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ABSTRACT OF THE DISSERTATION 

Identification and Analysis of Proteins 

Using Matrix Assisted Laser Desorption Ionization 

and Electrospray Ionization Mass Spectrometry 

by 

Neil Robert Quebbemann 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2020 

Professor Joseph Ambrose Loo, Chair 

Sample complexity continues to hinder the effectiveness of Top-Down mass spectrometry, which 

aims to become a high-throughput platform for proteomics. One possible solution to this issue is 

the separation and measurement of protein mixtures using virtual 2D gel electrophoresis/mass 

spectrometry (virtual 2D gel/MS), where intact proteins are initially separated by isoelectric 

focusing on immobilized pH gradient (IPG) gels followed by mass analysis using matrix-assisted 

laser desorption/ionization (MALDI) MS. Here, we report on improvements made to the virtual 

2D gel/MS platform. With increased automation, we have reduced the time required to acquire 

and visualize proteins separated on a 180 mm IPG gel from several days to under 1 hour. This 

automation includes the implementation of a high-speed MALDI time-of-flight mass 

spectrometer operating with specialized MS imaging software to acquire data. Analysis of the MS 

data was also automated through the development of a custom program written in MATLAB. 

Mass spectrometry signal intensity, signal-to-noise ratio, and sensitivity were all improved with 
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a novel MALDI matrix application method where gels are immersed in matrix solution overnight, 

improving matrix crystallization. We also demonstrate for the first time the use of a 15 Tesla 

Fourier transform-ion cyclotron resonance mass spectrometer equipped with a MALDI source to 

acquire virtual 2D gel/MS data offering both an increase in resolution and accuracy of mass 

measurement results. Using the improved virtual 2D gel/MS technique, we identify changes to 

the E. coli proteome caused by both cold shock and antibiotic induced stress.  

The aggregation and accumulation of α-synuclein in the brain have been linked to numerous 

neurodegenerative disorders including Parkinson’s disease. To prevent these synucleinopathies 

much effort has been made to understand the cause of this protein aggregation and to find ways 

to prevent it. It has been shown that various ligands affect α-synuclein’s propensity towards 

aggregation with the small molecule compound, CLR01, a lysine molecular tweezer, decreasing 

aggregation and divalent heavy metals increasing aggregation. Here, we use electrospray 

ionization-MS and collision induced unfolding (CIU) coupled with ion mobility spectrometry to 

probe the effects that CLR01, Mn(II), Co(II), and Cu(II) have on the structural stability of α-

synuclein in the gas phase. Our results indicate that the binding of CLR01, Mn(II), 1x Cu(II), and 

3x Cu(II) all have a stabilizing effect on the structure of the protein while Co(II) destabilizes the 

protein. The work presented in this thesis demonstrate new mass spectrometry-based 

experimental platforms to qualitatively and quantitatively profile complex protein mixtures 

rapidly and accurately, and to probe the structural stability of protein/ligand complexes that are 

complementary to other biophysical methods. 
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CHAPTER 1 

Combining high-throughput MALDI-TOF mass spectrometry and isoelectric focusing gel 
electrophoresis for virtual 2D gel-based proteomics 
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CHAPTER 2 

Virtual 2D Gel Electrophoresis/Mass Spectrometry Optimization and Data Analysis 

2.1 Abstract 

The virtual 2D gel/MS technique offers a convenient way to separate complex protein mixtures 

to identify novel protein isoforms, detect changes to proteomes, and more. Building on 

previous developments, we report on new efforts to increase MS signal intensity, signal-to-

noise ratio, and improve sensitivity through the implementation of a novel matrix application 

method where gels are immersed in matrix solution overnight, allowing for better matrix crystal 

formation. We also discuss an effort to reduce the time required for data acquisition and 

analysis by unveiling a new data analysis program developed in MATLAB that allows for greater 

automation in order to reduce acquisition/analysis time from over a week to under one hour. 

Final, to improve the resolution and accuracy of virtual gel data we demonstrate the use of a 15 

Tesla Fourier transform-ion cyclotron resonance mass spectrometer equipped with a MALDI 

source to acquire data using the virtual 2D gel/MS technique and compare these results to that 

obtained using time-of-flight mass spectrometers. All of these developments drive our goal of 

developing the virtual 2D gel/MS technique to be a convenient and robust method that bridges 

the divide between top-down and bottom-up proteomics. 
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2.2 Introduction 

      The virtual 2D gel/MS technique was initially developed to separate complex biological 

samples to identify and analyze protein isoforms.1,2,3 Like traditional 2D-PAGE (polyacrylamide 

gel electrophoresis) techniques, the initial separation of the proteins is performed on 

immobilized pH gradient polyacrylamide gels (IPGs), which allows for protein separation based 

on their isoelectric point (pI), i.e., charge; potentially this has the ability to resolve proteins that 

differ by as little as 0.001 pH units.4 The second dimension of analysis, based on molecular 

mass, is performed using matrix-assisted laser desorption ionization (MALDI) mass 

spectrometry (MS), which can record accurate mass measurements of intact proteins with 

relatively high throughput. Along with exceptional resolution, the use of IPG gels allows results 

to be linked directly back to traditional 2D-PAGE gel studies for comparison.3  

      Building on previous developments of the virtual 2D gel/MS technique, the goal of this work 

was to increase the MS signal intensity and signal-to-noise (S/N) and sensitivity of the method. 

We were also interested in developing automated methods of data acquisition and processing 

to create a more streamlined workflow that can produce and display the data rapidly. A primary 

focus for improving the S/N of the resulting mass spectra was to modify the gel preparation 

protocol. The sensitivity of MALDI-MS for large biomolecules is dependent on many factors, 

including the efficiency of the MALDI matrix for desorption/ionization of the analyte, the 

substrate that the analyte/matrix co-crystals reside on, the presence of contaminants in the 

sample that may reduce analyte S/N, and many other variables. Many avenues were pursued 

during this effort, including adjustments to the gel wash procedures, the matrix solution 

composition, and coating gels with conductive gold nanoparticles both before and after matrix 
10



was applied. To improve data analysis and visualization many software packages were explored, 

including products from the instrument manufacturer, Bruker Daltonics, and third-party 

software vendors. Upon failing to find a software product that would meet all our needs, we 

decided that we would develop our own program written in MATLAB. 

      In this chapter, I describe efforts that were successful in increasing signal intensity and 

sensitivity. I also discuss the features of the MATLAB program used for post-acquisition analysis 

and visualization of results. Finally, I will describe efforts to improve the mass resolution and 

mass accuracy of results by analyzing virtual 2D gel spots of interest with an FT-ICR (Fourier 

transform-ion cyclotron resonance) mass spectrometer. 

2.3 Methods 

2.3.1 Sample preparation 

   Pelleted E. coli and M. mazei cells obtained from the Gunsalus lab at UCLA were stored at 

-80⁰C before being lysed. These cells were lysed using methods that avoided ionic salts and

anionic or cationic detergents as previously discussed.5 Protein extract concentration was 

determined using the Pierce 660 nm Protein Assay on the Thermo Fisher Scientific NanoDrop 

2000 Spectrophotometer. After protein concentration was determined, the cell lysate was 

stored at -80⁰C. 

2.3.2 Isoelectric Focusing 

      Precast 18-20 cm IPG strips (Readystrip, Bio-Rad or Immobiline Drystrip, GE Healthcare) with 

a pH range of 4-7 were loaded with between 75 and 150 µg of protein from the cell lysate using 
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passive in-gel rehydration as previously discussed.5 Gels were then focused for 65 – 80 kV -hrs 

on a Multiphor II Electrophoresis System equipped with an EPS 3501XL power system. After 

being focused, the gels were stored at -80⁰C before further processing. 

2.3.3 MALDI matrix application and MS data acquisition 

      Focused gels were thawed to room temperature and washed for approximately 15 minutes 

under gentle shaking conditions in a solution of 49.9% H2O/50% acetonitrile (ACN)/0.1% 

trifluoroacetic acid (TFA) to remove isoelectric focusing reagents like detergent, urea, thiourea, 

ampholytes, and residual mineral oil that would hinder mass spectrometry analysis. After being 

washed the gels were placed gel side up in a tray and blotted with a damp piece of filter paper. 

Washed gels were then submerged in a 1:3 ACN:H2O, 0.15% TFA, 1.5% sorbitol solution that 

had been saturated with sinapinic acid MALDI matrix days in advance. The gels were allowed to 

soak for either two consecutive periods of 20 minutes or overnight. Overnight soaked gels 

would not be disturbed until solution levels had evaporated below the tops of the gel, at which 

point the remaining solution would be removed. In both cases, the gels were then dried at 

room temperature. 

      After drying, the gel strips were cut in half and attached to a Bruker Daltonics MTP 384 

polished steel target plate with double-sided electrically conductive transfer tape (Adhesives 

Research, Glen Rock, PA). The gel pieces’ positions and lengths were measured and recorded. 

The target plate was then placed in a container under a vacuum for about 30 minutes to 

remove additional moisture from the gels. The target plate was then removed from the vacuum 

and analyzed with either a Bruker Autoflex MALDI TOF/TOF or a Bruker Ultraflex MALDI 
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TOF/TOF both equipped with a smartbeam II laser operating at 1000 Hz, using the Bruker 

FlexImaging software to perform an imaging experiment with MALDI data being acquired every 

200 – 600 µm of the gel strip. Upon completion of the analysis, data were exported to the 

universal file format mzXML using Bruker CompassXport software. 

2.3.4 Data Acquisition on FT-ICR 

      Gels still attached to the Bruker Daltonics MTP 384 polished steel target were analyzed 

further using a 15 T Bruker SolariX FT-ICR MS equipped with a dual ESI/MALDI source and a 

smartbeam II laser firing at 20 Hz. The instrument was calibrated in ESI mode using a cesium 

iodide solution. After calibration, each spectrum consisted of 20 laser shots. FT-ICR data was 

analyzed using Bruker Compass Analysis software. 

2.3.5 Virtual Gel Analysis 

      Using an in-house program developed within MATLAB the MALDI-TOF data was analyzed 

and visualized. 

2.4 Results and Discussion 

2.4.1 Improving signal intensity, sensitivity, and speed of the method 

      To improve the signal intensity and sensitivity of the method, changes were made to the 

matrix application procedure. IEF gels containing a total of 125 µg of protein from E. coli cell 

lysate were washed and had matrix applied using the typical method, where focused IEF strips 

were incubated in saturated matrix dissolved in 1:3 ACN:H2O, 0.15% TFA, 1.5% sorbitol. The gels 

were soaked in the matrix solution for 20 minutes, followed by an additional 20 minute period 

13



in fresh matrix solution. The new technique utilizes the same 1:3 ACN:H2O, 0.15% TFA, 1.5% 

sorbitol matrix solution that has been prepared at least 2 days in advance. Gels are submerged 

in matrix solution and left undisturbed overnight until the solution has evaporated and the tops 

of the gels are exposed. At this point, any remaining solution is removed from the container 

using pipettes and kimwipes. The remaining preparation for analysis remained unchanged. 

      Upon analysis, a significant improvement in signal intensity and sensitivity can be seen in 

Figure 2.1.B where the matrix was applied using the overnight soaking method compared to 

Figure 2.1.A where the matrix was applied using the two 20 minute soak periods. This 

improvement can be seen at both low and high m/z ranges. It appears that the prolonged 

soaking and evaporation of the matrix solution allows for maximum crystal formation to occur 

as opposed to the crystal formation that would occur during the two twenty-minute soaking 

periods. MALDI-MS sensitivity is affected by matrix crystallization, as well defined and larger 

crystals have been thought to result in better overall sensitivity. Furthermore, the prolonged 

soak gives proteins a better opportunity to interact with the matrix as crystal formation occurs. 

      Even though the overnight soaking method improved the overall signal, there was some 

concern as to how much pI resolution might be lost during the process. Potentially, loss of 

resolution in the isoelectric focusing dimension could occur if protein migration occurred in the 

gel while it was submerged in the matrix solution. To test this theory, we took three gels 

containing 100 µg protein from M. mazei cell lysate that had been focused at the same time 

and washed them with the standard 49.9% H2O/50% ACN/0.1% TFA solution. Afterward, one 

gel was chosen at random and returned to the -80⁰C freezer. Another gel was subjected to the 

usual 2x 20-minute soak method. After the soak was completed it was allowed to dry at 
14



ambient conditions overnight. The third gel was subjected to the new overnight soak, however, 

was not allowed to dry the next day. After the matrix application was complete the control gel 

was removed from the freeze and thawed to room temperature. The three gels were 

subsequently stained with SYPRO Ruby fluorescent protein stain using the typical procedure. As 

can be seen in Figure 2.2, no change in protein migration can be observed when comparing the 

control gel (Figure 2.2.A), twenty minutes soaked gel (Figure 2.2.B), and the overnight soaked 

gel (Figure 2.2.C). These results were also confirmed with another set of gels that were 

subjected to silver staining. 

      To further demonstrate the isoelectric resolution of gels that have been subjected to 

overnight soaking matrix application, a gel containing 100 µg of protein from M. mazei cell 

lysate was analyzed using the Bruker Autoflex MALDI-TOF instrument. Figure 2.3 shows 

individual spectra about 0.01 pI apart from one another in the 4.91-4.95 pI range. These spectra 

clearly show the appearance and disappearance of proteins across this pI range and 

demonstrate that proteins can be separated according to their pI’s and measured by MALDI-

MS. 

2.4.2 Visualization of Virtual 2D Gel Analysis 

      Along with the optimization of MALDI-MS signal, another goal has been to create an 

effective platform for the visualization of the virtual 2D gel results. While heat maps created by 

the vendor-supplied Bruker FlexImaging package had been adequate for initial results, the 

creation of these heat maps was tedious and involved many hours of work. Furthermore, these 

heat maps lacked the customizability that many researchers would desire. To improve on 
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FlexImaging, I investigated numerous other software packages. Finally, MATLAB by MathWorks 

was chosen due to its flexibility and ability to handle the large data sets generated during gel 

imaging that can easily be over a gigabyte in size. The program code can be found in the 

appendix of this chapter. 

      Data is imported into the processing platform using the mzXML file format, allowing for 

analysis to be independent of the instrument used for data acquisition. Once inside of MATLAB 

several data processing steps can be performed, which are outlined in Figure 2.4 and listed 

here: 

Spectra Summing: To reduce the computer resources required to analyze the large datasets, 

the spectra within set steps along the length of the gel can be summed. For example, as seen in 

Figure 2.4.A, if the gel was originally analyzed every 600 µm along the length of the gel and 

analyzed 3 separate times along the width of the gel, for a “step size” of 1200 µm, 6 spectra 

would be summed together. This setting can be adjusted by the user, with the user entering the 

step size (in micrometers) in line 93 of the program code. Adjacent points across a step size of 

moderate size typically have the same proteins present, therefore, only minimal pI resolution is 

lost by summing. 

Invert Images: If needed, gel images can be inverted along the length of the gel. This may be 

necessary depending on how gels are adhered to the plate after being cut. Ideally, for Bruker 

instruments, gels should be attached with the low pI at the beginning of the plate increasing in 

pI from left to right. This feature is especially useful if the user is attempting to stitch together 
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multiple acquisitions into the same virtual gel. To invert the gel image, users should enter “1” 

under “NeedToFlip” in line 2 of the code. Otherwise, this should be set to “0”. 

Smoothing: After the spectra are summed, they are smoothed using a Savitzky-Golay least-

squares digital polynomial filter. Using the default settings, the frame is 15 units. This can be 

adjusted by the user in line 140.  

Baseline Subtraction: After the data is smoothed, the baseline is subtracted with a linear fit. 

Baseline subtraction starts with a window size of 200 units. This window increases with m/z to 

account for the decrease of resolution with increasing m/z that is characteristic of TOF mass 

spectrometry. 

Normalization: After the baseline is subtracted, the data is normalized by standardizing the 

area under the curve to the median intensity level. 

Resampling Data: Data is resampled to homogenize the m/z range of all the data. Resampling is 

also useful for reducing the amount of data, and therefore, the computational resources 

needed, by removing redundant information in the high-resolution data. As a default, the 

program is set to cut off any data below m/z 4000. This setting can be adjusted in line 151 of 

the program. There is no high mass cutoff. 

Rescaling Data: The user can amplify the signal of a particular m/z range if desired. This is 

accomplished by multiplying the intensity values by a scaling factor, which can be set in line 157 

of the code. The m/z range of data to be rescaled can be set in line 154 and 155, with “MZ1” 

representing the beginning of the range and “MZ2” representing the end of the range. If the 

17



user does not want any rescaling of data, the feature can be disabled by entering 1 as the 

scaling factor. At this point, only 1 m/z range can be rescaled at a time. 

      After these settings have been adjusted to suit the user’s needs, the user specifies the 

number of data acquisitions to import in line 4 of the code. This allows for the user to acquire 

data in different runs and stitch together the data. The user also needs to specify the length, in 

millimeters, of the IPG strip that was analyzed. Once these variables are adjusted and the script 

is executed, MATLAB will inquire about the location of the spot lists and spectrum directories. 

The spot lists can be generated in the Bruker FlexImaging software under “Export” to inform 

the program about the X-Y coordinate of each data acquisition and the filename where that 

acquisition is stored. Upon successful execution, the program saves a heatmap and a 3D map of 

the data. Examples of the outputs obtained from an IEF gel containing 100 µg of protein from 

M. mazei cell lysate can be seen in a MATLAB generated heat map and a MATLAB generated 3D

plot, Figure 2.5. 

      Along with improving the customizability and utility of the gel representation, the program 

also significantly reduces the number of resources required to process a gel image. Instead of 

requiring hours of work from a user, the program was able to process the data shown in Figure 

2.5, which consisted of an 18 cm gel imaged every 600 µm along the length of the gel and every 

900 µm along the width, in approximately 20 minutes using a modest personal computer 

equipped with a dual-core CPU. 
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2.4.3 MALDI-FT-ICR MS Analysis 

      To improve the mass resolution and accuracy of the virtual 2D gel analysis, IEF gels were 

analyzed using an FT-ICR mass spectrometer equipped with a MALDI source. All previous 

MALDI-MS measurements of IEF gels were acquired with TOF mass spectrometers. There are a 

few advantages to using an FT-ICR to analyze virtual 2D gels. First, the ionization process is 

completely decoupled from the mass analysis. This means that slight variations in the height of 

the matrix on the gels do not impact mass accuracy in the FT-ICR. Also, the FT-ICR can achieve a 

much greater mass resolution when compared to analysis with TOF. After analyzing an 18 cm 

gel containing 125 µg of protein from E. coli cell lysate with MALDI-TOF instruments, regions of 

interest were measured for further analysis. Due to the compatibility of the MALDI sources, 

plates could be transferred directly to the FT-ICR without further preparation. A comparison of 

mass spectra can be observed where Figure 2.6.A represents spectra acquired using MALDI-TOF 

and Figure 2.6.B represents data acquired at the same position using a MALDI-FT-ICR. The 

resolution from the MALDI-FT-ICR can be seen in the insert of Figure 2.6 and additional 

comparisons can be seen in Figure 2.7. 

      With the advantages from using an FT-ICR MS platform comes several potential 

disadvantages as well. The speed of data acquisition is 5 to 10 times slower on the FT-ICR 

compared to the TOF instrument; this would greatly limit the throughput of the overall data 

acquisition strategy. There are also limitations to the m/z range at which the FT-ICR can be 

effective, given the fact that MALDI typically produces single and doubly charged ions, and the 

average size of proteins from cell lysates is likely to be 30-40 kDa. This may limit the usefulness 

of FT-ICR for some applications that are interested in species with high m/z. In our analysis, we 
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were successful in detecting ions with mass up to 10,000 Daltons in size. Finally, the FT-ICR 

requires tedious fine-tuning of settings to optimize the signal and these settings need to be 

adjusted depending on the mass range of interest. This once again slows the speed of analysis. 

      Taking these factors into account, it seems the best course of action is to initially screen the 

IEF gels using a MALDI-TOF platform to identify positions of interest for further higher mass 

resolution interrogation. This would take advantage of the speed and tolerance of settings for 

MALDI-TOF measurements. After these positions are identified, further analysis using a MALDI-

FT-ICR platform can be utilized to obtain more accurate mass measurements by fine-tuning the 

setting on the FT-ICR mass spectrometer. It may also be possible to use the accurate mass 

measurements from the FT-ICR to calibrate MALDI-TOF spectra. It should be noted that the 

Bruker SolariX MALDI-FT-ICR platform is equipped with FlexImaging software and is capable of 

imaging IEF gels using the same workflow required to use FlexImaging on Bruker MALDI-TOF 

instruments if a user was interested in imaging a complete gel. 

2.5 Conclusions 

      Through the course of our experiments, we were able to improve the sensitivity and signal-

to-noise of the virtual 2D gel/MS platform by introducing a novel matrix application technique 

that employs an overnight soak of gels in matrix solution. The larger matrix crystals that were 

produced from this method resulted in enhanced S/N of the MS signals from the 

desorption/ionization of the proteins embedded in the gels. We were also able to significantly 

decrease the amount of time required to analyze and produce virtual 2D gel images through 

the development of a MATLAB program that automates data analysis. By using this program in 
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conjunction with a Bruker AutoFlex MALDI-TOF instrument, we were able to reduce the amount 

of time required to acquire and analyze virtual 2D gel/MS data to about 1 hour or less. Taking 

into account the gel focusing, i.e., protein separation, and MALDI matrix application 

procedures, it is possible to prepare and analyze a complex lysate sample in two days or less, a 

process that would have taken over 1 week without the automation of the data analysis. 

Finally, we were able to demonstrate the use of an FT-ICR high resolution mass spectrometer to 

analyze the virtual 2D gels. This analysis has the advantage of increasing both mass accuracy 

and mass resolution of the data. Overall, sensitivity, throughput, and mass accuracy/resolution 

of the virtual 2D gel platform was increased, allowing more researchers to apply the technique 

to rapidly profile complex proteomes. 
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2.6 Appendix 

MATLAB Script: 

%user input 1=YES 0=NO 2=SECTION DOES NOT EXIST!!! 
NeedToFlip=[0; 0]; % ; represents break in file. Spaces represent different 
regions within the same file. 
%Import mzXML files 
numberOfFiles=2; %USER INPUT REQUIRED 
LengthOfGel= 180; %Report in mm ONLY 
for p= 1:numberOfFiles 
[SpotListFile{1,p}, SpotListPath{1,p}]= uigetfile('*.txt', 'Select Spot 
List'); 
z{1,p}= uigetdir([],'Select Spectrum Directory'); 
end 
for p= 1:numberOfFiles 
files = fullfile(z{1,p},'0_*'); 
mzxmlfiles = dir(files); 
numfiles(p,1)= length(mzxmlfiles); 
totalspec= cell(numfiles(p,1),1); 
for i= 1:numfiles(p,1) 
f=fullfile(z{1,p},mzxmlfiles(i).name,'1','1SLin','Analysis.mzXML'); 
totalspec{i}= mzxmlread(f); 
end 
for k = 1:numfiles(p,1) 
    peaks(k,p)= mzxml2peaks(totalspec{k,1}); 
end 
clearvars  i k totalspec f mzxmlfiles files p 
end 
clear z 
%Resample all spectra uniform number of sampling points 
lengFINAL = 1; 
for p= 1:numberOfFiles 
for i= 1:numfiles(p,1) 
    lengconditional = length(peaks{i,p}); 
    if lengconditional>lengFINAL 

lengFINAL = lengconditional; 
    end 
end 
end 
clearvars i p lengconditional 
for p= 1:numberOfFiles 
for i = 1:numfiles(p,1) 
[reformedpeaks{i,p}(:,1),reformedpeaks{i,p}(:,2)] = 
msresample(peaks{i,p}(:,1), peaks{i,p}(:,2), lengFINAL, 'Uniform', 'true'); 
end 
end 
clearvars peaks i p 
MZ=reformedpeaks{1,1}(:,1); 
l= length(MZ); 
for p= 1:numberOfFiles 
for i = 1:numfiles(p,1) 
    peaks{1,p}(:,i)= reformedpeaks{i,p}(:,2); 
end 
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end 
clearvars i p reformedpeaks 
for p= 1:numberOfFiles 
%% Initialize variables. 
filename= fullfile(SpotListPath{1,p},SpotListFile{1,p}); 
delimiter = ' '; 
startRow = 3; 
%% Format string for each line of text: 
formatSpec = '%f%f%s%f%*s%*s%*s%*s%*s%*s%*s%*s%*s%[^\n\r]'; 
%% Open the text file. 
fileID = fopen(filename,'r'); 
%% Read columns of data according to format string. 
dataArray = textscan(fileID, formatSpec, 'Delimiter', delimiter, 
'MultipleDelimsAsOne', true, 'HeaderLines' ,startRow-1, 'ReturnOnError', 
false); 
%% Close the text file. 
fclose(fileID); 
%% Create output variable 
dataArray([1, 2, 4]) = cellfun(@(x) num2cell(x), dataArray([1, 2, 4]), 
'UniformOutput', false); 
SpotList = [dataArray{1:end-1}]; 
%% Clear temporary variables 
clearvars filename delimiter startRow formatSpec fileID dataArray ans; 
%% Sort Peaks Based on Section  
sortSpotList{1,p}= sortrows(SpotList, 3); 
clearvars SpotList 
end 
clear p 
for p= 1:numberOfFiles 
region= cell2mat(sortSpotList{1,p}(:,4)); 
num = unique(region); 
leng{1,p} = length(num); 
for i=1:leng{1,p} 
    section{i} = find(region==i); 
    sortSectSpotList{i,p}= sortSpotList{1,p}(section{i},:); 
    sortpeaks{i,p}= peaks{1,p}(:,section{i}); 
end 
clearvars section i num region 
end 
clear sortSpotList peaks 
%% Bin Peaks Based on Section 
Nfinal= cell(leng{1,1},1); 
Efinal= cell(leng{1,1},1); 
binFinal= cell(leng{1,1},1); 
for p=1:numberOfFiles 
for i=1:leng{1,p} 
xPosition = cell2mat(sortSectSpotList{i,p}(:,1)); 
first = xPosition(1,1); 
stepsize = 1200; %User Input 
last = xPosition(end,1); 
last1 = last+ stepsize; 
edge = (first:stepsize:last1)'; 
[N, E, bin] = histcounts(xPosition, edge); 
Nfinal{i,p} = N; 
Efinal{i,p} = E; 
binFinal{i,p} = bin; 
end 
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clearvars N E bin first last last1 stepsize edge xPosition 
end 
clear sortSectSpotList 
%% Average and Combine Spectrum 
for p= 1:numberOfFiles 
for y= 1:leng{1,p} 
    lengN= length(Nfinal{y,p}); 
for z=1:lengN 
    sumN(z)= sum(Nfinal{y,p}(1:z)); 
end 
for i= 1:lengN 
    splitspec{y,i}= sortpeaks{y,p}(1:end, sumN(:,i)-
Nfinal{y,p}(:,i)+1:sumN(:,i)); 
    avgspec{y,i}= mean(splitspec{y,i},2); 

end 
    combinedSpec{y,p}= horzcat(avgspec{y,:}); 

end 
end 
clearvars leng lengN avgspec splitspec Nfinal binFinal Efinal y z i sortpeaks 
sumN 
%% Flip Spectrum if Needed 
S= size(NeedToFlip); 
for p= 1:S(1,1) 
    for i=1:S(1,2) 

if NeedToFlip(p,i)==1 
finalSpec{i,p}= fliplr(combinedSpec{i,p}); 

end 
if NeedToFlip(p,i)==0 

finalSpec{i,p}= combinedSpec{i,p}; 
end 

    end 
end 
for p=1:numberOfFiles 
    sections{1,p}= horzcat(finalSpec{:,p}); 
end 
Y= horzcat(sections{1,:}); 
clearvars p i combinedSpec finalSpec NeedToFlip numberOfFiles numfiles S 
sections 
%%Smooth Spectra 
Ysmooth = mssgolay(MZ, Y); 
%Adjust Background 
backfun = @(Y) 200 +Y.*(8/300); 
Yback = msbackadj(MZ,Ysmooth, 'WindowSize', backfun, 'SmoothMethod', 
'rlowess'); 
clearvars Ysmooth 
%Normalize Spectra 
%default span is 15 
%can be adjusted by adding “mssgolay(MZ, Yback,'Span', SpanValue,) 
Ynorm = msnorm(MZ, Yback,’Span’, 15); 
clearvars Yback 
%Resample to half of original points 
lre= l./2; 
lengFINAL= round(lre, 0); 
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[MZresample, Yresample] = msresample(MZ,Ynorm, lengFINAL , 'Range', [4000 
max(MZ)]); 
clearvars MZ Ynorm 
%Rescale certain masses 
MZ1=20001; 
MZ2=52157; 
h=find(MZresample>MZ1 & MZresample<MZ2); 
scalefactor= 5; %SCALE FACTOR 
Yrescaled= Yresample; 
rSection= size(Yrescaled, 2); 
for i= 1:rSection 
Yrescaled(h,i)= Yrescaled(h,i).*scalefactor; 
end 
clearvars i h 
SeparationFactor= LengthOfGel/rSection; 
Position= (SeparationFactor:SeparationFactor:LengthOfGel)'; 
%Make 3D Plot 
figure 
X=MZresample; 
Intensity= Yrescaled; 
L=length(Intensity); 
t1 =-1; 
t2 =66; 
h = find(Position>t1 & Position<t2); 
plot3(repmat(X,1,numel(h)),repmat(Position(h)',L,1),Intensity) 
%Make Heat Map 
heatmap= msheatmap(MZresample, Position, Yrescaled); 
print('Heatmap123', 'meta') 
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(A) 

(B) 

Figure 2.1: Comparison of matrix application methods. Both gels are loaded with 125 µg of 

protein from E. coli cell lysate. Gel with matrix applied using 20 minute soak method is seen in 

(A). Gel with matrix applied using the overnight soak method is seen in (B). 

m/z 

m/z 
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(A) 

pI 7 

pI 4 

(B) (C) 

Figure 2.2: SYPRO Ruby-stained IPG gels containing  M. mazei  cell lysate demonstrating that 

different durations of matrix solution soaking do not cause significant protein diffusion. (A) 

control IPG gel that only washed in 0.1% TFA/50% acetonitrile for 15 minutes. (B) IPG gel was 

washed in 0.1% TFA/50% acetonitrile for 15 minutes and then soak in matrix solution for two 

consecutive 20 minute periods. (C) IPG gel was washed with 0.1% TFA/50% acetonitrile for 15 

minutes and incubated in matrix solution overnight.  
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Figure 2.3: Individual spectra taken from the analysis of an IPG gel containing 100 µg of 

protein from M. mazei cell lysate prepared using the overnight matrix application protocol. 

The spectra represent a narrow range of isoelectric points along the gel 4.91—4.95, 

representing the isoelectric focusing resolution that can be obtained while using the overnight 

soaking method. 
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MATLAB Program Workflow: 

Figure 2.4: MATLAB program workflow. (A) Spectra within a defined area on the IPG gel are 

summed together to produced summed spectra (B). These summed spectra are smoothed, 

baselined subtracted, normalized, and magnified (if desired) in that order. After processing is 

complete a virtual gel (D) is produced. A heat map can also be produced if desired (not 

displayed here). 

(A) 

(C) 

(B) 

(D) Virtual Gel 

m/z 
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(A) Heat Map:

(B) 3-D Plot:

Figure 2.5: MATLAB program generated heatmap (A) and 3-D plot (B) of IPG gels containing 

100 µg M. mazei. 
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Figure 2.6: Comparison of spectra from IPG gel containing 125 µg E. coli cell lysate acquired 

using MALDI-TOF (A) and MALDI-FT-ICR (B). The base peak from both spectra have been 

enlarged to show resolution of results (inserts). 
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Figure 2.7: Comparison of spectra from IPG gel containing 125 µg E. coli cell lysate acquired 

using MALDI-TOF (A) and MALDI-FT-ICR (B). 
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CHAPTER 3  

Application of Virtual 2D Gel Electrophoresis/Mass Spectrometry for Profiling Proteomes 

3.1 Abstract 

      Despite recent developments in top-down proteomics, sample complexity continues to 

hinder its implementation on the proteome scale. Here, we demonstrate the use of the virtual 

2D gel electrophoresis/mass spectrometry (virtual 2D gel/MS) technique to effectively separate 

protein in Escherichia coli (E. coli) cell lysate and detect proteome changes caused by different 

forms of stress. We examine the effect of cold shock on the bacteria and detect the production 

of various cold shock related protein. These results are verified using in-gel trypsin digestion of 

identical IPG strips and further confirmed by comparison to previous results obtained using 

traditional 2D-PAGE. The antibiotic actinonin, a peptide deformylase (PDF) inhibitor, is also 

used to stress E. coli. We detect subtle changes caused by the failure of PDF to cleave an N-

formyl group off the newly synthesized protein, which also prevents the removal of the initiator 

methionine. Future work will include the development of a robust search platform to aid in 

data processing. 
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3.2 Introduction 

      Because proteins, “workhorses” of the cell, take part in essentially every molecular structure 

and activity of life processes, studying the proteomes can help elucidate cellular pathways and 

processes that genomic and transcriptomic studies cannot offer. Mass spectrometry (MS) has 

become the leading analytical tool in proteomics since it allows global qualitative and 

quantitative analysis of protein composition, modifications, and dynamics under changing 

conditions.1 The majority of mass spectrometry experiments have been using a Bottom-Up MS 

approach, where proteins are first proteolytically digested into peptides before MS 

interrogation.2 This approach has some limitations such as not distinguishing peptides from 

proteins highly related to each other, losing the coordination of posttranslational modifications 

(PTMs), and having difficulties with addressing the existence of multiple protein isoforms.3 The 

Top-Down MS approach, where proteins are studied in the intact form and fragmented within 

the mass spectrometer to gain information on sequence, identity, and the presence and 

sequence location of PTMs, has the promise to overcome the limitations of Bottom-Up MS.2 

With the continuing advancement of mass spectrometer sensitivity, MS fragmentation 

methods, and sample preparation, Top-Down MS aims to become a high-throughput platform 

for proteomics and compete with Bottom-Up MS. Nevertheless, the complexity of the 

proteome continues to be challenging for routine Top-Down MS, with complicated hours-long 

off- and on-line liquid chromatography separations typically being used as a solution for 

addressing complex samples.4 

      Virtual 2D gel/MS combines proteome-scale separation with MALDI mass spectrometry, 

offering another solution to the complexity issue mentioned above. Initially, proteins are 
35



separated by isoelectric focusing (IEF) on immobilized pH gradient (IPG) gels. Subsequent size 

“separation” is performed using matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS) to mass-measure intact proteins.5 Along with applying a simple well-studied 

separation method, i.e., IEF, the virtual 2D gel/MS method offers high sensitivity, good mass 

measurement accuracy, minimal sample consumption, and the ability to probe membrane 

proteins that are often lost in SDS-PAGE or liquid chromatography separations.6 

      Here we demonstrate the applicability of virtual 2D gel/MS to profile complex samples by 

detecting changes in the E. coli proteome caused by various forms of stress. The first stress that 

we analyzed is the cold shock response of E. coli. When exposed to a dramatic reduction in 

temperature from 37°C to 10°C, the organism halts production of its typical proteins and 

instead produces so called cold shock proteins.7 CspA was the first cold shock protein 

discovered in 1990 by Neidhardt and coworkers.8 Following this discovery additional CspA 

homologues have been discovered in E. coli with CspB, CspG, and CspI being cold shock 

inducible.9,10 In addition, other proteins have subsequently been identified as important to the 

organism’s response to cold shock including the ATP-dependent RNA helicase CsdA, a 30S 

ribosomal binding factor, RbfA, and the transcription termination/antitermination protein 

NusA, among others.11,12 Together these proteins help the organism overcome issues caused by 

the reduced temperature including the increased stabilization of RNA and DNA and the reduced 

efficiency of translation and transcription that this stabilization causes. Once the cold shock 

proteins have been produced, some at a level 10 times greater than observed under typical 

conditions, the organism is able to resume normal protein synthesis and growth.13 
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      The second stress that we analyze is the response of E. coli to the presence of the antibiotic 

actinonin at low concentrations. Actinonin is a pseudo-peptide with antibiotic properties that 

was originally isolated from the bacteria Streptomyces and Actinomyces and works by targeting 

the peptide deformylase (PDF) enzyme in bacteria.14,15 PDF is an enzyme present in bacteria 

and is responsible for cleaving the N-formyl group off newly synthesized polypeptides.16 

Furthermore, this failure to remove the N-formyl group also prevents the removal of the 

initiator methionine that is sometimes removed from the mature protein as well. Actinonin can 

do this by tightly binding to PDF thus inhibiting its activity.15 PDF has been an attractive target 

for new antibiotics because of its widespread use in bacteria and the lack of a similar pathway 

in humans.17 Wild type E. coli have efflux pumps that work as a defense mechanism against 

actinonin and other antibiotics by pumping these harmful molecules out of the cell. Here we 

use a tolC knockout strain of E. coli that has the efflux pump disabled leaving the cells 

susceptible to actinonin.17 

3.3 Methods 

3.3.1Culture Preparation: Cold Shock Experiment 

      A single colony of E. coli strain ER2738, a derivative of strain K12, was selected and 

cultivated using standard microbiology techniques. Once the culture reached an optical density 

at 600 nm (OD600) of approximately 0.48 the culture was separated. One half of the culture was 

harvested. The other half was placed in an incubator at 10°C for 4 hours. At the end of the 4 

hour period, the OD600 of the culture was approximately 0.52. At this point, this half of the 

culture was also harvested. Pelleted cells were stored at -80°C until further processing. 
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3.3.2 Culture Preparation: Actinonin Experiment 

      A single colony of E. coli strain tolC CAG 12184, a tolC knockout that is missing an outer 

membrane protein, thereby disabling the efflux pump, was selected and cultivated in 2YT 

medium using standard microbiology techniques. Once the culture reached the early log phase 

with an OD600 of about 0.15 it was divided, and half of the culture was exposed to actinonin at a 

concentration of 1 µg/mL. The separate cultures were allowed to continue to grow and were 

harvested when the control culture had reached an OD600 of approximately 2.05 and the culture 

exposed to actinonin reached an OD600 of about 1.45. 

3.3.3 Intact Protein Profiling from Whole Bacteria Cells 

      Pelleted E. coli cells were thawed on ice and diluted with water to a protein concentration of 

approximately 200 μg/mL. This solution of cells was then diluted with saturated sinapinic acid 

solution at a ratio of 9:1. This solution was then spotted onto a steel target plate and analyzed 

using a Voyager DE-STR TOF mass spectrometer (Applied Biosystems). 

3.3.4 Cell Lysate Preparation 

      Pelleted E. coli cells were thawed on ice and lysed using methods that avoided ionic salts 

and anionic and cationic detergents. Protein extract concentrations were determined using the 

Pierce 660nm Protein Assay measured with a NanoDrop 2000 Spectrophotometer (Thermo 

Scientific). Cell lysate was stored at -80°C after protein concentration was determined. 
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3.3.5 Isoelectric Focusing (IEF) Separation 

      Precast 180 mm IPG strips (Readystrip, Bio-Rad or Immobiline Drystrip, GE Healthcare) with 

a pH range of 4-7 were loaded with 150 μg of protein from the cell lysate using passive in-gel 

rehydration as previously discussed. Gels were then focused for 65 – 80 kV -hrs on a Multiphor 

II Electrophoresis System equipped with an EPS 3501XL power system. After being focused, the 

mineral oil was wicked away and the gels were stored at -80⁰C before further processing. 

3.3.6 MALDI Matrix Application and MALDI-MS Data Acquisition 

      Frozen protein-focused gels were thawed and washed in 0.1% TFA/50% acetonitrile for 15 

minutes to remove isoelectric focusing reagents that would hinder mass spectrometry analysis. 

Washed gels were then submerged in days-old 1:3 acetonitrile:water, 0.15% TFA, 1.5% sorbitol 

solution with saturated sinapinic acid. The gels were allowed to soak overnight followed by 

room temperature drying. Dried gels were attached to a MALDI target plate using electrically 

conductive double-sided tape and placed in a vacuum desiccator for 30 minutes to remove 

additional moisture.  Gels were then removed from the desiccator and MALDI-MS data was 

acquired with a Bruker Autoflex MALDI TOF/TOF mass spectrometer and the raw data was 

visualized using Bruker FlexImaging software. 

3.3.7 IEF-MS Data Analysis 

      MS data was exported into the mzXML format for analysis using Bruker CompassXport. 

Using the in-house MATLAB program discussed previously, the IEF-MS data was analyzed. After 

the data was imported into the MATLAB environment, all spectra from each 1 mm gel segment 

(approx. 8-10) were summed. The resulting spectrum was then smoothed, baseline subtracted, 
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and normalized using MATLAB algorithms. Finally, the m/z range beyond 20,000 was magnified 

by x5 to improve visibility. 

3.3.8 In-Gel Digest 

      Focused 180 mm IPG strips containing experimental and control cells from the E. coli cold 

shock experiment were thawed and manually cut into approximately 6 mm segments. The 30 

gel segments were then placed into individual microcentrifuge tubes with the polyester 

backings still attached. The gel-embedded proteins were disulfide-reduced by DTT, alkylated by 

iodoacetamide, and digested with trypsin. 

      The resulting tryptic peptide extracts were desalted with an Acclaim Pepmap100 C18 nano-

trap column and separated with an Acclaim Pepmap RSLC analytical column (Dionex). The 

tryptic peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-

MS/MS) with an EASY nLC1000 (Thermo Scientific) coupled with a Q-Exactive hybrid 

quadrupole-Orbitrap mass spectrometer (Thermo Scientific).  

      Mass spectral data from each segment were searched individually in Proteome Discoverer 

v1.4 (Thermo Scientific) with MASCOT (Matrix Science) sequence database searching against an 

Escherichia coli strain K-12 substrain DH10B database. The following search parameters were 

used: 3 missed cleavages allowed, 20 ppm mass tolerance, and a minimum of 3 unique 

peptides. 
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3.4 Results and Discussion 

3.4.1 Intact Protein Profiling of E. coli 

      After growing the cells, it was important to quickly confirm that the stresses we induced had 

caused changes in our cultures of E. coli before subjecting the cells to the more time-consuming 

lysis and virtual 2D gel/MS procedures. To do this we analyzed intact E. coli cells from both the 

control and experimental groups by simply spotting a mixture of cells and MALDI matrix on a 

MALDI target plate. The application of the MALDI matrix caused lysis of the cells to release the 

proteins. Direct MALDI-MS of the lysed cells gave us the ability to get a quick qualitative 

examination of the proteins from the cells. 

      The results of this analysis for the cold shock experiment can be seen in Figure 3.1. From 

these results, we can clearly see differences in the mass spectra with the most pronounced 

changes being additional protein peaks observed in the experimental (cold shock) sample 

between 7 and 8 kDa. 

      Differences in the control and experimental group in the actinionin experiment were more 

subtle as seen in Figure 3.2. Upon close inspection of the control and experimental mass 

spectra, there appears to be a splitting of peaks in the experimental mass spectrum as if two 

forms of the same protein are present. This difference may have been the result of the 

actinonin affecting the post-translational modification of polypeptides by inhibiting PDF from 

cleaving the formyl group from the newly synthesized protein. This inhibition would lead to a 

mass difference of 28 Da corresponding to the formyl group or 159 Da corresponding to the 

formyl group and initiator methionine, which cannot be removed if PDF fails to remove the 
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formyl group. Overall, the results from both experiments (cold shock and actinonin) presented 

signs that the stress induced changes in the E. coli proteome and that the cells should be 

processed for further analysis using the virtual 2D gel/MS technique. 

3.4.2 Virtual 2D/gel MS of Cold Shock of E. coli 

      After lysing the control and experimental samples of E. coli cells from the cold shock 

experiment the lysate proteins were separated using 180 mm IPG strips with a pH range of 4 – 7 

and analyzed with MALDI-MS using the virtual 2D gel/MS technique. Upon analyzing the results, 

differences in the virtual gels can be seen immediately between the control gel in Figure 3.3.A 

and the cold shock gel in Figure 3.3.B.  

      An intense band of signal can be observed in the cold shock gel around 7 kDa between pI 5.5 

and pI 6.5, circled in Figure 3.4, which is not present in the control gel. These peaks seem to 

correspond to the CspA that has a calculated pI of 5.57 and a molecular weight of 

approximately 7.3 kDa (Figure 3.5). At a higher calculated pI of 5.64, CspG with a calculated 

molecular weight of 7.8 kDa can be seen in Figure 3.6. Finally, at a calculated pI of 6.53 and a 

calculated molecular weight of 7.7 kDa, CspB is detected in Figure 3.7. 

      These results were confirmed using a bottom-up MS approach where focused 180 mm IPG 

strips loaded with the same amount of control and experimental lysate were sectioned as 

shown in Table 3.1 and subjected to in-gel digestion where trypsin cleaves proteins into small 

peptides (i.e., trypsin proteolysis cleaves after Arg and Lys residues). Upon analysis of these 

peptides, a number of cold shock proteins were identified as shown in Table 3.2. Notably, CspA, 

CspB, and CspG were identified in several sections of the experimental gel, while only being 
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found in one, or in the case of CspB, none of the control gel sections. While these in-gel digest 

results do not necessarily provide quantitative results as to the exact concentrations of the 

protein, it can be assumed that protein found in multiple sections are more widespread on the 

gel and would explain the appearance of the 7 - 8 kDa signal seen in the virtual 2D gel/MS 

results. Another protein that appears in more sections of the cold shock gel than the control gel 

is H-NS (histone-like nucleoid structuring protein), however, upon comparison of the 

experimental and control virtual gels, a signal from this protein is not easily identified. 

Interestingly, the other cold shock proteins identified during the in-gel digest experiment were 

found in approximately the same number of sections of both the control and experimental gels.  

      The results from the virtual gel and in-gel digest analysis also correspond with results 

previously reported by Inouye and coworkers, who performed cold shock experiments on E. coli 

strain SB221 where the cells were shifted from 37°C to 15°C upon reaching an OD600 of 

approximately 0.4.18  Their conventional 2D-PAGE gels, with a pI range of 3-10, have the same 

broad signal around 7 kDa, corresponding to the cold shock proteins CspA, CspG, and CspB, 

spanning a large pI range (Figure 3.8). Overall, these results confirm that the virtual 2D/gel MS 

technique can detect differences in the E. coli proteome caused by the cold shock response. 

3.4.3 Virtual 2D/gel MS of E. coli Upon Addition of Actinonin 

      The virtual 2D/gel MS technique was also used to analyze the E. coli proteome that had 

been exposed to the PDF inhibitor actinonin. Upon analyzing the virtual gels, Figure 3.9, it 

became apparent that the differences were much more subtle than the results from the cold 

shock experiment, consistent with the results from the intact protein profile experiment (Figure 
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3.2). One general change appears to be a slight decrease in the number of peaks that are 

present in the experimental results. To aid in the search for differences in the proteome caused 

by the antibiotic, the gel images were superimposed, and differences were identified. To 

further narrow the interrogation of the results, only differences consistent with the effect of 

actinonin, e.g., small increase in mass and a decrease in pI, were considered.  

      One difference that conformed to these criteria was a signal observed with a pI slightly 

greater than 6.5 and a mass around 12 kDa in the control virtual gel. Upon inspection of the 

experimental (actinonin addition) virtual gel a similar signal was found to have a pI of less than 

6.5 and a slight increase of mass. Upon analysis of the raw mass spectra from the control gel, 

Figure 3.10.A, a protein peak was identified to have a mass of 12704.7 Da and a pI of 6.6. From 

the corresponding gel from the addition of actinonin to E. coli, a protein peak in the mass 

spectrum, Figure 3.10.B, was determined to have a mass of 12860.9 Da and a pI of 6.4. The 

difference in mass between these two peaks was calculated to be 156 Da, close to the 159 Da 

difference expected from the failure to remove the formyl group and the initiator methionine 

due to the inhibition of PDF. Another example of a change that may have been caused by the 

addition of actinonin is seen in the control virtual gel with a mass of approximately 7 kDa and a 

pI between 6.5 and 7.0. Upon inspection of the experimental virtual gel, this spot is no longer 

visible, instead a signal closer to 6.0 pI is now visible. Closer inspection of the raw mass spectra 

indicates that the control gel peak, Figure 3.11.A, has a mass of 7300.5 Da and a pI of 6.8. The 

experimental peak, Figure 3.11.B, has a mass of 7456.7 Da at a pI of 6.1. Once again, the 

difference in mass is approximately 156 Da with a pI that has decreased in the experimental 

data. It should be noted that with the use of MALDI in-source dissociation or other 
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fragmentation methods the peptide sequence and identities of these proteins can be 

determined, unfortunately, this information is not currently available.   

      Overall, the difficulty of identifying the subtle differences in the actinonin virtual gels, 

especially in more congested areas of the gel, demonstrates the need to develop a search 

platform for virtual gel data to aid in analysis. Also, searching for small mass differences like the 

28 Da shift caused by the failure to cleave the formyl group from the protein demonstrates the 

need to develop a simple and robust calibration method to improve mass accuracy of virtual gel 

results. 

3.5 Conclusions 

      The experiments described here demonstrate the ability of the virtual 2D/gel MS technique 

to distinguish differences in proteomes caused by different stresses. In particular, the cold 

shock experiment displays the ease of identifying dramatic changes in protein expression 

caused by exposure of E. coli to reduced temperatures. These differences were verified by 

performing in-gel trypsin digestion on identical IPG strips to verify the identities of cold shock 

proteins CspA, CspB, and CspG. Furthermore, the results were confirmed by comparing them to 

past results obtained using traditional 2D-PAGE. The antibiotic experiment, on the other hand, 

highlighted ways to further develop and improve the virtual 2D/gel MS technique, including 

improving calibration and building a robust search platform to aid in processing data from 

future experiments. Both experimental and computational refinements are necessary to 

develop the platform to be competitive to conventional Bottom-Up proteomics strategies. 
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However, the virtual 2D/gel MS platform has the potential to profile changes in the proteome 

more rapidly and accurately than current methods. 
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Figure 3.1: Intact protein profiles of E. coli grown in optimal (top) and cold shock (bottom) 

conditions. Differences can be observed between 7 and 8 kDa. 
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m/z 

m/z 

47



Control 

m/z 

Experimental 

Figure 3.2: Intact protein profiles of E. coli grown in optimal conditions (top) and in the 

presence of actinonin (bottom). Subtle differences can be observed in the left spectrum with 

the additional peaks being observed, especially between 7 and 8 kDa. 
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A. 

B. 

Figure 3.3: Heatmap produced from virtual 2D gel/ MS analysis of cell lysate obtained from E. 

coli grown in optimal conditions (A)  and cold shock conditions (B). A major difference can be 

seen between 7 and 8 kDa from pI 5.5 - 6.5. Signal above 20 kDa has been amplified by a 

factor of 5. 
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7272.53 Da pI 5.7 

Figure 3.4: Heatmap produced from virtual 2D gel/ MS analysis of cell lysate obtained from E. 

coli grown in cold shock conditions with major difference attributed to CspA, CspB, and CspG 

circled. Signal above 20 kDa has been amplified by a factor of 5. 

Figure 3.5: Mass spectrum of what appears to be CspA obtained from the circled region in the 

cold shock  experimental gel heatmap (Figure 3.4) at a pI of 5.7. 

m/z 
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7781.26 Da 
 pI 5.9 

7593.00 Da  pI 6.5 

Figure 3.6: Mass spectrum of what appears to be CspG obtained from the circled region in the 

cold shock  experimental gel heatmap (Figure 3.4) at a pI of 5.9. 

Figure 3.7: Mass spectrum of what appears to be CspB obtained from the circled region in the 

cold shock  experimental gel heatmap (Figure 3.4) at a pI of 6.5. 
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Experimental Gel Control Gel 

Section # Length of Section (mm) pI Range Section # Length of Section (mm) pI Range 

1 7 4.00 - 4.12 1 5 4.00 - 4.08 

2 5 4.12 - 4.20 2 6 4.08 - 4.18 

3 5 4.20 - 4.29 3 6 4.18 - 4.28 

4 6 4.29 - 4.39 4 6 4.28 - 4.38 

5 6 4.39 - 4.49 5 6.5 4.38 - 4.89 

6 6 4.49 - 4.59 6 6 4.89 - 4.59 

7 5.5 4.59 - 4.68 7 7 4.59 - 4.70 

8 6 4.68 - 4.78 8 6 4.70 - 4.80 

9 6 4.78 - 4.88 9 6 4.80 - 4.90 

10 6.5 4.88 - 4.99 10 6 4.90 - 5.00 

11 5.5 4.99 - 5.08 11 7 5.00 - 5.12 

12 5 5.08 - 5.17 12 6 5.12 - 5.22 

13 6 5.17 - 5.27 13 6 5.22 - 5.32 

14 6 5.27 - 5.37 14 6.5 5.32 - 5.43 

15 6.5 5.37 - 5.48 15 5.5 5.43 - 5.52 

16 6 5.48 - 5.58 16 6 5.52 - 5.62 

17 6 5.58 - 5.68 17 5.5 5.62 - 5.71 

18 6 5.68 - 5.78 18 6 5.71 - 5.81 

19 6 5.78 - 5.88 19 6 5.81 - 5.91 

20 6 5.88 - 5.98 20 6 5.91 - 6.01 

21 6 5.98 - 6.08 21 5 6.01 - 6.09 

22 6 6.08 - 6.18 22 6 6.09 - 6.19 

23 6 6.18 - 6.29 23 6 6.19 - 6.29 

24 6 6.29 - 6.39 24 6 6.29 - 6.39 

25 6 6.39 - 6.49 25 6 6.39 - 6.49 

26 6.5 6.49 - 6.60 26 6 6.49 - 6.59 

27 6 6.60 - 6.70 27 5 6.59 - 6.67 

28 6 6.70 - 6.80 28 8 6.67 - 6.80 

29 6 6.80 - 6.90 29 6 6.80 - 6.90 

30 6 6.90 - 7.00 30 6 6.90 - 7.00 

Table 3.1: List of the gel sections obtained during the in-gel digest procedure and their 

approximate pI ranges for both the control and cold shock experimental IPG strips.  
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Protein 
Calculated 
MW (kDa) 

Calculated 
pI 

Experimental Sections Control Sections 

Greater than 10x induction 

Cold shock protein CspA 7.3 5.57 1, 2, 3, 12, 13, 17, 19, 20, 22, 28 19 

Cold shock like protein CspB 7.7 6.53 1, 2, 3, 25, 27, 28 Not Found 

Cold shock like protein CspG 7.8 5.64 2, 20, 21 20 

ATP-dependent RNA helicase 
DeaD* 

70.4 8.76 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 21, 22, 24, 

25, 28, 29, 30 

1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 

14, 15, 16, 17, 18, 
19, 20, 21, 22, 23, 
24, 25, 26, 27, 29, 

30 

30S ribosome-binding factor 
rbfA 

15 5.94 1, 2, 3, 9, 20, 25 2, 3, 19, 25 

Transcription termination/
antitermination protein NusA* 

54.9 4.53 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 

14, 15, 16, 17, 18, 19 

1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 

14 

Less than 10x induction 

Protein RecA 37.8 5.09 Not Found Not Found 

DNA gyrase subunit A gyrA* 96.8 5.08 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 21, 22, 24, 

25, 28, 29 

1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 

14, 15, 16, 17, 18, 
19, 20, 21, 22, 23, 

24, 25, 26, 27 

Translation initiation factor IF-2 
infB* 

97.3 5.8 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 

24, 25, 28, 29 

1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 

14, 15, 16, 17, 18, 
19, 20, 21, 22, 23, 
24, 25, 26, 27, 29 

DNA -binding protein H-NS 15.4 5.44 
1, 2, 3, 10, 11, 13, 14, 15, 16, 17, 18, 

19, 21, 22, 29 
1, 2, 3, 27, 29, 30 

Table 3.2: Sections of IPG strip that cold shock response related protein were found by 

searching in-gel digestion results for both experiment and control samples against a E. coli 

strain K-12 substrain DH10B database. Protein are separated based on level of induction 

during cold shock as reported by Inouye and coworkers. pI range of the sections can be found 

by referencing the previous table. Protein that did not fall within the mass range of the virtual 

2D/gel MS analysis have been denoted with an asterisks. 
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Figure 3.8: Protein expression pattens of E. coli SB221 grown in standard conditions at 37°C (a) 

and exposed to cold shock conditions at 15°C after reaching an OD600 of 0.4 (b). Protein were 

pulse labeled with 100 µCi of [trans-35S]methionine before being separated by 2D-PAGE with 

pI range of 3—10 from left to right. The position of CspA, CspG, and CspB are denoted on the 

gel as A, G, and B, respectively. (Etchegaray et. al. (1999) Reproduced with permission from 

the American Society for Microbiology.) 
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Figure 3.9: Heatmap produced from virtual 2D gel/ MS analysis of cell lysate obtained from E. 

coli grown in optimal conditions (A) and in the presence of the antibiotic actinonin (B). Some 

subtle difference can be noted, in particular there appears to be less  spots in the 

experimental gel. 
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6425.78 Da 

12860.89 Da 

12704.65 Da 

6345.53 Da 

pI 6.6 

pI 6.4 

Figure 3.10: Mass spectra from virtual 2D gel/MS analysis of cell lysate from actinonin 

experiment. Protein at pI 6.6 with a mass of 12704.65 Da from the control cells can be seen in 

(A). A signal from the experimental gel at pI 6.4 and a mass difference of +156 Da can be seen 

in (B). This signal is suspected to be the same protein with the formyl group and initiator 

methionine still attached due to inhibition of PDF. 

A. 

B. 
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7300.53 Da 

7456.67 Da 

pI 6.8 

pI 6.1 
B. 

A. 

Figure 3.11: Mass spectra from virtual 2D gel/MS analysis of cell lysate from actinonin experi-

ment. Protein at pI 6.8 with a mass of 7300.53 Da from the control cells can be seen in (A). A 

signal from the experimental gel at pI 6.1 and a mass difference of +156 Da can be seen in (B). 

This signal is suspected to be the same protein with the formyl group and initiator methionine 

still attached due to inhibition of PDF. 
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CHAPTER 4 

Application of Collision Induced Unfolding to Probe the Structures and Stabilities of Protein-
Ligand Complexes 

 

4.1 Abstract 

      Parkinson’s disease, dementia with Lewy bodies, multiple system atrophy, and other 

synucleinopathies are all neurodegenerative disorders thought to be caused by the aggregation 

and accumulation of α-synuclein (αSyn) in the brain. To help combat these debilitating 

conditions research has focused on finding the cause of this aggregation and ways to prevent it 

from occurring. Previous studies have shown that the binding of CLR01 and other molecules to 

αSyn reduce its propensity for aggregation, while the binding of divalent metals promotes 

further aggregation of αSyn. Here, using collision induced unfolding, we probe the effects that 

the binding of CLR01, manganese, cobalt, and copper have on the gas phase structural stability 

of αSyn. Based on our results CLR01, Mn(II), and Cu(II) all stabilize the gas phase structure of 

the protein, while Co(II) has a destabilizing effect. These results combined with results from 

other biophysical techniques can help unlock the secrets of αSyn aggregation and provide 

information on how to treat and prevent these devastating disorders. 

61



4.2 Introduction 

     Proteins have dynamic structures and form interactions with other molecules to perform 

biological functions. Improper folding, however, can cause proteins to lose function, or worse, 

become detrimental to the host organism. Therefore, it is essential to study protein structure 

and understand how changes in protein structure and folding can impact human health. 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by tremors, slowed 

movement, impaired posture, and other neurological symptoms.1 PD is thought to be caused by 

the accumulation of α-synuclein (αSyn) protein in harmful structures called Lewy bodies 

deposited in the brain.2,3 In fact, six point mutations in the αSyn gene, SNCA, as well as gene 

duplication and triplication are associated with the genetic form of early onset PD.4-7 In addition 

to PD, accumulation of αSyn is characteristic of other neurological diseases termed 

synucleinopathies, including dementia with Lewy bodies and multiple system atrophy.8,9 

     αSyn is a small protein consisting of 140 amino acids, typically found in the brain at 

presynaptic terminals.10 While the purpose of αSyn is not well known, some studies report the 

protein promoting SNARE-complex assembly, mediating the release of dopamine, and binding 

to lipids.11-13 Studies have shown that αSyn is an intrinsically disordered protein (IDP).14 This is 

thought to be caused by the high number of acidic residues in its polypeptide sequence.15 This 

lack of structure, i.e., high degree of disorder, and its propensity to aggregate has made it 

difficult to obtain an atomic resolution structure of the intact protein until recently;16,17 much 

effort has been made to obtain the structure of the fibrils formed from segments of the 

protein.18,19 Also, structural analysis of membrane bound αSyn and aggregated αSyn has been 

performed using NMR, electron paramagnetic resonance (EPR), and X-ray crystallography.20-22 
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     The sequence of αSyn, Figure 4.1, can be broken down into three regions: a positively 

charged N-terminal region, a hydrophobic region in the center that has a propensity for 

aggregation, and a very acidic C-terminus. The central portion is of particular importance in the 

formation of Lewy bodies and is termed the non-amyloid component (NAC) region of the 

protein.23,24 The addition of certain ligands to the protein has been shown to decrease the 

toxicity of αSyn. These ligands include dopamine, epigallocatechin gallate (EGCG), curcumin, 

rifampicin, scylloinositol, and CLR01.25-29 These small molecule ligands are thought to alter the 

structure of αSyn, driving them away from their toxic form. A focus of this study, CLR01, is a 

lysine molecular tweezer, Figure 4.2.30 While CLR01 can bind to multiple sites on αSyn, mass 

spectrometry (MS) studies have shown that it primarily binds to the N-terminus region.31 It is 

thought that CLR01 binding to αSyn increases the protein's reconfiguration rate preventing it 

from forming a dimer and high order aggregates. The effectiveness of CLR01 in mediating αSyn 

toxicity has been demonstrated in both cell cultures and zebrafish embryos.29 

      Oppositely, the binding of divalent and trivalent heavy metals like aluminum, copper, cobalt, 

manganese, cadmium, and iron have been shown to promote the aggregation of αSyn.32-34 This 

is thought to be caused by the metals promoting αSyn to take a more compact form that is 

prone to aggregation. Copper has been shown to bind to the N-terminus and His-50 with 

micromolar affinity.35 Recently our group published a top-down mass spectrometry study on 

αSyn showing the primary and secondary binding sites of both cobalt (II) and manganese (II) to 

be 119DPDNEAYE126 and 132GYQDY136, respectively.36 Both metals bind in solution with relatively 

low millimolar affinity to αSyn.  
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      In this study, we use a gas-phase method, Collision Induced Unfolding (CIU), to probe 

changes in protein stability of αSyn upon binding to CLR01 and various divalent metals. CIU has 

previously been shown effective for probing the stability of proteins, protein complexes, and 

protein-ligand interactions.37-39 CIU is a technique that combines mass spectrometry with ion 

mobility (IM), two orthogonal gas-phase techniques in what can be thought of as a gas phase 

differential scanning calorimetry experiment.40 By using fine-tuned solvent and MS source 

conditions it has been shown that proteins and protein-ligand complexes can be transmitted 

into the mass spectrometer such that their native solution-phase structure are largely 

maintained.41,42 Once inside the mass spectrometer, the protein molecules of interest can be 

isolated using a quadrupole and selectively passed to a cell containing inert gas molecules, in 

this case, argon. Here, the protein molecules undergo collisional heating with the gas 

molecules. The heated proteins are then transmitted to the IM cell where it is separated based 

on its orientationally averaged size and charge. At this point, the mass spectrometer acting as 

the detector confirms that the sample remains intact and that no collision-induced dissociation 

(CID) products have been produced, while also determining how long it took the ions to 

transverse the IM cell. This ion mobility “time” is related to the size and structure of the analyte 

molecule; in the case of proteins, more compact or folded proteins travel faster through the IM 

cell than elongated or unfolded proteins. Running sequential experiments with increasing 

collision energy produces the CIU “fingerprint” of the sample. This fingerprint informs us as to 

how the protein unfolds as it is heated and the collision cross-section (CCS) of each of the 

intermediate structures is related to the size of the molecule.43-45  

64



      As an example, CIU fingerprints obtained for the +9, + 10, and +11 charge states of 29 kDa 

human carbonic anhydrase I (HCA-I), can be seen in Figure 4.3. The +11 charge state of HCA-I 

transitions through 4 major conformations, indicated by dark red on the heatmap, as it unfolds 

from its compact form, starting around a collision energy of 15 V, with a relatively small CCS 

value to its extended form, appearing at a collision energy of 27 V, with a larger CCS value. The 

+9 charge state of the protein, on the other hand, exhibits 2 major conformations and one 

minor conformation with an intermediate CCS value. Minor conformations are ones that do not 

reach the highest normalized intensity during the experiment. Thus, the +9 charged HCA-I 

molecule is more stable to collisional dissociation compared to the 11+ charged molecule. 

      Comparing CIU fingerprints of proteins with and without a bound ligand can uncover 

additional information, such as how ligand-binding affects a protein’s stability.39 A ligand is 

indicated to stabilize the protein if higher collision energy is required to transition the protein 

to its extended confirmations. This can be visually seen as a shift to the right when comparing 

CIU fingerprints. Conversely, if lower collision energy is required, it is interpreted that ligand 

binding destabilizes the protein. Visually this would be indicated by a shift to the left on the CIU 

fingerprint. We used CIU to probe the relative stability of proteins cytochrome c and αSyn upon 

binding to the CLR01 molecular tweezer. 

4.3 Method 

4.3.1 Sample Preparation 

      αSyn was acquired from rPeptide (Watkinsville, GA). The αSyn was resuspended in water 

and desalted using micro bio-spin chromatography columns (Biorad). The stock solution of 
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protein with a concentration of 70µM was stored at -80℃. Equine heart cytochrome c was 

acquired from Sigma Aldrich (C7752). The protein was resuspended to a concentration of 160 

µM in 200 mM ammonium acetate at pH 6.8 and stored at -80℃. CLR01 was obtained from the 

Bitan Lab at UCLA at a concentration of 145µM. Cobalt(II) acetate, copper(II) acetate 

monohydrate, and manganese(II) acetate were all acquired from Sigma (St. Louis, MO); each 

was resuspended to a concentration of 10mM in 20mM ammonium acetate at pH 6.8. 

4.3.1.1 CLR01 Binding Experiments 

      Shortly before the mass spectrometry experiments, αSyn was thawed on ice and diluted to a 

concentration of 10µM in 20mM ammonium acetate. The protein solution was then mixed with 

CLR01 to a final protein:CLR01 ratio of 1:1. Similarly, cytochrome c was also thawed and diluted 

to a final concentration of 10µM in 200mM ammonium acetate and then mixed with CLR01 in a 

1:1 ratio. 

4.3.1.2 Metal Binding Experiments 

      αSyn was thawed and diluted to a concentration of 20µM in 20mM ammonium acetate. The 

protein was then mixed in a 1:10 ratio with Mn(II) acetate, 1:8 ratio with Co(II) acetate, and 1:5 

ratio with Cu(II) acetate. 

4.3.2 Mass Spectrometry Data Acquisition 

      Data was collected using a Synapt G2-Si Q-TOF mass spectrometry/ion mobility system 

(Waters Corp, Manchester, U.K.) equipped with a nanospray source. Samples were sprayed 

with metal-coated borosilicate capillaries (Au/Pd-coated, 1µm i.d.; Thermo Fisher Scientific) 
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with flow rates between 10-40 nL/min. The instrument capillary voltage was set between 750V 

and 1000V. The sampling cone and source offset were both set to 10V to minimize the 

perturbation of protein structure.46 Once inside the instrument, charged protein and protein 

complex molecules of interest were isolated in the quadrupole region of the mass spectrometer 

and subsequently excited in the trap region with the trap bias set to 37V. Trap collision energy 

(CE) was increased in increments of 2 volt-steps over a range of 4V – 42V or 4 – 22V, with 180 

scans averaged for each step. The helium cell flow rate was set to 200mL/min, while the IMS 

gas flow rate was set to 90 mL/min. The IM cell wave height was set to 40V with wave velocity 

set to 650 m/s.  

      After the data acquisition, CCS data was calibrated using a linear fit calibration procedure 

with denatured bovine erythrocytes ubiquitin, equine heart cytochrome c, and equine heart 

apo myoglobin acting as standards.47,48 Calibrated data was exported using TWIMExtract, a 

program developed by Ruotolo and coworkers that allows for automated extraction of ion 

mobility data from Waters’ proprietary .raw file format.49 CIU fingerprints were created using 

the CIUSuite 2.1 software package, also developed by Ruotolo and coworkers.50 Along with 

producing CIU fingerprints the software also performed feature detection and determined the 

midpoint between conformer transitions by fitting a sigmoid function to features that have 

been detected in what is referred to as CIU50.  
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4.4 Results and Discussion 

4.4.1 CIU of Cytochrome C-CLR01 Complexes 

      Initial CIU experiments were performed on 12 kDa equine heart cytochrome c to validate 

our results with data reported by other labs.44 Upon analysis of cytochrome c using native 

electrospray ionization-MS, Figure 4.4.A, the +7 and +6 charge states were identified as the 

most abundant, with the +7 charge state being the dominant form. Upon binding of CLR01 to 

cytochrome c, sizeable peaks representing cytochrome c bound to one molecule of CLR01 are 

observed in the mass spectrum, Figure 4.4.B, while the ratio of the +7 to +6 charge states 

remains unchanged. 

      CIU experiments were performed on both the +6 and +7 charge states of the protein. Upon 

isolation of each charge state, the CE was ramped from 4V to a final energy of 42V in 2V 

intervals. Through the experiment, two confirmations of the +6-cytochrome c are observed, 

Figure 4.5.A-C. The compact form has a CCS of 15.41 nm2. An extended form is also observed 

with a CCS of 17.11 nm2. The protein makes a transition from the compact form to extended 

form at a CE of 15.5V based on CIU50 fitting. The +7-charge state of the protein provides an 

even more interesting CIU fingerprint with 3 distinct forms, Figure 4.6.A-C. Initially, the protein 

starts in a compact form with a CCS averaging 17.26 nm2. This form of the protein can be seen 

becoming less compact as the CE is increased from 4V to about 12V. At this energy, the protein 

unfolds to a distinct form that has a CCS of 20.68 nm2. This form of the protein persists in a 

narrow range of energies, with the CIU50 transitioning to an even less compact structure at 

15.7V, at which point the protein has a CCS of 22.48 nm2. Results from both the +6 and +7 

68



charge state of the cytochrome c match well with results obtained previously by Ruotolo and 

coworkers.44 

      Identical CIU experiments were performed on equine heart cytochrome c bound to CLR01. 

The +6-charge state of the protein complex produced interesting results with the same compact 

form with a CCS of 15.87 nm2 being observed at low CE, Figure 4.5.D-F. Upon increasing the CE 

to 27.5V, the more expanded form of the complex with a CCS of 17.72 nm2 is observed, 

however, this population appears to decrease as the CE is increased further. Unlike the 

unbound cytochrome c, the more compact population of the protein never completely 

disappears. The increase in CIU50 from 14.7V to 27.5V to observe the expanded form of the 

protein is attributed to the binding of CLR01 stabilizing the protein. This stabilization is also 

seen as the more compact form of the protein is observed throughout the whole range of CE 

investigated.  

      The CIU fingerprint of the +7-charge state of cytochrome c was also significantly altered with 

the addition of one CLR01 molecule, Figure 4.6.D-F. At a low CE of 4V, the same compact form 

is observed with a CCS of about 16.72 nm2. The protein then expands to a form with a CCS of 

18.16 nm2 when a CE of about 19V is applied. At this point, the signal intensity decreases to the 

level of noise as the protein deteriorates, Figure 4.7. It appears that the CLR01 initially stabilizes 

the protein, however, the complex is not able to reach the expanded form that is observed 

when the protein is by itself. This may be because CLR01 binding disrupts an interaction that is 

present in the expanded form that would typically hold the protein together. Overall, the 

contradictory results from the +6 and +7 charge state of the protein is interesting as it appears 

69



CLR01 stabilizes the +6 charge state while having the opposite effect on the +7 charge state of 

the protein. 

4.4.2 CIU of α-Synuclein with CLR01 

      After initial results were obtained for cytochrome c bound to CLR01, the focus shifted to the 

IDP αSyn. Upon analysis with native electrospray ionization-MS in 20 mM ammonium acetate, 

Figure 4.8.A, a range of charge states from +16 to +7 are easily observed, with the +10 charge 

state being dominant. Next, CLR01 was added to αSyn in a 1:1 ratio. Native electrospray 

ionization-MS was performed on the complex and revealed a similar charge state distribution 

that was displayed previously by unbound αSyn with the addition of peaks corresponding to 

αSyn bound to one CLR01 for each charge state, Figure 4.8.B. CIU experiments were carried out 

on the +7, +10, +11, and +12 charge states of the complex. 

      Upon isolation of the +12 charge state for apo-αSyn with the lowest CE of 4V, two forms of 

the protein are seen, Figure 4.9.A-B. The more compact form of the protein had a CCS of 

approximately 28 nm2 and the expanded form has a CCS of 32.08 nm2. The expanded form of 

the protein is dominant throughout the experiment, with the compact form, which has a low 

relative abundance, completely disappearing at about 10V. The CIU experiment of the +12-

charge state of the αSyn-CLR01 complex reveals two forms of the protein, a compact form with 

a CCS of 28.53 nm2 and an expanded form with a CCS of 32.70 nm2, Figure 4.9.C-D. Initially, the 

compact form of the complex is dominant. As CE is increased a shift occurs at 5.7V to the 

expanded form being dominant. The addition of CLR01 to the +12-charge state of αSyn appears 
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to stabilize the protein with the compact form to the protein now being dominant until a CE of 

5.7V, whereas it was not dominant in the unbound protein CIU result.  

      CIU experiments on the +11 charge state of αSyn also reveal two distinct conformations, 

Figure 4.10.A-C. A short-lived compact state that has a CCS of 26.58 nm2 and an expanded state 

with a CCS value of 30.54 nm2. Initially, the compact state is dominant, however this shifts at a 

CE of 5.2V. The +11-charge state of the αSyn-CLR01 complex showed similar results having a 

compact state with a CCS of 26.29 nm2 being dominant initially and shifting to an expanded 

state with a CCS of 31.10 nm2 at 8.7V, Figure 4.10.D-F. The addition of CLR01 to the protein 

stabilized the compact conformation of the complex with a shift in CIU50 of 3.5V. 

      The +10 charge state of the apo-protein has three forms, Figure 4.11.A-C. The most compact 

form has a CCS value of 25.18 nm2. There is also a minor form that has a CCS of about 28 nm2. 

Finally, an extended form can be seen that has a CCS of 30.07 nm2. The protein initially starts in 

the compact form, as the CE is increased the intermediate conformation is briefly observed but 

never becomes dominant. The protein transitions from the compact to the expanded state at a 

CE of 7.5V. In comparison, the +10-charge state of the complex exhibited 2 dominant features 

with CCS values of 24.41 nm2 and 30.84 nm2 and a minor intermediate feature with a CCS of 

about 29 nm2, Figure 4.11.D-F. The protein complex shifts from the compact state to an 

expanded state at 13.5V. The addition of CLR01 to the protein once again stabilizes the protein 

with a shift in CIU50 of 6.0V.  

      The +7 charge state of the apo-protein exists in 4 different forms, Figure 4.12.A-C. The 

compact form with a CCS of 17.97 nm2 is dominant at low CE. The protein then expands to a 
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CCS of 19.05 nm2 at 12.7V. At a CE of 16.2V, the protein then transitions from this state to an 

expanded form that has a CCS of 22.47 nm2. During this last transition, the protein has a minor 

conformation with a CCS of about 21 nm2 that is briefly exhibited. Finally, the +7-charge state of 

the complex displayed 3 forms, Figure 4.12.D-F. A compact form that has a CCS of 18.15 nm2 

which expands to a form with a CCS of 19.59 nm2 at 16.1V. The complex then expands again at 

20.8V to an expanded form with a CCS of 22.83 nm2. All forms of the +7 charge state protein 

are stabilized by the addition CLR01, with the first transition having a shift in CIU50 of 3.4V and 

the second transition having a shift of 4.6V. Overall, all charge states of αSyn analyzed show 

noticeable stabilization upon binding of CLR01. The greatest shift in CIU50 is seen in the +10 

charge state where a shift of 6V is observed. 

4.4.3 CIU of αSyn Bound to Cobalt(II) or Manganese(II) 

      αSyn was bound to cobalt(II) or manganese(II), both of which bind to αSyn with millimolar 

affinity in solution. When analyzed with native electrospray ionization-MS the protein bound to 

Co(II), Figure 4.13.A, and Mn(II), Figure 4.14.A; both protein-metal complexes showed the same 

charge state distribution that was observed for apo-αSyn, Figure 4.8.A. Upon closer 

examination, the peak corresponding to the complex with one metal bound for both Co(II), 

Figure 4.13.B, and Mn(II), Figure 4.14.B, are about 50-75% the intensity of the unbound protein 

peak with a protein:metal ratio of 1:8 and 1:10 in solution, respectively. This is consistent for 

the millimolar binding affinity of these metals to αSyn. 

      Next, CIU experiments were performed on αSyn bound to either Co(II) or Mn(II) for charge 

states +7 through +14. Charge states +12, +13, and +14 yielded little information due to 
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exhibiting only one conformation and were left out of the further analysis. Both αSyn with 

Mn(II), Figure 4.15.D-F, and Co(II), Figure 4.15.G-H, revealed two confirmations upon analysis 

of the +11 charge state. A compact form with a CCS of 26.58 nm2 and an expanded form with a 

CCS of 30.54 nm2. The protein-bound to Mn(II) initially had the compact form as dominant. The 

complex then transitioned to the expanded form being dominant at a CE of 6.7V. αSyn bound 

to Co(II) on the other hand has the expanded form as dominant for the whole experiment, with 

only a minor portion of the complex existing in the compact form at low CE. These results 

indicate that binding Mn(II) to the protein stabilizes the protein, shifting the CIU50 by 1.5V. On 

the other hand, Co(II) binding to the protein has a slightly destabilizing effect.  

      Upon analysis of the +10 charge state of the complexes, two major forms and two minor 

forms are observed when Mn(II), Figure 4.16.D-F, or Co(II), Figure 4.16.G-I, bind to αSyn. A 

minor compact form with a CCS of about 24 nm2 is seen at low CE. A major compact form is 

seen with a CCS of 25.18 nm2. Another minor feature with a CCS of 28 nm2 is observed briefly 

between the major compact and major expanded form at a CE of 8-10V for the complex 

containing Mn(II) and 6-8V for the complex containing Co(II). Finally, a dominant expanded 

form with a CCS of 30.07 nm2 exists. The complex containing Mn(II) has a transition from the 

major compact to the major expanded feature at a CE of 8.5V, while the Co(II) complex makes 

the same transition at a CE of 6.5V. The binding of Mn(II) to the protein increases the CIU50 by 

1.0V indicating the metal stabilizes the protein slightly. The binding of Co(II), on the other hand, 

again slightly destabilizes the protein and decreases CIU50 by 1.0V.  

   Two forms of the +9 charge state complexes are observed. A compact form that is dominant 

at low CE has a CCS of 23.35 nm2 and an expanded form with a CCS of 30.07 nm2 is observed 
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when the αSyn is bound to Mn(II), Figure 4.17.D-F, or 30.50 nm2 when αSyn is bound to Co(II), 

Figure 4.17.G-I, is observed at higher CE. The complex containing Mn(II) transitions from the 

compact to an expanded form at a CE of 21.0V, while the Co(II) complex makes the same 

transition at 17.0V. As seen with the +10 charge state of the complex, the +9 charge state is 

also stabilized with the addition of Mn(II) with a 2.0V increase in CIU50, while the Co(II) 

complex destabilizes the protein with a 2.0V decrease in CIU50. 

      The +8 charge state of the complexes revealed 4 forms of the Mn(II) complex, Figure 4.18.D-

F, and 3 forms of the Co(II) complex, Figure 4.18.G-I, similar to the 3 forms observed with apo-

αSyn. The Co(II) complex has 2 major forms with CCS values of 19.73 nm2 and 22.81 nm2 and 

one minor form with a CCS of approximately 21 nm2. The Mn(II) complex contains these forms 

with the addition of a compact form existing at low CE with a CCS of 18.90 nm2. In the Co(II) 

complex the protein transitions from its major compact to a major extended form at 8.5V. The 

same transition for the Mn(II) complex is observed at a higher CE of 10.5V. Compared to the 

apo-protein the CIU50 of this transition has increased by 1.0V for the Mn(II) complex and 

decreased by 1.0V for the Co(II) complex. The Mn(II) complex also stabilizes the protein enough 

that an additional compact conformation is now distinguishable. 

      Finally, the +7 charge state of both complexes has two major forms. The complex with 

Mn(II) has CCS values of 17.97 nm2 and 22.29 nm2, Figure 4.19.D-F. The complex with Co(II) has 

CCS values of 18.15 nm2 and 22.65 nm2, Figure 4.19.G-I. They both also have a minor form 

between the other forms with a CCS of about 21 nm2. The complex with Mn(II) transitions from 

the major compact to major unfolded form at a CE of 17.2V, which is a 1.0V increase of CIU50 

compared to unbound αSyn, indicating that once again Mn(II) has a stabilizing effect. The Co(II) 
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complex makes the same transition at 16.3V, representing a 0.1V increase in CIU50 compared 

to the unbound protein. 

      In all charge states analyzed, the addition of Mn(II) appears to have a stabilizing effect on 

the protein. In each, the protein bound to Mn(II) required more CE to unfold from its compact 

to expanded form. The stabilizing shift averages to 1.34V for all of the charge states analyzed, 

with the greatest shift of 2V for the +9 charge state. Co(II), on the other hand, appears to have a 

destabilizing effect on the protein, with all charge states unfolding at lower CE than the apo-

protein, except for the +7 charge state. The average shift for all of the charge states measured 

is about 1V, with the greatest shift of 2V also being observed for the +9 charge state of the 

Co(II) complex. In general, all charge states of the Mn(II) and Co(II) complexes display the same 

forms that are seen in the apo-protein. The one exception is the +8 charge state of the protein 

complexed with Mn(II); here a compact form of the complex exists at low CE and disappears at 

6.4V. 

4.4.4 CIU of αSyn Bound to copper(II)  

      Along with Mn(II) and Co(II), αSyn was also analyzed while bound to Cu(II), which is thought 

to promote the aggregation of the protein. The protein binds with a micromolar affinity to 

Cu(II) and can bind to more than one metal ion. Upon analysis of the complex with native 

electrospray ionization-MS, a charge state distribution similar to that seen previously with the 

+10 charge state being dominant, Figure 4.20.A. Upon closer examination the unbound protein 

can no longer be observed, instead, peaks corresponding to the protein bound to one, two, 
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three, and four copper ions are seen, Figure 4.20.B. The protein bound to two copper ions has 

the greatest relative abundance. 

      The protein bound to one or three copper ions were analyzed using CIU. The +11 through +7 

charge states were analyzed with only the +11, +10, +9, and +7 charge states yielding useful 

information. The +11 charge state shows the same forms of the protein that were measured for 

the apo-αSyn form, a compact form with a CCS value of 26.58 nm2 (1 copper ion), 26.86nm2 (3 

copper ions), and an expanded form with a CCS of 30.54 nm2, Figure 4.21. The protein with one 

copper bound shifts from the compact to an expanded form at a CE of 6.2V, while the complex 

with 3 copper bound makes the same shift at a CE of 8.2V.  

      The +9 charge state of the copper complexes shows the greatest differences when 

compared to the unbound protein, which has a major compact and major expanded form. In 

the bound form, the compact form with a CCS value of 23.35 nm2 is seen in the complex with 

one copper ion and 23.59 nm2 in the complex with three copper ions. Also, there is a short-lived 

minor form that appears in the complexes with a CCS of around 21.97 nm2. This minor complex 

disappears at about 6V in the one copper complex and around 7V in the complex with three 

coppers.  

      Upon analysis of the +8 charged complexes, the same forms found in the previous analysis 

of the protein are observed. The unfolding of the major compact form to a major expanded 

form occurs at 11.0V and 12.8V for the complex with one and three coppers, respectively.  

      Finally, the +7 charge state of the complexes was analyzed. Once again, the same features 

were observed in the protein and complexes. There was a change in CE required to unfold the 
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protein, with 17.2V and 19.8V being required by the complex with one and three coppers, 

respectively. 

      Overall, all charge states show some amount of stabilization upon the addition of Cu(II). 

Upon closer examination, the addition of 3 metal ions provides more stabilization in all cases 

compared to one metal ion. The greatest amount of stabilization can be seen in the results 

from the +9 charge state where the extended form of the protein does not appear. 

4.5 Conclusions 

Based on the CIU results obtained during this study the binding of CLR01, Mn(II), 1x Cu(II), and 

3x Cu(II) all stabilize the structure of αSyn. On the other hand, the binding of Co(II) destabilizes 

the protein. These results indicate that simply stabilizing or destabilizing protein structure in 

the gas phase does not adequately explain why the binding of CLR01 hinders the aggregation of 

αSyn, while the binding of divalent metals promotes aggregation. Furthermore, the CCS values 

of the conformations detected in the CIU fingerprints are the same, indicating that the binding 

of a ligand is not causing the protein to form a unique conformation that would explain 

differences in aggregation. One unexpected result is Co(II) having the opposite effect on the 

protein compared to the other divalent metals. This is especially puzzling as both Mn(II) and 

Co(II) bind to the protein in similar locations. Further investigation into the structures of αSyn is 

needed to determine the cause of its aggregation and ways to prevent it. 

      The application of collision induced unfolding provides information on the structure and 

stability of macromolecules that is complementary to data obtained from other biophysical 

tools. CIU probes the relative thermodynamic stability of a gas phase molecule. One of the best 
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applications of CIU is to probe the relative stability of protein-ligand interactions, as we 

examined here. In many cases, the binding of a small molecule, e.g., drug, to a protein or other 

large macromolecule imparts stability to prevent unfolding. CIU gives clues on how ligands 

interact with proteins, and the pharmaceutical industry and biotechnology labs are applying CIU 

to drug discovery efforts.  
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Figure 4.2: Structure of the molecule tweezer CLR01. 

Figure 4.3: CIU fingerprints of human carbonic anhydrase I from left to right +11, +10, +9. 

 

         

MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH  

         

GVATVAEKTK EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL  

 

GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA 

Figure 4.1: Sequence of human αSyn. Positively charged N-terminal region is highlighted in 

green, non-amyloid component (NAC) region that is responsible for aggregation is highlighted 

in red, and acidic C-terminus is highlighted in yellow. 
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Figure 4.4: Native electrospray ionization mass spectrum of 10 µM equine heart cytochrome c 

in 200 mM ammonium acetate (A) and 10 µM equine heart cytrochrome c in a 1:1 ratio with 

CLR01 in 200 mM ammonium acetate (B). Peaks corresponding to protein bound to CLR01 are 

marked with a red diamond. 
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Cytochrome C Cytochrome C with CLR01 

Figure 4.5: CIU fingerprints of +6 charge state of equine heart cytochrome c (A) and equine 

heart cytochrome c bound to CLR01 (D) with collision voltage ranging from 4V to 42V. Feature 

detected in fingerprints  for unbound (B) and bound (E) protein. CIU50 fit analysis shows 

midpoint of transitions for unbound (C) and bound (F) protein. CLR01 appears to have 

stabilized the protein with the compact conformation being present for all CE. 
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Cytochrome C Cytochrome C with CLR01 

Figure 4.6: CIU fingerprints of +7 charge state equine heart cytochrome c (A) and equine heart 

cytochrome c bound to CLR01 (D) with collision voltage ranging from 4V to 42V. Feature 

detected in fingerprints for unbound (B) and bound (E) protein. CIU50 fit analysis shows 

midpoint of transitions for unbound (C) and bound (F) protein. CLR01 appears to destabilize 

the expanded conformation of the protein as signal rapidly deteriorates at approximately 20V. 
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Figure 4.7: Comparison of total signal intensity during CIU experiments of +6 and +7 charge 

states equine heart cytochrome c unbound (A,B) and bound to CLR01 (C,D). The +7 charge 

state of the protein bound to CLR01 appears to disintegrate as CE reaches 20V, indicating the 

ligand may destabilize the protein. 
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20 µM α-synuclein 

20 µM α-synuclein with CLR01 

= Protein bound to CLR01 

Figure 4.8: Native electrospray ionization mass spectrum of 10 µM αSyn in 20 mM ammonium 

acetate (A) and 10 µM αSyn in a 1:1 with CLR01 in 20 mM ammonium acetate (B). Peaks 

corresponding to protein bound to CLR01 are marked with a red diamond. 
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Alpha synuclein Alpha synuclein with CLR01 

Figure 4.9: CIU fingerprints of +12 charge state αSyn (A) and αSyn bound to CLR01 (C) with 

collision voltage ranging from 4V to 22V. Feature detected in fingerprints for unbound (B) and 

bound (D) protein. CIU50 fit analysis shows midpoint of transitions for bound protein (E). 

CIU50 fit analysis not available for unbound protein because compact form is never dominant 

feature in unbound protein CIU fingerprint. The binding of CLR01 to the protein appears to 

have a stabilizing effect. 
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Figure 4.10: CIU fingerprints of +11 charge state αSyn (A) and αSyn bound to CLR01 (D) with 

collision voltage ranging from 4V to 22V. Feature detected in fingerprints for unbound (B) and 

bound (E) protein. CIU50 fit analysis shows midpoint of transitions for unbound (C) and bound 

(F) protein. The binding of CLR01 to the protein appears to have a stabilizing effect with a shift

in CIU50 of 3.5V.
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Figure 4.11: CIU fingerprints of +10 charge state αSyn (A) and αSyn bound to CLR01 (D) with 

collision voltage ranging from 4V to 22V. Feature detected in fingerprints for unbound (B) and 

bound (E) protein. CIU50 fit analysis shows midpoint of transitions for unbound (C) and bound 

(F) protein. The binding of CLR01 to the protein appears to have a stabilizing effect, shifting 

CIU50 higher by 6.0V. 
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Alpha synuclein Alpha synuclein with CLR01 

Figure 4.12: CIU fingerprints of +7 charge state αSyn (A) and αSyn bound to CLR01 (D) with col-

lision voltage ranging from 4V to 22V. Feature detected in fingerprints for unbound (B) and 

bound (E) protein. CIU50 fit analysis shows midpoint of transitions for unbound (C) and bound 

(F) protein. The binding of CLR01 to the protein appears to have a stabilizing effect with the

fist transition CIU50 increasing by 3.4V and the second transition increasing by 4.6V.
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Figure 4.13: Native electrospray ionization mass spectrum of 20 µM αSyn in a 1:8 ratio with  

Co(II) acetate in 20 mM ammonium acetate (A). +10 charge state of αSyn with Co(II) (B). Peak 

corresponding to protein bound to Co(II) is marked with a red diamond. 
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Figure 4.14: Native electrospray ionization mass spectrum of 20 µM αSyn in a 1:10 ratio with  

Mn(II) acetate in 20 mM ammonium acetate (A). +10 charge state of αSyn with Mn(II) (B). Peak 

corresponding to protein bound to Mn(II) is marked with a red diamond. 
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Alpha synuclein Alpha synuclein with Mn(II) Alpha synuclein with Co(II) 

Figure 4.15: CIU fingerprints of +11 charge state αSyn (A), αSyn bound to Mn(II) (D), and αSyn 

bound to Co(II) (G) with collision voltage ranging from 4V to 22V. Feature detected in 

fingerprints for unbound protein (B), protein with Mn(II) (E), and protein with Co(II) (H). CIU50 

fit analysis shows midpoint of transitions for unbound protein (C) and protein bound to Mn(II) 

(F). CIU50 fit analysis not available for protein bound to Co(II) because the compact form is 

never the dominant feature CIU fingerprint. The binding of Mn(II) to the protein has a 

stabilizing effect, while Co(II) has the opposite effect. 
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Alpha synuclein Alpha synuclein with Mn(II) Alpha synuclein with Co(II) 

Figure 4.16: CIU fingerprints of +10 charge state αSyn (A), αSyn bound to Mn(II) (D), and αSyn 

bound to Co(II) (G) with collision voltage ranging from 4V to 22V. Feature detected in 

fingerprints for unbound protein (B), protein with Mn(II) (E), and protein with Co(II) (H). CIU50 

fit analysis shows midpoint of transitions for unbound protein (C), protein bound to Mn(II) (F), 

and protein bound to Co(II) (I). The binding of Mn(II) to the protein has a stabilizing effect, 

increasing CIU50 by 1.0V, while Co(II) has the opposite effect decreasing CIU50 by 1.0V. 
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Alpha synuclein Alpha synuclein with Mn(II) Alpha synuclein with Co(II) 

Figure 4.17: CIU fingerprints of +9 charge state αSyn (A), αSyn bound to Mn(II) (D), and αSyn 

bound to Co(II) (G). Feature detected in fingerprints for unbound protein (B), protein with Mn

(II) (E), and protein with Co(II) (H). CIU50 fit analysis shows midpoint of transitions for 

unbound protein (C), protein bound to Mn(II) (F), and protein bound to Co(II) (I). The binding 

of Mn(II) to the protein has a stabilizing effect, increasing CIU50 by 2.0V, while Co(II) has the 

opposite effect decreasing CIU50 by 2.0V. 
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Alpha synuclein Alpha synuclein with Mn(II) Alpha synuclein with Co(II) 

Figure 4.18: CIU fingerprints of +8 charge state αSyn (A), αSyn bound to Mn(II) (D), and αSyn 

bound to Co(II) (G) with collision voltage ranging from 4V to 22V. Feature detected in finger-

prints for unbound protein (B), protein with Mn(II) (E), and protein with Co(II) (H). CIU50 fit 

analysis shows midpoint of transitions for unbound protein (C), protein bound to Mn(II) (F), 

and protein bound to Co(II) (I). The binding of Mn(II) to the protein has a stabilizing effect, in-

creasing CIU50 by 1.0V while revealing an additional compact form of the protein that was not 

previously observed. The Co(II) has a destabilizing effect, decreasing CIU50 by 1.0V. 
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Alpha synuclein Alpha synuclein with Mn(II) Alpha synuclein with Co(II) 

Figure 4.19: CIU fingerprints of +7 charge state αSyn (A), αSyn bound to Mn(II) (D), and αSyn 

bound to Co(II) (G) with collision voltage ranging from 4V to 22V. Feature detected in finger-

prints for unbound protein (B), protein with Mn(II) (E), and protein with Co(II) (H). CIU50 fit 

analysis shows midpoint of transitions for unbound protein (C), protein bound to Mn(II) (F), 

and protein bound to Co(II) (I). The binding of Mn(II) to the protein has a stabilizing effect, in-

creasing CIU50 by 1.0V. Co(II) has a negligible effect on the protein slightly increasing CIU50 by 

0.1V. 
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Figure 4.20: Native electrospray ionization mass spectrum of 20 µM αSyn in a 1:5 ratio with  

Cu(II) acetate in 20 mM ammonium acetate (A). +10 charge state of αSyn with Cu(II) (B). All of 

the αsyn is bound to one or more Cu(II) with most of the protein being bound to either 2 or 3 

Cu(II) ions. 
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Alpha synuclein Alpha synuclein 1x Cu(II) Alpha synuclein 3x Cu(II) 

Figure 4.21: CIU fingerprints of +11 charge state αSyn (A), αSyn bound to 1x Cu(II) (D), and 

αSyn bound to 3x Cu(II) (G) with collision voltage ranging from 4V to 22V. Feature detected in 

fingerprints for unbound protein (B), protein with  1x Cu(II) (E), and protein with 3x Cu(II) (H). 

CIU50 fit analysis shows midpoint of transitions for unbound protein (C), protein bound to 1x 

Cu(II) (F), and protein bound to 3x Cu(II) (I). The binding of 1x Cu(II) to the protein has a 

stabilizing effect, increasing CIU50 by 1.0V. 3x Cu(II) has an even greater stabilizing effect on 

the protein increasing CIU50 by 3.0V. 
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Alpha synuclein Alpha synuclein 1x Cu(II) Alpha synuclein 3x Cu(II) 

Figure 4.22: CIU fingerprints of +9 charge state αSyn (A), αSyn bound to 1x Cu(II) (D), and αSyn 

bound to 3x Cu(II) (F). Feature detected in fingerprints for unbound protein (B), protein with  

1x Cu(II) (E), and protein with 3x Cu(II) (G). CIU50 fit analysis shows midpoint of transitions for 

unbound protein (C) and protein bound to 3x Cu(II) (H). CIU50 fit analysis not available for 

protein bound to 1x Cu(II) because the expanded form is never the dominant feature CIU 

fingerprint. The binding of 1x and 3x Cu(II) to the protein has a stabilizing effect with the 

expanded form not appearing in the range analyzed. 
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Figure 4.23: CIU fingerprints of +8 charge state αSyn (A), αSyn bound to 1x Cu(II) (D), and αSyn 

bound to 3x Cu(II) (G) with collision voltage ranging from 4V to 22V. Feature detected in 

fingerprints for unbound protein (B), protein with  1x Cu(II) (E), and protein with 3x Cu(II) (H). 

CIU50 fit analysis shows midpoint of transitions for unbound protein (C), protein bound to 1x 

Cu(II) (F), and protein bound to 3x Cu(II) (I). The binding of 1x Cu(II) to the protein has a 

stabilizing effect, increasing CIU50 by 1.5V. 3x Cu(II) has an even greater stabilizing effect on 

the protein increasing CIU50 by 3.3V. 
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Figure 4.24: CIU fingerprints of +7 charge state αSyn (A), αSyn bound to 1x Cu(II) (D), and αSyn 

bound to 3x Cu(II) (G) with collision voltage ranging from 4V to 22V. Feature detected in 

fingerprints for unbound protein (B), protein with  1x Cu(II) (E), and protein with 3x Cu(II) (H). 

CIU50 fit analysis shows midpoint of transitions for unbound protein (C), protein bound to 1x 

Cu(II) (F), and protein bound to 3x Cu(II) (I). The binding of 1x Cu(II) to the protein has a 

stabilizing effect, increasing CIU50 by 1.0V. 3x Cu(II) has an even greater stabilizing effect on 

the protein increasing CIU50 by 3.6V. 
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