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Mass spectrometry (MS) has become one of the most powerful analytical 

techniques for investigating proteins, peptides, and oligonucleotides when careful 

preparation of biological samples has been performed.  The first part of this dissertation 

describes the overall goals and analytical tools needed for studying systems biology.  As 

a subcategory of systems biology, structural proteomics utilizes MS for the analysis of 

the three-dimensional structure of proteins with low purification yields.  Proteins may be 

derivatized with bioconjugation techniques to provide a measurable mass shift which 

then can be related structural information. The second part of this dissertation describes 

the expression and purification of three recombinant isoforms of human α-(2 3) 

sialyltransferase (ST3GalIV) for bioconjugation experiments.  Sialyltransferase was 

chosen because it catalyzes the transfer of sialic acid to the terminal ends of 

oligosaccharide chains found on glycolipids and glycoproteins.  Sialic acids found on the 
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terminal end of oligosaccharides are involved with several key biological recognition 

events such as cell adhesion, cell-cell recognition, and biological masking of disease 

states. By describing the 3D-structure of ST3GalIV, rational design of new inhibitors 

may proceed.  The third part of this dissertation describes three separate bioconjugation 

techniques used for the derivatization of ST3GalIV.  These techniques include hydrogen 

– deuterium exchange, derivatization with small molecule labeling agents, and 

derivatization with site-directed photo-affinity labeling.  After sample work-up, three 

different MS instruments are utilized for mass measurement.  The fourth part of this 

dissertation describes the MS analysis of oligonucleotides selected with nanoharvesting 

agents. Finally, the conclusions and future work for these projects are presented.        
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CHAPTER 1 
INTRODUCTION TO BIOLOGICAL MASS SPECTROMETRY 

Systems Biology and Mass Spectrometry 

Mass spectrometry (MS) has become one of the most powerful analytical 

techniques for investigating the diverse cascade of biological molecules generated by 

metabolism in living organisms.  MS as an analytical tool measures the mass-to-charge 

(m/z) of an ion in the gas phase.  Biological MS has created a huge enterprise that has 

promised the molecular biologist and biochemists the instrument that will provide 

answers to many of their biological questions.1  To be more precise with the opening 

statement, MS is the most powerful analytical tool for identification of biological 

molecules when careful preparation of biological samples has been performed and 

bioinformatics software exists for complex data analysis.  With the current state of 

biotechnology, many disciplines have aligned to solve the dynamic systems biology 

problem, with MS widely accepted as the main analytical tool.2 

Systems biology, still in its infancy, is loosely defined as the study of the total 

integrated network of all biochemical reactions and interactions between different micro- 

and macromolecules within an organism which provide life sustaining processes.2  This is 

different than traditional biology which uses the reductionism philosophy towards 

studying individual genes, proteins, and cell specific function.3  However, systems 

biology would not have a platform for integration of information without first cataloging 

the specific function of genes, proteins, and cells.  Much like the complex machinery 

which creates life, many experts from all the sciences need to work together to produce a 

1 




2


viable picture of an organism which will in turn help increase our understanding of 

human health and disease. 

Development of technologies in the supporting fields for systems biology, 

presented in Figure 1-1, have and will continue to radically transform biomedical and 

medicinal research. The left column illustrates the main categories of biological 

molecules and the middle column consists of the terms given to an entire complement of 

that particular molecule. The right column represents the hierarchical approach for an 

integrated view of how the different systems work together to create life, also known as 

functional genomics. The term systems biology is used to describe an entire organisms 

function as opposed to isolated parts, such as the genome, transcriptome, proteome or 

metabolome. 

DNA 
Complete description of 
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RNA 
Complete description of 
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Figure 1-1. Diagram Representing Components of Total Systems Biology 2 

Although there are many technologies needed for systems biology analysis, this 

dissertation is limited to (1) MS based structural proteomics in regards to studying the 
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protein tertiary structure of sialyltransferase and (2) MS analysis of oligonucleotides in 

respect to nanoharvested oligonucleotides. Before describing these projects, the current 

state of proteomics, separation technology, mass spectrometry instrumentation, and data 

analysis are described. Tables 1-1 and 1-2 present the different functions of proteins and 

what MS experiments may be performed to describe useful information.4 

Table 1-1. Protein Function in Biological Organisms 
Protein Function in Biological System 

Catalysis 

Defense 


Movement 

Structure 

Storage 


Transport 

Signaling 

Storage 

Table 1-2. MS Experiments on Proteins 
Mass Spectrometry Experiments 

Interactions and Binding 
Protein Folding 

Protein Dynamics 
Higher-order Structure 

Primary Structure 
Enzyme Kinetics 

Post-translational modification(s) 

Mass Spectrometry Based Proteomics 

Proteomics, as termed by Mark R. Wilkins in 1994, is defined as the genome 

encoded protein complement at a certain time point.5  It is the goal of proteomics to study 

what proteins are present, what the proteins do, and how they interact with each other.6 

At different times during an organism’s life cycle, different proteins may be present at 

different concentrations. The proteomics field is viewed as a high-throughput 

technology; however, the workflow and instrumentation are used for studies where very 

specific chemical derivatization followed by MS analysis is interpreted to provide 
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characterization of active-site structure.  Furthermore, proteomics may be sub

categorized into functional and structural proteomics.7 

Functional Proteomics 

Functional proteomics focuses on identifying the primary sequence of a protein, the 

concentration of proteins at different life cycles, the post-translational modifications 

(PTMs) in static or dynamic states , and the protein-protein interactions of “mature” 

proteins.3  MS Experiments are designed to identify proteins and protein-protein 

interactions qualitatively and quantitatively with both high selectivity and high 

sensitivity. It has been estimated that the protein concentrations within any living cell or 

blood serum ranges between 5 to 15 orders-of-magnitude.8  Also, proteins may be spliced 

into other isoforms or be modified with covalent attachment of a variety of PTMs upon  

Table1-3. Mass Shift Associated with Common PTMs 
Pyroglutamic acid formed from Gln -17.03 
Disulfide bond formation -2.02 
Disulfide bond removal +2.02 
C-terminal amide formed from Gly -0.98 
Deamination of Asn and Gln +0.98 
Formylation +28.01 
Methylation +14.027 
Acetylation +42.04 
Carboxylation of Asp and Glu +44.01 
Phosphorylation +79.98 
Sulfonation +80.06 
Cysteinylation +119.14 
Myristoylation +210.36 
Glycosylation 
           Deoxyhexoses (Fuc) +146.14 
           Hexosamine (GlcN, LalN) +161.16 

Hexose (Glc, Gal, Man) +162.14 
N-Acetylhexosamine (GlcNAc, GalNAc) +203.19 
Pentose (Xyl, Ara) +132.12 

           Sialic acid (NeuNAc) +291.26 
Pyridoxal phosphate (Shiff base to lysine) +231.15 
α-N-6-Phosphogluconoylation +258.12 
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suited for these types of studies.9  Data for functional proteomics are not presented in this 

dissertation; however, many other groups have presented excellent data pertaining to the 

profiling of certain cell types (i.e., healthy versus disease state),10 the mapping of small 

proteomes (i.e., yeast),11;12 or characterizing whole blood serum.13;14 

Structural Proteomics 

Structural proteomics focuses on the structure-function relationships between 

proteins and the mapping of three-dimensional structures of proteins.5;15  As presented in 

Chapters 3 through 5, the mass shift of amino acids derivatized in vitro with specific 

labeling agents can provide information on protein structure.  Further discussion on the 

experimental design for MS based structural proteomics, along with other competing 

techniques is presented in Chapters 3 through 5.  Obviously, without certain 

developments in MS and molecular biology, proteomics would not exist.   

Mass Spectrometry and Large Bio-molecules Meet 

The discovery of the soft ionization techniques, electrospray ionization (ESI) in 

1984 by Yamashita and Fenn16 and matrix-assisted laser desorption ionization (MALDI) 

in 1988 by Tanaka et al.,17 both recognized with the Nobel Prize in Chemistry 2002, 

allowed large non-volatile molecules to be ionized efficiently for MS analysis.18;19 

Furthermore, tandem MS (MS/MS) is utilized to identify the amino acid sequence of  

proteins or proteolytic peptides. The nomenclature that describes the different 

fragmentation patterns observed with MS/MS analysis is shown in Figure 1-2.  Figure 1-2 

illustrates the basic theoretical peptides cleavages and nomenclature for basic 

fragmentation modes.20 

The human genome contains at least 40,000 genes expressing about 100,000   

functionally unique protein types.2;8;9  After considering polymorphisms and PTMs, 
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Figure 1-2. Common Fragmentation Patterns and Nomenclature 

the total number of functionally different proteins could approach 1 million, especially at 

different states during the cell cycle. The genome map is very useful in providing 

theoretical polypeptides for automated interpretation of MS data. At first, it was 

theorized that all the gene products (proteins) of a particular species may be predicted 

with the genome map; however, it was quickly discovered that the genome did not 

predict the protein’s final “mature” structure or temporal production. Although these 

three technologies were discovered in the last 10 to 20 years, proteomics is still a young 

field of study with dynamic exponential growth in the areas of separation science, mass 

spectrometry, and bioinformatics. Before reviewing these aspects in relation to 

proteomics, MS analysis of oligonucleotides is introduced. 

Mass Spectrometry Analysis of Oligonucleotides 

MS analysis of oligonucleotides has not received the same acclaim in the biological 

community because of already established protocols and instrumentation. For example, 

large-scale genome sequencing has already been made high-throughput with DNA 

sequencers. Multiplexed capillary electrophoresis is used to separate fluorophore-tagged 
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oligonucleotide ladders produced by dideoxy chemistry (Figure 1-3), in a similar manner 

to LC MS/MS allowing for separating and sequencing of oligopeptides ladders (Figure 1

4). The main difference between DNA and proteins is that DNA is static and can be 

easily amplified with PCR, whereas proteins are expressed over a large dynamic range 

and must be analyzed at the concentration from the particular state of the cell or system. 

However, recombinant protein expression technology may be used for production of 

proteins for structural proteomics (Chapter 2). 

CapillaryCapillary SequenceSequence

DNA 

PCR 

DNA

PCR DideoxyDideoxy Electrophoresis AlignmentElectrophoresis Alignmentmethodmethod (Sequencer)(Sequencer)
OligonucleotidesOligonucleotides

LaddersLadders
Figure 1-3. Diagram Describing the Workflow for DNA Sequencing with CE 

DigestionDigestion Digestion MassDigestion Mass Database SearchDatabase Search
SpectrometrySpectrometry

Protein PeptidesProtein Peptides (Sequencer) Identification(Sequencer) Identification
Figure 1-4. Diagram Describing the Workflow for Protein Sequencing with MS 

In a very similar fashion to proteins and peptides, the development of ESI and 

MALDI has provided similar results for ionization of oligonucleotides for MS analysis. 

Normally, proteins and peptides are ionized in positive ion mode, thus providing [M + 

nH]n+ ions. In contrast, oligonucleotide ionization is performed in negative ion mode due 

to the negatively charged phosphate backbone making [M – nH]n- ions Also, similar to 

proteins and peptides, oligonucleotides may be fragmented in the mass analyzer for 

sequencing. Practical ventures for the use of MS for the analysis of oligonucleotides are 

presented in Chapter 6. 
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Complete Mass Spectrometry Analysis 

The complete MS analysis for structural proteomics is presented in Figure 1-5. In 

the scope of this dissertation, the expression, purification, and characterization of three 

recombinant forms of human α 2 3 sialyltransferase (h23STGalIV) will be described in 

Chapter 2. Further derivatization experiments of h23STGalIV (hydrogen/deuterium 

exchange, small affinity labels, and site directed photoaffinity labels) with the goal of 

structural proteomic data specific to active site residues will be presented in Chapters 3 

through 5. Before describing the wet chemistry preparation (Figure 1-5, Selection 1), 

current analytical tools such as separation science, MS instrumentation (ionization to the 

gas phase and mass-to-charge analysis), and bioinformatics are reviewed below. 

Since the advent of ESI and MALDI and the completion of the human genome, MS 

technology has been driven by the biotechnology sector to provide instruments with 

improved sensitivity, mass accuracy, and duty cycle. It may take several months to 

develop viable molecular biology and biochemical experiments for a one-day analysis 

Selection 1: Molecular Biology and 
Biochemical Sample Preparation 

Selection2: 
Chromatography 

Ionization to Gas Phase 

Mass-to-Charge Analysis 

Bioinformatics 

Instrum
entationFe

ed
Ba

ck
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Figure 1-5. Workflow for Complete MS Analysis 
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with a mass spectrometer.  After MS analysis, the data could take days to months to 

analyze for useful information unless a viable bioinformatics system is in hand.  In 

tandem with MS, separation science using 1- or 2-dimensional gel electrophoresis (1D 

GE or 2DGE) or high performance liquid chromatography (HPLC) is needed for 

chemical noise reduction.  Selection or separation may be performed off-line or on-line 

with respect to MS analysis.  For HPLC on-line with MS, some view the mass 

spectrometer as a detector for the chromatograph.  Others view the chromatography as 

the inlet for MS. Both views are incorrect, because the hyphenation of both sensitive 

chromatography and sensitive MS truly creates a powerful tool.  The understanding of the 

advantages and disadvantages of current analytical tools allows for intelligent design of 

biology and biochemistry experiments. 

Separation Science 

The type of separations needed prior to MS analysis depends on the experiment 

performed.  As described earlier, this may include a single protein to a set of proteins, 

cell or organelle types, or a complete organism with a relatively small proteome.  

Proteomics has two main strategies for analyzing proteins, including the “bottom-up” or 

“top-down” strategies.21   The “bottom-up” approach includes processing the protein into 

peptides via chemical or proteolytic digestion before separation and MS analysis, 

whereas the “top-down” approach relies on fragmentation of intact protein within the 

mass spectrometer for protein sequence.22;23  Currently, most labs rely on the “bottom

up” approach because of the high cost associated with instrumentation needed for the 

“top-down” approach. The following sections will describe separation science for 

traditional and the high-throughput workflows in respect to off-line and on-line with MS 

analysis. 
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(MS/MS)
Analysis

Figure 1-6. “Bottom-Up” and “Top-Down” Workflows 

Off-line separation technology 

The most powerful off-line separation techniques was for many years the use of 1

dimensinal or 2-dimensional gel electrophoresis (1DGE or 2DGE) with polyacrylamide 

gels.2;8  Proteins may be separated based on size, pI, or both size and pI. Traditionally, 

proteins are separated with 2DGE and visualized with a variety of different staining 

agents. For initial proteomics strategies, 2DGE has strong roots with differential 

displaying of proteins expressed in different cell states (i.e., healthy versus disease) with 

imaging programs. The most common choices for protein visualization with 

polyacrylamide gels includes silver staining (linear dynamic range (LDR) of 4 orders of 

magnitude; 500 pg to 5 ng limit-of-detection (LOD), coomassie blue (LDR of 2 orders of 

magnitude;10 - 50 ng LOD), or Sypro Ruby (LDR of 3 orders of magnitude; 100 pg to 1 
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ng sensitivity).24  To increase sensitivity, the use of Western blotting with specific 

antibodies lowers the LOD to 0.25 to 1 ng.  However, since the antibody interaction is 

only specific to one type of protein, Western blotting is more expensive than basic 

staining methods and does not allow for high-throughput.  

The main problems with 2DGE is that different proteins react uniquely with 

different stains and that protein concentrations varying between 5 to 6 orders-of-

magnitude for different cells and 12 to13 orders-of-magnitude in extra-cellular fluid.  

Also, 2DGE is not very sensitive for proteins of different extremes such as very acidic or 

basic, very small or large, and membrane proteins which may exhibit hydrophobic 

character.2  In regards to both functional and structural proteomics, proteins separated 

with 1D or 2DGE may be digested with common in-gel protease digestion protocols 

unless silver staining is used. Furthermore, coomassie blue as a staining agent was 

correlated to higher sensitivity with MS analysis after in-gel digestion with proteases.25 

The one-protein system described in Chapters 4 and 5 used 1DGE and in-gel digestion 

protocols. After 1DGE analysis and in-gel digestion, another separation step is usually 

needed to remove salt impurities prior to MS analysis.   

8;26Another common off-line separation technique includes the use of Zip Tips®.

Zip Tips® are pipette tips which have been packed with reverse-phase column material or 

metal chelating agents.2  Peptide samples which have been digested are loaded onto a 

small volume of particles, washed several times to remove salts or impurities, eluted, and 

analyzed with MALDI-MS. Furthermore, particles with chelating agents may be bound 

to divalent cations, termed immobilized metal affinity columns (IMAC), and used to trap 
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certain species, such as phosphorylated peptides.  As presented in Chapters 4 and 5, Zip 

Tip® technology was used to clean up peptide samples after in-gel digestion.         

On-line separation technology 

Reverse phase (RP) high performance liquid chromatography (HPLC) is most 

commonly used for coupling separations with MS because the solvents (mobile phase) 

for separations are compatible with ESI (Table 1-3).  For effective separation on 

common RP materials (C4 or C18), an ion-pairing agent such as acetic acid, trifluoracetic 

acid, heptafluorobutyic acid, or formic acid must be present in the mobile phase to 

suppress peak broadening. Common solvents for RP chromatography include water, 

methanol, acetonitrile, and isopropanol.  Coupling to ESI is possible because these ion 

pairing agents and solvents are volatile.  Solvents may be delivered with a variety of 

commercially available pumping systems.  Gradients of increasing percent organic may 

be delivered at a rate depending on the complexity of the sample.  Proteins and peptides 

are retained on RP material at high percent aqueous solution, then elute as the percent 

organic increases. 

Sample introduction is commonly provided with commercially available injectors 

or loaded off-line with pressure bombs.  Realistically, most of the instrumentation used 

for solvent delivery, tubing, zero-dead volume connectors, and sample injectors are 

commercially available. The major recent developments for HPLC-MS technology 

include the downsizing of volumes and flow rates, systems that can handle very high 

backpressure, different types of column materials, and hyphenation of two different 

column materials in-line. The tools for separation of intact proteins and peptides were 

already in hand to accomplish the work described in this dissertation.  The choice of a 

separation method depends on sample complexity and cost effectiveness.  Strategies have 
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already been developed to downsize column size and to move away from 2DGE 

technology to 2D or multidimensional chromatography.  Still, the normal trend in 

analytical chemistry is to develop sensitive, faster, and cheaper tools.27 

The use of capillary (microbore) columns increased sensitivities as described by 

Wilm and Mann in 1994.28  Different commercially prepared column materials may be 

packed into capillary columns in-house, thus greatly reducing the cost for commercial 

columns, the amount of sample consumed, and the volume injected.29  Furthermore, two 

different types of column materials may be packed together to obtain 2D HLPC.  In order 

to retain chromatography material in the capillary column, sintered silica particles or 

silicate-polymerized ceramics have been used as frits.30  Fused silica may be ground 

down or pulled for creation of a small orifice tip for generation of ESI.  The main 

problems with downsizing chromatography systems to 100 nL/min flow rates include 

increased backpressure, dead-volume, and leaks.  Lastly, a voltage potential must be 

applied through a liquid junction found close to the ESI tip.  These issues have been 

worked out by a variety of labs, thus making capillary HPLC columns common 

practice.26;31;32  Since MS is especially well suited to analyze very small amounts of 

sample (nano to femtomoles), downsizing to microbore HPLC has been well received.   

“Bottom-up” high-throughput functional proteomics uses two different workflows 

depending on sample complexity.  If the sample is considered to be of low to moderate 

complexity, 2-dimensional high-performance liquid chromatography (2D HPLC) may 

achieve the separation needed (Figure 1-7).8;26;27  This is performed by using capillary 

electrophoresis (CE), size exclusion (SE), strong anion or cation exchange (SAX or 

SCX), or IMAC support phase up-stream from RP separation.  The initial column is 
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loaded with sample, followed by a step gradient elution with the specific salt buffer for 

that column material. The solvents normally associated with columns materials other 

than RP use buffers that are not compatible with ESI. For each step gradient cycle, a RP 

column down-stream retains the peptides eluted from the first separation. Next, a switch 

valve changes the flow direction and the mobile phase to elute the peptides from the RP 

material.33  Some examples of 2D HPLC include MudPIT34 and “peak parking.”35;36 

If a sample is too complex, samples are pre-fractionated into small samples prior to 

on-line HPLC-MS. As opposed to 2DGE, strongly acidic, strongly basic, extremely 

small, extremely large, and hydrophobic proteins and peptides may be analyzed. The 

most common analytical set-up for maximum sensitivity for peptide analysis includes the 

use of 2D chromatography with a C18 trapping column and a C18 analytical column. The 

HPLC-MS system used for analysis of the in-gel digested sialyltransferase samples 

presented in Chapters 4 and 5 included a C18 trapping column and a microbore analytical 

column. 

SCX Material RP Material 

Capillary opening into MSLiquid-metal interface 

Mobile Phases  

SCX Material RP Material

Capillary opening into MSLiquid-metal interface

Mobile Phases

Figure 1-7. Microbore MudPIT 

Ionization Techniques: ESI and MALDI 

Although there are many ionization methods available, ESI and MALDI are the 

primary methods for analysis of proteins and peptides with MS. ESI is an atmospheric 

pressure ionization event, after which ions are moved into low or high vacuum regions. 

The mechanism of ion formation is still under discussion; however, the most widely 
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accepted theory for ionization of large molecules includes Dole’s charged residue model 

(Figure 1-8).37  First, the voltage is increased at the tip of the ESI needle or the capillary 

opening into the MS, thus forming a Taylor cone with droplets of relatively high surface 

charge density.  At a certain high voltage, the Taylor cone is destroyed, thus destroying 

electrospray.  Second, the carrier solvent evaporates, causing the droplet to shrink, thus 

creating high charge-to-mass character.  Next, the droplets eject charged particles 

because the critical Rayleigh limit has been reached.  Finally, the desolvation process 

continues with assistance from a heated capillary inlet until individual ions form. 

Figure 1-8.  Electrospray Ionization with Dole’s Large Molecule Ionization Model 

Over the last 15 years, optimization of the flow rate, the applied potential, and the 

tip diameter with respect consistent MS signal have proceeded.  For higher flow rates (2 

µL/min to1 mL/min), a nebulizing (drying gas) is used to assist with ionization; however, 

high flow rates may be detrimental to pumping systems.  At lower flow rates, termed 

nano-ESI (nESI), no drying gas is present.  Nano-ESI tips are normally associated with 

capillary chromatography and have very small tip diameters (2 to 50 µm).  Greater 
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sensitivity for analysis of biological molecules is observed experimentally with nESI.38;39 

First, the low flow rate associated with nESI produces a smaller Taylor cone which 

permits the emitter to be placed much closer to the MS  inlet, thus effectively increasing 

sampling efficiency.  Second, nESI generates smaller charged droplets, therefore 

efficiently increasing desolvation rate.  Third, much less solvent is delivered to the mass 

analyzer thus greatly reducing the solvent load to the vacuum system.  Fourth, nESI 

consumes much less analyte as compared with conventional µESI. Finally, micobore 

HPLC-nESI-MS increases the sensitivity of the instrument due to concentration of 

sample on the RP material.     

In respect to on-line HPLC-MS, some species may co-elute.  With ESI, multiple 

analytes co-eluting will create a competition between each of the analytes.  Based on 

studies using dyes, hydrophobic molecules will collect on the surface on the ESI droplet, 

whereas hydrophilic molecules will be found in a heterogeneous mixture within the 

droplet.40  Therefore, an analyte with increased hydrophobicity is more likely to “win-

out” during the ionization event. The problem of co-eluting analytes may be solved with 

changing the gradient of the mobile phase delivered to the column, changing ion-pairing 

agents in the mobile phase, or changing the scan functions of the MS.    

Electrospray has the advantage of imparting multiple charges onto proteins or 

peptides, thus bringing high molecular weight molecules within the m/z range exhibited 

by modern mass analyzers41;42  In positive ion mode, polypeptides with basic amino acids 

will carry positive charge.  On average, every 10 amino acids within a polypeptide has an 

ionizable group for protonation.41   Furthermore, the protease trypsin cleaves on the C-

terminal end of arginine and lysine, thus leaving an amino acid with an amine for 



17


protonation. Changes in analyte solvent, pH, and temperature produce different charge 

states of proteins observed with MS analysis.39;43 

Knowing the primary sequence of the protein will allow a maximum number of 

protonation sites to be calculated; however, the pI of a protein or peptide does not relate 

to ionization efficiency.  Furthermore, the fold state of the protein will affect charge state 

distribution. Finally, to determine the charge-state of the proteins or peptides, the inverse 

of the mass difference between peaks of the isotopic distribution is calculated.41  Table 

1-4 represents the signal intensity of three different proteins versus ion-pairing agents.  

This table provides the basis for solvent system chosen to analyze intact proteins in 

Chapter 3. 

Negative ion mode is used more frequently for oligosaccharides, oligonucleotides 

and non-standard experiments.  For negative ion mode, all of the polarities applied to the 

hardware of the instrument must be reversed for ion generation and detection.  Often, in 

negative ion mode, arcing occurs if the percent aqueous solution is above 40%.  Table 1

4 illustrates the solvents compatible for positive and negative ion mode.  Note that most 

of these solvents are compatible with RP HPLC.  

Table1-4. Solvents Compatible with ESI 
pH acetic acid, formic acid, trifluoroacetic acid* for positive-ion 

detection (0.1 % up to 3.0 % v/v) 
Buffers, ion 
pair-reagents 

Ammonium acetate, ammonium formate, triethylamine 
heptafluorobutyric acid (HFBA), tetraethyl or tetrabutylammonium 
hydroxide. (10 – 100mM) 

Cation Reagents Potassium or sodium acetate (20 – 50 uM level) 
Solvents Methanol, ethanol, propanol, isopropanol, butanol, acetonitrile, 

water, acetic acid, formic acid, acetone, dimethylformamide, 
dimethyl sulfoxide, 2-methoxy ethanol, tetrahydrofuran, 
dichlormethane, chloroform 
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MALDI ionization proceeds with N2 laser (337 nm) short pulse irradiation of 

analytes distributed in a matrix thus creating a plume of neutrals, clusters, and ions.44 

Similarly to ESI, the mechanism of ionization is not fully understood.  As opposed to 

ESI, MALDI predominantly creates singly charged ions.  The common matrices are 

chromophors, therefore they absorb energy after irradiation and, according to the 

prevalent ionization theories, provide a source for protons or other cations to aid in 

ionization. According to the current ionization models, the mechanism for ionization is 

most likely specific to the type of analyte being investigated.  Some current ionization 

models suggest that peptides or proteins are pre-protonated in the matrix because of the 

low pH preparation protocols.45  Other models suggest that neutral ion-ion reactions 

within the post-ablation plume creates ions.46  These ionization reactions occur in the first 

tens of nanoseconds after irradiation within the initial desorbing matrix/analyte cloud and 

have initial velocities between 300 and 800 m/s. 

Nano- to picomoles of proteolytic peptides are routinely analyzed.  For the purpose 

of proteomics, different studies require different sample protocols found in the literature.  

Typically, 1 µL of 500 nM to10 µM of protein or proteolytic peptide sample is mixed 

with 5 to 10 µL of 10 mM matrix (2,5-dihydroxybenzoic acid (DHB); 3,5-dimethoxy-4-

hydroxycinnamic acid (sinapinic acid); or α-cyano-4-hydroxycinnamic acid (α-CHCA) 

dissolved in 50% ACN , 0.1 % TFA), after which it is spotted onto a sample support (i.e., 

stainless steel plate). 

MALDI may be performed at atmospheric pressure; however, ionization is most 

commonly performed under vacuum.  This increases the duty cycle because the 

ionization source must be loaded and pumped down before the experiment can be 
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performed. Compared to ESI-MS, MALDI-MS is more tolerant to detergents, salts and 

buffers; however, there is more ion suppression when a complex sample is present.8  In 

the work presented in Chapters 4 and 5, both ionization methods were used with different 

mass spectrometers for analysis of intact proteins and peptides. 

Sample Plate 

UV Laser 
Pulse 

Desorption Plume 

= Matrix 

= Analyte 

Sample Plate

UV Laser
Pulse

Desorption Plume

= Matrix

= Analyte

Figure 1-9. Diagram Representing Matrix-Assisted Laser Desorption Ionization 

Mass Analyzers 

Mass-to-charge analysis may take place in one of many mass analyzers developed 

over the last 108 years. The first mass analyzer was built by J.J. Thompson at 

Cambridge’s Cavendish Laboratory in 1897. Since then, MS has provided the tools 

necessary for characterization of small synthetic molecules to whole viruses.47  Although 

many mass spectrometers are manufactured to analyze various types of small and large 

molecules, discussion is limited to instruments for which the primary use is analysis of 

proteins, peptides, or oligonucleotides. These include quadrupole ion traps (QITs) MS, 

time-of-flight (TOF) MS, and Fourier transform ion cyclotron resonance (FT-ICR) MS.48 

Over the last ten years, ample commercial instruments were developed to accommodate 

ESI and MALDI sources. Also, several instruments which have different combinations of 
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the individual mass analyzers, i.e. hybrid MS instruments, have been made commercially 

available. 

Quadruple ion trap MS 

The QIT may be considered one of the most robust mass analyzers on the market.  

The QIT was originally conceived by Wolfgang Paul (Nobel Prize in Physics, 1989) and 

co-workers in the early 1950’s and made commercially available in 1983 as a GC 

detector. Over the last 50 years, many laboratories have improved cell design and ion 

transfer optics to make the instrument available to a variety of investigators.  

Operationally, ions may be generated externally, after which they are guided and trapped 

inside a cell between two end plates and a ring electrode.  Once trapped inside the cell, a 

radio frequency is applied to the ring electrode and ramped with increasing amplitude, 

thus ejecting the ions in the direction perpendicular to the ring electrode. The ions hit a 

conversion dynode, thus ejecting electrons to an electron multiplier for amplification of 

signal. Different ions of different m/z have different stabilities within the radio frequency 

and electric fields. Ions of lower m/z are ejected first as the radio frequency is ramped.49 

The real power of QITs, in terms of proteomics, is the fast scan rates which are 

important for detection of peptides after RP-HPLC.  Multiple MS scans with QITs differ 

from the other instrument types because it has the ability to fragment ions and store them 

for several cycles. Scan functions are designed to operate in what is called data-

dependent mode. In data dependent mode, after detection of a relatively abundant m/z, a 

subsequent scan isolates that particular m/z prior to MS/MS analysis. Tandem MS is 

performed by increasing the pressure in the QIT cell by introducing a pulse of helium, 

thus creating what is termed collisionally activated or collisionally induced dissociation 

(CAD or CID).49 
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In respect to proteomics, low energy CID predominantly fragments only the amide 

backbone of the polypeptide. Fragmentation is dependent on the polypeptides sequence, 

length, and charge-state. In general, different peptides may or may not completely 

fragment.  Often, intact peptides or fragmented peptides may loose H2O, NH3, or CO2. 

Furthermore, it has been observed that doubly-charged ions generally provide improved 

MS/MS spectra. For QITs, mostly b- and y- type ions are observed with CID (Figure 1

2). Rearrangements of peptides (intermolecular reactions) in the gas phase been reported 

in the literature, however they are not reviewed in this dissertation.20 

There are many scan functions available for different MS experiments, specifically 

product ion scan, precursor ion scan, and constant neutral loss.8  For example, some 

PTMs such as phosphorylation have less stable bonds than the backbone of a polypeptide, 

therefore when MS/MS is performed, the major peak observed may be [M - 98]+1 or [M -

80]+1. A scan function may be set to select for the neutral loss of phosphate, followed 

MS/MS (considered MS/MS/MS or MS3) on the m/z that is missing the phosphate.   

The real limitations of the instrument include poor quality data sets due to space 

charging events and a limited m/z range of 20 to 2000 m/z. Space charging is an effect 

that is observed when too many ions are trapped in the cell, thus causing ions to “leak 

out” of the cell by repulsion. To eliminate space charging, automatic gain control (AGC) 

is a function that monitors the amount of ions in the cell.  Before mass measurement, a 

pre-scan measures the amount of ions entering the cell (total ion count).  Depending on 

the counts, the ion collection time for mass analysis may be adjusted from 10 to 25 

microseconds to allow the proper amount of ions to be collected within the linear 

dynamic range of the cell.49 
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QITs are relatively sensitive; however, resolution may be from 1 to 0.1 mass units.  

Calibration may be performed externally with common mass errors between 50 to 500 

ppm for proteomics.  Often, data sets collected for proteomic studies are of poor quality 

because of space charging events due to co-eluting peptides.  Internal calibration may 

improve mass accuracy; however, the internal calibrant may inhibit ionization of a 

peptide of interest. Finally, since QITs are scanning instruments, MS and MS/MS data 

on certain peptides may be excluded from a particular LC-MS analysis.  Currently, QITs 

equipped with capillary HPLC nESI have provided the best results in respect to the 

capital cost for proteomics.  The data presented in Chapters 4 and 5 was collected with 

this type of mass spectrometer.    

Time-of-flight MS 

Time-of-flight (TOF) MS was introduced by William E. Stephens at the University 

of Pennsylvania in 1946 and made commercially available in the late 1950’s by William 

C. Wiley and I. H. McLaren at the Bendix Corporation Detroit, Michigan.  TOF MS 

separates ions of different m/z based on the kinetic energy as they drift down a tube at 

different velosities. For many years, TOF instruments were not considered useful mass 

spectrometers because they lacked the resolution needed for routine analysis.  The 

resolution of TOF mass analyzers was improved by the introduction of delayed extraction 

(DE) which normalized the initial velocities of analytes created by a MALDI.49  Ionized 

molecules are slowed with DE (~2000 V) and then pulsed (~20,000 V) to a detector at the 

other send of the tube. 

TOF MS instruments may be operated in two different modes.  The first, linear 

mode, has a mass range of up to about 1 M Da, but often suffers from poor resolution.  

The second, reflectron mode, suffers from a limited mass range (100 – 6000 m/z), but has 
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an improved mass accuracy (~5 ppm).  Ionized molecules are slowed with DE and then 

pulsed down to a series of “focusing” plates (reflectron) which concentrate and redirect 

the ions to another detector.  Traditionally, a MALDI source is used with TOF 

technology for analysis of intact proteins and peptides due to the fact that MALDI 

predominately creates singly charged ions.  The analysis of singly charged, high mass 

proteins is best suited for TOF mass analyzers operated in linear mode if poor resolution 

is not an issue. TOF is the easiest MS technology to use due to the fact that it does not 

suffer from the space charge effects observed with ion trap MS.   

Peptide sequences are observed from the fragmentation of metastable ions during 

flight down the TOF tube, thus creating post source decay (PSD).  First, a spectrum is 

collected in linear mode, thus allowing the identification of the m/z for the peptide of 

interest. Next, metastable ions which undergo fragmentation during flight are analyzed in 

reflectron mode, thus yielding a spectrum with ions of less m/z than observed in linear 

mode. PSD spectra may not be as straight forward to interpret as the MS/MS spectra 

obtained from QITs because fragmentation may not be as complete.  Therefore, quality 

MS/MS data is normally associated with QITs.24 

Over the last 10 years, TOF technology has also integrated ESI sources.  The 

current wave of ESI-TOF-MS instruments has excellent scan rates, mass accuracy, and 

mass resolution in comparison to their predecessors.  Hybrid instruments which contain a 

QIT prior to a TOF (Q-TOF MS) are also commercially available.  These types of hybrid 

instruments take advantage of the CID capabilities with QITs and the higher mass 

resolution capabilities of reflectron TOF MS.   
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MALDI-TOF has been used in forensics and homeland security to identify possible 

peptide or protein mass markers in respect to bioterrorism.50  Also, MALDI-TOF has 

been used for imaging different proteins in cells and organelles.51  Furthermore, MALDI

TOF has strong roots in peptide mass fingerprinting of in-gel digested proteins separated 

with 1D and 2DGE.8;52   This instrument was used to monitor peptide digestion as 

presented in Chapters 4 and 5. 

Fourier transform ion cyclotron resonance MS 

The concept of ion cyclotron resonance (ICR) in a magnetic filed was developed by 

E.O Lawrence and co-worked in 1931, followed by electrostatic confinement by F. M. 

Penning in 1936 in a trap, later known as a “Penning Trap”.  M. B. Comisarow and A. G. 

Marshall revolutionized ICR in 1974 by using Fourier transform (FT) with ICR analysis.  

FT allowed several ions to be measured in the cell at one time, instead of only measuring 

one ion at a time.  Since then, several laboratories have continued to improve FT-ICR MS 

instrument design by increasing mass range, mass resolving power, and sensitivity to 

produce the highest resolution and sensitivity possible for commercially available mass 

spectrometers.   

Several optics are needed to accelerate the ion beam past the fringe field of the 

magnet (Figure 1-10) which encases the penning trap.  Ions are generated externally, after 

which they are pulsed into and trapped in the Infinity® cell.  Once trapped in the cell 

with DC voltages applied on the end plates, the ions go into cyclotron and magnetron 

motion due to a high magnetic field being present.  Figure 1-11 illustrates the cyclotron 

motion of a positive or negative ion in a magnetic field where B is the magnetic field in 
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Tesla, m is the unit mass of an ion, q is the charge of the ion and ωc is the angular 

velocity in radians/second. 

Each m/z has a characteristic cyclotron frequency independent of the radius and 

velocity; however, the ion cyclotron frequency is inversely related the m/z, thus 

resolution decreases as m/z increases. Figure 1-15 represents the equation governing the 

relationship between frequency and m/z where Β is the magnetic field in Tesla, m/z is the 

unified mass-to-charge of an ion, ωc is the angular velocity in radians/second, and νc is 

the velocity in Hertz. 

Figure 1-10. Actively Shielded 4.7 T Magnet at the University of Florida 

+ -

B B 

+ -

B B

Figure 1-11. Cyclotron Motion of Ions in Magnetic Field 



26


νν
ϖϖc 1.535611 x 107 Βc 1.535611 x 107 Β

c = 
2πc = 
2π

= 
m/z 

= 
m/z

Figure 1-12. Relationship between the Frequency and Mass-to-Charge of an Ion 

Signal cannot be obtain by just measuring the induced magnetron and cyclotron 

motion of an ion in a magnetic field. The molecules are excited with a sweeping radio 

frequency applied by two opposing plates, thus sending the spatially coherent ion 

population into a larger cyclotron orbit. As the orbit decays back to the center, two other 

parallel plates measure the differential image current through induction. Following 

measurement, the time-domain signal is Fourier transformed to the mass-to-charge 

domain. Since the frequency may be measured very precisely, FTICR MS offers very 

high resolution. Theoretically, at ultra-low pressures, the observation of signal may be 

indefinite for ion measurement and re-measurement. Also, the signal is quantifiable 

because transduction responds linearly to the number of ions in the cell. Finally, since 

ICR frequencies for ions are observed between 1000 to 1,000,000 Hz, already 

commercially available electronics are incorporated into instrumentation.53;54 

The main limitations with FTICR MS are the purchase and maintenance costs. To 

purchase a basic FTICR MS with a 4.7 T magnet and infrared multiphoton dissociation, 

an investigator must relinquish $ 750,000. Including capital cost, maintenance costs are 

also high. First, common magnets (4.7, 7 or 9 T) require constant N2 and liquid He re

filling for maintaining the high-magnetic field. Secondly, sophisticated pumping systems 

with 2 to 3 turbomolecular pumps and 3 to 5 roughing pumps are needed to maintain a 

cell pressure of at least 10-10 torr for consistent behavior of ions in the cell. If the 

pressure is greater than 10-10 torr, gases in the cell dampen the ion cyclotron decay time, 

thus destroying the sensitivity and mass resolution provided by the instrument. External 
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calibration provides mass accuracies of less than 5 ppm as long as the number of ions in 

the cell remains relatively consistent between scans.  If the number of ions change 

dramatically or if there are too many ions within the cell, space charging will shift the 

m/z values by repulsion or coalescence of ions packets.   

Tandem MS analysis may be performed with one of many different fragmentation 

methods.8  These include CAD, electron capture dissociation (ECD), sustained off-

resonance irradiation (SORI) fragmentation, infrared multiphoton dissociation (IRMD), 

or blackbody infrared radiative dissociation.  Besides CAD, as presented with QITs, these 

methods may produce different fragmentation patterns based on the energy associated 

with the fragmentation method.  Fundamentally, the most important dissociation method 

for proteomics includes the use of ECD of intact proteins.  As presented in the separation 

science section, the “top-down” method only requires separation of intact proteins prior 

to MS/MS analysis.  ECD, as initially presented by McLafferty et al., fragments intact 

proteins though the transfer of electrons.23  The energy released upon transfer of electrons 

to intact proteins will fragment the polypeptide backbone to create c- and z-type ions 

(Figure 1-10).55  This fragmentation method produces information rich spectra; however, 

interpretation has been problematic. 

For proteomics, if funding is not an issue, the benefits of FTICR MS are superior to 

other types of mass spectrometers.  Identification of peptides with FTICR MS often relies 

on exact mass; however, mass redundancy due to peptides with the same amino acids in 

different sequences may provide unambiguous results.  In terms of sensitivity, 1000 

proteins in the 2 -100 kDa molecular mass range were identified from 200 -300 

nanograms of an E. coli cell extract with LC-ESI-FTICR-MS.56   Furthermore, a study on 
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cytochrome c reported that 10 zeptomoles (10-21 moles) was efficiently measured.57  For 

real world samples, 9 x 10 -18 moles of cytochrome C, representing about 1 % by weight  

of proteins in blood cells, was extracted from crude red blood cells and analyzed with 

LC-ESI-FTICR-MS. Furthermore, a difference of 9.5 mDa (~200,000 resolution) was 

achieved to separate phosphorylation (31.9816 Da) and sulfonation (21.9721 Da) 

PTMs.58  As with Q-TOF MS, hybrid instruments with a QIT added before a FTICR MS 

(Q-ICR MS) are commercially available, thus providing an added degree of mass 

selection. Experiments explained in Chapter 3 use ESI FTICR MS to analyze simple 

intact protein samples. 

Bioinformatics 

As with the growing field of proteomics, bioinformatics is also loosely defined.  

Over the years, the term bioinformatics has included software written for molecular 

modeling, gene prediction, sequence alignment, bio-molecule array design, mass 

spectrometry data analysis, amino acid sequence prediction, and laboratory informatics.  

Furthermore, several disciplines such as computational biology, biomathematics, 

biometrics, and biostatistics form specialized bioinformatics platforms.7;59 

Bioinformatics software are designed for visualization, databases, knowledge 

representation, software development, and algorithm development.7 

Computer science experts are often hired to aid in the large task of data 

management because the high quality interpretation of ample MS data represents a 

serious bottleneck in proteomic workflows.7  The development of new MS technologies 

for sequencing peptides i.e., ECD with ESI-FTICR MS, created the need for new 

algorithms for automated interpretation.  Although there are several applications for 

bioinformatics, only those pertaining to analysis of proteomic MS data are reviewed.  
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Furthermore, programs used for qualification of proteins and peptides, not quantitation, 

are reviewed. 

Currently, there are three main strategies for interpretation of proteomic MS 

data.1;18  The first two includes programs written to compare experimental proteomic MS 

data with theoretical in silico digested polypeptides based on the knowledge of a certain 

genome.  Functionally, in silico mass lists of possible theoretical peptides derived from 

theoretical proteins as determined from a known open reading frame from a genome 

sequence may be predicted based on the specificity of proteolytic or chemical cleavage.  

The experimental peptide m/z list (mass list extracted from experimental MS data) of a 

single digested protein is compared with a theoretical peptide mass library generated 

from genomic information from an open access databases.7  Positive identification is 

possible if the genome of the species is found in a genomic database.  Table 1-5 

represents a list of common databases containing different species genomes.  The third 

method, de novo sequencing and identification, relies entirely on mass differences 

generated with experimental MS/MS data for the sequencing and identification of 

polypeptides. 

Table 1-5. Common Genomic Databases  
Database Name Wprl-Wide Web Address 
EMBL http://www.embl-heidelberg.de/ 
GenBank http://www.ncbi.nlm.nih.gov/GenBank/ 
SRS http://www.srs.ebi.ac.uk/ 
ExPaSy http://www.expasy.ch/ 
YPD http://www.proteome.com/YPDhome.html 
MIPS http://mips.gsf.de/ 

Intact peptide MS data analysis with in silico digestion algorithms 

In silico data analysis, in its simplest form, can find its roots with the peptide mass 

fingerprinting algorithm (PMF) originally presented in 1984 with fast atom bombardment 

http://www.proteome.com/YPDhome.html
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ionization (FAB) MS.1;60  FAB did not produce reliable results and was by no means 

high-throughput; however, the trend to perform in-gel digestion followed by MS analysis 

also had it’s start with FAB MS.  Nine years later, after the advent and improvement of 

MALDI TOF-MS, Hanzel and co-workers illustrated that PMF may be used to analyze a 

variety of gel spots in a semi high-throughput fashion.24  Peptide mass fingerprinting is 

useful for the identification of 1 to 3 proteins at a time because MALDI-TOF analysis of 

multiple protein digested samples may lead to ion-signal suppression, overlap of signal 

corresponding to different peptides, and mass redundancy.  A database search is 

performed on an experimental peptide m/z lists with one of the programs presented in 

Table 1-6 by defining the pI, protease used (cleavage specificity), the number of possible 

missed cleavages by the protease defined, the mass tolerance (mass error) of the 

instrument, the minimum number of peptide matches required for identify a protein, and 

the species from which the protein is extracted.24  Including these parameters, several 

common amino acid in vivo PTMs or in vitro chemical modifications may be defined. 

Tandem MS data analysis with in silico digestion algorithm 

Five different groups in 1993 independently developed software for interpretation 

of experimental MS/MS data, including W.J. Hanzel and coworkers, C. Wantanabe, D. J. 

Pappin and coworkers, P. James and coworkers, and J. R. Yates III and coworkers.7  The 

algorithm developed may be termed expression sequence tag (EST), sequence tag 

identification, peptide mass tag (PMT), or peptide fragmentation fingerprinting (PFF).  

These strategies were developed due to the huge amounts of information rich data 

generated by ESI MS/MS.24  Unlike the PMF method which analyzes intact peptide m/z, 

the EST method is used to analyze fragmentation peptide spectra.  With EST, the 
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theoretical in silico peptides are fragmented into possible masses representing the peptide 

ladder of that particular peptide for comparison to experimental MS/MS data.     

The biggest problem associated with automated data analysis is the incorrect 

assignment of b- and y- type ions.  Upon fragmentation, peptides may undergo 

rearrangements or lose H2O, CO2, and/or NH3. Furthermore, a precursor ion may lose 

H2O, CO2, or NH3 or internally fragmented upon ionization.  If an intact peptide (parent 

ions) undergoes these types of mass loss, fragmentations, or intermolecular 

rearrangement, it will not be identified because the precursor or MS/MS ion mass does 

not match the theoretical in silico m/z.60  For programs using the EST algorithm, 

experimental MS/MS m/z lists, protease specificity, number of missed cleavages, 

instrument mass tolerance (mass error), taxonomy, and variable and fixed amino acid 

modifications are defined.60  Currently, Mascot and Sequest are the main packages used 

to aid in interpretation of proteomic MS data.  

Tandem MS data analysis with de novo algorithims 

If the genome of a species is unknown, de novo sequencing may provide improved 

results over in silico algorithms; however, de novo sequencing algorithms will not always 

provide correct assignment of peptide sequences.7;24  Older de novo sequencing programs 

include the generation of all theoretically possible sequences.  Experimental MS/MS m/z 

lists are compared against theoretical spectra for the best matchs.  Using this 

methodology provides many possible solutions because the number of sequences grows 

exponentially as the length of the polypeptide increases.   

The newer programs simply derive a theoretical sequence based on the 

experimental MS/MS m/z list.  Currently, de novo peptide sequencing from MS/MS data 

is computationally laborious.  Often MS/MS spectra lack enough high quality peaks for 
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assignment of a complete peptide sequence.  A new dissociation method, electron transfer 

dissociation (ETD) with linear ion traps (LIT), produce c- and z- type ions which appear 

to have well defined fragmentation patterns.61  ETD may provide improved MS/MS 

spectra for de novo sequencing; however, two main problems still exist for this type of 

sequence alignment.  First, several amino acids and amino acid pairs, i.e. 

leucine/isoleucine or glutamine/lysine, have the same or similar nominal masses.  

Second, cleavage does not always occur at every peptide bond.  For example, some 

fragmentation ions are below the noise level, the C-terminal side of proline is often 

resistant to cleavage, mobile protons are often absent, and peptides with free N-termini 

often lack fragmentation between the first and second amino acids.    

Software packages for analysis of MS and MS/MS data  

Table 1-6 lists many of the programs available for MS and MS/MS data analysis, 

with Sequest and Mascot being the most common.62;63  Sequest was the first 

commercially available software package for of proteomic MS/MS data analysis as 

developed by J. Yates III and co-workers in early 1994.  Sequest does not rely on a data 

preprocessing step because the algorithm is based on cross correlation between 

experimental MS/MS data and an in silico MS/MS spectrum.  Mascot was developed in 

collaboration by D. Pappin at Imperial Cancer Research Fund, UK and A. Bleasby at the 

SERC Daresbury Laboratory, UK under the name MOWSE.  After further development 

with the search algorithms, Matrix Science (Boston, MS) purchased the MOWSE 

software to distribute it under the new name Mascot.  In contrast to Sequest, Mascot 

requires a pre-interpretation step to create ‘dta’ files which contain the experimental 

MS/MS m/z lists.  Mascot relies on the probability of random matches between 

theoretical and experimental m/z lists. Sequest and Mascot utilize the known specificity 
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of the protease, the parent ion mass, and the partial sequence information from


experimental MS/MS data for searching against the known genomic databases.  


Furthermore, several common amino acid in vivo PTMs or in vitro chemical 


modifications may be defined. 


Table 1-6. Common MS and MS/MS Peptide Data Analysis Software  

Method Name Web-Site 
PMF Mascot 

MS-Digest 
http://matrixscience.com 
http://prospector.ucsf.edu/ucsfhtml3.4msdigest.htm 

MS-Fit http://prospector.ucsf.edu/ucsfhtml3.4msfit.htm
 ProFound http://prowl.rockerfeller.edu/cgi-bin/ProFound 

PepIdent http://www.exaspy.ch/tools/peptident/ 
PMT Mascot http://matrixscience.com 

PepFrag http://prowl.rockerfeller.edu/prowl/ 
 MOWSE http://hgmp/mrc.ac.uk/Bioinformatics/Webapp/mowse/ 

MS-Seq http://prospector.ucsf.edu/ucsfhtml3.4msseq.htm 
MS-Tag http://prospector.ucsf.edu/ucsfhtml3.4mstagfd.htm 
MultiIdent http://www.exaspy.ch/tools/multident/ 
PepMAPPER http://wolf.bi.unmist.ac.uk.mapper 
Sequest http://fields.scripps.edu/sequest/ 

De Novo DeNovoX not available as shareware on the world wide web 
SEQPEP not available as shareware on the world wide web 
SeqMS http://www.protein.osaka-

u.ac.jp/rcsfp/profiling/SeqMS.html 
Sherenga not available as shareware on the world wide web 
PEAKS http://www.bioinformaticssolutions.com/products/inde 

x.ph 

Including the open access software to analyze proteomics data, different MS 

vendors have created their own proteomics solutions software packages.60  The quality of 

the data analysis software varies from instrument to instrument as does the quality of 

instrument performance.31  Due to the diversity and size of the MS industry, 

standardizing data files has been difficult.  Currently, the ‘dta’ file format has provided 

somewhat of a standard for the open access platforms.  Most MS vendors provide ways to 

extract data into ‘dta’ files so they can be analyzed with Mascot.   

http://matrixscience.com/
http://prospector.ucsf.edu/ucsfhtml3.4msdigest.htm
http://prospector.ucsf.edu/ucsfhtml3.4msfit.htm
http://prowl.rockerfeller.edu/cgi-bin/ProFound
http://matrixscience.com/
http://prospector.ucsf.edu/ucsfhtml3.4msseq.htm
http://prospector.ucsf.edu/ucsfhtml3.4mstagfd.htm
http://wolf.bi.unmist.ac.uk.mapper/
http://www.protein.osaka-u.ac.jp/rcsfp/profiling/SeqMS.html
http://www.protein.osaka-u.ac.jp/rcsfp/profiling/SeqMS.html
http://www.bioinformaticssolutions.com/products/index.ph
http://www.bioinformaticssolutions.com/products/index.ph
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Bioinformatics data visualization and interpretation 

Once experimental MS/MS data have been processed with the chosen algorithm, 

protein identification candidates are generated with an associated score that represents the 

likelihood that an experimental precursor-ion and partial MS/MS m/z list or spectrum 

match the theoretical in silico digested peptide mass and peptide ladder.  The higher the 

score, the more likely the protein is a positive identification. Also generated with the 

output are the numbers of peptides identified which pertain to a particular protein’s 

identification, also know as percent sequence coverage.  Typically, the higher the percent 

sequence coverage, the higher the likelihood that a particular protein may be considered a 

real candidate.60  For the applications presented in Chapters 4 and 5, Sequest and Mascot 

outputs are not used to identify a protein.  The MS and MS/MS data in these cases are 

used to identify amino acids which have been derivatized in vitro. Furthermore, the 

sequence of the protein presented in this dissertation is already known.   

The main differences between the programs presented in Table 1-6 are the way the 

protein candidates are scored and the way the data is visualized.  After bioinformatics 

analysis of proteomic MS/MS data, it is the investigator’s job to provide realistic 

interpretation of what statistics has provided.  After receiving an output from automated 

analysis with bioinformatics software, the data requires manual MS/MS peak verification 

to avoid false identification of proteolytic peptides.  Furthermore, the instrument’s mass 

accuracy is very important for correct identification.  Positive identification of peptide 

candidates will have a mass error of less than 20 ppm, with an upper threshold for good 

statistics around 200 ppm. For example, if the mass error thresholds are increased during 

bioinformatic analysis of MS data, there will be an increased chance of false positives.60 

Depending on the instrument, the mass tolerance of the instrument should be taken into 
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consideration.  FT ICR-MS data should have very high mass accuracy as compared to a 

QIT-MS data. Statistics is very useful for making a decision, but should never 

overshadow careful thinking. 

Summary 

The tools available for analysis of proteins and oligonucleotides have been 

presented. In the scope of this dissertation, the following chapters present data related to 

the wet chemistry prior to and including MS analysis.  First, Chapter 2 describes the 

expression and purification of sialyltransferases needed for structural proteomic studies.  

Second, Chapter 3 describes the use of hydrogen-deuterium exchange high-performance 

liquid chromatography electrospray ionization Fourier transform ion cyclotron resonance 

mass spectrometry analysis with sialyltransferase for studying secondary structure.  

Third, Chapter 4 describes the use of small molecule labeling agents for derivatization of 

sialyltransferase, followed by mass spectrometry analysis for identifying active-site 

amino acids.  Fourth, Chapter 5 describes the site-directed photoaffinity labeling of 

sialyltransferase followed by mass spectrometry analysis for revealing the identity of 

active-site amino acids.  Fifth, Chapter 6 describes ion-pairing reverse-phase high-

performance liquid chromatography negative ion mode electrospray ionization Fourier 

transform ion cyclotron resonance mass spectrometry for identification of 

oligonucleotides selected with nanoharvesting agents.  Finally, Chapter 7 describes the 

conclusions and future work. The entire work is performed with an interdisciplinary 

mind set towards structural proteomics as a small component of systems biology.  



CHAPTER 2 
EXPRESSION AND PURIFICATION OF RECOMBINANT HUMAN ALPHA 2  3 

SIALTRANSFERASE 

Introduction to Oligosaccharides and Glycosyltransferases  

Including proteins and oligonucleotides as presented in Chapter 1, oligosaccharides 

compose another important class of bio-molecules.  Compared to oligonucleotide and 

protein linear structure, oligosaccharides may be covalently linked in a great diversity of 

branched patterns. During the recent ‘omics’ nomenclature revolution, the glycome has 

been defined as the whole set of carbohydrate molecules in an organism.64 Complex 

oligosaccharides provide many functions ranging from energy storage to information 

transfer systems that control cell function.65  Oligosaccharides may be attached to a 

variety of different proteins and lipids through selective glycosidic bonds.  Even when 

including phosphorylation, glycosylation is the most common PTM found in living cells.   

The complicated glycome has added an extra dimension to the already difficult 

proteomics problem. To study Glycomics, investigators have focused on the structures of 

the glycans themselves, the binding partners to the glycans, or the enzymes needed for 

building and degrading glycan structure. This chapter presents background on the 

glycosyltransferase family and the sialyltransferase sub-family, followed by the 

description of recombinant human α (2 3) sialyltransferase expression, purification, and 

characterization. Purified sialyltransferase will be bioconjugated prior to proteomic MS 

analysis as described in Chapters 3 through 5.    

36 
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Figure 2-1. Common Sugars Found in Oligosaccharides 

Complex Carbohydrates in Biological Systems 

Complex carbohydrates, also know as oligosaccharides or glycans, may decorate 

different proteins or lipids to generate glycoproteins or glycolipids. The glycosidic 

linkage to proteins may be O-linked through serine, threonine, or hydroxylysine or N-

linked to asparagines at specific amino acid sequons.52;66  O-linked glycans may be found 

at Cys-X-X-Gly-Gly-Ser/Thr-Cys sequons with X representing any amino acid, however, 

other as yet defined sequons may be possible. It has also been found that a proline +1 or 

-3 from the Ser/Thr make glycan attachment favorable. N-linked glycan sites are well 

defined and more abundant than O-linked glycans. N-linked glycans are attached to 

asparagines contained in AsnXSer sequons where X can be any amino acid except 

proline; however, an AsnXSer sequon does not necessarily mean that glycosylation will 

be present. A third linkage for glycans includes attachment to Cys, Asp, Asn, Gly, and 

Ser found on cell surface proteins inserted into lipid bilayers. In comparison to O- and 
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N-linked glycans, the sequon specificity for attachment of glycans to proteins in lipid 

bilayers has yet to be defined well.66 

Glycomics attempts to define how proteins are affected by the attachment of 

saccharides and what are the recognition events associated with saccharides and their 

binding partners.67  Normally, glycans attached to proteins affect solubility, protease 

resistance, and quaternary structure.  Also, glycoproteins and glycolipids are the most 

abundant species found on the outer walls of mammalian cells.  Oligosaccharides are 

important for mediation of cell growth, cell-cell adhesion, fertilization, immune defense 

response, inflammation, viral replication, parasitic infection, masking of tumors, and 

degradation of blood clots. 66;68  Further complexity of the glycome is revealed when 

deciphering temporal states during an organisms life cycle i.e., embryonic 

developement.66 

MS analysis of oligonucleotide structures have been useful for identifying glycan 

structure in respect to different cell and disease states in a similar manner to functional 

proteomics.50;52;55;68  In the scope of this dissertation, the enzymes which build glycan 

chains, glycosyltransferases (specifically sialyltransferases), are reviewed.  The study of 

the glycan structures themselves are not within the scope of this dissertation. 

Glycosyltransferase Family 

Glycosyltransferases are a family of enzymes that are membrane bound in the 

Golgi apparatus and endoplasmic reticulum and synthesize glycans in an “assembly-line” 

66manner.   Extensive studies on the N-and O-glycosylation pathways in mammalian cells 

have revealed that glycans are synthesized by an ordered series of sugar transfer and 

cleavage reactions.69  These enzymes are responsible for the transfer of different 

monosaccharides from sugar-nucleotide donor substrates to form covalent linkages with 
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other simple and complex oligonucleotides.65  Interestingly, the 1970 Nobel Prize in 

Chemistry was awarded to L. F. Leloir for his discovery of UDP-Glucose as a substrate 

for glycogen biosynthesis. Almost all reactions which involve the synthesis of 

oligosaccharide chains involve sugar-nucleotide donor substrates.70 

Four main factors are used to classify and name the different glycosyltransferase 

sub-families.  The first includes the type of sugar transferred and the type of sugar-

nucleotide donor substrate used. The second includes the stereo- and regio-selectivity 

exhibited by the acceptor substrate.65  The third involves the description of  a retaining or 

inverting mechanism with respect to the anomeric hydroxyl upon catalytic transfer.67 

The fourth includes the dependence upon divalent metal cations for catalysis.66  In 

humans, it was calculated that there are over 250 different glycosyltransferases, classified 

into 47 different sub-families.  Overall, from completed genomes, it is estimated that 

there are over 7200 glycosyltransferases identified from bioinformatic studies.  

Furthermore, of all the open reading frames deposited in genomic databases, about 1% 

are dedicated to glycosyltransferase activity based on know primary structure motifs.71 

Even though the catalytic transfer of monosaccharides by glycosyltransferases are 

performed using similar donor and acceptor substrates, the sequence homology and 

structure homology do not readily transfer between the sub-families.  However, within 

each sub-family, there are several structural motifs with high percent conservation.  

Although there are many important glycosyltransferases needed for production of the 

extremely complex glycans chains observed in nature, the focus of this dissertation now 

turns to sialyltransferases.  Sialyltransferases are of particular interest because they 
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transfer sialic acid, a charged sugar, which provides the “finishing touches” on large 

oligosaccharides. 

Sialyltransferase Sub-Family 

Sialyltransferases catalyze the transfer of sialic acid from cytidine 5’-

monophosphate N-acetylneuraminic acid (CMP-NeuAc) to the terminal non-reducing 

positions of oligosaccharides, glycoproteins, or glycolipids.72  NeuAc is an interesting 

saccharide because it has a carboxylate, instead of a hydroxyl, attached to the anomeric 

carbon. Interest in sialyltransferases arose due to the biochemistry of N-acetylneuraminic 

acid (NeuAc) ‘capped’ carbohydrate moieties which bear a negative charge from the 

carboxylate group attached to the anomeric carbon.  Furthermore, NeuAc is the most 

common naturally occurring sialic acid in human glycoconjugates.73  Since sialic acids 

are attached to the termini of large oligosaccharides, they are implicated in important  

physiological phenomena and disease states.73;74   Since sialyltransferases are the 

enzymes involved with the transfer of sialic acid, there are large efforts to characterize 

this family of enzymes. 

As with all glycosyltransferases, the type of linkage formed is described by the 

nomenclature of sialyltransferases.  The linkages formed by sialyltransferases may be 

through an α(2 3)- or an α(2 6)-bond to Gal (ST3Gal or ST6Gal); through an 

α(2 6)-bond to GalNAc (ST6GalNAc); or through an α(2 8)-bond to Sia (ST8Sia).75 

The α(2 3)- linkage is found to be most predominate than the α(2 6) linkage.76 

Figure 2-2 represents the reaction catalyzed by α(2 3) sialyltransferases, where R is 

Gal. 
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Figure 2-2. Reaction Catalyzed by Sialyltransferases 

Sialyltransferases are type II transmembrane glycoproteins that have a short NH2

terminal cytoplasmic tail, an amino acid signal anchor domain, and an extended stem 

region with a large C-terminal catalytic domain (Figure 2-3).77  Sialyltransferases are 

anchored in the trans cisternae of the Golgi apparatus and the trans Golgi network. 78 

The stem region may be from 20 to 200 amino acids long and may mediate acceptor 

specificity.79;80 As with all glycosyltransferase genes, sialyltransferase genes are 

differentially expressed in a cell-type, tissue-type, and stage specific manner.72 In-vivo 

proteolysis may occur at the stem region, thus making the enzyme soluble.79 

Sialyltransferases have been found mainly in the deuterostome lineage such as 

mammals, birds, amphibians, boney fish, and insects. Also, viruses produce similar 

sialyltransferases to mammals for pathological infection.81 Furthermore, 

sialyltransferases have been cloned from bacteria, however they lack any sequence 



NH2

Cytoplasmic
Tail

Cytoplasm

Golgi Lumen
Stem Region

Catalytic Domain

Signal Anchor

42 


NH2 
Tail 

Figure 2-3. Topology of Sialyltransferase 

Cytoplasmic Cytoplasm 

Golgi Lumen 
Stem Region 

Catalytic Domain 

Signal Anchor 

homology or identity to the deuterostome forms.  Lastly, sialic acid has been detected in 

plants and fungi, but characterization of sialyltransferases from these organisms have 

lagged further behind than mammalian, virus, or bacteria.82  Funding for medicinal 

chemistry based studies and completion of human, different virus, and different bacterial 

genomes has made mammal, virus, and bacterial sialyltransferases characterization more 

prevalent. Currently, over 22 unique sialyltransferase members have been cloned from 

mammalian sources.79 

According to the current Henrissat family classification of glycosyltransferases, 

sialyltransferases are split into 3 evolutionary families.  The first, termed GT 29, consists 

of 94 sequences from mammals, plants, and viruses (ST3Gal, ST6Gal, ST6GalNAc, 

ST8Sia). The second and third, termed GT42 and GT52, consist of 16 and 28 sequons 

from different bacteria.71  Most insect cells have similar glycosylation pathways, and 

until very recently, were believed to lack endogenous sialyltransferase activity.       
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Studies on Autographa california nuclear polehedosis virus with Spodoptera 

frugiperda (fall armyworm) did not provide evidence for sialyltransferase activity.83 

However, it was speculated that insects produce sialyltransferases during embryonic 

development.  In 2004, one sialyltransferase gene from the Drosophila (fruit fly) genome 

was aligned against members of the vertebrate ST6Gal family.80;81  Cloning, expression, 

and characterization of the ST6Gal from Drosophila melanogaster solidified that 

sialyltransferases are expressed in insects at a certain stages of development.  

Furthermore, the ST6Gal gene was aligned with a sialyltransferase gene found in the 

mosquito genome (47% sequence identity).80 

Many viruses have sialyltransferase genes which are similar to the mammalian 

sialyltransferase genes and are used to invade a host cell.  For example, the myxoma 

virus, Leporipoxvirus Poxivirdae, uses a sialyltransferase gene as one of the enzymes to 

enhance virulence towards rabbits. The sialyltransferase characterized in this study has 

43% sequence identity and 60 % sequence similarity to vertebrate ST3Gal family 

members.84  Another example consists of a sialyltransferase encoded by the Hepatitis B 

virus which infects the liver to induce malignant tumors.85 

Although bacterial sialyltransferases utilize the same sugar-nucleotide donor 

substrate for catalysis, they show no sequence homology or identity to mammalian, plant, 

virus, or insect sialyltransferases.  However, sialyltransferases have been cloned and 

characterized from the pathogenic Neisseria meningitides, Neisseria gonorhoeae, and the 

marine bacteria Photobacterium damsela. In comparison to other taxons, bacterial 

sialyltransferases however, they exhibit much broader acceptor specificities.  It was 

speculated that bacterial sialyltransferases evolved differently than invertebrate 
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sialyltransferase because they were not exposed to the same constrains.86;87  Furthermore, 

the only crystal structure of a recombinant sialyltransferase, cloned form Campylobacter 

jejuni, was published in early 2004.88  Since all sialyltransferases share the same sugar-

nucleotide donor substrates, some three-dimensional structure may be shared.  

Biological and Medicinal Importance 

Sialic acids are involved with numerous biological processes, such as the regulation 

of glycoproteins in the blood stream, cell-cell interaction, cellular regulation, facilitation 

or prevention of aggregation, immune system function, and nervous system development.  

Of particular interest are the roles that sialic acid plays in the masking of tumors and the  

inflammatory/immune response for pathogen-host recognition of bacteria or viruses73;80;84 

The masking of tumors by sialic acid has been linked to brain, colon, breast, and 

prostate cancers.69  Often, the link between incorrect glycan structure and malignant 

tumors are not always understood.  However, it is well accepted that the increase in 

branching of glycan chains associated with certain cancers will facilitate an increase in 

sialic acid attachment, thus an increase in the sialyltransferase activity is observed.  

Furthermore, due to the complexity and the microheterogeneity of glycosylation, the 

specifics of a certain glycan involved with cancer are often difficult to determine.  Even 

though there are many questions with the sialic acid/sialyltransferase cancer relationship, 

four generalities are described.68;75

 First, the negative charge buildup from increased sialic acid residues may prevent 

cell-cell interactions by repulsion events. Second, selectins or siglecs (cell adhesion 

molecules) bind to irregularly sialylated oligosaccharides and propagate malignant 

transformation.  Third, the complete abnormal oligosaccharide may be masked by sialic 

acids, thus not allowing galectins to bind for repair.  Fourth, specific cell signaling 
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pathways might be the target for malignant transformation with viruses.  It may be 

implied that by simply removing the sialic acids would address malignant repression; 

however, this is not always the case.68;74;75 

Immune system response often uses oligosaccharides to discriminate between 

friendly and enemy structures.  The failure to determine between self and non-self 

structures may lead to autoimmune reactions.74  For example, the binding of terminal 

sialic acid residues are the initial step for influenza virus infection.  Hemagglutinin, a 

surface protein on the influenza virus, mediates attachment and fusion of the cell with the 

virus membrane.  Obviously, there have been several studies to inhibit and characterize 

this sort of binding by modifying CMP-NeuAc at the C5 and C9 positions of sialic acids. 

  Furthermore, studies on Hepatitis B virus show that insertional mutagenesis of 

sialyltransferase and other enzymes cause proliferation of human liver cancer.85  To 

facilitate rational drug design for inhibition of disease, several investigators have studied 

sialyltransferase primary structure.   

Sialyltransferase Structure and Mechanism Relevant for Structural Proteomics 

Vertebrate sialyltransferases share the same topographical features; however they 

show very little sequence identity except 4 consensus motifs termed L, S,VS, motifs and 

motif 3. Figure 2-4 represents the conserved amino acids between the different types of 

human sialyltransferase, where the sialylmotifs are labeled with the amount of amino 

acids and the numbers in parentheses correspond to the number of amino acids between 

the motifs or the N- and C-termini.81  Interestingly, the identification of structural 

sialylmotifs was aided with peptide mass fingerprinting in 1992 with liquid secondary ion 

and double focusing MS. Primers were designed based on the common sequence of 



46 


membrane bound sialyltransferase and known sialylmotifs to clone new 

sialyltransferases.92 

20 Different Sialyltransferases May Contain to 302 – 600 Amino Acids20 Different Sialyltransferases May Contain to 302 – 600 Amino Acids 
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Figure 2-4. Sialylmotifs and Amino Acid Length of Sialyltransferases 

cleft.

The significance of these 4 sialylmotifs has been investigated using ST6Gal I and 

ST3Gal I as model enzymes.72;79  First, mutagenesis studies on the L-motif affected 

binding to the donor substrate.78  Second, mutagenesis of the S-motif altered the binding 

properties of both the donor and acceptor subtrates93  Third, mutagenesis of motif 3 was 

shown to be important for functional and/or structural roles.79  Fourth, mutagenesis of 

VS-motif revealed the complete loss of activity. In these studies, amino acids were 

mutated which may be related to catalytic amino acids on the acceptor side of a binding 

79;80;94  Fifth, mutagenesis studies on cysteines have revealed a disulfide bond which 

may bring the L and S-motifs within close proximity of each other.95  Finally, 

glycosyltransferases normally have a divalent metal dependence and a common DXD 

motif. Sialyltransferase do not show a metal dependence and lack the DXD motif.94 

Using rat liver ST6Gal as a model, sialyltransferases were shown to catalyze a 

highly dissociative transition state with substantial oxocarbenium ion character96-100. 

These kinetic studies also revealed that the mechanism was steady-state random and that 

the enzyme had a bell-shape pH versus rate profile.97  Interestingly, kinetic studies on 

sialyltransferase from the bacteria C. jejuni 88and the insect D. melanogaster 80 both show 

similar bell-shape pH versus rate profiles to the mammalian sialyltransferases.94;97  Also, 

recent data presented by Dr. Erin Burke suggest that protonation of the non-bridging 
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oxygen from a general acid aids in CMP bond breaking.  Therefore, a general base and a 

general acid are the targets for the structural proteomic studies presented in Chapter 4.   

In February 2004, the first crystal structure of a bacterial sialyltransferase was 

published.88;101  In this report, it was suggested that a histidine acts as a general base to 

assist in the nucleophilic attack of a hydroxyl and a tyrosine acts as a general acid to 

assist the departure of CMP.  The loss of activity during the previously described 

mutagenesis study on mammalian sialyltransferases on the tyrosine residue (motif 3), 

taken in light of the bacterial crystal structure, may indicated that this amino acid is 

involved with active-site catalysis.  However, since this sialyltransferase from bacteria 

does not have sequence homology or identity to mammalian sialyltransferases, it cannot 

be ruled out that another amino acid other than tyrosine acts as the general acid needed 

for catalysis in the mammalian sialyltransferases.  Another interesting feature of the 

bacterial sialyltransferase is that a loop of 12 amino acids becomes ordered upon binding 

to inhibitor.88  This ‘lid’ may shield the oxocarbenium transition state reaction from 

nucleophilic solvent attack. 

The availability of recombinant sialyltransferase will facilitate our MS based 

structural proteomics study to answer the question as to the identity and location of the 

general acid and/or general base.88   The absolute identification of the general acid and/or 

general base in tandem with molecular mechanics computational chemistry will provide 

the basis for intelligent design of selective sialyltransferase inhibitors.102-105  Furthermore, 

once a labeling strategy has been developed for our model system, recombinant human 

placental ST3Gal IV, it may be applied to all sialyltransferases with possible insight into 

other motifs or important structural properties. 
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Recombinant Human α (2  3) Sialyltransferase IV 

Traditionally, mammalian sialyltransferases are difficult to express and purify in 

large quantities due in part to their membrane bound protein properties and that they 

themselves are glycosylated.  Because these enzymes are complex, eukaryotic cell lines 

are used for reliable expression of recombinant mammalian sialyltransferases. Different 

cell lines such as yeast, insect, and mammalian origins were used to produce soluble, 

catalytically active mammalian sialyltransferases.  Attempts to produce catalytically 

active mammalian sialyltransferases in E. coli in our lab and others have not resulted in 

active enzyme.106 Several glycosyltransferases have been successfully cloned and 

overexpressed in active form with yeast such as Saccharomyces cerevisiae (full-

length)107;108  and Pichia pastoris (secreted).109  Mammalian cell lines have endogenous 

sialyltransferase activity and have been useful for expression of glycosyltransferases and 

sialyltransferases108;110   

Since insect cell lines such as Spodoptera frugiperda (Sf 9) lack endogenous 

sialyltransferase activity, they are used to express soluble glycosyltransferases and 

sialyltransferases with baculovirus vectors. 79;111-113  Through the beauty of modern 

molecular biology, soluble sialyltransferase was produced in our lab with a cleavable 

insulin signal peptide cloned upstream from the catalytic domain, replacing the N-

terminal anchor and stem region, thus facilitating expressed construct secretion into the 

media.92;114-116   Also, to improve purification yields, fusion tails were placed between the 

signal peptide and the catalytic domain.79;108;111-113;117  Fusion tag/affinity purification 

pairs may include the mouse IgM signal peptide and the  IgG binding domain of the 

protein A, the streptavidin fusion tag with avidin binding, GST with anti-GST antibodies, 

or polyhistidine tags (His6xTags)with nickel agrose beads (Ni+2-NTA).118  Of these fusion 
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tags, a polyhistidine tag was the first choice because of the ease of incorporation and the 

minimal amount of enzyme structure perturbation. 

We produced three recombinant forms of human placental α-(2 3) 

sialyltransferase (hST3Gal IV;  EC# 2.4.99.4) 110;119 which lacked the first 40 amino 

acids coding for the NH2-signal anchor and stem region.  The three recombinant forms 

were overexpressed in Spodoptra frugiperda (Sf 9) insect cells using a baculovirus vector 

with Invitrogen’s (Carlsbad, CA) Bac-to-Bac® Baculovirus Expression System.120  The 

first recombinant form consists of a canine insulin cleavable signal peptide cloned in 

front of the catalytic domain of hST3Gal IV (Ins-ST).  The second recombinant form 

consists of the canine insulin signal peptide followed by a His6x-tag and two glycines in 

front of the catalytic domain of hST3Gal IV (N-Tag-ST).  The third recombinant form 

consists of the canine insulin signal peptide followed by the catalytic domain of hST3Gal 

IV with two glycines and a His6x-tag placed at the C-terminus (C-Tag-ST).  The inclusion 

of the His6x-tag will aid in ease of purification.  The aim of this experiment was to 

produce  

-∆ 40 AAs+ Canine Insulin Secretion Peptide + C-Terminal Catalytic Domain (Ins-ST) 

-∆ 40 AAs + Canine Insulin Secretion Peptide + Polyhistidine Fusion Tag + C-Terminal Catalytic Domain (N-Tag-ST) 

-∆ 40 AAs+ Canine Insulin Secretion Peptide + C-Terminal Catalytic Domain + Polyhistidine Fusion Tag (C-Tag-ST) 

Secretion Peptide C-Terminal Catalytic Domain
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Figure 2-5.  Sialyltransferase Constructs Prepared 
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relatively large amounts of sialyltransferase at a low price for multiple studies on 

sialyltransferase secondary structure.  The assumption was made that cleaving the stem 

region will not perturbate activity.79 

Results and Discussion 

Baculovirus preparation 

Dr. Nicole Horenstein originally prepared the pFastBacHTa vector that harbored 

the cDNA encoding the Ins-ST gene lacking the first 40 amino acids. The two other 

plasmid constructs containing N- and C-terminal His6xtag, in addition to the insulin signal 

peptide, were prepared by Bronson Anatao.  Correct construction of cDNA clones with 

canine insulin secretion peptide and His6x-tags were confirmed by DNA sequence 

analysis performed at the University of Florida Protein Core Facility.   

All steps prior to affinity chromatography followed the Bac-to-Bac® Baculovirus 

Expression System manual from Invitrogen (www.invitrogen.com) with no deviation 

from the described protocol.  The three pFastBacHTa plasmids containing the particular 

genes were separately transformed into competent DH10BacTM E. coli cells.  PCR 

analysis (Figure 2-6) of mini-prepped recombinant backmid indicated an insertion 

product of proper length.     

Spodoptera frugiperda (Sf 9) insect cells were transfected in 6 well plates with 

recombinant bacmid DNA with the aid of Cellfectin Reagent.  After transfection, the 

viral titers were below the level needed for sialyltransferase expression.  To produce 

higher viral titers (amplification), 50 to 75 mL of cell cultures containing 2-3 x 106 

cells/mL were infected with 1 to 4 mL of viral stocks.  After 48 to 55 hours post 

infection, the cell supernatant was clarified and sterile filtered.  Subsequent amplification 

proceeded until a viral titer of about 1x108 plaque forming units/mL (pfu/mL) was 
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achieved.  Table 2-1 represents the viral titers used for infection of insect cells for 

expression of sialyltransferase. 
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Figure 2-6.  Confirmation of Correct DNA Insertion Product where: Lanes 1 and 5 are 

Base Pair Markers, and Lanes 2 through 4 Correspond to Different Colonies 
Selected Based on Blue/White Screening after Liquid Culture and Mini-prep 
of the Recombinant Bacmid. 

Table 2-1.  Viral Titers for Different Constructs 
Construct Titer in pfu 
Ins-ST 1.7 x  108 
N-Tag-ST 2.1 x 108 
C-Tag-ST 2.7 x 108 

 
Expression and purification of the three sialyltransferase constructs  

Purification of the Ins-ST construct presented several different technical issues.  

First, a sepharose cytidine diphosphate-hexanolamine affinity (sCDP-Hex) material was 

synthesized by Dr. Erin Burke and Dr. Nicole Horenstein according to the literature.64 

Second, the support phase of the sCDP-Hex resin was easily compressed, thus not 

allowing for large pressure gradients.  If large volumes of buffer were added to the sCDP-

Hex column, flow reduced dramatically.  Third, the addition of 300 mM β-lactose to the 
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initial supernatant before the loading of clarified supernatant (harvested cells 72 hours 

post infection) resulted in higher purity.  Although the purity improved, the flow rate was 

reduced due to the increased viscosity.  A contaminant protein, glycoprotein 64 (GP64), 

was expressed along with sialyltransferase in the baculovirus system.  Using trypsin in-

gel digestion of a band excised from SDS-PAGE analysis of an up-pure sample, GP 64 

was positively identified as the contaminate protein with MS analysis. GP 64 was 

believed to bind to the N-glycans of sialyltransferase, thus creating the need for the β-

lactose wash after loading clarified supernatant.  Finally, because of the low flow rates 

associated with the sCDP-Hex column, the initial cell culture supernatant needed to be 

concentrated 5 fold.   

In an attempt to create constant and increased flow rate through the column, a post-

column pump was added in-line, however, this compressed the resin, thus producing no 

flow.  Several attempts were made to purify the Ins-ST construct, often with no retention 

of enzyme on the column; however, some purifications led to positive results.  Table 2-4 

summarizes the purification of the Ins-ST construct.  The definition of a unit of activity 

was the number of µmols of CMP-NeuAc converted to sialyl-lactose per minute.  

Presented in the Table 2-4, cell culture supernatant corresponds to pooled supernatant 72 

hours post infection of 2 to 2.5 x 106 cells/mL with 3 mL of Ins-ST recombinant 

baculovirus.  Ultrafiltration corresponds to the concentration of clarified supernatant with 

an Amicon Ultrafiltration device with a polyethersulfone membrane with a 10 kDa 

molecular weight cutoff (MWCO).  Load buffer addition corresponds to the addition of 

MES, pH 6.8 to 50 mM, β-lactose to 300mM, glycerol to 20% v/v, and triton CF 54 to 

0.05% v/v to the concentrated supernatant.  Pooled fractions correspond to fractions 
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eluted with high specific activity.  Concentration corresponds to ultrafiltration of pooled 

fractions with an Amicon Ultrafiltration device with a polyethersulfone membrane with a 

10 kDa MWCO. 

Table 2-2.  Summary of an Ins-ST Purification 
 Volume Activity Yield  SA 
Ins – ST Purification mL mU % U U / L U/mg 
Cell Culture Supernatant 370 820 100 2.20 0.029 
Ultrafiltration 80 760 93 9.60 0.022 
Load Buffer Addition 100 710 87 7.10 0.025 
Pooled Fractions 28 230 28 8.12 0.161 
Concentration  5 160 20 31.9 0.132 
 

Figure 2-7 represents the elution profile for a steep step salt gradient applied to the 

column after loading the concentrate and washing with the β-lactose buffer.  The elution 

of Ins-ST from sCDP-Hex was performed by increasing the salt concentration in a step 

gradient fashion.  For the experiment presented in Figure 2-7, activity assays were not 

intially available and fractions corresponding to either 250 mM or 350 mM NaCl were 

pooled separately.  Later, activity assays reveled that only the 350 mM NaCl pooled 

fractions contained sialyltransferase activity and SDS-PAGE analysis revealed 

sialyltransferase with large amounts of contaminating proteins.  This data suggested the 

need for more than 5 column equivalents per step for effective purification.     
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Figure 2-7.  Protein Concentration Profile of an Ins-ST Purification 
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Figure 2-8 represents the elution profile for Ins-ST with a shallow step gradient and 

sialyltransferase activity for fractions corresponding to 350 mM and 450 mM NaCl.  

Activity was determined as described in the Methods and Materials section  To save 

radiolabeled substrates used to determine activity, full activity profiles were not 

collected.  On average, 30 to 35 % of the initial activity was not retained on the column.  

Attempts were made to collect sialyltransferase from the flow through by reloading it 

onto the column; however, sialyltransferase activity was not retained.  Also, fractions 

eluted with 100mM and 250 mM NaCl did not contain activity.  Furthermore, if 20 % 

glycerol and 0.01 % triton CF 54 were not present, activity was completely lost during 

purification. Finally, after collection and concentration of pooled fractions, these 

constructs were sensitive to dilution, dialysis, and further ultrafiltration, with loss of 90% 

of the initial activity.  
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Figure 2-8.  Protein Concentration and Activity Profile of an Ins-ST Purification 

SDS-PAGE analysis of purified sialyltransferase revealed a step ladder of possible 

glycoforms (Figure 2-9, Lane 2).  According to the known consensus sequence for 
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glycosylation, hST3Gal IV has four possible sites for glycosylation.  To confirm that the 

multiple bands are due to glycosylation, Endo Hf, a recombinant protein fusion of 

Endoglycosidase H and maltose binding protein, was used to deglycosylate Ins-ST.  

Figure 2-9, Lane 3 corresponds to the deglycosylation product of sialyltransferase.  The 

observed molecular weight (~34,000 Da), after the deglycosylation reaction, corresponds 

to the theoretical molecular weight of the primary sequence (~34,005 Da) free of glycans.   
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Figure 2-9.  SDS-PAGE Analysis of Purified Ins-ST and Deglycosylation Reaction 

where: Lane 1 = Molecular Weight Markers; Lane 2 = Purified Ins-ST; and 
Lane 3 = Ins-ST Deglycosylated with EndoHf. 

To possibly improve overall yields and ease of purification, Ni 2+-NTA with 

His6xTag technology provided somewhat different results.  The Ni2+-NTA resin does not 

compress easily, thus increasing the flow rate dramatically in comparison to the CDP-

Hexanolamine-Agrose resin used for the purification of Ins-ST.  This eliminated the need 

for supernatant concentration.  Elution of N- and C-Tag-ST was performed by increasing 

the imidazole concentration in a step gradient fashion (5 mM, 50 mM, 135 mM imidizole 

in a buffer containing 20 % glycerol, 0.05 % triton CF 54, 100 mM KCl, 50 mM MES, 

Ph 6.8).  The purification of N- and C-Tag-ST took 11 hours (harvest to concentrated 
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pooled fractions), thus providing another positive quality of Ni2+-agrose over the sCDP-

Hex affinity column.   Tables 2-5 and 2-6 summarize the purification of the N-Tag-ST 

and C-Tag-ST constructs respectively.   

Table 2-3.  Summary of a N-Tag-ST Purification 
 Volume Activity Yield  SA 
N-Tag-ST Purification mL mU % U U / L U/mg 
Cell Culture Supernatant 600 570 100 0.95 0.0009 
Load Buffer Addition 660 540 95 0.82 0.0003 
Ni-NTA Pooled Fractions 50 190 33 3.80 0.045 
Concentration  4.5 155 27 34.5 0.216 

 
Table 2-4.  Summary of C-Tag-ST Purification 

 Volume Activity Yield  SA 
C-Tag-ST Purification mL mU % U mU / L U/mg 
Cell Culture Supernatant 470 560 100 1.20 0.008 
Load Buffer Addition 580 420 75 0.72 0.007 
Ni-NTA Pooled Fractions 50 180 32 3.60 0.120 
Concentration  5.5 240 43 43.6 0.162 

 
Presented in the Tables 2-3 and 2-4, cell culture supernatant corresponds to 

collected supernatant 72 hours post infection of 2.5 x 106 cells/mL with 3 mL of N-Tag-

ST or C-Tag-ST recombinant baculovirus stocks.  Load buffer addition corresponds to 

activity after bringing the supernatant concentration to 20 % glycerol, 0.01 % triton CF 

54, and 50mM MES, pH 6.8.  Without the addition of both 20% glycerol 0.01% triton CF 

54, the resulting yields were less than 1%.  Ni2+-NTA pooled fractions correspond to 

fractions eluted with high specific activity.  Concentration corresponds to ultrafiltration 

of pooled fractions with an Amicon Ultrafiltration device with a polyethersulfone 

membrane with 10 kDa MWCO.  These constructs were sensitive to dilution, dialysis, 

and further ultrafiltration, with loss of 90% of the initial activity.   

Compared to sCDP-Hex resin, the Ni2+-NTA column retained all of the activity.  

Furthermore, to increase specific activity, an imidazole step gradient was used to elute 

proteins which may non-specifically absorb to the column.  For example, fractions eluted 
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with the 50 mM imidazole buffer appeared to be yellowish, but did not contain activity.    

Figure 2-10 illustrates the typical elution profile for either His6x-tag constructs.  The His6x 

tag enzymes eluted at 135 mM imidazole over 10 fractions (5 mL) with contant specific 

activity.  Figure 2-11 represents the SDS-PAGE of both constructs.  

0

100

200

300

400

500

600

700

800

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96

Fraction 

ug
/m

L 
of

 P
ro

te
in

0

2

4

6

8

10

12

14

16

m
U

Increasing Imidazole Concentration

● Activity in mU
◊ µg protein / mL

C
on

ce
nt

ra
tio

n 
of

 p
ro

te
in

 in
  µ

g/
m

L

A
ctivity in m

U

0

100

200

300

400

500

600

700

800

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96

Fraction 

ug
/m

L 
of

 P
ro

te
in

0

2

4

6

8

10

12

14

16

m
U

Increasing Imidazole Concentration

● Activity in mU
◊ µg protein / mL
● Activity in mU
◊ µg protein / mL

C
on

ce
nt

ra
tio

n 
of

 p
ro

te
in

 in
  µ

g/
m

L

A
ctivity in m

U

0

100

200

300

400

500

600

700

800

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96

Fraction 

ug
/m

L 
of

 P
ro

te
in

0

2

4

6

8

10

12

14

16

m
U

Increasing Imidazole Concentration

● Activity in mU
◊ µg protein / mL

C
on

ce
nt

ra
tio

n 
of

 p
ro

te
in

 in
  µ

g/
m

L

A
ctivity in m

U

0

100

200

300

400

500

600

700

800

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96

Fraction 

ug
/m

L 
of

 P
ro

te
in

0

2

4

6

8

10

12

14

16

m
U

Increasing Imidazole Concentration

● Activity in mU
◊ µg protein / mL
● Activity in mU
◊ µg protein / mL

C
on

ce
nt

ra
tio

n 
of

 p
ro

te
in

 in
  µ

g/
m

L

A
ctivity in m

U

 
Figure 2-10.  Protein Concentration and Activity Profile of a C-tag-ST Purification 
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Figure 2-11.  SDS-PAGE Analysis of TCA Precipitated N-Tag-ST and C-Tag-ST where: 

Lane 1 = C-Tag-ST; Lane 2 = Molecular Weight Markers; and Lane 3 =  N-
Tag-ST.  
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 Overt the last 25 years several laboratories have cloned and purified different 

sialyltransferases.  Table 2-5 corresponds to the trends on sialyltransferase cloning and 

purification as reported in the literature.   

Table 2-5.  Summary of Selected Sialyltransferase Cloning and Purification Papers 
Enzyme and 
Reference 

Source  Final  
Product 

Other Notes and 
(Acceptor Substrate) 

1) ST6Gal 
(1979) 
porcine 
submaxillary 
glands121 

Extracted from 
porcine 
submaxillary 
glands in intact 
form 

2.77 U 
2.4 % Yield 
62 ug 

Started with 20 L of cell 
extract (asialo-ovine 
submaxillary mucin)  

2) ST3Gal IV 
(1982) 
rat liver122 

Extracted from 
rat liver in 
intact form 

1.0 µmol/min (U) 
7 % Yield 
36 ug Total ST 

Started with 17 L extract. 
(asialo-α1-acid glycoprotein) 

3) ST6Gal I 
(1982) 
rat liver122 

Extracted from 
rat liver in 
intact form 

27 µmol/min (U) 
16 % Yield 
3.3 mg 

Started with 17 L extract 
(lacto-N-tetraose) 

4) ST3Gal IV 
(1985)119 
human 
placenta 

Extracted from 
human placenta 
in intact form 
(original clone 
for our studies) 

0.140 µmol/min (U) 
10 % Yield 
90 ug Total ST 

Extracted from 2 kg of 
human placenta (Galβ1-
4GlcNAc) 

5. ST3Gal IV 
(1992) 
porcine 
liver116 

Expressed in 
COS-1 cells 
with secretion 
peptide 

Did not fully 
characterize 
5mU/mL after  
harvest and 
concentration 

Main purpose was to identify 
and clone new ST (Galβ1-
3GlcNAc)  

6. ST3Gal V 
(1993)  
human 
placenta123 

Extracted from 
human placenta 
intact form 

Did not characterize Characterization of acceptor 
substrate and detergents 
(Galβ1-4GlcNAcβ1-3Gal) 

7. ST6Gal I 
(1995)  
human 
placenta107 

Expressed in 
Saccharomyces 
Cerevisiae 
Yeast in intact 
form 

Only reported U/L 
expression over 
time 
0.31 U / L in 150 L 
bioreactor 

Reported specific activity as 
resonstituted yeast 
lypophilisate 
0.8mU / mg protein 
(asialofetuin or asialo-ovine 
submaxillary mucin or 
LacNAc) 
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Table 2-5.  Continued 
Enzyme and 
Reference 

Source  Final  
Product 

Other Notes and 
(Acceptor Substrate) 

8. ST3Gal III 
(2003)  
rat liver113 

Expressed in  
Sf 9 insect cells 
with insulin 
secretion 
peptide and 
His6x tag 

Reported as 
immobilization 
yield: 59% 

Immobilized on 
nickel column 
for synthesis of 
sialylated oligosaccharide   
(β-D-Galp(1-3)-β-D-
GlcNAcp-OR) 

9. ST3Gal III 
(2003) 
human111 

Expressed in  
Sf 9 insect cells 
with IgM 
secretion 
peptide and IgG 
binding domain 
of IgG 

Did not fully 
characterize.  
Reported Specific 
activity to be 1.6 
U/mg. 
6.4 mg / mL 

Main purpose was to show 
that fusion of IgG protein A 
can be used  with affinity 
separation (asialofetuin) 

10. ST3Gal I 
(2004) 
human79 

Expressed in  
Sf 9 insect cells 
with insulin 
secretion 
peptide and 
His6x tag 

Only reported 
specific activity 
400 nU / mg 

Did not report all purification 
parameters (Galβ1-
3GalNAα-sp-biotin) 

 
Originally, sialyltransferases were purified from selected organs (Table 1-5, 

numbers 1-4, and 6) with difficult procedures needed for the extraction of activity.  With 

modern day molecular biology, the yields associated with a 1 L expression are 

comparable with early purification methods. Compared to other protein families, 

membrane bound proteins have always been difficult to purify in high yield because of 

the extraction protocols used and their hydrophobic nature. 

For the rest of the purifications described in Table 2-5 (numbers 5, and 7-10), the 

full characterization of the purification was not as important because the clone of interest 

was used for mutagenesis studies, kinetic studies, specificity studies, or synthesis of 

sialylated oligosaccharides.  For these types of publications, authors present relative 

activity differences and partial kinetic parameters to validate the importance of their 

application.  Furthermore, sialyltransferases have specific acceptor substrates; however, a 
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glycan found on a glycoprotein versus a glycan not bound to a glycoprotein will exhibit a 

different Km.  There are other papers published on sialyltransferase cloning and 

purification which not presented; however, they follow the same trends observed in Table 

2-5.     

Compared to the literature values presented in Table 2-5, our purification tables 

reflect similar values for expression and final yields.  Our specific activities may be lower 

than expected because a non-standard acceptor substrate (α-lactose) was used with the 

activity assays.  Furthermore, it appears that other investigators had problems 

concentrating the enzyme.  This observation is based on the lack of full characterization.  

Sialyltransferases are difficult enzymes to clone and purify, but modern biochemistry and 

MS analysis are geared for analysis of low concentrations of enzymes.  The fact that is it 

difficult to purify large quantities of sialyltransferases (and most glycosyltransferases) 

has translated into a lack of crystal structures and the lack of complete characterizations.       

Concentration/dilution studies on N-Tag-ST 

To investigate the stability of recombinant hST3Gal IV, the N-Tag-ST construct 

was used as a model.  The main purpose of these experiments was to determine if the N-

Tag-ST could be desalted with a minimal loss of activity.  Furthermore, for the labeling 

experiments presented in Chapters 4 and 5, it would be beneficial to remove excess 

labeling agents.  Unfortunately, dialysis resulted in recovery of 10 % of the initial 

activity.  The next strategy was to use different micro-ultrafiltration devices after dilution 

with an exchange buffer (20% glycerol, 0.05 % triton X-100, 100 mM KCl, and 50 mM 

MES, pH 6.8).  Dilution of recombinant hST3Gal IV by a factor of 10 with one addition 

of exchange (dilution) buffer, followed by ultrafiltration with a 50 mL capacity Amicon 
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ultrafiltration stir cell with an amicon polyethersulfone membrane with a 10 kDa 

MWCO, led to the loss of 95 % of the initial activity.  This result was surprising because 

it was the same filtration unit and membrane used for the concentration of the pooled 

fractions after purification.  The use of a Millipore micron centrifugal filter device 

(MICRON YM-10; Reg. Cellulose; 10,000 MWCO) for concentration resulted in the loss 

of 99% of the initial activity.  For the best results, concentration of N-Tag-ST was 

performed with a Millipore ultrafree-MC centrifugal filter unit (Durapore PVDF 

membrane;10,000 MWCO) with 400 µL capacity.   

Figure 2-12 represents the 1:1 dilution of purified N-Tag-ST with different 

concentrations of triton X-100 or triton CF 54 present in the dilution buffer described 

earlier.  The purified enzyme was dilute in half with either triton X-100 (red bar graphs) 

or triton CF 54 (blue bar graphs).  The percent original activity was normalized based on 

the dilution factor.  The data revealed that dilution to 0.025 % triton X-100 retains higher 

percent original activity than samples diluted with triton CF 54 at any concentration. 
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Figure 2-12.  Effect on Activity of N-Tag-ST with Dilution of Different Detergent 

Concentrations 
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Figure 2-13 represents the ultrafiltration of the N-Tag-ST with Millipore ultrafree-

MC centrifugal filter units (Durapore PVDF membrane;10,000 MWCO) after dilution  

with 20% glycerol, 0.01 %, triton X-100, 100 mM KCl, 50 mM MES, pH 6.8.  On the x-

axis, the first value corresponds to the volume of purified N-Tag-ST added to the device, 

with the second value corresponding to the number of 200 µL dilutions with the buffer 

described above.  For example, 400 x 0 corresponds to 400 µL of purified N-tag-ST 

concentrated to 100 µL; 200 x 3 corresponds to 200 µL of purified N-tag-ST diluted to 

400 µL with dilution buffer, then concentrated to about 200 µL, followed by the addition 

of 200 µL of dilution buffer, then concentrated to 200 µL again, followed by the addition 

of 200 µL of dilution buffer again, then concentrated to 100 µL.  The dilution of N-Tag-

ST was performed in the device in between centrifugation cycles.  Percent activity was 

normalized based on the activity prior to concentration and the final volume (~100µL).  It 

appears that the N-Tag-St construct is not stable under the conditions described for 

removal of high salt concentrations. 
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Figure 2-13.  Effect on N-Tag-ST Activity with Different Dilution Factors and 

Concentration with Millipore Ultrafree-MC Centrifugal Filter Units  
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To ensure that imidazole did not affect the activity assay, a blank consisting of 135 

mM imidazole did not produce activity above background.  It appears that there was not a 

useful protocol for removal of imidazole salt.  For the labeling studies presented in 

Chapters 4 and 5, the constructs were derivatized after purification with no further 

desalting. 

Kinetic parameters   

Kinetic parameters were determined in collaboration with Dr. Erin Burke.  Table 2-

6 presents the experimental kinetic parameters for our recombinant hST3Gal IV 

constructs and the wild-type human placental ST3Gal IV.119  In comparison to our 

expressed hST3Gal IV constructs, the WT ST3Gal IV was purified with the N-terminal 

domain and the stem region intact.  The kinetic data suggests that the inclusion of these 

domains with the WT ST3Gal IV effectively lowers the affinity for α-lactose.  The 

second important data point presented in Table 2-6 is the marginal increase of the C-tag-

ST Km for CMP-NeuAc.  It is suggested that a His6xtag added to the N-terminal end of 

the catalytic domain will not change the structure of the protein, whereas a His6xtag 

added to the C-terminal may change the structure of the enzyme.  Since the WT, Ins, and 

N-Tag ST have similar Km values for CMP-NeuAc, and the C-Tag-ST has an increased 

Km value, it is suggested that the C-terminal region is important for binding of CMP-

NeuAc. 

Table 2-6.  Summary of Kinetic Parameters for Different Sialyltransferase Constructs  
 CMP – NeuAc α-lactose 
Recombinant Enzyme Km (µM) Km (mM) 
WT ST3Gal IV119 63 220 + 40 
Ins – ST 82 + 5 171 + 18 
N - Tag – ST 74 + 8 155 + 14 
C - Tag – ST 267 + 20 158 + 11 
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Conclusion 

The addition of a His6xtag to the N-terminal or C-terminal end of the catalytic 

domain of ST3Gal IV (N-Tag-ST and C-Tag-ST) provided constructs that were much 

easier to purify than Ins-ST.  All three sialyltransferase constructs had similar Km values 

for donor and acceptor substrates in comparison to the wild-type h23STGal IV, except 

the C-Tag-ST Km for CMP-NeuAc.  Normally, the N-terminal end of the catalytic 

domain is extended through a stem region to an anchor which ligates the protein to the 

golgi apparatus; therefore, changes in the in the N-terminal region of the catalytic domain 

of ST3Gal IV would not necessarily perturbate structure.  Since the C-Tag-ST Km is 

larger for the donor substrate, it is proposed that the His6xtag slightly alters the secondary 

structure.  Lastly, since Ins-ST, C-Tag-ST, and N-Tag-ST were not stable to desalting 

procedures, the construct will be derivatized with bioconjugation techniques in the 

purification buffers with no further sample clean up.  

Methods and Materials 

All restriction enzymes, E. coli strains JM109 & ER2925, DNA Polymerase I 

(Klenow, Large Fragment), and T4 DNA ligase were purchased from New England 

BioLabs (Beverly, MA).  Wizard® Plus Minipreps Kit and dNTPs were purchased from 

Promega (Madison, WI).  Shrimp alkaline phosphatase (SAP) was purchased from Roche 

(Indianapolis, IN).  QIAquick® Nucleotide Removal Kit and QIAquick® Gel Extraction 

Kit were purchased from Qiagen (Valencia, CA). The BCA Protein Assay Kit was 

purchased from Pierce (Rockford, IL).  The BAC-TO-BAC Baculovirus Expression 

System (BBES), Spodoptera frugiperda (Sf 9) insect cells, BACPACKTM Baculovirus 

Rapid Titer Kit, and DH10 BAC E. coli competent cells were purchased from Invitrogen 

(Carlsbad, CA).   Primers for cloning and PCR analysis were obtained from Integrated 
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DNA Technologies (Coralville, IA).  The protocol for recombinant virus preparation was 

found in Invitrogen’s instruction manual for BBES version D April6, 2004.  The 

sepharose CDP-hexanolamine affinity column (sCDP-Hex) was prepared as per the 

literature.121;124  The [6-3H] N-acetyl D-mannosamine isotopomer used in the synthesis of 

[9-3H] NeuAc was purchased from Moravek.  N-acetyl neuraminic acid (NANA) aldolase 

[EC 4.1.3.3] used with the synthesis of [9-3H] neuraminic acid (NeuAc) was cloned, 

overexpressed in E. coli and purified according to literature procedures.125;126  The E. coli 

expression plasmid pWV200B harboring the E. coli CMP-NeuAc synthetase gene [EC 

2.7.7.43] used for the synthesis of all CMP-NeuAc substrates was a generous gift from 

Dr. W. F. Vann at the National Institutes of Health.  Radioactive samples from 

sialyltransferase activity assays were analyzed with a Packard 1600 TR liquid 

scintillation analyzer.  Trypsin for in-gel digestion was purchased from Promega and 

Sigma-Aldrich (St. Louis, MO).  All other chemicals for purification were obtained from 

Sigma-Aldrich in the highest-purity.  

Baculovirus vector preparation for Ins-ST  

The original expression construct derived from pFastBackHTa contained an N-

Terminal polyhistidine tag, but lacked a secretion signal (N. Horenstein, unpublished 

work).  The sequence coding for the His-tag was removed from the construct with RsrII 

and BamHI.  A 114 bp insert containing the sequence coding for the canine insulin leader 

peptide with flanking RsrII and BamHI sites was prepared in the following way.  Two 

complementary single-stranded 70 bp oligonucleotide primers (Forward Ins-ST:  5’- 

CGCGCGGTCCGAAATGATGGCCCTCTGGATGCGCCTCCTGCCCCTGCTGGCCC

TGCTGGCCCTCTGGGCG-3’ and Reverse Ins-ST:  5’- 

GCGGATCCGCCCCGGGAATCAACGAAGGCTCGGGTGGGCGCGGGCGCCCAG
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AGGGCCAGCAGGGCCAGCA-3’) spanning the insulin leader peptide were obtained 

commercially.  The underlined bases denote the location of the RsrII and BamHI 

restriction sites for the Forward Ins-ST and Reverse Ins-ST primers, respectively. The 

oligonucleotides were annealed and then filled in with Klenow fragment to produce the 

114 bp insert which was doubly-digested with RsrII and BamHI.  The insert was then 

ligated into the RsrII and BamHI restriction sites of the expression vector using T4 DNA 

ligase.  The new construct (Ins-ST) was sequenced at the University of Florida ICBR 

Protein Core Facility to confirm insertion of the Ins-ST gene.  Isolation of bacmids and 

generation of baculovirus followed the BBES protocols. 

Baculovirus vector preparation for N-Tag-ST  

The Ins-ST plasmid was digested for 12 hours at 37 ºC with BamHI.  Clean-up of 

the enzymatic digestion was performed using the QIAquick® Nucleotide Removal Kit.  

The plasmid was digested with StuI (6h at 37 ºC), thermally inactivated (20 min at 65 

oC), agarose gel purified, and extracted using the QIAquick® Gel Extraction Kit.  The 5’ 

ends generated by digestion were dephosphorylated using SAP.  The entire 

Nterm6XHisTag insert was created by allowing two complimentary primers to anneal 

and was then extended with Klenow fragment.  Primers were mixed in equal volumes 

(2.5 µL) of NtermHISFor_Upper (5’- 

GGTAGGCCCTGGCCATTAAGCGGATGCTGGAGATGGGAGCTATCAAGAACCT

CACGTCC-3’), (50 µM, 0.80 µg/µL) and NtermHisRev_Lower (5’- 

AGCAGGCCTTGCTCTCTGCCTCACCCTGGAGGAGGCACGGCTCCTTCTTCTCG

CC-3’), (50 µM, 0.81 µg/µL) and heated at 90 ºC for 10 minutes.  After allowing the 

mixture to equilibrate to room temperature, it was brought up to a total volume of 20 µL 

containing 11.2  µL deionized water, 420 µM of a dNTP mixture, 10 mM Tris-HCl pH 
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7.5, 5 mM MgCl2, 7.5 mM dithiothreitol, and 5 U of Klenow fragment.  This reaction 

mixture was then allowed to incubate at 25 ºC for 80 minutes.  After inactivation (20 

mins at 75 oC) the mixture was cooled to room temperature and then doubly digested 

with BamHI and StuI (9 hours at 37 ºC).  Following heat inactivation, a clean-up of the 

enzymatic reaction was performed using the QIAquick® Nucleotide Removal Kit.  The 

Nterm6XHisTag insert was then ligated into the BamHI/StuI sites of the 

pFastBacHTaInsulin/ST vector.  The new construct, 

pFastBacHTaInsulin/Nterm6XHisTag/ST (N-Tag-ST), was sequenced at University of 

Florida ICBR Protein Core Facility to confirm the presence of the Nterm6XHisTag 

insert.  Isolation of bacmids and generation of baculovirus stocks followed the BBES 

protocol. 

Baculovirus vector preparation for C-Tag-ST  

The pFastBacHTaInsulin/ST plasmid was purified from E. coli strain ER2925 

(dcm-) using the Wizard® Plus Minipreps kit.  This step was necessary to produce 

plasmid that could be restricted with Dam or Dcm- sensitive restriction enzymes such as 

Eco01091.  The isolated plasmid was digested with Eco0109I for 10 hours at 37 ºC.  

Clean-up of the enzymatic digestion was performed using the QIAquick® Nucleotide 

Removal Kit.  The Eco0109I digested plasmid was digested for 8 hours at 37 ºC with 

XhoI.  After thermal inactivation (20 min at 65 oC), the doubly digested plasmid was 

agarose gel purified then extracted with the QIAquick® Gel Extraction Kit.  The 5’ ends 

generated by digestion were dephosphorylated using SAP. 

The C-Tag-ST insert was created following a similar procedure to that of the 

Nterm6XHisTag insert.  Primers were mixed in equal volumes (2.3 µL) of 

CtermHISFor_Upper (5’- 
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GGTAGGCCCTGGCCATTAAGCGGATGCTGGAGATGGGAGCTATCAAGAACCT

CACGTCC-3’), (50 µM, 0.88 µg/µL) and CtermHisRev_Lower (5’- 

AGCCTCGAGTTAGTGATGGTGATGGTGATGACCGCCGAAGGACGTGAGGTTC

TTGATAGC-3’), (50 µM, 0.92 µg/µL) and heated at 90 ºC for 10 minutes.  After 

allowing the mixture to equilibrate to room temperature, it was brought up to a total 

volume of 20 µL containing 11.5  µL deionized water, 462 µM  of a dNTP mixture, 10 

mM Tris-HCl pH 7.5, 5 mM MgCl2, 7.5 mM dithiothreitol, and 5 U of Klenow fragment.  

This reaction mixture was then allowed to incubate 25 ºC for 2 hrs.  After inactivation, 

the mixture was cooled to room temperature and then digested with Eco0109I (16 h at 37 

ºC).  The plasmid was purified using the QIAquick® Nucleotide Removal Kit, digested 

with XhoI (8 h at 37 ºC), then thermally inactivated.  The Cterm6XHisTag insert was 

ligated into the Eco01091/XhoI sites of the pFastBacHTaInsulin/ST vector.  The new 

construct, pFastBacHTa/ST/6XHisTag/CtermInsulin (C-Tag-ST), was sequenced at 

University of Florida ICBR Protein Core Facility to confirm the presence of the 

Cterm6XHisTag insert.  Isolation of bacmids and generation of baculovirus stocks 

followed BBES protocol. 

Expression and purification of Ins-ST 

Recombinant baculovirus stocks, as prepared following the common BBES 

protocols, were amplified four times before a sufficient titer was obtained.  For Ins-ST 

baculovirus amplification, Sf 9 insect cell cultures (50 - 75 mL) containing 2 x 106 

cells/mL were infected with 4 mL of viral stocks, collected 42-50 hours post-infection, 

and centrifuged at 4000 rpm for 15 mins at 4oC .  Prior to subsequent amplifications or 

expression, viral stocks were filtered with 0.2 µm sterile filters.  For Ins-ST expression, 
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cell cultures (50 - 75 mL) containing 2 x 106 cells/mL in 250 mL polycarbonate shaker 

flasks (Corning, NY) were infected with 3 mL of viral stock with a titer of 1.7 x 108 

pfu/mL. After 72 hours post infection, the following purification protocols were 

followed. 

Cultures were collected and centrifuged at 14000 RPM (4o C), after which, the 

supernatant was concentrated using a 200 mL capacity Amicon ultrafiltration stir cell 

model 8200 (Billerica, MA) with an amicon ultrafiltration polyethersulfone membrane 

with a 10 kDa MWCO (product number PBGC04310).  The concentrate was brought to 

20% glycerol, 0.01 triton CF 54, 300 mM β-lactose and loaded onto a sepharose CDP-

hexanolamine affinity column (1.7 x 12 cm) equilibrated with 10 mL of a buffer 

containing 300 mM β-lactose, 20% glycerol, 0.01% triton CF 54, and 50 mM MES, pH 

6.8 at 4 oC.  This buffer was also used to wash the column after loading the sample.  

Elution of enzyme proceeded using a KCl step gradient of 150 mM, 250 mM, 350 mM 

and 450 mM.  These KCl buffers also include 20% glycerol, 0.01% triton CF 54, 50 mM 

MES, pH 6.8.  Fractions (5 mL) containing activity were pooled and concentrated with a 

50 mL Amicon ultrafiltration stir cell model 8050 with an Amicon polyethersulfone 

membrane with a10 kDa MWCO (product number: PBGC09005) .  Activity was 

determined by the method described below.  Bradford and bicinchoninic acid (BCA) 

assays were used to estimate protein concentration.  

Expression and purification of N-Tag-ST and C-Tag-ST  

Recombinant baculovirus stocks, as prepared following the common BBES 

protocols, were amplified four times before a sufficient titer was obtained.  For N-Tag-ST 

and C-Tag-ST baculovirus amplification, Sf 9 insect cell cultures (50 - 75 mL) containing 

2 x 106 cells/mL were infected with 4 mL of viral stocks, collected 42 – 50 hours post-
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infection, and centrifuged at 4000 rpm for 15 mins at 4oC .  Prior to subsequent 

amplifications or expression for purification, viral stocks were filtered with 0.2 µm sterile 

filters.  For N-Tag-ST and C-Tag-ST expression, cell cultures (50 - 75 mL) containing 2 

x 106 cells/mL in 250 mL polycarbonate shaker flasks (Corning, NY) were infected with 

3 mL of 2.1 x 108 pfu/mL viral stock (N-Tag-ST) or 3 mL of 2.7 x 108  pfu/mL viral 

stock (C-Tag-ST).   After 72 hours post infection, the following purification protocols 

were followed.  

Cultures were collected and centrifuged at 14000 RPM (4o C), after which, the 

clarified supernatant was brought to 20% glycerol, 0.01 % Triton CF 54.   Novagen Ni-

NTA-His Bind ® resin was packed into a column (2 x 10 cm) at 4oC and was equilibrated 

with 10 mL of buffer containing 5 mM imidazole, 100 mM KCl , 20% glycerol, 0.01% 

triton CF 54, 50 mM MES pH 6.8.  After loading, the column was washed with 10 

column equivalents of a buffer containing 300 mM β-lactose, 5 mM imidazole, 100 mM 

KCl , 20% glycerol, 0.01% triton CF 54, 50 mM MES pH 6.8, followed by a 5 column 

equivalent wash with a buffer containing 5 mM imidazole, 100 mM KCl, 20% glycerol, 

0.01% triton CF 54, 50 mM MES pH 6.8.  Next, the column was washed with a buffer 

containing 50 mM imidazole, 100 mM KCl, 20% glycerol, 0.01% triton CF 54, 50 mM 

MES pH 6.8 to remove any proteins which non-specifically bind to the column.  Finally, 

N-Tag-ST or C-Tag-ST was eluted with a buffer consisting of 35 mM imidazole, 100 

mM KCl, 20% glycerol, 0.01% triton CF 54, 50 mM MES pH 6.8.  Fractions (5 mL) 

containing activity were pooled and concentrated with a 50 mL Amicon ultrafiltration stir 

cell model 8050 with an Amicon polyethersulfone membrane with a10 kDa MWCO 

(product number: PBGC09005).  Activity was determined by the method described 
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below.  Bradford and bicinchoninic acid (BCA) assays were used to estimate protein 

concentration.  

Activity assays for recombinant sialyltransferase    

All activity assays reported on sialyltransferase were performed in the following 

way: a 10 µL aliquot from a selected sample was incubated with a 10 µL mixture of 100-

170 µM [9’ 3H] CMP-NeuAc (final concentration of 50 to 85 µM; 10,000 - 20,000 

counts-per-min; specific activity of 10 - 20 µCi/µmol) and 235 mM α-lactose (final 

concentration of 118 mM) for the appropriate amount of time to limit the consumption of 

CMP-NeuAc to less than 10% at 25 oC.  The reaction mixture was quenched with 500 

mL of 5 mM inorganic phosphate buffer, pH 6.8 and then applied to a Dowex 1 X 8, 200 

mesh (PO4
2-) mini-columns pH 6.8.114;122   Reactions were eluted with 3.5 mL of 5 mM Pi 

buffer pH 6.8 into liquid scintillation vials.  The definition of a unit of activity is the 

amount of enzyme that produces 1 µmol of sialyl-lactose per minute under the assay 

conditions described.  Because the activity was not obtained under saturating conditions, 

the activity reported was corrected with experimentally determined kinetic parameters, 

known substrate concentrations, and the following bi-substrate equation. 

νadjusted = (νmax*[A]*[B]) / (KmA* KmB + KmA* [B] + KmB[A] + [A]*[B]) 

N-Tag-ST stability experiments 

All samples and dilution buffers were kept at 4 oC during these experiments.  N-

Tag-ST sample starting buffer consisted of 20% glycerol, 0.01 % triton CF 54, 100 mM 

KCl, 135 mM imidazole (i.e. purification buffer).  The following conditions were used to 

generate the graph illustrating the activity of N-Tag-ST after dilution with different 
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detergent concentrations (Figure 2-12).  Percent activity was normalized based on the 

activity prior to dilution and the final volume.       

• 0.025% Triton X-100:  N-Tag-ST (20 µL) was diluted to 40 µL with a buffer 
consisting of 20% glycerol, 0.05 % triton x 100, 100 mM KCl, 50 mM MES pH 
6.8. 

• 0.050% Triton X-100:  N-Tag-ST (20 µL) was diluted to 40 µL with a buffer 
consisting of 20% glycerol, 0.1 % triton x 100, 100 mM KCl, 50 mM MES pH 6.8. 

• 0.010% Triton CF 54:  N-Tag-ST (20 µL) was diluted to 40 µL with a buffer 
consisting of 20% glycerol, 0.01 % triton CF 54, 100 mM KCl, 50 mM MES pH 
6.8. 

• 0.025% Triton CF 54:  N-Tag-ST (20 µL) was diluted to 40 µL with a buffer 
consisting of 20% glycerol, 0.05 % triton CF 54, 100 mM KCl, 50 mM MES pH 
6.8. 

• 0.050% Triton CF 54:  N-Tag-ST (20 µL) was diluted to 40 µL with a buffer 
consisting of 20% glycerol, 0.1 % triton CF 54 / 100 mM KCl / 50 mM MES pH 
6.8. 

For the dilution\concentration experiments, ultrafiltration was performed with 

Millipore’s Ultrafree-MC centrifugal filter units (Durapore PVDF membrane;10,000 

MWCO; 400 µL capacity) at 3000 RPM.  The following conditions were used to examine 

enzyme activity after dilution and concentration with different dilution factors (Figure 2-

13).   For nomenclature, the first value corresponds to the volume of purified N-Tag-ST 

added to the device, with the second value corresponding to the number of dilutions with 

dilution buffer (20% glycerol, 0.01 %, triton X-100, 100 mM KCl, 50 mM MES pH 6.8).  

Percent original activity was normalized based on the activity prior to concentration and 

the final volume (~100 µL). 

• 400 x 0:  N-Tag-ST (400 µL) was concentrated to a final volume of 102 µL. 

• 200 x 1:  N-Tag-ST (200 µL) was first diluted to 400 µL with dilution buffer  prior to 
being concentrated to a final volume of 132 µL. 
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• 200 x 3: N-Tag-ST (200 µL) was first diluted to 400 µL with dilution buffer.  After 
concentration to 200 µL, another 200 µL of dilution buffer was added to the 
concentrate while still in the unit.  The solution was then concentrated one more 
time to 200 µL, when upon the sample was     diluted to 400 µL again with dilution 
buffer prior to being concentrated to  a final volume of 140 µL. 

• 100 x1:  N-Tag-ST (100 µL) was first diluted to 400 µL with dilution buffer prior 
to being concentrated to a final volume of 70 µL. 

• 200 x 5:  N-Tag-ST (200 µL) was first diluted to 400 µL with dilution buffer. After 
concentration to 200 µL, another 200 µL of dilution buffer was added to the 
concentrate while still in the unit. Dilution and concentration was performed 3 
more times until a final volume of 120 µL was achieved. 

• 400 x 5:  N-Tag-ST (200 µL) was first concentrated to 200 µL before being diluted  
to 400 µL with dilution buffer.  Dilution and concentration was  performed 4 more 
times until a final volume of 120 µL was achieved. 

In-gel digestion of glycoprotein 64 

Glycoprotein 64 (GP 64) was identified by SDS-PAGE analysis, in-gel digested 

with Trypsin Gold (Promega), and LCQ-MS analysis of extracted peptides.  The band 

corresponding to GP 64 was cut into 1mm cubes and washed 2 times with water in 500 

µL microfuge tubes.  The cubes were then destained with 100 to 150 µL of a buffer 

containing 25 mM ammonium bicarbonate and 50 % acetonitrile at 27 oC for 4 to 8 hours 

with removal and re-application 3 times.  After all the coomassie blue stain was extracted 

from the gel slices, they where again washed with water.  To digest recombinant 

sialyltransferase, 50 µL of 20 ng/µL trypsin in 20 mM ammonium bicarbonate was added 

and allowed to absorb into the gel cubes for 30 minutes at 27 oC.  Next, the appropriate 

volume of 20 mM ammonium bicarbonate was added to cover the gel cubes and allowed 

to incubate at 27 oC overnight.  Supernatant was collected with subsequent extraction of 

peptides from the gel cubes with 100 µL of a buffer containing 30 % acetonitrile and 5% 

acetic acid (v/v) three times.  Collected supernatant and extracted peptides were 
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combined and vacuumed to dryness with a Labconco CentriVap Concentrator (Model 

number 7810000) at 37 oC.  For LCQ MS analysis, samples were re-suspended in 5% 

methanol, 0.5 % acetic acid (v/v). 

MS analysis 

LCQ MS was performed on a Thermo Electron LCQ Deca (San Jose, CA) operated 

in positive ion mode.  A spray voltage of 1.8 kV +/- 0.2 was applied at the liquid junction 

before a capillary column.  An Eldex MicroPro pump delivered solvent at 6 µL/min to a 

LC Packings C18 PepMap Nano-Prepcolumn (0.3 x 1 mm).  Five microliters of sample 

was loaded onto the nano-prep column and washed for 5 mins at 0 % B.  After washing, 

the direction of flow was reversed with a new flow rate of 200 nL/min after pre-column 

splitting from 8 µL/min.  Elution of peptides from a New Objective (0.75mm x 5 mm) 

Proteopep capillary column included a gradient of 3-60% B over 30 minutes and 60-90% 

B over 1 minute with solvent A as 0.1% acetic acid, 3% acetonitrile and solvent B as 

0.1% acetic acid, 95% acetonitrile.   
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CHAPTER 3 
HYDROGEN / DEUTERIUM EXCHANGE HPLC-MS FOR SIALYLTRANSFERASE 

SECONDARY STRUCTURE 

Introduction to Hydrogen/Deuterium Exchange HPLC-MS  

The full characterization of a protein requires the understanding of function, 

structure, and dynamics as investigated with a variety of techniques. A protein’s 

functional characterization is normally performed with biochemical, molecular, and 

cellular types of analysis (Chapter 2), whereas protein tertiary structure and dynamics are 

investigated with physical methods.127  Over the last 10 years, many groups have applied 

hydrogen-deuterium exchange (H/Dx) coupled with on-line HPLC-MS as an analytical 

technique to describe protein secondary structure in regards to protein topology, protein-

protein interactions, protein folding dynamics, and protein-ligand interactions.128  H/Dx 

provides information on the solvent accessibility of amide protons by the exchange of a 

proton to a deuterium.  Since there is a mass shift associated with this exchange, MS is 

used to determine the new molecular weight, thus yielding information on solvent 

accessible sites.  Because MS is geared towards analyzing very small amounts 

(picomoles) of proteins and mass shifts associated with protein/peptide derivatization, 

many investigators have chosen H/Dx HPLC-ESI-MS to study the secondary structure 

and the folding dynamics of a particular protein.   

Including H/Dx HPLC-ESI-MS, X-ray crystallography and nuclear magnetic 

resonance (NMR) may describe protein three dimensional structure.  X-ray 

crystallography and NMR are proven techniques for locating all atoms in a protein to 
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within 2-3 Å.127;129  NMR spectroscopy has improved, but analysis is still limited to 

proteins under 35,000 Da and a minimal amount of posttranslational modifications 

(PTMs).  In regards to X-ray crystallization, the art of crystallizing proteins has limited 

the number of protein crystal structures reported.130  Also, proteins with PTMs, such as 

glycosylation, normally hamper crystallization.127  We evaluate H/Dx HPLC-ESI-MS to 

study the active-site amino acids and dynamics of recombinant hST3Gal IV because it’s 

molecular weight is about 37,000 Da and it contains four N-linked glycan. 

Monitoring Hydrogen/Deuterium Exchange of Amide Protons 

H/Dx of protein amide protons may be monitored with a variety of methods; 

however, NMR and MS are currently the main analytical methods for analysis because of 

high through-put demands.  The first discussion of H/Dx was presented by Linderstrom-

Lang in the mid 1950’s after the description of α-helixes and β-sheets.131  They 

speculated that hydrogens not involved with H-bonding should be observable with 

exchange experiments.  In the 1960’s, hydrogen-tritium exchange with liquid scintillation 

analysis  demonstrated that different exchange rates were observable between amide 

protons involved with H-bonding and those which were solvent accessible.   

NMR spectroscopy has also been used to study H/Dx; however, NMR spectroscopy 

has the limitations described earlier.  Johnson and co-workers were the first to use H/Dx 

HPLC-ESI-MS to investigate the differences between apo- and holomyoglobin in 

1994.131   H/Dx monitored with NMR spectroscopy is considered to be high-resolution in 

comparison to H/Dx HPLC-MS because NMR may yields spatial resolution (exact sites 

of exchange) and MS yields segment resolution (mass shift of a exchanged proteolytic 

peptide in comparison to the mass of a the same non-exchanged proteolytic peptide).  
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Furthermore, the H/Dx of HEWL (~14.3 kDa) with NMR and MS analysis resulted in 

similar descriptions of solvent assessable amide protons.132  

Theoretically, MS/MS may provide the same spatial resolution as NMR; however, 

hydrogen and deuterium may scramble upon peptide fragmentation to provide useless 

information.129  Currently, it is accepted that MS/MS spectra are not useful for locating 

individually exchanged amide protons.  Thus, the length of a peptide as analyzed with 

MS is inherent to the spatial details of solvent accessible amide protons.  The digestion of 

exchanged proteins is performed at low pH with pepsin.  Pepsin is the main low pH 

protease readily available for H/Dx HPLC-MS work flows.  Since pepsin does not have 

strict specificity for polypeptide cleavage, peptides with different cleavages within the 

same region may overlap to provide spatial resolution.133   

Hydrogen/Deuterium Exchange Kinetics 

Proteins have protons with different exchange kinetics.  For amide protons, the 

kinetics are determined by protein structure, pH, and adjacent amino acid side chains. 

These three characteristics affect solvent accessibility, backbone flexibility, and hydrogen 

bonding.  If an amide proton is exposed to D2O at pH 7.0 (25 oC), the exchange rate will 

be about 10-1s.    In comparison, the exchange rates of amide protons involved with H-

bonding are about 108 s.128    

Proteins in solution exhibit highly dynamic behavior such as native flexing, also 

known as “breathing.”  Furthermore, proteins may undergo allosteric or local changes 

(“hinge movement”) upon protein-protein or protein ligand binding.127;134-136  The 

changes in structure may be from local fluctuations to large conformational perturbations, 

thus changing the intermolecular and solvent interactions of amide protons.136  The 

difference between exchange rates of amide protons in unfolded and folded proteins 
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provides a probe for studying conformational changes and dynamic process.  The model 

for exchange kinetics of local or global protein structure is described with Equations 1 

through 3 in Figure 3-1, where kex is the observed exchange rate for amide protons, k1 is 

the unfolding rate of the protein, k2 is the exchange rate of the solvent accessible amide 

protons, and k-1 is the refolding rate of the protein.   

Equation 1:     kex = k0ki/(k0+kc+ki)

Equation 2:    EX1    ki >> kc then kex = k0

Equation 3:    EX2    kc>> ki then kex = k0ki/ki  
Figure 3-1.  Equations Describing H/Dx Kinetics128;135   

The link between measurable H/Dx rates and flexing dynamics is described by 

Equation 1.  From Equation 1, two extremes of kinetics, EX 1 for Equation 2 and EX 2 

for Equation 3 are described.  EX 1 represents the pseudo-first order kinetics in which 

any un-folded event will result in complete exchange of the region which becomes 

solvent accessible, thus the rate limiting step for EX1 is the protein unfolding.  EX 2 

represents the second-order kinetics in which protein-refolding is faster than H/Dx.  

Portions of the proteins must unfold and refold several times before all portions of the 

particular section are completely exchanged.  Normally, proteins in solution follow the 

EX 2 mechanism, whereas H/Dx under denaturing conditions will follow the EX 1 

mechanism.  The EX 2 mechanism is used to calculate protein folding energies (free-

energy of folding) and the E1 mechanism is used to map individual conformation states 

that become populated upon different denaturing conditions.135   

For the purpose of structural proteomics, it is beneficial to study proteins which 

have an EX 2 mechanism.  If a protein has an EX 1 mechanism, a bimodal distribution 

i.e., two separate mass envelopes, is observed with MS analysis.  This means that the 
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protein being studied is not stable under the conditions used for H/Dx.  For structural 

proteomic studies, it is important to maintain the tertiary structure of proteins in solution  

during exchange.127 

Operational Aspects of H/Dx HPLC-ESI-MS Experiments 

To initiate exchange, the protein is diluted with 99.9 % D2O at pH 7.0 (with and 

without substrate), quenched with formic or acetic acid at 0 oC, digested with pepsin, and 

analyzed with HPLC ESI-MS.  Compared are peptides with the same primary sequence 

but different molecular weights due to deuterium incorporation.  The equation in Figure 

3-2 is applied to calculate deuterium incorporated (D) into a protein or peptide, where mt 

is the protein or peptide mass at a designated exchange/quench time, m0% is the mass of 

the protein or peptide without deuterium incorporation, m100% is the theoretical mass of a 

fully deuterated protein or peptide, and N is the total number of amide protons available 

for exchange. 

D  = N                              
mt - m0%

m100% - m0%
[ (        )]D  = N                              

mt - m0%

m100% - m0%
[ (        )]D  = N                              

mt - m0%

m100% - m0%
[ (        )]

 
Figure 3-2.  Equation for Calculating the Number of Exchanged Amide Protons 131 

One of the most important practical aspects of H/Dx HPLC-ESI-MS is back-

exchange of deuterium to hydrogen upon sample analysis.  Back-exchange is a pH, 

temperature, and time dependent process, thus the time needed for pepsin digestion and 

separation are optimized to minimize back-exchange.133  Furthermore, digestion and 

separation are performed at low pH and 0 oC.   
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Global exchange and local exchange experiments are designed to obtain maximum 

amounts of data (Figure 3-3).131  A global exchange experiment refers to a non-digested 

protein, whereas a local exchange experiment refers to a digested protein.   
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low pH buffer at different time intervals
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Figure 3-3.  Analytical Work Flow for H/Dx Experiment 

For a global exchange experiment, three steps are needed.  First, the protein is 

exchanged then quenched with a low pH buffer.  Second, HPLC provides a quick desalt 

and allows fast exchanging protons found on amino acid side chains to exchange back to 

protons.  Lastly, proteins are analyzed with MS.  The total mass increase between non-

exchanged and exchanged protein yields the total number of solvent accessible amide 

protons.  The local exchange protocol follows the same steps as the global exchange 

experiment; however, digestion with pepsin is added after the quench step.  Peptic 

peptides are mapped against the primary sequence of the selected protein to determine the 

percent coverage and possible local resolution.       

Hydrogen/Deuterium Exchange HPLC-ESI-MS Analysis of Selected Proteins 

It is the goal of structural proteomics to provide useful answers to biological 

questions based on well-designed experiments.  Many laboratories have reported H/Dx 
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HPLC-ESI-MS methodologies for describing protein-protein and protein-ligand 

interactions.  Protein-protein interactions are not described in this dissertation; however, 

the experimental design is similar to experiments used to solve protein-ligand interactions 

and dynamics.   Often, H/Dx data are used to map regions of solvent accessibility on 

solved crystal structures.  H/Dx data strongly complements crystal structure data; 

however, X-ray crystallography only presents a “snap-shot” of a highly dynamic protein 

structure.  Also, the H/Dx data may describe new motifs without a solved crystal 

structure.  Finally, the requirement exists that the protein under investigation is 

amendable to the experimental conditions. 

The following examples provided the basis for experiential design for the analysis 

of recombinant ST3Gal IV.  First, dihydrodipicolinate reductase (28.7 kDa) was 

investigated in global and local experiments to describe catalytically open and closed 

forms upon binding of NADH and inhibitors.  Four peptic peptides were localized to a 

binding region and a hinge region needed for “closing” upon binding of inhibitor. The 

results clearly described the difference between catalytically inactive and active forms 

not described by the crystal structure.137  Second, diaminopimelate dehydrogenase exists 

as a homodimer (70.4 kDa) that binds to either NADPH, diaminopimelate (DAP), or 

both.  Using localization experiments, the exchange of several different peptide regions 

under different conditions (binding of NADPH, DAP, or both) resulted in different amide 

proton solvent accessibility.  The final results characterized a region that changes 

conformation based on which set of substrates were present.138  Third, purine nucleoside 

phosphorylase exists as a homotrimer (31.5 kDa) that has three separate active sites.  

Interestingly, when only one site was occupied by the inhibitor, Immucillin-H, the 
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homotrimer was completely deactivated.  Globular studies show that less amide protons 

are exchanged in the protein-inhibitor complex.  Furthermore, localization studies with 

peptic peptides illustrated that 10 different peptides from all three subunits had different 

exchange rates when complexed to one equivalent of inhibitor.  This study illustrated that 

binding of one molecule of inhibitor to one site in the homotrimer created allosteric 

effects in respect to the other subunits.  Once again, this could not have be described with 

X-ray crystallography, although the data was mapped onto the crystal structure for 

conformation of solvent accessible sites.139  Although there are many other systems 

described in the literature, they all follow the same H/Dx HPLC-MS protocols.   

Experimental Design for Analysis of Sialyltransferase 

 ESI-FTICR-MS provides high resolution and the ability to trap and analyze large 

proteins, thus providing functional advantages over other MS instruments.  Exact mass 

determination facilitates correct assignment of intact protein and peptides from pepsin 

digestion.  Figure 3-4 provides the experimental design for a complete study on 

recombinant hST3Gal IV secondary structure.   

First, hST3Gal IV is denatured and exchanged, thus allowing the percent back 

exchange to be calculated.  Second, non-denatured ST3Gal IV is exchanged and 

quenched in thirty-second intervals.  As opposed to the denatured ST3Gal IV case, only a 

certain number of amide protons are solvent accessible, thus the number of solvent 

accessible amide protons of non-substrate, non-denature ST3Gal IV is determined.  

Third, ST3Gal IV is digested with pepsin prior to LC analysis. At this point, the peptide 

coverage, digestion efficiency, and reproducibility of retention times are evaluated.   

Fourth, H/Dx data on the 
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Figure 3-4.  Six Experiments for Complete Characterization of Recombinant ST3Gal IV 

constructs with H/Dx HPLC-MS 

substrate-ST3Gal IV complex is collected using the natural substrates.  The number of 

amide sites protected (or de-protected) from solvent is calculated, thus leading to the final 

two experiments.   

The last two experiments include digestion of H/Dx protein, with and without 

substrate present.  As stated before, these experiments identify peptides with changes of 

solvent accessibility.  Data collected on important peptides are compared to known 

biological data on hST3Gal IV.  Before analyzing ST3Gal IV, conditions are optimized 

with standard proteins.  Important structural motifs and structural dynamics of 

recombinant hST3Gal IV may be determined by comparing H/Dx data sets of globular 

enzyme, global enzyme-substrate, pepsin digest of enzyme, and pepsin digest of enzyme-

substrate complex.  
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Results and Discussion 

Before performing experiments on recombinant human ST3Gal IV, several 

components of the analytical system had to be optimized.  First, the ESI-FTICR-MS must 

be optimized for sensitivity and mass accuracy with large intact proteins before analysis 

of recombinant hST3Gal IV.   Second, HPLC on-line with MS was optimized for quick 

separation of intact proteins.  Third, H/Dx optimization proceeds with hen egg white 

lysozyme (HEWL) as a standard.  Fourth, HPLC-MS analysis of peptic peptides was 

optimized with digestion of bovine carbonic anhydrase II and bovine serum albumin.  

Finally, the investigation of intact and pepsin digested recombinant ST3Gal IV proceeded 

with confidence.   

Optimization of Analytical System for Analysis of Intact Proteins     

Dynamic and gas assisted trapping and analysis of intact proteins with ESI-FTICR 
MS 

The sensitivity, mass resolving power, and mass accuracy of the ESI-FTICR-MS 

was evaluated with protein standards of increasing mass rage.  The standards included   

bovine pancreas ribonuclease A (~13.7 kDa), HEWL (~14.3 kDa), bovine α-

chymotrypsinogen A (~25.6 kDa), human eukaryotic carbonic anhydrase I (28.7 kDa), 

bovine carbonic anhydrase II (~28.9 kDa), and bovine serum albumin (~66.4 kDa).  The 

Apex II FTICR-MS, presented in Chapter 1,  has three different modes for trapping ions.  

The first, SidekickTM, is normally associated with small molecule analysis.  HPLC-MS 

analysis of peptides utilizes SidekickTM trapping.  With SidekickTM trapping, as the 

molecule enters the Infinity cell, a voltage pulse knocks the ions off axis, thus allowing 

the molecules to be trapped between two endplates with applied DC voltages (0.60 to 1.0 
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volts).  For high resolving power, during excitation and detection, the DC voltages on the 

end plates must be kept below 1.0 volt.   

Since proteins have increased kinetic energy, they require an increase in cell 

pressure, termed Gas-assisted dynamic trapping (GADT), or an increase in the end plate 

voltages, termed dynamic trapping (DT).  With GADT, a pulse of gas introduced into the 

cell to aid SidekickTM trapping of large molecules; however, the duty cycle greatly 

decreased because a 3 to 5 second pumping delay that must be added in sequence before 

excitation and detection.  Time delays of this length were not conducive for on-line 

HPLC-MS.   Furthermore, the increased pressure may fragment high-energy molecules.  

To improve the scan rate for on-line HPLC-MS, dynamic trapping (DT) was used.  With 

DT, protein ions were trapped by first holding the end plates at increased voltages (1.7 to 

3.0 volts), then dropped  to 0.7 to 0.5 volts over a designated period in a stepwise manner.   

Figure 3-5 describes the DT experiment where the y-axis corresponds to the voltage 

applied to the end plates, the x-axis corresponds to the number of steps towards the lower 

voltage (steps), and t corresponds to the amount of time between each voltage step (step 

time).  All three parameters were optimized for the high sensitivity and mass accuracy for 

large intact proteins. 

Experimentally, it was observed that the larger the trapping voltage, the total ion 

cooling time (steps multiplied by the step time) had to be increased.  This observed 

phenomena is described by the adiabatic expansion of ions trapped within the cell.140  

Ions trapped at an increased voltage contain a distribution of energies.  During the ion 

cooling process, ions which are of high energy will be ejected from the ion packet before 

excitation and  
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Table 3-1.  Summary of Different Trapping Methods   
Sidekick™ GADT DT

• As ions enter cell, voltage 
pulse knocks the ion’s 
off axis

• Relative low molecular 
weight species100 to 8000 Da
(possible peptide analysis)

• High duty cycle
(ms to s analysis time)

• Ions enter cell, pulse of gas 
added to help ‘slow’ ions

• All molecular weight species

• Low duty cycle (Need to 
pump gas away before 
excitation and detection)
3 to 5 s analysis time 

• Ions enter cell, voltages 
are raised to trap ions, then 
lowered over ms time scale 
to allow ions to cool before 
excitation and detection.

• All molecular weight species

• Intermediate Duty cycle
s analysis time

Sidekick™ GADT DT

• As ions enter cell, voltage 
pulse knocks the ion’s 
off axis

• Relative low molecular 
weight species100 to 8000 Da
(possible peptide analysis)

• High duty cycle
(ms to s analysis time)

• Ions enter cell, pulse of gas 
added to help ‘slow’ ions

• All molecular weight species

• Low duty cycle (Need to 
pump gas away before 
excitation and detection)
3 to 5 s analysis time 

• Ions enter cell, voltages 
are raised to trap ions, then 
lowered over ms time scale 
to allow ions to cool before 
excitation and detection.

• All molecular weight species

• Intermediate Duty cycle
s analysis time
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Figure 3-5.  Dynamic Trapping Experiment. 

detection.   If the trapping voltages were too large and total ion cooling time was 

too short, poor resolution and mass accuracy was observed.  The observed peaks had 

apparent “shoulders” from the high energy molecules still in the cell.  The optimal end 

plate trapping voltages for protein standards varied between 1.8 to 3.0 volts, with the 

excitation and detection end plate voltage at 0.7 volts.  Typically, increased trapping 

voltages were needed for increased molecular weights.  For HPLC-MS analysis of intact 
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proteins, trapping voltages of 2.40 to 2.65 volts were adopted for the entire distribution of 

protein standards.  The number of steps for ion cooling had minimal effects on the 

resolution and mass accuracy as long as the total ion cooling time was between 0.7 and 

1.0 seconds.  If the total ion cooling time was above 1.5 seconds, sensitivity suffered.   

Including the DT parameter considerations for sensitivity, as described in Chapter 

1, ions generated by ESI were first collected with a hexapole over a defined time period 

(Hex Acc Time) before being pulsed to the ICR cell.  The optimal time for hexapole 

accumulation was found to be between 0.01 and 2.00 seconds.  No clear trends in the 

hexapole accumulation time versus sensitivity were observed.  With DT, several ion 

pulses from the hexapole were collected in the cell before excitation and detection (load 

cell).  Typically, 3 to 10 load cell cycles were required for increased sensitivity.   Also, 

the infusion rate of the sample must be considered.  The µESI source was capable of 

providing stable electrospray at flow rates of 0.5 to 4.0 µL/min.  Lastly, slight changes in 

transfer optics were observed over several months.  If the optics needed to be tuned with 

drastic changes in voltages, this indicated that the source optics were dirty or there was 

electrical issues related to the transfer optic voltage boards.  Table 3-2 represents a 

typical optimization experiment with HEWL as a standard (selecting the +10 charge 

state).   All six parameters were tuned in a round robin fashion for optimal conditions.  

The infusion rate for all experiments described in this section was 2 µL/min.       

Three generalities may be extracted from the small data set presented in Table 3-2.   

First, the resolution decrease with increasing trapping voltage.  Second, the sensitivity 

decreased with increased total ion-cooling time.  Since more ions were ejected from the 

ion packet over time, fewer molecules were present for detection.  Third, poor peak shape 
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was observed if the ion-cooling time was too short or if the step time was below 0.01 s.  

Lastly, the lower time limit for the DT hardware was 0.01 seconds per step. 

Table 3-2.  Relationship Between the Six Important Parameters and Signal Intensity/ 
Resolution of the Isotopically Resolved +10 Charge State of HEWL 

Initial 
Plate 
Voltage 

Final 
Plate 
Voltage 

Voltage 
Step 
Time / 
Steps 

Total 
Ion 
Cooling 
Time 

Hex 
Acc 
Time 

Load 
Cell 

Relative 
Intensity 

Resolution

2.50 V 0.50 V 0.02s  / 50 
Steps 

1.00 s 1 5 2500000 43,000 

2.50 V 0.50 V 0.01s / 
50 Steps 

0.50 s 1 5 
 

poor 
peak 
shape 

 

2.50 V 0.50 V 0.03s / 
50 Steps 

1.50 s 1 5 2000000 43,000 

3.00 V 0.50 V 0.03s / 
50 Steps 

1.50 s 1 5 
 

3000000 37,000 

2.00 V 0.50 V 0.03s / 
50 Steps 

1.50 s 1 5 
 

1500000 43,000 

2.00 V 0.50 V 0.02s / 
50 Steps 

1.00 s 1 5 2000000 43,000 

2.00 V 0.50 V 0.005s / 
200 Steps 

1.00 s 1 5 poor 
peak 
shape 

 

2.00 V 0.50 V 0.02s / 
200 Steps 

4.00 s 1 5 1000000 40,000 

2.00 V 0.50 V 0.005s / 
200 Steps 

1.00 s 1 5 poor 
peak 
shape 

 

2.00 V 0.050 V 0.04 s / 25 
Steps 

1.00 s 1 5 1500000 43,000 

 
Another practical consideration was the acquisition file size collected.  The 

acquisition file size may be 8 k, 32 k, 128k, 256 k, 512 k, or 1 M data points.  

Theoretically, the larger the file size, the longer the acquisition time, the better the 

resolution. Higher mass resolution was obtained with smaller molecules because the 

decay of the transient signal was slower than that of larger molecules.  As the molecular 

weight of the molecule increases, the transient signal decays faster.  Of the proteins 
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analyzed, only HEWL was isotopically resolved.   For all the other proteins, the charge 

states could be easily resolved with high mass accuracy and resolution.    

The radio frequency (rf) and the duration of attenuation for excitation was also 

tuned.  If the rf power attenuation was too low and/or duration too short, poor signal was 

observed because the ions were not excited to the full radial orbit.  If the rf power 

attenuation was too high and/or the duration too long, the ions were excited into an orbit 

that caused collisions with the ICR cell walls.  Several different rf power attenuation and 

durations were investigated for optimal signal intensity; however, isotopic resolution of 

the large proteins was not obtained.   To reiterate, even though isotopic resolution was 

not achieved, mass accuracy and sensitivity were not relinquished. 

The fast decay of the transient signal may be attributed to dampening due to 

collisions with residual gas, collisions with the end plates, and magnetron motion.  

Bovine serum albumin and carbonic anhydrase have large cross-sectional areas; 

therefore, they were more likely to collide with residual gas in the cell than smaller 

molecules.  Also, large molecules with higher charge-states increased the likely hood of 

coalescence.  For the larger proteins, 32 k files were collected with excellent mass 

accuracy after deconvoltion of the charge state spectra.  The following figures represent 

typical spectra collected for protein standards.  Table 3-3 represents the mass accuracies 

of intact proteins analyzed with direct infusion ESI-FTICR-MS.  All the spectra observed 

have charge state resolution and fall between 1000 to 2500 m/z.  All proteins were diluted 

in 50% methanol, 50% water, 0.1 % acetic acid except carbonic anhydrase which was 

diluted in 20 % methanol, 80 % water, 0.1 % acetic acid.  The spectrum presented in 

Figure 3-7 was collected with GADT, whereas all other spectra were collected with DT.   



90 

 

The proteins analyzed with direct infusion ESI FTICR MS were diluted to the 

given concentration with no further purification.  The mass errors associated with 

different protein standards was most likely due to impurities and salts left over from the 

purification.  For example, carbonic anhydrase exhibited a 40 Da difference between the 

theoretical and experimental mass.  Most likely, the mass error was due to potassium 

present in the lyophilized product.  As will be seen with HPLC-MS, the mass error 

decreased when the sample was desalted.     

Table 3-3.  Mass Accuracies for Different Protein Standards 
Standard Protein Concentration Hex 

Acc 
Load 
Cell 

Exp. 
m/z 

Theoretical 
m/z 

Error 
in 
ppm 

Bovine Pancreas 
Ribonuclease A 

5 pmol/µL 0.50s 10x 13,681.1 13,681.3 15 

HEWL 10 pmol/µL 0.01s 5x 14,301.9 14,298.3 250 
Human Carbonic 
Anhydrase I 

10 pmol/µL 0.50s 10x 28776.7 28734.4 1300 

Bovine Serum 
Albumin 

20 pmol/µL 1.00s 5x 66431.9 66,430.0 28 

 
Broadband versus heterodyne excitation and detection 

The FTICR-MS may be utilized in broadband or heterodyne excitation/detection 

modes.  Up to this point, only broadband excitation and detection was used for intact 

protein analysis.  Broadband excitation and detection is the general mode of operation 

which excites ions with a frequency sweep over a broad frequency range corresponding 

to 200 to 5000 m/z.  To achieve increased resolution (from 30,000 ca to 100,000 ca for 

HEWL), heterodyne mode was utilized.  With heterodyne mode, a small mass-to-charge 

window may be analyzed with a smaller sampling file (32 k versus 1 M).  Simply, 
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Figure 3-6.  Direct Infusion ESI FTICR-MS Analysis of 10 pmol/µL of Ribonuclease A 

where: Hex Acc = 0.5 s; Steps = 35, Ion Cooling Time = 0.7 s; Infusion Rate 
= 2µL/min; Step Time = 0.02s; Load Cell = 10x; Initial Trap Voltage = 1.85 
V; Detection Trap Voltage = 0.5 V. Broadband Mode; and the Deconvoluted 
Molecular Weight = 13, 681.1. 
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Figure 3-7.  Direct Infusion ESI FTICR-MS Analysis of 10 pmol/µL of HEWL where: 
Hex Acc = 0.01s; Infusion Rate = 2µL/min; Step Time = 0.02s; Load Cell = 
5x; Gas Assisted Dynamic Trapping; Broad Band Mode; and the 
Deconvoluted Molecular Weight = 14,301.9 
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Figure 3-8.  Expanded +10 Charge State of the Spectra Presented in Figure 3-7.  

heterodyne detection reducing the sampling frequency of the ICR signal with frequency 

mixing in regards to a reference frequency, thus reducing the digitization rate needed to 

satisfy the Nyquest sampling criterion.  This means that there was a smaller sampling 

data set (32k versus 1 M) needed for a longer detection period.   

Figures 3-11 and 3-12 present the comparison between broadband and heterodyne 

mode spectra and the resulting mass resolution of the +10 charge state of 10 pmol/µL 

HEWL.  To initiate heterodyne mode, the APEX II FTICR-MS manual contains simple 

instructions for changing between the modes.  Using heterodyne on larger proteins than 
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Figure 3-9.  Direct Infusion of ESI FTICR-MS Analysis of 15 pmol/µL of Human 
Carbonic Anhydrase I where: Hex Acc = 0.5 s; Steps = 35, Ion Cooling Time 
= 0.7 s; Infusion Rate = 2µL/min; Step Time = 0.02s; Load Cell = 10x; Initial 
Trap Voltage = 1.85 V; Detection Trap Voltage = 0.5 V. Broadband Mode; 
and the Deconvoluted Molecular Weight = 28, 776.7. 

HEWL did not result in higher resolution.  This was because HEWL had a slower 

cyclotron decay rate in comparison to larger proteins.  The benefits of  heterodyne mode 
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Figure 3-10.  Direct Infusion ESI FTICR-MS Analysis of 20 pmol/µL of Bovine Serum 
Albumin where: Hex Acc = 1.0s; Steps = 50, Ion Cooling Time = 0.7 s; 
Infusion Rate = 2µL/min; Step Time = 0.02s; Load Cell = 5x; Initial Trap 
Voltage =2.85 V; Detection Trap Voltage = 0.5 V; Broadband Mode; and the 
Deconvoluted Molecular Weight = 66,431.9. 

were only observed if the transient was long-lived.  Heterodyne mode was initiated to 

reduce the file size for on-line HPLC-MS and increase resolving powers for analysis of 

recombinant hST3Gal IV. 

As will be seen in the HPLC-MS section, one of the most important limitations 
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Figure 3-11.  Direct Infusion ESI FTICR-MS Analysis of 10 pmol/µL of HEWL with 

Expanded +10 Charge State.  Broadband Mode Excitation and Detection with 
a 40,000 Mass Resolution for the Isotopically Resolved +10 Charge State. 

of our instrument was data storage due to the file size collected during an HPLC-ESI-

FTICR-MS run.  Further explanation of the details corresponding to the scan rate and 

HPLC-MS will be covered in the next section.  The improved resolution was thought to 

benefit the analysis of recombinant ST3Gal IV; however, heterodyne mode analysis of 
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Figure 3-12.  Direct Infusion ESI FTICR-MS Analysis of 10 pmol/µL of (A) HEWL with 

(B) Expanded +10 Charge State.  Heterodyne Excitation and Detection with a 
90,000 Mass Resolution for the Isotopically Resolved +10 Charge State. 
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large proteins did not prove useful or realistic.  Thus, this method was abandoned for the 

purpose of high resolution pertaining to large proteins.  Finally, heterodyne mode 

provided useful data for the analysis of H/Dx HPLC-ESI-FTICR-MS of intact HEWL as 

presented later in this chapter.   

Optimization of HPLC-ESI-FTICR-MS 

After optimizing the instrument with direct infusion ESI-FTICR-MS of standard 

proteins, the analysis of intact proteins with quick separation on-line HPLC-MS was 

performed.  For chromatography of intact proteins, a C4 column was purchased from 

Grace Vydac (Hesperin, Ca).  The optimized gradient and flow rates are described in the 

Methods and Materials section.  The following figures represent the spectra obtained on 

proteins after optimization of separation conditions and scan rates. 

Separation and MS analysis of intact proteins 

HPLC-MS was initiated by defining the number of frames (NF) collected.  The 

total acquisition time for an HPLC-MS run was defined by the scan rate multiplied by the 

number of frames.  The scan rate was defined by the hexapole accumulation time, load 

cell cycle, and file size.  Included within the frames collected, there was the possibility 

for signal averaging of multiple scans.  For intact protein analysis, it was not necessary to 

signal average because of the load cell function.  Signal averaging was utilized for 

HPLC-MS analysis of peptic peptides.  Typically, the scan rate was 10 to 14 

seconds/frame.  This may appear to be a slow scan rate; however, the scan rate was the 

product of cell cycles and hexapole accumulation time.  Over the 10 to 14 second/frame, 

ions were collected in the cell prior to excitation and detection.  If GADT was used for 

HPLC-MS analysis, 3 to 4 seconds of information would be lost.  Typically, a 30 minute 

analysis included 150 frames.  To illustrate the utility of this experimental design, the 
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following spectra were obtained on different protein standards.  HEWL, under the 

conditions described in Figure 3-12, eluted at about 17 minutes with the apex at 19.15 

minutes.  In Table 3-4, note the improved mass error of the de-salted HEWL (60 ppm) in 

comparison to the directly infused HEWL (250 ppm).   

0 2 4 6 8 10 12 14 16 18 20 22 24 min  
Figure 3-13.  TIC of HEWL (75 pmol) Analyzed with HPLC-ESI-FT-ICR-MS where: 

Hex = 1.25 s, Steps = 25; Ion Cooling Time = 1.0 s; Flow Rate = 2µL/min; 
Step Time = 0.04s; Load Cell = 5x; Initial Trap Voltage = 1.65 V; Final Trap 
Voltage = 0.5 V, NS = 1; Scan Rate = 10.44 s /scan; Acquisition File Size = 
32 k, and with Broadband Excitation and Detection. 

Table 3-4.  Mass Accuracies for Different Proteins with HPLC-ESI FTICR-MS Analysis 
Standard Protein Amount  

Analyzed 
Hex 
Acc 

Load 
Cell 

Experimental
m/z 

Theoretical 
m/z 

Error 
in 
ppm 

Bovine Pancreas 
Ribonuclease A 

10 pmol 1.0 s 5x 13, 680.32 13, 681.32 70 

HEWL 10 pmol 1.0 s 5x 14, 299.78 14, 298.32 100 
Chymotrypsinogen  10 pmol 0.5 s 5x 25, 645.50 25, 649.42 150 
Carbonic 
Anhydrase I  

10 pmol 0.5 s 5x 28, 731.50 28.734.22 110 

 
To test the mass accuracy of the instrument, an in-house expressed protein, uridine 

kinase, was analyzed with the HPLC-ESI-FTICR-MS (Figures 3-18 and 3-19). Based                
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Figure 3-14.  Mass Spectrum at 19.15 mins from the TIC Presented in Figure 3-13.  The 

Deconvoluted Spectra Molecular Weight = 14,299.9 

the cDNA sequence, the theoretical mass was 24,353 Da, thus there was a mass 

difference of 138 Da between the deconvoluted spectra mass and theoretical mass.  The 

mass difference may be due to mutations in the protein upon cloning, such as clipping at 
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Figure 3-15.  TIC of HEWL (50 pmol) and α-Chymotrypsinogen A (50 pmol) Analyzed 
with HPLC-ESI-FT-ICR-MS 

the N-terminus methionine, or there was a shift in experimental m/z due to space 

charging from over loading the column and the ICR cell.  Furthermore, when looking at 

the deconvoluted spectra, there was a mass shift of 98 Da corresponding to either 

phosphate adducts or possible phosphorylation.  Next, heterodyne mode was optimized 

with the +10 charge state of HEWL (Figure 3-15).  This experiment preceded the H/Dx 

HPLC-MS experiment on HEWL 

H/Dx Direct Infusion and H/Dx HPLC-ESI-FTICR-MS of Intact HEWL 

Figures 3-22 and 3-23 represent the spectra collected (by direct infusion) after 20 

µM of HEWL was incubated with D2O and quenched at 4 oC with a buffer containing 

20% methanol, 80 % H2O, and 2 % acetic acid at 1, 2, 5, 10, 15, and 20 minutes.  All the 

spectra that were collected at the different quench times had the same m/z envelope.  

After deconvoltion, it was estimated that there were 110 exchanged protons.  According 

to the literature, there should only be 62 solvent assessable amide protons.  Based on the 
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Figure 3-16.  HEWL Spectrum Observed at 12.30 Minutes (Figure 3-15). 

peak shape and the number of amide protons for exchange, the amino acid side chains 

retained deuterium upon ionization.  When HPLC-ESI-MS was performed on exchanged 

HEWL, the +10 state was isotopically resolved. 
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Figure 3-17.  α-Chymotrypsinogen Spectrum Observed at 12.93 Minutes (Figure 3-15). 

Figure 3-25 represents the overlaid heterodyne spectra of an H/Dx HPLC-ESI-

FTICR-MS (with the same reaction conditions described for Figure 3-22) and an HPLC-

MS experiment with HEWL.  The chromatogram shown in Figure 3-24 was reproducible 

for non-exchanged and exchanged HEWL.  Spectrum 1 represents the non-H/Dx 

heterodyne spectrum of HEWL and spectrum 2 represents the H/Dx heterodyne spectrum 
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Figure 3-18.  TIC of Unknown Amount of Uridine Kinase Analyzed with HPLC-MS 

ESI-FTICR-MS   

for HEWL.  According to the data, there are 44 amide protons exchanged to deuterium.  

According to the literature, investigators reported 62 exchanged amide protons. 141  

According to our data, we have not yet completely optimized our H/Dx conditions; 

however, the results show that H/Dx of HEWL was observable with our analytical set-up.  

With this positive result, more attention was given to pepsin digestion of proteins and 

recombinant hST3Gal IV analysis.  

Separation and MS Analysis of Pepsin Digested Proteins  

Pepsin digests were analyzed with HPLC-MS on either a C4 or a C18 column 

purchased from Grace Vydac (Hesperin, Ca).  Chromatography with the C4 column did 

not yield high separation efficiency; however, with the exact mass capability of the ESI-

FTICR MS, several peaks which co-eluted were resolved and identified using the protein 

mass fingerprinting algorithm described in Chapter 1.  Since quick separation was one of 

the requirements for the H/Dx HPLC experiment, many investigators use C4 columns as 

opposed to C18 columns because the C18 columns provide increased retention times.  With 

the C4 column, most of the peptides eluted within the first minute of the gradient.  When 
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Figure 3-19.  Uridine Kinase Spectrum Observed at 12.00 Minutes (Figure 3-18). 

performing HPLC-MS analysis of a pepsin digest, the file size and number of scans (NS) 

per frame were most important.  The analysis of peptides used SidekickTM trapping, thus 

tuning was less difficult than DT.  Simply, before each HPLC-MS run, signal intensity 

was maximized with Agilent’s HP standard mix. 

Unlike intact proteins, the peptic peptides have masses between 600 and 4000 Da, 

thus they had a long transient decay times after excitation and were easily monitored  
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Figure 3-20.  TIC of HEWL (25 pmol) Analyzed with HPLC-ESI-FT ICR-MS in 

Heterodyne Mode and Dynamic Trapping 
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Figure 3-21.  HEWL Spectrum Observed at 14.00 Minutes (Figure 3-20). 
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Figure 3-22.  H/Dx Analysis of HEWEL with Direct Infusion ESI-FTICR-MS  

with a 1 M acquisition file.  The typical scan rate for HPLC-MS with SidekickTM trapping 

was between 0.5 and 2.5 seconds/scan, with the time per frame defined by the hexapole 

accumulation time.  If the scan rate was 2.5 seconds/scan, the total acquisition time was 

40 minutes, and a 1 M file was used, the final total file size would be 960 M!  This value 

was well outside the range of the memory of our data acquisition system.  To decide 

which acquisition file size would provide the most realistic chromatic file size with 

minimal loss in mass accuracy, resolution, and sensitivity, HPLC-MS acquisition was 

performed with 32 k, 128k, and 256 k files.  The number of scans, hexapole accumulation 

time, acquisition file size, and scan rate were optimized for sensitivity on pepsin digested 

HEWL, carbonic anhydrase, and BSA. 
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Figure 3-23.  Expanded +10 Charge State Observed in Figure 3-22  

After several different acquisitions, a 256 k file size provided the best trade-off for 

mass accuracy, resolution, and sensitivity.  Figure 3-26 represents the sequence coverage 

for 5 pmol/µL of carbonic anhydrase digested with 3 pmol/µL of pepsin.  A total of 3 µL 

was loaded on to the C4 column, thus 15 picomoles were analyzed.  Table 3-5 represents 

the peptides observed below a mass error of 50 ppm.  There were several other peptides  

observed with mass errors between 50 and 200 ppm; however, they were of low signal 

intensity.  Since the file size collected was 254 k, these low intensity peaks (above three 

times signal to noise) were not properly resolved.  If a larger file size was collected, these  
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Figure 3-24.  TIC of H/Dx-HEWL Sample (10 pmol) Analyzed with HPLC-ESI FTICR 

MS with Heterodyne Mode and Dynamic Trapping  
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Figure 3-25.  Spectra of (1) Non-H/Dx of 10 pmol of HEWL and (2) 15 min H/Dx of 10 

pmol of HEW Analyzed with HPLC-ESI FTICR MS with Heterodyne Mode 
and Dynamic Trapping. 
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low intensity peaks would have been better resolved.  The sequence coverage presented 

in Figure 3-26 and Table 3-5 were manually identified with the theoretical in silico 

digestion of bovine carbonic anhydrase II with pepsin and the MS-Digest algorithm 

(http://prospector.ucsf.edu/ucsfhtml4.0/msdigest.htm).  Interestingly, digestion of HEWL 

with pepsin under the same conditions as bovine carbonic anhydrase II did not result in 

peptic peptides.   

Analysis with a C18 column provided separation of peptides; however, the realistic 

maximum acquisition file size was 128 k because the retention times of the peptides were 

greatly increased.  A 45 minute acquisition with a 128 k acquisition file size created a 64 

M file.  After successful analysis and identification of 15 picomoles of carbonic 

anhydrase II digested with pepsin, attention was switched to the analysis of recombinant 

ST3Gal IV.  Mass accuracies and percent sequence coverage of bovine carbonic 

anhydrase II and bovine serum albumin could have been improved; however, the analysis 

of recombinant hST3Gal IV proceed with confidence at this level of sensitivity and mass 

accuracy.  

SHHWGYGKHNGPEHWHKDFPIANGERQSPVDIDTKAVVQDPALKPLALVYGEATSRRMVN NGHSFNVEYD

DSQDKAVLKDGPLTGTYRLVQFHFHWGSSDDQGSEHTVDRKKYAAELHLVHWNTKYGDFGTAAQQPDGL

AVVGVFLKVGDANPALQKVLDALDSIKTKGKSTDFPNFDPGSLLPNVLDYWTYPGSLTTPPLLESVTWIVLKE

PISVSSQQMLKFRTLNFNAEGEPELLMLANWRPAQPLKNRQVRGFPK 

SHHWGYGKHNGPEHWHKDFPIANGERQSPVDIDTKAVVQDPALKPLALVYGEATSRRMVN NGHSFNVEYD

DSQDKAVLKDGPLTGTYRLVQFHFHWGSSDDQGSEHTVDRKKYAAELHLVHWNTKYGDFGTAAQQPDGL

AVVGVFLKVGDANPALQKVLDALDSIKTKGKSTDFPNFDPGSLLPNVLDYWTYPGSLTTPPLLESVTWIVLKE

PISVSSQQMLKFRTLNFNAEGEPELLMLANWRPAQPLKNRQVRGFPK 

SHHWGYGKHNGPEHWHKDFPIANGERQSPVDIDTKAVVQDPALKPLALVYGEATSRRMVN NGHSFNVEYD

DSQDKAVLKDGPLTGTYRLVQFHFHWGSSDDQGSEHTVDRKKYAAELHLVHWNTKYGDFGTAAQQPDGL

AVVGVFLKVGDANPALQKVLDALDSIKTKGKSTDFPNFDPGSLLPNVLDYWTYPGSLTTPPLLESVTWIVLKE

PISVSSQQMLKFRTLNFNAEGEPELLMLANWRPAQPLKNRQVRGFPK 

 
Figure 3-26.  Sequence Coverage of Bovine Carbonic Anhydrase Digested with Pepsin  

MS Analysis of Recombinant Sialyltransferase 

Ins-ST, N-Tag-ST, C-Tag-ST, and commercially prepared recombinant rat α 

(2 6)-(N)-sialyltransferase were analyzed with either direct infusion ESI-FTICR-MS or  

http://prospector.ucsf.edu/ucsfhtml4.0/msdigest.htm
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Table 3-5.  Peptides Observed from Bovine Carbonic Anhydrase Digested with Pepsin 
Presented in Figure 3-26 

Experimental Theoretical ∆ Da Error in ppm Peptide
541.3724 541.3708 0.0016 3 LKPLA
591.3510 591.3500 0.0010 2 AVVGVF
641.3879 641.3733 0.0146 23 TTPPLL
650.363 650.3537 0.0093 14 RTLNF
658.4148 658.4143 0.0005 1 KVLDAL
666.3630 666.3643 -0.0013 2 QMLKF
786.4794 786.4652 0.0142 18 QKVLDAL
786.4794 786.4652 0.0142 18 LQKVLDA
804.4582 804.4515 0.0067 8 LHLVHW
823.4004 823.3985 0.0019 2 WTYPGSL
827.4448 827.4410 0.0038 5 HKDFPIA
844.3992 844.3835 0.0157 19 NTKYGDF
846.4048 846.3911 0.0137 16 PNFDPGSL
858.3871 858.3688 0.0183 21 NAEGEPEL
957.4641 957.4604 0.0037 4 GTAAQQPDGL
971.4801 971.4680 0.0121 12 NAEGEPELL
997.5661 997.5580 0.0081 8 LKVGDANPAL

1019.5559 1019.5196 0.0363 36 LPNVLDYW
1132.6529 1132.7152 -0.0623 55 KFRTLNFNA
1153.5456 1153.5031 0.0425 37 YDDSQDKAVL
1174.7448 1174.6830 0.0618 53 AVVGVFLKVGDA
1326.732 1326.7632 -0.0312 24 DSIKTKGKSTDF

1405.6870 1405.6753 0.0117 8 TSRRMVNNGHSF
1430.7768 1430.7750 0.0018 1 HTVDRKKYAAEL
1488.5796 1488.5774 0.0022 1 HFWHGSSDDQGSE
1516.7566 1516.7331 0.0235 15 HLVHWNTKYGDF
1659.8132 1659.7960 0.0172 10 VLKDGPLTGTYRLVQ
2154.0850 2154.0713 0.0137 6 DSIKTKGKSTDFPNFDPGSL  

HPLC-ESI-FTICR-MS.  The starting buffers and molecular weights associated with each 

construct are presented in Table 3-6.  For ESI, the buffers presented in Table 3-6 were 

detrimental to ionization efficiency.  Furthermore, for on-line HPLC-ESI-FTICR-MS 

with the C4 column, glycerol and triton were detrimental for column life-time and 

separation efficiency.  Lastly, as presented in Chapter 3, there was a large decrease in 

activity after solvent exchange by dialysis or ultrafiltration.  

To facilitate direct infusion ESI-FTICR MS analysis of recombinant 

sialyltransferase, several different experiments were performed to exchange the enzyme 

into solvent systems compatible with ESI.  First, using Amicon’s Ultrafree-MC 
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Table 3-6. Sialyltransferase Construct Concentration, Buffer, and Molecular Weights 
Construct Starting Buffer  

(Starting Concentration) 
Molecular Weight 

In-house prepared Ins-ST 350 mM KCl 
50 mM MES, pH 6.8  
20% glycerol  
0.01% triton CF 54  
(6 µM) 

34,004 Da without 
glycans 
Between 34,000  and 
37,000 Da by SDS-
PAGE 

In-house prepared N-Tag-ST 100 mM KCl   
50 mM MES, pH 6.8 
135 mM imidazole 
20% glycerol 
0.01% triton CF 54 
(6.5 µM) 

34,941 Da without 
glycans 
Between 35,000  and 
38,000 Da by SDS-
PAGE 

In-house prepared C-Tag-ST 100 mM KCl   
50 mM MES, pH 6.8 
135 mM imidazole 
20% glycerol 
0.01% triton CF 54 
(7.0 µM) 

34,941 Da with out 
glycans 
Between 35,000  and 
38,000 Da by SDS-
PAGE 

Commercially prepared rat α 
(2  6)-(N)-sialyltransferase 

250 mM NaCl 
50 mM MES, pH 6.2 
0.5 mM 2-mercaptoethanol 
50 % glycerol  
(5.5 µM) 

~41,000 Da 

  
Centrifugal Filter Units (Durapore PVDF membrane;10,000 MWCO; 400 µL capacity), 

Micron Centrifugal Filter Devices (MICRON YM-10; regenerated cellulose; 10,000 

MWCO; 450 µL capacity), or Centriprep (YM -10; regenerated cellulose; 10,000 

MWCO; 20 mL capacity), enzyme was diluted with either deionized water, 25 and 50 

mM ammonium acetate at pH 7.0, 50 mM MES pH 6.8, or 0.1 % acetic acid prior to 

ultrafiltration,  Unfortunately, activity was lost upon exchange into these buffers.  

Furthermore, other organic acids, organic bases, or organic solvents could not be used 

with ultrafiltration membranes.  For direct infusion ESI-FT-ICR MS of solvent 

exchanged enzyme, triton and glycerol were the only components observed in the spectra.   
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Second, 100 µL of N-Tag-ST or C-Tag-ST was precipitated with trichloroacetic 

acid (TCA).  The precipitated recombinant sialyltransferase was diluted in one of the 

following buffers: (a) 50 % trifluoroethanol, 50 % deionized water; (b) 50 % 

trifluoroethanol, 49 % deionized water, 1.0 % acetic acid;  (c) 25 % trifluoroethanol , 75 

% deionized water; (d) 25 % methanol, 74 % deionized water, 1.0 % acetic acid;  (e) 50 

% methanol, 49 % deionized water, 1 % acetic acid; or (f) 99 % deionized water, 1.0 % 

acetic acid; or 99 % methanol, 1.0% acetic acid.  Analysis of enzyme diluted with these 

solvent systems did not facilitate positive identification of sialyltransferase.  As with the 

solvent exchange experiments, only surfactants were observed in the spectra after direct 

infusion ESI-FT-ICR-MS analysis. 

Lastly, sialyltransferase was analyzed with on-line HPLC-ESI-FTICR-MS with the 

C4 column.  On separate occasions, 5 to 10 µL of exchanged or crude sialyltransferase 

(25 to 70 picomoles) was injected onto the C4 column.  Either water/methanol/acetic acid 

or water/acetonitrile/formic acid mobile phase systems were used for elution of intact 

sialyltransferase constructs.  Once again, only triton and glycerol were observed in the 

spectra.  Furthermore, the analysis of crude sialyltransferase samples destroyed the 

column efficiency.  After injection of crude sialyltransferase, detergent peaks were 

observed with subsequent HPLC-MS runs.  The triton bleed off from the column 

inhibited the ionization of other large molecules. 

Besides problems with the solvents need for sialyltransferase stability, the 

recombinant enzyme was expressed as at least three glycoforms (SDS-PAGE analysis).  

Obviously, for MS analysis, the added heterogeneity with different molecular weights 

lowered the effective starting concentration (~5 µM) of recombinant sialyltransferase to 
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that of the relative concentrations of the glycoforms.  To reduce the heterogeneity of the 

Ins-ST construct, it was deglycosylated with either PNGase F or Endo Hf.  PNGase F 

cleaves sugars at the core of N-linked oligosaccharides, whereas Endo Hf cleaves one 

sugar up the glycan chain from the N-linkage site.  It was postulated that Ins-ST may be 

deglycosylated by Endo Hf, while retaining enzyme structure and activity.  

EndoHf and PNGase F digestion of intact Ins-ST  

Both, Endo Hf and PNGase F digests were incubated with sialyltransferase 

(Chapter 2 Figure 2-3).  Figure 3-25 represents the Endo Hf deglycosylation reaction of 

Ins-ST while monitoring activity during the time course of the digestion.  The activity 

reported was normalized to the original activity before addition of buffers, Endo Hf, or 

heat. Figure 3-27 represents the activity of Ins-ST at different time points during 

digestion of glycans with Endo Hf where, Ins-ST and Endo Hf reaction corresponds to 88 

µL of Ins-ST diluted with 10 µL of 10x Endo Hf reaction buffer plus 2 µL of 20 units/µL 

Endo Hf.  The buffer control corresponds to 88 µL of Ins-ST diluted with 12 µL of 10x of 

Endo Hf reaction buffer.  The positive control was the stock solution of Ins-ST.  The 

Endo Hf control corresponds to was 88 µL of water diluted with 10 µL of 10x Endo Hf 

reaction buffer plus 2 µL of  20 units/µL of Endo Hf.  All samples were incubated at 37 

oC and assayed at 1 hour intervals. 

The data illustrates that the activity of Ins-ST drops to 0% in the buffer control and 

the Ins-ST/ Endo Hf reaction.  Also, the activity of the positive control drops to 50 % 

over three hours after being heated to 37 oC.  Ins-ST was digested with Endo Hf at 25 oC 

and 4 oC; however, SDS-Page analysis did not reveal the loss of glycosylation.  Lastly, 

recombinant hST3Gal IV that was deglycosylated with Endo Hf or PNGase F and 
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Figure 3-27.  Activity of Ins-ST / Endo Hf Digestion   

analyzed with HPLC-ESI-FTICR-MS did not yield signal corresponding to 

sialyltransferase. Since intact sialyltransferase cannot be analyzed with direct infusion or 

HPLC-ESI-FTICR-MS, the digestion of sialyltransferase with pepsin was performed.  

MS analysis of pepsin digested sialyltransferase 

Before abandoning the H/Dx experiments completely, pepsin digestion of 

recombinant sialyltransferase was investigated.  Because the enzyme was sensitive to 

ultrafiltration, 5 µM recombinant sialyltransferase was digested with 3.5 µM pepsin at pH 

2.2 (50 µL final volume). ESI-FTICR-MS and LCQ-MS analysis did not reveal peptic 

peptides.  The absence of peptides may be for several reasons.  First, the glycans may 

inhibit digestion if the protein has not been denatured.  Secondly, several non-denatured 

proteins are known to be protease resistant, even without glycosylation present.  Lastly, 

recombinant sialyltransferase may precipitate at low pH.  At this point, it was determined 

that H/Dx was not the correct experimental choice for analysis of recombinant 

sialyltransferase because the threshold between H/Dx of recombinant sialyltransferase 

and ionization to the gas phase could not be met. 
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Conclusion 

The ESI-FT-ICR MS was used to analyze standard intact proteins and pepsin 

digested standard proteins.  The different important parameters have been optimized for 

proteins up to 66 kDa with a mass error of less than 100 ppm.  The tuning of the 

instrument with large protein standards has increased the confidence that unknown 

proteins may be identified.  The analysis of in-house prepared Ins-ST, N-Tag-ST, and C-

Tag-ST and commercially prepared rat α (2  6)-(N)-sialyltransferase has not resulted in 

spectra.  This was due to the difficulty of removing sialyltransferase from glycerol/triton 

buffer systems.  Unfortunately, ESI was not compatible with buffers that contain high-

salt, glycerol, or detergents.  Also, since the protein has several glycoforms, this reduces 

the overall concentration of sialyltransferase to that of the different glycoforms.  To 

reduce heterogeneity, deglycosylation was performed with Endo Hf and PNGase F.   ESI-

FTICR MS analysis of deglycosylated constructs also did not provide signal.  

Furthermore, after analysis of the sialyltransferase constructs with HPLC-ESI-FTICR-

MS, the column lost separation efficiency due to the detergent being present.   

HPLC-ESI-FTICR MS of protein standards digested with pepsin resulted in the 

observation of peptic peptide.  Digestion of carbonic anhydrase II resulted in 45% 

sequence coverage.  Digestion of Ins-ST and commercially prepared rat α (2  6)-(N)-

sialyltransferase prior to HPLC-ESI-FTICR MS did not result in positive identification of 

peptides.  Signal may not have been observed because the glycans are inhibiting digestion 

or sialyltransferase may need to be denatured prior to pepsin digestion.  Since the activity 

of sialyltransferase can not be retained prior to MS analysis, H/Dx HPLC-MS was 

abandoned.  Since structural proteomic analysis of sialyltransferase is the overall goal of 
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this project, attention is shifted to labeling with small molecule labeling agents (Chapter 

4) and site-directed photoaffinity labeling agents (Chapter 5). 

Material and Methods 

Acetic acid (Ca # A507-500), formic acid (Ca # BP 1215-500), methanol (Ca # 

230-4),acetonitrile (Ca # A998–1), and high-purity water (Ca # AH 365-4 or W 7-4) were 

purchased from Fisher-Scientific (Fair Lawn, NJ).  D2O (99.9%) was purchased from 

Cambridge Isotope Laboratories, Inc. (Andover, MA) Bovine pancreas ribonuclease A 

(Ca # R6513), HEWL (Ca # L6876), bovine chymotrypsinogen A (Ca # C4879), human 

eukaryotic carbonic anhydrase I (Ca # C4396), bovine carbonic anhydrase II (Ca # 

C3934), and bovine serum albumin (Ca # A9056) were purchased from Sigma-Aldrich 

(St Louis, MO).       

FT-ICR/MS Instrumentation   

Stable electrospray was achieved with Aglient’s (Waldbronn, Germany), off-axis 

µESI spray source equipped with nebulizing gas (Ca # G2427A).  A Bruker Daltonics 

(Billerica, MA) APEX II 4.7 T FT-ICR MS was used to collect data in heterodyne and 

broadband modes with SideKickTM trapping, gas-assisted dynamic trapping (GADT), or 

dynamic Trapping (DT).  Samples were directly infused with a Harvard Apparatus 

(Holliston, MA) PHD 200 Infusion (Ca # 70 – 2000) at 0.5 to 2 µL/min.  Calibration was 

provided with Agilent Technologies (Palo Alto, CA) HP Tuning Mix (Ca #G2421A) with 

the four point (622.0290, 922.0098, 1521.9715, 1521.9715, 2121.9332) non-linear 

algorithm provided by the Bruker Xmass software.  

HPLC Instrumentation 

An Agilent Technologies (Palo Alto, CA) HP1100 Series Binary Pump (Ca # 

G1312A) was used to deliver solvent at 50 µL/min to Grace Vydac (Hesperia, CA) 
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columns.  A C4 RP, 300 Å (1.0 mm x 50 mm; Ca # 214TP5105) column was used for the 

analysis of intact-proteins at a flow rate of 50 µL/min with the flow split post-column to 

2 to 4 µL/min prior to ESI-MS analysis.  The gradient for the C4 column included a 4 

minute hold at 5 % mobile phase B, followed by a 5 - 95 % mobile phase B ramp over 2 

minutes.  For peptide analysis with the C4 column, the same gradient was used.  A C18 

Polymer RP column 300 Å (0.150 mm x 50 mm; Ca # 218MS5.1505) was also used for 

separation of digested proteins at a flow rate of 2 µL/min.  The gradient for the C18 

column included a 3 minute hold at 5 % mobile phase B, followed by a 5 - 95 % mobile 

phase B ramp over 15 minutes.  Three separate buffer systems were used and each did 

not change the signal intensity observed.   Mobile phase A1 consisted of 5% acetonitrile, 

94.5% H2O, and 0.5 % formic acid and mobile phase B1 consisted of   95 % acetonitrile, 

4.5 % H2O, and 0.5 % formic acid.  Mobile phase A2 consisted of 5 % methanol, 94.5% 

H2O, and 0.5 % acetic acid and mobile phase B2 consisted of 95 % methanol, 4.5 % H2O, 

and 0.5 % acetic acid.  Mobile phase A3 consisted of 5% acetonitrile, 94.5% H2O, and 

0.5 % acetic acid and mobile phase B3 consisted of   95 % acetonitrile, 9.5 % H2O, 0.5 % 

acetic acid. An Upchurch Scientific (Oak Harbor, WA) Micro-injector Valve (M-435) or 

a VICI (Houston, TX) Cheminert (01S-0010H) injector valve were used to inject sample 

onto the column.  The load loop was between 3 µL and 10 µL depending on the 

application.   

Intact Protein Analysis with Broadband Mode 

Direct infusion analysis of intact proteins 

For direct infusion (2 µL/min) analysis, the concentrations of the standard proteins 

were kept between 5 and 50 pmol/µL.  All proteins were diluted to 50% methanol, 50% 
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water, and 0.1 % acetic acid except human carbonic anhydrase I which was diluted to 20 

% methanol, 80 % water, and 0.1 % acetic acid.  After several iterations, it was found that 

the optimal conditions for bovine pancreas ribonuclease A, HEWL, human carbonic 

anhydrase I and chymotrypsinogen A included an trapping voltage of 1.85 V, an ion 

cooling time of 0.7 s with 35 steps, a final detection voltage of 0.5 V, a hexapole 

accumulation time of 0.5 seconds, a load cell cycle of 5 times, a p2 (time-of-flight effect) 

of 2000, and a 32 k acquisition file size. The optimal trapping voltage for bovine serum 

albumin was 2.85 V, an ion cooling time of 1.0 s with 50 steps, a final detection voltage 

of 0.5 V, a hexapole accumulation time of 0.5 seconds, a load cell cycle of 5 times, and a 

p2 of 2200.  The entire series of standard proteins could be analyzed with a trapping 

voltage of 2.65 V, an ion cooling time of 1.0 s with 25 steps, a final detection voltage of 

0.5 V, a hexapole accumulation time of 1.0 seconds, a load cell cycle of 10 times, a p2 of 

2200, and a and a 32 k acquisition file size.  The direct infusion ESI-FTICR-MS analysis 

of recombinant sialyltransferase included parameters optimized for the different protein 

standards.   

HPLC-ESI-FT-ICR MS analysis of intact proteins 

 Between 15 and 100 picomoles of intact protein was analyzed with the C4 column 

and chromatographic conditions describe above.  After several iterations, the optimal 

conditions for the analysis of all standard proteins were obtained.  One chromatic frame 

acquisition was set  to a trapping voltage of 2.65 V, an ion cooling time of 1.0 s with 25 

steps, a final detection voltage of 0.5 V, a hexapole accumulation time of 1.0 seconds, 

and a load cell cycle of 10 times, a p2 of 2200, and a 32 k acquisition file size.  This 

provided a scan rate of 12.72 s/scan.  For recombinant sialyltransferase, 10 to 70 pmol 
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was analyzed with the C4 column, chromatographic conditions, and instrumental 

conditions describe above.  

Pepsin Digestion and HPLC-ESI-FTICR-MS Analysis 

To initiate digestion of bovine carbonic anhydrase II (CA II), 7 µL of CA II (70 

µM stock contrition; 4.6 µM final concentration) was diluted with 93 µL of 0.5 % formic 

acid and 5 µL of pepsin (50 µM stock solution in 0.5 % formic acid; 2.3 µM final 

concentration) and incubated at 4oC for 30 to 60 minutes.  Also, 65 µL of CA II (70 µM 

stock contrition; 30 µM final concentration) was diluted with 75 µL of 0.5 % formic acid 

and 10 µL of pepsin (50 µM stock solution in 0.5 % formic acid; 3.3 µM final 

concentration) and incubated at 4oC for 30 to 60 minutes.  To initiate digestion of bovine 

serum albumin (BSA), 57 µL of BSA (83uM stock solution in 0.5 % formic acid; 30 µM 

final concentration) was diluted with 83 µL of 0.5 % formic acid and 10 µL of pepsin (50 

µM stock solution in 0.5% formic acid; 3.3 µM final concentration) and incubated at 4 oC 

for 30 to 60 minutes.  To initiate digestion of HEWL , 35 µL of HEWL (120 µM stock 

solution in 0.5 % formic acid; 28.5 µM final concentration) was diluted with 102.5 µL of 

0.5 % formic acid and 10 µL of pepsin (50 µM stock solution in 0.5% formic acid; 3.4 

µM final concentration) and incubated at 4 oC for 30 to 60 minutes.  To initiate digestion 

of Ins-ST or commercial rat recombinant α-(2  6)-(N)-sialyltransferase (STcommercial), 50 

µL Ins-ST or STcommercial  (5.5 to 6.0 µM stock solution in buffers described in Table 3-6; 

4.5 to 5.0 µM final concentration) was diluted with 6.5 µL of 5.0 % formic acid and  4 

µL of pepsin (50 µM stock solution in 0.5% formic acid; 3.3 µM final concentration) and 

incubated at 4 oC for 30 to 60 minutes.  For HPLC-MS analysis, between 15 and 100 
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picomoles of digested protein was analyzed with the C4 or C18 column and the 

chromatographic conditions describe above.  The instrument was tuned daily prior to the 

analysis of digested proteins.  After several iterations, the optimal instrumental conditions 

for the analysis of digested proteins were obtained.  One chromatic frame acquisition was 

defined with a hexapole accumulation time of 2.0 seconds, a p2 of 2000, the sum-average 

of 2 to 4 scans, and either a 128 k or 256 k acquisition file size.  This provided a scan rate 

of 5.7 to 11.4 s/scan because of the signal averaging of 2 to 4 scans.  While acquiring a 

35 minute HPLC run, the 128 k acquisition file size produced a final file size of 24 M and 

the 256 k acquisition produced a final file size of 47 M. 

H/Dx Experiments 

To initiate H/Dx, 28.6 µL of HWEL (700 µM stock solution in water; 20 µM final 

concentration) was diluted with 971.4 µL of 99.9% D2O.  At 1, 2, 5, 10, 15, and 20 

minutes, 100 µL aliquots were taken and quenched at 4 oC with 100 µL of a buffer 

containing 20% methanol, 78 % water, 2% acetic acid.  Direct infusion analysis included 

the use of GADT in broadband mode with a hexapole accumulation time of 0.01 seconds, 

a load cell cycle of 5 times, a p2 of 2200, a 1 M acquisition file size, and signal averaging 

over 4 scans.  For HPLC-ESI-FTICR-MS analysis of exchanged and non-exchanged 

HEWL, the C4 column and injector were submerged in an ice bath.  The instrument was 

tuned in heterodyne mode (1326.52 to 1552.17 m/z window) with the HEWL +10 charge 

state prior to HPLC analysis.  Optimal instrument conditions included a trapping voltage 

of 1.5 V, an ion cooling time of 1.0 s with 25 steps, a final detection voltage of 0.5 V, a 

hexapole accumulation time of 1.0 seconds, a load cell cycle of 5 times, a p2 (time-of-

flight effect) of 2200, and a 32 k acquisition file size.  
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CHAPTER 4 
MS BASED STRUCTURAL PROTEOMICS WITH SMALL MOLECULE LABELING 

AGENTS FOR IDENTIFYING SIALYLTRANSFERASE ACTIVE SITE AMINO 
ACIDS  

Introduction to Bioconjugation Techniques 

The identification of the catalytically important amino acid residues for a protein 

can aid in rational drug design.   Furthermore, an understanding of the allosteric 

movements of proteins, already described in Chapter 3, can aid in the study of protein-

protein interactions, dynamic movement of regions of the protein upon binding to ligand, 

and protein binding motifs.  The second bioconjugation technique described in this 

dissertation involves the covalent modification of  amino acid residues with labeling 

agents.142  The chemical derivatization of different amino acids has been used for several 

decades to allow identification of catalytic amino acids with many case specific studies 

on protein-protein interactions, protein-DNA interactions, protein-ligand interactions, 

protein topology, and membrane topology.143   

With respect to this dissertation, chemical modification of proteins is a proven 

method to implicate the amino acid residue(s) needed for the function of protein-ligand 

interactions.144  Furthermore, there are two different modification schemes: 1) small 

molecule labeling agents for derivatization of specific amino acids and 2) site-directed 

photoaffinity labeling.  Chapter 5 presents the study of site-directed photoaffinity labels 

applied to sialyltransferase.  Prior to performing a labeling experiment on 

sialyltransferase, target amino acids were selected for bioconjugation, labeling agents 

were selected for the specific amino acids, and a protocol was developed.  All three of 
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these aspects are reviewed in this chapter, along with classical biochemistry experiments 

and MS based analysis. 

Practical Consideration and Types of Small Molecule Labeling Agents 

Small molecule labeling agents (SMLAs) are chosen based on the application being 

performed.  Often, the use of SMLAs is case specific for a particular protein.  The amino 

acid (AA) side chain selected for derivatization may be important for maintaining 

solubility, binding of substrates, or catalyzing a reaction.   Also, the AAs may be 

involved with H-bonding to maintain structure or hydrophobic interactions to protect 

regions from aqueous solvents; however, AAs of this type are not normally selected for 

small molecule labeling.  Typically, SMLAs target the nucleophilic amino acids that 

contain primary amines, secondary amines, carboxylic acids, alcohols, or sulfhydryls.145    

To efficiently use SMLAs with MS analysis, the label must selectively bind to the 

target amino acid with a stable covalent bond.  When a particular protein is folded into its 

particular three dimensional structure, many residue may have different pKas based on 

the microenvironment, i.e. the surrounding AAs in the active-site.  Furthermore, changes 

in pH, temperature, and detergent concentration may also change the reactivity of 

charged AAs towards the SMLAs.  

Generally, there are 4 requirements for ideal SMLA-proteomic MS experiments.  

First, the reaction must be fast and reproducibility, with yields approaching 100%. 

Second, the covalent bond formed must be stable through sample cleanup, separation, 

and MS analysis.  Third, the reagent must react at room temperature, physiological pH, 

and be water soluble.  Fourth, the tertiary structure of the protein must be retained during 

the labeling experiment.146;147  Furthermore, a differential labeling scheme is used to 
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identify amino acids which are protected when substrate is bound in the active-site and 

not protected when no substrate is present in the active site. 

Practical Considerations for MS Based Structural Proteomics with SMLAs 

Classically, bioconjugation of proteins used radioisotope (3H, 13C, and 32P) 

SMLAs.  Currently, investigators still use this method for quantifying the number of 

labeled AAs on a certain protein; however, experiments are designed to avoid the use of 

radioactive material because of licensing, safety, and disposal.  Biochemical data from 

radioisotope and non-radioisotope SMLAs have provided valuable information on the 

identity of specific AAs needed for binding, catalysis, and “hinge” movement for many 

protein systems.  Furthermore, SMLAs are commercially available for bioconjugation 

experiments.  The identification of derivatized AAs may be performed with different 

biochemical experiments based on the SMLA used, with Edman degradation analysis, or 

with proteomic MS analysis.  Of course, each method has their drawbacks; however, 

proteomic MS has the best capacity for high-throughput after reproducible 

bioconjugation protocols have been worked out.     

As presented in Chapter 3, bioconjugation of proteins followed by polypeptide 

sequence analysis with Edman degradation or proteomic MS are considered a low 

resolution technique in comparison to NMR spectroscopy or X-ray crystallography.  Still, 

bioconjugation of proteins followed by proteomic MS analysis is the best way to 

investigate secondary structure of low yield protein systems.148;149  Often, bioconjugation 

with proteomic MS analysis complements already known crystal structures.148  Since 

crystal structures are static “photographs” of the protein, bioconjugation with SMLAs 

may provide a new view of a proteins dynamic movement upon binding of a substrate.  

The description of a protein’s dynamic movement provides a basis for the rational design 
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of transition-state mimic inhibitors.  Furthermore, if the crystal structure is un-solved, 

derivatized AAs may be compared to known protein structural motifs.  Bioinformatics 

may then be used to generate a picture of the active-site based on the identity of AAs 

derived from differential labeling.       

Proteomic MS has provided the technology that measures the mass shift associated 

with derivatization of amino acids.  Several different small molecule labeling protocols 

have been developed or re-visited because of the improvements to MS instrumentation 

and sample work-up.150  In the complete workflow of a SMLA-proteomic MS 

experiment, sample workup is still the major bottleneck.  Biotechnology has recently 

driven mass spectrometrist to develop instrumentation for the sole use of identifying 

posttranslational modifications on proteins.  The same technology is applied to proteins 

which have been derivatized with SMLAs.  For example, the Q-TOF and the more 

expensive LTQ-FT may be set to analyze a certain mass list of peptides which contain 

certain AA selectively derivatized with a known SMLA.  There are many reports in the 

literature where a certain protein or cell-state has been investigated with bioconjugation 

up-stream from MS analysis (Table 4-1).  Data may be collected for functional 

proteomics, i.e. disease state versus health state, or structural proteomics in regards to 

protein-protein interactions, membrane topology, receptor binding sites, and enzyme-

ligand interactions.145;151  

Literature Review on Ideal Cases 

One of the best strategies for SMLA-proteomic MS is the use of isotope-coded 

affinity tags (ICAT) for the comparison between healthy and disease states.  This method 

has applications in functional proteomics and is not related to the overall goal of the 

experiments presented in this dissertation.  However, ICAT technology is the spawn of 
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well designed bioconjugation techniques and was made commercially available by 

Applied Biosystems (Foster City, CA) in 2000.  Figure 4-1 represents the ICAT reagent 

used for the workflow described in Figure 4-2.  The cysteines of polypeptides are 

targeted with ICAT type labels with iodoacetyl or vinyl functionalities.  Cystines 

normally represent 1.1 % of the total AAs found in proteins.  If there are no cysteines 

present in a target protein, lysine may be modified with amidination/guanidination or 

tryptophan may be modified with indole.  Since lysines are much more prevalent, more 

peptides will be labeled, thus providing more information; however, the data is more 

complex to analyze.142  Upon analysis with MS, there is an 8 Da mass shift between the 

differently labeled cell states (Figure 4-2).  Differential comparison between the signal 

intensities of the light and heavy labeled peptides (same peptide but different cell states), 

provides relative quantitation on the level of expression of a particular protein in the two 

different cell states.     
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Figure 4-1.  ICAT Reagent 

Table 4-1 represents the selected references that use SMLAs for structural 

proteomic studies.  The examples in the following table were chosen based on the time 

frame (published in 2004), the target amino acid for derivatization (tyrosine, lysine, 
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Figure 4-2.  ICAT Work-flow 

histidine, cysteine, or aspartic/glutamic acid), and/or the reaction conditions.  The basis 

for the selecting the SMLAs for derivatization of sialyltransferase were extracted from 

the papers presented below.    

Table 4-1.  Literature Review of Different Bioconjugation Experiments 
Protein System and 
Reference 

Labeling Agent 
(Target Amino Acid) 

Important Information 

1) Protein-protein    
  interactions of  HIV    
  binding viral envelope  
  protein (gp120) to  
  human receptor CD 4    
  on T-cells152 

hydroxyphenolglyoxal 
(lysine) 

With a differential labeling 
strategy and MS analysis, the 
specific lysine involved with 
binding was identified.  This paper 
also compared the new data to the 
crystal structure to confirm contact 
point. 

2) Protein-protein    
  interactions of IgG   
  cross-linked to  
  horseradish  
  peroxidase153  

In-house synthetic 
cross-linker: 
sulfosuccinimidyl(perfl
uorobenzoamido)-
ethyl-1,3’-
dithiopropionate 
(primary amines) 

Study to illustrate the increased 
cross-linking of one of the most 
common ELISA assay 
components.  The fluorinated azide 
had higher insertion efficiency.  
This study is more relevant to 
Chapter 5 of this dissertation. 
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Table 4-1.  Continued. 
Protein System and 
Reference 

Labeling Agent 
(Target Amino Acid) 

Important Information 

3) Protein-ligand  
  interactions of IgG  
  to test new  
  labeling agent154 

Acyl adenylate 
(Deoxycholyl 
adenylate) 
(lysine or arginine)  

Study to illustrate the direction of 
SMLAs for protein-protein and 
protein-ligand interactions for 
high-throughput in the post-
genomic area.  Specifically label 
lysines which may be in receptor 
binding sites.  In-gel digestion with 
trypsin and MS analysis was used 
to identify specific site of binding. 

4) Membrane topology 
   (solvent accessibility)   
   of glycine receptor 150 

Tetranitromethane 
(tyrosine) 

This study revealed which 
tyrosines played an important role 
in partitioning properties due to 
hydrophobic ends of this type of 
receptor based on the solvent 
accessibility.  In-gel digestion with 
trypsin and MS analysis was used 
to identify mass shifts. 

5)  Protein-nucleic acid   
  interactions of human  
  replication protein A  
  (hRPA) and DNA155 

No labeling agent: 
Irradiated protein-DNA 
complex for zero-
crosslink with 
phenylalanine. 

Three different binding regions 
were identified with MS analysis.  
This solidified data on the binding 
region when compared to NMR, 
mutagenesis, and X-ray 
crystallography data.  This study is 
more relevant to Chapter 5 of this 
dissertation. 

6) Protein-ligand  
  binding interaction  
  of calmodulin to  
  melitin149 

Several different cross-
linkers. 1-ethyl-(3-
dimethylaminopropopy
l) carbodiimide 
hydrochloride, Sulfo-
NHS, Sulfo-DST, and 
bis(sulfosuccinimidyl) 
suberate.  
(aspartic/glutamic acid, 
and lysine, asparagine) 

Study using three different cross-
linkers of different length to map 
out the binding sites.  In-gel 
digestion with trypsin with FTICR-
MS.  From exact mass, took data 
one step further and generated low 
resolution crystal structures based 
on the difference between the 
cross-linker lengths and binding 
sites. 

7) Structural       
    characterization of   
    fish egg vitelline  
    envelope proteins156 

No labeling agents Good paper which represents the 
use of different types of MS to 
identify proteins based on mass 
and also mapped proteins with 
different proteases and MS/MS 
analysis.  Presented interpretation 
of non-standard MS/MS data. 
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Table 4-1.  Continued. 
Protein System and 
Reference 

Labeling Agent 
(Target Amino Acid) 

Important Information 

8) Protein-ligand     
    interactions of  
    aminopeptidase A157 

N-acetylimidazole 
(Tyrosine, serine, 
cystine, lysine, and 
histidine) 

This study is similar to 
sialyltransferase in that it contains 
a consensus sequence motif of 
HEXXH. Through a differential 
labeling scheme, N-
acetylimidazole labeled a tyrosine 
which is necessary for stabilization 
of the transition state.  Strictly a 
biochemical study. 

10) Protein – ligand     
  interaction of leader  
  peptidase158 

Several SMLAs 
investigated 
N-Bromosuccinimide, 
1-ethyl-(3-
dimethylaminopropopy
l) carbodiimide 
hydrochloride, N-
acetylimidazole, 
iodoacetic acid, 5,5’-
dithiobis(2-
nitrobenzoic acid, 
succinic acid, and  
phenylglyoxal 
(all nucleophilic amino 
acids) 

Purely a biochemical study on the 
solvent accessible amino acids.  N-
Bromosuccinimide was found to 
react with tryptophan, 1-ethyl-(3-
dimethylaminopropopyl) 
carbodiimide hydrochloride was 
found to react with an aspartic or 
glutamic acid, and phenylglyoxal 
was found to react with arginine to 
deactivate the enzyme.  All of the 
other SMLAs did not deactivate 
the enzyme.  Used HPLC-UV and 
radioisotopically labeled SMLAs 
to identify derivatized peptides. 

11) Protein-ligand of  
  transglutaminase    
  factor XIII (FXIII) in  
  active and non-active  
  state159 

alkylmalemidides and 
acetic anhydride 
(cystines and lysines) 

Differential labeling of solvent 
accessible AAs followed by in-
solution digestion with trypsin and 
MS analysis.  Obtained data on 
non-activated state and activated 
state which could not be 
determined from static X-ray 
crystal structure upon binding to 
different substrates and divalent 
cations.   

12) Membrane binding  
  topology of  
  cytochrome  
  P450144 
 

acetic anhydride, 
glycinamide and 1-
ethyl-(3-
dimethylaminopropopy
l) carbodiimide  
(lysine, serine, 
arginine, cysteine, 
glutamic acid and 
aspartic acid.  

Used differential labeling scheme 
for comparison of soluble and 
membrane bound states.  The study 
found several lysines that were 
contact points for binding to the 
membrane.  Used in-solution 
digestion with trypsin and 
MALDI-TOF MS for 
identification of conjugated AAs. 
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Table 4-1.  Continued. 
Protein System and 
Reference 

Labeling Agent 
(Target Amino Acid) 

Important Information 

13) Solvent accessible  
  amino acids on  
  Neuroligins- 
  transmembrane  
  proteins160 

iodoacetic acid and  
4-vinyl-pyridine 
(cystine) 

This study mapped disulfide bonds 
and N/O- glycans sites.  These 
proteins have similar topology to 
sialyltransferase.  

14) Labeling of  
  neuropeptides143  

N-acetylimidazole 
(Tyrosine, serine, 
cystine, lysine, and 
histidine) 

Continuous-fast atom 
bombardment MS revealed a mass 
shift of 42 Da of a derivatized 
peptide.  The modification was 
reversed by treatment with 
hydroxylamine. 

15)  Protein-ligand  
  interactions of                
  γ-glutamyl     
  transpeptidase161 

Iodoacetamide and 
N-acetylimidazole 
(tyrosine, serine, 
cystine, lysine, and 
histidine) 

N-acetylimidazole was found to 
react with a lysine which causes a 
cystine to be exposed for labeling 
with iodoacetamide.  This is an 
example where the labeling agent 
has changed the structure of the 
enzyme. 

16)  Protein-ligand  
  interaction of 
  cinnamomin type II  
  ribosome-inactivating  
  protein and   
  ribosomal RNA162   

N-acetylimidazole 
(Tyrosine, serine, 
cystine, lysine, and 
histidine) 

This study revealed, through 
differential labeling, the 
identification of a tyrosine needed 
for binding to DNA.  The reaction 
was terminated by the addition of 
tyrosine. Activity was regenerated 
with ethanolamine. 

17) Protein-DNA  
  interaction of  
  capase-3 activated  
  DNase CAD with  
  DNA cleavage 163 

2,4,6-trinitro-
benzenesulphonic acid, 
and N-acetylimidazole 
(Tyrosine, serine, 
cystine, lysine, and 
histidine) 

This study provided identification 
of a lysines and tyrosine needed 
for binding and catalysis.  
Mutagenesis studies on different 
lysines and tyrosines allowed 
identification of individual amino 
acids important for catalysis.  

 
Limitations for MS Based Structural Proteomics with SMLAs 

The major limitations with SMLA-proteomic MS includes peptide ionization and 

MS/MS fragmentation.  The derivitation of basic amino acids may greatly reduce the 

ionization efficiency.  Also, fragmentation patterns of non-derivatized and derivatized 

proteolytic peptides do not always yield spectra exemplifying polypeptide backbone 
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ladders.  The intensities of fragmented proteolytic peptide ions are mediated by the 

charge state of the parent ion, the AAs present, and the size of the proteolytic digested.142  

Interestingly, some investigators have chosen to synthesize SMLAs that enhance 

ionization by the addition of a basic tertiary amine.147  For example, cationic SMLAs 

were reported to increase signal intensities by a factor of forty for hydrophilic peptides; 

however, a decrease in MS/MS fragmentation coverage was observed.  Secondly, 

coumarin coupled to the  N-termini of proteolytic polypeptides with N-

hydroxysuccinimide chemistry enhanced MADLI-TOF signal and improved MS/MS 

fragmentation.146  Enhancement of peptide ionization may be beneficial if the investigator 

is looking for a certain important polypeptide for functional proteomics.  The main 

problems with these types of SMLAs are their solubility and difficult synthetic 

protocols.147      

Practical Consideration for Labeling of Sialyltransferase with SMLAs 

Based on the primary structure motif data presented in Chapter 2, a general acid 

and a general base are the targets for SMLAs.  The targeted amino acids for a general 

acid and a general base include histidine, glutamic acid, aspartic acid, lysine, serine, 

and/or tyrosine.  After reviewing the literature, the decision was made to label with 

iodoacetic acid (IOA), 1-ethyl-(3-dimethylaminopropopal) carbodiimide hydrochloride 

(EDC) coupled with ethanolamine (ETAM), and N-acetylimidazole (NAI).  The choice 

of these three SMLAs was also based on cost, commercial availability, reaction 

conditions, water solubility, and reaction quench conditions.  Furthermore, experiments 

with radiolabel SMLAs were not performed because the main requirement for the 

labeling reaction was the deactivation of enzymatic activity.    
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IOA normally reacts with cystine; however, if the microenvironment shifts the pKa 

of the AAs found in the catalytic active-site, histidine or lysine may also be modified.   

EDC is normally associated with activation of carboxyl groups leading to amide 

formation by reaction with primary amines.  EDC has been used as a cross-linker for 

several applications, and in this case, may create cross-linking between sialyltransferase 

molecules found in solution.  To avoid protein-protein cross linking, ETAM is added in 

large excess to EDC.  NAI may react with lysine, cystine, histidine, serine, and tyrosine.  

Of particular interest, NAI is normally used to successfully identify tyrosine as the 

labeled AA through deacetylation with ETAM.   The crystal structure of the bacterial 

sialyltransferase presented in Chapter 2, along with the structural motif information, 

make tyrosine a special target for this study.   
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Figure 4-3.  IOA Specificity 

Bioconjugation of Sialyltransferase with Small Affinity Labels 

The three different constructs presented in Chapter 2 were incubated with NAI, 

EDAC/ETAM, and IOA.  First, Ins-ST was incubated with the three labeling agents to 

determine which would deactivate the enzyme.  Second, the identification of active-site 

AAs with NAI acetylation was performed using a differential protection scheme and the 

C-Tag-ST construct. Third, the reactivation of N-Tag-ST with ETAM after labeling with 

NAI was performed.  Finally, all the derivatized recombinant hST3Gal IV constructs  



133 

 

H3C N
C

N NH+

CH3

CH3

Cl-
+

R OH

O

H3
C

N
H

N
H+
N

CH3

CH3

O

R

O

+ OH
NH3+

H3
C

N
H

N
H

H+
N

CH3

CH3

O

+
R N

H

O

OH

 
Figure 4-4.  EDC Coupling with ETAM 
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Figure 4-5.  Acetylation of Tyrosine with NAI 

were subsequently analyzed with SDS-PAGE, in-gel digested with trypsin, and analyzed 

with either MALDI-TOF MS or LC-Q MS.        

Differential Labeling Scheme 

Figure 4-6 illustrates the differential labeling scheme used.  For simplicity and 

illustration, only CMP-NeuAc is shown in the active-site of sialyltransferase and ETAM 

coupled to Glu or Asp with EDAC is shown as the labeling agent.  Differential labeling is 
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performed by first labeling sialyltransferase without substrate present.  All solvent 

accessible amino acids specific to the chemistry of the labeling agent will react.  Second, 

sialyltransferase is labeled in the presence of donor substrate (CMP-NeuAc), of acceptor 

substrate (α-lactose), or with both present.  The presence of substrate will block solvent 

accessible AAs in the active site; therefore, the SMLA will not be able to derivatize the 

catalytically important AAs.   MS analysis of stable covalent bonds formed between the 

SMLA and the AA may aid in identifying the exact location of the general acid or the 

general base.    
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Figure 4-6.  Differential Labeling Experiments 

Workflow 

The work flow for the labeling of sialyltransferase is described in Figure 4-7.  

There are three separate experiments that must be performed.  The first data set includes 
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the MS analysis of in-gel digested recombinant hST3Gal IV which has not been labeled 

with SMLAs.  The main goal of this experiment is to obtain 100 % coverage. This will 

ensure that an AA which has been derivatized will be observed.  The second data set 

includes MS analysis of in-gel digested un-protected, derivatized recombinant hST3Gal 

IV.  This data set will identify AAs which are derivatized because they are solvent 

accessible.  The third data set entails the MS analysis of in-gel digested active-site 

protected, derivatized recombinant hST3STGal IV.  When comparing this data set to the 

second data set, the identity of the AA which is no longer solvent accessible may be 

identified.  The step including trichloroacetic acid (TCA) precipitation may be excluded 

if the final concentration of recombinant hST3Gal IV after derivatization and activity 

profiling is above the limit-of-detection for SDS-PAGE and MS analysis.  The step 

including Endo Hf or PNGase F glycan digestion is included to reduce the complexity of 

the peptides being analyzed because of the heterogeneity associated with the multiple 

glycoforms of expressed sialyltransferase.  In-gel digestion is most commonly performed 

with trypsin; however, to increase sequence coverage, other proteases such as Lys C, Glu 

C, Asp N, or α-chymotrypsinogen A may be used individually or in a double-digestion 

manner.   

MALDI-TOF analysis is used to determine the percent sequence coverage and to 

determine what peptides were derivatized.  LC MS/MS is used to confirm MALDI-MS 

data on percent sequence coverage and to validate MALDI-TOF data on peptides which 

AAs have been derivatized.   Several different software packages were used to analyze 

the peptide maps generated with MALDI-TOF and peptide fragmentation patterns 

generated with MS/MS analysis. 
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Figure 4-7.  Work Flow for Bioconjugation of Recombinant hST3Gal IV and 

Identification of Derivatized Amino Acids 

Results and Discussion 

Preliminary screening of NAI, EDAC/ETAM, and IOA 

The initial experiments to determine which SMLA deactivated Ins-ST involved the 

use of EDAC with ETAM, IOA, and NAI.  All activity assays were performed in the 

same fashion as described in Chapter 2: Methods and Materials: Assays.  The Ins-ST 

concentration was held at 6.5 µM and incubated in the presence of the particular SMLA 

at 37 oC for 20 minutes in a final reaction volume of 30 µL.  Table 4-2 presents the 

enzymatic activity for a 20 minute incubation.  Prior to assaying, NAI was quenched with 

17 mM tyrosine, IOA was quenched with 13 mM histidine, and EDAC/ETAM was 

quenched with 17 mM acetic acid.  The pH during all steps was maintained at 6.8.  NAI 

was the only SMLA to deactivate INS-ST with the reaction conditions described.  After 

all of the reactions were performed, EndoHf was added to the quenched labeling reaction 



137 

 

mixture.  The results for SDS-PAGE analysis, in-gel digestion (IGD), and MS analysis of 

labeled INS-ST are presented later in this chapter.    

Table 4-2.  SMLAs and Activity after 20 Minute Incubation 
Sample Activity in CPM 
INS-ST Standard 1401 
NAI - [17 mM]f 0 
IOA - [13 mM]f 1306 
EDAC - [17 mM]f 
+ Ethanolamine - [17 mM]f 

1420 

 
NAI differential labeling experiments 

Several experiments were performed to optimize conditions (concentration of 

enzyme, reaction temperature, concentration of NAI, and concentration of substrate(s)) 

for the best differential results when C-Tag-ST was incubated with NAI, with and 

without CMP-NeuAc, α-lactose, or both present.  Figure 4-8 represents the steps 

involved for an experiment with substrate present.  First, it was found that the final 

concentration of C-Tag-ST had to be at least 5 µM and the final reaction volume had to 

be at least 80 µL for SDS-PAGE, In-gel digested (IGD), and MS analysis after incubation 

and activity profiling.  Second, for protection of the active-site, the concentration of the 

substrate(s) had to be 5 times the Km for C-Tag-ST.  Third, about 2500 times excess of 

labeling agent to C-Tag-ST was required for complete deactivation.  This value was 

within a very narrow window.  For example, if there was about 1800 times excess NAI, 

deactivation would not go to 100 %.  Furthermore, about 3200 times excess NAI 

completely deactivated the protected sialyltransferase.  Fourth, according to the literature, 

tyrosine may be used as a quenching reagent to scavenge the un-reacted NAI.162  

Tyrosine as a quenching agent had no affect on enzyme activity.  Fifth, activity was 

determined in the same manner as described in Chapter 2, methods and materials, assays.  
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Figure 4-8.  Labeling Experiment 

The following graphs represent the data collected for positive results with 

differential labeling.  Due to limited materials and the stability of the recombinant 

sialyltransferase constructs, only the C-Tag-ST construct was fully investigated.  Figure 

4-9 presents the results for NAI derivatization of C-Tag-ST with CMP-NeuAc [525 

µM]final present and no substrate present.  Figure 4-10 presents the results for NAI 

derivatization of C-Tag-ST with CMP-NeuAc [1.5 mM]final  and saturated α-lactose 

present, saturated α-lactose present, and no substrate present.  The results indicated that 

both donor and acceptor substrates were needed for differential protection.  Final 

activities were corrected for maximal velocity based on the equation presented in Chapter 

2, method and material, assays.  
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Figure 4-9.  NAI Derivatization of C-Tag-ST without Substrate Present and with 525 µM 
CMP-NeuAc Present  
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Figure 4-10.  NAI Derivatization of C-Tag-ST without Substrate Present, with 1.5 mM 

CMP-NeuAc and Saturated α-Lactose Present, and with Saturated α-Lactose 
Present.  

The reaction volumes, the concentration of labeling agent, the concentration of 

enzyme, and the temperature were held constant once the optimal conditions were 

determined.  Based on the curves obtained, there was a change in conformation of the 

enzyme upon binding to both donor and acceptor substrates.  This may include ordering 

of a floppy loop region to produce a protected active-site as described in the crystal 

structure of the bacterial sialyltransferase.  The curve presented in Figure 4-9 suggests 

that CMP-NeuAc alone does not protect the enzyme from deactivation.  Other 

experiments suggested that higher concentrations of CMP-NeuAc prolong the 

deactivation of C-Tag-ST.  Furthermore, saturating α-lactose will also protect the binding 

site from being labeled; however, activity is still lost over time.   

NAI acetylates protein residues at rates proportional to their nucleophilicity and 

solvent accessibility. With NAI as a SMLA, the identity of the active-site amino acids 

may be a tyrosine, serine, histidine, cysteine, or lysine.  Before performing SDS-PAGE, 
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in-gel digestion, and MS analysis, the behavior of the labeled sialyltransferase is 

investigated with the addition of ethanolamine after deactivation with NAI 

Reactivation of NAI derivatized N-Tag-ST with ethanolamine 

To test the stability of the acetylated amino acid, N-tag-ST was treated with 

ethanolamine after derivatization with NAI.  Four separate activity profiles were obtained 

as illustrated in Figure 4-11.  As presented in Chapter 2, the recombinant hST3Gal IV 

was not amendable to ultrafiltration or dialysis for removal of salts.  Since this was the 

case, NAI was still present in the solution during this experiment.  However, NAI 

hydrolyzes with a half-life of 30 mins in 10 mM Tris-HCl (pH 7.5) at 30o C.157    It was 

assumed that the half-life of NAI in 50 mM MES pH 6.8 will be similar.  Under the 

conditions described, NAI may acetylate tyrosine, cystine, and lysine, but will not 

acetylate serine because of the low reactivity at neutral and mildly alkaline pH.   

Deacetylation of lysine normally requires alkaline conditions, leaving tyrosine and 

histidine as the main targets for labeled amino acids.  Figure 4-11 represents the the re-

activation of N-Tag-ST versus different standards.  The experiment was performed at 4o 

C over 5 days with activitys obtained daily.  At the end of the 5 days, the pH was 

determined to be ~6.8 for all samples.  The top curve (x) represents 5 µM of N-Tag-ST 

without the addition of NAI or ETAM.  The (▲) curve represents 5 µM of N-Tag-ST 

with addition of ETAM to a final concentration of 1 mM.  The (□) curve represents the 

addition of NAI [55mM]final to 5 µM of N-Tag-ST without the addition of ETAM.  The 

(○) curve represents the N-Tag-ST/NAI solution with dilution of ETAM to the final 

concentration of 1 mM.   Percent activity represents the relative activity normalized to N-

Tag-ST without addition of NAI of ETAM.  The data reveals that ETAM does not affect 
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the activity of N-Tag-ST and that the presence of ETAM increased the rate in which 

activity was recovered.  Based on the reaction conditions described, it is proposed that the 

identity of the derivatized AA is either a histidine or a tyrosine. 

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

x   -- 5 µM C-Tag-ST (Standard)
 -- 5 µM C-Tag-ST + 55 mM NAI
▲ -- 5 µM C-Tag-ST + 1 mM ETAM
○ -- 5 µM C-Tag-ST + 55 mM NAI + 1 mM NAI

Time in Hours

Pe
rc

en
t A

ct
iv

ity

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120

x   -- 5 µM C-Tag-ST (Standard)
 -- 5 µM C-Tag-ST + 55 mM NAI
▲ -- 5 µM C-Tag-ST + 1 mM ETAM
○ -- 5 µM C-Tag-ST + 55 mM NAI + 1 mM NAI

Time in Hours

Pe
rc

en
t A

ct
iv

ity

 
 

Figure 4-11.  Reactivation of N-Tag-ST with ETAM 

SDS-PAGE analysis and in-gel digestion with trypsin or other proteases 

SDS-PAGE analysis separated the hST3Gal IV constructs from impurities, 

SMLAs, and endoglycosidases.  As described in Chapter 1, if there was more than one 

protein present in the solution prior to trypsin digestion, there would be more peptides for 

MS analysis.  If the digested sample was more complex, proteolytic peptides may co-

elute, thus increasing the probability that an important recombinant hST3Gal IV 

proteolytic peptide would not be observed.  Figure 4-12 presents the SDS-PAGE analysis 

TCA precipitated N-Tag-ST and C-Tag-ST.  The boxed area represents the portion of the 

gel which was excised for in-gel digested (IGD) with trypsin prior to MS analysis.  

Figure 4-13 represents the SDS-PAGE analysis of TCA precipitated N-Tag-ST and C-

Tag-ST following digestion with EndoHf.  The EndoHf band was observed at 66 kDa.   
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Figure 4-12.  SDS-PAGE Analysis of C-tag-ST and N-tag-ST where: Lane 1  = TCA 

Precipitated C-tag-ST,  IGD with Trypsin (1); Lane 2 = Molecular Weight 
Markers; Lane 3  = 20 uL of Purified N-tag-ST; Lane 4 =  TCA Precipitated 
N-Tag-ST, IGD with Trypsin (3);  Lane 5 =  TCA Precipitated C-Tag-ST, 
IGD with Trypsin (4); Lane 6 =  Molecular Weight Markers 

In noting the purity of the sialyltransferase constructs, the lanes that do not contain 

EndoHf have bands that correspond to GP 64 as in Chapter 2.  The purpose of these 

experiments was to determine the percent sequence coverage after IGD and MS analysis. 

Figure 4-14 represents the SDS-PAGE analysis of N-Tag-ST and C-Tag-ST TCA 

precipitated prior to re-suspension in 1x endoglycosidase reaction buffer and addition 

either EndoHf or PNGaseF.  Unfortunately, for this batch of samples, the deglycosylation 

reaction did not work.  The boxed area represents the portion of the gel which was 

excised for IGD with a variety of different proteases for the purpose of enhanced 

sequence coverage with MS analysis.  Since the proteases have different AA specifities 

for cleavage, different peptide coverage maps may be created which may allow for 100% 

sequence coverage.   
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Figure 4-13.  SDS-Page Analysis of C-Tag-ST and N-Tag-ST After Deglycosylation with 

EndoHf where: Lane 1 = 20 µL of Purified N-Tag-ST; Lane 2 = 20 µL of 
Purified C-Tag-ST; Lane 3 = Molecular Weight Markers; Lane 4 = TCA 
Precipitated C-Tag-ST, IGD with Trypsin (1); Lane 5 = TCA Precipitated C-
Tag-ST, IGD with α-Chymotrypsinogen A (2); Lane 6 = TCA Precipitated 
EndoHf Digested C-Tag-ST, IGD with Trypsin (3); Lane 7 = TCA Precipitated 
EndoHf Digested C-Tag-ST, IGD with α-Chymotrypsinogen A (4); Lane 8 = 
TCA Precipitated N-Tag-ST, IGD with Trypsin (5); Lane 9 = TCA 
Precipitated N-Tag-ST, IGD with Chymotrypsinogen (6) ; Lane 10 = TCA 
Precipitated N-Tag-ST, IGD with Trypsin (7); Lane 11 = TCA Precipitated 
EndoHf Digested N-Tag-ST, IGD with α-Chymotrypsinogen A (8). 

Figure 4-15 represents the SDS-PAGE analysis of Ins-ST incubated with EDC, 

IOA, and NAI (Table 4-2).  Obviously, the purification preceded this batch of Ins-ST 

sample was not adequate.  The difficulty associated with the purification of the Ins-ST 

construct was one of the main reasons for the incorporation of the polyhistidine tag into 

the recombinant hST3Gal IV construct.  Furthermore, the electrophoretic mobility was 

hampered due to the increased concentration of labeling and quenching reagents  To 

improve the resolution of SDS-PAGE, TCA precipitated sample provided the best results 

(Figures 4-12 and 4 -13). 

Figure 4-16 represents the DS-PAGE analysis of differentially labeled C-Tag-ST 

with NAI (Figures 4-9 and 4-10).  The boxed area represents the portion of the gel which 

was excised for IGD with trypsin prior to MS analysis.  The electrophoretic mobility was 
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Figure 4-14.  SDS-PAGE Analysis of TCA Precipitated C-Tag-ST and N-Tag-ST with 

Subsequent IGD with Multiple Proteases where:  Lane 1 = Molecular Weight 
Markers; Lane 2 = TCA Precipitated C-Tag-ST, IGD with Trypsin (1); Lane 3 
= TCA Precipitated C-Tag-ST Prior to Digestion with EndoHf, IGD with Lys 
C (2); Lane 4 = TCA Precipitated C-Tag-ST Prior to Digestion with EndoHf, 
IGD with trypsin and Glu C (3); Lane 5 = TCA Precipitated C-Tag-ST Prior 
to Digestion with PNGase F, IGD with Glu C and Arg C (4); Lane 6 = TCA 
Precipitated N-Tag-ST, IGD with Asp N and Lys C (5); Lane 7 = TCA 
Precipitated N-Tag-ST Prior to Digestion with EndoHf, IGD with Asp N and 
Lys C (6); Lane 8 = TCA Precipitated N-Tag-ST Prior to Digestion with 
EndoHf, IGD with Glu C and Arg C (7); Lane 9 = TCA Precipitated N-Tag-ST 
Prior to Digestion with PNGase F, IGD with Trypsin and Glu C (8). 

hampered due to the increased labeling and quenching agent concentrations.  In 

comparison to the other gels presented, the resolution was poor for this particular SDS-

PAGE run.  Furthermore, the bands that were excised provided positive identification of 

tryptic peptides.  However, MS analysis did not reveal acetylated AAs.   

MS analysis of IGD sample 

MALDI-TOF MS was used for analysis of digestion efficiency with two seperate 
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Figure 4-15.  SDS-Page Analysis of Initial Screen of Ins-ST with EDAC/ETAM, NAI, 

and IOA where:  Lane 1 = 20 uL of Purified Ins-ST, IGD with Trypsin (1)    
Lane 2 = Un-protected Ins-ST, Labeled with 17 mM NAI,  IGD with Trypsin 
(2); Lane 3 = Un-protected Ins-ST, Labeled with 13 mM IOA,  IGD with 
Trypsin (3); Lane 4 =  CMP-NeuAc Protected Ins-ST, Labeled with 13 mM 
IOA,  IGD with Trypsin (4); Lane 5 =  Protected Ins-ST, Labeled with 17 mM 
NAI,  IGD with Trypsin (5); Lane 6 =  Un-protected Ins-ST, Labeled with 17 
mM EDC/ETAM, IGD with Trypsin (6); Lane 7 =  Molecular Weight 
Markers; Lane 8 =  Un-protected Ins-ST, Labeled with 17 mM EDC/ETAM, 
IGD with Trypsin (7). 

sample preparation techniques.  It was found that a on-spot water wash method did not 

remove all the salts; however, a peptide map corresponding to 45% coverage was 

obtained.  Using the Zip-Tip® method, only 35% coverage was observed; however, the 

peaks obtained were of much higher signal-to-noise.  Figure 4-17 represents a normal 

spectrum acquired with MALDI-TOF after IGD with trypsin and the on-spot water wash 

method.  Figure 4-18 represents a normal spectrum after IGD with trypsin and Zip-Tip® 

clean up.  The sequence coverage from IGD with trypsin and on-spot water wash prior to 

MALDI-TOF is presented in Figure 4-19.  The sequence coverage from IGD with trypsin 

and Zip-Tip® clean up prior to MALDI-TOF is presented in Figure 4-20.  The grey 

corresponds to identified peptides, whereas the red corresponds to un-identified peptides. 
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Figure 4-16.  SDS-Page Analysis of C-Tag-ST Labeled with NAI, with and without 

Substrate Present where: Lane 1 = Un-Protected C-Tag-ST Labeled with 80 
mM NAI, IGD with Trypsin (1) and (2); Lane 2 = Protected C-Tag-ST 
Labeled with 80 mM NAI, IGD with Trypsin (3); Lane 3 = Un-protected C-
Tag-ST Labeled with 55 mM NAI , IGD with Trypsin (4); Lane 4 = Protected 
C-tag-ST Labeled with 55 mM NAI, IGD with Trypsin (5); Lane 5 = Un-
protected C-Tag-ST Labeled with 55 mM NAI, IGD with Trypsin (6); Lane 6 
= Protected C-Tag-ST Labeled with 55 mM NAI, IGD with Trypsin (7); Lane 
7 = Protected C-Tag-ST Labeled with  55 mM NAI , IGD with Trypsin (8); 
Lane 8 = Protected N-Tag-ST Labeled with 50 mM NAI , IGD with Trypsin 
(9);  Lane 9 = Un-protected C-Tag-ST Labeled with 55 mM NAI, IGD with 
Trypsin (10); Lane 10 = Protected C-Tag-ST Labeled with 55 mM NAI , IGD 
with Trypsin (11); Lane 11 = Protected C-Tag-ST Labeled with 55 mM NAI, 
IGD with Trypsin (12). 
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Figure 4-17.  MALDI-TOF MS Spectrum with On-Spot Water Wash Sample Preparation 
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Figure 4-18.  MALDI-TOF MS Spectrum after ZipTip® Sample Preparation 

FVDSRGGSEKKEPCLQGEAESKASKLFGNYSRDQPIFLRLEDYFWVKTPSAY 
ELPYGTKGSEDLLLRVLAITSSSIPKNIQSLRCRRCVVVGNGHRLRNSSLGDAI
NKYDVVIRLNNAPVAGYEGDVGSKTTMRLFYPESAHFDPKVENNPDTLLVL 
VAFKAMDFHWIETILSDKKRVRKGFWKQPPLIWDVNPKQIRILNPFFMEIAA 
DKLLSLPMQQ PRKIKQKPTTGLLAITLALH LCDLVHIAGF GYPDAYNKKQ 
TIHYYEQITLKSMAGSGHNVSQEALAIKRMLEMGAIKNLTSFGGHHHHHH  

Figure 4-19.  Sequence Coverage of C-Tag-ST IGD with Trypsin, On-Spot Water Wash 
Cleanup, and MALDI-TOF MS Analysis 

FVDSRGGSEKKEPCLQGEAESKASKLFGNYSRDQPIFLR LEDYFWVKTPSAY
ELPYGTKGSEDLLLRVLAITSSSIPKNIQSLRCRRCVVVGNGHRLRNSSLGDAI
NKYDVVIRLNNAP VAGYEGDVGSKTTMRLFYPESAHFDPKVENNPDTLLVL
VAFKAMDFHWIE TILSDKKRVR KGFWKQPPLIWDVNPKQIRILNPFFMEIAA 
DKLLSLPMQQPRKIKQKPTTGLLAITLALHLCDLVHIAGFGYPDAYNKKQTI
HYYEQITLKSMAGSGHNV SQEALAIKRMLEMGAIKNLTSFGGHHHHHH  

Figure 4-20.  Sequence Coverage of C-Tag-ST IGD with Trypsin, Zip-Tip® Cleanup, 
and MALDI-TOF MS analysis 

In comparison, LC-Q MS/(MS) analysis provided higher percent coverage in 

comparison to MALDI-TOF data.  Figure 4-21 represents a typical total ion 

chromatogram of a LCQ MS run performed on a LCQ Deca (Thermo Electron, San 
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Antonio, TX).  Figure 4-22 represents the MS spectra +1 parent ion corresponding to the 

tryptic peptide LEDYFWVK and Figure 4-23 represents the MS/MS spectrum of that 

peptide.  Figures 4 -24 through 4-26 represent the percent sequence coverage obtained 

with LCQ MS for each of the three recombinant ST3Gal IV constructs. 

One reason for the increased percent coverage of LCQ MS over MALDI-TOF MS 

analysis was the quality of data acquired.  Since there were salts present after the on-spot 

water wash, the spectrum observed in Figure 4-17 has many salt adducts.  When 

performing peak analysis with bioinformatics software, several peaks are assigned as 

false positives.  Using LCQ MS/MS provides two extra dimensions for positive 

identification of tryptic peptides.  This includes the separation of tryptic peptides with 

chromatography and MS/MS of the precursor tryptic ions.      
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Figure 4-21.  Typical Total Ion Chromatogram of Trypsin IGD of N-Tag-ST with an 

LCQ-DECA.  The Retention Times and Base Peaks are Labeled.  
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Figure 4-22.  MS Spectra at 23.70 Minutes of the Tryptic Peptide LEDYFWVK 
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Figure 4-23.  MS/MS Spectra at 23.80 Minutes of the Tryptic Peptide LEDYFWVK 

FVDSRSGGEKKEPCLQGEAESKASKLFGNYSRDQPIFLRLEDYFWVKTPSAY
ELPYGTKGSEDLLLRVLAITSSSIPKNIQSLRCRRCVVVGNGHRLRNSSLGDAI
NKYDVVIRLNNAPVAGYEGDVGSKTTMRLFYPESAHFDPKVENNPDTLLVL
VAFKAMDFHWIETILSDKKRVRKGFWKQPPLIWDVNPKQIRILNPFFMEIAA
DKLLSLPMQQPRKIKQKPTTGLLAITLALHLCDLVHIAGFGYPDAYNKKQTI
HYYEQITLKSMAGSGHNVSQEALAIKRMLEMGAIKNLTSF  

Figure 4 -24.  Sequence Coverage of Ins-ST Digested with Trypsin / LC MS/MS 
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FVDSRGGSHHHHHHGGEKKEPCLQGEAESKASKLFGNYSRDQPIFLRLEDYF
WVKTPSAYELPYGTKGSEDLLLRVLAITSSSIPKNIQSLRCRRCVVVGNGHRL
RNSSLGDAINKYDVVIRLNNAPVAGYEGDVGSKTTMRLFYPESAHFDPKVEN
NPDTLLVLVAFKAMDFHWIETILSDKKRVRKGFWKQPPLIWDVNPKQIRILN
PFFMEIAADKLLSLPMQQPRKIKQKPTTGLLAITLALHLCDLVHIAGFGYPDA
YNKKQTIHYYEQITLKSMAGSGHNVSQEALAIKRMLEMGAIKNLTSF  

Figure 4-25.  Sequence Coverage of N-Tag-ST Digested with Trypsin / LC MS/MS 

FVDSRSGGEKKEPCLQGEAESKASKLFGNYSRDQPIFLRLEDYFWVKTPSAY
ELPYGTKGSEDLLLRVLAITSSSIPKNIQSLRCRRCVVVGNGHRLRNSSLGDAI
NKYDVVIRLNNAPVAGYEGDVGSKTTMRLFYPESAHFDPKVENNPDTLLVL
VAFKAMDFHWIETILSDKKRVRKGFWKQPPLIWDVNPKQIRILNPFFMEIAA
DKLLSLPMQQPRKIKQKPTTGLLAITLALHLCDLVHIAGFGYPDAYNKKQTI
HYYEQITLKSMAGSGHNVSQEALAIKRMLEMGAIKNLTSFGGHHHHH  

Figure 4-26.  Sequence Coverage of C-Tag-ST Digested with Trypsin / LC MS/MS 

For the LC MS/MS sequence coverage presented in Figures 4-24 to 4-26, note that 

most of the N-Terminal region was not observed (Red), a small region which has two 

cysteines (Blue) was not observed, some small peptides (yellow) were not observed, a 

large peptide which contains sialylmotifs L (Green) was not observed, and the C-terminal 

region which contains a potential N-glycosylation site (Orange) was not observed.  

Arginine and lysine (trypsin cleaves on the C-terminal side of R and K when proline is 

not the next amino acid) have been highlighted for regions that have not been observed.  

The percent coverage for all three recombinant hST3Gal IV isoforms was similar.  

Digestion with proteases other than trypsin did not increase percent sequence coverage. 

Unfortunately, acetylated peptides were not identified with MS analysis.  Most 

likely, the AA that was labeled was a labile species and was easily de-acetylated in the 

present of reducing agents needed for SDS-PAGE analysis.  Experiments were performed 

that do not include reduction with DTT or β-mercaptoethanol.  When reducing agent was 

not present prior to SDS-PAGE analysis, IGD with trypsin did not yield tryptic peptides 

and the mobility of recombinant hST3GalIV was different than that of the reduced form.  
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This result was similar to pepsin digested, non-denatured recombinant sialyltransferase 

presented in Chapter 3.  Therefore, reduction of recombinant hST3Gal IV prior to 

proteolytic digestion was a requirement for positive identification of peptides. 

To identify peptides from MADLI-TOF, MS-Fit (http://prospector.ucsf.edu/ 

ucsfhtml4.0/msfit.htm), FindMod (http://www.expasy.org/tools/findmod/), FindPept 

(http://www.expasy.org/tools/findpept.html), Mascot (http://www.matrixscience.com/), 

and PeptideMass (http://www.expasy.org/tools/peptide-mass.html) were utilized.  Of the 

programs mentioned, Mascot and MS-Fit provided the best outputs for illustration of 

sequence coverage of non-labeled recombinant sialyltransferase.  The FindMod and 

FindPept software packages were used to search for possible acetylated amino acids.  

After submitting the mass lists extracted from the MS data files, several acetylated 

peptides were identified by the programs.  After exhaustive manual interpretation and 

verification, none of the peptide matches were positive hits because the observed m/z 

corresponded to a signal below signal-to-noise or the error was grater than 2.0 Da.  

Therefore, based on MALDI-TOF data, no acetylated tryptic peptides were identified.   

Three different programs were used to analyze the LCQ MS/MS data.  PEAKS 

software, a de novo algorithm, was not useful because it provide many false positives.  

Also, after searching through the positive results, many AAs in the ladder output did not 

correspond to the proper sequence of tryptic peptides.  The other two programs used to 

interpret LCQ-MS data included Sequest and Mascot.  On average, both programs 

produce the same number of correct peptide hits.  However, when visually verifying the 

data, Sequest proved to be superior with the extraction of MS/MS spectra and mass lists.  

Furthermore, it was absolutely necessary to have an in-house licensed version of both 

http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm
http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm
http://www.expasy.org/tools/findmod/
http://www.expasy.org/tools/findpept.html
http://www.matrixscience.com/
http://www.expasy.org/tools/peptide-mass.html
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software packages to provide the full utility of each individual software package.  Sequest 

(Bioworks Browser) comes as a licensed software package and was absolutely necessary 

for creating ‘dta’ files needed for data analysis on the Mascot server.  When trying to 

analyze data on the public freeware Mascot server, it would only interpret 300 ‘dta’ files.  

On average, there were over 2000 ‘dta’ files (scans) obtained that may be analyzed with 

Mascot.  Also, to simplify data analysis, a searchable ‘fastfa’ data base file was created 

in-house which only contained the recombinant hST3GalIV sequence.  Finally, many of 

the impurity peptides identified with Mascot corresponded to human keratins.  Most 

likely, these impurities were introduced during sample handling. 

Manual interpretation of MS data 

Exhaustive manual interpretation of MS data did not facilitate the positive 

identification of acetylated amino acids.  Manual interpretation of LCQ MS/(MS) data of 

both standard and labeled recombinant sialyltransferase was consistent with data 

analyzed with bioinformatics software.  

Conclusion 

Based on the data presented in this chapter, the identity of one of the amino acids in 

the active-site of human ST3Gal IV was either a tyrosine or histidine.  Furthermore, the 

data suggests that there was a change in conformation of the enzyme based on the fact 

that both donor substrate (CMP-NeuAc) and acceptor substrate (α-lactose) were needed 

for differential protection.  It may be useful to investigate other labeling agents or re-visit 

EDC/ETAM and IOA under different reaction conditions.  Unfortunately, MS analysis of 

derivatized recombinant hST3GalIV has not yielded the identity of the particular amino 

acid needed for catalysis.  This was due to the fact that an acetylated tyrosine or histidine 

would not be stable to the reagents used for reduction prior to SDS-PAGE analysis.  
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Pepsin (Chapter 3) and trypsin digestion of non-denatured sialyltransferase did not yield 

proteolytic peptides.  In-gel digestion with trypsin prior to analysis has been reproducible 

between different batches of recombinant hST3Gal IV.  In keeping with the overall goal 

of identifying AAs needed for catalysis with structural proteomic based MS, Chapter 5 

investigates the use of site-directed photoaffinity labeling.  

Methods and Materials 

Iodoacetic acid (Ca # I4386), 1-ethyl-(3-dimethylaminopropopal) carbodiimide 

hydrochloride (Ca # 03449), ethanolamine (Ca # 411000), iodoacetamide (Ca # 57670), 

N-acetylimidazole (Ca # 01194) were purchased from Sigma-Aldrich (St. Louis, MO).  

Acetic acid (Ca # A507-500), formic acid (Ca # BP 1215-500), methanol (Ca # 230-4), 

acetonitrile (Ca # A998-1), and high-purity water (Ca # AH 365-4 or W 7-4) were 

purchased from Fisher-Scientific (Fair Lawn, NJ).   

Reaction conditions for preliminary screening of SMLAs 

Standard (Table 4-2)  Ins-ST (20 µL, 4.6 ug, 6.4 µM) was diluted with 15 µL of 

50mM MES, pH 6.8 and incubated at 30 oC for 10 minutes, after which the activity was 

determined.  To perform a deglycosylation reaction, 3 µL of EndoHf buffer and 2 µL of 

EndoHf was added and incubated at 37 oC overnight.    

NAI (Table 4-2)  Ins-ST (20 µL, 4.6 µg, 6.4 µM) was diluted with 5 µL of 50 mM 

MES,  pH 6.8 then 10 µL of 50 mM NAI in 50 mM MES, pH 6.8 and incubated at 30 oC 

for 10 minutes, after which the activity was determined.   Following the assay, the 

reactions were quenched with 5 µL of 100 mM tyrosine.  To perform a deglycosylation 

reaction, 3 µL of EndoHf buffer and 2 µL of EndoHf was added and incubated at 37oC 

overnight.   
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IOA (Table 4-2)  Ins-ST (20 µL, 4.6 µg, 6.4 µM) was diluted with 5 µL of 50 mM 

MES, pH 6.8 then 10 µL of 40 mM IOAA in 50 mM MES, pH 6.8 and incubated at 30oC 

for 10 minutes, after which the activity was determined.  Following the assay, the 

reactions were quenched with 5 µL of 80 mM histidine.  To perform a deglycosylation 

reaction, 3 µL of EndoHf buffer and 2 µL of EndoHf was added and incubated at 37oC 

overnight.   

EDAC and ETAM (Table 4-2)  Ins-ST (20 µL, 4.6 µg, 6.4 µM) was diluted with 

5 µL of 50mM MES, pH 6.8 then 5 µL 50 mM EDAC and 5 µL 50 mM ETAM in 50 

mM MES, pH 6.8 and incubated at 30 oC for 10 minutes, after which the activity was 

determined.  Following the assay, the reactions were quenched with 5 µL of 50 mM 

acetic acid.  To perform a deglycosylation reaction, 3 µL of EndoHf buffer and 2 µL of 

EndoHf was added and incubated at 37oC overnight.   

NAI labeling experiments 

No substrate present (Figure 4-9)  C-Tag-ST (40 µL of  833 µg/mL; 22.5 µM; 

[ST]f =11.25 µM) was diluted with 30 µL of 50 mM MES, pH 6.8 and allowed to 

equilibrate for 10 minutes at 30 oC.  Following equilibration, 10 µL of 440 mM NAI 

([NAI]f = 55 mM) was added to initiate labeling.  At different time points, 8 µL of the 

reaction mixture was added to 4 µL of 3.9 M tyrosine ([Tyr] f = 1.3 mM) and incubated 

for 5 minutes at 30 oC.  To keep the concentration of the assays normalized between 

protected and un-protected reactions, the pre-made assay was spiked with 1.8 µL of 1.4 

mM CMP-NeuAc, pH 6.8 (11.8 µL total; [CMP-NeuAc] f = 163 µM; specific activity  = 



155 

 

8.1 µCi/µmol).  Activity was determined by the addition of 10 µL of the quench mixture 

to the spiked assay and following the assay protocol presented in Chapter 2.  

Active site protection with CMP-NeuAc (Figure 4-9)  C-Tag-ST (40 µL of  833 

ug/mL; 22.5 µM; [ST]f =11.25 µM) was diluted with 30 µL of 1.4 mM CMP-NeuAc 

([CMP-NeuAc]f = 525 µM) and allowed to equilibrate for 10 minutes at 30 oC.  

Following equilibration, 10 µL of 440 mM NAI ([NAI]f = 55 mM) was added to initiate 

labeling.  At different time points, 8 µL of the reaction mixture was added to 4 µL of 3.9 

M tyrosine ([Tyr] f = 1.3 mM) and incubated for 5 minutes at 30 oC.  To keep the 

concentration of the assays normalized between protected and un-protected reactions, the 

pre-made assays were spiked with 1.8 µL of 50 mM MES, pH 6.8 (11.8 µL total volume 

([CMP-NeuAc]f = 206 µM; specific activity =  6.4 µCi/µmol).  Activity was determined 

by the addition of 10 µL of the quench mixture to the spiked assay and following the 

assay protocol presented in Chapter 2. 

No Substrate Present (Figure 4-10)  C-Tag-ST (40 µL of  833 µg/mL; 22.5 µM; 

[ST]f =11.25 µM) was diluted with 30 µL of 50 mM MES, pH 6.8 and allowed to 

equilibrate for 10 minutes at 30 oC.  Following equilibration, 10 µL of 440 mM NAI 

([NAI]f = 55 mM) was added to initiate labeling.  At different time points, 8 µL of the 

reaction mixture was added to 4 µL of 3.9 M tyrosine ([Tyr] f = 1.3 mM) and incubated 

for 5 mins at 30 oC.  To keep the concentration of the assays normalized between 

protected and un-protected reactions, the pre-made assays were spiked with 2 µL of 2.8 

mM CMP-NeuAc, pH 6.8 (12.0 µL total volume, [CMP-NeuAc]f = 300 µM; specific 
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activity = 4.33).  Activity was determined by the addition of 10 µL of the quench mixture 

to the spiked assay and following the assay protocol presented in Chapter 2 

Active site protected with 1.05 mM CMP-NeuAc/saturated α-lactose (Figure 4-

10)  C-Tag-ST (40 µL of  833 ug/mL; 22.5 µM; [ST]f =11.25 µM) was diluted with 30 

µL of 2.8 mM CMP –NeuAc ([CMP-NeuAc]f =1.05 mM) and saturated α-lactose and 

allowed to equilibrate for 10 minutes at 30oC.  Following equilibration, 10 µL of 440 mM 

NAI ([NAI]f = 55 mM) was added to initiate labeling (30 oC).  At different time points, 8 

µL of the reaction mixture was added to 4 µL of 3.9 M tyrosine ([Tyr] f = 1.3 mM) and 

incubated for 5 minutes at 30 oC.  To keep the concentration of the assays normalized 

between protected and un-protected reactions, the pre-made assay was spiked with 2 µL 

of 50 mM MES, pH 6.8 (12.0 µL total volume [CMP-NeuAc]f = 365 µM before 

consumption during labeling experiment; specific activity = 3.6 µCi/µmol).  Activity was 

determined by the addition of 10 µL of the quench mixture to the spiked assay and 

following the assay protocol presented in Chapter 2. 

Protected with saturated α-lactose (Figure 4-10)  C-Tag-ST (40 µL of  833 

µg/mL; 22.5 µM; [ST]f =11.25 µM) was diluted with 30 µL of saturated α-lactose and 

allowed to equilibrate for 10 minutes 30oC.  Following equilibration, 10 µL of 440 mM 

NAI ([NAI]f = 55 mM) was added to initiate labeling.  At different time points, 8 µL of 

the reaction mixture was added to 4 µL of 3.9 M tyrosine ([Tyr] f = 1.3 mM) and 

incubated for 5 minutes at 30 oC.  To keep the concentration of the assays normalized 

between protected and un-protected reactions, the pre-made assay was spiked with 2 µL 

of 2.8 mM CMP-NeuAc, pH 6.8 (12.0 µL total volume, [CMP-NeuAc]f = 300 µM; 
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specific activity = 4.3  µCi/µmol).  Activity was determined by the addition of 10 µL of 

the quench mixture to the spiked assay and following the assay protocol presented in 

Chapter 2. 

SDS-PAGE analysis and in-gel digestion of recombinant hST3Gal IV  

Recombinant hST3Gal IV samples were analyzed with SDS-PAGE, followed by 

in-gel digestion with Trypsin Gold (Promega), Asp N, Glu C, Lys C, or α-

chymotrypsinogen A (Sigma-Aldrich).  Standard Ins-ST, N-Tag-ST, or C-Tag-ST 

samples were precipitated with trichloroacetic acid (TCA) before dilution with 20 µL of a 

buffer containing 100mM Tris, 1% SDS, 7 M β-mercaptoethanol, 20% glycerol, and 

0.2% w/v bromophenol blue (SDS-PAGE load buffer).  To perform non-reducing SDS-

PAGE analysis, the load buffer described did not contain β-mercaptoethanol.  For the 

initial screen labeling experiments, 20 µL of the quenched reactions was diluted to 40 µL 

with SDS-PAGE load buffer prior to SDS-PAGE analysis.  For the SDS-PAGE analysis 

of the labeling experiment presented in Figures 4-9 and 4-10, 20 µL of the quenched 

reactions was diluted to 40 µL with the SDS-PAGE load buffer.   

Gels were stained with a buffer containing 0.2 % (w/v) coomassie blue R-250, 40% 

MeOH, and 5 % acetic acid followed by de-staining with a buffer containing 5 % MeOH 

and 10% acetic acid.  Bands corresponding to recombinant hST3Gal IV were cut into 

1mm cubes and washed 2 times with water in 500 µL microfuge tubes.  The cubes were 

then de-stained with 100 to 150 µL of 25 mM ammonium bicarbonate/50 % acetonitrile 

at 27 oC for 4 to 8 hours with removal and reapplication 3 times.  After all the coomassie 

blue stain was extracted from the gel slices, they once again were washed with water two 

times.  To digest recombinant hST3Gal IV, 50 µL of 20 ng/µL of trypsin in 20 mM 
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ammonium bicarbonate buffer was added and allowed to absorb into the gel cubes for 30 

minutes at 27 oC.  Next, the appropriate volume of 20 mM ammonium bicarbonate was 

added to cover the gel cubes and allowed to incubate at 27 oC overnight.  After overnight 

incubation, the supernatant was collected and saved.  The peptides were then extracted 

from the gel slices with 100 µL of 5% v/v acetic acid, 30 % acetonitrile three times.  The 

extracted peptide solution was added to the other saved supernatant. This solution was 

then concentrated to dryness with a Labconco CentriVap Concentrator (Model number 

7810000) at 37 oC.  

Mass spectrometry analysis 

For MALDI-TOF MS analysis, peptide samples were re-suspended in 10 to 20 µL 

of 30% acetonitrile, 0.1 % TFA for the on-spot cold water wash or 0.1 % TFA for Zip-

Tip® cleanup.  For LCQ MS analysis, samples were re-suspended in 10 to 20 µL of 5 % 

acetonitrile, 0.1 % TFA or 5 % acetonitrile, 0.5 % acetic acid.  All three constructs were 

analyzed with MALDI-TOF MS and LCQ MS after enzymatic digestion.  MALDI-TOF 

analysis was performed on a Bruker Daltonics Reflex II (Billerica, MA) retrofitted with 

delayed extraction, an Applied Biosystems Voyager-DE Pro (Foster City, CA), or an 

Applied Biosystems QStar XL (Foster City, CA).  All the systems described were 

equipped with a 337 nm UV laser.  Analysis settings for the Reflex II were: a source 

voltage of 20 kV, extraction voltage of 14.7 kV, focus voltage of 6 kV, and reflectron 

voltage of 21.5 kV.  Analysis settings for the Voyager DE Pro were: a source voltage of 

20 kV and an extraction voltage of 14.4 kV.  Analysis settings for the QStar XL were: 

source voltage of 19 kV, extraction voltage of 13.2 kV, focus voltage of 6 kV, and 

reflectron voltage of 20.5 kV.  Spectra for all instruments were acquired in reflectron 
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mode by averaging a period of 50 to 100 scans (4 -5 Hz) of highest signal to lowest laser 

power attenuation with a mass range of 500 to 5500 m/z.  All three instruments yielded 

similar peptide identification; however, the Reflex II was more difficult to calibrate as 

compared to the other two instruments.  The matrix, α-cyano-4-hydroxycinnaminic acid, 

was re-crystallized from ethanol prior to dilution to 10 mg mL in 50% acetonitrile, 0.1% 

trifluoroacetic acid.   

For the on-spot wash method, 3 µL of dilute peptides was added to 5 µL of 10 

mg/mL matrix, after which, 1 µL was spotted onto a stainless steel plate and allowed to 

dry.  Upon drying, 1 µL of ice cold water was applied and allowed to incubate at room 

temperature for 5 minutes, when upon, a ChemWipe® was used to remove the water by 

capillary action.  After washing the spot three times, a solution containing 30 % 

acetonitrile, 0.1 % TFA was applied to the spot and allowed to dry.  ZipTip® cleanup 

was performed with Milipore’s (Billerica, MA) ZipTipµ-C18 Pipette Tip with 0.2 µL C18 

resin (Catalogue # ZTC18M960).  All actions were performed with the ZipTip® on a 10 

µL Eppendorf pipette without allowing the resin to dry.  First, the tips were activated 

with a buffer containing 50% acetonitrile, 50 % water, and 0.1 % TFA.  Second, the tips 

were washed with a buffer containing 100 % water, and 0.1 % TFA to remove organic 

solvent. Third, 5 to 10 µL of sample was loaded onto the column bed.  Fourth, the sample 

was washed three times with a buffer containing 100 % water, and 0.1% TFA to remove 

salt impurities.  Lastly, 0.5 µL of a buffer containing 50% acetonitrile, and 0.1% TFA  

was used to elute peptides directly to the MALDI-TOF support plate.  Once eluted onto 

the plate, 0.5 µL of 10 mg/mL α-cyano-4-hydroxycinnaminic acid was added to the spot 
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before drying.  Both the on-spot water wash and ZipTip® cleanup produced symmetric 

matrix crystals. 

LCQ-MS was performed on a Thermo Electron LCQ Deca (San Jose, CA) or a 

Thermo Electron LCQ Classic operated in positive ion mode.   For the LCQ Deca, a 

spray voltage of 1.8 kV +/- 0.2 was applied at the liquid junction before a capillary 

column.  An Eldex MicroPro pump delivered solvent at 6 µL/min to a LC Packings C18 

PepMap Nano-Prepcolumn (0.3 x 1 mm).  Five microliters of sample was loaded onto the 

nano-prepcolumn and washed for 5 mins at 0 % mobile phase B.  After washing, the 

direction of flow was reversed with a new flow rate of 200 nL/min after pre-column 

splitting from 8 µL/min.  Elution of peptides from a New Objective (0.75mm x 5 mm) 

Proteopep capillary column included a gradient of 3-60% mobile phase B over 30 

minutes and 60-90% mobile phase B over 1 minute with mobile phase A as 0.1% acetic 

acid, 3% acetonitrile and mobile phase B as 0.1% acetic acid, 95% acetonitrile.   

For the LCQ Classic, a spray voltage of 3.3 kV +/- 0.2 was applied at the ESI tip 

and 15.0 kV was applied at the capillary column inlet.  An Agilent (HP) 1100 series 

pump delivered solvent at 200 µL/min to a Phenomenex (Torrance, CA) Luna C18 guard 

column (2 x 4 mm) in-line with a Waters (Milford, MA) Symmetry Shield RP18 column 

(2.1 x 150 mm) or a Phenomenex Synergi  Hydro-RP 80 Å column (2 x 150 mm; 4 µm).  

Using a Manual Rhodyne 7125 valve, 20 µL of sample was injected.  Elution of peptides 

included a gradient of 0-15% mobile phase B over 5 minutes and 15-95% mobile phase B 

over 75 minutes with solvent A as 0.5% acetic acid, 5% methanol and solvent B as 0.5% 

acetic acid, 95% methanol. 
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CHAPTER 5 
MS BASED STRUCTURAL PROTEOMICS WITH SITE-DIRECTED 

PHOTOAFFINITY LABELING FOR THE INVESTIGATION OF 
SIALYLTRANSFERASE ACTIVE SITE AMINO ACIDS  

Introduction to Site Directed Photo-affinity Labeling 

The identification of active-site amino acids may be investigated using site-directed 

photoaffinity labels.  In a very similar manner to the small molecule labeling agents 

presented in Chapter 4, amino acids may be specifically labeled with site-directed 

photoaffinity labels to aid in proteomics for studying protein function, mechanism, and 

interaction networks.164  A photoreactive group is inert until irradiation “unmasks” a 

highly-reactive intermediate for reaction with amino acid side chains.  Site-directed 

photoaffinity labels differ than the small affinity labels because they are designed to 

localize in the active-site region of the protein before the unmasking the reactive species.   

Photo-reactive probes are designed to have high affinity for the target site, be stable 

under storage and reaction conditions, generate an excitation state faster than the Kd of 

the protein-ligand complex to allow covalent linkage, form a single covalent adduct, and 

yield an active form that will insert into C-H and X-H bonds.165  To expand on the 

requirements, the molecules should closely resemble the natural substrate and should be 

somewhat simple to synthesize.  Furthermore, the activation wavelength of the 

photoaffinity label should not be less than 254 nm, should have a high molar absorbtivity, 

and should have a high quantum yield.   

There are several types of photoaffinity labels, many of which are commercially 

available as cross-linking agents.  For this application, a CMP-NeuAc mimic with an aryl 
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azide was synthesized by Dr. Nicole Horenstein.  The derivative was chosen because it 

closely resembles the structure of known sialyltransferase inhibitors that contain aromatic 

rings.  Aryl azides as covalent labeling agents have had success with identifying receptors 

in a mixture of proteins, identifying multi-subunit binding regions, functional proteomics, 

photoaffinity time dependent studies, and identifying protein/substrate binding sites.   

Photoreactive Groups   

 Photoaffinity labels are commercially available (usually for cross linking 

experiments) or synthesized in-house for a case specific purpose (cross-linking or site-

directed affinity label).  The most commonly used photoreactive moieties include 

benzophenones, diazirines, aryl azides, and perfluorinated aryl azides.  Benzophenone 
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Figure 5-1.  Different Photoreactive Moieties 

preferentially reacts with normally un-reactive C-H bonds and will not react with water.  

The main limitations with benzophenone are the geometry required for H abstraction and 

steric hindrance.  Diazirine will form a carbene upon photolysis that will react with all 20 

amino acids.  The main limitations with diazirines are it’s difficult synthesis and general 
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stability.  Aryl azides (phenylazides) and perfluorinated aryl azides form nitrenes upon 

photolysis and may proceed through a variety of different reaction pathways (Figure 5-2).  

The main limitation of aryl azides is the rearrangement of the singlet nitrene to 

dehydroazepine (Figure 5-2).  The rearrangement limits the reactivity to nucleophilic  
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Figure 5-2.  Reaction Pathways of Activated Phenylazide 

amino acids.  To reduce the likelihood of rearrangement, the aryl azide may be 

fluorinated.166  The bottle neck in using photoreactive molecules for proteomics is the 

design and synthesis of the photoaffinity label.  Although these photoreactive moieties 

have been utilized for over 50, the mechanism of insertion is still poorly understood.  

However, not understanding the mechanism does not limit the usefulness of these 

molecules for solving structural proteomic questions.      
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Practical Considerations for Site-Directed Photoaffinity Labeling 

When performing a site-directed photoaffinity labeling experiment, the ratio of 

substrate to protein should be close to unity.  If the concentration of the labeling agent is 

much greater than the protein concentration, non-specific binding may occur.  Also, 

before irradiation, the reaction mixture should be equilibrated for 10 to 30 minutes.   

Next, short irradiation times (1 to 6 minutes) are preferred because long irradiation times 

will damage the protein.  Lastly, aryl azides will react with thiols (reducing 

environments) or buffers such as Tris-HCl.167 

Traditionally, identification of photoaffinity labeled amino acids was performed 

with radiolabel molecules followed by protein digestion, SDS-PAGE analysis, HPLC-UV 

detection, and/or Edman degradation.  As stated before, MS analysis allows for high-

throughput analysis of photo-labeled proteins with a top-down or bottom-up approach. 

Furthermore, MS/MS analysis may allow identification of the amino acid derivatized by 

the photoaffinity labeling agent, a feat that in not usually reported by radiolabel 

incorporation.168  

Examples of Photoaffinity Labeling 

Over the last 50 years, many laboratories have used photoaffinity labeling to solve 

interesting biological questions.  The following table presents just a few successful case 

specific photoaffinity labeling experiments.  To keep the list short, only aryl azides and 

the important information pertaining to experimental conditions and analysis are 

summarized.  

Practical Consideration for Site Directed Photoaffinity Labeling of Sialyltransferase 

The design of the aryl azide inhibitor prepared may allow for and investigation of  

all members of the sialyltransferase family.  The literature on sialyltransferase’s donor  
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Table 5-1.  Literature Review on Case Specific Photoaffinity Labeling 
Protein System and 
Reference Number 

Site-Directed 
Photoaffinity Labeling 
Molecule 

Important Information 

1)  RNA polymerase 
subunit cross-
linking167 
 

aryl azide cross-linkers: 
N-[(5-azido-2-
nitrobenzyl)oxy) 
succinimide and N-
hydroxysuccinimidyl)-4-
azidosalicyclic acid  

Tested experimental factors 
influencing cross-linking.  The 
azide was activated by 5 minutes 
exposure to 366 nm light at a 
distance of 3.4 cm.  DTT and 2-
mercaptoethanol were necessary 
for maintaining enzyme activity.  
Found that DTT at a pH lower than 
8.0 was less effective at reducing 
azide and increased cross-linking 
efficiency.   

2) Active-site   
labeling of 
glucosidase I169 

Derivatized natural 
inhibitor 1-
deoxynojirimycin 
(DNM) to 4-(p-
azidosalicylamido)butyl-
5-amido-pentyl-1-DNM 
 

Identified 24 k Da peptide that was 
radiolabeled with 125I.  The protein 
is normally associated with low 
level expression and purification, 
thus photoaffinity labeling is used 
for secondary structure 
information.  Inhibitor was pre-
incubated for 10 minutes.  The 
azide was activated by 1 minute 
exposure to 254 nm light at a 
distance of 7.5 cm.      

3) Active-Site 
labeling of 
sialidase170 

Derivatized NeuAc to5-
N-acetyl-9-(4-
azidosaicoylamido)-2-
deoxy-2,3-
didehydroneuraminic 
acid  

Activity was lost upon irradiation 
of protein in the presence of 
derivatized substrate.  At 4oC, the 
substrate was pre-equilibrated for 5 
minutes before irradiation for 1 
minute at 254 nm at a distance of 1 
cm.  Proposed the use of 
photoreactive NeuAc on 
sialyltransferases.  

 
specificity illistrates that the enzyme can accept several substrates with modifications to  

sialic acid.  Interestingly, many investigators have chosen to derivatize the 4’, 5’, or 9’ 

positions of sialic acid with photoaffinity or fluorescent labels for transfer to 

oligosaccharides with sialyltransferase.  These derivatized sialic acids were useful for 
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Table 5-1.  Continued 
Protein System and 
Reference Number 

Site-Directed 
Photoaffinity labeling 
molecule 

Important Information 

4)  Active-site 
labeling of UDP-
Glucose 
Dehydrogenase171 

Derivatized UDP-
Glucose to [32P]5N3UDP-
Glucose 

Used differential labeling scheme 
to protect active site from labeling 
when natural substrate UDP-
glucose present with azide 
derivative.  Cystine identified as 
labeled amino acid by tryptic 
digestion, HPLC, and Edman 
degradation.  Labeling was 
achieved with a hand-held 254-nm 
UV lamp for 6 minutes at 4 oC.  
After 10 minutes pre-incubation of 
protein with 5’N3UDP-glucose, 30 
% of the activity was lost, and after 
5 minutes of irradiation, 90 % of 
the activity was lost 

5) Active-site 
labeling of RNA 
polymerase III 
transcription 
complexes166 

Four different 
photoreactive groups 
were attached to dUMP: 
aryl azide, 
benzophenone, 
perfluoronated aryl azide, 
or a diazirine was 
attached to 5-aminoallyl 
deoxy uridine 
 

Found that diazirine was more 
reactive towards different DNA-
binding proteins than aryl azide, 
benzophenone, or perfluorinated 
aryl azide.  

6) Membrane-
topology probe for 
uridine diphosphate-
sugar binding 
proteins172 

Derivatized UTPP3-(4-
azidoanilido)uridine 5’-
triphosphate[α-P32] 

The design of the experiment 
allowed answers to functional 
proteomics questions on 
membrane bound 
glycosyltransferases.  The 
substrate was allowed to 
equilibrate for 15 minutes on ice 
prior to a 1 to 2 minute irradiation 
with a hand-held UV lamp (UVG-
11) at 254 nm at a distance of 7.6 
cm.  Four glycosyltransferases and 
3 sugar transporters were 
identified.    

 
studying disease states and sialic acid binding proteins.173-176  In these studies, the large 

bulky groups did not affect the transfer of the derivatized sialic acid to the target 
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oligosaccharide.  In the scope of this dissertation, the NeuAc moiety is completely 

removed and replace with 5-azido mandelic acid for photoaffinity labeling of 

sialyltransferase itself. 

The most important interactions for binding of the donor substrate to 

sialyltransferase prior to catalysis are related to the CMP moiety.177  CMP and CDP alone 

are sialyltransferase inhibitors with Ki’s of 50 µM and 19 µM respectively.  A study on 

the series of nucleosides cytidine, deoxycytidine, and cytosine, illustrate that cytidine is 

the best inhibitor, whereas cytosine is the least effective inhibitor.  This information 

suggests that the ribose of the nucleotide is also needed for strong enzyme-substrate 

binding properties.  The importance of phosphate binding to the active site is still unclear, 

and the complete NeuAc sugar is not essential for increased affinities.177;178 

Recently, Schmidt and co-workers synthesized molecules which contain mandelic 

acid instead of the NeuAc moiety.179  These inhibitors have Ki’s between 0.2 and 10 µM 

based on the stereochemistry of a negatively charged phosphate or carboxylate (Figure 5- 

3).177-179  Since sialyltransferase are strongly inhibited by the mandelic acid containing 

substrate analogue molecules, this provides strong basis for the use of aryl acids as a 

photoaffinity labeling agent for identification of active-site amino acids.  

Results and Discussion 

CMP-o-azido Mandelate Synthesis and Characterization 

The first generation of donor substrate analogues with an aryl azide was 

synthesized by Dr. Nicole Horenstein (Figure 5-4).  UV analysis provided two absorption 
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Figure 5-3.  Aromatic Ring Substituted for NeuAc and Ki Values179 

bands at 254 nm and 280 nm, with the molar absorbtivity determined to be 11800 cm-1 

and 11400 cm-1  M-1 respectively.  CMP-o-azido mandelate was purified with strong 

cation exchange after synthesis.  The collected fractions were exhaustively desalted with 

Amberlite resin in the H+ form, rotovaped to dryness, and re-suspended in deionized 

water.  The purification and desalting procedure produced pure CMP-o-azido mandelate 

as observed with NMR and MS analysis.  
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Figure 5-4.  CMP-o-azido Mandelate 
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MS analysis on a Bruker Reflex II FT-ICR MS operated in negative ion mode 

yielded a clean spectrum (Figure 5-3).  To validate the utility of the molecule, i.e. the aryl 

azide decomposes, the photolysis of the aryl azide was monitored with MS in negative 

ion mode ESI-FTICR-MS.  CMP-o-azido mandelate was diluted to 200 µM and 

irradiated at 254 nm for 6 minutes with 50 µL aliquots removed at 1 minute intervals.  

The aliquots were then diluted to 100 µL with 100 % methanol prior to MS analysis.  

Figure 5-5 plots the change in signal intensity of the staring material and products.   The 

starting CMP-o-azido mandelate is 498.0895 Da.  The major product after irradiation has 

a molecular weight of 488.0850 Da, thus corresponding to the loss of nitrogen and the 

addition of water.  The other products formed, m/z of 1316.88 and 1150.90, are most 

likely CMP-o-azido mandelate self insertion adducts.  The purpose of this experiment 

was to determine if the CMP-o-azido mandelate would be useful as a site-directed 

labeling agent.  The results indicate that CMP-o-azido mandelate will generate a reactive 

species; therefore, no further characterization of the molecule was performed and 

irradiation of CMP-o-mandelate with recombinant hST3Gal IV was performed.    

Site-Directed Photoaffinity Labeling of Sialyltransferase with CMP-o-Azido 
Mandelate 

The Ki of CMP-o-azido mandelate was not determined; however, Figure 5-7 

suggest that a mode of inhibition may be occurring.  The N-Tag-ST [6.5 µM]final 

construct was incubated at 37 oC without and with inhibitor [180 µM]final over two hours 

with the activity dassayed at 5, 55, and 130 minutes.  Over the time period, N-Tag-ST 

without inhibitor showed a loss of 8 % of the original activity.  Next, it was postulated 

that if a cysteine was in the active site near the azide moiety, the inhibitor would have 

been a suicide inhibitor.  Since activity does not drop to 0 at the high substrate to 



170 

 

 

491 496 501 506 m/z

       0

 1000000

 2000000

 3000000

 4000000

 5000000

 6000000

 7000000

 8000000

 9000000

10000000

11000000

 
Figure 5-5. Negative Ion Mode ESI-FTICR MS Spectrum of CMP-o-azido Mandelate  
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Figure 5-6.  Negative Ion Mode ESI-FTICR MS Analysis of CMP-o-azido Mandelate 

Decomposition Products  
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protein ratio (28:1), this substrate may not be a suicide inhibitor; however, further 

inhibition studies are required to solidify this postulation.   Since there was a drop in 

activity, it was likely that the inhibitor was binding in the active site of the N-Tag-ST.  

Table 5-2 represents the percent original activity at the different time points plotted in 

Figure 5-7.  Note that there was a loss of 23 % of the initial activity after the first 5 

minutes.  The loss of activity presented in Table 5-2 will be compared to the loss of 

activity observed when N-Tag-ST/inhibitor complexes are irradiated. 
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Figure 5-7.  Activity Profile of N-Tag-ST Incubated With and Without Inhibitor Present.  

Table 5-2.  Percent Activity Remaining after Incubation of N-Tag-ST With and Without 
Inhibitor Present.  

Time Point N-Tag-ST 
no 

Inhibitor 

N-Tag-ST 
with 180 µM 

inhibitor 
5 min 100 % 77 % 
55 min 96 % 49 % 
130 min 92 % 40 % 

 
Irradiation of N-Tag-ST from 5 to 12 minutes without inhibitor at 254 nm with a 

Hamamatsu Corporation (Middlesex, NJ) 0.65 amp lamp, at 254 nm with a short wave 



172 

 

Ultra-violet products incorporated (Upland, CA) 0.16 amp lamp, or at 365 nm with a 

Ultra-violet products incorporated (Upland, CA) 0.16 amp lamp reduced the activity by 4 

to 8 %. Table 5-3 presents the data collected upon irradiation of 6.5 µM N-Tag-ST with 

50, 98, or 180 µM inhibitor present.  The top row corresponds to the concentration of 

CMP-o-azido mandelate.  The percent activity reported was normalized to 100 % of the 

activity prior to irradiation or addition of inhibitor.  The left column corresponds to the 

time irradiated at 254 nm with the 0.65 amp lamp at 5 cm from the top of an open 500 µL 

microfuge tube.  The 50 µM, 98 µM, and (1)-180 µM samples were pre-incubated for 30 

minutes, whereas the (2)-180 µM sample was pre-incubated for 90 mins.  Time 0 

corresponds to the activity after pre-equilibration.  

Table 5-3.  Irradiation of N-Tag-ST at 254 nm (0.65 Amps) with Different 
Concentrations of Inhibitor  

Irradiation Final Concentration of Inhibitor and Percent Activity 
Time in mins 50 µM 98 µM 180 µM (1) 180 µM (2) 
0 62 % 76 % 46% 21 % 
1 54 % 35 % - - 
2 59 % 38 % 46 % - 
3 - 38 % 45 % - 
4 56 % 43 % 45 % - 
5 - - - - 
6 - - - 16 % 
12 - - - 13 % 
  

These experiments suggest that labeling was not occurring, however inhibition was.   

The 98 µM data set appears to demonstrate labeling, however this data set was not 

consistent with the other findings.  According to the literate presented, deactivation of the 

enzyme should proceed over a 1 to 6 minute irradiation period.  Interestingly, the pre-

equilibration values (0 minutes in Table 5-3) are similar to the trend observed in Table 5-

2.  Overall, there was a decrease in activity after irradiation; however, the change in 
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activity was within the 4 to 8% observed with irradiated N-Tag-ST without inhibitor 

present.  To determine if the N-Tag-ST construct was labeled with the CMP-o-mandelate, 

samples were analyzed with SDS-PAGE, in-gel digested with trypsin, and analyzed with 

LC-MS.   

At this point, commercially available sialyltransferase was purchased to see if they 

could be labeled with the inhibitor.  Recombinant rat α2,3-(N)-sialyltransferase and 

recombinant rat α2,6-(N)-sialyltransferase, purchased from Calbiochem (San Diego, 

CA), were investigated under similar conditions as the N-Tag-ST construct.  In Table 5-4, 

the top row corresponds to the different UV lamp wave lengths and powers used for 

irradiation.  For all the experiments presented, the lamps were held at a distance of 5 cm.  

Prior to irradiation, the final concentration of inhibitor was brought to 130 µM in the 

presence of recombinant rat α2,3-(N)-sialyltransferase (Table 5-4) to a final volume of 50 

µL and allowed to pre-equilibrate for 30 minutes.  The percent activity reported was 

based on 100 % activity prior to irradiation or addition of inhibitor with the same dilution 

factor as the solution containing inhibitor.   

In a similar manner, α2,6-(N)-sialyltransferase (Table 5-5) was pre-incubated with 

130 µM of inhibitor with a final volume of 50 µL for 30 minutes prior to irradiation with 

the lamps already described.  In Table 5-5, w/o inhibitor corresponds to α2,6-(N)-

sialyltransferase without inhibitor present and w/ inhibitor corresponds to α2,6-(N)-

sialyltransferase in the presence of 130 µM inhibitor.  Percent activities were normalized 

to the initial activity observed prior to addition of inhibitor or irradiation.  Also, the α2,6-

(N)-sialyltransferase’s acceptor substrate was N-acetyllactosamine as opposed to α-

lactose, thus the activity assay contained N-acetyllactosamine instead of α-lactose.   
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Table 5-4.  Irradiation of Recombinant Rat α2,3-(N)-sialyltransferase with 130 µM 
Inhibitor Present 

Irradiation Percent Activity with Different UV Lamps 
Time in 
Minutes 

254 nm 
(0.65 amps) 

365 nm 
(0.15 amps) 

254 nm 
(0.15 amps) 

365 nm 
(0.15 amps) 

0 27 % 27 % 14 % 29 % 
5 24 % 39 % 21 % 43 % 
 
Table 5-5.  Irradiation of Recombinant Rat α2,6-(N)-sialyltransferase without Inhibitor 

Present and with 130 µM Inhibitor Present  
Irradiation  Percent Activity with Different UV Lamps 
Time in  
minutes 

254 nm 
(0.65 amps) 

254 nm 
(0.65 amps) 

365 nm 
(0.15 amps) 

365 nm 
(0.15 amps) 

 w/o inhibitor w/ inhibitor w/o inhibitor w/ inhibitor 
0 100 % 52 % 100 % 29 % 
5 166 % 153 % 203 % 129 % 
 

The results presented in Table 5-4 for the higher power 254 nm lamp have the same 

results observed with the irradiated N-Tag-ST/inhibitor complex; the final activity was 

within the observed 4 to 8 % loss of activity for N-Tag-ST without inhibitor present.  

Interestingly, irradiation of recombinant rat α2,3-(N)-sialyltransferase in the presence of 

inhibitor with the lower powered 254 nm and 365 nm lamps resulted in an increased 

activity in comparison to the pre-equilibrated activity value.   

The results for the α2,6-(N)-sialyltransferase (Table 5-5) were much different than 

the N-Tag-ST or the recombinant rat α2,3-(N)-sialyltransferase.  After 5 minutes of 

irradiation of α2,6-(N)-sialyltransferase with and without inhibitor present, activity 

increased.  The data suggests that irradiation of recombinant rat α2,6-(N)-

sialyltransferase produces a different species which has higher catalytic activity.  This 

may be due to activation, cross-linking, or derivatization of aromatic amino acids.  More 

studies are needed to determine why the activity of α2,6-(N)-sialyltransferase increases 

upon irradiation.  SDS-PAGE analysis of commercially prepared recombinant rat α2,3-
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(N)-sialyltransferase or commercially prepared recombinant rat α2,6-(N)-

sialyltransferase did not yield observable bands with coomassie blue stain because the 

amount of protein in the solution was below the limit-of-detection.      

MS Analysis of In-Gel Digested Irradiated N-Tag-ST/Inhibitor Samples 

Even though the activity profiles did not provide positive evidence for labeling, 

irradiated N-Tag-ST/inhibitor samples were analyzed with SDS-PAGE, in-gel digested 

with trypsin, and analyzed with LCQ-MS.  Before analyzing the MS data, the theoretical 

mass shift associated with addition of the CMP-o-azido mandelate was determined.  

Theoretically, there are at lease 3 different mass shifts possible based on the lability of 

the phosphate and cytosine bonds.   Figure 5-8 represents the different mass shifts that 

may be observed with a derivatized tryptic peptide.  During sample work up, there are 

three possible decomposition sites for the attached label.  At position 1 (Figure 5-8), the 

cytosine may depyrimidinylate through acid catalyzed hydrolysis.  At position 2 and 3 

(Figure 5-8), hydrolysis may occur.  Table 5-6 represents the theoretical +1 charge state 

of tryptic peptides with zero-missed cleavages and the theoretical addition of the four 

possible molecular weights described in Figure 5-6.  Missed cleavage corresponds to the 

number lysines or arginines in a protein’s sequence that were not cleaved by trypsin.  In-

gel digestion of recombinant hST3GalIV with trypsin followed by MS analysis only 

provided peptides which did not have missed cleavages (zero-missed cleavages).  Table 

5-7 represents the same theoretical data as Table 5-6; however, this represents the +2 

charge state series of theoretically labeled peptides.  The bold amino acids in Tables 5-7 

and 5-8 correspond to possible glycosylation sites and the underlined amino acids 

correspond to sialylmotifs presented in Chapter 2.   
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Figure 5-8. Possible Labile Bonds of CMP-o-Azido Mandelate and Possible Mass Shifts 

Associated with Derivatized Tryptic Peptide 

Before manual interpretation of each LCQ-MS data set, Mascot analysis of the 

LCQ-MS data revealed peptides which were not labeled.  The percent sequence coverage 

for the non-labeled N-Tag-ST was compared to the irradiated N-Tag-ST/98 µM inhibitor 

and N-Tag-ST/180 µM inhibitor samples (Table 5-3).  Figures 5-9 and 5-10 represent the 

overlaid spectra for the N-Tag-ST sequence coverage presented in Chapter 4 and the 

sequence coverage for the LCQ-MS analysis of N-Tag-ST/98 or 180 µM inhibitor data 

sets (Table 5-3) respectively.  The red letters correspond to tryptic peptides observed with 

both the non-labeled N-Tag-ST and irradiated N-Tag-ST/inhibitor samples.  The blue 

letters correspond to peptides missing from LCQ-MS data from irradiated N-Tag-

ST/inhibitor samples. 

Typically, in-gel digestion of N-Tag-ST with trypsin provided peptides with zero-

missed cleavages after analysis with Mascot; therefore, the assumption was made that 

only zero-missed cleaved peptides need to be considered.  Figure 5-9 illustrated that only 

two peptides were not observed with LCQ-MS.  The m/z of the theoretical labeled  
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Table 5-6.  Mass-to-Charge of +1 Charge State of Theoretical Tryptic Peptides and Four 
Possible Mass Shifts  

Row # Peptide Sequence Theoretical m/z 471.335 360.233 244.118 165.146
1 FVDSR 623.315 1094.65 983.548 867.433 788.461
2 GGSEK 477.23 948.565 837.463 721.348 642.376
3 EPCLQGEAESK 1190.536 1661.87 1550.77 1434.65 1355.68
4 LFGNYSR 856.431 1327.77 1216.66 1100.55 1021.58
5 DQPIFLR 888.494 1359.83 1248.73 1132.61 1053.64
6 LEDYFWVK 1099.546 1570.88 1459.78 1343.66 1264.69
7 TPSAYELPYGTK 1326.658 1797.99 1686.89 1570.78 1491.8
8 GSEDLLLR 902.494 1373.83 1262.73 1146.61 1067.64
9 VLAITSSSIPK 1115.667 1587 1475.9 1359.79 1280.81
10 NIQSLR 730.421 1201.76 1090.65 974.539 895.567
11 CVVVGNGHR 940.478 1411.81 1300.71 1184.6 1105.62
12 NSSLGDAINK 1018.516 1489.85 1378.75 1262.63 1183.66
13 YDVVIR 764.43 1235.77 1124.66 1008.55 929.576
14 LNNAPVAGYEGDVGSK 1590.776 2062.11 1951.01 1834.89 1755.92
15 TTMR 508.255 979.59 868.488 752.373 673.401
16 LFYPESAHFDPK 1450.7 1922.04 1810.93 1694.82 1615.85
17 VENNPDTLLVLVAFK 1671.932 2143.27 2032.17 1916.05 1837.08
18 AMDFHWIETILSDK 1705.825 2177.16 2066.06 1949.94 1870.97
19 QPPLIWDVNPK 1306.715 1778.05 1666.95 1550.83 1471.86
20 ILNPFFMEIAADK 1508.782 1980.12 1869.02 1752.9 1673.93
21 LLSLPMQQPR 1182.666 1654 1542.9 1426.78 1347.81

22
QKPTTGLLAITLALHLCDL
V HIAGFGYPDAYNK 3553.887 4025.22 3914.12 3798.01 3719.03

23 QTIHYYEQITLK 1536.806 2008.14 1897.04 1780.92 1701.95
24 SMAGSGHNVSQEALAIK 1699.843 2171.18 2060.08 1943.96 1864.99
25 MLEMGAIK 892.463 1363.8 1252.7 1136.58 1057.61
26 NLTSF 581.293 1052.63 941.526 825.411 746.439  

 
FVDSRGGSHHHHHHGGEKKEPCLQGEAESKASKLFGNYSR
DQPIFLRLEDYFWVKTPSAYELPYGTKGSEDLLLRVLAI
TSSSIPKNIQSLRCRRCVVVGNGHRLRNSSLGDAINKYDV
VIRLNNAPVAGYEGDVGSKTTMRLFYPESAHFDPKVENN
PDTLLVLVAFKAMDFHWIETILSDKKRVRKGFWKQPPLI
WDVNPKQIRILNPFFMEIAADKLLSLPMQQPRKIKQKPTT
GLLAITLALHLCDLVHIAGFGYPDAYNKKQTIHYYEQITLK
SMAGSGHNVSQEALAIKRMLEMGAIKNLTSF   

 
Figure 5-9.  Overlaid Sequence Coverage of Standard N-Tag-ST and N-Tag-ST/180 µM 

Inhibitor Experiment where Red Corresponds to Tryptic Peptides Common to 
Both LCQ MS/MS Analysis, Black Corresponds to Tryptic Peptides not 
Observed with either Sample, and the Blue Corresponds to Tryptic Peptides 
not Observed from the N-Tag-ST:180 µM Sample Analysis but Observed 
from the Standard N-Tag-ST Sample Analysis.    
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Table 5-7.  Mass-to-Charge of +2 Charge State of Theoretical Tryptic Peptides and Four 
Possible Mass Shifts  

Row # Peptide Sequence Theoretical m/z 471.335 360.233 244.118 165.146
1 FVDSR 623.315 547.829 492.278 434.221 394.735
2 GGSEK 477.23 474.787 419.236 361.178 321.692
3 EPCLQGEAESK 1190.536 831.44 775.889 717.831 678.345
4 LFGNYSR 856.431 664.387 608.836 550.779 511.293
5 DQPIFLR 888.494 680.419 624.868 566.81 527.324
6 LEDYFWVK 1099.546 785.945 730.394 672.336 632.85
7 TPSAYELPYGTK 1326.658 899.501 843.95 785.892 746.406
8 GSEDLLLR 902.494 687.419 631.868 573.81 534.324
9 VLAITSSSIPK 1115.667 794.005 738.454 680.397 640.911
10 NIQSLR 730.421 601.382 545.831 487.774 448.288
11 CVVVGNGHR 940.478 706.411 650.86 592.802 553.316
12 NSSLGDAINK 1018.516 745.43 689.879 631.821 592.335
13 YDVVIR 764.43 618.387 562.836 504.778 465.292
14 LNNAPVAGYEGDVGSK 1590.776 1031.56 976.009 917.951 878.465
15 TTMR 508.255 490.299 434.748 376.691 337.205
16 LFYPESAHFDPK 1450.7 961.522 905.971 847.913 808.427
17 VENNPDTLLVLVAFK 1671.932 1072.14 1016.59 958.529 919.043
18 AMDFHWIETILSDK 1705.825 1089.08 1033.53 975.476 935.99
19 QPPLIWDVNPK 1306.715 889.529 833.978 775.921 736.435
20 ILNPFFMEIAADK 1508.782 990.563 935.012 876.954 837.468
21 LLSLPMQQPR 1182.666 827.505 771.954 713.896 674.41

22
QKPTTGLLAITLALHLCDL
V HIAGFGYPDAYNK 3553.887 2013.12 1957.56 1899.51 1860.02

23 QTIHYYEQITLK 1536.806 1004.57 949.024 890.966 851.48
24 SMAGSGHNVSQEALAIK 1699.843 1086.09 1030.54 972.485 932.999
25 MLEMGAIK 892.463 682.403 626.852 568.795 529.309
26 NLTSF 581.293 526.818 471.267 413.21 373.724  

 
FVDSRGGSHHHHHHGGEKKEPCLQGEAESKASKLFGNYSR
DQPIFLRLEDYFWVKTPSAYELPYGTKGSEDLLLRVLAI
TSSSIPKNIQSLRCRRCVVVGNGHRLRNSSLGDAINKYDV
VIRLNNAPVAGYEGDVGSKTTMRLFYPESAHFDPKVENN
PDTLLVLVAFKAMDFHWIETILSDKKRVRKGFWKQPPLI
WDVNPKQIRILNPFFMEIAADKLLSLPMQQPRKIKQKPTT
GLLAITLALHLCDLVHIAGFGYPDAYNKKQTIHYYEQITLK
SMAGSGHNVSQEALAIKRMLEMGAIKNLTSF   
 
Figure 5-10.  Overlaid Sequence Coverage of Standard N-Tag-ST and N-Tag-ST/98 µM 

Inhibitor Experiment where Red Corresponds to Tryptic Peptides Common to 
Both LCQ MS/MS Analysis, and Black Corresponds to Tryptic Peptides not 
Observed with either Sample.    
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peptides for these two candidates were investigated manually; however, no matches were 

observed.  Figure 5-10 illustrated that no peptides were missing between the non-labeled 

N-Tag-ST and the irradiated N-Tag-ST/98 µM inhibitor.  

Conclusion 

CMP-o-azido mandelate may be considered a first generation site-directed 

photoaffinity label and there were several possible reasons why this molecule did not 

react with sialyltransferase.  First, CMP-o-azido mandelate may not effectively label the 

enzyme because the nitrene species was short lived, thus creating a dehydroazepine 

intermediate (7 member ring with the nitrogen).  If this was the case, then only 

nucleophilic amino acids would be labeled, and if labeled, may be labile.  Although there 

was no direct evidence for the formation of the dehydroazepine, the generation of this 

molecular species should not be excluded.  To improve the design, a perfluorinated aryl 

azide may be beneficial for prolonging the life time of the nitrene intermediate.  Second, 

if there was water in the active-site, the nitrene or dehydroazepine would react with this 

molecule first.  Third, the azide may not be within reach of amino acids in the active site 

pocket.   

Improvements in molecule may involve increasing the distance of the aryl azide 

from the phosphate bond, synthesizing CMP-p-azido mandelate, or synthesizing CMP-m-

azido mandelate.  The direction for improvement in molecule design was not clear at this 

time and a library of many different aryl azide donor substrate mimics may need to be 

synthesized and irradiated in the presence of sialyltransferase.  Currently, a method for 

synthesis of these types of molecules is in hand.   
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Methods and Materials 

Synthesis and Characterization of CMP-o-azido Mandelate 

Following synthesis and purification by Dr. Nicole Horenstein, CMP-o-azido 

mandelate was desalted with Amberlite resin in the H+ form.  After desalting, the sample 

was concentrated to dryness followed by the recovery of 4.0 mg in 1.5 mL of water 

yielding a final concentration of 5.35 mM.  After re-suspension in water, the pH was 

slightly acidic.  The pH was adjusted to neutrality with a minimal amount of ammonium 

hydroxide.  To determine the spectral properties, 5 µL of sample was diluted to 200 µL 

(135 µM) for UV analysis.  UV analysis provided absorption bands at 254 nm (1.51 Abs) 

and 280 nm (1.57 Abs).  The molar absorbtivity was calculated to be 11,400  cm-1 M-1 at 

280 nm and 11,800 cm-1 M-1 at 254 nm.  A Bruker APEX II ESI FTICR MS (Billerica, 

MA) operated in negative ion mode was used to determine purity and the photolysis 

kinetics of CMP-o-azido mandelate.  

Photoaffinity Labeling Experiments 

Incubation of N-Tag-ST with and without inhibitor 

For the standard activity curve, 90 µL of  N-Tag-ST  (250 µg/mL; 7.2 µM) in the 

purification buffer described in Chapter 2, was diluted with 10 µL of a buffer containing 

20 % glycerol, 0.01 % triton CF 54, and 50 mM MES, pH 6.8 ([ST]final = 6.5 µM).  To 

initiate inhibition, 10 µL of 1.8 mM inhibitor in a buffer containing 20 % glycerol, 0.01 

% triton CF 54, and 50 mM MES, pH 6.8  was added to 90 µL of N-Tag-ST ([ST]final 

=6.5 µM).  Both samples were incubated at 37oC with 10 µL aliquots assayed at 5, 55, 

and 120 minutes. 
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Photoactivation of inhibitor in the presence of N-Tag-ST 

For the standard activity value, 90 µL of  N-Tag-ST  (250 µg/mL; 7.2 µM) in the 

purification buffer reported in Chapter 2, was diluted with 10 µL of a buffer containing 

20 % glycerol, 0.01 % triton CF 54, 50 mM MES pH 6.8 ([ST]final =6.5 µM).  Stock 

solutions of inhibitor were prepared at 500 µM, 980 µM and 1.8 mM in a buffer 

containing 20 % glycerol, 0.01 % triton CF 54, and 50 mM MES, pH 6.8.  Prior to 

irradiation, 10 µL of the particular stock solution was added to 90 µL of N-Tag-ST 

([ST]final =6.5 µM) and allowed to pre-equilibrate for 30 minutes prior to irradiation, 

except the 180 µM (2) sample.  The 180 µM (2) sample was allowed to pre-equilibrate 

for 90 mins prior to irradiation.  The samples were kept on ice during all steps of the 

experiment.  A 254 nm Hamamatsu Corporation (Middlesex, NJ) 0.65 amp lamp was 

used for continuous UV irradiation for 6 to 12 minutes at 4.5 cm from the top of an open 

500 µL microfuge tubes.  At 1, 2, 3, 4, 5, 6, or 12 minute intervals, a 10 µL aliquot was 

assayed under the assay conditions described later in this section.  All activities were 

presented as the percent activity of the original standard without inhibitor present and 

prior to irradiation.  

Photoactivation of inhibitor in the presence of commercially available 
sialyltransferase  

For the standard activity value, 5 µL of  recombinant  rat α2,3-(N)-sialyltransferase 

from Calbiochem (San Diego, CA) in a buffer containing 75 mM NaCl, 75 mM MES, 2.5 

mM MgCl2, 500 µM β-mercaptoethanol, and 50 % glycerol, pH 6.0 was diluted with 40 

µL of a buffer containing 50 mM MES, 0.1 mg/ml BSA, and 0.25% Triton® X-100, pH 

7.4 and 5 µL of water. The stock solution for inhibitor was prepared to 1.33 mM in water.  
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Prior to irradiation, 5 µL the inhibitor stock solution ([133 µM]final) was added to 5 µL of 

recombinant rat α2,3-(N)-sialyltransferase in a buffer containing 75 mM NaCl, 75 mM 

MES, 2.5 mM MgCl2, 500 µM β-mercaptoethanol, and 50 % glycerol, pH 6.0 followed 

by dilution with 40 µL of a buffer containing 50 mM MES, 0.1 mg/ml BSA, and 0.25% 

Triton® X-100, pH 7.4.   After a 30 minute pre-equilibration period, a 254 nm 

Hamamatsu Corporation (Middlesex, NJ) 0.65 amp lamp, a 254 nm short wave Ultra-

Violet Products Inc. (Upland, CA) 0.16 amp lamp, or a 365 nm long wave Ultra-Violet 

Products Inc. (Upland, CA) 0.16 amp lamp was used for continuous UV irradiation for 5 

minutes at 4.5 cm from the top of open 500 µL microfuge tubes.  At time 0 and 5 

minutes, a 10 µL aliquot was assayed under the conditions described later in this chapter.  

All activities were presented as the percent activity of the original standard without 

inhibitor present and prior to irradiation. 

For the standard activity value, 5 µL of recombinant rat α2,6-(N)-sialyltransferase 

from Calbiochem (San Diego, CA) in a buffer containing 250 mM NaCl, 50 mM MES, 

2.5 mM MgCl2,500 µM β-mercaptoethanol, and 50 % glycerol, pH 6.2 was diluted with 

40 µL of 50 mM MES, 0.1% Tween 20, pH 7.4 and 5 µL water.  The stock solution for 

inhibitor was prepared to 1.33 mM in water.  Prior to irradiation, 5 µL the inhibitor stock 

solution [133 µM]final was added to 5 µL of  recombinant  rat α2,6-(N)-sialyltransferase 

from Calbiochem (San Diego, CA) in a buffer containing 250 mM NaCl, 50 mM MES, 

2.5 mM MgCl2, 500 µM β-mercaptoethanol, and 50 % glycerol, pH 6.2 was diluted with 

40 µL of a buffer containing 50 mM MES and 0.1% Tween 20, pH 7.4 and 5 µL water. 

After equilibation for 30 minutes, a 254 nm Hamamatsu Corporation (Middlesex, NJ) 

0.65 amp lamp, a 254 nm short wave Ultra-Violet Products Inc. (Upland, CA) 0.16 amp 
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lamp, or 365 nm long wave Ultra-Violet Products Inc. (Upland, CA) 0.16 amp lamp was 

used for continuous UV irradiation for 5 mins at 4.5 cm from the top of open 500 µL 

microfuge tubes.  At time 0 and 5 minutes, a 10 µL aliquot was assayed under the assay 

conditions described later in this chapter.  All activities were presented as the percent 

activity of the original standard without inhibitor present and prior to irradiation. 

Activity assays for recombinant sialyltransferase    

All activity assays reported on recombinant sialyltransferase were performed in the 

following way: a 10 µL aliquot from a selected sample was incubated with a 10 µL 

mixture of 100-170 µM [9’ 3H] CMP-NeuAc (10,000 - 20,000 counts-per-minute; 

specific activity = 10 - 20 µCi/µmol) and 235 mM α-lactose (rat recombinant α2,3 

sialyltransferase and N-Tag-ST) or 75 µM N-acetyl-lactosamine (rat recombinant α2,6 

sialyltransferase) for the appropriate amount of time to limit the consumption of CMP-

NeuAc to less than 10%.  The reaction mixture was quenched with 500 mL of 5 mM 

inorganic phosphate buffer, pH 6.8 and then applied to Dowex 1 X 8, 200 mesh (PO4
2-) 

mini-columns, pH 6.8.  Reactions were eluted with 3.5 mL of 5 mM Pi buffer pH 6.8 into 

liquid scintillation vials.  The counts-per-minute from liquid scintillation were used to 

calculate relative percent activities based on described standards.  The definition of a unit 

of activity is the amount CMP-NeuAc converted to sialyl-lactose per minute.   

In-Gel Digestion with Trypsin 

Recombinant sialyltransferase samples were analyzed with SDS-PAGE, followed 

by in-gel digestion with Trypsin Gold (Promega).  The protocol described in Chapter 4 

for in-gel digestion with trypsin was utilized for N-Tag-ST/inhibitor samples. 
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MS Analysis 

LCQ MS was performed on a Thermo Electron LCQ Deca (San Jose, CA), 

operated in positive ion mode with a spray voltage of 1.8 kV +/- 0.2 applied at the liquid 

junction before a capillary column.  An Eldex MicroPro pump delivered solvent at 6 

µL/min to a LC Packings C18 PepMap Nano-Prepcolumn (0.3 x 1 mm).  Five microliters 

of sample was loaded onto the nano-prepcolumn and washed for 5 minutes at 0 % mobile 

phase B.  After washing, the direction of flow was reversed with a new flow rate of  200 

nL/min after pre-column splitting from 8 µL/min.  Elution of peptides from a New 

Objective (0.75mm x 5 mm) Proteopep capillary column included a gradient of 3-60% 

mobile phase B over 30 minutes and 60-90% mobile phase B over 1 minute with mobile 

phase A as 0.1% acetic acid, 3% acetonitrile and mobile phase B as 0.1% acetic acid, 

95% acetonitrile.   
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CHAPTER 6 
MS ANALYSIS OF DNA HARVESTED WITH NANOHARVESTING AGENTS 

Introduction to Oligonucleotide Analysis with Mass Spectrometry  

One of the overall goals for proteomics is to identify proteins which are involved 

with disease states.  Also, as shown in Chapters 2 through 5, studying the three- 

dimensional structure of a particular class of enzymes, i.e. sialyltransferase, aids in the 

rational design for inhibitors related to that particular class of enzymes.  In a totally 

different mindset, human disease may also be studied at the genomic level by analyzing 

oligonucleotides with MS.  As of 2000, at least 50 tumor types may be defined at the 

genomic level.  For example, different types of breast and colon cancers, Huntington’s 

disease, ataxia telangiectasia, cystic fribrosis, and myotonic dystrophy were identified 

through analysis of oligonucleotides.  Often, the cancer states are due to mutations in the 

tumor suppressor p53 codon.180  

At the genetic level, there is a high frequency (1 in 800 – 62,000 base pairs) of 

single nucleotide polymorphisms (SNPs).   Identification of the SNPs is useful for 

studying simple and complex traits related to genotype-phenotypes.  Furthermore, SNP 

identification is useful for association reconstruction of human evolution.181   Also, 

oligonucleotide analysis finds application in microbial and forensic studies.182  Lastly, 

MS may be used as a tool for quality control of synthetic nucleotides and polymerase 

chain reaction (PCR) products.   

The advent of matrix assisted laser desorption (MALDI) and electrospray 

ionization (ESI) allowed for large oligonucleotides to be analyzed with MS in a similar 
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manner to intact proteins and proteolytic peptides.  MS analysis of oligonucleotides is not 

considered to be main stream because several other methods have been established and 

widely accepted.  Capillary electrophoresis (CE), high performance liquid 

chromatography (HPLC), polyacrylamide gel electrophoresis (PAGE),  UV 

spectrophotometry, and thin layer chromatography are all proven techniques for analysis 

of oligonucleotides.180  With these methods, detection involves the use of fluorescent 

labels or radioactive 32P.  To obtain sequence information, Sanger sequencing is analyzed 

with PAGE.  The advent of 96-capillary electrophoresis has improved throughput 

dramatically and was the method used to map the human and other genomes.   

The main advantage MS has over Sanger sequencing is the ability to provide 

information on base methylation or the frequency of mutated DNA based on mass 

differences.  Furthermore, oligonucleotides may be fragmented in a similar fashion to 

proteins or peptides.  As with polypeptides, the length, charge state, and the selected 

collisional energy will provide different fragmentation patterns of oligonucleotides.181  

Also, in comparison to the other method presented, MS has the capability of being 

accurate and fast for verification of genome sequencing.   

For verification and diagnosis, isolated regions of oligonucleotides analyzed with 

MS is more sensitive and faster than PAGE analysis.180;181  The accuracy of 

oligonucleotide identification depends largely on the accuracy provided by the instrument 

and the size of the oligonucleotide.  As with positive mode ESI of proteins and peptide, 

negative mode ESI of oligonucleotides provides multiply-charged ions that fall within the 

typical mass range observed with modern MS.183  Because the cost of automated 
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synthesis of oligonucleotides has been reduced dramatically, high-through put analysis is 

a requirement for modern biological studies, i.e. microarray technologys.184 

For example, four 96-well plates for PCR analysis may generate 386 PCR products 

in parallel, thus creating high-through put needs.  Currently, ESI FTICR-MS was cited to 

have analyzed over 300 samples per day with flow injection, and 1700 samples per day 

with automation.185  Realistically, with MS analysis, the genotyping of polymorphism is 

possible for femtomolar amounts of PCR products of less than 150 base pairs (bp).  

Currently, a 500 bp (310,000 Da) limit with ESI has been reported from the enzymatic 

digests of  DNA analyzed with ESI-FTICR-MS.182;183  

There are several difficult issues with MS analysis of oligonucleotides. First, 

oligosaccharides are analyzed in negative ion mode instead of positive ion mode.  Often, 

in negative ion mode, arching will occur between the ESI tip and the orifice if the solvent 

is greater than 50 % aquous.   Electrons may collect at the ESI tip, thus creating a corona 

discharge that will destroy the electrospray Taylor cone.  Secondly, the negatively 

charged phosphate backbone may form strong charge interactions with sodium, 

potassium, and manganese.  PCR reactions contain DNA polymerase as well excess 

primers, dNTPs, and manganese which must be removed before ESI-MS is performed.185   

Sample clean-up has been the main bottleneck for high-purity oligonucleotide 

sample analysis.  Several different off-line techniques are used to isolate 

oligonucleotides, including: immobilization by streptavidin/biotin, phenol/chloroform 

extractions, size-exclusion filters, silica resin, cation-exchange resin, anion-exchange 

HPLC,  purification pipette-tips, spin-columns, mico-dialysis, gel-filtration, and ethanol 

precipitation.185  As illustrated in Chapter 1, salts will inhibit electrospray or lower the 
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sensitivity due to salt adduct charge-state distributions.184;186  Furthermore, the charge-

state distribution has been shown to be dependent on base pair composition and the 

solvent system.  Third, high efficiency separation of oligonucleotides normally utilizes 

strong-cation exchange chromatography (SCE).  The salt buffers used with SCE are not 

conducive for ESI-MS analysis.  Separation on C18 material is possible; however, all the 

salt may not be removed from the oligosaccharides and substantial peak broadening may 

occur, thus lowering sensitivity.  To provide on-line separation with MS, volatile ion-

paring agents must be used with a reverse phase stationary phase (IP-RP).187   

In this application, chromatography will be used for pre-concentration of 

oligosaccharides after selection with nanoharvesting agents (NHAs).  Instead of using 

chromatography to separate and desalt complex oligosnucleotides samples, 

nanoharvesting agents were designed to select a particular oligonucleotides of interest.  

Normally, oligonucleotides selected with NHAs are detected with fluorescent probes.  

Compared to using fluorescent probes, ESI-FTICR-MS analysis of nanoharvested 

oligonucleotides facilitates exact mass identification.   

Nanoharvesting Agents 

In collaboration with Josh Smith from the Tan Group, oligonucleotides may be 

analyzed with MS after selection NHAs.  The focus of this chapter is the MS analysis of a 

synthetic 5 mer and five synthetic 19 mers on the way to analyzing NHA selected 

oligonucleotides.  NHAs were used to select and isolate trace amounts of 

oligonucleotides from complex samples.  NHAs are small nanoparticles which have a 

magnetic material at the core, a surface silica coating which may be modified, an avidin 

cross linking layer, and a bound streptavidin derivatized oligonucleotide of varying 

length acting as a target recognition element.     
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Selection of target oligonucleotides was performed by first mixing the particles 

with complex mixture containing the target DNA.  Secondly, after equilibration, a 

magnetic field was applied to collect the NHAs.  Third, supernatant was removed and the 

magnetic particles were washed extensively.  Fourth, the NHAs were heated to denature 

the bound target DNA.  To finish the purification of the target DNA, the NHAs were 

again extracted by introduction of a magnetic field, and once again the supernatant was 

removed (containing the purified DNA).  Fluorescent studies performed by the Tan 

Group have shown the capture and release of target oligonucleotides.  All NHA 

preparation and selection of DNA were performed by the Tan Group.   

The particles for this experiment were designed to select for 19 mers of 

complimentary, single miss match, and double miss match sequences.  One of the 

questions that fluorescence detection can’t answer is the absolute sequence of the 

oligonucleotide harvested with the nanoparticle.  Five oligonucleotides were designed to 

test the binding affinity of 1 and 2 miss-matched base pairs in comparison to the 

complementary 19 mer target (Table 6-1).  The overall goal was to develop a protocol for 

the on-line analysis of oligonucleotides selected with NAHs to take advantage of the 

exact mass capabilities of negative ion mode ESI-FTICR-MS.  The different 

oligonucleotides were designed to have different molecular weights for intact mass 

analysis, thus the requirement for MS/MS were not needed for initial studies.  The red 

highlighted base pairs correspond to miss-matches base pairs in reference to the trapping 

DNA found on the NHA.  Finally, compared to the complementary 19 mer sequence, the 

modified oligonucleotides will have a lower dissociation temperature.  The 5 mer is 

designed as an internal standard.   
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Table 6-1.  Synthetic Oligonucleotides Prepared for NAH Selection and On-line HPLC-
MS Analysis    

Name Synthetic Oligonucleotide  Theoretical m/z 
Complimentary GCG ACC ATA GCG ATT  TAG A 5834.015 
5’ modification GCC ACC ATA GCG ATT  TAG A 5796.848 
mid-modification GCG ACC ATA TCG ATT TAG A 5809.009 
3’ modification GCG ACC ATA GCG ATT GAG A 5859.002 
5’x2 modification GGG ACT ATA GCG ATT TAG A 5889.021 
5 mer standard ATC GA 1486.302 

 
On-line HPLC MS of Oligonucleotides 

As stated before, HPLC-MS of oligonucleotides was the main bottleneck to 

overcome because of the difficulty with separating negatively charge oligonucleotides.  

Typically, oligonucleotides are first purified with strong cation-exchange resin (ECE), 

and secondly purified off-line with ethanol precipitation, solid-phase extraction, affinity 

purification, or IP-RP-HPLC.182  To facilitate on-line HPLC-MS analysis of 

oligonucleotides,  the best results were obtained with octadecylated poly-

(styrene/divinylbenzene) particels187 or monolithic capillary columns that were prepared 

by copolymerization of styrene and divinylbenzene in a 200 µm i.d. fused silica with ion-

pairing agents in the mobile phase.   The monolithic columns have been reported to be 

more efficient than packed-columns because the mass transfer was faster.186  For 

example, using typical C18 material columns for the analysis of oligonucleotides provided 

decreased resolution and retention time because of low mass transfer.  Furthermore, 

simple un-derivatized Poly(styrene-divinyl benzene) was not able to resolve 

oligonucleotides.  Lastly, highly resolved peaks required the heating of the columns to 50 

oC.188   

To increase retention times and desalt the oligonucleotide on-line with MS, 

triethanolamine as ion pairing agent is know to ion-pair with the phosphate backbone, 
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thus improving resolution and out-competing sodium and potassium binding.184  

Including triethanolamine, several other ion-pairing agents have been investigated in 

mobile phases for separation on the columns presented.  These include, 25 mM 

butyldimethylamine bicarbonate pH 8.5, 25 mM butyldimethylamine hydrocarbonate,   

25 mM aqueous triethylammonium hydrogen carbonate, 0.5 to 1.0 % triethylamine 

adjusted to pH 8.5, or 1.5 % spermidine. 181;182;184;189  Typically, oligonucleotides eluted 

at 5 to 15 % organic.   

Direct infusion analysis of off-line purified oligonucleotides included the use of the 

buffers described above, or the addition of imidizole, ammonium acetate, and/or 

piperidine to acetonitrile and/or 2-propanol.  As stated before, at low percent organic, 

there was a high likelihood that arching will occur during the ESI process.  To reduce the 

possibility of  arching, a post-column makeup flow was normally added to enhance 

ionization.189  Post-column solvents normally consists of 100 % organic content and 

improved signal intensity with the following series: isopropanol < methanol < 

acetonitrile.187  Once the complete solvent system is worked out, there are several 

instrumentation parameters that must be optimized. 

MS Instrumentation Considerations 

There are three important instrumental considerations for MS analysis of 

oligonucleotide analysis in the negative ion mode with a Bruker Apex II ESI-FT-ICR 

MS.  First, the potential applied to the ESI tip or the capillary entrance must be lower for 

higher charge states.189  Compared to proteins and peptides, the potential applied for 

oligonucleotide analysis was usually 1000 V less with opposite polarity.  Second, a 

higher potential difference between the first skimmer and the heated capillary in the 

source was reported to produce singly charged oligonucleotides;189 therefore, the 
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potential difference will be lower between these two elements because higher charge-

states are desired.  Lastly, it was reported that there was a dramatic change between the 

charge state distributions of 20 mers and 80 mers based on the voltages applied on the 

transfer optics.  The instrument was tuned daily with a 19 mer standard to ensure that 

optimal signal was observed prior to IP-RP-HPLC-ESI-FTICR-MS. 

To sequence oligonucleotides, there are several techniques available, each 

producing similar fragmentation patters.  The techniques include nozzle-skimmer 

dissociation (NS), collisionally activation dissociation (CAD), and infrared multiphoton 

dissociation (IRMPD).  The complete sequence coverage for 42 to 108-mer DNAs were 

first reported by McClafferty in 1996 with the three different fragmentation methods.180  

Furthermore, MS/MS/MS fragmentation may also provide unique structural information 

that is not observable with the other analysis methods presented earlier.  

As with all aspects of MS analysis of oligonucleotides, automated bioinformatic 

analysis of MS/MS spectra has lagged behind.  Currently, three of the main 

bioinformatics programs for computer-aided data interpretation of MS and MS/MS 

spectra include a MS comparative sequence program from Stanford University   

(http://insertion.stanford.edu/sequencing)182 is suitable for oligonucleotides less than 30 

nucleotides; the comparative sequencing of long-chain oligonucleotides (COMPAS) from 

Saarland University (http://www.uni-saarland.de/fak8/huber/compas.htm) is useful for 

sequencing up to 80 nucleotides; and the simple oligonucleotide sequencer (SOS) from 

Rega Institute for Medical Research, Katholieke Universities Leuven 

(http://rna.rega.kuleuven.ac.be/sos/)181 is useful for sequencing oligonucleotides less than 

50 nucleotides.   
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Experiment Design 

The overall goal of this project was to load the crude solution containing NHAs, 

after selection of target DNA, into tubing attached to an injector (with an applied 

magnetic field), wash impurities away from the matrix solution, apply a heat gradient to 

denature the target-NHA DNA complex, collect DNA on a short column, and finally 

analyze the DNA with on-line IP-RP-HPLC-MS.  First, solvent systems for make-up 

flow and chromatography were investigated.  The resolving power of FT-ICR-MS was 

characterized for the synthetic 5 and 19 mers synthesized.  Second, TEA or TEAA was 

investigated as an ion-pairing agents with a PS-DVB monolithic column for synthetic 5 

and 19 mers.  Third, solutions of NHA selected 19 mers were injected onto the IP-RP-

HPLC-ESI-FTICR-MS isystem.  Finally, a solution of target-NHA/DNA complex was 

loaded into tubing attached to an injector for complete on-line analysis.     

The next goal of this project was to provide answers to the selectivity of NHAs for 

short oligonucleotides (19mers) with single and double mismatched base pairs (in 

comparison to the complementary oligonucleotide).  Mixtures of equimolar solutions of 

complementary 19 mer and one of the mismatched 19 mers were mixed with NHAs.  

Since the mismatched 19 mer will dissociated at a lower temperature, an added degree of 

selectivity was provided.  Also, to provide relative quantification and serve as an internal 

standard, the 5 mer was evaluated as a component in the post-column make up flow.  

Finally, our Bruker Apex II may be operated in NS dissociation, CAD, and IRPD for 

obtaining sequence information; however, this was not a goal of this particular project.  

Results and Discussion 

The following section presents preliminary data on solvent system optimization for 

directly infused oligonucleotides synthesized and purified in the Tan Group.  
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Furthermore, the mass accuracy and signal intensity of each synthetic 19 mer was 

evaluated.  To improve mass accuracy and provide possible quantification of on-line 

separation, a 5 mer was evaluated as an additive for post column make-up flow.  Lastly, 

initial studies on the separation of oligonucleotides are presented.  NHA collection and 

IR-RP-HPLC MS analysis of synthetic 19 mers has not yet provided retention of 

oligonucleotide; therefore, the final goal of complete on-line analysis has yet to be met.  

All samples were analyzed on a Bruker Apex II 4.7 T ESI FT-ICR MS operated in 

negative ion mode with SideKickTM trapping.  Typically, the instrument had to be tuned 

daily for maximum signal intensities, with the capillary held at 2470 V.  After external 

calibration, all the mass errors were lower than 10 ppm (0.0005 Da).    

Solvent System Studies 

Direct infusion (0.5 to 2 µL /min) analysis was performed with several different 

buffer systems.  Table 6-2 presents the final solvent systems which provided the highest 

signal intensities. Typical spectra observed for the different synthetic 19mers are 

presented in Figures 6-1 and 6-2.  Because the purity of the synthetic nucleotides was not 

constant from batch-to-batch, spectra with consistent charge states were not observed 

between the different 19 mers.  The 3’modified 19 mer was determined to be of the 

highest quality (least amount of sodium adducts observed); therefore, it was used as the 

model oligonucleotide for this study.  In the different spectra, note the difference between 

the signal intensities and the change in charge state between the different buffer systems.  

For buffer 1, ammonium acetate was present, whereas for buffer 2 ammonium 

acetate was not.  The data illustrated that ammonium acetate suppressed the higher 

charge-states and signal intensities.  Figure 6-3 represents the signal intensity of the 
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Table 6-2.  Solvent Systems for Direct Infusion of Synthetic Oligonucleotides 
Buffer System 1 Buffer System 2 Buffer System 3 Buffer System 4 
60 % acetonitrile 60 % acetonitrile 60 % acetonitrile 60 % acetonitrile 
20 % isopropanol 20 % isopropanol 20 % isopropanol 20 % isopropanol 
20 mM piperidine 20 mM imidazole 20 mM piperidine 20 mM piperidine 
5 mM ammonium 
acetate 

20 mM piperidine 5 mM ammonium 
acetate 

25 mM 
triethylamine 

20 mM imidazole  20 mM imidazole 20 mM imidazole 
  25 mM 

triethylamine 
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Figure 6-1.  Spectrum of 10 pmol/µL of 3‘Modified 19 mer Diluted in Buffer 1 

different charge-states versus the different buffer systems presented in Table 6-2.  Buffer 

system 4 offers the highest intensity for the high-charge states.  Based this data, buffer 2 

was used as a make-up flow solvent for post-column addition. 

In a similar manner, the intensities of the 5 mer were investigated at 1 and 10 

pmol/µL diluted in buffers 1 and 2.  Note that Figure 6-4 follows the same trend observed 

in Figure 6-3 for the ammonium acetate buffer.  To determine the linear dynamic range of 
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Figure 6-2.  Spectrum of 10 pmol/µL of 3‘Modified 19 mer diluted in Buffer 2 
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Figure 6-3.  Charge State Distribution and Signal Intensity of 10 pmol/µL of 3’Modifed 

19 mer Diluted with the Different Buffer Systems  
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the method, 5mer was diluted to 1, 10, 50, and 100 pmol/µL with buffer 2 prior to direct 

infusion at 2 µL/min (Figure 6-5). The 742.1148 m/z [M - 2H]-2 was selected because it 

had the highest signal intensity.  The LOD for the system was determined to be 500 

fmol/µL with direct infusion at 0.5 µL / min.  
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Figure 6-4 Charge State Distribution and Signal Intensity of 1 or 10 pmol/ µL of 5 mer 

Diluted in Buffer System 1 or 2 
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Figure 6-5.  Linear Dynamic Range of the -2 Charge State of 5 mer Diluted with Buffer 2 
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Unfortunately, there was not a linear response to an increased concentration of the 5 mer.  

Furthermore, when the 5 mer and 19 mer were diluted to10 pmol/µL in the same solution, 

the 19 mer suppressed ionization of the 5 mer.  The 5 mer can not act as an internal 

standard because of the non-linear calibration curve and ion-suppression in the presence 

of the 19 mer. 

IP-RP-HPLC ESI-FTICR-MS Analysis of Synthetic Oligonucleotides 

A PS-DVB monolithic column (200 µm x  50 mm) was obtained from LC Packings 

(Sunnyvale, CA).  TEA or TEAA was added to mobile phase A (100 % water) and 

mobile phase B (30 % acetonitrile) in 25 and 50 mM concentrations.  Figure 6-6 

represents the typical elution profile for a 2 µL injection of 20 picomoles of 5 mer 

obtained with the current column and either buffer system.  Analysis of synthetic 19 mers 

also provided the same elution profiles.  According to the data, the column did not retain 

the synthetic oligonucleotides and that they elute at the solvent front with a flow rate of 

2.5 µL/min 
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Figure 6-6.  IP-RP HPLC ESI FTICR MS Analysis of 15 picomoles of 5mer with a PS-

DVB Monolithic Column and 25 mM TEAA as an ion-pairing agent.  
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With monolithic columns, there was the possibility that different batches may not 

provide the same efficiency.  Furthermore, other column materials should be investigated 

with our system.  Other options include a packed octadecylated poly-(styrene / 

divinylbenzene) column (200 µm id x 50 mm), a packed C18 resin columns, or an in-

house copolymerization of styrene and divinylbenzene in 200- µm i.d. fused silica.  

Lastly, the temperature of the column needs to be heated to at least 50 oC for efficient 

separation.  

Conclusion 

The NHAs have demonstrated the ability to separate oligonucleotides that differ by 

a single base pair and are of the same length (19 mer).  Solvent systems have been 

optimized for maximum signal intensity and high charge-state character. Results on 

different concentrations of oligonucleotide versus signal intensity produced a non-linear 

response.  Unfortunately, retention of oligonucleotides on the PS - DVB monolithic 

column was problematic.  To solve this issue, an in-house packed octadecylated poly-

(styrene/divinylbenzene) column (200 um id x 50 mm), purchase of a Phenomenex 

Monolithic Onyx C18 (CHO-7646), or purchase of Waters XTerra MS C18 column 

(186002471) is recommended for proper ion-pair reversed phase HPLC MS-ESI-FTICR-

MS analysi.  Once chromatography is functional, release of oligonucleotide from NHAs 

will be performed in-line via a modified injector port.  Also, experiments should proceed 

which facilitate fragmentation for sequencing and the analysis of larger oligonucleotides.  

The continuation of this project will be beneficial to trace analysis of selected 

oligonucleotides for verification of sequence and selectivity. 
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Methods and Materials 

Acetic acid (Ca # A507-500), formic acid (Ca # BP 1215-500), methanol (Ca # 

230-4), 2-propanol (Ca # A414-500), acetonitrile (Ca # A998-1), triethanolamine (Ca # 

04885-1) and high-purity water (Ca # AH 365-4 or W 7-4) were purchased from Fisher-

Scientific (Fair Lawn, NJ).  Piperidine (Ca # 104094), ammonium acetate (Ca # 431311), 

and imidazole (Ca # I5513) were purchased from Sigma-Aldrich (St. Louis, MO).  All 

synthetic oligonucleotides were provided by the Tan Group in lyophilized form and 

diluted with a minimal amount of water to provide a final concentration between 50 and 

500 pmol/µL.  NHA synthesis and selection experiments were performed in the Tan 

Group.  Samples were diluted in one of the four buffers presented earlier to the working 

concentration described in the results and discussion section.       

FT-ICR/MS Instrumentation   

Stable electrospray was achieved with Aglient’s (Waldbronn, Germany), off-axis 

µESI spray source equipped with nebulizing gas (Ca # G2427A).  A Bruker Daltonics 

(Billerica, MA) APEX II 4.7 T FT-ICR MS was used to collect data in broadband mode 

with SideKickTM trapping.  For direct infusion acquisition, 1 M files were collected with 

signal averaging of 4 spectra and a 1 to 3 second hexapole accumulation time.  Samples 

were directly infused with a Harvard Apparatus (Holliston, MA) PHD 200 Infusion (Ca # 

70-2000) at 0.5 to 2 µL/min.  For HPLC-MS acquisition, 32 k files were collected with 

signal averaging of 4 spectra and a 1 to 3 second hexapole accumulation time.  The signal 

averaging of 4 spectra and 3 second hexapole accumulation time provided a scan rate of 

14.7 seconds per scan. (3.69 seconds per one acquisition multiplied by 4 scans).  

Calibration was provided Agilent Technologies (Palo Alto, CA) HP Tuning Mix (Ca # 
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G2421A) with the four point (601.9784, 1033.9875, 1633.9491, and 2233.9107 m/z) non-

linear algorithm provided by the Bruker Xmass software. 

HPLC Instrumentation 

An Aligent Technologies (Palo Alto, CA) HP 1100 Series (Ca # G1312A) was used 

to deliver solvent at 2.5 to 3.0 µL/min.  to a LC Packings (Sunnyvale, CA) monolithic 

PS-DVB (200µm x 5mm) column.  Two separate solvent systems were used.  Mobile 

Phase A consited of 25 mM triethylamine (TEA) at pH 11.5 or 25 mM triethylamine 

acetate (TEAA) at pH 8.5 and mobile phase B consisted of 25 mM TEA at pH 11.5 or 25 

mM TEAA at pH 8.5 in 30% acetonitrile.  The gradient was held at 0 % mobile phase  

for 5 minutes, then ramped to 95% mobile phase B over 5 minutes.  The load loop was 

made from 75 µm i.d. fused silica, with a final volume of 2.0 µL.  A Harvard Apparatus 

(Holliston, MA (PHD 200 Infusion (Ca # 70-2000) syringe pump delivered solvent at 

2mL/min to a t-union for post column addition.  The make up flow buffer consited of 

either acetonitrile, Buffer 2 (Table 6-1), or Buffer 2 spiked with 5pmol/µL 5 mer. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 

This dissertation presents the investigation of peptides, proteins, and 

oligonucleotides with common biochemical, novel bioconjugation/selection, and 

common analytical chemistry techniques.  As presented in Chapter 1, systems biology 

means to look at all classes of bimolecules as an integrated system.  Investigation of the 

interactions between the genome, transcriptome, proteome, and metabolome, require a 

basic understanding of the tools needed for analysis of each particular system.  Presented 

in this dissertation are separation and mass spectrometry (MS) techniques needed for 

proteomic analysis in regards to the proteome and detection of DNA in regards to the 

genome.  

Normally, MS is associated with functional proteomics analysis; however, this 

dissertation described the use of MS for structural proteomic analysis of recombinant 

sialyltransferase and analysis of nanoparticle selected oligonucleotides.  Before using MS 

to solve structural proteomics, several biochemical experiments were performed.  First, 

sialyltransferase was expressed, purified, and characterized.  Second, three separate 

bioconjugation techniques were investigated for derivitation of sialyltransferase for 

studying secondary structure.  The major bottleneck of this work was finding a 

bioconjugation technique that efficiently derivatized sialyltransferase in an active form 

while creating a stable bond prior to HPLC-MS analysis.  MS analysis of DNA afforded 

exact mass identification of known 19 base pair oligonucleotides; however, on-line 
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HPLC-MS proved to be the major bottle neck for analysis of nano particles selected 

DNA. 

The Sialyltransferase Project 

The overall goal of this project was to identify the catalytically important amino 

acids of human placental α-(2 3) sialyltransferase (hST3Gal IV).  To identify amino 

acids, MS based structural proteomic techniques were utilized.  The evaluation of amino 

acids needed for catalysis proceeded with three separate bioconjugation techniques.  

These techniques included hydrogen/deuterium exchange high-performance liquid 

chromatography electrospray ionization Fourier transform ion cyclotron MS (H/Dx 

HPLC ESI FT-ICR MS), derivatization with small molecule labeling agents followed by 

matrix-assisted laser desorption ionization time-of-flight MS (MALDI-TOF MS) or 

liquid chromatography quadruple ion trap MS (LCQ-MS) analysis, and modification with 

a synthetic site-directed photoaffinity labeling agent followed by MALDI-TOF MS or 

LCQ-MS analysis.  Before derivatization with bioconjugation techniques, 

sialyltransferase had to be expressed and purified.      

During the course of this study, three separate forms of recombinant hST3Gal IV 

were expressed in Spodoptera frugiperda (Sf 9) insect cells, purified with affinity 

chromatography, and characterized.  The first form included the catalytic domain of 

hST3Gal IV with a cleavable canine insulin secretion peptide cloned at the end of the N-

terminal region (Ins-ST).  The second form included a His6x fusion tag cloned between 

the canine insulin secretion peptide and the catalytic domain of hST3Gal IV (N-Tag-ST).  

The third form included a His6x fusion tag cloned at the C-terminal end of the Ins-ST 

form (C-Tag-ST).   All three forms had similar expression yields (1 – 2.5 U/L) after Sf 9 
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insect cells were infected with recombinant baculovirus.  The Ins-ST construct was 

purified with an in-house synthesized sepharose cytidine diphosphate-hexanolamine 

affinity column (sCDP-Hex), whereas the N-Tag-ST and C-Tag-ST were purified with 

Ni+2-NTA affinity resin purchased commercially. The final purification values for each 

construct were: Ins-ST (160 mU, 20 % yield, 280 ug, 0.132 U/mg), N-Tag-ST (155 mU, 

27 % yield, 160 ug, 0.216 U/mg) and C-Tag-ST (240 mU, 43 % yield, 1.5 mg, 0.162 

U/mg).  These were somewhat similar and comparable to literature values.   

The N-Tag-ST and C-Tag-ST constructs were much easier to purify than Ins-ST 

because the sCDP-Hex resin was much easier to compress than the Ni+2-NTA resin.   

When comparing the specific activities between the three purified constructs, N-Tag-ST 

purified with Ni+2-NTA affinity resin provided the highest purity.  When comparing 

yields (based on activity), the C-Tag-ST provided about 15 to 20 % higher yield.  

Although the final yield for the C-Tag-ST was higher than the other two constructs, the 

addition of the His6x fusion tag to the C-terminal end of recombinant hST3 Gal IV 

changed the observed kinetic parameters in comparison to the N-Tag-ST and Ins-ST 

constructs.  Lastly, all three forms of recombinant hST3Gal IV exhibited multiple 

glycoforms upon SDS-PAGE analysis.  To confirm that the multiple bands were 

glycoforms, recombinant hST3Gal IV was digested with Endo Hf and PNGase F.  Upon 

SDS-PAGE analysis of the digested construct, the multiple bands collapsed to one band. 

 Kinetic parameters were investigated in collaboration with Dr. Erin Burke.  All 

three recombinant hST3Gal IV constructs had similar Km values (Ins-ST: 171 + 18 mM; 

N-Tag-ST: 155 + 14 mM; C-Tag-ST: 158 + 11mM) for α-lactose.  The Ins-ST and N-

Tag-ST constructs had similar Km values for CMP-NeuAc (Ins-ST: 82 + 5 µM; N-Tag-
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ST 75 + 8 µM), whereas the C-Tag-ST had a much large Km value (267 + 20 µM).  

Normally, the N-terminal end of the catalytic domain is extended through a stem region 

to an anchor which ligates the protein to the Golgi apparatus; therefore, changes in the in 

the N-terminal region of the catalytic domain of ST3Gal IV would not necessarily 

perturbate structure.  Since the C-Tag-ST Km was larger for the donor substrate, it was 

proposed that the polyhistidine tag may slightly change the secondary structure. 

The major obstacle encountered during the preparation of Ins-ST, N-Tag-ST, and 

C-Tag-ST was enzyme stability during sample desalting after collection and 

concentration of purified fractions.  Dialysis and dilution/concentration with different 

membranes and ultrafiltration units destroyed 90 % of the initial activity.  To perform 

bioconjugation experiments, the constructs were used in the final purified form without 

desalting the solution. 

H/Dx HPLC ESI FT-ICR MS 

Prior to analysis of recombinant hST3Gal IV with H/Dx ESI-FTICR-MS, our 

Bruker Apex II 4.7 T ESI-FTICR-MS was optimized with commercially prepared intact 

proteins and pepsin digests of commercially prepared proteins.  Direct infusion or HPLC 

ESI-FTICR-MS were used to provide spectra on 20 to 100 picomoles of bovine 

ribonuclease A, (~13.7 kDa), hen egg white lysozyme (~14.3 kDa), bovine α-

chymotrypsinogen A (~25.6 kDa), human eukaryotic carbonic anhydrase I (28.7 kDa), 

bovine carbonic anhydrase II (~28.9 kDa), and bovine serum albumin (~66.4 kDa) with 

mass error of less than 100 ppm.  Unfortunately, direct infusion and HPLC ESI-FT-ICR 

MS analysis of in-house prepared Ins-ST, N-Tag-ST, C-Tag-ST, and commercially 

prepared rat α (2  6)-(N)-sialyltransferase did not resulted in positive identification. 
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Recombinant hST3Gal IV constructs could not be exchanged into ESI compatible solvent 

systems.  Furthermore, analysis of intact recombinant hST3Gal IV from crude 

purification samples with HPLC ESI-FTICR-MS on a C4 resin destroyed column 

efficiency and provided detergent carryover peaks upon subsequent analysis.  Also, since 

the expressed recombinant hST3Gal IV presented several glycoforms, the overall 

concentration of sialyltransferase was reduced to that of the different glycoforms.  

Furthermore, literature on the ESI-FTICR-MS analysis of intact membrane bound 

glycoproteins is sparse because of the difficulty associated with ionizing normally 

membrane bound proteins and proteins which contain glycosylation.  To reduce sample 

heterogeneity, deglycosylation was performed with Endo Hf and PNGaseF.   Direct 

infusion or HPLC ESI-FTICR-MS analysis of deglycosylated constructs did not provide 

positive identification.  Furthermore, Endo Hf digestion of intact non-denatured 

recombinant hST3Gal IV did not facilitate retention of activity.  

HPLC-ESI-FTICR-MS analysis of 5 µM bovine carbonic anhydrase digested with 

3 µM of pepsin resulted in 45 % coverage of 15 picomoles.  Digestion of 5 µM Ins-ST or 

5 µM commercially prepared rat α (2  6)-(N)-sialyltransferase with 3 µM of pepsin 

prior to HPLC-ESI-FTICR-MS did not result in positive identification of peptides.  

Signal may not have been observed because the glycans inhibited digestion or 

sialyltransferase may need to be denatured prior to pepsin digestion.  Since it was a 

requirement to maintain the activity and tertiary structure during H/Dx HPLC-MS 

analysis of intact recombinant hST3Gal IV, H/Dx HPLC-MS was abandoned as an 

analytical method to describe 3-dimenstional structure.  
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Since structural proteomic analysis of sialyltransferase was the overall goal of this 

project, attention was shifted to derivatization with small molecule labeling agents and 

site-directed photoaffinity labeling agents.  Although this case specific study on 

sialyltransferase did not result in positive data, our Bruker Apex II ESI-FT-ICR MS has 

been optimized for analysis of large intact proteins.  Already, samples submitted to the 

Mass Spectrometry Core Facility have resulted in positive identification of modified 

intact proteins. 

Small Molecule Labeling Agents 

Based on the background presented in Chapter 2, the target amino acids for 

derivatization with small molecule labeling agents included a general acid or a general 

base.  Iodoacetic acid (IOA), 1-ethyl-(3-dimethylaminopropopal) carbodiimide 

hydrochloride (EDAC) coupled with ethanolamine (ETAM), and N-acetylimidazole 

(NAI) were initially screened for deactivation of Ins-ST, N-Tag-ST, and C-Tag-ST.   

Under the conditions described in Chapter 4, deactivation proceeded with NAI.  Next, 

several experiments were performed to achieve differential labeling with NAI.  Solutions 

containing recombinant hST3Gal IV; recombinant hST3Gal IV and CMP-NeuAc; 

recombinant hST3Gal IV and α-lactose; and recombinant hST3Gal IV, CMP-NeuAc, and 

α-lactose were incubated with NAI.  The solution that contained sialyltransferase, CMP-

NeuAc, and α-lactose retained 100 % of the initial activity over a 6 minute incubation, 

whereas the solutions containing recombinant hST3Gal IV and CMP-NeuAc or α-lactose 

resulted in decreased activity, 90% and 50 % respectively.  Furthermore, activity was 

regenerated when ethanolamine was added to NAI deactivated recombinant hST3Gal IV.  
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Based on this data, the identity of one of the amino acids in the active-site of 

recombinant hST3Gal IV was either a tyrosine or histidine.  Furthermore, the data 

suggested that there was a change in conformation of the enzyme during catalysis 

because both donor substrate (CMP-NeuAc) and acceptor substrate (α-lactose) were 

needed for protection of the active-site from NAI deactivation.  In future work, it would 

be useful to investigate other labeling agents, EDC/ETAM, or IOA under different 

reaction conditions.   

Unfortunately, MS analysis of NAI derivatized recombinant hST3Gal IV did not 

yield the identity of the particular amino acid differentially protected.  This was likely 

due to labile bond formation.  Finally, in-gel digestion with trypsin prior to MS analysis 

was reproducible between different batches of recombinant hST3Gal IV; therefore, the 

reproducibility of digestion was not in question.  Digestion with trypsin, Asp N, Glu C, 

Lys C, or α-chymotrypsinogen A resulted in 72% percent sequence coverage.  In keeping 

with the overall goal of identifying amino acids needed for catalysis with structural 

proteomic based MS, the next strategy utilized site-directed photoaffinity labeling. 

Site Directed Photoaffinity Labeling 

The first generation of CMP-NeuAc mimic substrates containing an aryl azide, 

CMP-o-azido mandelate, was synthesized by Dr. Nicole Horenstein.  Unfortunately, 

irradiation of CMP-o-azido mandelate in the presence of recombinant hST3Gal IV, 

commercially prepared rat recombinant α2,6-(N)-sialyltransferase, or commercially 

prepared recombinant rat α2,3-(N)-sialyltransferase did not provide deactivation.  CMP-

o-azido mandelate may not effectively label the enzymes because the nitrene may be 

short lived, thus creating a dehydroazepine intermediate (7 member ring with the 
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nitrogen).  If this was the case, only nucleophilic amino acids would be labeled, and if 

labeled, may be labile.  To improve molecular design, a perfluorinated aryl azide may be 

beneficial for prolonging the life time of the nitrene intermediate.  Furthermore, if water 

was in the active-site, the nitrene or dehydroazepine would react with this molecule first. 

Spatially, within the active-site of sialyltransferase, the azide may not be within 

reach of the catalytic amino acid.  Improvements in the molecule may involve increasing 

the distance of the aryl azide from the phosphate bond or synthesizing the para or meta 

forms of the inhibitor.  The direction for improvement was not clear at this time and a 

library of many different aryl azides may need to be synthesized and irradiated in the 

presence of sialyltransferase.  Currently, a method for synthesis of these types of 

molecules is in hand and may be used to generate a library of compounds for MS based 

structural proteomics on sialyltransferase.    

MS Analysis of Oligonucleotides Selected with Nanoharvesting Agents 

With fluorescent studies, NHAs have demonstrated the ability to separate 

oligonucleotides that differ by a single base pair and were the same length as reported by 

collaborators in the Tan group.  With MS analysis of oligonucleotides, solvent systems 

have been optimized for maximum signal intensity and high charge-state character by 

direct infusion ESI-FTICR-MS analysis of 5 and 19 mers.  Furthermore, results on the 

concentration of oligonucleotide versus signal intensity revealed a non-linear response by 

direct infusion ESI-FTICR-MS.  Unfortunately, retention of oligonucleotides on a PS-

DVB monolithic column on-line with ESI-FTICR-MS was problematic.  Oligonucleotide 

retention time corresponded to elution at the dead volume time.  To solve this issue, an 

in-house packed octadecylated poly-(styrene/divinylbenzene) column (200 um id x 50 

mm), purchase of  Phenomenex’s Monolithic Onyx C18 (CHO – 7646), or purchase of 
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Water’s XTerra MS C18 column (186002471) is recommended for proper ion-pair 

reversed phase HPLC MS.   Once chromatography is functional, release of 

oligonucleotide from NHAs will be performed in-line via a modified injector port.  

During future work, experiments should proceed which facilitate fragmentation for 

sequencing and the analysis of larger oligonucleotides.  The continuation of this project 

will be beneficial to trace analysis of selected oligonucleotides for verification of the 

DNA sequence selected and selectivity of the NHAs. 

Final Conclusions 

To conclude, while it is clear that MS is a powerful bioanalytical technique, it is 

quite clear that every bioconjugation system studied presented unique challenges to be 

over come on a case by case basis.  First, H/Dx HPLC-ESI-FTICR-MS analysis of 

sialyltransferase was not possible because the analyte could not be transferred into the 

gas phase for MS analysis.  This was largely due to the stability of recombinant 

sialyltransferase and the expression of multiple glycoforms.  Second, small molecule 

labeling with NAI and a differential labeling scheme revealed that the identity of one of 

the amino acids in the active site was either a tyrosine or histidine; however, MS analysis 

could not identify the derivatized amino acid.  This was mainly due to labile bond 

formation.   

Lastly, CMP-o-azido mandelate irradiated in the presence of recombinant 

sialyltransferase did not provide deactivation.  This may be due to the life-time of the 

nitrene or the need for an increased distance between the aryl azide and the phosphate 

bond or synthesizing the para or meta forms of the inhibitor.  Based on all the 

experiments presented in this dissertation, site-directed photoaffinity labeling is the best 

route for describing active-site amino acids.  A synthetic route is in hand for synthesizing 
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these types of CMP-NeuAc mimic substrates.  Once our model, hST3Gal IV, is 

deactivated and the covalently labeled amino acid is identified by MS, other 

sialyltransferase family members may be irradiated in the presence of the aryl azide to 

evaluate secondary structure homology.          
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