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 Hydrogen/deuterium (H/D) exchange is used to investigate biological 

interactions by Fourier transform ion cyclotron resonance mass spectrometry (FT-

ICR MS). For the first time, a series of oligonucleotides of varying length are 

interrogated by negative mode gas phase H/D exchange. Data  presented  describes 

the reactivity of these oligonucleotides and correlates reactivity to functional 

moieties of the model compound.  The results of the study are subjected to center of 

mass analysis, a technique that uses the high mass resolving power of FT-ICR MS 

to facilitate an isotope-counting / abundance-weighted algorithm to determine 

deuterium incorporation. A maximum entropy method produces the relative reaction 

rates for each of the model compounds. Curve fitting of rates reveal >90% 

correlation between the areas of individual rate curves and available hydrogens. 

Observed data is consistent with literature reported reaction mechanisms.  
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 This work describes the successful implementation of the thorough high 

resolution analysis of spectra by Horn (THRASH) algorithm for the analysis of 

electron capture dissociation (ECD) spectra. Speed improvements in THRASH arise 

from optimized libraries and use of modern processors. The nonergodic nature of 

ECD alleviates deuterium scrambling and affords improved localization of 

exchange data. An ECD spectrum of ubiquitin is subjected to automated THRASH 

analysis resulting in 85% sequence coverage. 

 

 Automated data analysis is extended to the batch processing of entire high 

performance liquid chromatography (HPLC) FT-ICR MS experiments. Center of 

mass calculations are determined by combining the data from multiple scans to 

maximize signal. Data is output as a single spreadsheet. Results of automated and 

manual data processing are compared. Complete analysis of a H/D exchange study 

is completed in two hours, rather than the two months required for manual analysis. 

Results based on this method are demonstrated for biological interactions of HIV 

capsid and Nop5-fibrilliarin complex. 

  

 New FT-ICR hardware increases data station throughput and reduces the 

amount of back exchange in liquid phase studies. The improved data station shows a 

three-fold improvement in scan speed and collects scans every 1.25 s. No significant 

loss of performance results from increased scan rates. Faster scan rates result in 

better chromatographic resolution and decreased spectral complexity.  
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Chapter 1: Introduction to H/D Exchange: Techniques and Chapter 

Overviews 
 

 With the recently awarded 2002 Nobel Prize for chemistry earned by Fenn, 

Tanaka, and Wüthrich for their combined work on the analysis of large 

biomolecules; chemistry, biochemistry and biology seem to be inextricably linked in 

the twenty first century. It is worthy of note that the award winning work of both 

Fenn [1, 2] and Tanaka [3] came specifically in the field of mass spectrometry 

related to biological molecules; and the award winning work of Wüthrich involved 

hydrogen exchange studies [4]. This pioneering work ushered in an era in the 

analysis of large biomolecules in which there is still much work to be done.  One the 

areas of increased interest is the investigation of protein conformation as it relates to 

biological interactions.  Techniques related to the investigation biological 

conformations or biological interactions vary from huge distributed computing 

projects investigating protein folding [5] to advanced hydrogen/deuterium (H/D) 

exchange assisted 2D nuclear magnetic resonance (NMR) measurements [6]. 

Regardless of the individual experiment, it is hydrogen exchange techniques that 

have provided much of the significant advances in the field of biological 

conformation / interaction.  

  

The purpose of this dissertation was to demonstrate new and novel 

methodologies for hydrogen/deuterium exchange electrospray ionization (ESI) 

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS).  

Methods establish FT-ICR MS as a valuable tool for the study of interactions of 

biologically active systems. Methods were demonstrated that make use of the 

explicit information that is afforded a high resolution FT-ICR instrument. 

Experimental methods for both gas phase and liquid phase hydrogen/deuterium 

exchange studies were investigated. Since the hydrogen/deuterium methods 
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proposed herein generate immense volumes of data, accuracy, speed and ease of use 

were considered crucial when developing the techniques for the analysis of 

hydrogen/deuterium exchange data. The analytical techniques described in this work 

can be equally applied to gas phase or liquid phase exchange techniques. 

 

Experimental methods are presented that investigate negative gas phase 

exchange properties of oligonucleotides as well as liquid phase exchange techniques 

amenable to both positive and negative mode mass spectrometry of many 

biomolecules. These methods were demonstrated initially with a model system of 

poly-deoxycytidine (poly dCn). The results of the model study suggested a strong 

correlation between charge state and deuterium incorporation with deuterium 

incorporation varying from 10% for the [M-3H] 3- to 92% for the [M-5H] 5- of poly 

dC10. The observation of charge state dependence on the amount of deuterium 

incorporation was consistent with literature accounts for gas phase exchange of 

oligonucleotides [7].  

 

The analytical techniques presented here are unique in that they were 

developed specifically for ESI FT-ICR MS data. In fact, the high mass resolution 

and mass accuracy of FT-ICR was central to both the accuracy and automation of 

the algorithms described herein. Techniques are demonstrated that improve the 

quality hydrogen/deuterium exchange data by removing the “human factor” from 

many of the repetitive tasks traditionally required of the user performing 

hydrogen/deuterium exchange. An additional benefit arises from further reduction in 

analysis time results from the constant improvement in the processing power of 

personal computers. The raw exchange profiles were then analyzed by a maximum 

entropy method (MEM) with the resultant MEM curves fitted under Microcal 

Origin (Microcal Software, Inc., Northampton, MA). The areas under the reaction 

curves were compared to the known exchangeable hydrogens for each species, the 
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correlation of the experimental abundances to the known abundances was shown a 

fit of 90% or greater for oligonucleotides poly dC9 through polydC14. This method 

of direct observation of exchangeable hydrogens was limited to highly charged 

species and was consistent with literature reports of a charge mediated mechanism 

for negative ion hydrogen / deuterium exchange [7].  

 

Additional work describes the successful implementation of the thorough 

high resolution analysis of spectra by Horn (THRASH) [8] algorithm for the 

automated analysis of multiply charged species. The proposed use of the THRASH 

algorithm is the analysis electron capture dissociation (ECD) spectra that would 

arise from the MS/MS of liquid phase H/D exchange species. Speed improvements 

in THRASH arise from optimized libraries and use of modern processors. The 

nonergodic nature of ECD alleviates deuterium scrambling and affords improved 

localization of exchange data. An ECD spectrum of ubiquitin is subjected to 

automated THRASH analysis resulting in 85% sequence coverage. 

 

 Automated data analysis is extended to the batch processing of entire high 

performance liquid chromatography (HPLC) FT-ICR MS experiments. Center of 

mass calculations are determined by combining the data from multiple scans to 

maximize signal. The user may choose to analyze individual or multiple targets for 

batch analysis. The selection of multiple targets per session minimizes total analysis 

time since selection and sorting of the many files involved in the analysis requires a 

significant portion (40-50 %) of the analysis time   Data from each target analysis 

output as a single spreadsheet. Results of automated and manual data processing are 

compared. Complete analysis of the raw data from a H/D exchange study is 

completed in two hours, rather than the two months required for manual analysis. 

Results based on this method are demonstrated for biological interactions of HIV 

capsid and Nop5-fibrillarin complex. 
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 New FT-ICR hardware increases data station throughput and reduces the 

amount of back exchange in liquid phase studies. The improved data station shows a 

three-fold improvement in scan speed and collects scans every 1.25 s. No significant 

loss of performance results from increased scan rates. Further reduction in scan time 

was possible but resulted in decreased performance for the standard solution used 

for this study. The net result of faster scan rates result in better chromatographic 

resolution and decreased spectral complexity. Future work will provide similar 

performance gains for each component in the FT-ICR data station with the end goal 

of this work being the ability to collect data-dependent HPLC MS/MS H/D 

exchange FT-ICR MS data. The enhanced hardware is needed to perform such 

experiment on a time scale that is compatible with HPLC (<2 sec per scan) while 

back exchange is minimized.  

 

Background 

 

1.1 Hydrogen/Deuterium Exchange 

 

The study of hydrogen/deuterium exchange effects is certainly not limited to the 

study of biomolecules. Literature cites a number of works in the 1930s in which 

hydrogen/deuterium exchange studies were performed. Some of these early 

experiments involved an exchange study of acetate determined by density [9] and 

mechanistic studies of the deuterated nitramide [10]. Dibeler and Taylor first 

combined mass spectrometry with a hydrogen/deuterium reaction in 1948. This 

work was limited to the study of n-butene [11]. 

 

Hydrogen/deuterium exchange of peptides was first reported in 1955, when 

Hvidt and Linderstrom-Lang released no less than four papers on 
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hydrogen/deuterium exchange studies on peptides [12-15]. Throughout the 1960s 

and into the early 1970s, hydrogen/deuterium exchange was used in conjunction 

with a gradient tube apparatus [16, 17] or early NMR instruments [18] to elucidate 

the exchange rates of selected amide hydrogens [19, 20]. 

 

With the development of the high resolution NMR in the early 1980s, 

hydrogen/deuterium studies took on new life as improvements in resolution 

permitted each amide bond in small peptides to be resolved [18, 21-23]. This 

allowed one to assign an exchange rate to individual amino acids within a peptide. 

Further work on NMR coupled hydrogen/deuterium exchange extended the 

technique to larger peptides and more advanced conformational studies [6, 22, 24].     

 

1.2 Electrospray Ionization  

  

Just as early hydrogen/deuterium exchange studies languished until NMR 

spectrometers achieved the resolution required to define exchange rates of 

individual amine sites, hydrogen/deuterium studies with mass spectrometry faced a 

similar hurdle: an ionization technique soft enough to safely deliver biomolecules to 

the gas phase ions. As referred to previously, two ionization techniques have been 

developed that address the soft ionization of biomolecules. Matrix assisted laser 

desorption ionization (MALDI) and electrospray ionization are quite of producing 

intact analyte ions from various biomolecules. While MALDI has been proven 

effective for large biomolecules [3, 25], electrospray ionization is a much better ion 

source for FT-ICR MS instruments [26-28].  

 

For a brief history of electrospray, one must first look to work done in 1917 by 

Zeleny [29]. This work describes factors that affect current from a discharging 

point. Additional work by Dole in 1968 [30], involved the detection of macroions of 
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polystyrene sampled from a molecular beam with a Faraday cage. Finally, work by 

Fenn brought the modern electrospray ionization source to fruition in 1984 [1, 31, 

32]. 

 

Electrospray ionization is well matched for FT-ICR MS. The production of 

multiply charged ions acts to extend the somewhat limited mass range of the FT-

ICR instrument. The high resolution of the FT-ICR allows for the facile 

determination of the charge state even for highly charged species. Since the 

electrospray source operates in the solution phase, it provides the link between 

HPLC separations and the FT-ICR mass spectrometer. Electrospray ionization 

performs efficiently as an ion source with detection limits reported in the attomole 

level [26, 33]. Electrospray also has the capability of creating both positive and 

negative ions. 

 

1.3 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

 

Comisarow and Marshall developed FT-ICR MS in the mid 1970s. FT-ICR 

provides unrivaled mass resolution and mass accuracy [34, 35]. FT-ICR instrument 

can suffer from limited mass range but with introduction of multiply charged ions 

from modern electrospray ionization sources, this problem can be largely overcome 

[28].  

 

FT-ICR has distinct advantages over many other types of mass spectrometers 

for performing hydrogen/deuterium studies. The primary reason to choose an FT-

ICR instrument is the unsurpassed mass resolution and mass accuracy of the 

technique. The resolution of the FT-ICR affords the ability to unambiguously 

determine the charge state of the analyte even at relatively high charge states when 

performing HPLC FT-ICR exchange studies. Automated charge state determination 
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provides an important safeguard against incorrect assigned exchanged data [8, 36-

38]. Charge state determination will become increasingly important in data-

dependent FT-ICR experiments that are introduced in this work. One last advantage 

that the resolution of an FT-ICR MS permits is the ability to the reject interferences 

that are overlapped with the isotope envelope of interest in both manual and 

automated analysis. 

 

FT-ICR spectrometers also have the capability to maintain a trapped ion 

population for extended time periods, complementing the extended reaction periods 

required for gas phase H/D exchange experiments [39, 40]. FT-ICR MS also allows 

precise control over the ion population in the ICR cell; this allows selective ejection 

of ion populations that interfere with exchange experiments. Such control is key to 

minimizing interference when performing gas phase exchange experiments.  

 

1.4 Comparison of FT-ICR MS and NMR Techniques For 

Hydrogen/Deuterium Exchange Studies of Biomolecules  

 

NMR has a proven track record for hydrogen/deuterium exchange monitoring. 

When comparing an NMR technique to a mass spectrometry technique, it is 

important to note that the current NMR technique is considered to have the better 

exchange resolution than current mass spectrometric technique. This improved 

resolution is the result of the NMR measuring the deuterium content of residues 

individually while mass spectrometry techniques rely upon the specificity of the 

chosen digestion enzyme to provide the given analyte sequence. In the general case, 

a protease like pepsin will generate fragments of about 10 to 15 base pairs [41]. This 

would correspond to an exchange resolution of about 10 to 15 residues as a typical 

result for MS.   
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The advantages of a mass spectrometric technique for hydrogen/ deuterium 

exchange when compared with an NMR technique include decreased sample 

consumption, a lower detection limit, reduced dead time / less back exchange, and 

extended mass range [41]. The amount of sample required for a NMR study ranges 

from 5 to 50 µmol and the same mass spectrometric study would consume 2 to 5 

nmol of sample. The millimolar concentrations required for NMR can lead to 

aggregation for analyte where the micromolar concentrations of mass spectrometry 

might not. The analysis time for 2D NMR experiment can last several hours during 

which time many of the deuterons have back exchanged and go undetected. The 

analysis time for HPLC-MS is typically 10 to 15 minutes, which allows the 

determination of all but the most extreme exchanges. However, it is the extended 

mass range that can be the most important reason chosen to use the mass 

spectrometric method.  

 

With the noted exception of the GroEL-GroES work published this summer [6], 

NMR studies are limited too analytes with molecular weights of 50 kDa. Mass 

spectrometric techniques have been applied to α-crystallin analytes with molecular 

weights near 1000 kDa [42].  The GroEL-GroES (900 kDa) is to be considered a 

special case since the protein was grown in media where the isotope contributions of 

C, N and H were strictly controlled whether they be enriched or depleted. In contrast 

the α-crystallin analytes were extracted from a biological sample with no special 

growth preparations. Finally, the mass spectrometric technique benefits from the 

digestion of the analyte into manageable fragments. By fragmenting the sample 

prior to analysis, increasing the molecular weight of the analyte increases the 

number of fragments in the analyzer at any one time but the complexity of 

fragments remains relatively constant for a given enzyme system. 
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High Field FT-ICR has additional advantages over NMR and alternate MS 

techniques. For small analytes, gas phase exchange removes the possibility of 

significant back exchange since there are very few collisions at the typical base 

pressure associated with FT-ICR instruments. FT-ICR has the resolution to 

distinguish thousands of individual ion packets in each scan. The multiplex 

advantage inherent to ICR detection allows consistent scan times regardless of the 

number of analytes in the ICR cell. Electron capture dissociation (ECD) may 

provide the most important advantage to FT-ICR exchange experiments. Initial 

studies of ECD suggest that the dissociation is nonergotic; that is, the dissociation 

occurs on a timescale that precludes the energy from randomizing throughout the 

analyte. If ECD can be proven to dissociate the analyte without causing the 

deuterium scrambling [43], it would be possible to further localize the deuterium 

incorporation. The net effect might yield the similar exchange resolution of NMR 

studies without the additional sample handling. 

 

1.5 Chapter Overviews 

 

The purpose of the work in this dissertation is to provide the tools both 

analytical and experimental to examine the conformational aspects of biological 

systems. These tools are designed to make hydrogen/deuterium exchange more 

accurate, user friendly and flexible. In chapter 2 a general protocol is described for 

gas phase exchange experiments. A series of poly-deoxycytidine analytes are 

selected as the model system to demonstrate the protocol. In chapter 3 analytical 

techniques are described that automate data analysis. This is required because even 

the relatively small H/D exchange project described in chapter 2 generates 1260 

data files. In chapter 4, automated deconvolution of analytes to zero charge is 

demonstrated for multiply charged ion packets. Automated analysis of electron 

capture dissociation data is presented. Chapter 5 describes an algorithm that reduces 
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the total data analysis time for HPLC FT-ICR liquid phase H/D exchange data from 

a process taking months to a process accomplished in a few days. Chapter 6 

describes an improved FT-ICR data station with the specific purpose of improve 

HPLC FT-ICR performance. The final chapter (7) reviews the preceding chapters 

focusing on the relationship between current work and future experiments. 

Specifically, information about the further improvement to the ICR data station will 

be discussed that will introduce the ability to produce data-dependent fragmentation 

of the exchanged analytes. Preliminary data-dependent work is presented.  
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Chapter 2: Experimental Method for the Investigation of Negative Ion Gas 

Phase H/D Exchange of Oligonucleotides 

 

 In the studies presented, a systematic investigation of a series of 

oligonucleotides of varying lengths is performed. Poly-deoxycytidine (poly dC) was 

chosen as the best candidate for the study.  The series of oligonucleotides from poly 

dC2 through poly dC15 were obtained and prepared for analysis.  The gas phase 

structure of each poly dC candidate is examined through the use of gas phase H/D 

exchange negative ion micro-ESI FT-ICR MS. A protocol is developed that 

precludes chemical interference by removing all ions but those of the charge state of 

interest from the ICR cell prior to the H/D exchange reaction. Exchange curves are 

presented that demonstrate the H/D exchange reaction as a function of time and 

features and terminology are discussed that lay the groundwork for more advanced 

topics.  

 

A simple deuterium calculation described as the last isotope method introduces 

the first quantitative measure of H/D exchange described in this work. Deuterium 

calculations based on the last isotope method can be performed quickly and as such 

are often described in the literature [7, 44-46]. Although more descriptive 

techniques for the monitoring of H/D exchange will be introduced in later chapters, 

last isotope measurements are provided that suggest marked charge state 

dependence upon H/D exchange of the poly dC analogues. Finally, the observation 

of multiple conformers within the same charge state of poly dC14 suggest that even 

the poly dC system is not devoid of higher order influences and therefore does not 

perform as an ideal system.  
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Chapter 3. Analytical Method for the Characterization of Oligonucleotides 

by Negative Ion Gas Phase H/D Exchange ESI FT-ICR MS 

 

 This new work demonstrates methods for the analysis of H/D exchange 

studies created by high-field FT-ICR MS instruments. The primary goal of this 

work is to provide data-mining techniques for the user that produce more precise 

exchange information in a rapid and facile manner. The primary tool that is 

provided is the automated calculation of center of mass data. Center of mass 

calculations use a combination of isotope counting and abundance weighting to 

provide an exchanged value that is relatively immune to problems associated with 

the last isotope method. Potentially detrimental effects of user bias, isotope 

envelope spread and variable signal to noise are demonstrated. The impact of these 

effects on the accuracy of the last isotope method and the center of mass method is 

discussed. A direct comparison of the last isotope and center of mass methods is 

performed demonstrating that incorporation results calculated by the last isotope 

method are generally over-estimates the calculated deuterium incorporation when 

compared to those calculated by center of mass methods.  

 

While the calculation of center of mass is relatively straightforward, manual 

calculation for each occurrence would prove tedious. In addition to the tedium, the 

probably of a data entry error as the user performed hundreds of such calculations 

would become substantial. Automated calculation of center of mass has become the 

cornerstone of H/D exchange studies within the Modular ICR Data Acquisition and 

analysis Station (MIDAS) [47]. The resolution of FT-ICR allows baseline 

separation of the isotope of the analyte; this allows for automated peak picking and 

from the peak list the center of mass is easily calculated. HD Helper is an auxiliary 

feature of MIDAS that allows one to rapidly remove any disparate peaks and 

recalculate the center of mass. Data generated by center of mass is subjected to 
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maximum entropy method (MEM) analysis [48]. The results of the MEM analysis 

show a greater then 90% correlation to structural moieties located in the analytes 

when those analytes contain sufficient charge. The requirement of high charge on 

the analyte for diagnostic levels of exchange to occur suggest that such gas phase 

H/D exchange studies are not generally amenable to the elucidation of biological 

interactions. 
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Chapter 4. Data Reduction of Multiply Charged Ion Species Using an 

Automated Implementation of the THRASH Algorithm for the PC 

 

This work describes the successful implementation of Thorough High 

Resolution Analysis of Spectra by Horn (THRASH) algorithm [8] for the analysis of 

electron capture dissociation (ECD) spectra [43, 49, 50]. Automated analysis is a 

prerequisite for H/D exchange by data-dependent HPLC FT-ICR MS methods. 

Data-dependent MS/MS promises to extend the resolution of the deuterium 

exchange beyond current mass spectrometric limits. The key to the extended 

resolution relies upon the successful application of electron capture dissociation 

(ECD) to liquid phase H/D exchange FT-ICR MS methods. The nonergodic nature 

of ECD alleviates deuterium scrambling normally associated with gas phase 

dissociation events. In the absence of deuterium scrambling, ion dissociation event 

can be used to localize the deuterium exchange. Unfortunately, the complexity of 

ECD spectra leads to increased analysis time.  

 

This work describes the successful implementation of Horn’s THRASH 

algorithm on a PC platform using the C language. Large gains in processing speed 

arise from optimized libraries and bandwidth increases of modern processors. An 

ECD spectrum of ubiquitin is subjected to automated THRASH analysis resulting in 

85% sequence coverage. The use of THRASH will improve the efficiency of the 

analysis of primary proteolytic fragments generated by liquid phase exchange HPLC 

FT-ICR MS experiments. These primary fragments will guide the application of the 

automated batch H/D exchange processing discussed in Chapter 5. A minimized 

version of the THRASH algorithm is planned to operate as an analysis module for 

data-dependent ICR discussed in chapter 7. 
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Chapter 5. Data Reduction in the Determination of Solution Based H/D 

Exchange for the Determination of the Sites of Protein: Protein Interaction 

 

The work described involves the development of an automated analysis 

protocol that can effectively reduce the total analysis time while improving the 

accuracy for a liquid phase H/D exchange HPLC FT-ICR MS studies. This analysis 

protocol reduces the total analysis time for a complete H/D exchange study by 

liquid- phase HPLC FT-ICR MS from a period of months to an analysis period of 

about a week. The accuracy of the results is also increased since the algorithm does 

not require the user to track the analysis through a series of data transfer and 

collation stages.  

A detailed description of the algorithm is provided and the advantages of the 

iterative nature of the algorithm are explained. Automated center of mass 

calculations are determined by combining the data from multiple HPLC scans to 

maximize signal. Data is output as a single spreadsheet. Results of automated and 

manual data processing are compared. Results based on this method are 

demonstrated for biological interactions of HIV-1 CA capsid protein and fibrillarin 

– Nop5 complex. 
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Chapter 6. Improved ICR Data Station for HPLC FT-ICR MS of Liquid 

Phase H/D Exchange of Proteins 

 

Current FT-ICR data stations do not operate on the time scale that is best suited 

for the modern nanoscale HPLC apparatus. Until recently, there was little emphasis 

placed on improving the data station because others factors such as ion 

accumulation also required time scales on the order of 5 to 10 s to generate adequate 

signal. A recent advance has increased the efficiency of external accumulation that 

has made it possible to decrease the ion accumulation period to 1 s or less [51]. The 

development of this type of external source served to underscore the deficiencies of 

current data stations.  

 

The Modular ICR Data Acquisition and analysis System (MIDAS) was 

developed at the National High Magnetic Field Laboratory (NHMFL) in order 

provide a flexible solution to commercial data station shortcomings. The primary 

advantage of the MIDAS is the use of off the shelf components and industry 

standard bus systems to create a data station that has the ability to be immediately 

upgraded as new products reach the market. Programmer and scientific end users 

are co-workers or in some cases the same person. This interaction allows much 

better turn around when applied to software issues. New hardware implementation 

for improved data throughput was already underway when the improved external 

ion accumulation design was being developed. The replacement of an older 

technology VXI digitizer with a newer PXI digitizer led to a >40 fold improvement 

in data transfer speed. This allowed HPLC FT-ICR scans to be acquired at rates of 

greater than 1 scan per second whereas the older data station required 3.5s. HPLC 

FT-ICR MS results were demonstrated for a 3-peptide mixture and later a tryptic 

digest from a salt buffer solution. 
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Chapter 7: Conclusions and Future Directions 

 

The use of H/D exchange techniques remains one of the most powerful tools to 

study the interactions of large biomolecules. Liquid H/D exchange followed by 

HPLC FT-ICR analysis has several advantages over similar NMR techniques. FT-

ICR techniques require less sample and sample preparation, and are capable of 

analyzing a wider variety of samples.   Work presented in this dissertation provides 

for the rapid and accurate analysis of large time-dependent exchange studies. An 

automated mass determination followed by automated batch processing eliminates 

months of low-level user analysis and delivers to the user reports appropriate for 

immediate high-level evaluation. In addition to improved data analysis techniques, 

improved FT-ICR data acquisition was described that uses improved hardware to 

generate superior HPLC FT-ICR MS results.  The use of electron capture 

dissociation (ECD) was suggested to improve the H/D exchange resolution of the 

liquid exchange protocol; however, the utility of ECD must still be verified. Results 

of current H/D exchange studies have been to categorize the interactions of HIV-1 

capsid proteins and Nop5 – fibrillarin complex. 

 

Future work will involve the addition of hardware to increase the speed of the 

HPLC FT-ICR as well as the development of data-dependent data acquisition. Data-

dependent isolation of a standard peptide mixture is demonstrated for MIDAS data 

station using currently implemented hardware. While the ICR scan time was 

relatively slow at ~ 13 seconds per scan, the data does shows isolation using the 

front-end quadrupole on the 9.4 T FT-ICR system at NHMFL.  

 

Studies to ascertain the effect of ECD on deuterium scrambling are currently 

underway. Given that ECD can be proven to be truly nonergodic with respect to 

H/D exchange data, then data-dependent selection and fragmentation should yield 
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increased localization of exchange sites. Additional studies are planned to 

characterize the response of ECD on the 9.4 T FT-ICR at NHMFL for various 

peptides in an attempt to determine the best conditions to utilize for automated 

fragmentation.  
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Chapter 2 Experimental Method for the Determination of Negative 

Ion Gas Phase H/D Exchange of Oligonucleotides. 
 

2.1 Introduction   

 

 The study of nucleic acids and nucleotides has had almost universal appeal 

since the discovery of the biological function of DNA by Watson and Crick in 1953 

[1, 2]. Although this discovery offered great insight into the role that DNA played in 

cellular replication and described a general mechanism for such actions, the details 

of the replication mechanism were not yet understood. Additionally, the process by 

which the information contained in the DNA was harnessed to produce functional 

proteins became an area of huge interest. In the fifty years since the discovery of 

DNA, much has been learned about DNA replication, transcription and translation. 

Most of the enzymes and cofactors important to gene expression and cellular 

replication are described in college textbooks [3] but what remains to be answered 

are the details. While today’s details such as molecular recognition and interaction 

may only be subsets of the original details arising from the discoveries of Watson 

and Crick, science must find new and imaginative ways to probe for the answers of 

these new questions of today to better understand tomorrow.  

 

 While many techniques have been employed to study this phenomenon, 

nuclear magnetic resonance (NMR) and mass spectrometry (MS) are the most 

popular. NMR studies can provide detailed exchange information provided that all 

of the amines can be resolved [4]. Mass spectrometry has advantages in speed, 

sample quantity required, and mass range [5-9]. In addition to liquid phase work, the 

applications of H/D exchange studies have been extended to the study of gas phase 

conformations of biomolecules through the development of gas phase H/D exchange 

mass spectrometric techniques [10-22].  
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While the initial gas phase exchange study of Winger et al. was performed in 

a modified triple quadrupole [10], much of the rest of the gas phase exchange work 

has been performed using Fourier transform ion cyclotron mass spectrometry (FT-

ICR MS) [11-19]. The volume of work associated with FT-ICR MS techniques 

demonstrates the unique capabilities of FT-ICR MS. FT-ICR MS has unparalleled 

resolution, extended ion hold times and extensive ion isolation capabilities. The 

resolution of FT-ICR allows one to readily discern all of the isotopes associated 

with the analyte and discard spurious peaks that override the spectra. The extended 

hold times of FT-ICR are particularly well suited for gas phase exchange 

experiments. Gas phase exchange FT-ICR studies lasting up to an hour have been 

described in the literature [13]. Since gas phase exchange is known to be charge 

state dependent and conditions used for gas phase exchange lead to charge stripping, 

it is necessary to isolate individual charge states to eliminate contamination. 

Isolation is also used to remove salt adducts from the analyte that might confuse 

deuterium incorporation results. 

 

 One of the more recent tools used to define the role of oligonucleotides in 

cellular expression is gas phase hydrogen/deuterium exchange in conjunction with 

negative mode electrospray ionization (ESI) FT-ICR MS. In negative mode ESI, the 

phosphate backbone of oligonucleotides provides a charge site that is independent 

of the nucleobase added. Uniform charge distribution is important in negative mode 

gas phase exchange since the exchange process is reported to occur through a 

charge-catalyzed process [16]. Initial studies of negative mode gas phase H/D 

exchange oligonucleotides focused on monomers and cyclic monomers. Factors 

such as reagent gas and localization of the charge were studied in detail [16, 17]. 

Work on single stranded oligonucleotides was performed but the selection of 

randomized oligonucleotide sequences proved analytically challenging [23]. 
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 In this new work, a model system of oligonucleotides is examined by 

negative mode H/D exchange FT-ICR MS. An experimental protocol is described 

that eliminates spectral interference from charge stripping, salt adducts, and 

spurious noise peaks. The model system chosen for this work is the ammonium salts 

of polydeoxycytidine (poly dCn) where n represents 2 to 15 cytidine units. The 

model system was chosen to reduce salt adduction and eliminate additional 

chemical interferences as described later. Results for total deuterium incorporation 

are described and the charge dependence on H/D exchange is examined. Results 

indicating the presence of multiple conformations are presented and discussion of 

these multiple conformers in the model system is discussed.  

 

 

2.2 Methods 

 

2.2.1 Sample Preparation 

 

Oligonucleotide samples were obtained as lyophilized ammonium salt 

derivatives from TriLink Biotechnologies (San Diego, CA). Ammonium salt 

derivative preparation was chosen to minimize mass spectral interferences that are 

common with sodium salt oligonucleotide derivatives. The model system for our 

experiment would be the system that provided the least interferences while 

providing the simplest system to study. Based on these criteria poly deoxycytidine 

(poly dC) was chosen as the best choice for our model system.  Poly- 

deoxythymidine (poly dT) ion has been shown to cyclize in the gas phase [24]. The 

additional structure of the cycle will complicate the analysis of this data. Poly- 

deoxyadenosine is also restricted since any studies on duplexes would include poly 

dT. Poly dC only has a single class of exchangeable hydrogen associated with the 

nucleobase wheras poly-deoxyguanosine has two classes of exchangeable 
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hydrogens, which again serves to potentially complicate the study. Oligonucleotides 

were used without further purification. Stock solutions were prepared at 1 mg / ml 

in 1:1 (v: v) isopropanol (IPA): water. Final solutions were prepared at 10-100 µg 

/ml in 1:1 IPA: water with 40 µM ammonium acetate added.  

 

2.2.2 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

 

All experiments were performed using a custom built 9.4 T external 

electrospray source FT-ICR MS (National High Magnetic Field Laboratory, 

Tallahassee, FL) [25]. A schematic of this instrument as configured during these 

experiment is provided in Figure 2.1. This instrument employed a Chait type 

electrospray source with a 25µm i.d. fused silica spray needle. Ion desolvation was 

accomplished using a resistively heated capillary.  

 

Ions exiting the capillary were focused into a 0.8 mm i.d. octopole rod set 

with the use of an electrostatic tube lens. Ions were then accumulated in a 60 cm 

long octopole by biasing the entrance and exit conductance limits to the octopole to 

a negative potential [26]. After an appropriate accumulation period of 2 s to 60 s, 

the potential on the exit conductance limit was dropped to effect transfer of the ion 

through a second 2 m long octopole and into the analyzer cell of the FT-ICR 

instrument. [25]. The analyzer cell of this 9.4 T FT-ICR instrument is a 4 in 

diameter open cylindrical Penning ion trap. 

 

Specific conditions that produced optimum sensitivity for each 

oligonucleotide were determined experimentally prior to collecting each set of 

hydrogen / deuterium exchange (H/D exchange) spectra. Samples were directly 

infused into the electrospray source at a flow rate of 300 to 500 nl / min controlled 

by a Harvard Apparatus syringe pump (South Natick, MA). Needle potentials of – 
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Figure 2.1. Schematic diagram of the 9.4 T FT-ICR MS 
Instrument at National High Magnetic Field Laboratory in 

Tallahassee, FL
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2500 V to –2900 V were used to produce efficient analyte ionization. Prior to the 

H/D exchange period, each charge state of each analyte was isolated using a 

combination of chirp waveforms and a stored waveform inverse Fourier transform 

(SWIFT) waveform [27]. Isolation of a specific charge state insured that no spectral 

contamination arose from the H/D exchange of higher charge states of the analyte. 

Such contamination would arise from charge stripping of high charge states species 

during the H/D exchange event. 

 

H/D exchange was performed in the analyzer cell of the FT-ICR instrument. 

A combination leak valve / double throw pulsed valve configuration allowed precise 

control of both the exchange reactant pressure and reaction period. For the 

experiments presented here, the reagent gas pressure was held at 6.0 x 10 –7 torr 

during the prescribed reaction period. It should be noted that the pressure 

measurements were performed using an uncalibrated ion gauge mounted well away 

from the cell and as such the pressures noted were only useful for direct 

comparisons to H / D exchange experiments performed on the same instrument. The 

duration of the reaction period was controlled by a TTL pulse from the from the 

MIDAS data station [28]. Following the exchange period, the analyzer cell was 

allowed to pump down for sixty seconds prior to detection. The pressure in the 

analyzer at the time of detection was approximately 1 x 10 –8 torr. 

 

 

2.3 Results and Discussion 

 

Figure 2.2 demonstrates a typical selection sequence. Poly dC15 analyte ions 

were produced with analytes representing [M –4H] 4- through the [M-9H] 9- charge 

states (Figure 2.2a). A zoom inset of the region around the [M-7H] 7- charge state in  
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Figure 2.2. Typical Scenario for Isolation and H/D Exchange 
Demonstrated with [Poly dC15 –7H]  7– Charge State
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figure 2.2b showed the presence of sodium adducts. In order to achieve maximum 

isolation, non-target ions that were significantly removed in mass from the target 

ions (∆m >50) were ejected from the cell with two independent swept frequency 

excite events. Any remaining non-target ions were ejected using a SWIFT 

waveform excite event. The combination of the two frequency chirps in conjunction 

with a narrow bandwidth SWIFT excite provided more efficient use of the arbitrary 

waveform generator memory than a single broad band SWIFT with the same 

isolation characteristics. The isolation afforded by this chirp-chirp-SWIFT is 

demonstrated in Figure 2.2c. Such isolation was critical to minimize confusion 

about the precursor ion as the H/D exchange experiment proceeded. Figure 2.2d 

demonstrates the later stage of H/D exchange experiment. In this case it was clear 

that the sodium adducts present in figure 2.2b would have served as interferences 

for the "exchanged" isotope envelope in figure 2.2d. Worthy of note that figure 2.2b 

and figure 2.2d had radically different abundances as noted by differences in the 

signal to noise of the two spectra. These spectra demonstrated one of the constraints 

of gas phase H/D exchange, ion loss through ion scattering and charge reduction 

occurred at extended reaction periods. 

 

It is necessary to examine a "typical" exchange profile to establish some of 

the prominent features throughout the exchange period. In figure 2.3 one can track 

an H/D exchange experiment from zero exchange through the final exchange period 

of 250 seconds. The 250-second maximum was determined to be the point where 

the loss of ion signal outweighed the utility that additional time measurements 

provided. Additionally, experiments were designed such that each charge state of 

each analyte could be interrogated within a single day on a shared resource FT-ICR 

instrument. Figure 2.3a represents the [M-6H] 6- charge state of poly dC13 with no 

H/D exchange (natural isotopic distribution). As evidenced in figure 2.3b  
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Figure 2.3. H/D Exchange Profile of [PolydC7 – 4H] 4- Charge 
State for Gas Phase Exchange with D2O at ~ 6.0 x 10 –7 torr
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representing 1s H/D exchange and figure 2.3c representing 10 s H/D exchange, the 

H/D exchange reaction caused the isotope envelope to spread and there was a shift  

toward higher mass. As the study progressed to 100 s (figure 2.3d) and 250 s (figure 

2.3e) the deuterium incorporation began to plateau although exchange was still 

proceeding. 

 

In figure 2.4 another H/D exchange profile is presented; this profile 

represents the H/D exchange for the [M –6H] 6- charge state of poly dC13. Figures 

2.4a, 2.4b and 2.4c exhibit similar exchange characteristics to the analogous spectra 

of figures 2.3a, 2.3b and 2.3c. Figures 2.4d and 2.4e, however, demonstrate an 

interesting phenomenon that occurred when the [M-6H] 6- charge state is allowed to 

react for a period of 250s. The isotope distribution appeared "bunched" with respect 

to the isotope distribution of figure 2.4c. Closer inspection revealed that the 

distribution in figure 2.4e bears some resemblance to the natural isotopic 

distribution demonstrated in figure 2.4a. When the initial isotope distribution 

appears shifted in mass but relatively intact, it is an indication that one has reached 

complete deuterium exchange. In this case the natural isotope distribution had not 

been completely returned, but the fact that figures 2.4d and 2.4e are nearly identical 

suggested that the reaction was approaching completion. 

 

In order to compare H/D exchange characteristics of individual species 

objectively, a protocol must be established to catalog the extent of H/D exchange at 

each time period of the exchange profile. Perhaps the easiest technique would be to 

use the most abundant mass; however, this method works best when the isotope 

distribution remain unchanged. As evidenced in figures 2.3 and 2.4, it is seldom the 

case that the shape of isotopic distribution is not affected during the H/D exchange
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Figure 2.4. H/D Exchange Profile of [Poly dC13 – 6H]  6-

Charge State for Gas Phase Exchange with D2O at ~ 6.0 x 10 
–7 torr
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experiment. An alternate protocol is often is used to determine the amount of 

deuterium incorporated, which will be described as the last visible isotope method. 

Simply put the last resolved isotope from the current experiment is compared to the 

last resolved isotope in the unexchanged precursor. In figure 2.5 the spectra from 

figure 2.4 are used to graphically demonstrate this method. From the data, it was 

determined that poly dC13 [M – 6H] 6- charge state underwent 30 deuterium 

exchanges. There are a total of 34 hydrogens on poly dC13 [M - 6H] 6- charge state 

that were considered theoretically exchangeable. This yielded a total deuterium 

incorporation of 88%. Since the data suggested that the H/D exchange for this 

analyte was near completion, it is suggested that there were 6 of the theoretically 

exchangeable hydrogens that did not participate in H/D exchange of this system. 

 

The previous data referred to exchangeable hydrogens. It is necessary to 

describe the term exchangeable hydrogens as it pertains to the poly dC system. The 

definition of an exchangeable hydrogen is any hydrogen attached to a heteroatom. 

Figure 2.6 demonstrates the exchangeable hydrogens of poly dC5 with neutral 

charge. Also worthy of note, negative charge is assumed to reside on the phosphate 

backbone of the oligonucleotide and as such one exchangeable hydrogen is assumed 

to have been removed from a phosphate moiety for each negative charge present 

[16].  

 

One of the more novel results of the poly dC study involved the observation 

of multiple conformers during gas phase H/D exchange experiments in figure 2.7. 

Ideally, our model system would be without any higher order structure; however, 

the discovery of multiple conformers showed that our model system falls short of 

that mark. Multiple conformers created a challenge to objectively determine  
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Figure 2.6. Demonstration of Exchangeable Hydrogens in 
Oligonucleotides in an H/D Exchange Experiment
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Figure 2.7. H/D Exchange Profile of [Poly dC14 –5H] 5- Charge 
State which Demonstrates Multiple Conformers

796 798 800 802 804

m/z

796 798 800 802 804

 

796 798 800 802 804

 

796 798 800 802 804

 

796 798 800 802 804

 

Figure 2.7a.

Figure 2.7b.

Figure 2.7c.

Figure 2.7d.

Figure 2.7e.

Multiple Conformers Apparent

[M-5H] 5- No Exchange

Exchange at 1 s

Exchange at 10 s

Exchange at 250 s

Exchange at 100 s

Multiple Conformers Not Apparent

[M-5H] 5-

[M-5H] 5-

[M-5H] 5-

[M-5H] 5-



 40
 

Figure 2.8. H/D Exchange Profiles of the 3- and 5- Charge 
States of Poly dC10 
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deuterium incorporation since any non-baseline resolved set of conformers made the 

determination of the last isotope of the lower mass conformer impossible. 

Additionally, comparing the reactivity of this charge state to other charge state leads 

to confusion as how to categorize the overall reactivity. The most troubling aspect 

of the discovery of multiple conformers in a system such as poly dC is whether the 

conformers differed primarily in physical accessibility to exchangeable hydrogens 

or in the reactivity in the gas phase of said hydrogens. 

 

As previously mentioned, charge state is known to have an enormous effect 

on gas phase H/D exchange of negatively charged oligonucleotide. Poly dC is not 

immune to these charge effects. Figure 2.8 depicts the [M – 3H] 3- and the [M – 5H] 
5- charge state of poly dC10. Figure 2.8a and 2.8e show the isolated unexchanged 

precursor ions. Figure 2.8b and 2.8f show the results of 1s of gas phase exchange 

with 6 x 10-7 torr of D20. Similarly figures 2.8c and 2.8g represent 10s of exchange 

for the respective charge state, and figures 2.8d and 2.8h show 250s of exchange. 

Using the last isotope method, the [M – 3h] 3- of poly dC10 reached a maximum 

50% deuterium incorporation and the [M – 5H] 5- charge state reached 96%. It is 

unclear what affect the additional charge has on the physical conformation and what 

affect the charge has in facilitating the H/D exchange reaction. 

 

2.4 Conclusions 

 

Gas phase H/D exchange of oligonucleotides has been previously proven to 

be effective when applied to mononucleotides [16-18]. Based upon this initial work, 

projections were tested against larger systems. The results of the test were 

ambiguous, and it was apparent that more thorough fundamental work needed to be 

performed prior to extracting useful information from the gas phase H/D exchange  
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of such larger systems. Having constructed a database of poly dC analytes of lengths 

2 to 15 cytidine units, gas phase experiments were performed using a stringent  

experimental protocol. This protocol precludes the interference of analyte ions 

through the use of complete isolation of each charge state within the trap prior to 

exchange reactants being admitted to the trap. Initial results suggested a tremendous 

charge state dependence upon H/D exchange. Figure 2.9 indicates such charge 

dependence for the various charge states of poly dC10. Figure 2.9 also demonstrates 

that the charge dependence was not absolute as the [M –6H] 6- charge state of poly 

dC10 undergoes less overall exchange than the [M – 4H] 4- or [M –5H] 5- charge 

states. Percent H/D exchange was calculated as number of exchanges divided by the 

total theoretical number of exchanges.  The initial results of this study show that it 

will be necessary to develop more sophisticated tools for the analysis of the gas 

phase H/D exchange of oligonucleotides before significant structural information 

will be attainable. The presence of multiple conformers in a series of poly 

deoxycytidine analytes was not predicted since it was not expected that short 

sequences of poly dC would coordinate into higher order structures. 
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Chapter 3 – Analytical Method for Characterization of Oligonucleotides by 

Negative Ion Gas Phase H/D Exchange 

 

 

3.1 Introduction  

  

Initial studies of negative mode gas phase H/D exchange experiments of 

selected oligonucleotides demonstrated that the phenomenon of negative mode gas 

H/D exchange is a complex process requiring more in depth techniques than simple 

total deuterium incorporation [1, 2]. Many subtle differences in H/D exchange can 

be essentially invisible in such an initial investigation. Additionally, any analytical 

technique must be as objective and be as immune to noise as possible. Lastly, since 

the raw data sets for even a simple H/D exchange study can be very large, the ideal 

solution would allow easy implementation or better yet be fully automated. 

  

 Analytical tools are described which have been refined to mine more of the 

complex exchange information contained within the original oligonucleotide gas 

phase exchange study. The last visible isotope method was replaced by center of 

mass calculation for all subsequent calculations. Center of mass relies upon isotope-

counting and abundance weighting of all isotopes and is more objective and immune 

to ion loss than the last isotope method. While complete automation of advanced 

techniques of maximum entropy analysis or the fitting of such results to a series of 

reaction rates is not currently available, there has been considerable effort to 

increase the accuracy, usability, and production of these techniques as well.  

 

 Oligonucleotide data was subjected to this rigorous protocol. Results were 

described and discussed in detail. Finally, the applicability of a gas phase negative 
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mode H/D exchange protocol was evaluated for effectiveness as a probe for 

biologically active systems.  

 

3.2 Methods 

 

3.2.1 Sample Preparation 

 

 Sample oligonucleotide solutions were prepared as 10 –100 µg / ml in 1:1 

IPA: water with 40 µM ammonium acetate added. Oligonucleotides were purchased 

from TriLink Biotechnologies (San Diego, CA) and were used without further 

purification. Final solution were prepared by serial dilution from stock solution of 1 

mg / ml in 1:1 IPA and water.  

 

3.2.2 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

 

 Experiments were performed on a 9.4 Tesla FT-ICR instrument at the 

National High Magnetic Field Laboratory in Tallahassee, FL ([3, 4]). The 

electrospray source was a Chait type source incorporating a resistively heated 

capillary for desolvation. Ions were focused into a linear octopole ion trap for 

external accumulation. After accumulation times of 2s to 60s, the ions are gated out 

of the octopole trap, through octopole transfer optics and into a 4 in diameter open 

cylindrical Penning ion trap. 

 

 Electrospray conditions were individually optimized for each to produce 

optimum ion signal. Spray conditions ranged from flow ranges of 300 to 500 nl / 

min, and needle voltage ranged from –2500V to –2900V. Individual charge states 

were isolated prior to a gas phase H/D exchange period ranging from 1s to 250s. 

Deuterated water was leaked into the ICR cell at an uncalibrated pressure of 6.0 x 
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10-7 torr for the prescribed reaction period. The MIDAS data station provided 

instrument control of the FT-ICR instrument [5].  

 

3.2.3 Data analysis 

 

 H/D incorporation was calculated using the MIDAS data analysis package 

[5] developed at the National High Magnetic Field Laboratory (Tallahassee, FL.) 

Several techniques and algorithms within the MIDAS data analysis package were 

developed specifically to facilitate the analysis H/D exchange data. Automated 

center of mass calculation and the HD Helper functionality were developed by the 

author to speed the analysis of the formidable amount of data inherent to time 

dependent H/D studies.  The maximum entropy method [6] functionality of MIDAS 

analysis was improved in both utility and stability for FT–ICR MS H/D exchange 

reactions. Origin Pro version 5.0 software package (Microcal Software, 

Northampton, MA) was employed to provide advanced curve fitting to the resultant 

exchange rate curves. 

 

3.3 Results and Discussion 

  

 Work in the previous chapter demonstrated H/D exchange results calculated 

using the last visible isotope method. While the last isotope method has utility in the 

analysis of gross shifts in the exchange rate of analytes, the utility becomes limited 

when one begins to probe more subtle processes. The last isotope also suffers from 

some procedural shortcomings leading to systemic bias in the calculation of 

deuterium incorporation. The shortcomings are grouped into the following 

categories: user bias, ion loss at extended exchange period, and changes in the 

isotopic distribution envelope. 
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The last isotope method is dependent on the individual user to determine 

which peak to select as the final isotope visible. User bias is amplified since the last 

isotope visible is often at a low signal to noise ratio.  Figure 3.1 illustrates the 

dilemma faced by a user determining which isotope to select as the last isotope. 

 

Given the definition of signal to noise as described by Marshall [7], the 

signal to noise of each of the isotopes present in figure 3.1 were valid choices for 

the last isotope method. Nevertheless, one was faced with uncertainty about the 

accuracy of the smallest peak since the signal to noise of 3.46 could be considered 

borderline. With such low signal to noise peaks it becomes advisable to double-

check the peak mass spacing to verify the identity of the peak. The acts of 

calculating signal to noise and verifying mass spacing negated the advantage of 

rapid H/D exchange determination garnered by using the last isotope method. 

 

As an analyte undergoes exchange, the total ion signal becomes spread 

across additional mass channels created by the exchange process. The result is that 

for any specific isotope the abundance of the exchanged ion is less than the parent 

ion abundance for the same analyte ion population. Performing H/D exchange in the 

gas phase further complicates reliable application of the last isotope method for the 

determination of deuterium incorporation because total ion signal is decreased at 

extended exchange periods through collisional loss from the ICR cell. Additional 

effects of ion fragmentation and charge stripping often contribute to ion loss as well. 

 

 The combined effect of decreased spectrometric density and decreased total 

ion population leads to lower ion signal at increased gas phase exchange periods. 

Such loss of ion signal is the most pronounced on the lesser abundant analyte ions 

as many lesser abundant ions can shift from readily observable signal to noise ratios  
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Figure 3.1 Dilemma of the Last Isotope Method: Which One?
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to questionable or non observable signal to noise ratios. The loss of low abundance  

ions is devastating to the accuracy of the last isotope method since it these low 

abundance ions that are the sole criteria that is used to determine the deuterium 

incorporation. The net effect of the loss of low abundance ions is a calculated 

deuterium incorporation that is mass shifted to lower incorporation when compared 

to other spectra calculated in similar fashion (at shorter exchange periods.)  In cases 

of very low signal to noise at long reaction periods, the amount of deuterium can be 

calculated to be less than the amount of exchange at a shorter exchange period. An 

extreme example of such ion loss can be seen in figure 3.2.  Figure 3.2a shows the 

ion population immediately after ion isolation in the cell where the signal to noise of 

153 for the most abundant isotope. In figure 3.2b the signal to noise slips to 6.7 after 

250 s of H/D exchange. It is likely that the last isotope visible in the spectra in 

figure 3.2b was affected by the signal to noise and that signal from additional 

isotope peaks was "lost" in the noise. 

 

Figure 3.3 provides insight of the loss of ion signal at extended exchange 

periods; the spectrum represents [poly dC8 - 4H] 4- that has isolated in the ICR cell 

prior to a 100 s H/D exchange experiment. The observance of abundant fragment 

ions suggests that fragmentation is a major pathway for ion loss in this experiment. 

A combination of stringent ion isolation and the resolution of the FT-ICR MS were 

employed to insure that interferences from ion fragmentation and charge stripping 

do not bias the exchange data. 

 

The final detractor for the last isotope method applied to H/D exchange is 

the assumption one accepts that changes in the relative isotope abundances are small 

in comparison to the total amount of exchange. This is by far the most serious 

shortcoming of the last isotope method for the determination of deuterium  
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Figure 3.2 Changes in Signal to Noise Causes Calculated 
Exchange to be Lower at Longer Exchange Periods for LIM
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Figure 3.3 Spectra of [Poly dC8 –4H] 4- with Ion Dissociation 
Demonstrated (H/D Exchange for 100s at 6.0 x 10 –7 torr)

300 400 500 600 700 800 900
m/z

~~ 5 [Poly dC8 -4H] 4-

[Poly dC2 -2H –base] 2-

[Poly dC5 -2H –
O – base] 2-

[Poly dC3 -3H] 3-

[Poly dC3 -H 
-base +PO4] 1-



 55

 

Figure 3.4 Typical H/D exchange demonstrating the 
spread of isotope distribution 
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incorporation. Figure 3.4 shows a typical H/D exchange progression for a small 

oligonucleotide. The initial spectrum in figure 3.4a demonstrates the natural isotopic 

distribution of the oligonucleotide prior to H/D exchange. In figure 3.4b through 

3.4d, the H/D exchange is increased from 1s to 10s and finally to 250s. As the 

exchange reaction proceeds, the isotope envelope spreads as the analyte shifts to 

higher mass.   

 

Center of mass calculations have the advantage of using all of the analyte 

peaks and thus are less susceptible to many of the difficulties associated with the 

last isotope method. Center of mass involves a peak-picking algorithm followed by 

a mass-averaging algorithm. A schematic of the center of mass algorithm is depicted 

in figure 3.5. The mass of each peak is weighted by its abundance. Under normal 

FT-ICR conditions the abundance of a mass spectrometric peak can be described by 

peak height since this height is relative to the area under the curve of the peak. 

Because the signal to noise of each spectrum can vary especially at extended 

exchange period, the weighted abundance is subsequently scaled by the total ion 

abundance, yielding what is in effect an abundance weighted average mass that is 

called center of mass for the analyte in question.  

 

The advantages of a center of mass calculation over the last isotope method 

focus on all the shortcomings listed for the use of the last isotope method in gas 

phase exchange reactions. The user bias is removed by the use of uniform peak 

picking parameters to describe the analyte peaks of each spectrum. While the user 

must select these parameters with care based on the characteristics of the spectra, 

the parameters once selected are applied to each spectrum in the series equally. 

While the loss of less abundant ions will affect the center of mass calculation, the 

effect is minimized by the fact that low abundance ions contribute the least weight  
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Figure 3.5 Spectrum of [Poly dC8 – 4H] 4- Graphically 
Representing the Determination of H/D Exchange at 200s 

Using Center of Mass Method
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to the center of mass calculation. Finally, the changes of relative isotope abundances 

are easily managed since changes in individual isotopes still contribute to the 

calculated value for deuterium incorporation. 

 

There are some constraints one should consider in the application of center 

of mass to H/D exchange studies. Center of mass requires that the peak-picking 

algorithm easily identifies all of the isotopes. This limits its use for highly charged 

ions produced by electrospray ionization in many mass spectrometers. Additional 

limitations involve the number of calculations required to apply this technique to the 

hundreds or thousands of data files generated by H/D exchange studies. If one were 

to use a spreadsheet program and enter the data by hand the chance of data entry 

error would be a major limitation in the reliability of the calculated data. Finally, the 

effort required to perform these calculations would limit this technique to a proof of 

concept exercise. 

 

The limitations of center of mass calculations are addressed in this work 

through the use of a mass spectrometer with excellent resolution and the automation 

of the center of mass calculation. The 9.4T FT-ICR at NHMFL easily resolved the 

isotopes for the present oligonucleotide H/D exchange study.  With baseline 

resolution of the isotopes of the analyte, the peak-picking algorithm within MIDAS 

is able to accurately determine mass and abundance of the analyte. To combat both 

the data entry error and the data analysis overhead, automated center of mass 

calculation were implemented in MIDAS analysis. 

 

The automation of center of mass calculation posed one additional challenge 

when applied to large data systems. Often one finds that the mass spectrum contains 

peak that are not related to the H/D exchange experiment. These interference peaks 

can arise from other analytes in the solution but are more often attributed to 
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contaminants or noise inherent to the instrument. In order to rapidly and effectively 

eliminate these interference peaks from the center of mass calculations a procedure 

called HD helper added to the MIDAS analysis package. A sample of the HD helper 

is provided in figure 3.6. HD helper provides the user with a visual reference to the 

peak list that was produced from the current spectrum. In addition the standard peak 

list parameters, HD helper provides the user with the relative mass spacing between 

adjacent peaks and a center of mass calculation for the current peak list (the third 

column in figure 3.6 labeled "Mass Diff to Next Peak").  Using the mass spacing 

column, the user can quickly scan the current peak list to verify that each member of 

the current peak list has the correct mass spacing given the charge of the initial 

analyte ion. If the user detects spurious peaks in the HD helper, these peaks can be 

selected and deleted from the peak list. The end product of the HD helper is a peak 

list with its center of mass calculated within the matter of seconds.  

 

A direct comparison of the last isotope method and the center of mass 

methods is represented in figure 3.7. There are several interesting contrasts 

indicated for the two methods for the study of poly dC7. When comparing the 

results in figures 3.7a and figure 3.7b, one discovers that the quantized nature of the 

last isotope method suggest that no exchange has occurred for the 1 s exchange 

period. If one attempts to fit a rate constant to data with zero exchange for a given 

exchange period, the statistics suggest a very poor fit. Early attempts by the author 

to fit last isotope method data proved unsatisfactory, which led to the development 

of the center of mass technique. The effect of quantization can also be seen as a 

reaction reaches completion, in which case, the last isotope method reports identical 

exchange abundances for different exchange times. The center of mass method 

returns exchange data that indicated increased exchange at extended exchange time 

for each analyte in the oligonucleotide study. 
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Figure 3.6 Screen Shot of HD Helper Tool from MIDAS 
Analysis
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Figure 3.7 Direct Comparison of Last Isotope and Center of 
Mass Methods for [PolydC7 – 3H] 3-
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The other distinction evident when comparing the last isotope method and 

the center of mass method is that the last isotope method returns higher calculated 

exchange values in general than the center of mass method. This phenomenon is 

visible in figures 3.7c, 3.7d and 3.7e. This is a consequence of the isotope envelope 

"spreading" to higher mass as mentioned previously.  

 

A maximum entropy method (MEM) technique has been shown to produce 

H/D exchange rate constants for mass spectrometric that correspond to those of 

NMR [6]. This MEM technique assumes that is possible for each exchangeable 

hydrogen in the analyte to have an unique rate constant and that the H/D exchange 

reaction follows pseudo first-order kinetics. The result for the exchange study of  

[poly dC10 -5H] 5- is presented in figure 3.8.  The algorithm returns a successful fit 

given the available exchangeable hydrogen with a standard deviation of 0.1 

exchanges. The distribution of exchange rate constants for the above study is 

presented in figure 3.9. This represents the raw output of the MIDAS-based MEM 

algorithm. It should be noted that absolute value for the rate constants was not 

calculated because precise calibration for D2O of the instrument's ion gauges was 

not practical prior to each instrument session. Given the relatively short period of 3 

months over which the entire series was performed on the instrument qualitative 

comparisons between individual oligonucleotides are reasonable.  

  

Figure 3.10 represents a MEM fit of the poly dC11 H/D exchange data for 

the [M – 6H] 6- charge state. The MEM fit is present in black, Microcal Origin was 

used to produce the red curve that represented the best fit to the prominent peak in 

the data set. Integrating the total area under the curve and subtracting the area 

represented by the red curve yielded the subsequent boundary areas. On the right 

edge of figure 3.10, the MEM represented highly reactive hydrogens where H/D 

exchange proceeded at a rate beyond the FT-ICR instrumental ability to accurately  
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Figure 3.8 Maximum Entropy Method for the Determination of 
H/D Exchange Reaction Rates – Calculated Fit to [Poly dC10 

– 5H] 5- H/D Exchange Profile
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Figure 3.9 Maximum Entropy Method from MIDAS for [Poly 
dC10 – 5H] 5-
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measure the reaction. In the left edge of figure 3.10, the MEM represents hydrogens 

that were reacting too slowly to be accurately measured within the 250 s reaction  

period of the experimental study.  In order to convert these areas back into number 

of hydrogens, the area for each curve was normalized by the total area and then 

multiplied by the total number of exchangeable hydrogens of the poly dC11 species. 

 

Given that figure 3.10 has three distinct regions of reactivity and the analyte 

poly dC11 has three functional types of exchangeable hydrogens (assuming that the 

end terminal hydrogens were treated equally), it was reasonable to assume that the 

reactivity was related to the functional structure of the hydrogens. When one 

compares the relative abundances of the area of the MEM and the relative amounts 

of exchangeable hydrogens, the relationship is obvious. In fact, the fit of the data to 

the theoretical abundance was approximately 98 % for poly dC11 [M – 6H] 6-. 

Figure 3.11 shows additional similarities between the experimental data and the 

available hydrogen abundances. In this case the fit was approximately 92 % for poly 

dC9 [M – 5H] 5-. The red curve represents the summing of the green curves to 

visually denoted the fit to the overall rate curve given overlapping peak areas. 

 

While figures 3.10 and 3.11 demonstrate excellent agreement between the 

experimental and theoretical data, figure 3.12 demonstrated a much different 

scenario. With a fit of only 30 %, it was apparent that there was little correlation 

between the experimental data and the structure of the analyte. When the entire 

study was reviewed, it becomes obvious that only the higher charge states of poly 

dC undergo H/D exchange that allowed one to identify structural types of hydrogens 

related to the analyte species.  

 

3.4 Conclusions 
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Figure 3.10 Results from MEM Study of [Poly dC11 – 6H] 6-
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Figure 3.11 Results from MEM Study of [Poly dC9 – 5H] 5-
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Figure 3.12 Results from MEM Study of [Poly dC15 – 5H] 5-
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 Gas phase exchange studies were performed on a class of poly dCn where the n 

represented residue of 2 to 15 cytidine units. The results showed that it was possible 

to determine the number of structural hydrogens present on these oligonucleotides at 

high charge states. The prerequisite for such high charge states limits the 

applicability of these methods to biological system. While it is still debatable as to 

whether any gas phase structure is comparable to the solution phase counterpart, it is 

even less likely that the highly charged ions are similar to biologically active 

species. While gas phase H/D exchange may not solve the mysteries of biological 

interaction of oligonucleotides, the techniques, such as center of mass and MEM, 

that were developed for the gas phase studies can be applied to improve the 

accuracy of future H/D exchange studies in the gas and liquid phase. 
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Chapter 4. Data Reduction of Multiply Charged Ion Species Using 

an Automated Implementation of the THRASH Algorithm for the 

PC 
 

4.1 Introduction 

 

 With the discovery of electrospray ionization (ESI) by Fenn [1-4], the use of 

mass spectrometry was changed forever. This “soft ionization” technique along with 

the discovery of matrix-assisted laser desorption ionization [5-7] created the field of 

biological mass spectrometry. ESI was able to ionize without fragmentation large 

biomolecules [3, 8-12]. Multiply charged ions generated by ESI extended the 

effective mass range of many mass spectrometers, perhaps most notably FT-ICR 

due to the ability to resolve very high charge states [13, 14]. It has also been noted 

in the literature that with increasing charge comes increasing complexity, and there 

have been many techniques to simplify or indeed automate the process [15-20]. As 

each new wave of spectral deconvolution is developed often with the benefit of past 

successes to guide the development, the complexity of such algorithms increases.  

 

The current state-of-the-art in spectral deconvolution is arguably the 

thorough high resolution analysis of spectra by Horn (THRASH) [20]. The 

THRASH algorithm represents the culmination of individual tools developed for the 

identify either the charge state [18] or identify the most probable monoisotopic mass 

[21] as well as new features unique to THRASH. While THRASH is considered the 

best algorithm for the analysis of multiply charge ions, the use of the algorithm has 

been heavily constrained by two criteria. THRASH is programmed using PV-Wave 

(Visual Numerics, Houston, TX) that only operates under SunOS and the algorithm 

is only compatible with Odyssey FT-ICR data files (Finnigan, Madison, WI).  
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The work in this chapter describes the successful translation of the THRASH 

algorithm to the personal computer (PC). The PC-based THRASH is fully integrated 

into the modular ICR data acquisition and analysis system (MIDAS) developed at 

the National High Magnetic Field Laboratory (NHMFL, Tallahassee, FL). The 

advantages of the PC based algorithm include improved performance through the 

use of optimized libraries, improved performance based on increased process power 

and the source is based upon the industry standard C programming language. 

Additionally, the MIDAS program is openly distributed without cost to the members 

of the scientific community as well as supporting for multiple vendors ICR data file 

formats. Data is presented demonstrating the functionality of the THRASH 

algorithm. THRASH is also demonstrated through the analysis of electron capture 

dissociation (ECD) data.  

 

ECD is a relatively new fragmentation technique with a unique ability to 

generate fragments essentially at every backbone amide linkage of a peptide [22-

31]. ECD has been described as having a nonergodic fragmentation pathway. It has 

been shown that energy imparted into a positively charged ion upon capturing an 

electron, does not undergo the energy  randomization that is typical of  many 

common fragmentation techniques such as infrared multiphoton dissociation 

(IRMPD) or collisionally induced dissociation (CID) [28]. ECD has also been 

shown to selectively cleave the peptide backbone while leaving post-translational 

modifications such as glycosolation [24, 30] and phosphorylation [32] intact. 

Further studies are underway in which the effect of ECD on hydrogen scrambling is 

being investigated. 

 

4.2 Methods 
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4.2.1 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

 

All experiments were performed using a custom built 9.4 T external 

electrospray source FT-ICR MS (National High Magnetic Field Laboratory, 

Tallahassee, FL) [33, 34]. This instrument employed a Chait type electrospray 

source with a 25µm i.d. fused silica spray needle. Ion desolvation was accomplished 

using a resistively heated capillary.  

 

Ions exiting the capillary were focused into a 0.8 mm i.d. octopole rod set 

with the use of an electrostatic tube lens. Ions were then accumulated in a 60 cm 

long octopole by biasing the entrance and exit conductance limits to the octopole to 

a positive potential [34]. After an appropriate accumulation period of 2s to 60 s, the 

potential on the exit conductance limit was dropped to effect transfer of the ion 

through a second 2-m long octopole and into the analyzer cell of the FT-ICR 

instrument.. The analyzer cell of this 9.4 T FT-ICR instrument is a 4 in diameter 

open cylindrical Penning ion trap. 

 

Samples were directly infused into the electrospray source at a flow rate of 

300 to 500 nl / min controlled by a Harvard Apparatus syringe pump (South Natick, 

MA). A needle potential of 2100 V was used to produce efficient analyte ionization. 

Prior to the ECD, the charge state of interest was isolated using a combination of 

chirp waveforms and a stored waveform inverse Fourier transform (SWIFT) 

waveform. Isolation of each charge state insured the identity of the precursor for 

each fragment ion. 

 

ECD was accomplished with a 1 cm diameter dispenser cathode mounted 

approximately 13 cm away from the ICR cell. Typical ECD conditions involved the 

cathode biased at 0.1V with approximately 100 nA of emitted current [35]. 
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Irradiation time for the ECD spectra presented was 51 ms with 40 ICR scans co-

added to increase signal to noise ratio.  

 

4.2.2 Thorough High Resolution Analysis of Spectra by Horn 

 

 The THRASH algorithm is an automated iterative process capable of 

isolating isotopic clusters, determining the charge state, and performing 

monoisotopic mass – zero charge calculation for every isotopic cluster within an 

ICR spectrum [20]. A novel peak subtraction allows the determination of 

overlapping isotopic clusters. The use of least-square analysis to compare 

experimental data to predetermined average isotope distributions yields the best-fit 

monoisotopic mass for clusters of sufficient mass that the actual monoisotopic peak 

is not observable in the spectra. An additional benefit of the THRASH algorithm is 

that fragment ions can be determined directly within the MIDAS analysis package if 

the consensus sequence and fragmentation type are known. Fragment ion can be 

determined for both ion dissociation fragments and proteolytic fragments. 

 

 Specific improvements described in this work to the THRASH algorithm 

focus on speed and portability. The primary hurdle to implementing THRASH on a 

PC was to port the code from PV-Wave to the C language. Once this initial step was 

performed, improvements to the THRASH algorithm could be facilitated through 

the use of commercial available import libraries that have been rigorously tested for 

speed and reliability. The Intel signal processing library version 4.5 (SPL) was one 

such library used. The Intel SPL provided fast Fourier transform (FFT) functions 

that are customized for each type of Intel processor. Since FFTs are used 

extensively in the computer gaming industry for three-dimensional visual effects, it 

is in Intel’s best interest to continually tune such functions and provide them free of 

charge to programmers in order to maintain Intel’s market share in the PC arena. 
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This market pressure allows the MIDAS to piggyback performance gains from Intel 

for which the FT-ICR community would never support alone.  

 

Charge state determination in the THRASH algorithm is determined through 

the use of Fourier transform techniques [18, 20]. Figure 4.1 demonstrates the 

performance of the FFT function from the Intel SPL for various processors and 

packet sizes.  Additional performance gains arise from the optimized memory 

allocation and array mathematical functions also present in the Intel SPL. Libraries 

other than the Intel SPL also increase THRASH performance including the 

replacement of user defined fit function for the commercially available polynomial 

fit and cubic spline interpolation functions from the analysis package of  the CVI 

language (National Instruments, Austin, TX).   

 

4.3 Results and Discussion 

 

 The user input and THRASH verification panel are presented as figure 4.2a 

and 4.2b respectively. The input commands are fairly straight forward and are 

similar to peak picking. Minimum and maximum charge state commands allow the 

user to optimize for the given data set. Peak level indicates minimum peak height to 

initiate a THRASH analysis; the units of peak level are in signal to noise. The 

description of the noise level in THRASH is unique in that noise is automatically 

determined for each 1 m/z window as THRASH moves through the spectrum. The 

noise level can be determined in the presence or absence of ion signal. THRASH 

determines by calculating the spectral density of the total m/z region. It is assumed 

that the region where the spectral density is the greatest is the noise level [18, 20]. 

The spectral density can be defined as a plot of the abundance versus the number of  
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Figure 4.1 Comparison of Fourier Transform Speed 
versus Data Set Size

for Various Computer Processors
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Figure 4.2 MIDAS Version of THRASH Algorithm in Action

Figure 4.2a. THRASH Input Panel

Figure 4.2b. THRASH Progress and Verification Panel
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data points in the region that lie below this abundance. This method of noise 

determination is robust, requires no user input and requires little computational 

time. 

 

 The verification panel of THRASH in figure 4.2b presents the user with a 

tangible result for each THRASH assignment.  The spectrum is overlaid with the 

isotope abundances that are predicted using a statistically average model system in 

this case of an average peptide. It is expected that most peptides, especially small 

peptides, will not contain the exact isotopic makeup; however, the isotopic structure 

of the statistically average peptide, averagine, will mimic the isotopic makeup of 

most peptides. The small squares above the isotope peak in figure indicate the 

averagine prediction for both relative abundance and mass for the given isotopic 

cluster. The color of the squares indicates the nature of the predicted peaks. A black 

indicates a monoisotopic peak while green squares indicate other peaks. 

 

 An ECD spectrum of ubiquitin [M +10H] 10+ is presented in figure 

4.3.Figure 4.3a shows a broadband region of the spectrum with the parent ion still 

apparent. Figure 4.3b and 4.3c demonstrate different mass insets of broadband 

spectrum; the complexity of the ECD experiment is apparent in these insets. While 

manual interpretation is possible for this type of experiment, it is time consuming. If 

one were to rely solely on manual interpretation, it would not realistic to expect 

ECD to be performed routinely upon HPLC FT-ICR MS analysis. 

 

 Before one begins analysis of ECD spectra is important to understand what 

types of fragment ions one should expect. ECD is reported to favor the cleavage of 

disulfide bonds and the C-terminal side of tryptophan while there is little to no 
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Figure 4.3 Sample Electron Capture Dissociation Experiment 
with Ubiquitin as Analyte 
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fragmentation seen on the N-terminal side of proline [25, 28]. ECD also creates 

different fragments than other ion dissociation events such as IRMPD or CID. ECD 

produces primarily c and z ions whereas IRMPD and CID produce mainly b and y 

ions. Figure 4.4 provides a general description of fragmentation along the backbone 

of a peptide.  

 

 Subjecting the ubiquitin ECD spectrum to THRASH yields the discovery of 

222 isotopic clusters, of which 115 clusters were assigned as ECD fragments of 

ubiquitin. The total analysis time for the THRASH analysis of this spectrum was 

162 seconds from a m/z range from 600 to 1600 if one compares this to the 

literature for a THRASH analysis isolated 282 isotopic peaks in m/z 550 –1800 in 

19 minutes. Results from the THRASH analysis are shown in the user panel from 

the MIDAS analysis package in figure 4.5. Results from this panel can be saved in 

comma separated values (.csv) format and imported into commercial spreadsheet 

directly. Additional control allow the user to review individual results using the 

verification panel  (figure 4.2b) and remove clusters which are not of interest. 

 

 Figure 4.6 recreates the original spectrum from figure 4.2b with the results 

from the automated THRASH analysis labeled above the clusters of interest. Several 

of these clusters overlap; a scenario that precludes from most types of automated 

analysis routines. The total sequence coverage of ubiquitin that was identified by 

THRASH is presented in figure 4.7. 66 out of 75 individual cleavages were 

identified using a 5 minute data acquisition and a 3 minute of analysis time. 

 

 While THRASH represent the most advanced automated deconvolution 

algorithm, the question remains “how good is THRASH?” THRASH is obviously 

not without faults. The most common concern with THRASH data fit involves the  
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Figure 4.4 Fragmentation Patterns of Peptides Emphasizing  
Electron Capture Dissociation (ECD) 
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Figure 4.5 Automated Thrash Results from ECD Ubiquitin
Spectra shown in Figure 4.3.
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Figure 4.6 Ubiquitin Spectra with THRASH Results Designated  
(Spectra From Figure 4.3b.)
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Figure 4.7 Sequence coverage of Ubiqutin by Automatic 
THRASH Assignment from ECD Spectra.
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correct assignment of the monoisotopic peak. This is to be expected since this also 

the most common problem in the field of FT-ICR for the assignment of accurate 

mass. The problem arises when the abundances present in the ICR cell vary slightly 

from the predicted isotopic abundances. This leads to the mis-assignment of the 

most abundant peak and a mass shift 1 Da occurs in the calculated monoisotopic 

mass. THRASH excels at the assignment of highly charged larger species where the 

user is often fooled when using the “Chi by eye” approach. It is the lower charge 

states where the statistics are lower where THRASH can be tricked. User 

verification will often recognize the mis-assigned peak readily. Figure 4.8 

demonstrates a mis-assigned cluster under THRASH. It is readily apparent that the 

black square representing the theoretical peak monoisotopic is located 0.33 m/z 

units low for this [M + 3H] 3+ species. The mass error for the assignment in the 

upper right corner of the panel as a z17 fragment is also off by approximately 1 Da.  

 

4.4 Conclusions 

 

 THRASH is a important tool in the automated analysis of multiplied charged 

ions. The work presented to port THRASH to the PC has the advantages of speed 

and portability. The addition of THRASH to the MIDAS analysis allows users of 

several commercial systems other than the Finnigan Odyssey data station (that is no 

longer produced). Automated data analysis will soon be an important process in the 

data acquisition as well. Data dependent acquisition will increasingly require more 

sophisticated tools to be effective. A C language version of THRASH is readily 

implemented within the data analysis module of MIDAS.  

 

 Additional benefits afforded by ECD in its application to H/D exchange are 

contingent upon a better understanding of the effect that ECD fragmentation has  
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Figure 4.8 Demonstration of THRASH Isotope Matching where 
the Measured Peptide Distribution is Incorrectly Assigned by a 

Mass Unit
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with respect to H/D scrambling. If ECD can be shown to promote fragmentation in 

the absence of scrambling, it will prove a powerful tool for future H/D exchange 

studies. 
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Chapter 5. Data Reduction in the Determination of Solution Based H/D 

Exchange for the Determination Protein: Protein Interaction Sites 

 

5.1 Introduction 

 

 Gas phase H/D exchange has always been challenged to prove a relationship 

between gas phase and biological conditions and conformations [1]. Consequently, 

there is an advantage to performing H/D exchange in "biological" conditions, 

followed by a peptide digest, and then coupling the experiment to an FT-ICR mass 

spectrometer. An additional benefit of liquid phase H/D exchange is increased 

signal at long exchange periods relative to gas phase exchange studies and 

unambiguous deuterium labeling. Since the energy required for in cell ion 

dissociation is absent, the energy that induces deuterium scrambling in the fragment 

ion is also absent [2-5]. A final detriment to gas phase H/D exchange is that such 

studies subject the ICR cell to extended periods of relatively high pressures of the 

exchange gas. An afternoon of gas phase exchange experiments can lead to 

degraded instrument performance for multiple days and contributes to increased 

instrument "down-time" and maintenance. 

 

 Studies linking liquid-phase exchange to mass spectrometry have their own 

problems, primarily related to the matrix effects on the mass spectrum and the 

occurrence of H/D back exchange. However, literature cites many successful 

applications involving liquid phase exchange and mass spectrometry [6-10]. The 

work described in this chapter employs two distinct strategies to effectively perform 

liquid phase exchange via FT-ICR MS. To combat matrix effects, HPLC was used 

to concentrate and desalt the sample prior to injection to the mass spectrometer. The 

complex nature of deuterium back exchange poses a non-trivial problem. Factors 

that affect back exchange can include solvent effects, temperature, and primarily 
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time. To minimize these effects, a protocol developed at the NHMFL describes a 

method to combat back exchange such that at the end of the liquid phase H/D 

exchange period that reaction is quenched by lowering the pH of the sample as well 

as performing the remainder of the experiment in an ice bath with the pH of the 

solution maintained at ~2. The sample undergoes peptic digestion for a short (~2 

minutes) time period 0°C injection loop. After the digestion the sample is injected 

onto a reverse phase column, desalted and eluted into a micro-ESI source for 

introduction to the FT-ICR instrument.  

 

 While the collection of such data is by no means trivial, the resulting data 

required months to analyze. The results generated during a single HPLC FT-ICR 

experiment that lasts ten minutes can occupy over a gigabyte of disk space. H/D 

exchange studies require triplicate measurement for each of multiple H/D exchange 

periods. The primary study described in this chapter involved 2250 independent data 

files. The initial investigation took more than 2 months for two graduate students to 

complete. This investigation was performed using the center of mass technique and 

HD Helper tool described in a previous chapter. It was readily apparent that a more 

efficient method was needed before such studies could be considered practical. 

 

 Additional work described in this chapter involves the development of an 

automated analysis protocol that can effectively and routinely reduce the total 

analysis time for a liquid phase H/D exchange HPLC FT-ICR MS study. The 

analysis protocol reduced the total analysis time for a complete H/D exchange study 

by liquid- phase HPLC FT-ICR MS from a period of approximately eight weeks to 

an analysis period of a week. The accuracy of the results is also increased since the 

algorithm does not require the user to track the analysis through a series of data 

transfer and collation stages. Assumptions made for this analysis are described in 

detail and are consistent with traditional FT-ICR data analysis. 
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5.2 Methods 

 

5.2.1 Sample preparation and H/D exchange 

 

Recombinant HIV-1 capsid CA protein was obtained from Peter Prevelidge 

et al [11]. The protein was expressed in Escherichia coli and precipitated in 

ammonium sulfate. After purification by ion exchange chromatography, the 

resultant solution was aliquoted and the salt content of one aliquot was raised to 1.0 

M NaCl to initiate assembly of CA. Assembly continued at ambient temperature for 

30 minutes. The monomer and assembled CA were further aliquoted to perform 

triplicate analysis by H/D exchange.  

 

Additional samples of fibrillarin and fibrillarin-Nop5 complex were 

expressed in E.Coli. The samples were purified by metal affinity chromatography 

and dialysis. Approximately 6 µg of sample were aliquot and were analyzed in 

triplicate H/D exchange experiments.  

 

Several stock solutions were prepared to facilitate the H/D exchange 

procedure. Stock CA solutions were prepared with 500 µM purified monomer or 

hexamer in 50 mM Na2HPO4 at pH 8.0. A separate stock solution was prepared for 

each of the triplicate runs. H/D exchange solution was created containing 25mM 

ammonium acetate in deuterium oxide for a pH of 6.8. A digest solution of 80 µM 

porcine pepsin (Roche) was prepared in 0.5% formic acid (FA). A quench solution 

for the H/D exchange reaction was prepared as a 0.5% FA solution at pH 2.1. The 

use of gradient flow elution on the HPLC requires two solutions: solution A and 

solution B. Solution A contains 10 % acetonitrile, 89.5% water and 0.5 % FA. 

Solution B contains 90 % acetonitrile, 9.5 % water and 0.5 % FA. 
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H/D exchange was initiated as a 2 µL aliquot of stock CA solution was 

diluted into 18 µL of the H/D exchange solution. Hexamer CA samples contained 

2.0 M NaCl to stabilize the assembled polymers. After exchange period ranging 

from 0 to 4080 minutes, the exchange was stopped by the addition of 20 µL of the 

quench solution. Each of the triplicate samples were vortexed and frozen in 

preparation for LC-MS analysis. Zero and blank controls were performed, and the 

4080-minute exchange point was described as the 100% control. Further details of 

the sample preparation and exchange conditions are described in the literature [12]. 

 

5.2.2 Protein Digestion and HPLC Conditions 

 

 HPLC experiments were performed on a Shidmadzu HPLC equipped with a 

5 µL manual injector and Vydac microbore C4 column (1.0 x 50 mm). The injector 

and column were submerged in a 0° C ice bath throughout the experiment. 20 µL of 

the digest solution was added to the CA protein solutions. The solutions were 

immediately mixed and then 5 µL was injected onto the pre chilled manual injector. 

The digestion was allowed to continue for 2 minutes while in the loop. The digest 

was then injected onto the chilled column and eluted by gradient HPLC. After 

injection, the peptides are desalted for 2 minutes on-column using 95% solution A 

and 5 % solution B. A 4-minute gradient flow elution was used to separate the 

proteolysis products prior to introduction to the FT-ICR MS instrument. Flow rate 

was reduced from 50 µL/min to ~ 400 nL/min using a post column split-flow 

interface. The gradient was optimized to minimize the back exchange that occurs 

on-column and as such provides only marginal chromatographic separation. The 

lack of chromatographic resolution is easily overcome by the high resolution of the 

FT-ICR MS. The HPLC conditions and procedure is described in more detail 

elsewhere [12]. 
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5.2.3 Electrospray ionization FT-ICR MS 

 

All experiments were performed on the 9.4 T FT- ICR instrument at the 

NHMFL in Tallahassee, FL [13, 14]. A 50-µm fused silica micro-ESI needle was 

directly coupled to a Microtee flow rate splitter (Upchurch) with the electrical 

connection to the needle applied through the metal waste line of the splitter. The 

source employed a heated metal capillary for desolvation. The ions were guided 

through an accumulation octopole and into a linear octopole trap. The analyte ions 

were accumulated for 2 s before transmission to the 4-inch open cylindrical ICR 

cell. Swept frequency excitation was followed by the acquisition of a 512 k data 

point 0.8 s time domain transient. FT-ICR control and data acquisition was 

performed using the Modular ICR Data Acquisition System (MIDAS) [15, 16]. A 

total of 50 ICR spectra were collected for each LC run, but only a few of these 

spectra contained peptide fragments. External mass calibration was performed on 

the blank control and the mass error was determined to be less than 20-ppm. 

 

5.2.4 Proteolysis  

 

 The determination of sites of biological interaction is accomplished by 

comparing the H/D exchange rates of the individual components to the H/D 

exchange of the assembled unit. This requires that proteolysis occur in conditions 

that limit back-exchange of the products. Another condition for successful 

proteolysis is that the resolution of the exchange data is proportional to the number 

of fragments observed. These conditions make porcine pepsin ideal for this 

experiment. Pepsin preferentially cleaves on the C-terminal side of F, L, E, W, Y 

and I with again cleavages occurring at various rates. Porcine pepsin is especially 
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suited for this study because it exhibits optimal activity at pH 2.1 and 0° C [17-19] 

where back exchange is minimized.  

 

5.3 Results and Discussion 

 

5.3.1  Automated Batch Analysis Algortihm 

 

 Primary data analysis is performed using MIDAS analysis with subsequent 

plots generated in Excel (Microsoft). Manual H/D exchange is calculated for each 

file in the HPLC run using center of mass calculation as described earlier. After 

each individual center of mass value is calculated the overall center of mass is 

calculated in an Excel spreadsheet as the average value of the individual files. This 

calculation is repeated for the additional 2 replicates. Replicate data is combined 

into an Excel spreadsheet for the average center of mass calculation and the 

subsequent standard deviation for a single H/D exchange time period. This process 

is then repeated for each subsequent exchange period. 

 

For the case of the HIV-1 capsid CA protein described throughout much of 

this work, manual H/D exchange determination was an involved and tedious 

process. The user is required to perform as many as 2250 center of mass 

calculations, manually enter these values into a spreadsheet, and then manually 

transfer the resulting 2310 averages into additional spreadsheets. Having completed 

the calculation for one proteolysis product, the user can now start on proteolysis 

fragment #2. 

 

 Acknowledging that the manual method of H/D exchange calculation was 

prohibitively user dependent, the author developed an automated analysis 

procedure. This automated analysis is accomplished for a single fragment in 30 
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minutes. Each additional fragment is determined in less than 20 seconds. The 

disparity between the first and subsequent scans arises from the peak-picking 

algorithm that must be implemented as part of the initial analysis. The peak picking 

involves unzipping the data, processing the time domain data to the mass domain 

and the actual peak picking of the mass data. The peak list is stored in a small text 

file with the same name as the original file (different extension.) Subsequent 

analyses need only to interrogate the peak list files resulting in the dramatic speed 

increases.  

 

 Figure 5.1 demonstrates the MIDAS user interface for the automated 

analysis of H/D exchange data. The top section of the panel in figure 5.1 

demonstrates parameters specific to H/D exchange targets, the information in this 

section are required for the analysis to proceed. The user must have knowledge of 

the peptide fragments that are expected to undergo exchange. The knowledge can be 

obtained by THRASH analysis of the control scans, by conventional ICR analysis of 

the control or the user can use predicted fragment masses given the use of pepsin 

and the analyte of interest. The user inputs the expected mass range for the species 

of interest into the “minimum m/z” and “maximum m/z”. This mass range must be 

chosen such that both the initial isotope of the zero control and the final isotope of 

the 100% control are within the selected m/z range. 

 

The controls for “Selected Scans only”, “minimum scan” and “maximum 

scan” allow the user to limit the search to a limited fraction of the chromatographic 

run. Limiting the scan number is important if there are a large number of leading or 

trailing scans in an LC experiment that describe only the FT-ICR response to the LC 

solvents and not peptides of interest. The “Mass Error” in section 5.1a describes the 

maximum deviation that is allowable between isotopes of the same analyte. Further 
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Figure 5.1 MIDAS Control for Automatic Batch Processing of  
HPLC FT-ICR H/D Exchange Experiments
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discussion of “Mass Error” will be provided as the selection algorithm is described 

in detail. Controls indicated by “minimum charge” and “maximum charge” may 

seem odd since the charge of the analyte must be known to the user prior to 

selecting the proper m/z for the analyte. The minimum and maximum charge 

provide an important role in the selection algorithm. The last control is  “Enable 

Table Lookup” that disables all of the parameters of  this section of this panel and 

opens the additional user panel shown in Figure 5.2 for multiple fragment target 

analysis in a single analytical session. The use of the additional panel helps manage 

display space during analysis. 

 

 The second section of figure 5.1 provides for the selection and displays the 

directory path to the H/D exchange data. This path may describe the path to the raw 

data files or to the raw data files plus the peak list files. It is important the directory 

and all subdirectory not be write-protected if peak picking is to be performed since 

the peak list files will be written to the same directory. In order to automate the file 

selection process, certain rules must apply to the directory structure where the data 

is stored. The primary folder must contain separate folders for each H/D exchange 

period. The folders are sorted by the last four characters of the folder name. The 

decision to use the last four characters allows one to easily retroactively rename a 

folder with a minimum of confusion. Within each exchange period folder, there 

must be three folders. Each of these folders must contain one of the three replicate 

runs. The replicate folders are also sorted by the last four characters of the folder’s 

name. Within each of the replicate folders there must be numerous LC FT-ICR files 

and may also contain the peak list files. Peak list files are required for the 

subsequent analysis and can be created either prior to the batch H/D exchange 

process or a peak-picking algorithm can be invoked as the first step of the batch 

H/D process that will automatically generate the necessary peak list files.  
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The batch-processing algorithm consists of a relatively large overhead 

mechanism that serves to manage, track and organize the files and a smaller 

mathematical unit that locates and isolates the H/D exchange data and performs the 

center of mass calculations. The general flow of the algorithm is presented in figure 

5.3. For this flow chart, some standard shapes (ANSI) are used to indicate processes 

within the chart. Ovals indicate beginning and ending points. Parallelograms 

indicate user input. Rectangles indicate an operation or computation. Finally, 

diamonds represent decision-making steps or branches.  

 

As can be seen from the diagram, the batch analysis process is highly 

iterative. One of the advantages of this iterative nature is that the center of mass 

calculation is only calculated once for each target for each entire HPLC run. This 

method allows true abundance weighting for every qualified peak within the study. 

Methods that calculated individual center of mass calculations for each spectrum are 

combined to produce an average center of mass for the HPLC run. Since each 

spectrum’s center of mass is considered equal when calculating such an average, the 

contribution of spectra with lower total abundance will be disproportionately large. 

 

A second advantage afforded by the iterative nature of the algorithm is that it 

allows identified peaks to be selectively removed from the local copy of the peak 

list. Multiple targets may be overlapped within the same target m/z region. 

Removing the selected peaks and then reprocessing the remaining peak list can 

produce additional results more quickly as the peak list is reduced. In the scenario, 

the identified peaks for the current charge state are removed. The next iteration uses 

the reduced peak list for the next charge state. The algorithm was designed to work 

from higher charge states to lower charge states. Since the higher charge state 
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Figure 5.3 Flowchart Representing the Batch H/D Exchange 
Algorithm
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isotope peaks have already been removed from the peak list, non-sequential isotopes 

from higher charge state can no longer interfere with lower charge state 

determination.  To better understand this potential interference, one should consider 

a case where the user expects a target that is singly charged. The isotope spacing for 

this analyte is approx 1 m/z unit. If there were a doubly charged species that fell 

within the same target range and approximate LC scan number, the first and third 

isotope of the doubly charge ion would have the same mass spacing as a singly 

charged species. Similar scenarios could describe for any charge state n and 

interference by the integer multiples of n charge state. By setting a modest target 

range above the charge of interest, higher charged interfering species are removed 

prior to peak picking of the primary target.  

 

Typical results from the batch H/D exchange algorithm are presented in 

figure 5.4. These results were saved to a comma separated value (.csv) file that can 

be easily transported into Microsoft Excel or Microcal Origin for further analysis. 

These results represent the analysis of one target m/z range for HIV-1 CA capsid 

protein. The analysis of these 1200 files was completed in less than five minutes on 

a Pentium 4 computer. Analysis time does not include the generation of the peak list 

files. The results for charge states 9+ through 1+ were calculated for each of 8 

exchange periods. The primary target was the 2+ charge state which appears in the 

lower part of the panel. The 2+ charge state is also the only charge state where 

qualifying peaks were selected for each trial of each exchange period. For any trial 

where for which there were no qualifying peaks a center of mass of 0 was recorded 

for the trial and the standard deviation (labeled SD) registered a value of –1. The 

average HDX was calculated for any exchange period with at least one qualified 

trial. The column labeled “Time” is not currently active other than a place holder for 

the user to enter the exchange time by hand in Excel; however, a planned 

enhancement will allow the user to designate this value during data acquisition. 
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In order to verify that the batch algorithm performed correctly, data from a 

H/D exchange study was processed and compared to the manually calculated 

results. This comparative study is presented in figure 5.5. The manual calculations 

tabulate a center of mass for each scan and then combine these individual centers of 

mass into an average center of mass. For the batch algorithm, only one center of 

mass calculation is performed per trial with each the abundance of each peak from 

each LC scan represented equally. The difference in calculation techniques would 

naturally lead to slightly different values even on identical data. The graph in figure 

5.5b showed excellent agreement between the manual and automated algorithms. 

 

5.3.2 Application of Automated Analysis 

 

Results from the automated exchange analysis of an active biological 

interaction can be directly compared to those in an inactive state. Positive and 

negative differences in exchange patterns indicate sites of interaction. The 

interaction of Nop5 and fibrillarin is investigated in figure 5.6. Figure 5.6a and 5.6b 

indicate similar exchange patterns for the fibrillarin monomer and the assembled 

complex. With the exchange rates so similar, it was apparent that the fragments 

"VKARSIDSTAEPEEVF" and "KIVKHGSLMPYHRDHIFIHA" did not participate 

in the interaction of the fibrillarin in the complex. On the other hand, there was a 

clearly an interaction for the fragments "YLGAASGTTVSHLADI" and 

"VEKVDLIYQDIAQK" evidenced in figures 5.6c and 5.6d.  

 

Figure 5.7 demonstrates the ultimate goal for the use of liquid phase 

exchange FT-ICR MS. A complete comparison of individual fragment reactivity 
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Figure 5.5 Comparison of Automated and Manual Calculation of 
H/D Exchange using Center of Mass

Exchange 
time

Center of 
Mass

Standard 
Deviation

Center of 
Mass

Standard 
Deviation

0 2401.038 0.13 2401.092 0.16
0.5 min 2402.368 0.03 2402.544 0.03
1 min 2402.441 0.05 2402.510 0.06
2 min 2402.630 0.07 2402.687 0.04
4.5 min 2402.835 0.04 2402.863 0.05
6 min 2402.957 0.02 2403.012 0.01
8 min 2402.918 0.01 2402.983 0.01
10 min 2403.056 0.02 2403.075 0.02
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Figure 5.6 H/D Exchange of Complexed and Non-complexed Fibrillarin
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Figure 5.7 Automated Analysis of HIV Capsid Proteins by 
Liquid-phase H/D Exchange with HPLC FT-ICR Detection 

Exchangeable
Hydrogens

H/D Exchange Period (min)

Monomeric 
Assembled

1 10 100 1000
5

7

9

11

13

15

17



 110

was compiled.  The regions of interaction were isolated and a previously unmapped 

interaction between individual hexamer subunit in HIV-1 CA capsid protein was 

discovered [11]. 

 

5.4 Conclusions 

 

 An automated method for the batch analysis of H/D exchange data was 

proposed. The primary benefit this algorithm afforded was speed. Several additional 

considerations were addressed regarding the minimization of interference and the 

accuracy of the data. Direct comparisons of the automated and manual yielded only 

slight variances of the results that were expected given variations of how the 

individual calculations were performed. Results from the automated analysis were 

then applied to two biological systems: the Nop5 – fibrillarin complex and the HIV-

1 CA capsid protein assembly. The results from these studies describe distinct 

regions of interaction within each system. 
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Chapter 6. Improved ICR Data Station for HPLC FT-ICR MS of 

Liquid Phase H/D Exchange of Proteins 
 
6.1 Introduction  

 

Liquid phase H/D exchange has been shown to have unique capabilities for 

the determination of biological interactions [1-7]. Since the H/D exchange occurs in 

physiologically neutral conditions, the natural conformation of the biological 

complex is conserved. Liquid phase exchange followed by proteolysis has the 

ability to localize the exchange information to small fragments within a protein of 

interest. Mass spectrometry has been shown to be an invaluable partner to liquid 

phase exchange in many cases [7-18]. 

 

FT-ICR MS offers excellent sensitivity, unparalleled resolution and high 

mass accuracy [15, 19, 20]. The resolution of the FT-ICR allows for the accuracy 

afforded the isotope methods described previously. HPLC ESI is required to 

interface liquid phase exchange to FT-ICR to provide on-column desalting and to 

provide some degree of separation and concentration of the proteolysis products 

prior to introduction to the FT-ICR. Baseline separation of individual HPLC 

chromatographic peaks is not necessary as the resolution of the FT-ICR can easily 

resolve overlapping analytes.  

 

Although HPLC and FT-ICR have many complementary traits, there are also 

many obstacles that must be overcome to effectively couple these techniques. The 

primary differences are the fundamental nature of HPLC as a continuous source and 

the fundamental pulsed nature of FT-ICR detection. Electrospray ionization (ESI) 

has been shown to be the best choice for linking HPLC to FT-ICR [12, 15, 16, 19, 

21], although because of mismatched flow rates, it is not uncommon to use a split-
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flow arrangement to reduce the solvent load on the ESI source [22-24]. FT-ICR 

typically has a fairly slow scan rate of 4 s to 15 s; this slow scan rate degrades the 

perceived chromatographic resolution.  While FT-ICR resolution of the peaks can 

answer many questions, there are additional benefits one can enjoy if the speed of 

the FT-ICR experiment can be increased.  

 

The speed of the FT-ICR experiment is primarily determined by two primary 

factors: ion accumulation period and instrument data station performance. While 

improved external ion accumulation for the 7.0 T FT-ICR instrument at the National 

High Magnetic Field Laboratory (NHMFL) is described elsewhere [25, 26], 

improved data station performance is described in this work. A schematic of the 7T 

FT-ICR instrument is provided in figure 6.1. The Modular Ion cyclotron resonance 

Data Acquisition System (MIDAS) affords the user unprecedented experimental 

flexibility compared to commercial data stations. In the work presented here, the 

MIDAS is optimized for HPLC performance through the implementation of new 

hardware.  

 

The MIDAS was developed as a powerful and inexpensive alternative to 

commercial FT-ICR data stations [27]. The original MIDAS used the industry 

standard VXIbus that was developed in 1987 as a high-speed instrument interface to 

replace GPIB communication. PXIbus is poised to replace VXIbus as the 

performance leader, due to its fast data transfer rate and the advances of the latest 

PXI cards. As such, PXI is a logical step in the evolution of MIDAS. Further, PXI 

leverages its technology from the PCI standard so improvements in personal 

computers can be more rapidly applied to PXI. For instance, increased data 

throughput when coupled with liquid chromatography (LC) FT-ICR not only 

enhances chromatographic resolution but also enables further time or data 

dependent manipulations. 



 115

ESI Source

Ion Gauges

Figure 6.1 7T FT-ICR MS at NHMFL

8"
Bellows

1500 L/s Cryopumps

Turbodrag
Pump

Gate Valve
7 Tesla Magnet



 116

 

Nano-LC Micro ESI FT-ICR MS experiments highlight the performance 

enhancements afforded by the addition of PXI instruments to the MIDAS data 

station. An LC study of a mixture of bradykinin, des-Arg1 bradykinin and 

leutenizing hormone releasing hormone (LHRH) is presented. Functionality is 

further investigated with an LC ESI FT-ICR MS study of a tryptic digest of bovine 

serum albumin (BSA). Noted benefits include improved Total Ion Chromatogram 

(TIC) resolution, improved mass resolution, increased mass range, or a combination 

of the three depending on the conditions selected. 

 

6.2 Methods 

 

6.2.1 FT-ICR MS 

 

 Experiments were performed on a homebuilt FT-ICR instrument based on an 

unshielded 7.0 T Oxford magnet [25].  Analytes were separated by nano-LC, 

ionized by micro-ESI, and externally accumulated [28] in a modified octopole [26]. 

The application of the modified octopole was equally important to successfully 

reducing the effective FT-ICR scan rate since it reduced the period of time required 

for external ion accumulation by a factor of 10. Without fast ion accumulation, there 

is little to gain from faster electronics since the total experiment time would remain 

constant. Ions were then gated from the octopole through a transfer hexapole into an 

open cell. The accumulation octopole was operated in "continuous" accumulation 

mode (i.e., except during the ion transfer event --1 ms out of each second). Both the 

octopole and the hexapole ion guides were operated in rf-only mode. 

 

 All FT-ICR experiments were controlled by the MIDAS data station as first 

described by Senko et. al. [27] Of the many recent improvements to MIDAS data 
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station [29], the latest consists of the addition of PXI hardware. PXI hardware 

(figure 6.1) allows for rapid transfer of data from the digitizer and rapid and flexible 

implementation of custom waveforms during the FT-ICR experiment. Specifically, 

a 14-bit digitizer (model 5620, National Instruments, Austin, TX) and a 12-bit 

arbitrary waveform generator (AWG model 5411, National Instruments) have been 

incorporated. The digitizer is housed in a PXI chassis and managed by an embedded 

processor (model 8176, National Instruments). The original VXI timing cards 

(model DG600 and DG605 from Interface Technologies, Walnut, CA) control the 

experimental timing. Control software is written in Measurement Studio (National 

Instruments). Increased performance was noted only in the digitizer performance 

because all data was loaded to the AWG prior to initial data collection. Data 

throughput to the AWG will be critical in future efforts involving data-dependent 

processing during LC FT-ICR experiments. Figure 6.2 demonstrates the PXI chassis 

with the improved digitizer housed within. 

 

6.2.2 HPLC Conditions 

 

 LC experiments were conducted with a fast-load capillary scale apparatus 

comprising a pre-column and a separating column, plumbed into 2 opposite sides of 

a low dead volume T-piece.  A vent line was connected to the third port.  Samples 

(10 fmol/µL, dissolved in 0.1% formic acid) were loaded onto the 75 µm x 1 cm 

pre-column (Biobasic C18, New Objective inc.) at a flow rate of 1µL min-1 (5 µL 

sample loop).  At this stage the vent line was open, and the flow through was 

directed to waste.  Closing the vent line directed flow through the 75 µm x 5 cm 

analytical column (BioBasic C18, New Objective inc.) at a reduced flow rate of 

approximately 200 nL min-1.  A 6-minute linear gradient of 2% CH3CN (0.05% 

FA), increasing to 72% CH3CN (0.05% FA), was used to elute the peptides from 
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Figure 6.2 Image of the PXI Chassis Housing the Improved 
MIDAS Hardware

Intel-Based processor

Digitizer
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 the pre-column, across the analytical column, where they were micro-

electrosprayed directly from the column tip (15 µm) into the 7T FT-ICR instrument. 

 

6.3 Results and Discussion 

 

 The primary focus of this work is to improve the speed of the FT-ICR 

experiment while maintaining mass range and resolution typical of high-field FT-

ICR MS. Figure 6.3a represents a reconstructed ion chromatogram of a mixture of 

bradykinin, des - Arg1 bradykinin, and LHRH. Note that the single ion 

chromatogram (SIC) for each component is indicated in color while the TIC is 

overlaid in black. For this experiment, 5 µL of a 10 fmol/µL solution of each analyte 

was loaded on the column (50 fmol total). 300 scans were collected with1 MSample 

of data at 2.4 MSample/s with a total scan time of 1.25 s. In Figure 6.3a the 

centroids are 6 scans apart. Figure 6.3b represents an identical experiment using the 

same experimental script with the previous MIDAS configuration of all VXI 

hardware. For this version of MIDAS the average scan time was 3.5 seconds, and 

the bradykinin and LHRH primary chromatographic peaks were separated by only 

two FT-ICR scans. The 3.5 seconds scan includes general speed improvements 

incorporated during the development of the PXI MIDAS and realizes a 2 second 

advantage over our traditional LC FT-ICR experiment.  These additional scans are 

critical to the success of future data-dependent LC FT-ICR experiments. Further at 

1.25 s per scan, the scan resolution is more compatible with the LC resolution for 

this experiment.  

 

 Figure 6.4 provides a chronological sketch of the activities that occur in a 1.25 

s HPLC FT-ICR scan. It is important to note that the 1.25 s includes 0.75 s of  
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Figure 6.3 Comparison of TIC Collected Using Identical 
Experimental Scripts with the VXI and PXI MIDAS Data 

Stations

Figure 6.3a

Figure 6.3b
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Delay caused 
by data 
transfer and 
resetting the 
instrument 
between 
scans

Figure 6.4 ICR Experimental Timeline of a Single 1.25s HPLC 
FT-ICR MS Scan

* External Accumulation occurs throughout the experiment
except during the ion transfer event. This equates to an effective
duty cycle of 99.9% (1 ms downtime in a 1.25 s experiment)
** Dead Time refers a period in which voltages and triggers 
Become static and are accessible to the user. Data transfer 
from the digitizer, storage of data, resetting the instrument for 
the next scan and updating the user interface are some of the
procedures which are processed during this period.



 122

time that is directly controlled by the timing card while the timing card is actively  

controlling the experiment. The additional 0.5 s is required to store the data and 

reset the timing card, AWG, and digitizer for the subsequent scan. Of this “dead” 

time, the time required for the data transfer of 1 MSample from the PXI digitizer 

was 50 ms. Using the same script with the VXI MIDAS result in a dead time of 2.75 

s. Much of the dead time could be contributed to the 2 s that is required to download 

the VXI digitizer. Additional time of approximately 0.2 s is also required to reset the 

digitizer relative to the PXI digitizer. 

 

 Figure 6.5 demonstrates the quality of the spectra obtained in the fast LC 

experiment. Fourier limited mass resolving power for the spectra in Figure 6.5a, b, c 

(PXI digitizer at 1.25 s accumulation) averages 20,000 with signal to noise ratio 

(S/N) from 650 to 3300. Resolution in figures 6.5d, e, f  (VXI digitizer with 3.5 s 

accumulation time) ranges from 30,000 to 48,000 with S/N of 8700 to 14000. 

Resolution was calculated as m/∆m50% or full width at half-maximum (FWHM)  

[30]. This comparison of 1.25s and 3.5s scan rates was continued in figure 6.6. The 

SICs for each of the mass range remain scaled to their original abundance. The 

abundance for 3.5 s scans, shown in red, demonstrates significantly higher 

abundance the 1.25 s scans. While it is expected that increased accumulation would 

lead to increased FT-ICR signal, there seems to be some mass dependence on the 

abundance ratio for the 3.5 vs 1.25 s scans periods. This mass dependence is most 

noted in the m/z range near 452, the abundance ratio slipped to approximately 1:10 

for accumulation time that only varied by approximately a factor of 3. There is a 

known time of flight effect during transfer from the external accumulation to the 

ICR cell that could account for this apparent discrepancy[26]. 

 

 Figure 6.7 demonstrates an additional LC FT-ICR experiment using the PXI 

MIDAS with the preceding analyte system but with the total accumulation time 
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further reduced from 1.25 s to 940 ms. The 940 ms data demonstrates marked 

differences in the relative abundances of the analytes. While outside the scope of 

this work, further studies are planned to investigate the abundance inconsistencies at 

short vs. long accumulation times. Figure 6.7 was presented to demonstrate that the 

PXI MIDAS data station was capable of collecting sub-second LC FT-ICR with 1 

MSample data sets. 

 

 The mass insets in Figure 6.7 demonstrate the signal-to-noise (S/N) and mass 

resolution from the scan of each analyte at its maximum abundance as determined 

from its SIC.  SIC are present in color whereas the TIC is overlaid in black. For this 

experiment, mass-resolving powers of 35,000 to 50,000 FWHM were observed and 

S/N ranged from 360 to 3500. 

 

  Figure 6.8 represents an LC FT-ICR run of a tryptic digest of BSA. For this 

run 40 fmol of sample was injected on column. 600 scans were collected at 1.25 s 

per scan (1 MSample at 2.4 MSample/s). Data analysis was performed by MIDAS 

analysis and fragments were assigned by the THRASH algorithm [31].  Mass 

resolving power for the displayed peptides was ~20,000 FWHM and S/N ranges 

from 200 to 400. Obviously, the S/N for the more minor components is 

proportionally lower.  

 

6.4 Conclusions  

 

 The study of biological interactions can be best characterized by liquid phase 

H/D exchange studies. The use of HPLC and ESI are required to facilitate the 

coupling of FT-ICR MS to liquid phase exchange. Typical FT-ICR instruments 

operate on a time period that is not ideally suited to optimum HPLC. The author has 
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Figure 6.5 Direct Comparison of the Spectral Quality of the 
1.25s and 3.50s LC FT-ICR MS Experiments 

Figure 6.5a

Figure 6.5b

Figure 6.5d

Figure 6.5e

Figure 6.5f
Figure 6.5c
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Figure 6.6 Single Ion Chromatograms (SICs) of Three Peptide 
from the 1.2s and 3.5s FT-ICR Experiments
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Figure 6.7 HPLC FT-ICR Experiment Using the PXI MIDAS 
Provides Further Reduction in ICR Scan Time to 940 ms per 

Scan



 127

Figure 6.8 HPLC FT-ICR MS Analysis of a Tryptic Digest of 
Bovine Serum Albumin
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introduced PXI hardware to an ICR data station that reduces the total period for an 

HPLC FT-ICR MS experiment to less than 1 second. This represents an 

improvement of more than a three and a half times the scan time compared to 

current FT-ICR technology. These improvements were shown to increase 

chromatographic resolution, increase number of target scans per chromatographic 

peak and maintain FT-ICR resolution. Data was presented that demonstrated 

improved performance for standard systems as well as tryptic digest representing 

more complex matrices expected from liquid phase exchange experiments.  
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Chapter 7: Conclusions and Future Directions 

 
7.1 Conclusions 

 

H/D exchange remains a powerful tool for the study of biological interaction 

and structural elucidation for large biomolecules. Work presented in this dissertation 

has shown that liquid phase H/D exchange followed by high performance liquid 

chromatography (HPLC) Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS) is a robust technique capable of the determination of 

biological interactions of species of 250 kDa. H/D exchange by FT-ICR MS has 

multiple advantages over similar studies by NMR. Among these advantages are 

reduced sample and sample preparation time, and the ability to analyze a wider 

variety of samples [1-3].  

 

Analytical techniques were described that improved data analysis time and 

accuracy. The automated center of mass calculations show a better fit to MEM 

studies than calculations based on the last isotope method. Additional refinements 

led to the development of automated batch analysis based upon the center of mass 

calculation, and the automation reduces the total analysis time for liquid exchange 

HPLC FT-ICRMS studies from two months to about two weeks. These automated 

batch routines allow the user to begin high-level analysis of the H/D exchange data 

directly from the output of the algorithm.  

 

Automated analysis of spectra was also presented with the work required to 

transport the algorithm to the PC platform and improve the functionality of the 

thorough high resolution analysis of spectra by Horn (THRASH) algorithm [4]. 

Improvements include speed gains that were realized from the use of modern PC 

processors and the use of speed-optimized libraries for routines such as fast Fourier 
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transform and array-based algebra. THRASH was used for the analysis of a 

complex electron capture dissociation spectrum of bovine ubiquitin. The automated 

analysis resulted in 85% sequence determination of the peptide in a five minute 

experiment and a 3 minute analysis. Comparable analysis by THRASH on a Sun 

Microsystems platform required 19 minutes.  

 

Liquid phase exchange HPLC FT-ICR MS experiments were performed to 

discover unique sites of biological interaction for both the HIV-1 capsid hexamer 

interaction and the Nop5 – fibrillarin interaction [5, 6]. Additional experiments are 

underway that will continue to combine liquid phase exchange HPLC FT-ICR MS 

and automated batch analysis as an effective process for the better understanding of 

the biological interactions inherently to life itself. 

 

7.2 Future Directions 

 

 The further hardware upgrades to the modular ICR data acquisition system 

(MIDAS) will be paramount to improvement of H/D exchange and HPLC data at 

the NHMFL. The reduction in HPLC scan time to under 2 seconds with the ability 

to generate unique timing sequences on the fly will allow the collection of data 

dependent MS/MS scan throughout an HPLC run. The software has been developed 

to allow such experiments while the hardware is being developed off-site.  

 

Figure 7.1 demonstrates the user panel that allows one to perform data-

dependent experiments. The upper right portion of the panel describes events that 

are to be performed upon the identification of a qualified peak. The lower right 

portion of the panel describes events that return the data collection to normal HPLC 

conditions. The user has the ability to choose multiple targets per selection period. If  
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multiple targets are chosen, the instrument will remain in selection mode until all 

qualified targets have been isolated. It is the responsibility of the user to assure that 

the number of targets selected will not create a condition in which the time required 

to collect the preceding targets will not hinder the collection of the last target. In 

other words, the user must match the experiment time to the chromatographic peak 

widths if he or she expects to obtain satisfactory results.  

 

The user input panel for the data-dependent acquisition parameters is shown 

in figure 7.2. If one is familiar with the MIDAS acquisition design, it is apparent 

that the commands for data dependent work closely mimic the commands for 

normal data acquisition. This familiarity allows one to immediately focus on the 

task of learning the new technique of data dependent data acquisition. Drop down 

menus in figure 7.2 are labeled identically to the primary commands. Since the data 

controls for data dependent acquisition process commands sequentially, each 

command must be separated. Therefore, the selection of a new command type 

automatically resets to remainder of the commands to “None”. The user can 

currently command the following parameters: voltages, triggers, excitation and 

event length. The addition of parameters such as the ability to disable and enable 

events is planned shortly. The “Formula commands” at the top of the panel is the 

location where the data value is stored for each event. The data value can be as 

simple as a 0 or 1 for the operation of TTL triggers or may include the use of 

mathematical operators of multiplication (*), division (/), addition (+) and 

subtraction (-). The use of parentheses is permitted as the execution order of the 

operators follows scientific methodology. There are two variables that allow true 

data-dependent acquisition to occur. These variables are labeled “mass”, which is in 

actuality m/z, and “amp” represents the amplitude or abundance of the qualified 

peak. 
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Figure 7.2 Selection Input Panel for Data Dependent 
Acquisition
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Current operation of the data dependent algorithm allows the user to use 

standard peak picking parameters including a data range for the analysis to generate 

a list of peaks from each “normal” LC run. The peaks are ranked from most 

abundant to least. In order for a peak to qualify for selection, it must be contained in 

the peak list, not be on the exclusion list and have no more than the user defined 

number of qualified peaks of greater abundance already selected. To clarify the 

rules of qualification, the following scenario is described. The user selects 2 target 

peaks in the main data dependent panel; the largest two peaks will qualify for 

selection for this run. This assumes that there were at least two peaks and that 

neither is listed on the exclusion list. If the most abundant peak is excluded, the 

second and third most abundant peaks are qualified. If only one peak is qualified, 

then there is only selection scan followed by a normal scan. If there are no qualified 

peaks, then normal LC scans continue until there is at least one qualified peak. 

 

The exclusion list is determined by user selection “Number of Scans to 

Exclude” on the main data dependent panel. Initially, there are no target masses on 

the exclusion list. As each target peak is qualified, it is placed on the exclusion list 

so that the same peak is not selected multiple times. The exclusion of larger peaks 

allows the program to probe deeper into the subsequent spectra and get better 

sequence coverage. The excluded peaks remain on the exclusion list for as many 

scans as the user described above. The value of “-1” for the exclusion command 

signifies that a peak that will remain on the exclusion once selected list for the entire 

experiment. The use of exclusion files will allow the user to permanently preclude 

the selection of certain peaks such as trypsin auto-digestion products from a tryptic 

digest analysis. Associated with the exclusion list is an error that allows one to 

alleviate small drifts in mass as well as excluding the isotope peaks of previous 

selection targets. 
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A mixture of ubiquitin, substance P, and mellitin was analyzed on the 9.4T 

instrument at NHMFL [7]. The results are presented in figure 7.3 with the ten most 

abundant species labeled. Using the selection parameters from figure 7.1, the ten 

most abundant peaks from this spectrum were selected in correct order. Figure 7.4 

demonstrates the spectra for the six most abundant of the species in the order the 

spectra were collected (the interim normal LC scans were removed during analysis). 

The selection in this case was not complete since the only criteria for ion selection 

was the MIDAS control of the front-end quadrupole on the FT-ICR MS. In the 

future, stored waveform inverse Fourier transform (SWIFT) isolation will 

supplement the quadrupole isolation. While the data-dependent isolation of these 

species was demonstrated, the ability to do so on a HPLC timescale was not. The 

average scan for the data-dependent isolation required approximately 13 seconds to 

acquire.  

 

The addition of new hardware is eagerly anticipated as the solution to data 

dependent data acquisition. The hardware currently under incorporation into the 

MIDAS at NHMFL promises to minimize the acquisition time for data dependent 

ICR data to 2 seconds or less. This hardware incorporates complete use of PCI and 

PXI components to replace their slower VXI counterparts. Additionally a robotic 

front end (LEAP Technologies, Carrboro, NC) for sample prep, H/D exchange 

control and sample introduction to the FT-ICR is expected to complement the data 

acquisition hardware. 
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Figure 7.3 Broadband Spectrum of Peptide Mixture with the 
Ten Most Abundant Species Listed
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Figure 7.4  Data dependent Selection of the 6 Most Abundant 
Peaks in a Peptide Mixture
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