

CID timescale (s), charges cannot move, and uncertainty related to the 

simulation temperature), they do suggest that the migration of GM1 within and 

between subunits readily occurs upon heating of protonated (CTB5 + 5GM1)
15+

. 

These findings are consistent with the tendency of the (CTB5 + 5GM1)
n+

 ions to 

dissociate by the loss of subunit or subunit-ligand complex. The MD results also 
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suggest that the mechanism of ligand migration is highly dependent on the charge 

configuration. 

For comparison purposes, MD simulations were also performed on the (CTB5 

+ 5GM1)
14- 

ion in which all five GM1 ligands were deprotonated (at the sialic 

acid residue); the other nine charges were distributed asymmetrically among the 

five subunits (five charges on subunit D and one charge on each of the other four 

subunits). Analysis of the MD trajectory reveals that sequential loss of 

deprotonated GM1; no ligand migration to other subunits was observed. These 

findings are consistent with the experimental observations. Interestingly, 

deprotonated GM1 was lost preferentially from subunits E and H, not from D; 

GM1 loss from D occurred only after the subunit underwent significant unfolding. 

The structure shown in Figure 3.24m was calculated at 1.5 ns, after the loss of 

four GM1 (initially on subunit D, E, F and H).  
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Figure 3.24 (a) Initial structure of the (CTB5 + 5GM1)
15+

 ion used for MD 

simulations. (b) Plots of Rg for 12 different charge configurations 

of (CTB5 + 5GM1)
15+ 

ion
 
calculated from the trajectories at 800 K. 

Charge configuration B15_1 ( ), B15_2 ( ), B15_3 ( ), 

B15_4 ( ), B15_5 ( ), B15_6 ( ), B15_7 ( ), B15_8 

( ), B15_9 ( ), B15_10 ( ), B15_11 ( ), B15_12 ( ). 
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Figure 3.24 continued. (c)-(h) Representative structures taken at ~1.5 ns for 

charge configurations: (c) B15_12, (d) B15_3, (e) B15_7, (f) 

B15_1, (g) B15_6 and (h) B15_4. 

c 

g 

f 

d 

e 

h 



111 

 

                      

                       

 

Figure 3.24 continued. (i)-(m) Representative structures taken at ~1.5 ns for 

charge configurations: (i) B15_11, (j) B15_2, (k) B15_10, (l) 

B15_9 and (m) B9_1. Subunit D is shown in green, subunit E in 

i j 

k l 

m 
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red, subunit F in light blue, subunit G in dark blue and subunit H in 

purple. GM1 molecules are shown in the same colour as the 

subunit to which they are bound in the initial structure. 

 

3.4 Conclusions 

The results of CID measurements performed on the protonated and 

deprotonated ions of the (CTB5 + 5GM1), (CTB5 + 5GM1-Cer), (S4 + 4B) and (S4 

+ 4Btl) complexes reveal that multiple dissociation pathways are accessible to 

gaseous multisubunit protein-ligand complexes upon collisional activation. The 

relative contribution of the three dissociation pathways: (1) loss of the ligand-

unbound protein subunit, (2) loss of subunit-ligand complex and (3) loss of ligand 

(neutral or charged), appears to reflect the strength of intermolecular protein-

ligand interactions in gas phase. It is proposed that a high energetic barrier to 

ligand loss promotes ligand migration to other subunits, as well as the ejection of 

the ligand-subunit complex, upon collisional activation. The presence of ceramide 

or PE groups, which can participate in nonspecific interactions with subunits, 

enhances the loss of ligand-free and ligand-bound subunit. The results of MD 

simulations performed on the (CTB5 + 5GM1)
15+

 ion with different charge 

configurations reveal that ligands, when neutral, are highly mobile and readily 

migrate within and between subunits. Moreover, the mechanism of ligand 

migration appears to be highly dependent on charge configuration. In agreement 

with experiment, the loss of deprotonated ligand readily occurred in MD 

simulations performed on the (CTB5 + 5GM1)
14-

 ion. Taken together, the results 
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of this study suggest that collisional activation of multisubunit protein-ligand 

complexes in the gas phase is likely to induce significant changes to the nature of 

the protein-ligand interactions. Consequently, caution must be exercised when 

using MS and CID (or similar activation methods) to establish the location(s) of 

ligands bound to multiprotein complexes. 
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Chapter 4 

Conclusions and Future Work 

 

 This work describes the development and application of ESI-MS methods 

to study the interactions between water soluble proteins or protein complexes and 

insoluble GSL, and to investigate the changes of the nature of multisubunit 

protein-ligand complexes upon collisional activation in gas phase. 

 In Chapter 2, a novel assay, based on the CaR-ESI-MS assay and NDs, 

was developed to reveal the specific interactions between proteins or protein 

complexes and their cellular GSL receptors. The specificity and sensitivity of the 

assay was demonstrated for interactions involving CTB5 and Stx2, and their 

native GSL receptors, the ganglioside GM1-Cer and the globotriaosylceramide 

Gb3-Cer, respectively. The success of this assay represents an important addition 

to the arsenal of tools available for identifying and characterizing protein-GSL 

receptor interactions. And the simultaneous detection of several isoforms of the 

receptor implies the utilization of this assay for detection of multiple receptors, 

and potentially, evaluation of relative affinities of different GSL. Proof-of-concept 

experiments will be performed on solutions of CTB5 and ND containing mixtures 

of GSL which include the specific ganglioside receptors GM1-Cer, GM2-Cer and 

GM3-Cer.
1, 2

 The relative abundances of released GSL may provide a simple 

readout of the relative affinities for different receptors present in the ND. The 

CaR-ESI-MS assay was also applied to detect the binding between CTB5 and 

GM1-Cer within a mixture of lipids extracted from cell membranes. Under this 
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circumstance, ND served as a “surrogate cell”. A clear application of this 

technique is the discovery of the native GSL receptors within the complex milieu 

of the plasma membrane and to characterize the biologically relevant protein-GSL 

interactions.  

In Chapter 3, CID-MS was used to induce the dissociation of multiply 

charged ions of intact protein-ligand complexes in order to investigate their 

dissociation pathways. The results showed that the dissociation pathways of 

multisubunit protein-ligand complexes in the gas phase depend, not only on the 

native topology of the complex, but also on structural changes that occur upon 

collisional activation. However, besides CID, many other activation techniques 

are used to cause the dissociation of gaseous ions in MS. It would therefore be of 

interest to study the dissociation pathways of protein-ligand complexes using 

other activation techniques. For instance, blackbody infrared radiative 

dissociation (BIRD)
3, 4

 is a dissociation technique which allows ions to undergo 

unimolecular dissociation at essentially zero pressure by the exchange of energy 

with an ambient blackbody radiation field. Unlike the neutral gas required for CID, 

ions are activated by the absorption of blackbody infrared photons emitted from 

the walls of the ion cell which is essentially a collision-free environment. The 

effects of different charge states, temperatures and the structure of ligand on the 

dissociation pathways can be assessed. Comparison between CID and BIRD 

results may provide insights about the influence of energy distribution of complex 

on the dissociation pathways. Moreover, using the BIRD dissociation technique, it 

is possible to probe unimolecular dissociation kinetics as a function of 
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temperature, which allows the construction of Arrhenius plots and the 

determination of activation energies (Ea) and pre-exponaional factors (A).
5
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