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Colleagues, 

On behalf of the National High Magnetic Field Laboratory and Florida State 
University, we welcome you to the 12th North American FT MS Conference!  We 
hope that your stay in Key West is both personally and professionally 
rewarding.  Topics span a broad range of techniques and applications.  Posters 
will remain up throughout the meeting, to encourage discussions. 

The primary effort for organizing the conference has been provided by the 
conference coordinator, Karol Bickett.  She has done an excellent job with the 
many required logistical and personal arrangements.  Should you need any 
assistance or have any issues that need to be resolved while at the conference, 
please see Karol at the registration table so that we can insure that your 
experience at this conference is a most enjoyable one.   

Your registration fee covers only a portion of the expenses of the conference.  
The generous contributions of our sponsors have kept the meeting costs 
affordable for participants, and made it possible for us to assist with the 
expenses of the invited speakers and the graduate student poster presenters.  
Please take an opportunity to thank our participating sponsors at their display 
tables. 
 
Thank you for joining us, and we look forward to a splendid conference! 
 
  Sincerely, 

 
           

 
  Christopher Hendrickson 
  Director, Ion Cyclotron Resonance Program, NHMFL
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12th North American FT MS Conference                       General Information 

• Name tags must be worn at all times during the conference, including the 
oral sessions, the poster sessions, all mixers, all breaks and all meals. 

 
• Paid accompany guests are welcome to the opening mixer, the dinner 

Monday night and the banquet dinner Wednesday night.  Name tags must be 
worn at these events. 

 
• Oral and poster sessions will be held in the Flagler Ballroom; please see 

conference program agenda for location of meals and breaks. 
 
• This is a non-smoking facility.  Smoking is not permitted inside the 

buildings.   
 
• Photography is not permitted at the oral or poster sessions. 
 
• All cell phones must be turned off or set to vibrate during all oral sessions.  

Courtesy is expected. 
 
• A message board is located in the poster room. 
 
• Posters may be set up beginning on Sunday, April 28th between 5:00 p.m. 

and 10:30 p.m.  All posters should be in place by Monday, April 29th at 3:00 
p.m.  Posters must be removed no later than Wednesday, May 1st at 1:30 
p.m.  Please see the conference program for the appropriate poster number.  
Any posters remaining after 5:00 p.m. on Wednesday, May 1st will be 
discarded. 

 
• Speakers may review talks prior to sessions.  Please see Greg Blakney as 

early as possible but, no later than, one session break prior to your 
scheduled talk.  If you are the first talk in the morning, please see Greg the 
evening prior.  

 
• There is wireless available in the hotel.  No password is required.  

Additionally, there is hard wired internet in the lodging rooms. 
 
• Those leaving early from the conference, but after hotel check out, may store 

their luggage with hotel bell staff. 
 
• Downtown shuttle from the hotel begins at 8:00 a.m. and at the top of every 

hour until 11pm. There are two stops.  First stop is at 20 minutes past the 
hour at Fausto’s Food Palace at 522 Fleming Street (last pick up every 
evening at 11:20pm).  The second stop is at 25 minutes past the hour at the 
Butterfly Conservatory at 1316 Duval Street (last pick up every evening at 
11:25pm).   
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12th North American FT MS Conference                             Plenary Speaker 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Vicki Wysocki 

 
 
Vicki Wysocki received her PhD from Purdue University in 1987, under the 
direction of Professor Graham Cooks.  Following a National Research Council 
postdoctoral appointment at the US Naval Research Laboratory, she became an 
Assistant Professor at Virginia Commonwealth University. She joined the 
University of Arizona in 1996 and eventually served as Chair of the Department of 
Chemistry and Biochemistry. In 2012 she moved to The Ohio State University 
where she is Ohio Eminent Scholar and Director of the Campus Chemical 
Instrument Center. Awards include the 2009 Distinguished Contribution to Mass 
Spectrometry Award from the American Society for Mass Spectrometry, jointly 
with Professor Simon Gaskell and the 2017 ACS Field and Franklin Award for 
Outstanding Contributions to Mass Spectrometry. Her laboratory is part of the 
Waters Center of Innovation program and she is an associate editor for the ACS 
journal Analytical Chemistry.  She is currently Past President of the American 
Society for Mass Spectrometry. 
 
Professor Wysocki's research interests include bioanalytical mass spectrometry, 
peptide fragmentation mechanisms, proteomics and metabolomics, and 
instrument development for improved dissociation and characterization of non-
covalent protein and nucleoprotein complexes. She is director of the NIH-funded 
Resource for Native Mass Spectrometry Guided Structural Biology.  
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1122tthh  NNoorrtthh  AAmmeerriiccaann  FFTT  MMSS  CCoonnffeerreennccee  
KEY WEST MARRIOTT BEACHSIDE HOTEL 

Key West, Florida 
AApprriill  2288  ––  MMaayy  22,,  22001199  

 
CCoonnffeerreennccee  PPrrooggrraamm  

 
SSuunnddaayy  5:00 p.m.-10:00 p.m. Registration – Flagler Foyer 
AApprriill  2288                  
  
SSeessssiioonn  II.. Flagler Ballroom 
 
7:25 p.m. Welcome: Alan Marshall 
  National High Magnetic Field Laboratory/Florida State University 
 
7:30 p.m. Scott McLuckey 
 Purdue University 

“The Development of Electrostatic Linear Ion Traps as High Performance 
Tandem Mass Spectrometers” 

 
 
(There will be a mixer following in the Flagler Terrace/Foyer) 
     
  
MMoonnddaayy  8:00 a.m. - 8:55 a.m. Breakfast – Flagler Terrace/Ballroom   
AApprriill  2299  Registration Open – Flagler Foyer   
 
SSeessssiioonn  IIII.. Flagler Ballroom 
 
9:00 a.m. Lingjun Li 
 University of Wisconsin-Madison 

“High Resolution FTMS Enabled Mass Defect-Based Chemical Tags for 
Multiplex Quantitative Omics”  

 
9:30 a.m. Rene Boiteau  
 Oregon State University 

“Ironing Out Environmental Metal Cycles with High-Resolution Mass 
Spectrometry” 

 
10:00 a.m. Don Smith 

National High Magnetic Field Laboratory 
“21 Tesla FT-ICR MS for High Performance MALDI Mass Spectrometry 
Imaging” 

 
10:30 a.m. Break – Flagler Foyer/Terrace 
 
SSeessssiioonn  IIIIII..     Flagler Ballroom 
 
11:00 a.m. Evan Williams 
 University of California, Berkeley 

“Mass, Mobility, MSN and Multiplexing in Charge Detection Mass 
Spectrometry for High Throughput Single Ion Analysis of Large 
Molecules” 

6



11:30 a.m. Marianny Combariza 
 Industrial University of Santander 

“Applications of Electron Transfer Ionization in Material Science Using CNPV 
((2Z,2'Z)-2,2'-(1,4-Phenylene)BIS(3-(P-TOLYL)Acrylonitrile) A New UV MALDI-MS 
Matrix”  

 
12:00 p.m. Jon Amster 
 University of Georgia 
 “FTMS Approaches to Glycosaminoglycan Analysis” 
   
12:30-1:30 p.m. Lunch – Flagler Terrace/Ballroom   
  
SSeessssiioonn  IIVV..    Flagler Ballroom 
 
1:30 p.m. Vince Gerbasi 
 Northwestern University 
 “The Blood Proteoform Atlas” 

 
2:00 p.m. Amanda Hummon   
 The Ohio State University 
 “Imaging Mass Spectrometry of Endogenous and Exogenous Metabolites” 
   
2:30 p.m.  David Clarke  
 University of Edinburgh 

“Isotope Depletion Mass Spectrometry (ID-MS) for Enhanced Top-Down 
Protein Fragmentation” 

 
3:00 p.m. Break – Flagler Terrace 
 
3:30 p.m. Ron Heeren 
 Maastricht University 

“High Resolution Translational Imaging Mass Spectrometry: of Tissues 
and Structures” 

 
4:00 p.m. Carlos Afonso 
 Université de Rouen Normandie 

“Characterization of Analogues of Titan’s Haze by Fourier Transform Ion 
Cyclotron Mass Spectrometer and Ion Mobility Spectrometry” 

 
4:30 p.m. Ying Ge 
 University of Wisconsin-Madison 

“High Resolution Mass Spectrometry-Based Top-Down Proteomics: Ready 
for the Prime Time?” 

 
6:15-7:30 p.m. Dinner- Flagler Ballroom   
 
  
SSppoonnssoorr  PPrreesseennttaattiioonnss..    Flagler Ballroom 
 
7:30-7:40 p.m. Announcements 
 
7:40-8:00 p.m. Sponsor Presentations  
 
8:00-11:00 p.m. Poster Presentations 
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TTuueessddaayy 8:00 a.m. - 8:55 a.m. Breakfast – Flagler Terrace/Ballroom   
AApprriill  3300  Registration Open – Flagler Foyer   
 
SSeessssiioonn  VV..      Flagler Ballroom  
 
9:00 a.m. Albert Heck 
 Utrecht University 
 “FT-MS Applied to High-Mass Macromolecular Machineries”  
  
9:30 a.m. Lissa Anderson 
 National High Magnetic Field Laboratory 

“21 Tesla FT-ICR: The Hero Top-Down Proteomics Deserves, But Not the Only 
One It Needs Right Now”  
 

10:00 a.m. Eugene Nikolaev 
 Skoltech Institute of Science and Technology 

“FT-Mass Spectrometer Based on Multielectrode Harmonized Kingdon 
Traps with Different Ion Sources”  

 
10:30 a.m. Conference Photo on the beach 
 
Open afternoon to explore Key West 
 
  
WWeeddnneessddaayy   8:30 a.m.-9:25 a.m.  Breakfast – Flagler Terrace/Ballroom  
MMaayy  11  Registration Open – Flagler Foyer   
 
SSeessssiioonn  VVIIII..  Flagler Ballroom        
 
9:30 a.m. Roman Zubarev 
 Karolinska Institutet 

“Measurements of C, H, N and O Isotopic Ratios in Proteins by Orbitrap 
FT MS” 

   
10:00 a.m.  Kristina Håkansson 
 University of Michigan 

“Negative Ion Electron Capture Dissociation: Novel Applications and 
Revised Mechanisms”  
  

10:30 a.m. Jos Oomens 
Radboud University 
“Infrared Ion Spectroscopy as a New Tool in Metabolite Identification”  

 
11 a.m. Break – Flagler Foyer/Terrace 
 
11:30 a.m. student (selected from poster presentations)  
 
11:50 a.m. student (selected from poster presentations)   
 
12:10 p.m. student (selected from poster presentations)   
 
12:30-1:30 p.m. Lunch – Flagler Terrace/Ballroom 
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SSeessssiioonn  VVIIIIII..        Flagler Ballroom  
 
1:30 p.m. Carlito Lebrilla 
 University of California, Davis 

“Characterizing Glycan-Protein Interactions Through Highly Localized 
Oxidative Mapping”  

 
2:00 p.m. Ashley Wittrig 
 ExxonMobil Chemical Company 

“Compositional Coverage of an Atmospheric Residue by On-Line 21T FT-
ICR MS” 
 

2:30 p.m. Helen Cooper 
 University of Birmingham, UK 

“In Situ Mass Spectrometry Analysis of Intact Proteins and Protein Complexes 
from Biological Substrates”  

 
3:00 p.m. Break – Flagler Foyer/Terrace 
 
3:30 p.m. Mike Senko 
 ThermoFisher Scientific 
 “Charge Detection Mass Spectrometry with an Orbitrap Analyzer” 
 
4:00 p.m. Peter O’Connor 
 University of Warwick 
 “An Update on 2-Dimensional Mass Spectrometry” 
  
4:30 p.m. Ljiljana Pasa-Tolic 
 Pacific Northwest National Laboratory 
 “Towards Functional OMICS at Single Cell Resolution” 
 
SSeessssiioonn  IIXX..        Flagler Ballroom 
 
5:15 p.m. Pre-Dinner Mixer  
 
6:00 p.m.  Vicki Wysocki 
  The Ohio State University 

“Native FTMS: A Structural Biology Tool” 
 
7:00-11:00 p.m.  Conference Banquet and Final Mixer 

 Hammock Beach 
  
TThhuurrssddaayy Checkout and Depart by 11:00 a.m. 
MMaayy  22 
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12th North American FT MS Conference                                         Speakers 
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12th North American FT MS Conference                                            Plenary 

NATIVE FTMS: A STRUCTURAL BIOLOGY TOOL 
 

Vicki Wysocki 
 
Department of Chemistry and Biochemistry, NIH Resource for Mass Spectrometry Guided Structural Biology, 
The Ohio State University, Columbus, OH  
 
Characterization of the overall topology and inter-subunit contacts of protein complexes, and their 
assembly/disassembly and unfolding pathways, is critical because protein complexes regulate key 
biological processes, including processes important in understanding and controlling disease. 
Tools to address structural biology problems continue to improve.  Native mass spectrometry and 
associated technologies are becoming an increasingly important component of the structural 
biology toolbox.  When the mass spectrometry approach is used early or mid-course in a structural 
characterization project, it can provide answers quickly using small sample amounts and samples 
that are not fully purified.   Integration of sample preparation/purification with effective dissociation 
methods, ion mobility, and computational approaches provide a MS workflow that can be enabling 
in biochemical, synthetic biology, and systems biology approaches.  Beyond what MS can provide 
as a stand-alone tool, MS can also guide and/or be integrated with other structural biology 
approaches such as NMR, X-ray crystallography, and cryoEM.  MS can determine whether the 
complex of interest exists in a single or in multiple oligomeric states and can provide 
characterization of topology/intersubunit connectivity, and other structural features.  Examples will 
be presented to illustrate the roles of FTMS and surface-induced dissociation and will include 
designed protein complexes and isolated or recombinant protein and nucleoprotein complexes.   
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12th North American FT MS Conference                                      Speaker 01 

THE DEVELOPMENT OF ELECTROSTATIC LINEAR ION TRAPS AS HIGH PERFORMANCE 
TANDEM MASS SPECTROMETERS 

 
Joshua T. Johnson1, Ian Carrick1, Ryan Hilger1, Eric Dziekonski2, Scott A. McLuckey1 

 
1Purdue University, Department of Chemistry, West Lafayette, IN; 2Sciex, 71 Four Valley Drive, Concord, 
ON, Canada 
 
We have been developing approaches for high performance mass spectrometry and tandem mass 
spectrometry based on home-built electrostatic linear ion trap (ELIT) platforms.1,2,3  All aspects of a 
tandem mass spectrometry experiment, including ion isolation,4,5 ion activation,5,6 and mass 
analysis,7,8 have been, and continue to be, subjects of study.  The ELIT geometry is particularly 
amenable to tandem mass spectrometry due to its relatively straightforward ability to accept and 
release ions from and to external devices (e.g., a collision cell) and to the ability to simultaneously 
take advantage of ion frequencies for mass analysis (i.e., FT-MS) and the temporal separation of 
ions that occurs on the basis of time-of-flight (i.e., MR-TOF).9  In this presentation, we describe 
results obtained with a smaller ELIT (2.625” vs. 5.25”) that provides higher ion frequencies for the 
same overall path length.  For the same transient time, higher resolution is obtained with the 
smaller ELIT with a trade-off in m/z-range for capture of injected ions.  We also describe a mirror-
switching approach to ion isolation that enables efficient isolation of ions at resolutions in excess of 
10,000 FWHM.  The ELIT format facilitates moderate-to-high resolution ion isolation by virtue of the 
temporal/spatial separation that takes place as storage time increases.  The rapid increase in 
resolution with storage time associated with MR-TOF allows for high resolution precursor ion 
isolation within a few tens of milliseconds while the frequency measurement associated with FT-
MS allows for broad-band high resolution mass analysis. 
 
[1] E.T. Dziekonski, J.T. Johnson, R.T. Hilger, C. McIntyre, R.E. Santini, and S.A. McLuckey, Int. J. Mass 

Spectrom., 410C, 12-21 (2016). 
[2] E.T.  Dziekonski, R.E. Santini, and S.A. McLuckey, Int. J. Mass Spectrom., 405, 1-8 (2016).  
[3] J.T. Johnson, K.W. Lee, J.S. Bhanot, and S.A. McLuckey, J. Am. Soc. Mass Spectrom., 30 (2019). DOI 

10.1007/s13361-018-02126-x. 
[4] R.T. Hilger, R.E. Santini, and S.A. McLuckey, Int. J. Mass Spectrom., 362, 1-8 (2014). 
[5] R.T. Hilger, R.E. Santini, and S.A. McLuckey, Anal. Chem., 85, 5226-5232 (2013). 
[6] R.T. Hilger, R.E. Santini, and S.A. McLuckey, Anal. Chem., 86, 8822-8828 (2014). 
[7] R.T. Hilger, P.J. Wyss, R.E. Santini, and S.A. McLuckey, Anal. Chem., 85, 8075-8079 (2013). 
[8] E.T. Dziekonski, J.T. Johnson, and S.A. McLuckey, Anal. Chem., 89, 4392-4397 (2017). 
[9] E.T. Dziekonski, J.T. Johnson, K.W. Lee, and S.A. McLuckey, Anal. Chem., 89, 10965-10972  (2017). 
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12th North American FT MS Conference                                      Speaker 02 

HIGH RESOLUTION FTMS ENABLED MASS DEFECT-BASED CHEMICAL TAGS FOR 
MULTIPLEX QUANTITATIVE OMICS 

 
Lingjun Li, Dustin Frost, Xiaofang Zhong, Yu Feng, Miyang Li, Ling Hao, Zhengwei Chen  
 
School of Pharmacy and Department of Chemistry, University of Wisconsin-Madison, Madison, WI 
 
Recent advances in mass spectrometry (MS) have made MS-based omics a central technology for 
biomedical research.  Quantification of proteins, peptides and metabolites present in complex 
biological systems is often key to understanding dynamic changes of many essential physiological 
and pathological processes. Chemical labeling with multiplex isobaric tags offers an effective 
strategy for parallel comparative analyses of many samples during liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) analysis.  In this presentation, I will present our recent progress 
on the design and development of several novel chemical tags, including dimethylated leucine 
(DiLeu) isobaric tagging reagents, which offer cost-effective implementations that enable higher 
orders of multiplexing [1].  The utilities of these novel chemical tags are further demonstrated 
through their application in the study of targeted proteomic and glycoproteomic changes in 
Alzheimer’s disease [2]. Additionally, we report on a multiplexed quantification method for 
simultaneous proteomics and amine metabolomics analyses via nanoflow reversed phase LC-
MS/MS, exploiting mass defect-based DiLeu (mdDiLeu) labeling.  Paralleled proteomics and amine 
metabolomics analyses using mdDiLeu will be presented for application to pancreatic cancer cells 
[3]. Finally, novel mass defect-based multiplex chemical tags for MS1-level and MS2-level 
quantitation of N-linked glycans and high-throughput glycomics will be discussed.  Collectively, we 
present a versatile chemical tagging toolbox enabled by high solution FTMS platform for system-
wide omics studies. 
 
[1]  D. Frost, T. Greer, and L. Li, Analytical Chemistry, 87, 1646-1654 (2015). 
[2]  X. Zhong, Q. Yu, F. Ma, D.C. Frost, L. Lu, Z. Chen, H. Zetterberg, C. Carlsson, O. Okonkwo, and L. Li, 

Analytical Chemistry, 91, 2112-2119 (2019). 
[3]  L. Hao, J. Johnson, C. Lietz, D. Frost, A. Buchberger, W. J. Kao, and L. Li, Analytical Chemistry, 89, 

1138-1146 (2017).  
[4]  Y. Feng, B. Chen, Q. Yu, X. Zhong, D. C. Frost, C. Ikonomidou, and L. Li, Analytical Chemistry, 91,  

3141-3146 (2019). 
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12th North American FT MS Conference                                      Speaker 03 

IRONING OUT ENVIRONMENTAL METAL CYCLES WITH HIGH-RESOLUTION MASS 
SPECTROMETRY 

 
Rene M. Boiteau1,2, Jared B. Shaw2, Ljiljana Pasa-Tolic2, Daniel J. Repeta3, David W. 
Koppenaal2, Janet K Jansson2 
 
1College of Earth, Ocean, Atmospheric Sciences, Oregon State University, Corvallis, OR; 2Pacific Northwest 
National Laboratory, Richland, WA; 3Wood Hole Oceanographic Institution, Woods Hole, MA 

 
Micronutrient metals are essential for all living organisms, but bioavailable metals are often scarce 
in alkaline environments such as seawater and calcareous soils due to sparing solubilities. To 
acquire sufficient metal for growth, organisms often secrete chelators that solubilize micronutrient 
metals (such as Fe, Ni, Cu, and Zn) from mineral phases. Although the importance of these 
chelation strategies for individual organisms has been well established in laboratory studies, 
identifying metallophores from environmental samples remains a formidable analytical challenge 
due to the complexity of natural dissolved organic matter (DOM). 
 
To address this challenge, our work employs state-of-the art liquid chromatography mass 
spectrometry-based methods for confidently identifying metal-organic complexes from complicated 
DOM mixtures. Our approach takes advantage of ultra-high mass resolution and accuracy 
achieved by Fourier transform mass spectrometry (FTMS), especially 21 Tesla ion cyclotron 
resonance mass spectrometry, which offers unprecedented resolving power for detecting minor 
isotopes of molecules within complex mixtures (>800,000 at m/z 700). Combined with isotope 
pattern matching data processing algorithms and quality metrics, these methods enable us to 
rapidly and confidently survey the composition of metallophores directly from environmental 
samples. In the ocean, we found that the abundance and identity of siderophores secreted by 
bacteria differs across iron-replete and iron-deficient regions [1]. In iron-deficient regions, 
amphiphilic siderophores were particularly abundant, suggesting a microbial strategy designed to 
minimize diffusive loss of metabolically expensive compounds while facilitating iron acquisition. 
These marine bacterial siderophores contrast with the fungi and plant derived metallophores 
observed in calcareous soils where adsorption to mineral phases must be avoided [2]. The 
detection of novel metallophores is also common in these environments, underscoring the need to 
expand libraries of characterized compounds from environmentally relevant organisms with 
sequenced genomes [3]. Our findings demonstrate the specific metallophore based acquisition 
strategies that regulate metal bioavailability and give certain organisms a competitive advantage in 
metal limited environments. 
 
[1]  R.M. Boiteau, D.R. Mende, N.J. Hawco, et. al., Proc Natl Acad Sci, 113, 14237–14242 (2016).  
[2]  R.M. Boiteau, J.B. Shaw, L. Pasa-Tolic, et. al., Soil Biol Biochem, 120, 283–291 (2018). 
[3]  R.M. Boiteau, S.J. Fansler, Y. Farris, J.B. Shaw, D.W. Koppenaal, et. al., Metallomics, 11, 166-175 

(2019). 
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12th North American FT MS Conference                                      Speaker 04 

21 TESLA FT-ICR MS FOR HIGH PERFORMANCE MALDI MASS SPECTROMETRY IMAGING 
 
Donald F. Smith1, Andrew P. Bowman2, Shane R. Ellis2, Greg T. Blakney1, Ron M.A. Heeren2, 
Christopher L. Hendrickson1 
 
1National High Magnetic Field Laboratory, Florida State University, 1800 East Paul Dirac Drive, Tallahassee, 
FL; 2Maastricht MultiModal Molecular Imaging (M4I) Institute, Division of Imaging Mass Spectrometry, 
Maastricht, The Netherlands 
 
Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry provides the highest 
achievable mass resolving power and mass accuracy of any mass analyzer.  Mass resolving power 
improves linearly, while mass accuracy and dynamic range improve quadratically with increasing 
magnetic field strength. Here we report the first MALDI mass spectrometry imaging results by 21 T 
FT-ICR, the highest magnetic field available for FT-ICR. Mass resolving power > 1,600,000 (at m/z 
400) is achieved, with root-mean-square (RMS) ppm error below 50 parts-per-billion, and single 
scan dynamic range > 500:1. Results from model tissue sections will be presented, with a focus on 
system performance and new molecular insights gleaned from ultra-high performance mass 
spectrometry.  
 
The coupling of the MALDI source and the 21 T is straightforward and requires minimal tuning. A 1 
Hz scan rate (0.76 s time domain transient) yields a mass resolving power of 250,000 at m/z 800 
(500,000 at m/z 400). At 0.3 Hz (3.1 s time domain transient), a mass resolving power of 800,000 
at m/z 800 (1,600,000 at m/z 400) is achieved. This is the highest mass resolving power achieved 
in a MALDI MS imaging experiment. Externally calibrated mass measurement accuracy is below 
0.2 ppm for lipid mass spectra. Single scan dynamic range exceeds 500:1. 
 
Internal calibration of each spectrum yields root-mean-square (RMS) mass measurement accuracy 
less than 0.1 ppm. This enables high confidence assignment of molecular formulas, and narrow 
search tolerance for database matching. The high mass resolving power reveals mass spectral 
features that cannot be resolved on lower performance mass spectrometers. In positive ion mode, 
a mass difference of 2.4 mDa is detected, which corresponds to the difference in mass between 
12C2 versus 23Na1H1. This is indicative of two phosphatidylcholine lipids that differ by the addition of 
two carbon atoms and three double bonds to the lipid fatty acid chains, where the more 
unsaturated lipid is protonated instead of sodiated. This mass difference is observed 190 times in 
the average mass spectrum, and over 1,000,000 times over an entire measurement of a rat brain 
tissue section. In negative ion mode, a mass difference of 1.79 mDa is detected, which 
corresponds to the difference in mass between C2N1

13C1 vs. H3O3. This enables, for example, 
phosphoglycerides to be resolved from phosphoethaolamine 13C containing ions.   
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12th North American FT MS Conference                                      Speaker 05 

MASS, MOBILITY, MSN AND MULTIPLEXING IN CHARGE DETECTION MASS 
SPECTROMETRY FOR HIGH THROUGHPUT SINGLE ION ANALYSIS OF LARGE 

MOLECULES 
 
Conner C. Harper, Andrew G. Elliot, Evan R. Williams 

 
Department of Chemistry, University of California, Berkeley, CA  
 
Heterogeneous samples can often be challenging to analyze with mass spectrometry especially 
when the masses of individual components extend beyond 100 kDa.  Individual charge states 
produced by electrospray ionization can be difficult to resolve due to overlap in m/z from other 
components or from adduction from salts or other non-specific molecular interactions.  Charge-
state resolution has been attained for highly purified samples of virus capsids as large as 18 MDa 
[1] but the masses of more heterogeneous native viruses are more difficult to effectively measure 
with MS owing to spectral overlap.  One solution to this problem of sample heterogeneity for high 
mass ions is to measure the charge as well of the m/z of individual ions so that the mass of each 
ion can be determined without interference from other ions.  Single ion mass measurements have 
been done in charge detection [2,3], quadrupole [4] and Fourier-transform ion cyclotron resonance 
mass spectrometers [5].  Charge detection mass spectrometry has the advantage that the 
measurements can be made rapidly and the charge of an ion can be determined from the induced 
charge in a detector with uncertainties as low as ±0.2 charges [3].  We have demonstrated a 
method to measure ion energy throughout the measurement process, which makes it possible to 
obtain information about collisional cross sections of ions and to obtain MSn data from single ions 
[6,7].  Only one ion at a time is measured in conventional CDMS experiments because it was 
previously thought that ions would interact and perturb the oscillation frequencies of each other.  
Here, we show that many ions can be simultaneously analyzed in CDMS.  A key feature is the 
ability to decouple the oscillating frequency from the m/z measurement by using a broad range of 
ion energies to fill the trap.  By measuring the ion energies in situ, the m/z, z, and mobility of each 
ion can be determined.  This can lead to well over an order of magnitude increase in the speed 
with which data can be acquired.  This method will be demonstrated on samples for which little or 
no mass information can be obtained using conventional mass spectrometers. 

[1]  J. Snijder, R.J. Rose, D. Veesler, J.E. Johnson, and A.J. Heck, Angew. Chem. Int. Ed., 52, 4020-4023 
(2013).  

[2]  S.D. Fuerstenau, and W.H. Benner, Rapid Commun. Mass Spectrom, 9, 1528–1538 (1995). 
[3]  D.Z. Keifer, D.L. Shinholt, and M.F. Jarrold, Anal. Chem., 87, 10330-10337 (2015). 
[4]  S. Schlemmer, J. Illemann, S. Wellert, and D. Gerlich, J. Appl. Phys., 90, 5410-5418 (2001). 
[5]  R.D. Smith, X. Cheng, J.E. Bruce, S.A. Hofstadler, and G.A. Anderson, Nature, 369, 137-139 (1994). 
[6]  C.C. Harper, A.G. Elliott, H.-W. Lin, and E.R. Williams, J. Am. Soc. Mass Spectrom., 29, 1861-1869 

(2018). 
[7]  A.G. Elliott, C.C. Harper, H.-W. Lin, and E.R. Williams, Analyst, 142, 2760-2769 (2017). 
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APPLICATIONS OF ELECTRON TRANSFER IONIZATION IN MATERIAL SCIENCE USING 
CNPV ((2Z,2'Z)-2,2'-(1,4-PHENYLENE)BIS(3-(P-TOLYL)ACRYLONITRILE) A NEW UV MALDI-

MS MATRIX 
 
Juan S. Ramírez-Pradilla1, Cristian Blanco-Tirado1,  Marianny Y. Combariza1 
 
1 Escuela de Química, Universidad Industrial de Santander, Bucaramanga, Santander, Colombia 
 
Functional materials are key to modern technology, with analytical chemistry providing 
compositional information during design, development, production, performance, wear and 
environmental fate of new compounds.  Mass spectrometry (MS), particularly electron transfer (ET) 
MALDI, is widely used in material science for the molecular description of dyes, sensitizers, 
fullerenes, and transition metal complexes, polymer and nanoparticle characterization, surface 
composition and molecular mapping, among other applications. However, conventional ET 
matrices (e.g. DCTB) exhibit drawbacks such as cluster formation, reactivity with analytes and 
vacuum instability [1]. In this contribution we demonstrate that mass spectrometric characterization 
of nanoparticles, polymers, porphyrins, and fullerenes can be performed via secondary ion 
formation by ET reactions in the gas phase using (2Z,2'Z)-2,2'-(1,4-phenylene)bis(3-(p-
tolyl)acrylonitrile (CNPV) [2-4].  This new UV MALDI matrix allows characterization of a wide range 
of compounds without the disadvantages exhibited by current matrices.  
 
[1]  X. Lou, B.F.M. de Waal, J.L.J. van Dongen, J.A.J.M Vekemans, and E.W.A. Meijer, J. Mass Spectrom., 

45, 1195–1202 (2010). 
[2]  D. Giraldo-Dávila, M.L. Chacón-Patiño, J.S. Ramírez-Pradilla, C. Blanco-Tirado, and M.Y. Combariza, 

Fuel, 226, 103–111 (2018). 
[3]  J.S. Ramírez-Pradilla, C. Blanco-Tirado, and M.Y. Combariza, ACS Appl. Mat. & Interfaces, in press 

(2019). 
[4]  J.S. Ramírez-Pradilla, C. Blanco-Tirado, M. Hubert-Roux, P. Giusti, C.A. Afonso, and M.Y. Combariza, 

Energy Fuels, in press (2019). 
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FTMS APPROACHES TO GLYCOSAMINOGLYCAN ANALYSIS 
 

I. Jonathan Amster 
 

Department of Chemistry, University of Georgia, Athens, GA  
 
Glycosaminoglycans (GAGs) are an important class of carbohydrates that play a central role in a 
number of biological processes, and their structural analysis is a target of substantial research 
effort [1]. Taken as a whole, glycosaminoglycans (GAGs) represent a challenging class of 
molecules to analyze due to their heterogeneity, the lability of sulfation modifications and the 
difficulty of distinguishing subtle structural differences, such as uronic acid stereochemistry. The 
last few years has seen considerable progress in GAG analysis by mass spectrometry with the 
introduction of supercharging methods for stabilizing sites of sulfation [2], chemical modification 
methods to replace sulfates with more stable functional groups [3], and novel methods of ion 
activation, such as electron detachment dissociation (EDD) [4]. We have investigated the 
applicability of EDD for fully characterizing several classes of GAGs with a single stage of tandem 
mass spectrometry. EDD has shown great utility for analyzing oligosaccharides from 
chondroitin/dermatan sulfate, heparan sulfate, and heparin. Generally speaking, EDD provides 
more structural detail than more widely used ion activation methods such as collision induced 
dissociation (CID) or infrared multiphoton photodissociation (IRMPD), and is less likely to lead to 
sulfate decomposition. Recently found that CID is useful for GAG analysis under selected 
circumstances. Specifically, CID has been useful for the analysis of full-length chondroitin sulfate 
saccharides from bikunin, for which the degree of sulfation is low compared to the degree of 
polymerization (0.3 sulfates per disaccharide repeat) [4]. Highly sulfated heparins have remained 
the most challenging of all GAG oligosaccharides to analyze. Surprisingly, we have recently found 
that CID is useful for this challenging class of GAGs if all of the ionizable protons are replaced by 
sodium ions [5]. Most recently, we have explored the utility of newer ion activation approaches that 
are compatible with FTMS instrumentation, specifically negative electron transfer dissociation 
(NETD) [6] and ultraviolet photodissociation (UVPD). This presentation will focus on a comparison 
these newest methods of ion activation with earlier approaches to sequencing GAGs.  
 
[1]  L.Y. Li, M. Ly, and R.J. Linhardt, Mol Biosyst, 8, 1613-1625 (2012). 
[2]  Y. Huang, X.F. Shi, X. Yu, N. Leymarie, G.O. Staples, H.F. Yin, K. Killeen, and J. Zaia, Anal Chem, 83, 

8222-8229 (2011). 
[3]  R.R. Huang, V.H. Pomin, and J.S. Sharp, J Am Soc Mass Spectr, 22, 1577-1587 (2011). 
[4]  J.J. Wolff, I.J. Amster, L. Chi, and R.J. Linhardt, J. Am. Soc. Mass. Spectrom., 18, 234-244 (2007). 
[5]  M.J. Kailemia, L.Y. Li, M. Ly, R.J. Linhardt, and I.J. Amster, Anal Chem, 84, 5475-5478 (2012). 
[6]  F.E. Leach III, N.M. Riley, M.S. Westphall, J.J. Coon, and I.J. Amster, J. Am. Soc. Mass Spectrom., 28, 

1844-1854 (2017). 
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THE BLOOD PROTEOFORM ATLAS 
 
R. Vince Gerbasi1, Paul M. Thomas1, Rafael D. Melani1, Jacek W. Sikora1, Timothy K. Toby1, 
Kristina Srzentic1, Luca Fornelli1, 2, Richard D. LeDuc1, Josiah E. Hutton1, 3, Ryan T. Fellers1, 
Joseph B. Greer1, Jeannie M. Camarillo1, David S. Butcher4, Lissa C. Anderson4, Christopher 
L. Hendrickson4, Neil L. Kelleher1 
 
1Northwestern University, Evanston, IL; 2University of Oklahoma, Norman, OK; 3Princeton University, 
Princeton, NJ; 4National High Magnetic Field Laboratory, Tallahassee, FL 
 
Multipotent hematopoietic progenitors give rise to a collection of high-specialized cells that 
orchestrate the critical physiological processes of innate and adaptive immunity, gas exchange, 
and blood clotting.  While past studies have focused on specific mRNA expression patterns or 
classical proteomic approaches to define these cell types, we lack a comprehensive understanding 
of the complex proteoform ensembles unique to specific blood cells.  We used isolated primary 
human blood cells, multi-dimensional separation techniques, and top-down proteomic approaches 
to define proteoforms unique to specific blood cell functions.  These studies reveal an expanded 
proteome complexity during cell differentiation and provide a platform to investigate how primary 
human blood cells respond to essential stress responses including, but not limited to, gas limitation 
and infection.   
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IMAGING MASS SPECTROMETRY OF ENDOGENOUS AND EXOGENOUS METABOLITES 
 
William T. Andrews1, Fernando R. Tobias2, Austin Angelotti2, Martha A. Belury2, Amanda B. 
Hummon2 
 
1The University of Notre Dame; 2The Ohio State University 
 
Imaging mass spectrometry is a powerful approach to determine the spatial distribution of both 
endogenous and exogenous metabolites. In this presentation, imaging mass spectrometry will be 
applied to examine two biological systems and profile the distribution of metabolites. First, the 
distribution of neurotransmitters will be investigated during strokes. In an ischemic stroke, an 
excess of neurotransmitters causes hyperactivation of N-methyl D-aspartate (NMDA) receptors. 
This hyperactivation can result in aberrant signaling events and neuronal death.  NMDAR is a 
heterotetrameric complex composed of two GluN1 subunits and two GluN2 subunits (GluN2A, 2 B, 
2C, 2D).   Our collaborators are examining the effects of a GluN2D deficiency that contributes to 
protection against ischemic strokes in GluN2D-/- and wild-type mouse brains. We are utilizing 
MALDI imaging mass spectrometry to visualize changes in metabolite abundance and localization 
within the GluN2D-/- and wild type mouse brains, as ischemic strokes typically cause depletion of 
oxygen and nutrients. 
 
In a second project, we are collaborating with the Belury laboratory to examine the cardiotoxicity of 
doxorubicin. Doxorubicin is a widely used chemotherapeutic to treat a range of soft epithelial 
cancers but the metabolites of doxorubicin are known to cause cardiotoxicity. While doxorubicin 
and its metabolites are fluorescent, their emission spectra are identical, making it impossible to 
discriminate amongst them by spectroscopic means. However, their distinct molecular weights 
make it possible to distinguish the individual metabolites and map their distributions by imaging 
mass spectrometry. Using MALDI imaging mass spectrometry, we are examining the spatial 
distribution of doxorubicin, its metabolites, and endogenous lipids in mouse hearts to elucidate the 
co-localization of endogenous lipids and toxic drug metabolites.  
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ISOTOPE DEPLETION MASS SPECTROMETRY (ID-MS) FOR ENHANCED TOP-DOWN 
PROTEIN FRAGMENTATION 

 
K. Gallagher1, M. Palasser1, S. Hughes1, C. L. Mackay1, D. P. A. Kilgour2, D. J. Clarke1 
 
1School of Chemistry, University of Edinburgh, United Kingdom; 2Nottingham Trent University, Nottingham, 
United Kingdom 
 
The production of proteins with reduced isotopic heterogeneity has many potential advantages for 
intact protein mass spectrometry (MS) studies [1]. We recently described a recombinant system for 
the expression of proteins depleted in carbon-13 and nitrogen-15, which we have used to prepare 
a range of isotopically depleted proteins [2]. FT-ICR MS analysis of these isotopically depleted 
proteins reveal dramatically reduced isotope distributions, leading to increased sensitivity and 
deceased spectral complexity. We have demonstrated that the monoisotopic signal is observed in 
spectra of proteins up to ~50 KDa; allowing confidant assignment of accurate molecular mass and 
facile detection of low mass modifications. Here we highlight the benefit of this isotope depletion 
strategy for electron capture dissociation top-down fragmentation. The reduced spectral complexity 
alleviates problems of signal overlap; the presence of monoisotopic signals allows more accurate 
assignment of fragment ions; and the dramatic increase in single-to-noise ratio (up to ~7-fold) 
permits vastly reduced data acquisition times. Together, these compounding benefits allow the 
assignment of ~3-fold more fragment ions than analysis of proteins with natural isotopic 
abundances and increase the sequence coverage obtained when analyzing proteins larger than 30 
kDa. Finally, we discuss the advantages of employing isotope depletion strategy in structural 
proteomics studies and native top-down fragmentation experiments.  
 
[1]  A.G. Marshall, M.W. Senko, W. Li, M. Li, S. Dillon, S. Guan, and T.M. Logan, J. Am. Chem. Soc., 119, 

433-434 (1997). 
[2]  K. Gallagher, M. Palasser, S. Hughes, C. L. Mackay, D. P. A. Kilgour, and D. J. Clarke, Chemrxiv, 

http://dx.doi.org/10.7488/ds/2446. 
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HIGH RESOLUTION TRANSLATIONAL IMAGING MASS SPECTROMETRY: OF TISSUES AND 
STRUCTURES 

 
R.M.A Heeren and the M4I team 

 
1The Maastricht MultiModal Molecular Imaging institute, Maastricht University, Universiteitssingel 50, 6229 
ER Maastricht, The Netherlands 
 
Analyzing the full molecular complexity of organic tissues is one of the foremost issues in 
bionalytics. Mass Spectrometry Imaging (MSI) has advanced rapidly over the past 2 decades and 
offers an ever-expanding source to probe deeply into the molecular profiles of organic tissues. 
Ultrahigh resolution mass spectrometers like the Fourier Transform Ion Cyclotron Resonance (FT-
ICR) or Orbitrap line of FT instruments boast resolving power (RP) values higher than any other 
mass spectrometer, with the most powerful detectors achieving parts-per-billion mass accuracy, 
unparalleled dynamic ranges, and RP values in excess of >1,000,000. This RP is crucial to unravel 
the molecular complexity of tissue surfaces with MSI, but it is not the only experimental parameter 
crucial to improve the molecular information content from tissue. New, physical technology 
developments in mass spectrometry based chemical microscopes have now firmly established 
themselves in translational research. They target biomedical tissue analysis in various diseases as 
well as other chemically complex surfaces. In concert they elucidate the way in which local 
environments can influence molecular signaling pathways on various scales, from molecule to 
man. The integration of this pathway information in a surgical setting is imminent, but innovations 
that push the boundaries of the technology and its application are still needed. These 
developments require a strong interdisciplinary approach where physicists, chemists, biologists 
and clinicians come together to tackle the complexity of life. In particular, researchers investigate 
comprehensive and isolated biomolecular molecular patterns of health and disease. 
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CHARACTERIZATION OF ANALOGUES OF TITAN’S HAZE BY FOURIER TRANSFORM ION 
CYCLOTRON MASS SPECTROMETER AND ION MOBILITY SPECTROMETRY 

 
Julien Maillard1,2, Christopher P. Rüger1, Johann Le Maître1,3, Mark Ridgeway4, Christopher 
J. Thompson4, Isabelle Schmitz-Afonso1, Thomas Gautier2, Nathalie Carrasco2, Melvin A. 
Park4, Pierre Giusti3, Carlos Afonso1 

 
1Normandie Université, INSA Rouen, UNIROUEN, CNRS, COBRA, 76000, Rouen, France ; 2LATMOS/IPSL, 
UVSQ Université Paris-Saclay, UPMC Univ. Paris 06, CNRS, Guyancourt, France; 3TOTAL Refining and 
Chemicals, TRTG Gonfreville l’Orcher, Rogerville, France; 4Bruker Daltonics, Billerica, MA 
 
The aerosols present in the atmosphere of the Saturn’s moon Titan are of planetary science 
interest and several spacecraft missions have already gathered spectroscopic data. The presence 
of mainly NH3 and HCN chemical motif was revealed. Nonetheless, due to technical limitations of 
the on-boarded instruments, the exact chemical composition of this haze remains largely unknown. 
Thus, Titan haze analogs, so-called tholins, were generated on earth to push forward the 
comprehension of their formation and properties. The present work was motivated to improve on 
the prior limited view on the molecular structure of tholins by Fourier transform ion cyclotron 
resonance mass spectrometry (FTICR MS) and ion mobility spectrometry (IMS). 
 
The tholins, a brown powder, were produced by the PAMPRE process, which is based on a few 
hours of cold plasma discharge of a nitrogen/methane mixture [1]. Previous work in PAMPRE 
tholins samples were carried out only on methanol soluble fraction. It was then postulated that 
soluble and insoluble species might be identical at the molecular level and differed on their mass 
value. In order to characterize both soluble and non-soluble fractions of PAMPRE’s tholins and get 
full insights on these complex samples, the use of Laser Desorption Ionization (LDI) was 
considered. From the LDI-FTICR analysis of the non-soluble fraction an extremely complex matter 
was revealed based on graphical analysis to simplify the visualization of the data. Using modified 
Van Krevelen diagrams, the global distribution of the molecules is observed in each fraction 
according to their hydrogen/carbon ratio and nitrogen/carbon ratio. From these experiments it 
appears that the molecular composition is very different between each fraction with the formation 
of different polymeric structures [2]. 
 
The major limit of this mass spectrometry approach is that no information is obtained on isomeric 
content. This can be afforded by another dimension of separation such as chromatography, ion 
mobility spectrometry (IMS) or by tandem mass spectrometry (MS/MS). In this presentation we will 
present our IMS and MS/MS work used to get more information on tholins structure. State-of-the-
art IMS is currently not able to resolve the isomeric continuum of ultra-complex mixtures. As such, 
analyzing the mobility peak width versus m/z shows a linear increase in isomeric diversity between 
m/z 170 and 350 and a near plateau in diversity at higher m/z for the N-PAH-like structure. Due to 
the high complexity of the sample, these structural insights are only to be revealed by Trapped Ion 
Mobility Spectrometry (TIMS) coupled to FTICR [3]. Thus, IMS serves as a highly beneficial and 
complementary separation technique for FTICR MS, in particular for such complex mixtures. 
 
[1]  N. Carrasco, I. Schmitz-Afonso, J.Y. Bonnet, E. Quirico, R. Thissen, O. Dutuit, A. Bagag, O. Laprevote, 

A. Buch, A. Giulani, G. Adande, F. Ouni, E. Hadamcik, C. Szopa and G. Cernogora, J. Phys. Chem. A, 
113, 11195-11203 (2009). 

[2]  J. Maillard, N. Carrasco, I. Schmitz-Afonso, T. Gautier and C. Afonso, Earth. Planet. Sci. Lett., 495, 185-
191 (2018). 

[3]  P. Benigni, J. Porter, M.E. Ridgeway, M.A. Park and F. Fernandez-Lima, Anal. Chem., 90, 2446-2450 
(2018). 
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HIGH RESOLUTION MASS SPECTROMETRY-BASED TOP-DOWN PROTEOMICS: READY 
FOR THE PRIME TIME? 

 
Ying Ge1,2,3 

 
1Department of Cell and Regenerative Biology, 2Department of Chemistry, 3Human Proteomics Program, 
University of Wisconsin-Madison, Madison, WI 
 
Top-down high-resolution mass spectrometry (MS)-based proteomics is arguably the most 
powerful method to comprehensively characterize proteoforms that arise from genetic variations, 
alternative splicing, and post-translational modifications (PTMs). Over the past decade, top-down 
proteomics has gained a remarkable space in proteomics. Recently, the burgeoning top-down 
proteomics field has gained momentum through the creation of the Consortium for Top-down 
Proteomics (http://www.topdownproteomics.org/). With unmatched mass resolution and accuracy, 
Fourier transform ion cyclotron resonance (FTICR)-MS has played a significant role in top-down 
proteomics. We have shown that top-down high-resolution MS has unique advantages for 
unraveling the molecular complexity, quantifying multiple modified protein forms, complete 
mapping of modifications with full sequence coverage, and discovering unexpected modifications. 
Yet, the top-down approach still faces significant challenges in terms of protein solubility, protein 
separation, the detection of large and low-abundance proteins, and the under-developed data 
analysis tools.  Thus, we have developed a multi-pronged approach to address these challenges in 
a comprehensive manner by developing new MS-compatible surfactants for protein solubilization, 
novel materials and new strategies for multi-dimensional chromatography separation of proteins, 
novel nanomaterials for enrichment of low-abundance proteins, and a new comprehensive 
software package for top-down proteomics. To address the challenges in detection of large 
proteins, we have developed a novel top-down proteomics platform that couples serial size 
exclusion chromatography and high-resolution top-down MS for detection and characterization of 
high molecular weight proteins (>220 kDa) from complex mixtures. Recently, we have 
demonstrated that the ultra-high resolving power of FT-ICR MS allowed for the isotopic resolution 
of 31 distinct proteoforms (30-50 kDa) in a single mass spectrum in a 100 m/z window.  

 
[1]  B. Chen, K.A. Brown, A. Lin, and Y. Ge, Anal. Chem., 90, 110-127 (2018). 
[2]  W. Cai, T.M. Tucholski, A.R. Gregorich, and Y. Ge, Expert Rev Proteomics, 13, 717-730 (2016). 
[3]  T. Tucholski, S. Knott, B. Chen, P, Pistono, Z. Lin, and Y. Ge, Anal. Chem., 91, 3835-3844 (2019). 
[4]  Y. Jin, G.M. Diffee, R.J. Colman, R.M. Anderson, and Y. Ge, J. Am. Soc. Mass Spectrom., Epub ahead 

of print. doi: 10.1007/s13361-019-02139-0 (2019). 
[5]  Y. Jin, Z. Lin, Q, Xu, C. Fu, Z. Zhang, Q. Zhang, W.A. Pritts, and Y. Ge, MAbs.,  11, 106-115 (2019). 
[6]  B. Chen, X. Guo, T. Tucholski, Z. Lin, S. Mcilwain, and Y. Ge, J. Am. Soc. Mass Spectrom., 28, 1805–

1814 (2017). 
[7]  Y. Jin, L. Wei, W. Cai, Z. Lin, Z. Wu, Y. Peng, T. Kohmoto, R.M. Moss, and Y. Ge, Anal Chem., 89, 

4922-4930 (2017).  
[8]  B. Chen, L. Hwang, W. Ochowicz, Z. Lin, S. Jin, T. Guardado-Alvareza, W. Cai, L. Xiu, K. Dani, C. 

Colah, S. Jin, and Y. Ge, Chem. Sci., 8, 4306-4311 (2017).  
[9]  W. Cai, T.M. Tucholski, B. Chen, A.J. Alpert, S. Mcilwain, T. Kohmoto, S. Jin, and Y. Ge, Anal. Chem., 

89, 5467-5475 (2017).  
[10] W. Cai, H. Guner, Z.R. Gregorich, A.J. Chen, S. Ayaz-Guner, Y. Peng, S.G. Valeja, X. Liu, and Y. Ge, 

Mol. Cell Proteomics, 15, 703-714 (2016).  
[11] L. Hwang, S. Ayaz-Guner, W. Cai, Z.R. Gregorich, S. Jin, and Y. Ge, J. Am. Chem. Soc., 137, 2432-

2435 (2015). 
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FT-MS APPLIED TO HIGH-MASS MACROMOLECULAR MACHINERIES 
  
Albert J. R. Heck 1,2 
 
1 Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research and  
Utrecht Institute for Pharmaceutical Sciences, Utrecht University, The Netherlands; 2 Netherlands Proteomics 
Centre, The Netherlands 
 
Through advances in FT-MS Orbitrap mass analyzers we have been able to extend its capabilities 
for the analysis of large macromolecular machineries [1,2]. In this presentation I will describe some 
of the latest technical improvements covering the analysis of antibodies, ribosomes, viruses and 
immune-complexes, thereby also introducing single ion detection measurements, high-mass 
resolving schemes for macromolecular particles, and UVPD on intact viruses. 
 
[1]  R.J. Rose, E. Damoc, E. Denisov, A. Makarov, and A.J.R. Heck., Nat Methods, 9, 1084-6 (2012). doi: 

10.1038/nmeth.2208. 
[2]  M. van de Waterbeemd, K.L. Fort, D. Boll, M. Reinhardt-Szyba, A. Routh, A. Makarov, and A.J.R. Heck, 

Nat Methods, 14, 283-286 (2017). doi: 10.1038/nmeth.4147. 
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21 TESLA FT-ICR: THE HERO TOP-DOWN PROTEOMICS DESERVES, BUT NOT THE ONLY 
ONE IT NEEDS RIGHT NOW 

 
Lissa C. Anderson1, Chad R. Weisbrod1, David S. Butcher1, Lidong He1, Donald F. Smith1, 
Greg T. Blakney1, Alan G. Marshall1,2, Christopher L. Hendrickson1,2 
 
1Ion Cyclotron Resonance Program, National High Magnetic Field Laboratory, Florida State University, 
Tallahassee, FL; 2Department of Chemistry and Biochemistry, Florida State University, Tallahassee, FL 

 
Top-down proteomics provides proteoform-specific understanding of biological phenomena that 
cannot be achieved by analysis of tryptic peptides. However, intact protein analyses are routinely 
complicated by several analytical challenges owing to the low abundance of many proteoforms 
coupled with the low signal-to-noise inherent to isotopically resolved mass measurement of large 
biomolecules.  Such challenges are further compounded by poor chromatography, incomplete 
fragmentation/sequence coverage, slow spectra acquisition rate, and high data complexity.  These 
effects limit proteoform detection and characterization and grow exponentially worse as mass 
increases, making routine analysis of proteins larger than ~30 kDa difficult.   
 
At 21T, high ion cyclotron frequency allows high resolving power at high scan rate, as well as high 
mass measurement accuracy, and dynamic range.  The 21 T FT-ICR instrument at the National 
High Magnetic Field Laboratory is capable of analyzing >1x107 charges within a single transient 
acquisition, and the plethora of ion activation/manipulation techniques that are available (e.g. 
multiple precursor/fragment ion fills, CID, beam-CAD, IRMPD, UVPD, ETD) make it the state-of-
the-art instrument for top-down proteomics applications.     

 
Despite the advanced weaponry 21 T brings to the table, challenges remain that cannot be solved 
with high field.  This talk will be a discussion of these challenges, and of the marriage of 21 T and 
other mass spectrometry technologies to improve intact proteoform characterization.  Recent 
efforts have focused on enabling new ion manipulation strategies prior to FTMS.  For example, we 
have enabled chimeric ion loading, high resolution SWIFT ion isolation, proton transfer reactions 
(PTR) and parallel ion parking (PIP). We will demonstrate how sequential ion/ion reactions and 
chimeric ion loading of fragments derived from complementary dissociation techniques enables 
more comprehensive sequence characterization of intact proteins. Use of PTR reactions, when 
coupled with PIP, combine the majority of the initial protein charge state distribution into just a few 
charge states.  This increases S/N, which enables observation of proteoforms that are not 
observed if PTR/PIP is not employed.  The techniques described facilitate more rapid identification 
of intact proteoforms and, when coupled with high-field FT-ICR MS, extend the mass range 
available for top-down proteomics applications.  
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FT-MASS SPECTROMETER BASED ON MULTIELECTRODE HARMONIZED KINGDON TRAPS 
WITH DIFFERENT ION SOURCES 

 
Eugene (Evgeny) Nikolaev, Oleg Kharybin, Gleb Vladimirov 
   
Skolkovo Institute of Science and Technology, Moscow Region, Russian Federation  
 
Idea of Kingdon ion trap [1] consisting of wire and cylinder surrounded this wire is used in the well-
known Orbitrap [2], which has emerged as development of R. D. Knight’s idea [3], who modified 
the cylinder electrodes geometry to make field quadratic (harmonic) and proposed measuring the 
frequencies of ions oscillating in such field by resonant excitation of their motion along trap axis, to 
determine their masses [3]. Later the generalization of the idea made by Yury Golikov [4] and 
Claus Koester [5], who has offered the options for harmonized traps with multiple internal 
electrodes, having some advantages over Orbitrap, was described recently by us in [6]. Here we 
are showing the first results obtained on FT mass spectrometers based on such type of ion trap 
with two different ion sources. 
 
Electrode geometries in these traps was obtained by composing electric potential distribution from 
quadrupolar potentials and sum of logarithmic potentials and choosing equipotential surfaces for 
the trap electrodes on the bases of practical reasons (trap dimensions, ion frequencies and 
maximum allowed voltages on the internal electrodes. Electric field simulations were done by 
using SIMAX program (www.mssoft.pro) and SIMION 8.1. Homemade low noise high voltage 
switches and low noise preamplifier were used for ion trapping and induced voltage detection. 
National Instrument modules were used for control of ion transfer system voltages. The algorithm 
of introducing corrections to external electrodes surface geometry in case of simplifying of internal 
electrodes geometry was developed and implemented for the case of two wire internal electrodes. 
 
Two and four internal electrodes Kingdon traps with fused electrodes in the last case were made 
by high precision machine work and by different 3D printing methods.  Different type of ion sources 
was tested with these new traps: thermoemission ion source, laser desorption ionization, MALDI, 
for the case of ion production inside trap vacuum chamber and ESI in case of external ion 
introduction (in progress). The maximum resolving power (around 300K) has been obtained in 
case of thermoemission. Among four electrode Kingdon trap geometries providing trapping fields 
with quadratic dependences of electric potentials on one of the coordinates and satisfying Laplace 
equation the geometry with fused electrode pares was chosen. The trap with such geometry 
electrodes was found to be less sensitive to surface imperfections and truncation of the electrodes. 
Many variants of the trap were manufactured. The new type of the traps with internal electrodes as 
conventional wires of around 100 µm in diameter have been also made and tested. It was shown 
that substituting the internal electrodes of very complicated geometry by metal wires significantly 
simplify trap production and tuning. Low weight, low dimensions and power consumption make the 
analyzer suitable for portable and transportable mass spectrometer devices. Potential applications 
for space research and biomedical analyses will be discussed. 
 
The work was supported by the Next Generation Program of Skoltech and MIT. 
 
[1]  K.H. Kingdon, Physical Review., 21(4), 408–418 (1923). 
[2]  R. Knight, Applied Physics Letters, 38(4),  221–223 (1981). 
[3]  A. Makarov, Analytical Chemistry, 72(6), 1156–62 (2000). 
[4]  D.V. Nikitina, Ph.D. Thesis, St. Petersburg, Russia (2006). 
[5]  C. Köster, IJMS, 287, 114-118 (2009). 
[6]  E. Nikolaev, et.al., JASMS (2018). DOI:10.1007/s13361-018-2032-9. 
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MEASUREMENTS OF C, H, N AND O ISOTOPIC RATIOS IN PROTEINS BY ORBITRAP FT MS 
 
H. Gharibi, A. Chernobrovkin, R. A. Zubarev 

 
Division of Physiological Chemistry I, Department of Medical Biochemistry and Biophysics, Karolinska 
Institutet, S-171 77 Stockholm, Sweden 
 
Isotopic Ratio Mass Spectrometry (IsoR MS) measures in proteins the abundances of stable 
isotopes, such as carbon (13C/12C, normally 1.1%), hydrogen (D/H, 150 part per million, ppm), 
nitrogen (15N/14N, 0.36%), oxygen (18O/16C, 0.2%), and sulfur (34S/32S, 4.21%). The ratios are 
usually measured as a deviation ∂ from a standard in ‰, e.g., ∂D = [(D/H)sample/(D/H)standard -
1]*1000‰. IsoR MS is widely used in academic and industrial research for confirming the origin of 
organic chemistry and food products, in pharmacological studies, in environmental sciences, 
archaeology, zoology, medicine and in many other areas of research and industry. One specific 
aspect of IsoR MS is sample preparation, with the results depending strongly on the physico-
chemical state of the sample. For solid samples, fine, dry and homogeneous powder is usually 
recommended. Besides demanding sample handling, IsoR MS typically requires at least a 
milligram of sample per isotope, with C and N isotopes being measured within the same injection, 
while H and O isotopes are either measured individually or, with a lower accuracy, within a joint 
injection. Such a sample demand is a heavy or even impossible burden in many analytical areas 
where sample is precious. Besides, the C,N experiment requires a different instrument 
configuration (combustion) than the H, O experiment (pyrolysis), with the instrumental set-up 
rearrangement and calibration after every switch taking half a day. One example of an area with 
precious samples is paleobiology, where a small specimen is usually taken from the collected 
bones or organic residues in different stages of fossilisation. First, the specimen is incubated in 
hydrochloric acid to remove bone calcium. The remaining collagen (bone protein) is dried, 
pulverized and analysed by IsoR MS, to learn via isotopic ratios about the organism origin, diet and 
ambient climate. Some of the bone remains, e.g. those of early humanoids, are quite small and 
extremely valuable. Moreover, to determine the time series of changes, it is advantageous to 
analyse different areas of bones (e.g., teeth) corresponding to different ages of the organism. In 
such analysis, the sample volume needs to be extremely small. This is very hard to achieve with 
conventional IsoR MS. When it comes to the analysis of stable isotopes in individual amino acids 
of proteins, the arising complications become so great, that the experiment is estimated to be 
worth a graduate student project.  
 
FT MS promises to revolutionize this field by performing amino-acid specific IsoR analysis in 
parallel with protein identification and quantification. First, proteins are extracted and digested, 
usually with trypsin. The obtained mixture of peptides is then subjected to LC-MS/MS analysis. The 
peptide ions are de novo sequenced using a combination of HCD and ETD MS/MS, confirming the 
organism under study. The chromatographic peaks shapes carry the information on amino acid 
deamidation and racemization, which is related to sample age. Hard HCD MS/MS produces 
immonium ions, in which the fine isotopic structure of the M+1 ion reports on the isotopic ratios for 
C, N and H, and that of M+2 ion – for O. In parallel, the proteins can undergo full acid hydrolysis, 
and free amino acids can be analysed using direct infusion, with the fine isotopic structure of the 
molecular ions providing complementary isotopic ratio information.  
 
This “Paleo & Zoo FT MS” can soon become a popular novel application of FT MS. 
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NEGATIVE ION ELECTRON CAPTURE DISSOCIATION: NOVEL APPLICATIONS AND 
REVISED MECHANISMS 

 
Isaac Agyekum,1 Hye Kyong Kweon,1 Jordan M. Rabus,2 Benjamin J. Bythell,2 Kristina 
Håkansson1 

 
1Department of Chemistry, University of Michigan, Ann Arbor, MI; 2Department of Chemistry and 
Biochemistry, University of Missouri - St. Louis, St. Louis, MO  
 
Negative ion electron capture dissociation (niECD) was introduced by our group in 2011 [1].  This 
tandem mass spectrometry (MS/MS) activation method is particularly advantageous for acidic 
analytes, including phosho- and sulfo-peptides, that show improved ionization in negative ion 
mode.  We proposed a zwitterion mechanism for niECD in which a protonated site captures the 
electron, analogous to conventional ECD/ETD [1].  Recent work by Schneeberger and Breuker 
also proposed that salt-bridged zwitterions are required for niECD of peptides [2].  Based on this 
mechanism, most carbohydrates and lipids should not be good candidates for niECD as they 
typically lack protonation sites.  However, recent data, surprisingly, show that niECD can be quite 
effective for such analytes, including differentiation between isomeric sialylated glycans and 
glycosaminoglycan epimers.  These data can be explained by a hydrogen-bond assisted/stabilized 
mechanism involving a metastable dianion radical intermediate.  For glycosaminoglycan niECD, 
DFT calculations were used to characterize the precursor ion structures and, for overall singly 
charged precursor anions, show support for sulfate deprotonated forms with the lowest energy 
structure types varying with anomericity.  Direct addition of an electron to these systems’ LUMO 
results in population of the ground state carboxylate π* orbital.  This process is highly endothermic, 
but the dianion radicals are substantially stabilized by the complex networks of carbohydrate 
intramolecular hydrogen bonds. Consequently, the analyte likely has the time and energy available 
to rearrange and fragment in a structurally diagnostic manner.  However; additional/alternative 
mechanisms involving electron capture into excited states cannot be ruled out.   
 
[1]  H.J. Yoo, N. Wang, S.Y. Zhuang, H.T. Song, and K. Hakansson. J. Am. Chem. Soc., 133, 16790 (2011). 
[2]  E.-M. Schneeberger, and K. Breuker. Chem. Sci., 9, 7338 (2018). 
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INFRARED ION SPECTROSCOPY AS A NEW TOOL IN METABOLITE IDENTIFICATION 
 
Jos Oomens, Jonathan Martens, Giel Berden, Rianne van Outersterp, Kas Houthuijs 

 
FELIX Laboratory, Radboud University, Toernooiveld 7, 6525ED Nijmegen, The Netherlands 
 
Although mass spectrometry has developed into one of the key analytical technologies especially 
on account of its unrivalled sensitivity and resolving power, deriving accurate (de novo) molecular 
structure information from (LC)MS/MS data for small-molecule identification remains challenging, 
especially when contrasted against spectroscopic techniques such as NMR and IR. The integration 
of MS with IR laser spectroscopy enabled by the development of wavelength-tunable IR laser 
sources, including in particular free-electron laser (FEL) facilities,1 currently allows for the routine 
recording of an IR spectrum for virtually any mass peak isolated in a storage MS instrument. Over 
the past decades, infrared ion spectroscopy (IRIS) has been applied predominantly to resolve 
questions in fundamental ion chemistry. In this contribution, I will discuss developments to apply 
IRIS in more analytical settings, where it allows one to record IR spectra with the selectivity of MS, 
i.e. IR spectra can be recorded for individual compounds buried in complex mixtures. We focus in 
particular on the identification of small-molecule unknowns that are picked up in untargeted MS 
analyses in medical diagnostics. In a collaboration with the Translational Metabolic Laboratory of 
the Radboud University Medical Center, actual patient samples are analyzed with the aim to 
identify new biomarkers for inborn errors of metabolism.2 I will also demonstrate that IRIS can be 
combined with LCMS further increasing the sensitivity and the specificity of the technique; in 
collaboration with Janssen Pharmaceuticals, we have thus been able to resolve the structure of 
products from drug metabolism after incubation in human liver microsomes.3 Preliminary results of 
the further integration with LC and MS/MS and will be presented. Also, opportunities for reference-
free identification through the integration with quantum-chemical computations will be addressed. 
 
[1]  J.J. Valle, J.R. Eyler, J. Oomens, D.T. Moore, A.F.G. van der Meer, G. von Helden, G. Meijer, C.L. 

Hendrickson, A.G. Marshall, and G.T. Blakney, Rev. Sci. Instrum., 76, 023103 (2005). 
[2]  J. Martens, G. Berden, R.E. van Outersterp, L.A.J. Kluijtmans, U.F. Engelke, C.D.M. van Karnebeek, 

R.A. Wevers, and J. Oomens, Sci. Rep. 7, 3363 (2017). 
[3]  J. Martens, V. Koppen, G. Berden, F. Cuyckens, and J. Oomens, Anal. Chem., 89, 4359−4362 (2017). 
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CHARACTERIZING GLYCAN-PROTEIN INTERACTIONS THROUGH HIGHLY LOCALIZED 
OXIDATIVE MAPPING 

  
Carlito B. Lebrilla1 
 
1Department of Chemistry, University of California, Davis, CA  
 
The cell membrane contains a highly interactive glycan surface on a scaffold of proteins and lipids. 
Sialic acids are negatively charged monosaccharides, and the proteins that bind to sialic acids play 
important role in maintaining the integrity of collective function of this interactive space. Sialic acid 
binding proteins are not readily identified and have been discovered empirically. We developed a 
proximity labeling method to characterize the proteins with oxidation by localized radicals produced 
in situ. The sites of oxidation were identified and quantified using standard proteomic workflow. In 
this method, a clickable probe was synthesized and attached to modified sialic acids on the cell 
membrane, which functioned as a catalyst for the localized formation of radicals from hydrogen 
peroxide. The proteins in the sialic acid environment were labeled through amino acid oxidation, 
and were categorized into three groups including sialylated proteins, non-sialylated proteins with 
transmembrane domains, and proteins that are associated with the membrane with neither 
sialylated nor transmembrane domains. The analysis of these latter proteins showed that they 
were associated with binding functions including carbohydrate binding, anionic binding, and 
cationic binding, thereby revealing the nature of the sialic acid-protein interaction. This new tool 
identified potential sialic acid-binding proteins in the extracellular space and proteins that were 
organized around sialylated glycans in cells. 
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COMPOSITIONAL COVERAGE OF AN ATMOSPHERIC RESIDUE BY ON-LINE 21T FT-ICR MS 
 
Amy Clingenpeel1, Yuri Corrilo2, Michael Harper1, Anthony Mennito1, Shamel Merchant1, 
Ryan Rodgers2, Steven Rowland2, Don Smith2, Ashley Wittrig3 

 
1ExxonMobil Research and Engineering Company; 2National High Magnetic Field Laboratory; 3ExxonMobil 
Chemical Company 
 
As one of nature’s most complex mixtures, petroleum has continually pushed the boundaries of 
available analytical characterization technologies. As instruments and preparation techniques 
advance, additional complexity is observed. One of the most common initial separation techniques 
for crude oil is distillation into various boiling range fractions. For example, the heavy end of 
petroleum which remains behind after atmospheric pressure distillation (atmospheric residue, 
nominally 650°F+) can be separated by vacuum distillation into vacuum gas oil (VGO, nominally 
650°F - 1050°F) and vacuum residue (VR, nominally 1050°F+). These are the most complex 
portions of crude oils and the most difficult to characterize as structural diversity and heteroatom 
content tend to increase with carbon number and boiling point. In order to characterize these 
fractions at the molecular level, state-of-the-art liquid chromatography 21T Fourier-transform ion 
cyclotron resonance mass spectrometry (LC FT-ICR MS) was employed to map their compositional 
space. 
 
Introduced in 2015, the 21T FT-ICR MS is a custom built instrument that has demonstrated the 
incredible sensitivity and resolving power accessible at higher fields.1 By coupling this instrument 
with the HPLC-3 chromatographic separation method, which separates the samples into saturates, 
1, 2, 3, 4, and 5+ ring aromatics, sulfides, and polars structural families, the three heavy oil boiling 
cuts are examined by LC FT-ICR MS to reveal complex mass spectra across the chromatogram.2 
Generally, each structural family displays a compositional shift across the peak to higher DBE 
(addition of cycloalkyl rings) and lower carbon number. Heteroatom content also increases with 
aromatic ring class and boiling range as expected. Even with this new level of insight, additional 
information is still required for a full molecular understanding of the observed molecules. For 
example, archipelago structures appear to be concentrated in the higher boiling fraction while 
aromatic and aliphatic sulfides seem to be effectively separated in this LC method. Tandem MS 
experiments would reveal further clues as to the structural differences across LC peaks. 
 
[1]  C.L. Hendrickson, et. al., J. Am. Soc. Mass Spectrom., 26, 1626-1632 (2015). 
[2]  J.C. Putman, et. al., Energy Fuels, 31, 12064-12071 (2017). 
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IN SITU MASS SPECTROMETRY ANALYSIS OF INTACT PROTEINS AND PROTEIN 
COMPLEXES FROM BIOLOGICAL SUBSTRATES 

 
Rian L. Griffiths1, Klaudia I. Kocurek1, Jana Havlikova1, Albert Konijnenberg2, Rosa Viner3, 
Helen Cooper1 

 
1School of Biosciences, University of Birmingham, Edgbaston, Birmingham, United Kingdom; 2Thermo Fisher 
Scientific, Achtseweg Noord 5, 5651 GG Eindhoven, The Netherlands; 3Thermo Fisher Scientific, 355 River 
Oaks Parkway, San Jose, CA  
 
Liquid extraction surface analysis (LESA) is an ambient surface mass spectrometry approach 
which offers great potential for protein analysis. The benefits of LESA are speed of analysis, 
reduced sample preparation requirements and sample loss, potential for multiple sampling of the 
same location and, in the case of tissue sections, the ability to image multiple analytes. We have 
previously demonstrated LESA mass spectrometry of proteins from dried blood spots, thin tissue 
sections and bacteria growing on agar. 
 
Here, we present the latest developments in LESA mass spectrometry for the analysis of proteins 
directly from thin tissue sections and living microbial colonies. We demonstrate native LESA mass 
spectrometry of sections of rat kidney and brain by use of a Q Exactive UHMR Hybrid Quadrupole-
Orbitrap ( QE-UHMR) mass spectrometer, pushing the upper mass limit of proteins detected in 
tissue to > 70 kDa and enabling the detection of a 42 kDa trimer. Our work on LESA of microbial 
colonies currently focuses on analysis of more challenging fungal species, and on identification of 
bacteria growing on in vitro skin models and ex vivo skin. Recent results will be presented. 
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CHARGE DETECTION MASS SPECTROMETRY WITH AN ORBITRAP ANALYZER 
  
Jared O. Kafader1, Rafael D. Melani1, Bryan P. Early1, Ken R. Durbin1, Neil L. Kelleher1, Philip 
D. Compton1, Steven Beu2, Joshua T. Maze3, Deven L. Shinholt3, Ping F. Yip4, Alexander A. 
Makarov5, Vlad Zabrouskov6, Michael W. Senko6 
 
1Northwestern University, Evanston, IL; 2S.C. Beu Consulting, Austin, TX; 3Thermo Fisher Scientific, Austin, 
TX; 4Thermo Fisher Scientific, Cambridge, MA; 5Thermo Fisher Scientific, Bremen, Germany; 6Thermo 
Fisher Scientific, San Jose, CA   
 
Charge Detection Mass Spectrometry (CDMS) has been used to determine mass information for 
large complexes and heterogeneous mixtures that are not amenable to separation in the m/z 
domain of traditional mass spectrometers.  In CDMS, linear electrostatic ion traps are used to 
measure a periodic image current for single ions.  The frequency and amplitude, respectively, of 
this image current provide the m/z and z for the ion of interest, and these two values together 
provide the mass.  Recent developments in hardware and software have allowed for the 
acquisition of CDMS data using an Orbitrap analyzer.  The harmonic potential well of the Orbitrap 
is advantageous because it minimizes energy dependent frequency shifts which are detrimental to 
resolution and mass accuracy.  The detection configuration also generates a pure sinusoidal signal 
which reduces spectral complexity.  These characteristics provide the opportunity to collect high 
m/z resolution data on dozens of particles at one time. 
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AN UPDATE ON 2-DIMENSIONAL MASS SPECTROMETRY 
 
Peter B. O’Connor, Christopher A. Wootton, Piu Yiu Yuko Lam, Maria van Agthoven, 
Federico Floris, Tomos Morgan, Bryan Marzullo, Johanna Paris, Meng Li 
 
University of Warwick, Coventry, United Kingdom 
 
Two dimensional mass spectrometry (2DMS) was first demonstrated in the late 1980’s by Tino 
Gaumann’s research group, 1 and then explored further by Alan Marshall’s research group. 2  The 
technique is adapted, in concept, from 2D-NMR methodologies, notably NOESY, in that a pulse-
delay-pulse event is included in the pulse sequence where the pulses are a pair of identical 
wideband frequency sweeps, and the delay is incremented systematically over several thousand 
scans.  This pulse sequence causes all ions in an ICR cell to modulate in and out of the center of 
the cell, at their individual cyclotron frequencies, as that delay is incremented.  If combined with a 
fragmentation method that fragments ions in the center of the cell, but not at a radius, such as 
photodissociation or electron-based dissociations, then the fragment ions formed will be modulated 
in and out of the fragmentation zone by the modulations, and the intensities of the fragment ions 
will therefore be modulated at the cylclotron frequency of the precursor.  Thus, we can fragment all 
ions in a mixture inside the ICR cell, while being able to differentiate which fragment comes from 
which precursor; this method allows tandem mass spectrometry without the isolation step.  
However, the 2DMS methodology was not explored much in the 1980’s because of computational 
limitations of the time.  Recent advances in computational capacity and in data processing 
algorithms have now made 2DMS a viable technique, and we are exploring the technique in a 
variety of contexts. 
 
This presentation will focus on the utilization of this methodology to a wide range of sample types 
including small molecules, bottom-up proteomics mixtures, polymers, and top-down proteomics.   
 
[1]  P. Pfandler, G. Bodenhausen, J. Rapin, M.E. Walser, and T. Gaumann, J Am Chem Soc, 110, 5625 

(1988);  
P. Pfandler, G. Bodenhausen, J. Rapin, R. Houriet, and T. Gaumann, Chemical Physics Letters, 138, 
195 (1987). 

[2]  C.W. Ross, S.H. Guan, P.B. Grosshans, T.L. Ricca, and A.G. Marshall, J Am Chem Soc, 115, 7854 
(1993). 
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TOWARDS FUNCTIONAL OMICS AT SINGLE CELL RESOLUTION 
  
Ljiljana Paša-Tolić 
 
1Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, WA 
 
Bulk omic analyses report on large cell population averages, thus masking the presence of 
subpopulations, rare cells, and individual cellular variations.  Single cell measurements are needed 
to decipher basic principles of natural system variation and mechanisms that give rise to 
phenotypic diversity; resolve key metabolic processes among cells; and bridge the critical gap in 
linking molecular-scale information to whole-cell, systems-level understanding.  While single cell 
genomics and transcriptomics have been employed in a growing number of studies, proteomics 
and metabolomics are lagging behind due to considerable technical challenges.  Specifically, 
limited size and volume of single cells, together with the low copy numbers of certain analytes 
make their detection, identification and quantitation challenging. Additionally, characterizing 
phenotypic heterogeneity requires higher throughput than currently feasible to support high density 
sampling, while selection of cells of interest represent a challenge for in-situ measurements.  
Herein, we will describe recent developments towards single cell proteome mapping using 
microfluidic nanoliter sample processing and ultrasensitive LCMS1 and targeted single cell 
metabolome mapping using a platform that integrates fiber-optic LAESI-MS with microscopy and 
advanced MS2. 
 
[1]  Y. Zhu, P.D. Piehowski, R. Zhao, J. Chen, Y. Shen, R.J. Moore, A.K. Shukla, V.A. Petyuk, M. Campbell-

Thompson, C.E. Mathews, R.D. Smith, W.J. Qian, and R.T. Kelly, Nat Commun., 9(1), 882 (2018). 
[2]  S.A. Stopka, L.Z. Samarah, J.B. Shaw, A.V. Liyu, D. Veličković, B.J. Agtuca, C. Kukolj, D.W. Koppenaal, 

G. Stacey, L. Paša-Tolić, C.R. Anderton, and A. Vertes, Anal Chem., (2019) in press. 
 
 

36



 
12th North American FT MS Conference                                        Sponsors 

 
 
 
 
 
 
 
 
 
 
 
 

SPONSORS 
 

37



 
12th North American FT MS Conference                             Sponsor Oral 01 

REAL-TIME INSTRUMENT CONTROL OF THE ORBITRAP TRIBRID MASS SPECTROMETER 
 
Michael Goodwin, Derek J. Bailey, Florian Grosse-Coosmann, Manish Doshi, Qingyu Song, 
Jesse D. Canterbury, Qiming Wan, Shannon Eliuk, Michael W. Senko 

 
Thermo Fisher Scientific, 355 River Oaks Parkway, San Jose, CA  
 
In the past half-decade, a growing emphasis has been placed on the ability to incorporate real-time 
data analysis and programmatic control during the mass spectrometer acquisition. However, 
instrument control software is proprietary and maintained solely by the instrument vendors, limiting 
researcher’s ability to modify it. To provide advanced, high-performance, real-time capabilities to 
third-parties, we have released an Instrument Application Programming Interface (IAPI) for both 
the Q Exactive and the Orbitrap Tribrid series mass spectrometers.  
 
The Tribrid IAPI is written for the Microsoft .NET Framework (version 4.5.1) and is fully integrated 
with the Tune instrument control software. It uses an event-driven architecture where users 
subscribe to instrument generated events throughout the acquisition (e.g., spectra, messages, 
device readbacks, etc.). Users can control the instrument in real-time by modifying instrument 
parameters or submitting custom scan definitions. The IAPI is efficient and does not impact the 
performance of the instrument. Access to the IAPI requires a license. 
 
Here, we used the IAPI to develop a collection of example programs and acquisition methods that 
are not possible with the instrument control software. All the examples make use only the IAPI, 
mimicking the power and flexibility it offers to end-users. 
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WORKING TOWARDS IREPRODUCIBILITY IN FIA ANALYSIS 
  
Christopher J. Thompson1, Sara Forcisi3, Franco Moritz3, Basem Kanawati3, Jenny Uhl3,  
Aiko Barsch2, Gary Kruppa1, Michael L. Easterling1 and Philippe Schmitt-Kopplin3  
 
1Bruker Daltonics, Billerica, MA; 2Bruker Daltoniks, Bremen, Germany; 3Analytical BioGeoChemistry 
Research Unit, Helmholtz Center, Munich, Germany 
 
Expanding the utility of FTMS analysis relies on the reproducibility of an instrument method across 
various hardware platforms.  Within the context of the on-going clinical FTMS Ring Trial, this 
presentation will present both the hurdles and successes encountered when attempting to run the 
same experiment across a diverse group of FTMS laboratories.   
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ADVANCED DATA ACQUISITION AND DATA PROCESSING TECHNOLOGIES TO ADDRESS 
THE MOST CHALLENGING ORBITRAP AND ICR FTMS APPLICATIONS 

 
Anton Kozhinov1, Konstantin Nagornov1, Yury Tsybin1 

 
1Spectroswiss Sàrl, EPFL Innovation Park, 1015 Lausanne, Switzerland 
 
Continuously increasing sample complexity and stringent clinically-relevant regulations of the 
modern FTMS applications demand exceptional FTMS performance and productivity. The outmost 
care thus needs to be given to the development of the advanced technologies for every aspect of 
FTMS measuring process. Data acquisition of time-domain signals (transients) and their 
processing are among the key aspects of the FTMS experiment. Parallel development of new-
generation architectures for electronic components of data acquisition systems and mathematical 
algorithms for signal processing greatly contributes to the opportunities enabling novel capabilities 
and workflows.   
 
Previously, we implemented a high-performance data acquisition technology, known as FTMS 
Boosters, enabling users to access unprocessed data (transients) from any FTMS instrument (ICR 
or Orbitrap) in parallel with the regular mass spectra acquisition [1]. We also expanded this 
capability to enable acquisition of extended length transients on the FTMS instruments. The latter 
development, together with the advanced data processing software (Peak-by-Peak), unlocked 
previously unseen ultra-high resolution (UHR) Orbitrap FTMS performance, as well as allowed 
reaching UHR performance level for imaging FTMS [1]. 
 
Unlike the present-generation Orbitraps, many FT-ICR MS instruments in use today are able to 
collect mass spectra mainly or exclusively in magnitude FT mode. Recently, we introduced a data 
acquisition technology that, among other improvements over standard FTMS electronics, enabled 
direct generation of FT-ICR mass spectra in absorption FT mode, and successfully tested this 
approach on diverse models of FT-ICR MS instruments. Fundamentally, the key to success was in 
an improved monitoring of ion motion in ICR cells and artifact-free signal acquisition. Here, we will 
introduce a powerful data acquisition and processing system for FT-ICR instruments, that we 
developed based on the previous work, and benchmark it in high-resolution/high-throughput 
applications including petroleomics (both in direct infusion and LC-MS/MS modes) and proteomics.  
 
Finally, we previously demonstrated the benefits of multiplexing transients from technical replicates 
for top-down FTMS of monoclonal antibodies (mAbs), reaching increased sequence coverage [2]. 
Recently, we extended this approach to enable multiplexing of full and reduced profile mass 
spectral data from technical replicates in middle-down LC-FTMS/MS to benefit sensitivity-
demanding mAbs structural analysis applications [3]. Here, we will briefly introduce novel 
developments of the multiplexing approach in FTMS, and its application to increase FTMS 
performance, including sensitivity and resolution, in high-resolution GC-FTMS and LC-FTMS 
applications. 
 
[1]  P.C. Kooijman, K.O. Nagornov, A.N. Kozhinov, D.P.A. Kilgour, Y.O. Tsybin, R.M.A. Heeren, and S.R. 

Ellis, Scientific Reports, 9:8 (2019). 
[2]  L. Fornelli, D. Ayoub, K. Aizikov, X. Liu, E. Damoc, P. Pevzner, A. Makarov, A. Beck, and Y.O. Tsybin, 

Journal of Proteomics, 159, 67–76 (2017). 
[3]  K. Srzentić, K.O. Nagornov, L. Fornelli, A.A. Lobas, D. Ayoub, A.N. Kozhinov, N. Gasilova, L. Menin, A. 

Beck, M.V. Gorshkov, K. Aizikov, and Y.O. Tsybin, Analytical Chemistry, 90, 12527−12535 (2018). 
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THE TRIVERSA NANOMATE® WITH ESI® CHIP TECHNOLOGY AND LIQUID EXTRACTION 
SURFACE ANALYSIS (LESA®) IN BIOMEDICAL RESEARCH 

  
Daniel Eikel1 
 
1Advion Inc., 61 Brown Road, Ithaca, NY 
 
The TriVersa NanoMate® LESA® is the latest in chip-based electrospray ionization technology 
from Advion. It combines the benefits of liquid chromatography, mass spectrometry, chip-based 
infusion, fraction collection and direct surface analysis into one integrated ion source platform. It 
allows scientists to obtain more information from complex samples than LC/MS alone. The 
TriVersa NanoMate® is the only automated ion source platform that allows high throughput 
infusion experiments for small or large analytes in applications ranging from shotgun lipidomics 
and non-covalent interaction studies (NCI) to protein characterization. The TriVersa NanoMate® 
was developed to operate as a nano-ESI ion source for LC/MS applications. Excess LC eluate can 
be utilized for additional fraction collection to create a physical storage of the LC/MS experiment 
and allows re-analysis of fractions of interest as identified by the online LC/MS run alone. 
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OPTIMIZATION OF CAENORHABDITIS ELEGANS HOMOGENIZATION AND EXTRACTION 
METHODS FOR UNTARGETED METABOLOMICS USING ORBITRAP AND FTICR MASS 

SPECTROMETRY 
 
Brianna M Garcia1, Bennett Fox2, 3, Goncalo Gouveia4, Franklin E. Leach III5, Facundo 
Fernandez6, Frank Schroeder2, 3, Arthur S. Edison4, I. Jonathan Amster1 

 
1Department of Chemistry, University of Georgia, Athens, GA; 2Cornell University, Ithaca, NY; 3Boyce 
Thompson Institute, Ithaca, NY; 4Department of Biochemistry, University of Georgia, Athens, GA; 
5Department of Environmental Health Science, University of Georgia, Athens, GA; 6School of Chemistry and 
Biochemistry, Georgia Institute of Technology, Atlanta, GA 
 
Metabolomic studies aim to effectively identify known and unknown metabolites related to specific 
biological alterations. This is commonly achieved using analytical techniques such as NMR and 
LC-MS. High resolution mass spectrometry, using Orbitrap and FTICR-MS, allows confident 
assignment of elemental compositions. Metabolome coverage from untargeted LC-MS studies 
relies heavily on the pre-analytical protocols used, such as solvents and homogenization/extraction 
methods.1,2 These protocols impact which metabolites are successfully measured and thus, the 
biological conclusions drawn from an experiment. Standardization of protocols remains a challenge 
among the metabolomics community due to the variety of sample types analyzed.3 Studies have 
demonstrated that homogenization and extraction methods can produce large variations in terms 
of total number of metabolites detected, precision and yield1,2. To systematically determine the 
effects on metabolome coverage, artifact production, and experimental variation, different 
homogenization methods and extraction solvents (i.e. methanol, ethanol, 2:1 cholorform:methanol, 
and 9:1 ethylacetate:ethanol) have been examined using mixed life-stage wild-type (N2) C. 
elegans samples. Homogenization and extractions were completed by two individuals in triplicate 
for a total of 6 replicates per experiment. These samples were then split into LC-MS vials for each 
lab to run independently showcasing both the intra-analyst and instrumental variance. Data was 
collected in positive and negative mode electrospray ionization (ESI) on a C18 reverse phase (RP) 
column. Tandem mass spectrometry (MS/MS) using high energy collisional dissociation (HCD) was 
collected for metabolites of interest among the different datasets. Future work includes conducting 
an in-depth analysis of the data collected to determine the pre-analytical sample preparation 
method that produces the highest metabolome coverage, minimizes artifact production and has the 
highest reproducibility between analyst and laboratories. Furthermore, MS/MS experiments utilizing 
both the Orbitrap and FT-ICR will be conducted utilizing the optimized sample preparation method. 
This can further test the resolving power limits of the Orbitrap establishing the minimum 
requirements for FT-ICR analysis of metabolomics samples. 
 
[1] P. Masson, A.C. Alves, T.M.D. Ebbels, J.K. Nicholson, and E.J. Want, Anal. Chem., 82, 7779-7786 

(2010). doi:10.1021/ac101722e. 
[2] F.M. Geier, E.J. Want, A.M. Leroi, and J.G. Bundy, Anal. Chem., 83, 3730–3736 (2011). 
[3] O. Fiehn, et. al., Metabolomics, 3, 175–178 (2007). 
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UNRAVELING THE STRUCTURAL COMPLEXITY AND DIVERSITY OF DISSOLVED ORGANIC 
MATTER USING TIMS-FT-ICRMS 

 
Dennys Leyva1,2, Lilian V. Tose1, Jacob Porter1, Jeremy Wolff3, Rudolf Jaffé 2, Francisco 
Fernandez-Lima1,4* 
1Department of Chemistry and Biochemistry, Florida International University, Miami, FL; 2Southeast 
Environmental Research Center, Florida International University, Miami, FL; 3Bruker Daltonics, Inc., Billerica, 
MA; 4Biomolecular Sciences Institute, Florida International University, Miami, FL 
 
Dissolved organic matter (DOM) is a complex mixture resulting from the degradation of bacterial, 
algal, and higher plant organic material. DOM plays a significant role in aquatic ecosystems 
controlling light attenuation, influencing metal speciation and bioavailability, and serving as a 
source of nutrients [1]. Although most advanced analytical techniques, such as FT-ICRMS, have 
been widely used to assess the molecular complexity of DOM, constrain in isomerization aspects 
continues to be challenging [2]. With the advent of Trapped Ion Mobility Spectrometry, a promising 
alternative toward a more reliable isomeric characterization of DOM can be achieved using tandem 
TIMS-FT-ICR MS/MS [3]. In the present work, we examined the advantages of using TIMS-FT-
ICRMS to address the isomeric complexity of DOM samples collected from Pantanal (PAN) 
National Park (Brazil). While the FT-ICRMS analysis permitted the observation of a high number of 
peaks, over 4x features were observed in the IMS-MS domain (e.g., PAN-L: 22,015; PAN-S: 
20,954). Assuming a total general formula of CxHyN0-3O0-19S0-1, 3,066 and 2,830 for PAN-L and 
PAN-S chemical assignments were found in a single infusion experiment, respectively. Around 
80% of the identified compounds corresponded to highly conjugated oxygen compounds (O1-O20), 
in good agreement with previous reports. The MS and IMS projections at nominal mass 391 m/z 
showed a large isomeric complexity with an estimate of 4-10 isomers per m/z signal (7 m/z 
signals). When CID fragmentation was performed at nominal mass m/z 391, further estimation of 
the number of structural isomers was possible based on neutral loss fragmentation patterns and 
core fragments. A parallel analysis performed with MetFrag CL software across PubChem, resulted 
in 96 candidate structures based on accurate masses of the precursor ion and neutral fragments. 
These studies demonstrated the necessity of ultrahigh resolution TIMS mobility scan functions 
(e.g., R = 200-500) in addition to tandem MS/MS isolation strategies. 
 
[1]  T. Dittmar and A. Stubbins, Treatise on Geochemistry (Second Edition), Elsevier: Oxford, 125-156 

(2014). 
[2]  M. Zark and T. Dittmar, Nat. Commun., 9, 3178 (2018). 
[3]  L.V. Tose, P. Benigni, D. Leyva, A. Sundberg, C.E. Ramírez, M.E. Ridgeway, M.A. Park, W. Romão, R. 

Jaffé, F. Fernandez-Lima, Rapid. Commun. Mass. Sp., 32, 1287-1295 (2018). 
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SEPARATION AND IDENTIFICATION OF SULFATED GLYCOSAMINOGLYCANS IN URINE 
USING CAPILLARY ELECTROPHORESIS AND TANDEM MASS SPECTROMETRY 

 
Patience Sanderson1, Xiaorui Han2, Fuming Zhang2, Robert J. Linhardt2, I. Jonathan Amster1 

 
1University of Georgia, Chemistry Department, Athens, GA; 2Rensselaer Polytechnic Institute, Troy, NY 
 
Sulfated glycosaminoglycans (GAGs) are linear, acidic polysaccharide chains abundant on the 
surface of mammalian cells that affect numerous biological processes. Several disorders, such as 
mucopolysaccharidoses (MPSs), are determined through screening the quantity of GAGs present 
in urine. Healthy individuals excrete GAGs in the urine at low levels, but those with MPSs cannot 
properly digest GAGs resulting in elevated levels present in the urine. Using capillary 
electrophoresis tandem mass spectrometry (CE-MS/MS), we can separate and analyze the types 
of GAGs excreted in urine from healthy patients. Separation reduces heterogeneity prior to tandem 
MS sequencing which enables identification of sulfation patterns found in healthy individuals that 
can be used as a baseline for comparison. 

Capillary electrophoresis-mass spectrometry was previously demonstrated for the separation of 
GAG mixtures containing purified standards in negative ion mode [1]. Furthermore, higher energy 
collision induced dissociation (HCD) and negative electron transfer dissociation (NETD) have been 
shown to provide adequate sequence coverage to determine the sites of sulfo-modification on 
GAGs [2-3]. Current efforts focused on investigating biological samples, such as urine, to 
determine the type and variability of sulfated GAGs exhibited in healthy individuals. 

GAGs were extracted by performing dialysis and treatment with actinase E to remove proteins on a 
mini Q cation column. Recovered GAGs were subjected to gel permeation chromatography (GPC) 
to obtain low molecular weight oligosaccharides before reconstituting in water for CE-MS analysis. 
CE separations were performed on an Agilent HP 3D CE using a cation-coated capillary with a -30 
kV potential applied. Tandem mass spectrometry experiments were performed using negative 
electron transfer dissociation (NETD) for multiply charged species and higher energy collision 
induced dissociation (HCD) for singly charged species. 

The high sensitivity of CE-MS allows detection and separation of GAGs at low concentrations to 
determine various GAG compositions in urine. For both sexes, the majority of the species are 
similar, with GAGs ranging in size from disaccharide to hexasaccharides containing both 
heparin/heparan sulfate (HS) and chondroitin sulfate (CS) components. To obtain identification of 
sulfation patterns of these GAGs, tandem mass spectrometry experiments were incorporated post 
separation for sequence analysis. By combining NETD and HCD experiments with CE-MS, the top 
ten most abundant species were structurally analyzed in females and males. 

From the fragmentation patterns, we were able to identify which saccharides contain sites of 
modification, such as sulfation or N-acetylation. However, due to glucose and galactose being 
epimers, it is not possible to determine which components are HS or CS by mass alone. Thus, 
samples were individually subjected to digestion with heparinase and chondroitinase. Species that 
migrated faster through the capillary were shorter chains of HS, and the later migrating species 
were CS oligosaccharides with longer chains. 

[1]  P. Sanderson, M. Stickney, F.E. Leach III, Q. Xiz, Y. Yu, F. Zhang, R.J. Linhardt, and I.J. Amster, J. 
Chromatogr. A, 1545, 75-83 (2018). 

[2]  F.E. Leach III, J.J. Wolff, Z. Xiao, M. Ly, T.N. Laremore, S. Arungundram, K. Al-Mafraji, A. Venot, G. -J. 
Boons, R.J. Linhardt, and I.J Amster, Eur. J. Mass Spectrom., 17(2), 167-176, (2011). 

[3]  F.E. Leach III, N.M. Riley, M.S. Westphall, J.J. Coon, and I.J Amster, J. Am. Soc. Mass Spectrom., 28, 
1844-1854 (2017). 
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CHARGE CARRIER AND CHARGE STATE EFFECTS IN FREE RADICAL INITIATED PEPTIDE 
SEQUENCING (FRIPS) 

 
Eunju Jang1, Nicholas B. Borotto1, Kristina Hakansson1 
 
1University of Michigan, Department of Chemistry, Ann Arbor, MI   
 
Tandem mass spectrometry (MS/MS) is an important tool for structural characterization of proteins 
with high sensitivity and speed. Primary protein structure can be elucidated with gas phase peptide 
sequencing. Several MS/MS activation methods are available, including collision induced 
dissociation (CID), electron capture dissociation (ECD), and electron transfer dissociation (ETD). 
CID is widely available in most mass spectrometers, however, this technique favors fragmentation 
of the weakest chemical bonds, including, e.g., loss of labile post-translational modifications 
(PTMs), precluding PTM site determination and glycan linkage analysis. ECD/ETD are radical-
driven dissociation methods providing complementary structural information, however, they require 
specialized instrumentation and analytes need to carry at least two positive charges. One 
promising activation technique to overcome these limitations is free radical initiated peptide 
sequencing (FRIPS). Peptides conjugated with a TEMPO-based reagent generate a free radical 
via homolytic cleavage of a C-O bond during gentle collisional activation. This free radical 
propagates along the peptides and yields a, c, x, and z type fragment ions. However, competition 
between radical driven and mobile proton-driven pathways, resulting in heterolytic bond cleavage, 
occurs and thus detailed studies of how to drive the desired dissociation pathways are needed. 
Here, we examine the influence of increasing charge state and charge carrier type on positive ion 
FRIPS. We also explore negative ion FRIPS as a mobile proton deficient environment. 
 
[1]  M. Lee, M. Kang, B. Moon, and H. Bin Oh, Analyst, 134, 1706–1712 (2009).  
[2]  N.B. Borotto, K.M. Ileka, C.A.T.M.B. Tom, B.R. Martin, and K. Håkansson, Anal. Chem., 90, 9682–9686 

(2018).  
[3]  C. Ihling, F. Falvo, I. Kratochvil, A. Sinz, and M. Schäfer, J. Mass Spectrom., 50, 396–406 (2015). 
[4]  C. Iacobucci, M. Schäfer, and A. Sinz, Mass Spectrom. Rev., 38, 1–15 (2018).  
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COMPARISON OF CHARGE TRANSFER DISSOCIATION (CTD) AND ELECTRON 
DETACHMENT DISSOCIATION (EDD) FOR THE STRUCTURAL ANALYSIS OF 

GLYCOSMINOGLYCANS 
Lauren Pepi1, Zachary J. Sasiene2, Praneeth M. Mendis2, Glen P. Jackson2,3, I. 
Jonathan Amster1 

1University of Georgia, Department of Chemistry, Athens, GA; 2 West Virginia University, Department of 
Chemistry, Morgantown, WV; 3West Virginia University, Department of Forensic and Investigative Science, 
Morgantown, WV 

Glycosaminoglycans (GAGs) are complex linear polysaccharides with repeating 
disaccharide units composed of an amino sugar and uronic acid. GAGs have a broad 
range of physiological processes, and many tandem mass spectrometry techniques have 
been developed for their structural characterization. Electron activation methods such as 
electron detachment dissociation (EDD) have been shown to fragment GAG samples such 
that cross-ring cleavages are produced in abundance. Charge transfer dissociation (CTD) 
has been shown to produce abundant cross-ring cleavages and no sulfate loss when 
applied to algal polysaccharides. Here, we present the structural identification of GAG 
samples using CTD and EDD.   

All experiments were conducted in negative mode. GAG samples were made at a 
concentration of 0.1 mg/mL in 50:50 MeOH:H2O. EDD experiments were performed on a 
9.4T Bruker Apex Ultra QeFTMS (Billerica, MA), as described previously. Each sample 
was injected at a rate of 30 uL/h and ionized by nano-electrospray (pulled fused silica tip 
model FS360-75-30-N-20; New Objective, Woburn, MA). Isolated, multiply charged 
precursor ions were activated with 19 eV electrons. He-CTD experiments were performed 
on a modified ion trap mass spectrometer, as described previously. Samples were injected 
at a rate of 3 μL/min and ionized by electrospray. Isolated, multiply charged precursor ions 
were activated with 7.5-8 keV helium cations. 

Here, we present CTD as a GAG analysis technique for the first time and compare these 
results with EDD and collision induced dissociation (CID). Current data shows the ability 
for CTD to determine structurally significant modifications in both heparan sulfate (HS) and 
chondroitin sulfate (CS) tetrasaccharide samples. The samples range in sulfation pattern 
and number; i.e. from one to four sulfates. Comparison of EDD and CTD spectra shows 
major similarities between the two methods. CTD data yields more cross-ring cleavages 
than EDD for some samples, and both methods preserve the labile sulfate groups in a 
majority of the product ion fragments. However, CTD spectra typically contain more 
chemical background than EDD spectra below m/z 300, so CTD has more limited value 
than EDD in this mass/charge range. CTD and EDD spectra contain an abundance of 
fragments derived from cross-ring cleavages. As is normally the case, CID spectra show 
an abundance of sulfate losses and glycosidic cleavages with very few cross-ring 
cleavages. We are currently extending this approach to larger GAGs. 

[1]  A. Varki, R.D. Cummings, J.D. Esko, H.H. Freeze, P. Stanley, C.R. Bertozzi, G.W. Hart, and M.E. Etzler, 
Essentials of Glycobiology, Vol. 2 (2009).  

[2]  J.J. Wolff, I.J. Amster, L. Chi, and R.J. Linhardt, J Am Soc Mass Spectrom, 18(2), 234-44 (2007). 
[3]  I. Agyekum, C. Zong, G.-J. Boons, and I.J. Amster, J Am Soc Mass Spectrom., 1-10 (2017). 
[4]  P. Li, and G.P. Jackson, J Mass Spectrom., 52(5), 271-282 (2017). 
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TOP-DOWN AND MIDDLE-DOWN FRAGMENTATION OF A MULTIPLY GLYCOSYLATED 
PROTEIN 

  
Robert Williams1,2, Jeong-Yeh Yang2, Kelley Moremen2, James H. Prestegard1,2, I. Jonathan 
Amster1 
 
1University of Georgia, Department of Chemistry, 140 Cedar St, Athens, GA; 2University of Georgia, 
Complex Carbohydrate Research Center, Athens, GA   
 
Glycosylation is one of the most common post-translational modifications of proteins in eukaryotes.  
Due to its heterogeneity it is also one the most difficult to analyze.  Top-down mass spectrometry is 
a promising technique for analyzing PTMs of intact proteins and can inform upon relationships 
between separate modifications.  Here, we apply Top-Down and middle-down ECD MS/MS 
analysis to a glycoprotein, CEACAM1, which contains three glycosylation sites.  Previous studies 
have indicated that homodimerization of this protein is modulated by glycosylation; however, the 
exact glycosylation pattern was not characterized.  Knowledge of the glycan occupancy of each 
site would provide valuable information for better understanding the biological function of 
CEACAM1.  We anticipate that the combination of top-down and ECD MS/MS will be useful for 
determining the relative glycan occupancy of the three sites. 
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SUPERCHARGING OF PALMITOYLATED PEPTIDES FOR IMPROVED ELECTRON 
CAPTURE/TRANSFER DISSOCIATION TANDEM MASS SPECTROMETRY 

 
Nhat H. V. Le, John E. Crellin, Gabriela Grigorean, Brent R. Martin, Kristina Hakansson 
 
Department of Chemistry, University of Michigan, Ann Arbor, MI 

 
Reversible attachment of palmitoyl groups to cysteine via a labile thioester linkage plays important 
roles in protein intracellular localization, trafficking, function, and interactions. Liquid 
chromatography/tandem mass spectrometry is a promising tool for global analysis of protein 
palmitoylation; however, despite >5,000 putatively identified S-palmitoylated proteins, <100 sites 
have been validated. One challenge is facile palmitoyl loss during collision induced dissociation. By 
contrast, electron capture/transfer dissociation (ECD/ETD) retain palmitoylation and can generate 
extensive sequence coverage [1]. One ETD pitfall is its requirement for at least triply charged 
precursor ions below an m/z ratio ~1,000 to yield effective fragmentation. The palmitoyl non-polar 
nature can preclude abundant generation of such desired precursor ions. Supercharging shifts ion 
m/z ratios to higher charge states [2]. Here, we explore supercharging for improved ECD/ETD of 
palmitoylated peptides with two FTMS instruments. 
 
Synthetic peptides were purchased from GenicBio and palmitoylated via thioacylation. Samples 
were directly infused into an Orbitrap Fusion Lumos mass spectrometer. ETD was performed with 
fluoranthene at a reaction time of 100 ms. We found that addition of supercharging reagent can 
significantly increase the average charge state for N-terminally palmitoylated peptides. For the 
peptide Pal-PDFRIAFQELLCLR, the doubly protonated, [M + 2H]2+, ion was significantly more 
abundant (81%) than the triply protonated, [M + 3H]3+, ion (19%) in the absence of supercharging 
reagent.  ETD of the doubly protonated, most abundant, peptide charge state only yielded one 
product ion, z13

+•. Addition of m-NBA did not significantly affect the precursor ion charge state 
distribution for this peptide. By c ontrast, addition of sulfolane increased the average charge state 
from 2.14 to 2.60 with the triply protonated ion being the most abundant following supercharging. 
This increase in average charge state has profound consequences for ETD sequence coverage. 
ETD of 3+ precursor ions provided extensive backbone fragmentation, including a variety of c and 
z-type ions. Supercharging was also effective for the peptide Pal-ARAWCQVAQKF, which showed 
an average charge state of 2.04 in the absence of supercharging reagent.  For this peptide, both 
m-NBA and sulfolane were effective with an average charge state of 2.61 observed with m-NBA 
and 2.42 with sulfolane.  ETD of the 2+ ion yielded only 3 backbone fragments whereas the 3+ ion 
generated extensive fragmentation. For the peptide Pal-MGCVQCKDKEA, only doubly protonated 
ions were generated in the absence of supercharging reagent whereas addition of either mNBA or 
sulfolane allowed the observation of 3+ ions, with sulfolane generating the highest abundance of 
this higher charge state.  
 
[1]  Y. Ji, N. Leymarie, D.J. Haeussler, M.M. Bachschmid, C.E. Costello, and C. Lin, Anal. Chem., 

85, 11952 (2013). 
[2]  A.T. Lavarone, J.C. Jurchen, and E.R. Williams, Anal. Chem., 73, 1455 (2001). 
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CHARACTERIZATION OF AT-HOOK PEPTIDE STRUCTURAL MOTIFS USING MOBILITY-
SELECTED MS/MS AND ACTION IRMPD 

 
Jacob Porter1, Phillip Maître2, Francisco Fernandez-Lima1  
 
1Florida International University, 11200 SW 8th Street, Miami, FL; 2Laboratoire de Chimie Physique, Bâtiment 
349, Univ Paris-Sud, 91405 Orsay Cedex, France 
 
High Mobility Group AT-Hook 2 (HMGA2) is an important biological protein, with roles in growth 
regulation, oncogenesis and diet-induced obesity.[1-3] Encoded in the sequence are several motifs 
which bind to AT-rich regions of DNA, allowing it to act as a transcription-regulating factor. By 
synthesizing AT-hook peptides (ATHPs) analogous to these motifs containing a PRGRP sequence, 
we can study the influence of environmental conditions such as solvent on 3-dimensional structure.  
 
Due to its fast (nonergodic) mechanism, ECD provides structural information based on the 
fragmentation pattern observed. Action IRMPD can provide structural information based on bond-
specific absorbances. By coupling these techniques to IMS, we can access structural information 
on individual conformers.  
 
Trapped Ion Mobility Spectrometry - FT-ICR MS/MS experiments were performed on a custom 
nESI-TIMS system coupled to a Solarix 7T FT-ICR mass spectrometer (Bruker). Three AT-Hook 
peptides with the sequences KRGRGRPRK, PKRPRGRPK and KRPRGRPRKW (1110 Da, 1091 
Da and 1336 Da respectively) were synthesized and characterized.  Mobility-selected CID, ECD 
and Action IRMPD experiments were carried out on multiply-charged species, and candidate 
structures were proposed based on molecular modeling in YASARA.  
 
Each peptide showed a number of conformers across multiple charge states. Mobility-selected FT-
ICR MS/MS analyses showed different fragmentation patterns depending on the MS/MS 
mechanism: CID provided near-complete sequence coverage, while fast (nonergodic) ECD 
preserved the three-dimensional structure, giving conformer-specific information.  
 
Action IRMPD spectra provided information on specific stretching frequencies based on the 
wavelength of absorbance, including neutral NH2…O=C interactions, which helped to propose 
structures with specific intramolecular interactions. 
 
Mobility-selected fragmentation showed band-specific fragments in the MS/MS, indicating 
differences between conformers. For ATHP 2, for example, [c-1] fragmentation consistent with 
proton transfer was observed only in certain mobility bands. These conformer-specific fragments 
were used as an indicator of relative structural stability and strength of intermolecular bonds in gas-
phase species, supporting existing theories on the mechanism of ECD fragmentation and the gas-
phase conformational space. Theoretical structures were proposed based on these observations. 
 
[1]  A. Federico, F. Forzati, F. Esposito, C. Arra, G. Palma, A. Barbieri, D. Palmieri, M. Fedele, G. M. 

Pierantoni, I. De Martino, and A. Fusco, Biology Open, 3, 372-378 (2014). 
[2]  L. Wei, X. Liu, W. Zhang, Y. Wei, Y. Li, Q. Zhang, R. Dong, J. S. Kwon, Z. Liu, W. Zheng, and  B. Kong, 

American journal of cancer research, 6, 249-259 (2016). 
[3]  Y. Xi, W. Shen, L. Ma, M. Zhao, J. Zheng, S. Bu, S. Hino, and M. Nakao, Biochem. Biophys. Res. 

Commun., 472, 617-623 (2016). 
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INVESTIGATING ISOFORM STRUCTURES FOUND IN ENOXAPARIN USING NEGATIVE 
ELECTRON TRANSFER DISSOCIATION AND CAPILLARY ELECTROPHORESIS-MASS 

SPECTROMETRY 
 

Morgan Stickney1, Patience Sanderson1, Franklin E. Leach III1, Joshua J. Coon2, Michael S. 
Westphall2, Nicholas M. Riley2, James Xia3, Fuming Zhang4, Robert J. Linhardt4, I. Jonathan 
Amster1 

1University of Georgia, Athens, GA; 2University of Wisconsin–Madison, Madison, WI; 3CMP Scientific, Corp., 
Brooklyn, NY; 4Rensselaer Polytechnic Institute, Troy, NY 

Sulfated glycosaminoglycan (GAG) carbohydrates are ubiquitous linear, acidic polysaccharides 
abundant on the cell surface with non-template driven modifications that affect many biological 
functions through protein-binding interactions. Capillary electrophoresis-mass spectrometry (CE-
MS) presents a fast and efficient approach for separating complex GAG mixtures. Negative 
Electron Transfer Dissociation (NETD) is a powerful fragmentation method that can be performed 
on mass spectrometry platforms capable of ion-ion reactions. Electron based fragmentation 
methods like NETD are capable of fragmenting GAGs without decomposing sensitive 
modifications. Combining a CE-MS platform with NETD can differentiate isoforms within complex 
biological mixtures and assign precise structural characterization to identify biologically relevant 
protein binding motifs present on GAGs. 

GAG oligosaccharides were prepared by enzymatic depolymerization, purified, and desalted with a 
3kDa Amicon Ultra centrifugal filter (Millipore). Capillary electrophoresis separations were 
performed with an Agilent HP3D CE. Prior to CE analysis, the inner surface of the cation-coated N-
(6-aminohexyl)aminomethyltiethoxysilane (AHS) capillary was conditioned by flushing background 
electrolyte (BGE, 25mM ammonium Acetate 70% MeOH). GAG samples were injected for 3 
seconds at 14psi and CE separation was performed by applying -30kV potential. The EMASS-II 
(CMP Scientific, Brooklyn, NY) was employed to couple the CE to an Orbitrap Elite mass 
spectrometer utilized for MS of separated chains and tandem mass spectrometry of mass-selected 
ions for structural determination. NETD fragmentation was performed with fluoranthene on a Velos 
Orbitrap Elite (Thermo Scientific, Bremen, Germany). 

Our lab has demonstrated baseline separation of mixtures of purified tetrasaccharides that vary in 
extent and position of sulfation and in the stereochemistry of a single C5 carboxyl group via 
reverse polarity capillary electrophoresis and detection in negative ion mode. Enoxaparin, a 
common low molecular weight heparin pharmaceutical, is a complex biological mixture of GAGs 
and has been separated into multiple structures and isoforms over time in a reproducible way 
using CE-MS. NETD performed with fluoranthene has been demonstrated to effectively fragment 
GAG oligosaccharides from length dp4 to dp10, producing both glycosidic and cross-ring 
cleavages necessary for characterization of sulfate modifications. Sulfate loss peaks are minimized 
by careful precursor ion selection. NETD provides similar fragmentation results to EDD on a 
millisecond time scale suitable for online experiments since the only limiting factor is generation of 
reagent radical cation species. With NETD low charge states and low sodium adduction peaks 
generated by CE are acceptable for fragmentation without significant sulfate loss. We have 
assigned structures to the most intense unknown species of Enoxaparin using NETD 
fragmentation. 

[1]  R.J. Linhardt, and T. Toida, Acc. Chem. Res., 37 431-438 (2004). 
[2]  F.E. Leach, N.M. Riley, M.S. Westphall, J.J. Coon, and I.J. Amster, J.Am. Soc.Mass Spectrom., 28, 

1844-1854 (2017). 
[3]  P. Sanderson, M. Stickney, F.E. Leach, Q. Xia, Y. Yu, F. Zhang, R.J. Linhardt, and I.J. Amster, J. 

Chrom. A., 1545, 75-83 (2018). 
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STRUCTURAL DEPENDENCE OF PHOTO-GENERATED TRANSFORMATION PRODUCTS 
FOR AROMATIC HYDROCARBONS ISOLATED FROM PETROLEUM 

 
Sydney F. Niles1, Martha L. Chacón-Patiño 2, Steven M. Rowland2, Huan Chen2, Amy M. 
McKenna2, Ryan P. Rodgers1,2, Alan G. Marshall1,2 
 

1National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, FL; 2Florida State 
University, Department of Chemistry, Tallahassee, FL   
 
After the Deepwater Horizon (DWH) oil spill, which released over 3 million barrels of crude oil into 
the Gulf of Mexico, the weathering of oil species in the environment has been studied extensively. 
Results from previous investigations indicate that photo-oxidation is likely the primary driving force 
behind the formation of Ox transformation products; however, additional studies are required to 
determine the chemical pathways and elucidate any structural dependence of photo-oxidation 
reactions in petroleum.    
 
Previously, direct photo-oxidation reactions, which include the absorption of photons by a 
chromophore (e.g., an aromatic hydrocarbon ring), were thought to dominate; however recent 
studies indicate secondary reactions may play a role as well. Furthermore, we suspect that the 
number of aromatic rings in the petroleum parent compound influences the identity and abundance 
of the resulting transformation products formed through photo-oxidation. 
 
In this study, we use a solar simulator in the lab to mimic photo-oxidation of oil in the environment 
following an oil spill. A heavy petroleum sample (chosen due to its high structural and chemical 
complexity) is subjected to high performance liquid chromatography (HPLC-3) fractionation, which 
separates compounds based on the number of fused aromatic rings.1 Fractions with various-sized 
aromatic cores (i.e., saturates, 1-ring, 2-ring, 3-ring, 4-ring, 5-ring plus polars, and sulfides) are 
irradiated in the solar simulator prior to analysis by Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS), which yields molecular-level information about the photo-oxidation 
products. We compare the results to the products from the whole oil (unfractionated) and field 
samples collected after the DWH spill. The high resolution and accurate mass measurement allow 
for subsequent assignment of molecular formulas and confident identification of the transformation 
products to reveal the effect of structure on photo-oxidation processes in the environment.  
 
Photo-oxidation of ring-fractions in the lab was shown to produce a variety of oxygenated 
transformation products. Preliminary data suggests that the number of rings in an oil sample 
affects the types (heteroatom compound classes) and relative abundances of photo-oxidation 
products formed upon lab-irradiation. For some ring-fractions, increased DBE (aromaticity) was 
observed for transformation products, suggesting that polymerization reactions may occur upon 
photo-oxidation.  
 
Work supported by NSF Grant DMR-1644779.  
 
[1]  Jonathan C. Putman, Steven M. Rowland, David C. Podgorski, Winston K. Robbins, and Ryan P. 

Rodgers, Energy & Fuels, 31(11), 12064-12071(2017). 
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Jonathan C. Putmana,b, Donald F. Smitha, Chad R. Weisbroda, Steven M. Rowlanda, Martha L. 
Chacón-Patiñoa, Yuri E. Coriloa, Greg T. Blakneya, Christopher L. Hendricksona,b, Ryan P. 
Rodgersa,b*, Alan G. Marshalla,b* 
 
a. National High Magnetic Field Laboratory, Tallahassee, FL; b. Department of Chemistry and Biochemistry, 
Florida State University, Tallahassee, FL 

The extremely complex composition of crude oils and petroleum products makes chromatographic 
separations essential to obtain comprehensive molecular characterization. Here, we present two 
chromatographic methods coupled with on-line detection by 21 T FT-ICR MS.1,2 The first method, 
gel permeation chromatography (GPC), separates based on aggregation tendency,3 whereas  the 
second method separates based on the size of fused aromatic ring cores (HPLC-3)4. These 
methods both yield valuable bulk-scale information about a sample even prior to mass spectral 
analysis. However, we are able to maximize the amount of molecular-level information by utilizing a 
custom-built 21T FT-ICR MS as an on-line detector. To provide a comparison by which to gauge 
the improvements afforded by coupling traditional separations with on-line detection, four GPC 
fractions of various aggregate states (i.e., high molecular weight (M.W.), medium M.W., low M.W., 
and tailing), and seven aromatic ring class fractions (i.e., saturates, 1-ring, 2-ring, 3-ring, 4-ring, 5-
ring plus polars, and sulfides) were collected off-line and analyzed by direct infusion. With on-line 
detection, the ability to generate extracted ion-type chromatograms for heteroatom classes, 
heteroatom groups, atomic ratios and / or double bond equivalents (DBE) revealed 
chromatographic features not observable in their off-line counterparts. Analysis of GPC fractions 
collected from an asphaltene sample by direct infusion revealed that aromaticity correlates 
inversely with aggregate size. However, for the most aggregated fractions, which were comprised 
of larger, more aliphatic species with very poor ionization efficiencies, solvent contamination peaks 
and dynamic range limitations hampered characterization by direct infusion. These problems were 
overcome by coupling the separation with on-line detection, which revealed that ionic species with 
the greatest abundance in the highly aggregated segment were indeed the most aliphatic for all 
heteroatom classes. However, the improved chromatographic resolution afforded by on-line 
coupling enabled a finer examination in that region and revealed a local trend that opposed the 
global trend. The earliest-eluting species (most aggregated) were actually more condensed 
polycyclic aromatics, which were quickly followed by a much greater abundance of larger, more 
aliphatic species. On-line HPLC-3 also revealed chromatographic features not observable by 
fraction collection. The HPLC-3 method showed that, within a given aromatic ring class, elution 
order is dictated by the number of cycloalkane rings attached to the aromatic core. For both 
separations, even disregarding the limitations associated with fraction collection / direct infusion, it 
would be difficult and impractical to collect a sufficient number of fractions with short enough time 
intervals to reveal these local trends.  

Work supported by NSF Grant DMR-1644779.   

[1]  D.F. Smith, D.C. Podgorski, R.P. Rodgers, G.T. Blakney, and C.L. Hendrickson, Anal. Chem., 90(3), 
2041–2047 (2018). 

[2]  C.L. Hendrickson, J.P. Quinn, N.K. Kaiser, D.F. Smith, G.T. Blakney, T. Chen, A.G. Marshall, C.R. 
Weisbrod, and S.C. Beu, J. Am. Soc. Mass Spectrom., 26(9), 1626–1632 (2015). 

[3]  J.C. Putman, S. Gutiérrez Sama, C. Barrère-Mangote, R.P. Rodgers, R. Lobinski, A.G. Marshall, B. 
Bouyssière, and P. Giusti, Energy Fuels (2018).  acs.energyfuels.8b02788. 

[4]  J.C. Putman, S.M. Rowland, D.C. Podgorski, W.K. Robbins, and R.P. Rodgers, Energy Fuels, 31(11) 
(2017). 
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STRUCTURAL INSIGHTS FROM TANDEM MASS SPECTROMETRY, ION MOBILITY-MASS 
SPECTROMETRY AND INFRARED/ULTRAVIOLET SPECTROSCOPY ON SPHINGONODIN I: 

LASSO VS. BRANCHED-CYCLIC TOPOISOMERS 
 
Kevin Jeanne Dit Fouque,1 Valeriu Scutelnic,2 Julian D. Hegemann,3 Séverine Zirah,4 Sylvie 
Rebuffat,4 Philippe Maître,5 Thomas R. Rizzo2, Francisco Fernandez-Lima1 

 
1 Department of Chemistry and Biochemistry, Florida International University, 11200 SW 8th St., AHC4-233, 
Miami, FL; 2 Laboratory of Molecular Physical Chemistry, Ecole Polytechnique Fedérale de Lausanne, 
Station 6, CH-1015 Lausanne, Switzerland; 3 Department of Chemistry, University of Illinois at Urbana-
Champaign, 600 South Mathews Avenue, Urbana, IL; 4 Laboratory Molecules of Communication and 
Adaptation of Microorganisms, National Museum of Natural History, CNRS, 57 rue Cuvier, CP-54, 75005 
Paris, France; 5 Laboratoire de Chimie Physique, Université Paris Sud, UMR 8000 CNRS, Faculté des 
Sciences, Bât. 349, 91405 Orsay Cedex, France 
 
Lasso peptides are a class of bioactive ribosomally synthesized and post-translationally-modified 
peptides (RiPPs) characterized by a mechanically interlocked topology, where the C-terminal tail of 
the peptide is threaded and trapped within an N-terminal macrolactam ring. Sphingonodin I has still 
not been characterized using the traditional structural biology tools (e.g., NMR and X-ray 
crystallography) and no biological activity has been reported yet while most of the lasso peptides 
present properties in contrast to the unthreaded branched-cyclic topoisomers. In the present work, 
tandem mass spectrometry, using collision induced dissociation (CID) and electron capture 
dissociation (ECD), trapped ion mobility spectrometry – mass spectrometry (TIMS-MS) and 
Infrared/Ultraviolet (IR/UV) spectroscopy experiments were carried out to evidence specific 
structural signatures between the class II lasso peptide sphingonodin I and the branched-cyclic 
analog. CID experiments on sphingonodin I yielded mechanically interlocked species with 
associated bi and yj fragments as compared to the branched-cyclic topoisomer, evidencing the 
presence of a lasso topology. ECD experiments of sphingonodin I showed a significant increase of 
hydrogen migration events in the loop region when compared to the branched-cyclic analog. The 
high mobility resolving power of TIMS resulted in the separation of both topoisomers, where 
sphingonodin I adopted more compact structure than the branched-cyclic analog. Cryogenic and 
room-temperature IR spectroscopy experiments evidenced a different hydrogen bond network 
between the two topologies while the cryogenic UV spectroscopy experiments clearly showed 
distinct phenylalanine environment, located near the plug residues, between the two topoisomers. 
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ADVANCES IN ASPHALTENE PETROLEOMICS REVEALED BY FOURIER TRANSFORM ION 
CYCLOTRON RESONANCE MASS SPECTROMETRY 

 
Martha L. Chacón-Patiño1, Donald F. Smith1, Christopher L. Hendrickson1, Ryan P. 
Rodgers1,2 
 

1National High Magnetic Field Laboratory, 1800 East Paul Dirac Drive, Tallahassee, FL; 2Florida State 
University, Department of Chemistry, Tallahassee, FL   
 
Petroleum scientists usually describe asphaltenes as nanoaggregates of aromatic cores 
surrounded by aliphatic chains. This view started in the early 1960’s, with the work of professor 
Teh-Fu Yen, who used X-ray diffraction to propose a molecular representation for asphaltenes 
based on the diffraction properties of blends of graphite and polyethylene. The original Yen model 
included both island and archipelago motifs, in which the aromatic cores were the primary site of 
interaction. The notion of π–π stacking as the dominant molecular force in asphaltene aggregation 
transcended to the Modified Yen model, which also suggested that island structures are the 
dominant structural motif in petroleum asphaltenes. However, the Modified Yen model is 
inconsistent with several asphaltene properties, in particular, the molecular composition of 
asphaltene upgrading products.  
 
Recent works that combine Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR 
MS) and infrared multiphoton dissociation (IRMPD) demonstrate that characterization of 
unfractionated asphaltene samples by direct infusion MS fails to provide an accurate molecular 
composition due to selective ionization. An extrography separation was developed to overcome 
selective ionization. The results demonstrate that island and archipelago motifs coexist in a 
structural continuum that becomes enriched with archipelago species as a function of increased 
asphaltene molecular weight, heteroatom (N and O) content, and aggregation tendency. 
Importantly, the relative island:archipelago ratio is sample-dependent and reflects the amount of 
coke and distillable aromatics produced during the upgrading processes. Additional emulsion and 
aggregation tests in heptane-toluene, adsorption and desorption tests on silica gel, and gas-phase 
fragmentation results suggest that a higher concentration of species with multiple oxygen-
containing moieties correlates with stronger aggregation / adsorption, stronger interfacial activity, 
and increased reactivity in gas-phase (IRMPD) fragmentation. The results further suggest that any 
attempt to understand asphaltene properties at the molecular level requires separations, ultra-high-
resolution MS and the inclusion of the role of the structure and the forces between heteroatom-
containing functionalities. 
 
Work supported by NSF Grant DMR-1644779.  
 

56



 
12th North American FT MS Conference                                         Poster 14 

AN INTEGRATED ULTRA-HIGH RESOLUTION FTICR-MS BASED PLATFORM FOR 
METABOLOMICS 

 
Yanlong Zhu1, Benjamin Wancewicz1, Kent Wenger1, Yutong Jin1, Heino M Heyman2, 
Christopher J. Thompson2, Aiko Barsch2, Allan Brasier1, Ying Ge1 

 
1University of Wisconsin-Madison, Madison, WI; 2Bruker Daltonics Inc., Billerica, MA 
 
The importance of metabolomics, the endpoint of the “omics” cascade, is increasingly appreciated 
since the changes of metabolites reflect the ultimate response of biological systems to stresses. 
Metabolomics aims to characterize diverse classes of small molecules from a variety of sample 
types. A general mass spectrometry-based metabolomic analysis involves mass spectrometry 
coupled to liquid chromatography (LC), gas chromatography (GC), or capillary electrophoresis 
(CE). For non-targeted metabolomics, direct infusion mass spectrometry (DIMS) becomes a 
powerful technique due to its simplicity and high-throughput screening capability. The elimination of 
a separation step also prevents the introduction of biased and selective retention mechanisms, so 
that DIMS enables the simultaneous measurement of a large number of metabolites. In this study, 
we have developed an integrated high-throughput DIMS-based platform for metabolomics using 
the Bruker solariX 12T FTICR mass spectrometer. The ultra-high resolution, high sensitivity and 
wide dynamic range of the 12T FTICR mass spectrometer enable the detection of numerous 
metabolites in a single mass spectrum. The automated chip-based nanoESI source shows the 
potential of high-throughput screening, reduced analysis time, wide metabolome coverage and 
minimization of the cross-sample contamination. The swine cardiac tissue and serum extractions 
have been analyzed in this study. Our results show that even without a separation step prior to MS 
analysis, over two thousand potential metabolites were reproducibly assigned based on accurate 
mass measurements in a single mass spectrum. The solvent:sample ratios were optimized for the 
most efficient metabolite extraction and detection. The minimum swine cardiac tissue or serum 
samples required for metabolomics were investigated by comparing the numbers of identifications 
based on accurate mass and isotopic pattern. Our goal is to develop a fully automated high-
throughput FTICR MS based platform for metabolite quantitation and identification. 
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NEW ELECTRODE TIMS GEOMETRY FOR HIGH MASS STRUCTURAL STUDIES 
 
Kevin Jeanne Dit Fouque,† Alyssa Garabedian,† Fenfei Leng,†,‡ Yuk-Ching Tse-Dinh,†,‡  Mark 
E. Ridgeway,∥ Melvin A. Park,∥ Francisco Fernandez-Lima†,‡  
 
† Department of Chemistry and Biochemistry, Florida International University, Miami, FL; ‡ Biomolecular 
Sciences Institute, Florida International University, Miami, FL; ∥ Bruker Daltonics Inc., Billerica, MA 
 
Since the first report of trapped ion mobility spectrometry in 2011, a major transformation is 
occurring in the way mobility separations are performed, due to the high resolving power (R~150-
250, with reported up to 400), high sensitivity (ppt level) and the ease to couple with high and 
ultrahigh resolution mass analyzers (e.g., TOF and FT-ICR MS). In TIMS, the mobility separation is 
currently limited by the trapping and elution strategies, since ions can undergo almost infinite drift 
lengths (gas velocity x trapping time).  
 
In the present work, we introduce a new mobility cell design, with enhanced sensitivity, resolution 
and mass range (up to 1MDa). In the new design, the TIMS analyzer section is typically comprised 
of 20-25 PC boards, electrically insulated, and each board contains two pairs of opposite 
electrodes at the same state (voltage and radiofrequency phase). The shape of the electrode was 
varied from concave to convex, leading to higher penetration pseudopotentials. The performance 
of the new cell was evaluated in an in-house built TIMS-TOF MS platform for a variety of native 
proteins, intrinsically disordered proteins, antibodies, and biomolecular complexes: HMGA2, 
BSAn=1-4, E. Coli Topoisomerase In=1-2; HMGA2-DNA; Topoisomerase1-DNA; IgG, and 
GroELn=14. Complementary ion dynamic simulations were performed in SIMION using an elastic 
hard sphere scattering model. 
 
The pursuit for new electrode TIMS geometries focuses on the possibility to apply higher 
penetration radial fields and to increase the trapping volume, leading to larger mobility ranges and 
higher sensitivity. SIMION simulations showed similar ion behavior despite the electrode shape, 
but with smaller RF amplitudes require to trap ions in the convex geometry; the RF amplitude can 
be a limiting factor during TIMS due to potential electric discharges at high values. 
 A dependence on the mobility range with the trapping frequency was observed and further verified 
experimentally. Optimal conditions were found when using high rf (~2MHz ,Vpp = 150-300) for low 
m/z = 100 – 900 (or high mobility) and low rf (450 kHz, Vpp = 200-280) for high m/z = 600 – 15k (or 
low mobility). Experimental results confirmed the higher sensitivity (low ppt) and better trapping 
across a larger mobility (and mass) range. A resolving power over 150 was routinely observed with 
low resolution scan rate (Sr= 0.3 V/ms) for high mass scans. The performance characteristics were 
evaluated using a Tuning Mix standard solution (using homo and hetero oligomers, n=1-3) and CsI 
cluster ions (m/z up to 10k). 
 
The mobility analysis of native proteins, protein-DNA and protein-protein complexes was 
successfully extended to the m/z 500-15k range over the mobility range 0.3-1.8 cm2V-1 s-1. This 
allow the observation of the following species during native conditions: HMGA2 (MW 12 kDa), 
BSAn=1-4 (MW 66 kDa), Topo I (MW 97 kDa); HMGA2-DNA (MW 27kDa); Topo1-DNA (MW 
114kDa); IgG (MW 150 kDa), and GroELn=14 (MW 58kDa). The influence of the solution-gas-
phase transition on the observation of protein oligomers (e.g., pre-formed vs formed during nESI) 
was evaluated using the CLAMP WT and mutant proteins. A good agrement was observed in both 
the native mobility profile distributions and the reported CCS values.  
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UNTARGETED METABOLOMICS OF D. RERIO (ZEBRAFISH) 
  
Brianna M. Garcia1, Heather Flanagan-Steet2, Richard Steet2, Arthur S. Edison1, Franklin E. 
Leach III1 
 

1University of Georgia, Athens, GA; 2Greenwood Genetics Center, Greenwood, SC 
 
Model organisms are an integral component of modern biological research [1].  Of particular 
interest are those species that demonstrate high homology to humans and utility for biomedical 
and environmental studies.  D. rerio (zebrafish) have been increasingly incorporated into modern 
laboratories due to ease in genetic manipulation, high fecundity at low cost, and ability for high 
throughput screening in disease modeling and aquatic toxicology [2].  Despite these benefits and 
an annotated genome, D. rerio lacks a publicly available, annotated reference database [3].  The 
current efforts represent the initial progress towards such a resource based on FTMS. 
 
FTMS based approaches provide the highest levels of molecular information content based on the 
provision of high mass resolution and mass accuracy in combination with increased speed and 
sensitivity.  All of these performance metrics continue to improve based on modern technology 
developments.  Both LC-MS and MS imaging (MSI) approaches can leverage these advances, in 
particular absorption mode signal processing, multiple frequency detection, and higher applied 
magnetic or electric fields during ion detection, which increase experimental throughput for 
Orbitrap or ICR FTMS.  
 
Current efforts are focused on the baseline determination of the wild-type zebrafish metabolome by 
Orbitrap FTMS.  Initial LC-MS experiments have been performed on a Vanquish QE-HF with a 30-
minute reverse phase C18 chromatography gradient before proceeding to disease and exposure 
dependent phenotypes.  Metabolic profiles include amino acids in addition to other assigned 
metabolites.  Additional experiments are also underway to explore the utility of MSI in adult 
organisms to spatially map the metabolome.  Orbitrap FTMS datasets will be acquired with a 
commercial MALDI source (Spectroglyph LLC) [4] on an Orbitrap Elite.  Future ICR data acquisition 
will provide increased mass resolution and mass accuracy required to make confident molecular 
assignments during LC-MS and MSI. 
 
[1]  A.S. Edison, R.D. Hall, et. al., Metabolites, 216, 1165-1172 (2016). 
[2]  S. M. Bugel, R. L. Tanguay, and A. Planchart, Curr. Environ. Health Rep., 1, 341-352 (2014). 
[3]  M.R. Viant, I.J. Kurland, et. al., Curr. Opin. Chem. Bio., 36, 64-69 (2017). 
[4]  M.E. Belov, et. al., Anal. Chem., 85, 11180-11184 (2013). 
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GLOVEBOX APPI-FT-ICR-MS FOR F-BLOCK METAL COMPLEXES 
 
Faye L. Cruickshank1, C. Logan Mackay1 
 
1 EaStCHEM School of Chemistry, University of Edinburgh, David Brewster Road, Edinburgh, United 
Kingdom 
 
Air-, water- and solvent-sensitive complexes have always created significant difficulties for analysis 
by mass spectrometry.  Here we present the development of an economical and mobile system to 
aid the analysis of f-block metal complexes using mass spectrometry.  EI analysis is limited by 
mass range (<1000 Da), and MALDI analysis is limited by choice of matrix.  While the combination 
of ESI and a glove box has been successfully demonstrated previously, this is not compatible with 
solvents required for many inorganic complexes.  A novel, robust, portable (and cheap) method 
has been created by combining a glove bubble (CTS Europe) and atmospheric pressure 
photoionization (APPI) source on a 12T SolariX FT-ICR-MS, we can identify these compounds at 
high mass accuracy and resolution.1,2,3  
 
[1]  P.L. Arnold, R.W.F. Kerr, C. Weetman, S.R. Docherty, J. Rieb, F.L. Cruickshank, K. Wang, C. Jandl, 

M.W. McMullon, A. Pöthig, F.E. Kühn and A.D. Smith, Chem. Sci., 9, 8035 (2018). 
[2]  N.L. Bell, B. Shaw, P.L. Arnold, and J.B. Love, JACS, 140(9), 3378 (2018). 
[3]  P.L. Arnold, L. Puig-Urrea, J.A.L. Wells, F.L. Cruickshank, D. Yuan and R.D. Young., Dalton Trans, 

(2019), just accepted. 
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RECENT RESULTS BY USING TRAPPED ION MOBILITY (TIMS) ON A 15T SOLARIXR FT-ICR 

Árpád Somogyi1,2, Erin M. Panczyk2,3, Dalton T. Snyder2, Mark E. Ridgeway4, Melvin A. Park4, 
Vicki H. Wysocki1,2,3 

1Campus Chemical Instrument Center, Mass Spectrometry and Proteomics Facility, The Ohio State 
University, Columbus, OH; 2Resource for Native MS Guided Structural Biology, The Ohio State University, 
Columbus, OH; 3Department of Chemistry and Biochemistry, The Ohio State University, Columbus, 
OH; 4Bruker Daltonics Inc., Billerica, MA 

Trapped ion mobility spectrometry (TIMS) developed and introduced by Bruker Daltonics (Billerica, 
MA) is an alternative way to separate ions in the gas phase based on their collisional cross 
sections (CCCs). Most recent optimizations and modifications for TIMS were discussed in detail in 
Ref [1]. TIMS performs well for bottom-up proteomics in quadrupole time-of-flight (Q-TOF) 
instruments (Bruker timsTOF Pro). The development and optimization of TIMS on a 15T SolariXR 
Fourier Transform Ion Cyclotron Resonance (FT-ICR) is a collaborative effort between Bruker 
Daltonics and the Ohio State University both at the hardware and software levels. Recently, the 
commercial double stage entrance ion funnel was replaced by a TIMS device in our 15T SolariXR 
(FT-ICR) instrument to build a prototype TIMS FT-ICR. Due to its multiuser demand, this 
instrument is used for a wide variety of analytes, ranging from small metabolites to large protein 
complexes. The main goal of the present study is to test and characterize TIMS FT-ICR for 
diversified analytes. In addition, we also tested the commercial quadrupole collisional induced 
dissociation (QCID) and a custom designed surface-induced dissociation (SID) techniques 
available after TIMS separation.  

To meet the demand for small and high m/z ranges we use two different TIMS RF generators with 
frequencies of 900 kHz and 450 kHz, respectively. Switching these RF generators is 
straightforward and does not require braking the vacuum. Low m/z ions were generated with a 
commercial electrospray ionization (ESI) source with typical flow rates of 120-150 ul/hour and 
regular source parameters settings. We were able to separate protonated amino acids, e.g., His, 
Arg, and Tyr in the TIMS device, as well as tholin [2] components and other small metabolites from 
an E. coli mixtures. Protonated pentapeptides and singly and doubly protonated bradykinin were 
also studied. Currently, we are working on “cooling” the TIMS separated ions to obtain different 
QCID fragmentation spectra of isomers with different CCCs. 

To generate and keep protein complexes together the “native spray” technique was used. All 
protein complexes were ionized using a positioning nanospray station in which protein complexes in 
ammonium bicarbonate buffer solutions were deposited in a borosilicate capillary that is grounded 
through direct contact with a platinum wire. Because native spray produced multiply charged ions 
with higher m/z, the 450 kHz RF generator was used for the TIMS device. Charged states for 
streptavidin homotetramer (53 kDa) and C-reactive homopentamer (115 kDa) were individually 
resolved. TIMS and SID parameters, e.g., at the split lens at the end of the TIMS device, were 
optimized either to achieve best transmission, and/or for MS/MS conditions. SID led to dimers with 
+8, +7, and +6 charged states from +16, +15, and +14 charged states of the tetramer, respectively. 

Currently, we are working on the optimization of the TIMS parameters for negatively charged ions 
generated from humic acids (to reproduce TIMS results for SRFA [3), and also for other natural 
compounds, such as tannins, and tholins. In addition, we work on improving the SID device to 
obtain MS/MS spectra for medium size ions. 

[1]  M.E. Ridgeway, M. Lubeck, J. Jordens, M. Mann,  M.A. Park, Int. J. Mass Spectrom., 425, 22-35 (2018). 
[2]  Á. Somogyi, R. Thissen, F-R. Orthous-Daunay, and V. Vuitton, Int. J. Mol. Sci., 17, 439-454 (2016). 
[3]  L.V. Tose, P. Benigni, D. Leyva, A. Sundberg, C.E. Ramírez, M.E. Ridgeway, M.A. Park, W. Romão, R. 

Jaffé, and F. Fernandez-Lima, Rapid Comm. Mass Spectrom., 32, 1287-1295 (2018). 
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TGA-APPI/APPCI-FT-ICR-MS ANALYSIS OF THE PYROLYSIS OF BIOMASS 
  
Clare Peters2, Faye L. Cruickshank1, Ondrej Masek2, C. Logan Mackay1 
 
1 EaStCHEM School of Chemistry, University of Edinburgh, David Brewster Road, Edinburgh, United 
Kingdom; 2 UK Biochar Research Centre, School of Geosciences, University of Edinburgh, Edinburgh, 
United Kingdom 
 
The ultra high resolving power and mass accuracy offered by Fourier transform ion cyclotron mass 
spectrometry means that it is possible to simultaneously resolve and identify each of the many 
thousands of individual elemental compositions in complex organic mixtures.  Here we have 
applied the techniques to the time resolved analysis of products of the pyrolysis process. A 
thermogravimetric instrument was connected via a heated stainless capillary to either an APCI or 
APPI source fitted to a SolariX FT-ICR mass spectrometer equipped with either a 7T or 12 T 
superconducting magnet.   Samples were heated from 20-550oC at a rate of 10oC/min.   
 
Due to the complex nature of the pyrolysis products and their dependence on feedstock and 
production conditions, it is important to carry out thorough analysis of slow pyrolysis products to be 
able to optimise the process to yield products with the highest possible value. These products offer 
great potential for the commercial production of industrial chemicals, pharmaceuticals, fertilizers 
and transport fuels. Characterisation of the organic composition of pyrolysis liquids, and therefore 
the ability to predict its properties and behavior depends on complete and accurate determination 
of the elemental composition of the individual components. 
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FTMS ISOTOPIC ENVELOPES AND MASS SPECTRA SIMULATOR 
 
Konstantin Nagornov1, Anton Kozhinov1, Natalia Gasilova2, Laure Menin2, Yury Tsybin1 

 
1Spectroswiss Sàrl, EPFL Innovation Park, 1015 Lausanne, Switzerland; 2 Ecole Polytechnique Fédérale de 
Lausanne, 1015 Lausanne, Switzerland 
 
Mass spectral representation in FTMS is a function of many method-specific data processing 
parameters. For example, apodization windows may significantly vary the processing outcome and 
have a profound influence on the signal-to-noise ratio (SNR) of peaks in particularly magnitude 
mode FT (mFT) mass spectra [1]. With the recent progress in development of absorption mode FT 
(aFT) spectra representation, and its wider acceptance, peak interference in aFT mass spectra 
demands an appropriate consideration. Even resolution (resolving power) definition is to be taken 
with care when aFT mass spectra are discussed [2]. Disregarding these features and artifacts in 
FTMS data may lead to the errors in m/z and abundance accuracy when experimental data are 
searched against theoretical isotopic envelopes. However, most of the isotopic calculators 
employed nowadays for FTMS data analysis do not take into account the FTMS specificity. Here, 
we will describe implementation of the FTMS Isotopic Simulator and benchmark it for FTMS 
applications. This software tool simulates isotopic envelopes and narrowband/broadband mass 
spectra by first generating FTMS transients for the corresponding molecules and user-defined 
experimental-like parameters and then applying user-defined FT processing parameters to the 
theoretical transients to compute mFT/aFT mass spectra. 
 
FTMS Isotopic Simulator with a graphic user interface was developed with Qt and Python, and 
aimed for installation on a workstation. Currently, it supports the following features and settings: (i) 
the frequency-m/z relationships and standard resolution settings of all major models of Orbitraps 
and both commercial and customized FT-ICR instruments; (ii) molecular species definition via 
elemental composition or polypeptide sequence with a possibility for isotopic enrichment/depletion; 
(iii) ionization modes and ionization agents/adducts; (iv) common FT processing parameters: 
sample rate, zero-fills and apodization windows; (v) magnitude and absorption FT modes; (vi) 
narrowband (isotopic envelopes) and broadband (wide m/z range) mass spectra; (vii) averaging 
data from different molecules at the transient level with a subsequent mass spectrum simulation.  
 
Accurate simulation of FTMS mass spectra can be useful in a number of ways, including: (i) 
searching the experimental data with a like-for-like theoretical data using similarity score for 
ranking the results, for example for LC-FTMS analysis; (ii) designing FTMS experiments by 
selecting appropriate resolution settings and FT processing parameters; (iii) teaching the FTMS 
subject by demonstrating both transient and corresponding mass spectra, containing typical FT 
artifacts; and (iv) understanding interference of peak shapes in FTMS mass spectra.   
 
The current case studies and benchmarking examples include: (i) accuracy of isotopic fine 
structures for peptides and small molecules; (ii) peak interference influence on the mass and 
abundance accuracy for proteins as a function of resolution; (iii) simulating complex mixtures and 
tandem FT mass spectra, including for top-down mass spectrometry; (iv) comparing native and 
denaturing protein analysis; and (v) comparing Orbitrap and ICR FT mass spectra characteristics. 
 
[1]  S.A. Hofstadler, J.E. Bruce, A.L. Rockwood, G.A. Anderson, B.E. Wingerb, and R.D. Smith, Int. J. Mass 

Spectrom. Ion Proc., 132, 109-127 (1994). 
[2]  Y.E.M. van der Burgt, D.P.A. Kilgour, Y.O. Tsybin, K. Srzentić, L. Fornelli, A. Beck, M. Wuhrer, and S. 

Nicolardi, Anal. Chem., 91(3), 2079-2085 (2019). 
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TOP DOWN TANDEM MASS SPECTROMETRIC ANALYSIS OF LIPOPOLYSACCHARIDES 
FROM GRAM NEGATIVE BACTERIA 

 
Benjamin L. Oylera, Donald F. Smithb, Courtney E. Chandlerc, Alison J. Scottc, Robert K. 
Ernstc, David R. Goodlettd,e 

 
aUS Food and Drug Administration, 5001 Campus Drive, College Park, MD; bNational High Magnetic Field 
Laboratory, 1800 East Paul Dirac Drive, Florida State University, Tallahassee, FL; cSchool of Dentistry, 650 
W. Baltimore St., University of Maryland, Baltimore, MD; c,dInternational Centre for Cancer Vaccine Science, 
ul. Wita Stwosza 63, University of Gdansk, 80-308 Gdańsk, Poland 
 
Introduction: Incidence of Gram negative bacterial resistance to last-resort cationic antimicrobial 
peptide (CAMP) antibiotics, such as colistin, is on the rise. The horizontally-transferable mcr-1 
gene, encoding a phosphatidylethanolamine transferase, has been implicated in many of these 
cases. Catalyzed by the mcr-1 gene product, an incorporation of a phosphoethanolamine residue 
onto the lipid A moiety of lipopolysaccharide (LPS) causes decreased electronegativity on the cell 
membrane allowing bacteria to evade CAMP killing. Here, rather than isolate lipid A from LPS, we 
analyze it directly by top-down MS to characterize antibiotic resistance.  
 
Methods: LPS from colistin-susceptible and -resistant strains of K. pneumoniae and E. coli were 
extracted [3] and directly infused into a hybrid 21 T FT-ICR MS. Precursor ions of characteristic LPS 
isotopic envelopes were subjected to CID in a dual stage linear ion trap or a home-built multipole 
collision cell. Product ions corresponding to both lipid A and oligosaccharide precursor ions were 
subjected to a CID separately, producing MS3 product ions for both precursor ions[2]. 
 
Data: Our previous work[3] showed lipid A mass spectra from K. pneumoniae can be used to 
identify colistin resistant strains and that they can be automatically extracted and classified using a 
machine learning approach[1]. We have expanded this work to include bacteria other than K. 
pneumoniae expressing the mcr-1 gene product to show that this mode of antibiotic resistance is 
detectable in multiple species using the same approach. Phosphoethanolamine residue addition to 
the lipid A moiety of LPS was observed in all cases. In addition, we demonstrate that LPS from 
resistant and sensitive strains can be sequenced for primary chemical structure information in a top 
down fashion by adapting a previously published MS3 workflow[2]. Both lipid A and core 
oligosaccharide (core OS) moieties were isolated after MS2 and dissociated using CID and 
ultraviolet photodissociation. The resultant product ions were detected at ultra-high mass resolving 
power and high mass accuracy in the ICR cell to simplify empirical formulae generation and data 
interpretation through precursor ion reconstruction. Product ions formed from the lipid A precursors 
corresponded mostly to losses of O-linked fatty acyl chains, glycosidic bond cleavages, cross-ring 
cleavages, and cleavages of carbon-carbon bonds adjacent to strong electron withdrawing groups 
(e.g. hydroxyl). Product ions formed from the core OS precursors corresponded mostly to 
glycosidic bond cleavages, cross-ring cleavages, and combinations thereof, providing extensive 
oligosaccharide sequence and branching information. 
 
 [1]  W.E. Fondrie, T. Liang, B.L. Oyler, L.M. Leung, R.K. Ernst, D.K. Strickland, and D.R. Goodlett, Scientific 

Reports, 8, 15857 (2018). 
[2]  B.L. Oyler, M.M. Khan, D.F. Smith, E.M. Harberts, D.P.A. Kilgour, R.K. Ernst, A.S. Cross, and D.R. 

Goodlett, J Am Soc Mass Spectrom, 29(6), 1221-1229 (2018). 
[3]  L.M. Leung, W.E. Fondrie, Y. Doi, J.K. Johnson, D.K. Strickland, R.K. Ernst, and D.R. Goodlett, Sci 

Rep., 7(1), 6403 (2017).  
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