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The mass spectrometric evaluation of two phosphorylation-based signal 

transduction systems is presented here.  Both analyses involved the relative measurement 

of change, either in levels of phosphorylation in response to a stimulus or in binding 

affinities as a result of structural variation.  In the first system, that of Limulus 

polyphemus Myosin III (a circadian clock-regulated phosphoprotein in the lateral eyes of 

these animals), a quadrupole ion trap mass spectrometer with a home built in-line 

capillary HPLC system enabled the identification and verification of four sites of in vivo 

phosphorylation.  Subsequently, a hybrid quadrupole-time of flight mass spectrometer 

with an in-line integrated capillary HPLC system was utilized to measure changes in the 

levels of phosphorylation at each of these sites in response to circadian clock input.  Two 

of these sites demonstrated a reproducible increase in levels of phosphorylation in 
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response to this neural stimulus.  Localization of these clock-regulated phosphorylation 

sites to a region of myosin known to participate in actin binding lends additional support 

to the hypothesis for a novel mechanism of acto-myosin interaction.   

In the second system, that of the Arabidopsis 14-3-3 family of phosphoprotein/ 

peptide-binding proteins, an FTICR mass spectrometer with a direct infusion μESI source 

was utilized to profile differences in the binding of eight synthetic octamer 

phosphopeptides to different 14-3-3 isoforms.  Profiling of two isoforms representing the 

two major sub-groups of the family of 14-3-3s and their respective single point mutants 

revealed preliminary evidence for a possible role of the mutated residue in substrate 

selectivity.  This experiment also demonstrated the need for a more comprehensive 

characterization of sub-group binding selectivity prior to mutation.  A method for the 

relative quantitation of phosphopeptide binding affinities was developed to characterize 

the binding preferences of any 14-3-3 isoform and/or 14-3-3 mutant.  Two isoforms 

representative of the two major sub-groups of the Arabidopsis 14-3-3 family were 

selected for analysis by this relative quantitation method.  Reproducible selectivity 

among the phosphopeptide sequences was observed in an isoform-independent manner.   
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CHAPTER 1 
INTRODUCTION 

The last century has witnessed an ever-accelerating evolution of mass spectrometry 

as an analytical tool.  From its inception, mass spectrometry has remained at the forefront 

of technology.  It has enabled us to challenge old theories and create new ones, constantly 

testing the minds of those who worked to develop and apply it.   

Its notable first contribution to science, the discovery and characterization of stable 

element isotopes, brought keen attention to the field.  As the scientific community took 

notice, improvements to instrument design and performance not only increased the 

accuracy and precision of measurements for the academic physicists who had developed 

the technique, but simultaneously expanded its realm of application.  Biologists and 

geologists soon recognized the value of using natural isotopes to follow and understand 

phenomena in their own fields, and mass spectrometry slowly emerged as an important 

tool in these labs.  Oil companies identified mass spectrometry’s unique ability to 

differentiate hydrocarbon isomers far faster and with less sample requirement than 

traditional methods, and mass spectrometry was soon thrust into industrial and 

commercial settings as well.  World War II’s demand for immediate advancements in 

technology pushed the field forward even further.  Using preparative scale mass 

spectrometry, Uranium-235 was identified as the sole isotope of uranium that undergoes 

high energy fission.  Shortly thereafter, new high precision/high sensitivity instruments 

were used to monitor the process of U-235 collection at the Oak Ridge gaseous diffusion 

plant as construction of the atomic bomb went underway.   
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Mass spectrometry has found application in everything from medicine to quantum 

mechanics.  With the various types of mass analyzers, ionization sources, and front end 

separation techniques available commercially to researchers, systems can be assembled to 

specifically serve a particular type of need.  The applications that will be the focus of this 

dissertation concern the qualitative and semi-quantitative analysis of two unique 

phosphoprotein systems and their role in phosphorylation-based signal transduction in 

those systems.  The significance of each of these systems will be individually discussed 

in detail in their respective chapters.  These applications represent an important role mass 

spectrometry is currently playing in the elucidation of complex in vivo biochemical signal 

transduction schemes, a topic important to those studying both the physiology and 

pathology of different biological systems (Grayson et al., 2002). 

Protein Phosphorylation 

The reversible phosphorylation of a protein can have a wide array of downstream 

effects within a cell, including, but not limited to, regulation of cellular proliferation, 

differentiation, metabolism, sub-cellular localization, and apoptosis (Peters et al., 2004; 

Moore and Sefton, 2004).  By either activating or inactivating a particular action of the 

protein substrate, protein phosphorylation acts as a biological “switch” that turns on or 

off that action.  This can be achieved by either a change in conformation that causes local 

or allosteric changes in binding affinity to a secondary substrate, a change in the local 

chemical environment (i.e. pH, negative charge) which in turn alters its binding affinity 

to a secondary substrate, or by sterically blocking local binding of a secondary substrate.  

The reversible nature of this covalent post translational modification (PTM) enables a cell 

to actively adapt to environmental and/or physiological stimuli and transmit signals 

throughout the cell that reflect the changing cellular requirements.  With this in mind, it 
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becomes apparent that the successful transfer of these signals is critical to proper cell 

function, and likewise the failure of any one protein in a signal transduction cascade to 

accept or transmit the signal can lead to a myriad of cellular pathologies.   

Phosphorylation and dephosphorylation of a protein are catalyzed by protein 

kinases and phosphatases, respectively.  An estimated 1000 kinases and 500 phosphatases 

are encoded by the human genome (Peters et al., 2004), lending perspective as to the 

complexity of cellular control of when, where, and why a protein becomes 

phosphorylated or dephosphorylated.  Even with this “control by diversity,” it is 

estimated that approximately one third of all proteins are regulated by particular kinases 

and phosphatases at some point in their life cycle, and therefore play some type of role in 

phosphorylation-based signal transduction (Peters et al., 2004).   

Analytical Challenges in the Study of Protein Phosphorylation  

Despite nature’s universal use of phosphorylation as an important regulatory post 

translational modification, the analysis of this dynamic event is far from simple.  While 

effects of protein phosphorylation can be widespread and long-lived, the event itself can 

be extremely transient and highly localized to only a small portion of a given protein 

population, resulting in low overall stoichiometry of the modified protein.  In addition, 

phosphorylation at different sites on a protein may elicit different effects within the cell, 

making it crucial to be able to temporally distinguish heterologous phosphoprotein forms 

when studying the biological effects of each phosphorylation event.   

Researchers in the field of phosphoproteomics seek to answer four basic questions:  

1)  Which proteins within a system become phosphorylated?   2)  Where, or at what 

specific sites, does a particular protein become phosphorylated?  3)  When, or in response 

to what environmental and/or physiological stimuli, does each site on that protein become 
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phosphorylated?  4)  How much, or to what degree, is each site phosphorylated within the 

protein population at any particular time?   

Protein Phosphorylation Analysis Techniques 

Radiolabelling. A number of techniques have been developed to approach these 

questions.  Enzymatic or metabolic radiolabelling with 32P allows phosphoproteins to be 

localized or followed through sample processing and separation procedures via 

autoradiography on film or storage phosphor screens.  This type of labeling boasts 

extremely high sensitivity, with detection limits as low as only a few hundred 

disintegrations per minute (dpm; 1 uCi = 616.7 dpm) (Annan et al., 2001), and selectivity 

for the detection of phosphorylation.  In addition, it can be incorporated into a wide array 

of experiments, both in vitro and in vivo.  32P labeling can be used to determine which 

proteins within a mixture are phosphorylated, to locate the specific site(s) of 

phosphorylation, and to quantify phosphate incorporation at particular sites.  Classically, 

radiolabeled phosphoproteins are separated and identified by SDS-PAGE (sodium 

dodecyl sulfate polyacrylamide gel electrophoresis) or 2D (isoelectric focusing followed 

by SDS-PAGE) gels.  Subsequent enzymatic digestion and two dimensional separation of 

the radio-labeled phosphoprotein digests permits the localization of phosphorylated 

peptides on a 2D peptide map (Boyle et al., 1991; Sineshchekova et al., 2004).  These 

maps may be used in and of themselves to conduct time course and functional studies of 

phosphorylation on each peptide sequence.  In addition, labeled phosphopeptides may be 

recollected and characterized by Edman sequencing or mass spectrometry to identify the 

peptide and locate the exact site of phosphorylation (Roach and Wang, 1991). 

These methods, though tedious and time consuming, can provide rich information 

about phosphoproteins.  In vivo analysis, while possible through metabolic labeling and 
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indirect “back phosphorylation” analysis, can be complicated by slow turnover of 

phosphate groups, low overall phosphoprotein levels, and the natural population of non-

labeled organic phosphate present in the cell (Moore and Sefton, 1996; Sineshchekova et 

al., 2004).  Recent findings also indicate that metabolic incorporation of radioactive 32P at 

working doses may induce DNA fragmentation, elevate tumor suppressor protein levels, 

and alter cellular and nuclear morphology, resulting in cell cycle arrest or cell death 

(Steinberg et al., 2003)  Additionally, lab safety must be carefully considered in order to 

reduce personnel and equipment exposure to radioactive β-emissions.   

Fluorecent identification. Recently, a fluorescent phospho-specific stain, ProQ 

Diamond (Molecular Probes, Eugene, OR), has been developed to visually locate 

phosphoproteins on a 1D or 2D gel without the use of radioactivity.  Because the 

phosphoproteins are labeled post-protein isolation, in vivo, and therefore presumably 

physiologically relevant, phosphorylation can be directly monitored with this technique 

over a wide dynamic range (1 ng – 1 μg) (Steinburg et al., 2003).  Combined with Sypro 

Ruby staining for total protein quantitation, a relative amount of total phosphate 

incorporation can be calculated (Steinburg et al., 2003), though mixed reviews about this 

capability have been received.   

Because the non-covalently bound stain is easily washed off and use of 

radioactivity has been avoided, a wide array of conjugated analyses may be applied for 

downstream analysis of phosphoprotein samples.  The complementary nature of this 

technique to downstream analysis is critical to its success, since identification and 

quantitation of exact sites of phosphorylation within a protein using this stain alone have 

not been demonstrated to date.  Low to moderate levels of nonspecific binding to non-
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phosphorylated proteins and proteins with chemically similar modifications have also 

been reported (Martin et al., 2003), and therefore directed analysis of individual proteins 

must be performed to verify phosphorylation (Steinburg et al., 2003).  In general 

however, this method offers a simple, fast, and global means of screening for 

phosphorylation in complex cellular extracts that may be applied in both research and 

clinical settings. 

Phosphoamino acid analysis.  Upon isolation of a labeled phosphoprotein, 

whether identified by fluorescence or radioimaging, phosphoamino acid analysis may be 

performed to determine the nature of the phosphorylated residues in the protein.  This is 

accomplished through acid hydrolysis of the protein of interest, spotting of the resulting 

sample onto a thin layer cellulose chromatography plate, and subjecting it to high voltage 

2D electrophoresis (Sefton, 1997; Yan et al., 1998).  While this procedure enables 

identification of the type of amino acid phosphorylated (serine, threonine or tyrosine) it 

does not answer the additional questions of where or when the protein becomes modified 

in vitro or in vivo, and therefore maintains only limited usage. 

Antibody detection. Antibody detection of phosphoproteins is another widely used 

technique.  Phosphoproteins modified on tyrosine residues may be isolated from whole 

cell lysates by immunoprecipitation with phosphotyrosine specific antibodies, rendering 

these antibodies a means of sample preconcentration for phosphotyrosine systems (Moore 

and Sefton, 2000).  While antibodies for phosphoserine and phosphothreonine have also 

been generated, they lack the required selectivity and sensitivity for quantitative 

immunoprecipitation applications.  These antibodies instead tend to be sensitive to the 

amino acid sequence in the region of the phosphorylation, and therefore generally find 
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utility only once phosphorylation at a particular location on a particular protein has 

already been determined (Moore and Sefton, 2004; Steinburg et al., 2003).  In these 

instances, phosphopeptide specific antibodies for phosphoserine or phosphothreonine 

systems may be produced for immunoprecipitation of particular phosphoproteins of 

interest.   

In addition, both phosphoserine/phosphothreonine and phosphotyrosine antibodies 

may be used as primary antibodies for the detection of phosphoproteins that have been 

blotted to nitrocellulose or PVDF membranes down to femtomole levels (Yan et al., 

1998).  Detection here, however, relies also on the sensitivity, selectivity, and binding 

efficiency of a secondary antibody bearing a fluorescent tag, or an enzyme tag that can be 

visualized by a colorometric or chemiluminescent system.  Steric hindrance of the 

phosphorylation site by native protein structure may also interfere with antibody labeling 

(Yan et al., 1998).  Downstream analysis for the determination of the exact sites of 

phosphorylation on a protein, when not already known, is also complicated due to the 

requirement for removal of the antibody and label under relatively harsh conditions 

(Steinburg et al., 2003).    

Although all of these techniques have played crucial roles in the development of 

our current understanding of protein phosphorylation, no one of these systems can 

address all aspects of protein phosphorylation analysis (Which?  Where?  When?  How 

much?).  Thanks to its versatility and relatively high sensitivity and selectivity, mass 

spectrometry has enabled analysis of protein phosphorylation both in vitro and in vivo, 

and may be used in conjunction with front end separation and/or labeling techniques to 

answer the broad range of phosphorylation-based questions posed of a given system.   
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Mass Spectrometry in Protein Phosphorylation Analysis 

Simply put, a mass spectrometer is composed of three main components: an 

ionization source, a mass analyzer, and a detector.  The mass analyzer region utilizes the 

basic laws of classical physics to resolve the differential motion of ions of different mass 

to charge ratio (m/z) in electric fields, magnetic fields, or in the absence of any type of 

field.  Based on this very general definition, two fundamental requirements are 

introduced.  First, the analyte must be ionized and be in the gas phase to be detected, and 

second, the mass analyzer region must be kept under vacuum in order to extend the mean 

free path of ions in the analyzer, thereby allowing for the detection of ion motion that has 

been minimally perturbed by collisions with background molecules.   

A wide variety of ionization sources have been designed to meet the first 

requirement for mass spectrometric analysis.  The advent of “soft” ionization techniques, 

most notably electrospray ionization (ESI) (Fenn et al., 1989) and matrix-assisted laser 

desorption ionization (MALDI) (Karas and Hillenkamp, 1988), has enabled the analysis 

of larger, non-volatile molecules, thereby expanding the realm of mass spectrometry’s 

application into fields such as proteomics and genomics.  Developments and 

improvements in mass analyzers and vacuum systems have not only increased resolution 

and mass accuracy capabilities, but have also resulted in an increase in the versatility of 

experiments which may be performed within the instrument itself.  These experiments 

will be discussed further in the following sections.   

Ionization of Phosphorylated Peptides and Proteins  

Yet another challenge to protein phosphorylation analysis is introduced when using 

mass spectrometry to monitor this modification.  Because the process of ionization is not 

a democratic one, the chemical nature of analytes in a mixture will determine the relative 
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extent to which each will be detected.  The anionic nature of the phosphate group hinders 

ionization in the positive mode (the most commonly used mode of operation).  As a 

result, in the presence of the non-phosphorylated version of the same peptide or other 

non-phosphorylated compounds in the sample mixture, ionization of the phosphorylated 

analyte will be suppressed.   

Electrospray ionization 

In terms of electrospray ionization (ESI), which is the method of ionization used 

throughout the work to be presented in this dissertation, this suppression effect can be 

conceptualized through a basic understanding of one accepted theory of the ESI 

mechanism.  The sample is dissolved in a solvent and drawn through an emitter tip in the 

presence of an electric field high enough to induce charge separation at the liquid surface.  

As charges build at the liquid-air interface at the emitter tip, the liquid meniscus takes on 

the form of a cone and jet (the Taylor cone) in order to most efficiently distribute these 

charges.  Once the forces of Coulombic repulsion exceed those of the solvent’s surface 

 

Figure 1-1:  Formation of “mini” Taylor cone from ESI-produced charged droplets.  
[Reprinted with permission from Gomez, A.; Tang, K.  “Charge and fission of 
droplets in electrostatic sprays.”  Physics of Fluids 1994, 6, 404-414. 
Copyright 1994, American Institute of Physics.] 
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tension (the Rayleigh limit), small, highly charged liquid droplets, with typical diameters 

of approximately 1 to 2 μm (Wilm and Mann, 1996) assuming microliter/minute flow 

rate, are finally released from the end of the Taylor cone.  As the solvent evaporates and 

Coulombic repulsion again increases to the Rayleigh limit, “miniature” Taylor cones are 

formed on the surface of the initial droplets and droplet fission produces the next 

generation of smaller, charged droplets (Fig. 1-1) (Cech and Enke, 2001).  This cycle of 

solvent evaporation, increased repulsion of the charges, and droplet fission continues 

until completely desolvated ions are finally released and drawn into the mass 

spectrometer for analysis.   

General relationships between the operational parameters in ESI dictate the 

optimization of the process both globally and for particular types of analytes.  For 

instance, the amplitude of the electric field necessary to initiate the ESI process is directly 

proportional to the surface tension of the solvent used, since higher electric potentials will 

be required to meet and exceed the Rayleigh limit of a solvent with higher surface 

tension.  Once the ESI process has begun, the ion current leaving the emitter tip is 

directly proportional to the conductivity of the sample solution (which is in turn 

dependent on analyte or electrolyte concentration), the flow rate, the solvent surface 

tension, and the solvent permittivity.  While this initial current should theoretically 

correspond directly to ion current measured at the detector of the mass spectrometer, ion 

transmission inefficiencies delinearize this relationship, and instead ion current at the MS 

detector relates more directly to initial droplet diameter.  This trend is one of the 

foundations of ion suppression effects in ESI (Cole, 1997).   
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Individual ESI droplets contain a representative distribution of analytes from the 

original sample solution, as well as a number of excess charges which are forced to the 

surface of the droplets by Coulombic repulsion.  The surface activity of a specific 

analyte, which depends largely on the polarity and hydrophobicity of that analyte, plays a 

predominant role in determining the extent to which it will respond to electrospray 

ionization.  The equilibrium-partitioning model proposed by Enke et al. in 1997 describes 

the nature of excess charge distribution on the surface of droplets and the simultaneous 

preference of non-polar, hydrophobic analytes to also inhabit the surface of droplets 

(Enke, 1997; Cech and Enke, 2001).  According to this model, polar, hydrophilic analytes 

will prefer the hydrophilic core of the droplet, where no excess charge resides.  

Additionally, ion transmission optics provide analytes with only a finite time and space to 

reach a stage of final ion desolvation, as was alluded to earlier, and therefore ion losses 

on the order of four to five orders of magnitude are generally expected (Zook and Bruins, 

1997).  As a result of equilibrium-partitioning, populations of these ion losses are greatly 

skewed toward the polar, hydrophilic analytes (Zook and Bruins, 1997) and in this way, 

ionization and detection of this class of analytes is severely hindered.  This presents a 

clear limitation in phosphorylation analysis, since the polar, hydrophilic nature of the 

phosphate group draws these compounds toward the center of ESI droplets.  In addition 

to surface activity, the ionic nature of each analyte in solution, as well as their gas phase 

basicity or proton affinity, determine both the mechanistic pathway of ionization (charge 

separation, adduct formation, gas phase reaction, etc.), and the efficiency of ionization by 

ESI. 
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The suppression of ionization of phosphorylated analytes in ESI can be avoided by 

separation of these analytes from other components which may demonstrate higher 

proton affinities, and therefore “out-compete” phosphorylated compounds for the excess 

charge.  For this reason, high pressure liquid chromatography and other front end 

separation techniques which are easily coupled on-line to most ESI sources have had a 

great impact on analysis of analytes demonstrating low ionization efficiency.   

The evolution of nano-electrospray ionization (nESI) has also improved our ability 

to detect these hard-to-ionize components even when mixtures are too complex to 

separate completely.  By reducing the initial droplet size of the spray through reduced 

flow rate and emitter tip inner diameter, nESI forces hydrophilic analytes closer to the 

point of ion sputtering, thereby enhancing ionization and detection of such analytes.  

Traditional nESI, initially demonstrated by Wilm and Mann in 1994, employs flow rates 

which are driven by the electrospray process itself (no solvent pumps used), reportedly in 

the range of 20 to 40 nL/min and resulting in predicted initial droplet diameters on the 

order of 200 nm (Wilm and Mann, 1996).  Though achievement of such low flow rates 

requires off-line analysis that is often unsuitable for high throughput or complex 

proteomic applications, efforts to decrease emitter tip diameter and flow rate on any 

system can significantly enhance sensitivity toward phosphorylated analytes according to 

these principles. 

Alternative ionization methods: MALDI, ICP 

Other ionization methods such as MALDI and inductively coupled plasma (ICP) 

ionization have been used successfully to study protein phosphorylation.  MALDI, which 

was already introduced as another “soft” ionization technique, has benefited the field of 

proteomics greatly.  With its slightly higher tolerance for salts and buffers present in the 
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sample solution as compared to ESI (Beavis and Chait, 1990) and its adaptability to 

coupling matrix compounds with affinity capture media for on-target preconcentration 

and minimized sample handling (Raska et al., 2002), MALDI offers an interesting 

alternative to phosphoproteomic ionization and analysis.  However, difficulty in on-line 

coupling of MALDI with front end separation techniques, its reduced compatibility with 

MS/MS analysis (since only one charge is typically imparted on each ion), and the low 

reproducibility associated with sample deposition procedures (resulting in the limited 

opportunity for quantitative analysis) all restrict its application in this field.   

ICP provides a very different and extremely sensitive means of phosphorylation 

analysis by detecting elemental phosphorus in a sample.  Despite its promise in this field, 

the abundance of isobaric interferences which necessitate the coupling of this ionization 

source to instruments capable of providing mass resolving powers of greater than 1500, 

as well as the ubiquitous presence of environmental phosphorus that can easily 

contaminate samples, make ICP a somewhat less prominent technique to date (Becker et 

al., 2003).   

Mass Spectrometric Methods of Detecting Protein Phosphorylation 

Once the requirement of ionization is met, the mass spectrometer itself may be used 

in a variety of ways to target protein phosphorylation.  The use of these methods depends 

wholly on the type of mass spectrometer available and the nature of the sample to be 

analyzed.   

Characteristic mass shifts.  Because the phosphate modification is a labile one, it can 

be unintentionally lost in the mass spectrometer to produce characteristic mass shifts of 

m/z 98 (positive ion mode, +1 charge state), m/z 49 (+2 charge state), m/z 32.6 (+3 

charge state), and so on.  In this way, a sample may be analyzed before and after 
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phosphatase treatment to locate those peptide ions which shift in mass by these values 

(McLachlin and Chait, 2001).  Instruments capable of some form of tandem mass 

spectrometry may also be used in this way by applying a relatively low fragmentation 

energy to initiate loss of labile modifications such as phosphorylation.  Peptide ion 

masses before and after dissociation may then be surveyed for those ions which 

demonstrate the characteristic mass shifts.  These experiments are typical of MALDI 

and/or direct infusion ESI analysis, where whole sample mixtures are observed 

simultaneously.  While these types of analyses enable the identification of 

phosphorylated peptides, further analysis is required to locate the exact residue of 

phosphorylation within the peptide.   

Tandem Mass Spectrometry (MS/MS).  A fundamental understanding of the 

mechanisms of ion fragmentation in general facilitates understanding of the different 

methods of fragmentation to be introduced.  Most fragmentation techniques employed in 

conventional mass spectrometry are ergodic processes which allow for the redistribution 

of energy throughout the ion prior to fragmentation.  As a result of this vibrational energy 

redistribution, dissociation of the amide (peptide) bond, the weakest bond in the peptide 

backbone, is the most frequently observed product of fragmentation.  These techniques 

include collisionally induced dissociation (CID) (Laskin et al., 2003), sustained off 

resonance CID (SORI-CID) (Laskin et al., 2003), and infrared multiphoton dissociation 

(IRMPD) (Little et al., 1994).  In each of these techniques, the internal energy of ions 

trapped in a higher pressure collision region of the instrument is increased by either 

implementation of an on or off resonant radio frequency (RF) pulse, acceleration upon 

introduction into a higher potential field, or irradiation and subsequent absorption of 
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infrared photons.  The elevated internal energy of the ions render them more susceptible 

to fragmentation as they continue to collide with inert gas molecules infused into the 

collision cell of the mass spectrometer for this purpose.  Internal energy is redistributed 

throughout the ion, inevitably resulting in dissociation of the weakest molecular bonds. 

It should become clear at this point that under normal MS/MS settings a non-modified 

peptide ion will produce a relatively random array of fragments along the lower energy 

backbone bonds, which facilitate its identification and sequencing.  Conversely, a peptide 

bearing the labile phosphate moiety will consistently exhibit predominant loss of the 

phosphate group, rendering little information as to peptide sequence and complicating 

identification of the exact phosphorylation site.  Still, observation of a characteristic 

fragment ion spectrum (a predominant ion at [M – (H3PO4/n)]n+ with few additional low 

intensity fragment ions) is used to identify phosphorylated ions by conventional 

techniques such as liquid chromatography–data dependant mass spectrometry (LC-

MS/MS).  Complete characterization of the phosphorylation site and peptide sequence 

may require additional analysis.   

The use of high mass accuracy and high resolution instruments such as Fourier 

transform ion cyclotron resonance (FTICR) mass spectrometers, the recently introduced 

Orbitrap, and to a lesser degree, the hybrid quadrupole time-of-flight (qTOF) instruments 

greatly reduces the severity of this problem. The high mass accuracy of parent ion 

measurements using these instruments, in conjunction with characteristic mass shifts in 

the MS/MS spectra, can often identify the phosphorylated peptide ion from a list of 

possible peptide sequences in a database, as well as lessen the probability for isobaric 

interferences.   
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MS3.  Lower resolution/ mass accuracy instruments may utilize MS3 for the 

sequencing of a peptide ion.  In this way, a parent ion is isolated, subjected to the first 

stage of fragmentation in which the parent ion minus the phosphate modification is 

produced.  This ion may then be isolated and subjected to a second stage of fragmentation 

in which an array of fragment ions are produced which can give information on the 

sequence of the parent ion.  Exact location of the phosphate modification may then be 

localized by the presence of fragment ion mass differences corresponding to 

dehydroalanine or beta-methyldehydroalanine, which represent the beta elimination 

products of phosphoserine or phosphothreonine, respectively.  Recent improvements in 

data acquisition software enable the researcher to perform data-dependent MS3 analysis 

upon recognition of the characteristic neutral loss mass shift in an MS/MS scan of a 

particular parent ion.   

Precursor ion scanning.  Triple quadrupole and qTOF instruments offer an additional 

means of highly selective phosphorylation analysis by utilizing the lability of the 

phosphate modification.  First developed in 1993 by Carr et al., precursor ion scanning 

has greatly enhanced the ability of mass spectrometry to study post translational 

modification of all kinds (Carr et al., 1993).  In these experiments, which are performed 

in the negative ion mode, mass separation occurs in the first quadrupole, followed by 

fragmentation in the second.  Subsequently, only fragment ions with an m/z of -79, 

corresponding to the mass of the phosphate ion, are scanned out to the TOF region by the 

second quadrupole in qTOF instruments, or to the detector by the third quadrupole in 

triple quadrupole instruments.  Based on the separating power and resolution of the first 

quadrupole, parent ion masses can be deduced from the time at which the phosphate ion 



17 

 

reaches the detector.  While this technique does not provide high resolution determination 

of parent ion mass or fragment information for peptide identification, it is an extremely 

sensitive means of deciphering a list of ion masses that may be targeted for data-

dependent MS/MS in positive ion mode.   

This concept may also be utilized by the continuous monitoring of the m/z -79 ion by 

negative mode LC-nESI-MS, followed by collection of the fractions rendering the 

phosphate specific ion.  Direct infusion precursor ion scanning of each fraction to deduce 

parent ion mass is then followed finally by positive mode nESI-MS/MS for peptide 

isolation, fragmentation, sequencing, and site identification (Annan et al., 2001).  The 

development of triple quadrupole instruments which allow for polarity switching on a 

chromatographic time scale has greatly simplified and automated such experiments.   

Electron capture dissociation.  Though the exact mechanism of fragmentation is not 

yet completely understood, electron capture dissociation (ECD) is known to be a non-

ergodic mechanism of ion fragmentation.  By this method, trapped ions are irradiated 

with low energy electrons (<7 eV) that are absorbed into N-Cα (amine) backbone bonds, 

resulting in immediate dissociation (10-16 – 10-15 sec, a rate which exceeds that of 

vibrational relaxation and energy redistribution by orders of magnitude) of these bonds 

(Zubarev, 2003).  In this way, labile post translational modifications are retained on 

fragment ions, greatly facilitating localization of the modification.  ECD is currently only 

commercially available in FTICR mass spectrometers, due mainly to the ICR cell’s 

unique ability to trap ions and electrons without significantly changing the kinetic energy 

of the electrons in the region of interaction (Zubarev, 2003).  In addition, the non-
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destructive means of FTICR detection enables the collisional cooling and re-irradiation 

and fragmentation of larger peptide or protein ions for “top-down” analysis.   

Phosphopeptide/ Protein Enrichment and Separation 

Based on the complexity of the sample and the information sought from the 

experiment, phosphopeptide or protein enrichment may be necessary prior to analysis, 

even when front-end reversed phase liquid chromatography and/or nESI are employed.  

Preconcentration may be achieved by methods previously described, and/or through solid 

phase affinity capture techniques, including immobilized metal ion affinity capture 

(Anderson and Porath, 1986), or metal oxide capture (Ikeguchi and Nakamura, 1997).  

Sample fractionation based on ion exchange mechanisms (Trinidad et al., 2006) has also 

been demonstrated, as well as phosphoamino acid specific chemical modification for 

enrichment and analysis of phosphorylated sample components (Stevens et al., 2005).   

Immobilized Metal Ion Affinity Chromatography 

Immobilized metal affinity chromatography (IMAC) was introduced in 1975 by 

Porath and coworkers as Metal Chelate Affinity Chromatography (Porath et al., 1975).  

Originally used for protein fractionation based on differential affinity to immobilized zinc 

or copper ions, the technique boasted characteristics of both affinity and adsorption 

chromatography.  Preferred association of phosphorylated amino acid residues to 

immobilized Fe3+ was later demonstrated in 1986 by Porath and Anderson (Anderson and 

Porath, 1986; Muszynska et al., 1986).  Today, the technique is primarily exploited as a 

versatile affinity capture method.  Along with the purification of multi-histidine tagged 

recombinant proteins, the enrichment of phosphorylated proteins and peptides has 

evolved into one of the major applications of IMAC.   
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IMAC columns generally consist of a silica, agarose, or polymeric structural 

support, a chelating ligand such as iminodiacetic acid (IDA), nitriloacetic acid (NTA), or 

triscarboxymethyl ethylene diamine (TED), and a metal ion of choice (Chaga, 2001).  

The choice of chelating ligand and metal ion play important roles in experimental 

planning.  IDA, NTA, and TED form tridentate, tetradentate, and pentadentate 

coordination complexes with the metal ion, respectively.  While ligands with a higher 

degree of coordination will have increasingly higher affinity for the metal ion, a 

simultaneous decrease in analyte binding affinity to the metal ion is observed due to the 

loss of available metal coordination sites (Gaberc-Porekar and Menart, 2001; Ueda et al., 

2003).  Based on the strength of analyte-metal ion association predicted, the researcher 

may chose a chelating ligand system to best fit the needs of the application.   

The choice of a metal ion is undoubtedly the most critical step in the design of this 

type of experiment due to the great variability in metal ion behavior with regard to 

different analytes and solvent systems.  A classification system developed by Pearson 

(Pearson, 1973) provides a general direction for the determination of which metal ion is 

suitable for a particular application based on Lewis acid/base chemistry.  According to 

this classification system, “soft” metal ions (the Lewis acids), such as Cu+, Hg2+, and 

Ag+, prefer “soft” Lewis bases, such as sulfur-containing amino acid side chains.  

“Intermediate” metal ions, including Cu2+, Ni2+, and Co2+, favor coordination with 

borderline Lewis bases such as aromatic nitrogen.  “Hard” metal ions, such as Fe3+, Ca2+, 

and Al3+, prefer binding to “hard” Lewis bases such as oxygen and aliphatic nitrogen.  

(Pearson, 1973; Chaga, 2001; Ueda et al., 2003). 
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While most early studies of phosphopeptide/ protein enrichment focused on the use 

of Fe3+, many studies have been performed to determine the effectiveness of alternative 

hard metal ions for this application in terms of retention and recovery.  Notably, a 1999 

study by Posewitz and Tempst compared retention, elution, and selectivity of eight 

different metal ions (Al3+, Ga3+, Fe3+, In3+, Ru3+, Sc3+, Y3+, Zr4+) with respect to three 

synthesized phosphopeptides in the presence of a standard protein digest.  Ga3+, Fe3+, and 

Zr3+ demonstrated maximum retention and elution (competitive binder) capabilities, 

while Ga3+showed the best selectivity and pH dependent elution properties of the three 

metal ions toward the three synthesized phosphopeptides (Posewitz and Tempst, 1999).  

The wide array of important experimental parameters that must be controlled from lab to 

lab has made it difficult to designate a single metal ion as the optimal choice for 

phosphopeptide/ protein preconcentration.  Regardless, to date the most success in these 

applications has been attributed to use of Fe3+ and Ga 3+. 

In addition to metal ion and chelating ligand selection, a number of other factors 

govern the association of a metal ion with its preferred Lewis base.  Ionic strength of 

solvents used, pH, and the composition of buffers and/or detergents used in the analysis 

all play important roles in the effectiveness of IMAC enrichment (Ueda et al., 2003).  In 

general, increasing ionic strength of binding and washing solvents reduces electrostatic 

interactions of analytes with the chelating ligands and structural support.  At low ionic 

strength however, chelating ligands such as hard metal ion bound IDA exhibit weak ion 

exchange properties, which can enhance the preconcentration of phosphopeptides and 

phosphoproteins by providing an additional mechanism of phosphopeptide/protein 

retention.  The pH of solutions used has a critical effect on the overall charge of the 
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immobilized metal ion, as well as the charges present on the protein or peptide binding 

surface.  As such, pH can be modified to promote the desired coordination interactions of 

the metal ion with specific chemical groups on the analyte (i.e., the phosphate group).  

For optimal binding and retention of phosphorylated analytes, pH of the binding and 

washing solutions should be maintained above the pKa of the phosphate group (1.97) 

(Kumler and Eiler, 1943), though below the pKa of side chain carboxylate groups (3.86 

for aspartic acid, 4.25 for glutamic acid) (Dawson, 1959).  Buffers, denaturing agents, 

and detergent additives mainly affect applications involving whole protein enrichment, 

where protein structure and solubility may influence binding capabilities.  Again, the type 

of application determines the qualitative requirements of the above mentioned 

parameters.  (Sharma and Argarwal, 2001) 

Titanium Dioxide Enrichment 

The high affinity of titanium dioxide toward organic phosphate has been 

recognized since the late 1980s (Ikeguchi and Nakamura, 1997).  Since then, moderate 

efforts have been placed into optimizing the interaction so that this property may be 

utilized for the preconcentration of phosphate-containing analytes.  Successful binding 

and elution of both phospholipids and phosphopeptides have been demonstrated under 

acidic and then basic pH conditions, respectively, in both off-line and on-line 

configurations (Ikeguchi and Nakamura, 1997; Ikeguchi and Nakamura, 2000; Prinkse et 

al., 2004; Larsen et al., 2005).  To date, this technique has proven to be an effective and 

versatile alternative to IMAC enrichment of phosphorylated peptides.  Recent 

applications include the preparation of TiO2 coated magnetic nanoparticles that may be 

used to selectively adsorb phosphorylated peptides from tryptic protein digests, followed 

by direct anaysis of these phosphopeptide-bound particles by surface assisted laser 
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desporption ionization mass spectrometry (SALDI) (Chen and Chen, 2005).  In addition, 

because binding and elution is primarily pH-dependent, as opposed to the array of 

variable mobile phase conditions associated with IMAC enrichment, incorporation into 

automated on-line analyses is greatly simplified (Pinkse et al., 2004). 

β-elimination/ Michael addition 

The identification of phosphorylated residues may also be accomplished through 

the chemical modification of phosphoamino acid residues themselves.  β-elimination of 

the phosphate group (phosphoserine and phosphothreonine only) under alkaline 

conditions results in the formation of an alkene group that is highly susceptible to 

nucleophilic attack.  This transformation permits Michael addition of a thiol-bearing (or 

similarly nucleophilic) compound at the previously phosphorylated location.  The nature 

of the tag added by Michael addition is flexible and mainly dependent on the desired 

downstream analysis.  Possibilities include biotin tags, which lend to the sensitive capture 

of these elements by biotin/avidin affinity chromatography, or fluorescent affinity tags, 

which facilitate the enrichment and enhanced spectrometric detection of previously 

phosphorylated compounds (Stevens et al., 2005).   

In addition to the transformation of the phosphorylation site itself into a target for 

affinity enrichment and detection, removal and replacement of the negatively charged 

phosphate group generally enhances ionization efficiency of these peptides in the positive 

ion mode, again simplifying analysis.  Unfortunately, selectivity of the technique suffers 

from the ease at which any O-linked post-translational modification will undergo β-

elimination.  For example, by these methods, protein phosphorylation can not be 

distinguished from protein glycosylation, another abundant post translational 
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modification.  Inconsistent or inadequate reaction yield is another disadvantage of this 

technique.   

Cation/Anion Exchange for Phosphopeptide Fractionation 

The ionic character of the phosphate group itself may be exploited through ion 

exchange chromatography.  In this way, fractionation by charge state may enable partial 

separation of phosphorylated peptides or proteins from a complex mixture, such as a 

whole cell lysate.  The addition of such a fractionation step greatly simplifies analysis of 

complex mixtures, and enhances the ability to detect and characterize low abundance 

proteins such as those typically involved in protein phosphorylation-based signaling 

pathways (Trinidad et al., 2006).   

Hydrophobicity-based Adsorption Techniques 

While reversed-phase chromatography using C-18-type resin is typical of 

proteomic separation and analysis, small, hydrophilic peptides are poorly retained on 

these chromatographic matrices.  Phosphorylation can increase the hydrophilicity of a 

peptide considerably, especially in smaller or more acidic peptides, making retention and 

separation by traditional methods difficult.  In these instances, alternative adsorption-

based stationary phases may be employed.  These include hydrophilic interaction 

chromatography (HILIC) (Alpert, 1990), porous graphitic carbon (PGC) (Knox et al., 

1986; Vacratsis et al., 2002), and C-18 resins with chemistries with stronger hydrophobic 

interactions.  HILIC, unlike normal reversed phase chromatography, demonstrates a 

greater retention for hydrophilic, charged compounds.  PGC, which functions similarly to 

typical reversed phase chromatographic matrices for most compounds, exhibits an 

additional electrostatic binding property due to the analyte-induced deformation of 

carbon ring electron clouds.  In this way, PGC can be used to tightly retain, recover, and 
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resolve small, hydrophilic analytes such as those which may be produced post-enzymatic 

digestion of a phosphorylated protein.  Alternatively, Poros Oligo-R3 (Applied 

Biosystems) is an example of a C-18 stationary phase with high hydrophobic binding 

affinity.  Success of this stationary phase for these types of applications relies on the 

hydrophobicity of amino acids adjacent to the phosphoamino acid.   

Protein and PTM Quantitation by Mass Spectrometry 

While the relative measurement of changes of mRNA levels within a given cell 

state, or states, have become routine experiments via microarray analyses, a functional 

understanding of cellular phenotypes requires the quantitative analysis of proteins, since 

mRNA and respective protein levels do not necessarily correlate at a given time point 

(Gygi, Rochon et al.,1999).  Regardless of the mRNA level corresponding to a given 

protein, it is the cell’s stimulus to translate that mRNA into protein that dictates when and 

to what extent the protein is expressed.  Moreover, protein function may be arrested until, 

or changed by, various types of post translational modification.  The past decade has 

witnessed the escalating success of mass spectrometry in the elucidation of functional 

proteomics.  Though the ability to quantitate by mass spectrometry is not an innate 

characteristic of the technique due to variable ionization efficiencies of different analytes, 

many methods incorporating stable isotope labeling and label-free quantitation have been 

developed to overcome these inherent limitations, and utilize the unique characteristics of 

mass spectrometry for protein and PTM quantitation. 

Relative Quantitation 

In many applications, it is the changing level of protein expression or post 

translational modification brought about by a particular physiological, environmental, or 

pharmaceutical stimulus that is the desired information.  In these cases, differential 
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isotopic labeling with stable isotopes of a control and variable cell state enables the 

subsequent pooling and MS analysis of the two cell states simultaneously.  In this way, 

changes in protein expression or levels of post translational modification may be directly 

evaluated.  To date, a number of chemical labeling schemes have been developed for 

relative quantitation of changes in protein expression or post translational modification.  

These include isotope coded affinity tags (ICAT) that modify cysteine residues (Gygi, 

Rist et al., 1999), acid labile isotope coded extractants (ALICE) (Qui et al., 2002), 

isobaric tags for relative and absolute quantitation (iTRAQ) (Ross et al., 2004), methyl 

esterification of carboxylic groups (Goodlett et al., 2001; Ficarro et al., 2002), lysine 

specific labeling (Peters et al., 2001), N-terminal labeling (Munchbach et al., 2002; Lill, 

2003), 18O incorporation during enzymatic cleavage (Yao et al., 2001), and differential 

mass mapping or label-free quantitation (Ruse et al., 2002; Bondarenko et al., 2002).  

Metabolic incorporation of stable isotopes into a cell line via either growth in 15N 

enriched media (Oda et al., 1999), or stable isotope labeling by amino acids in cell 

culture (SILAC) (Ong et al., 2002), are extremely efficient methods of differential 

protein labeling which allow for a broad scope of downstream analysis.  These specific 

methods will not be discussed in detail here.  Instead, focus will be placed on the 

considerations that must be made in order to attain useful information from labeling 

experiments.    

First and foremost, choice of an appropriate label is crucial.  Ideally, a label would 

demonstrate good reaction efficiency, be universally effective to all peptides in a mixture, 

have no effect on comparative chromatographic retention so that peptide pairs experience 

the same conditions (percent organic of mobile phase, chemical background, etc) upon 
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ionization.  The label must also provide ample mass separation and resolution of 

differentially labeled peptides (to avoid overlap of isotope peaks), have no differential 

effect on ionization efficiency, and demonstrate no differential (or otherwise) effect on 

dissociation efficiency.  Additionally, the label would be equally applicable to cell 

culture, tissue culture, or clinical sample sets.  Clearly, designing a label of such diversity 

is an enormous task, however based on the specific experimental design, an appropriate 

and effective label may be chosen to provide the desired information (Lill, 2003).   

In order to measure biologically significant values a variety of controls must be 

employed.  First, a linear dynamic range (LDR) and lower limit of quantitation (LLOQ) 

for the instrument to be used must be established by a series of standard curves.  

Subsequently, internal standards must be added into, or identified from, the original 

sample mixtures in order to control for discrepancies in sample handling and labeling 

efficiency.  In the case of post translational modification analysis, differences in initial 

protein concentration due to sample collection variability, or differences in protein 

expression between two cell states, must also be controlled for by the internal standards.  

Internal standards may also be used to ensure that measurements are being made within 

in a linear dynamic range.  

Absolute Quantitation 

When an absolute molar quantity of a particular protein of interest is desired, 

traditional quantitative analysis strategies may be applied.  Generally, a peptide, or set of 

peptides, from the protein of interest are synthesized with stable isotope labels so that 

they may be used as internal standards (Barnidge et al., 2003; Gerber et al., 2003).  

Standard curves may be generated in order to determine the ESI response factor for the 

analyte of interest, the LDR, and the analyte’s specific LLOQ based on its ESI response 
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factor and the standard deviation of blank measurements.  The heavy labeled standard 

peptide may then be spiked into the biological sample at a known quantity, and by its 

ratio with the non labeled peptide from the sample, used to determine a quantity of the 

sample peptide.   

Since the standard is spiked into the sample late in the sample preparation, 

however, extreme caution must be taken to avoid error or sample loss in previous sample 

processing steps.  For this reason, additional internal controls that will account for each 

step of sample processing, such as those described earlier, may be necessary.  

Collectively, with the proper choice of internal standard/controls, method of separation, 

ionization method, and instrumentation, relatively accurate quantitation is possible by 

mass spectrometry. 

Summary 

The purpose of this chapter was to introduce the fundamental principles behind the 

work to be described throughout the rest of this dissertation.  A variety of mass 

spectrometric and associated methods, including sample enrichment, liquid 

chromatography, ionization, and quantitation, have all been described as they apply to 

protein phosphorylation and proteomic analysis.  Chapter 2 will provide in-depth 

descriptions of the instrumentation utilized for the present work.  In chapter 3, the 

analysis of Limulus polyphemus Myosin III in vivo phosphorylation, and the changes 

induced in phosphorylation of this protein in response to multiple physiological or 

environmental stimuli will be demonstrated.  In chapter 4, a quantitative determination of 

the preferential binding characteristics of different members of the 14-3-3 family of 

signaling proteins from Arbidopsis thaliana to phosphorylated target peptide sequences is 
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presented.  Finally, chapter 5 will attempt to unite the presented work and provide broad 

conclusions regarding the impact of these projects. 
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CHAPTER 2 
INSTRUMENTATION 

Three types of mass spectrometers were utilized for the work to be described, 

namely, a Bruker Daltonics BioApex II 4.7 T FTICR-MS, a ThermoFinnigan LCQ Deca 

3D ion trap MS, and an Applied Biosystems QSTAR XL hybrid quadrupole TOF MS.  

Each instrument demonstrated vastly different but complementary operational 

capabilities and limitations, making access to all three instruments a considerable 

advantage in experimental planning.  Each of these instruments will be described in 

attempt to emphasize the unique characteristics of each, and the scope of their 

applications to the present work. 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

Thanks to its ultra high mass resolution and mass accuracy capabilities (Amster, 

1996; Marshall et al., 1998), as well as its impressive experimental versatility, FTICR-

MS has found an ever growing realm of application.  Recent improvements to front end 

ion guides and electronics have prompted a marked increase in commercial sales of 

FTICR mass spectrometers over the last decade, making the unique and impressive 

capabilities of this type of MS more accessible than ever.   

FTICR mass spectrometers are generally composed of an ionization source, a series 

of differentially pumped ion transfer optics and ion guides (multipoles, linear ion traps, 

ring electrodes, skimmer cones, steering plates, etc), and an ICR cell within the bore of a 

superconducting magnet.  The extraordinary capabilities of FTICR-MS with regard to 

high resolution and mass accuracy are directly attributed to the unique mechanism of ion  
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Figure 2-1:  Configuration of trapping, excitation, and detection plates in ICR cell.   

trapping, mass analysis, and detection.  Ions are trapped in the ICR cell by a potential 

placed across two plates set perpendicular to the incoming ion beam and magnetic field 

axis (Fig. 2-1).  At this point, ions exhibit three types of inherent motion: trapping 

oscillations, magnetron motion, and cyclotron motion.  Trapping oscillations are an 

artifact of the ion’s translational kinetic energy upon entering the cell.  Linear motion is 

converted into a simple harmonic oscillation upon application of the DC trapping plate 

voltages.  While the trapping potentials produce a restoring force that restricts the ions’ 

motion along the magnetic field axis (z-axis), the harmonic nature of this motion repels 

them in the perpendicular plane (xy plane).  Simultaneously, the magnetic field repels 

ions toward the center of the cell, and in turn the competition of these forces results in the 

initiation of magnetron motion.  Steps are often taken prior to excitation and detection to 

dampen these two types of low frequency motion in order to cool ions closer to the center 

of the cell, thereby enhancing resolution upon analysis (Amster, 1996; Marshall et al., 

1998). 
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Figure 2-2:  Ion cyclotron motion.  Motion is derived from the cross product of the 
magnetic field and the radial velocity component of the ion.  Direction of the 
motion is dependent upon the charge of the ion.  (adapted from Marshall et 
al., 1998) 

The third type of ion motion, cyclotron motion, is the foundation of FTICR-MS.  

Cyclotron motion occurs as a result of the magnetic field’s effect on the ion’s radial 

velocity component, producing a force that is perpendicular to the magnetic field axis.  

This force sets the ion into a periodic, circular motion whose frequency (υc) is dependent 

upon the strength of the magnetic field (B), the mass of the ion (m), and the charge on the 

ion (z ), as shown in Equation 2-1.  By keeping the magnetic field constant, this cyclotron 

frequency (υc) can be directly related back to the ion’s m/z (Amster, 1996; Marshall et 

al., 1998).    

Equation 2-1: 

In order to detect the cyclotron frequency, the orbital radius of an ion must be 

increased such that it may induce an image current across the detect plates.  

Amplification of the cyclotron orbital radius is achieved by application an oscillating 

electric field that is in resonance with the specific cyclotron frequency of the ion across 

two opposing excitation plates that run parallel to the magnetic field axis.  Usually, a 

range of resonant frequencies is applied to these plates at a set amilitude.  As each ion of 

a specific m/z value “feels” its characteristic resonating frequency, its cyclotron radius is 

Bz 
2πm 

υc = 
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increased to a degree proportional to the amplitude of the applied field (Vp-p) (Equation 2-

2).  In this way, either a specific ion population may be excited by a defined RF 

excitation energy for detection, or all ions within a predefined range may be excited by 

the application of an RF sweep at a constant amplitude for the simultaneous detection of 

all ions in a mixture (Amster, 1996; Marshall et al., 1998).   

Equation 2-2: 

For optimal detection, the applied RF amplitude is set to excite all ions to a radius 

in which the coherent ion packets pass close to, but do not collide with, the detect plates, 

two oppositely aligned plates also in parallel with the magnetic field axis (Fig. 2-1).  As 

the ion packet passes each of the detect plates, an alternating current is induced with a 

frequency identical to that of the characteristic cyclotron frequency of the ion.  This 

image current is amplified and converted from the time domain signal to a frequency 

domain via a Fourier transform, which can then be directly converted to a m/z spectrum 

(Amster, 1996; Marshall et al., 1998). 

The high resolution of this measurement is a direct result of the high magnetic field 

strength, the accuracy at which frequency can be measured, and the number of 

measurements taken per scan.  The time it takes an ion to make one complete revolution 

in its cyclotron orbit is multiple orders of magnitude lower then the observation or scan 

time (milliseconds to seconds).  For example, an excited ion of 100 m/z in a 3 tesla 

magnet travels approximately 30 kilometers per second (Marshall et al., 1998).  In a 4.7 

tesla magnet, such as the one used in this study, the same ion would have a cyclotron 

frequency of approximately 114 kHz, and would therefore induce an image current to be 

detected roughly 114,000 times per second.  This leads to an extremely high degree of 

Vp-pTexcite 
2dB rpost-excite =
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precision and resolving power that can play an important role in accurately distinguishing 

the isotope patterns of high mass, multiply-charged ions, leading to their proper mass 

assignment, or in accurately determining sub-nominal mass differences between lower 

m/z ions.  In addition, as the magnetic field strength is increased, the spread of 

frequencies that corresponds to a set range of mass/charge values is increased, therefore 

increasing the difference between frequencies corresponding to any two consecutive 

mass/charge values.   

In addition to the measurement of an ion’s m/z, multiple opportunities exist for the 

analysis of fragment ions.  Multiple stages of mass analysis (MSn) can offer abundant 

structural information about the parent ion in question.  Moreover, the number of possible 

stages of ion fragmentation in an FTICR-MS is theoretically unlimited, as fragmentation 

events inside the ICR cell are separated temporally as opposed to spatially in many other 

instruments.  Ion dissociation may take place via a number of routes, including 

collisionally induced dissociation (CID) (Amster, 1996; Marshall et al., 1996; Laskin and 

Futrell, 2003), sustained off resonance CID (SORI-CID) (Laskin and Futrell, 2003), and 

infrared multiphoton dissociation (IRMPD) (Little et al., 1994; Tonner and McMahon, 

1997; Flora and Muddiman, 2001; Flora and Muddiman, 2002; Hakansson et al., 2003). 

The benefit of in-cell fragmentation methods resides in the fact that all ions other 

than the ion of interest can be selectively overexcited and ejected from the cell prior to 

fragmentation, isolating the precursor ion to be dissociated and ensuring the origin of 

observed fragment ions.  For CID and SORI-CID, the ion of interest is isolated, after 

which a low pressure pulse of a neutral collision gas such as nitrogen is infused into the 

cell (Amster, 1996, Marshall et al., 1998, Laskin and Futrell, 2003).  A low amplitude RF 
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voltage that is either in resonance with the analyte ion (CID) or just off-resonance relative 

to the analyte ion (SORI-CID) is then applied across the two excite plates (Amster, 1996; 

Marshall et al., 1998, Laskin and Futrell, 2003).  The purpose of this RF pulse is to 

increase the ion’s kinetic energy (and in turn the orbital radius), increasing the probability 

of collision with a neutral gas and simultaneously rendering it more susceptible to 

dissociation upon collision (Laskin and Futrell, 2003).  Cleavage of the weakest bonds in 

the ion is induced as a result, giving rise to product ions that are subsequently excited and 

detected as described above (Laskin and Futrell, 2003).  Because excitation sets the ions 

off-axis however, ions must be collisionally “re-cooled” after the second detection event 

in order to induce additional fragmentation with minimal signal decay (Tonner and 

McMahon, 1997; Hakansson et al., 2003).  

The third method of ion dissociation, IRMPD, involves an infrared laser irradiation 

pulse of specified pulse length and power in order to produce the desired excitation and 

fragmentation.  Though the mechanism of ion excitation is drastically different from that 

of CID, rapid energy redistribution throughout the bonds of ions renders the 

fragmentation pathways very similar (Little et al., 1994).  Because the power and pulse 

length of the laser irradiation event can be accurately and precisely controlled however, 

bond-stability discrimination is achievable by this technique to some extent.  This enables 

a stepwise approach to specifically cleaving bonds of increasing stability by adjustment 

of laser power and pulse length (Flora and Muddiman, 2002).  In addition, ion activation 

and dissociation occur on-axis with the laser beam, reducing the total number of cooling 

and pumping delays required in the instrument method since no ion “cooling” or collision 

gas pumping delays are required between dissociation and detection.  This presents a 
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significant advantage over typical CID experiments when multiple stages of 

fragmentation are desired.   

Furthermore, because the frequency of the carbon dioxide infrared laser (10.6 μm) 

is in resonance with the stretching frequency of the P-O bond (9.6 – 11 μm), a 

specifically attenuated laser pulse can selectively cleave phosphate groups from trapped 

ions at very low irradiation times (Little et al., 1994; Flora and Muddiman, 2002).  This 

results in characteristic mass shifts (79.966 Da) of only those peptide ions which 

originally possessed the phosphate moiety (Flora and Muddiman, 2001)   

FTICR-MS was utilized in this work for its ability to simultaneously survey 

mixtures of peptides that were closely related in size and chemical nature with a high 

degree of mass accuracy and resolving power.  Methods were developed to characterize 

binding preferences of a mixture of synthetic phosphopeptides to a family of enzymes 

called the 14-3-3s, which will be discussed in detail in chapter 4.   

Quadrupole Ion Trap Mass Spectrometry 

A Thermo LCQ Deca 3D ion trap mass spectrometer was also used in these studies 

for multiple applications.  Like FTICR-MS, 3D ion traps are tandem-in-time mass 

spectrometers, implying the use of a single ion trapping region for each stage of analysis.  

Unlike FTICR-MS, ions are trapped and ejected for detection by careful control of a set 

of RF voltage sweeps (as opposed to frequency sweeps at a set voltage or amplitude) 

across three electrodes, a central ring electrode and two end cap electrodes.  Externally 

formed ions are transferred to the trap by a series of ion optics; in this case, a heated 

metal capillary for the desolvation and transmission of ESI formed charged droplets, an 

offset tube lens and skimmer cone to focus ions and block transmission of neutrals, a 
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square RF-only quadrupole for ion transmission through regions of differential pumping, 

and an RF-only octapole for final transmission of ions into the trap.   

 

Figure 2-3:  Configuration of electrodes in 3D quadrupole ion trap.  
(http://www.spectroscopynow.com/ftp_images/msprim_spark_f5c.jpg) 

Within the trap, ion collection and movement are governed by the high RF voltage 

(kV), or drive voltage, placed on the ring electrode.  This RF voltage confines ions in the  

center of the trap as they oscillate between the relatively neutral end-cap electrodes and 

the ring electrode with the changing phases of the applied RF.  A much lower amplitude 

(0 – 5 V) and lower frequency RF voltage, referred to as the resonant excitation voltage 

or ‘tickle’ voltage, is placed on the end-cap electrodes 180° out of phase from each other.  

The magnitude and frequency of this voltage can be varied throughout a scan function in 
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order to isolate ions, initiate CID, and increase resolution during mass analysis.  The 

addition of helium at approximately 1 mtorr into the trap aids in extension of the linear 

dynamic mass range, as well as improvement of resolution due to collisional cooling of 

the ion cloud closer to the central axis of the trap (Burlingame, 2005; March and Todd, 

2005).   

After ion trapping, specific ions of interest may be isolated for dissociation.  In this 

case, the RF voltage on the ring electrode is increased such that the ion of interest aquires 

a “q” value (defined by Mathieu equations, see Fig. 2-4) of 0.83.  A large range of high  

  

Figure 2-4:  The Mathieu stability diagram describing ion stability in a quadrupole ion 
trap.  The “q” value is a function of the RF voltage while the “a” value is a 
function of the DC voltage.  3D ion traps are typically operated in RF only 
mode, such that a ramping of the RF voltage moves ions along the x-axis, 
increasing that ions “q” value until it passes out of the region of stability.  
(http://www.matrixscience.com/help/ion_trap_main_help.html) 

a = 
4eU 

mτ0
2ω2 

-2eV 
mτ0

2ω2 q = 

U = DC voltage 
V = RF voltage 
e = charge of ion 
m = mass of ion 
ω = angular frequency 
τ = ωt/2
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amplitude RFs, excluding a small belt of frequencies surrounding that which resonates 

with the ions bearing the 0.83 “q” value, are then applied to the end-cap electrodes.  This 

results in an over-excition and ejection of all ions but the ions of interest.  The ring  

electrode RF voltage is then decreased in order to move the ions of interest back to a  

lower “q” value (~0.25) such that upon fragmentation, an even distribution of smaller and  

larger product ions may be stably trapped.  The small range of resonant frequencies  

which were excluded from the isolation pulse are now applied to the end cap electrodes at 

an amplitude sufficient to increase the kinetic energy of the ions of interest without 

overexciting them out of the trap.  The energy imparted does, however, induce 

fragmentation upon collision with helium atoms (Burlingame, 2005; March and Todd, 

2005).   

Ejection of precursor and/or product ions for detection is accomplished by linearly 

elevating the ring electrode RF amplitude, thereby increasing the “q” value of all ions 

proportionally.  Each ion of specific m/z ratio is ejected from the trap sequentially; lower 

m/z ions first, followed by higher m/z ions.  Simultaneously, a resonant excitation voltage 

is applied (to the end-cap electrodes) at a constant frequency which correlates to a high 

“q” value, resulting in increased resolution.  These ions are detected and signals 

amplified by a conversion dynode and electron multiplier (Burlingame, 2005; March and 

Todd, 2005).   

An extremely important feature of the Thermo LCQ Deca 3D ion trap instrument 

used in these studies is automatic gain control (AGC), which manages the number of ions 

collected in the trap prior to further stages of analysis.  Because of the relatively small 

trapping volume, an overfilling of the trap will lead to space charge effects that decrease 
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resolution and mass accuracy.  To avoid these affects, a 10 ms prescan is taken prior to 

each analytical scan in order to survey the flux of ions entering the trap at any point in a 

chromatogram.  The accumulation time of the analytical scan is then adjusted based on 

the measured flux in order to collect a predetermined optimal number of ions to be 

measured in each analytical scan.  The total ion chromatogram displayed in turn is 

actually an inverse function of the accumulation time of the analytical scan, since longer 

collection times will be required of low concentration ions, while shorter collection times 

will be required of high concentration ions.  This feature enhances sensitivity of lower 

abundance ions of interest while avoiding space charging effects on mass accuracy and 

resolution, thereby doubling the linear dynamic range of the instrument (March and 

Todd, 2005).   

Quadrupole ion traps have contributed greatly to the increased use of mass 

spectrometry in proteomics.  The versatile nature of their operation, small size, relative 

low cost, ability to perform MSn, and the ease at which they can be precisely controlled 

by computer automation have made them a standard in most biological mass 

spectrometry labs.  The ability to operate these instruments in a “data-dependent” mode 

enables the collection of a massive amount of information-rich data per sample, while 

targeted analysis can allow for sensitive measurement of low abundance compounds of 

qualitative or quantitative interest.  Improvements to instrument control software are 

currently expanding the realm of experiments which may be conducted by the researcher 

at will.   

For the purpose of this research, the LCQ Deca was used for the verification of in 

vivo phosphorylation sites in Limulus polyphemus Myosin III.  This work will be 
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discussed in detain in chapter 3.  In addition, this instrument was used to develop a 

method for future automated semi-quantitative analysis of 14-3-3 target phosphopeptide 

mixtures, which will be described further in chapter 4. 

Hyrbid Quadrupole-Time of Flight (qTOF) Mass Spectrometry 

Unlike FTICR and 3D ion trap instruments, the quadrupole – time of flight (qTOF) 

mass spectrometer is a tandem-in-space hybrid instrument which utilizes two different 

types of mass analyzers.  Modeled after the triple quadrupole tandem mass spectrometer, 

the qTOF utilizes the superior mass selection and ion transmission capabilities of the first 

two quadrupoles, while replacing the third scanning quadrupole with an orthogonally 

aligned TOF mass analyzer.  Traditional triple quadrupole instruments, renowned for 

their ability to efficiently perform MS/MS experiments for structural elucidation, employ 

the first quadrupole as a mass selector, the second quadrupole as a collision cell for CID, 

and the third to mass-analyze product ions.  The need to scan the third quadrupole at a 

slow enough rate to obtain unit resolution across a complete mass spectrum of daughter 

ions greatly limits the sensitivity of these instruments however.     

 

Figure 2-5:  Schematic of the Applied Biosystems QSTAR XL hybrid qTOF MS. 
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By replacing the third quadrupole with a TOF analyzer, a complete full scan or 

fragment ion spectrum can be detected in parallel at the maximum resolution afforded by 

the TOF spectrometer.    The general equation which describes TOF mass separation is: 

m/z = 2eEs(t/d)2 

where ‘m/z’ is the mass to charge of an ion, ‘E’ is the extraction pulse potential, ‘s’ is the 

distance across which E is applied, ‘d’ is the length of the field free drift zone, and ‘t’ is 

the measured “time of flight” of the ion.  Resolution in a TOF instrument is dependent on 

the final thickness of an ion packet as it approaches the detector and the length of the 

flight path.  Optimizing ion beam quality (minimizing spatial and velocity distributions) 

prior to acceleration into the TOF through collisional cooling or focusing, and addition of 

an ion “mirror” or reflector (to correct for initial spatial deviations and motion along the 

TOF axis while effectively doubling the length of the flight tube) enhance resolution 

considerably (Chernushevich et al., 2001; Burlingame, 2005).   

Because a TOF analyzer is not a scanning device, duty cycle, and therefore 

sensitivity, is also enhanced by substitution of the third quadrupole with a TOF 

spectrometer.  The necessity to modify the continuous ion beam delivered by the RF-only 

quadrupole into discrete, pulsed ion packets for TOF analysis however, presents a 

challenge in preserving the gained sensitivity.  In the system used in this work, this 

challenge is met by a “Q2 pulsing” function.  Here, ions are briefly trapped in the second 

quadrupole region (the collision cell) by introduction of an exit lens upon which an 

trapping voltage can be applied.  The voltage on this lens is dropped for 10 to 50 

milliseconds in order to pulse a packet of ions into the pulsar region of the orthogonal 

TOF.  A delay time is then set to coordinate the release of the ion packet from the second 
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quadrupole with the TOF acceleration pulse, thereby reducing sample loss and increasing 

duty cycle.  Because ions of different mass/charge will reach the pulsar region at different 

times, the ion release pulse value and ion release delay must be tuned for optimal 

transmission at the targeted mass range of the quadrupoles (Chernushevich et al., 2001; 

Burlingame, 2005).   

An added benefit of such a configuration of analyzers lies in the ability to exploit 

either MALDI or ESI sources with little modification to instrument parameters, despite 

the differences in initial ion energies and beam characteristics.  An additional quadrupole, 

q0, placed at the front end of the instrument provides a region of collisional cooling of 

newly formed ions, damping the ion velocities to near-thermal values and focusing ions 

to the center quadrupole axis (perpendicular to the TOF axis).  Whether ions are formed 

continuously (as in ESI) or in pulsed plumes (as in MALDI), beam quality is improved 

drastically prior to injection into the orthogonal TOF.  This additional stage of focusing at 

q0 aids in eliminating source-induced energetic aberrations from ions prior to injection 

into the final mass analysis region, and enhances resolution of measurements in the TOF 

by reducing initial motion along the TOF axis prior to acceleration.  For ions formed by 

MALDI in particular, the transformation of the ion plume into an ion beam decouples the 

TOF acceleration pulse from the ionization laser pulse, offering additional control of 

optimization parameters (Chernushevich et al., 2001; Burlingame, 2005).   

Generally speaking, the qTOF enables high mass accuracy (typically ≤5 ppm) and 

high resolution (10,000 to 15,000) mass analysis in both full scan and MS/MS modes of 

operation.  Its tolerance for different ion source configurations enables coupling with 

front end separation devices, such as HPLC, and software control of operating parameters 
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and experiment types give it some of the versatility of triple quadrupole instruments 

(Chernushevich et al., 2001; Burlingame, 2005).   

In the applications to be described in the following chapters, the instrument is 

operated in information dependent acquisition (IDA) mode in order to identify peptide 

ions eluting from an in-line integrated HPLC system for the purpose of protein 

identification and post translational modification (PTM) characterization and 

quantitation.  A survey scan of eluting ions is first acquired by operating all of the 

quadrupoles in RF-only mode.  In this way, ions are cooled, focused, and transmitted 

from the source to the TOF region for full scan mass analysis.  Information dependent 

MS/MS spectra can be obtained by using Q1 to select a major parent ion from the survey 

scan for fragmentation, q2 for CID of the parent ion and transmission of the daughter ions 

into the pulsar region of the TOF, and the TOF for fragment ion mass analysis.  Final 

detection is achieved by means of a four-anode multichannel plate detector with a time-

to-digital converter, which offers high sensitivity (detection of single ions) and resolving 

power over a relatively large mass range.   

It is worthwhile to note here that the mechanism of inducing CID in the qTOF 

(high potential acceleration into the high pressure region of q2) offers an advantage for 

phosphopeptide characterization over CID fragmentation in the quadrupole ion trap 

(resonance excitation).  Resonance excitation induced CID usually yields a predominant 

ion representing the neutral loss of the phosphate moiety, thereby providing little 

additional sequence information.   Higher energy CID in the qTOF yields a more even 

distribution of fragment ions, facilitating phosphopeptide identification and 

characterization.  For this reason, and due to the ability to obtain high resolution and 
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mass accuracy, information dependent LC-MS/MS data, this instrument was utilized for 

the identification of phosphorylation sites in recombinant Limulus Myosin III (Battelle et 

al., 2004; Kempler et al., submitted), as well as the relative quantitation of changes in in 

vivo phosphorylation at the identified sites in response to circadian rhythms.  This work 

will be described in detail in Chapter 3.   
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CHAPTER 3 
SITE SPECFIC EFFECTS OF THE CIRCADIAN CLOCK ON LIMULUS MYOSIN III 

PHOSPHORYLATION 

The function of Limulus polyphemus Myosin III (LpMyoIII), a 122 kDa protein 

found in Limulus photoreceptors, is unknown.  This protein originally stirred interest in 

the Battelle laboratory (Whitney Laboratory, University of Florida, St. Augustine, FL) 

when it was identified as a protein that became phosphorylated in Limulus eyes in 

response to signals from a circadian clock (Edwards and Battelle, 1987)  

Circadian signals reach Limulus eyes via a well-characterized group of efferent 

neurons with cell bodies located in the brain and axons that project out the optic nerves 

and synapse onto the photoreceptors (Battelle, 2002).  As depicted in Fig. 3-1, the clock-

driven depolarization of these efferent neurons at night releases octopamine onto 

photoreceptors (Battelle et al., 1982).  This biogenic amine activates a G protein-coupled 

receptor that is linked to adenylyl cyclase.  Activation of adenylyl cyclase stimulates an 

increase in intracellular levels of cAMP in photoreceptors (Kaupp et al., 1982) and 

initiates cAMP-dependent signaling cascades, one of which involves the phosphorylation 

of LpMyoIII (Battelle et al., 1998).   

Overall retinal function is directly influenced by this circadian efferent input, or 

clock input.  As clock input to the eye is elevated in the evening and remains active 

throughout the night (Barlow, 1983), the sensitivity and responsiveness of the eyes to 

light increases.   
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Figure 3-1: Schematic representation of the signaling cascade responsible for circadian 
clock-driven changes in visual function in Limulus.  The circadian clock 
responsible for these changes is located in the Limulus brain (left).  The gray 
bar (center) represents the photoreceptor membrane.  Clock activated efferent 
neurons projecting from the brain to the eyes release the biogenic amine 
octopamine (OCT) onto photoreceptors and the OCT activates G-protein 
coupled receptors (G) that activate adenylyl cylase (AC).  Activation of AC 
elevates intracellular cAMP which in turn activates cAMP-dependent protein 
kinase (PKA).  PKA phosphorylates substrate proteins (adapted with 
permission from author from Battelle, 2002). 

Many specific structural and functional effects of this input have been 

characterized, including the induction of changes in photoreceptor and pigment cell shape 

and changes in pigment migration (Barlow et al., 1980; Keir and Chamberlain, 1989).  

Clock input also increases the magnitude of the depolarization response recorded from 

photoreceptors per photon of light absorbed and simultaneously decreases the number of 

spontaneous depolarizations recorded from photoreceptors in the dark.  Thus, clock input 

to the eye at night increases the overall signal-to-noise ratio (Kaplan and Barlow, 1980).  

Additionally, clock input primes light driven process such as pigment migration and 
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membrane shedding, processes which do not occur without night-time circadian clock 

input (Chamberlain and Barlow, 1979; Chamberlain and Barlow, 1984). 

A complete understanding of how clock input exerts its diverse effects on 

photoreceptor functions requires an in-depth knowledge of the proteins that are affected 

by this stimulus.  The identification of a 122 kDa phosphoprotein that demonstrated 

enhanced phosphorylation in response to circadian input stimulated further 

characterization of the protein sequence and structure.  The protein was cloned and 

sequenced, revealing a C-terminal myosin domain and an N-terminal kinase domain 

(Battelle et al., 1998).  This evidence classified the protein as a class III Myosin (one of 

the unconventional myosins within the myosin superfamily).  Additional evidence 

suggested it was unique among metazoan myosins in that it became phosphorylated 

within its myosin motor domain (Battelle et al., 1998).  Phosphoamino acid analysis of 

the protein identified serine as the sole phosphorylated residue (Edwards and Battelle, 

1987), and primary sequence analysis revealed three putative cAMP dependent protein 

kinase (PKA) phosphorylation sites (S796, S846, S926) in or near a known actin binding 

region in myosins called loop 2 (Battelle et al., 1998).  Also within the myosin domain of 

the protein are sequences associated with ATP binding and myosin-type conformational 

changes (which occur upon ATP hydrolysis), a putative calmodulin binding domain, and 

the TEDS site (E618, an acidic amino acid located at a position highly conserved among 

metazoan myosins that is found to be replaced by a phosphoamino acid in proteozoans) 

(Battelle et al., 1998).  All of these observations lead to hypotheses concerning LpMyoIII 

function.  
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Elucidating these functions requires an understanding of the specific interactions of 

LpMyoIII.  Myosins that are molecular motors bind to actin and hydrolyze ATP to 

produce the conformational changes that permit the myosin to move along actin 

filaments.  Actin binding and ATP hydrolysis were therefore assumed to be important 

functions of LpMyoIII.  Actin co-sedimentation assays have demonstrated that LpMyoIII 

does in fact bind to actin (Battelle et al., 2004).  The myosin domain of LpMyoIII also 

has an ATP binding site, however while the ATP binding site is mostly conserved, an 

arginine residue thought to be critical for ATP hydrolysis has been replaced by a histidine 

(H487), suggesting that LpMyoIII may not hydrolyze ATP (Battelle et al., 1998).  Indeed, 

ATPase assays revealed that LpMyoIII does not hydrolyze ATP (Battelle et al., 2004). 

Taken together, these finding suggest that LpMyoIII is an actin binding protein but not a 

motor. 

The identification of PKA phosphorylation sites in and near loop 2 of the myosin 

domain by LC-MS/MS analysis of recombinant LpMyoIII led to a hypothesis that 

phosphorylation modulates the affinity of LpMyoIII for actin.  Studies of other 

unconventional myosins have revealed that the net charge of loop 2 is an important 

determinant of actin binding affinity (Furch et al., 1998).  Specifically, site directed 

mutagenesis studies of other myosins have demonstrated that an increase in the number 

of positively charged residues within loop 2 increases the binding affinity of myosin 

toward actin (Furch et al., 1998).  Conversely, it can be extrapolated that an increase in 

negative charges in the same region would reduce actin binding affinity.  Since it is 

known, as described above, that circadian efferent input to Limulus photoreceptors leads 

to the elevation of cAMP in photoreceptors and in turn the PKA phosphorylation of 
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LpMyoIII, it has been hypothesized by the Battelle laboratory that the circadian-regulated 

phosphorylation of specific residues in and/or near loop 2 regulates the affinity of 

LpMyoIII for actin.   

Preliminary immunocytochemical localization of LpMyoIII and actin within the 

photoreceptor in the presence and absence of clock input supports this hypothesis (Fig. 3-

2).  The distribution of LpMyoIII immunoreactivity in cross sections of Limulus lateral 

eyes which had received normal clock input was compared with that in eyes that were 

deprived of this input.  All eyes were fixed in the dark and at night when the clock input 

is active.  In eyes that received normal clock input the concentration of LpMyoIII over 

the actin-rich photosensitive membrane was reproducibly lower than that in eyes 

deprived of the clock input (Battelle et al., 2006).  This immunocytochemical evidence is 

consistent with the idea that clock input modulates the affinity of LpMyoIII for actin via 

phosphorylation in the region of actin binding.   

In the work to be presented in this chapter, it was verified that the sites of 

phosphorylation identified in expressed recombinant LpMyoIII were indeed 

phosphorylated in native LpMyoIII extracted from the animal itself.  Relative changes in 

phosphorylation at particular sites between LpMyoIII from eyes which had received 

clock input and those which had been deprived of clock input were then examined.  The 

goal here is to determine which, if any, of the potential phosphorylation sites in and near 

loop 2 show changes in phosphorylation levels in response to endogenous clock input to 

the eyes.  These findings will permit additional biochemical studies in which site-directed 

mutagenesis of recombinant proteins and in vitro actin binding assays will be used to test 

the effects of phosphorylation at these specific sites on LpMyoIII actin binding affinity. 
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Figure 3-2:   Immunostaining of myosin III and actin in cross sections of lateral eye 
ommatidia.  Eyes were dissected and fixed in the dark at about midnight.  
Panels A and B show stained sections of eyes that received normal clock input 
(+ clock input)..  Panels C and D show stained sections of eyes that had been 
deprived of clock input by cutting the lateral optic nerve one week prior to the 
experiment (- clock input)..  The asterisk shaped structures defined by actin 
staining in panels A-D represent the photosensitive membrane, the rhabdom 
(Rh).  (reprinted from Battelle et al., 2006 with permission of IOVS, copyright 
ARVO 2006)  The schematic shows the major visible components of an 
ommatidium cross section.  (adapted with permission from author from 
Battelle, 2002) (Battelle et al., 2006)  

Methods 

Animals and Standard Reagents 

Adult Limulus collected from the Indian River near Melbourne, FL were 

maintained at the Whitney Laboratory in continuously flowing, natural seawater held 

between 18°C and 20°C and under natural diurnal illumination provided through a 

skylight in the aquarium room.  Unless otherwise specified, reagents were obtained from 

either Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich (St. Louis, MO).   
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Lateral Optic Nerve Sections, Lateral Eye Extraction, and LpMyoIII Purification 

At least one week before collecting the tissue, the lateral optic nerve to the right eye 

of each experimental animal was cut as described previously (Edwards and Battelle, 1987 

et al., 1990).  On the day of the experiment, animals were moved at dusk into a natural 

seawater tank located in a dark room, and the animals were maintained in the dark.  

Between 11 PM and midnight, lateral eyes were dissected from the animals under 

infrared illumination.  In all subsequent steps, eyes with cut optic nerves ((-) clock input) 

were processed separately from those with intact optic nerves ((+) clock input); each 

sample contained eyes pooled from three or four animals.  Samples were homogenized in 

the dark in homogenizing buffer containing phosphatase inhibitors, protease inhibitors, 

and reducing agents (Sineshchekova et al., 2004), and homogenates were centrifuged for 

20 minutes at 120,000 x g in an Airfuge (Beckman Instruments).  At this point, samples 

were moved into the light, and supernatants were filter concentrated using 30 kDa cut-off 

membranes (Millipore).  SDS PAGE buffer (4x) was added at a volume calculated to be 

1/3 the remaining volume of the supernatant.  The two different samples were loaded 

onto different 7.5% Tris-glycine SDS-PAGE gels poured from the same pre-polymerized 

mixture and run at 150V for 1 hour.  Gels were stained with Coomassie Blue for 5 

minutes with shaking, and were destained for approximately 5-6 hours in a 10% glacial 

acetic acid (HAc), 10% methanol (MeOH) solution.   

LpMyoIII Digestion 

The stained bands corresponding to Myosin III were excised from the gel, cut into 

1mm by 1mm cubes, and destained with gentle shaking in 50% acetonitrile (ACN), 50 

mM ammonium bicarbonate (ABC).  This destain solution was refreshed every 15 

minutes until gel pieces were clear.  The gel pieces were dried by addition of 100% ACN, 
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removal of ACN, and speed vac evaporation of the remaining liquid.  Reduction of 

disulfide bonds was accomplished with addition of 45 mM DTT for 30 min at 55°C.  

Reduced cysteines were alkylated with 100 mM iodoacetamide for 30 minutes at room 

temperature and in the dark.  This solution was removed and gel pieces were washed 

vigorously with 50 mM ABC containing 50% ACN.  Gel pieces were finally dried by 

addition of 100% ACN, removal of ACN, and speed vac evaporation of the remaining 

liquid.  Approximately 200 ng of trypsin in 50 mM ABC was added per single lane of gel 

band.  Digestion was allowed to proceed overnight at 37°C.  Peptides were extracted by 

incubating gel pieces in a solution of 50%ACN and 5% formic acid until the gel pieces 

began to turn white.  The supernatants were then removed, dried completely, and 

esterified as described below.  Alternatively, for label-free analysis, the supernatants were 

dried to near completion and resuspended in a solution containing 5% ACN and 0.1% 

HAc.   

Methyl Esterification – Differential Labeling 

Anhydrous methanol was sparged with nitrogen for 5 minutes prior to use.  The 

two labeling solutions (light and heavy) were prepared immediately prior to use in a well 

ventilated area by addition of 45 μl of thionyl chloride to 1 ml of either anhydrous d0-

methanol (CH3OH) or d3-methanol (CD3OH).  Completely dried peptide digests were 

removed from the speed vac and the appropriate labeling solution was added immediately 

(1 ml solution per 8 single lane gel bands).  Tubes were blanketed with nitrogen and 

sealed, sonicated for 10 min, and allowed to stand at room temperature for 2 hours.  

Reaction mixtures were then dried to near completion in a speed vac and labeled peptide 
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digests were resuspended in a solution containing 5% ACN and 0.1% HAc.  Samples to 

be compared were pooled appropriately.   

 

Figure 3-3:  Schematic of both label-free and differential labeling methods.   

LC-MS/MS analysis   

A portion of this work was conducted using a Thermo LCQ Deca quadrupole ion 

trap MS in line with a 5 cm x 75 μm inner diameter (i.d.) Pepmap C18 5 μm/ 300 Å 

capillary column (LC Packings) or a self-packed 10 cm x 75 μm i.d. Altima 5 μm/ 300 Å 

capillary column.  A home built HPLC system with a 1/30 pre-column split was used to 

deliver a 60-minute gradient from 5% to 50% mobile phase B (mobile phase A = 0.1% 

HAc, 0.01% TFA, 3% ACN; mobile phase B = 0.1% HAc, 0.01% TFA, 95% ACN) at a 

flow rate of 12 μL/min.  For initial identification experiments, parent ion scans were 

followed by four data-dependent MS/MS scans.  For targeted analysis, one data-

dependent MS/MS scan and two to three dedicated MS/MS scans followed the parent ion 

scan.  Spectra from all experiments were converted to DTA files, and the MASCOT 

search engine was used to search data within the NCBI (National Center for 

Biotechnology Information) database.  In these searches, the taxonomy specified was 

metazoa, trypsin was identified as the cleavage enzyme, and carbamidomethyl was 
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defined as a fixed modification.  S/T phosphorylation and oxidation (M) were selected as 

variable modifications.  Mass tolerances were set to 2 Da for MS and 1 Da for MS/MS.  

To locate eluting phosphopeptides in the base peak chromatogram, extracted ion 

chromatograms were generated by searching for the neutral loss of the phosphate group 

in multiple charge states.  For targeted experiments, extracted ion chromatograms were 

constructed by selection of the appropriate scan filter and including the mass of the ion 

representing the neutral loss of the phosphate group in the extraction criteria.     

Other studies were conducted using an Applied Biosystems QSTAR XL MS with 

an Ultimate Capillary HPLC system (LC Packings) flowing at 180 μL/min with a 1/100 

pre-column split.  This integrated system delivered a 90-minute gradient from 3% to 40% 

mobile phase B (mobile phase A & B as described above) through a 15 cm x 75 μm id, 5 

μm/300 Å PepMap C18 capillary column.  All samples were run in triplicate.  During the 

analysis of label-free samples, three to four blanks were run between the different sample 

sets to prevent carryover.  One survey scan followed by 1 to 3 information dependent 

MS/MS scan were performed and data were searched using MASCOT with the settings 

given above, but with mass tolerances set to 0.3 Da for MS and 0.3 Da for MS/MS, and 

with methyl esterification (DE and C-term) as a variable modification when appropriate.  

The first two isotope peaks of the average mass spectrum for each ion of interest were 

integrated for quantitative analysis.   

Differential-Labeling Data Interpretation  

Extracted ion chromatograms were generated from the base peak chromatogram for 

both light- and heavy-labeled versions of all peptides studied.  Mass spectra were 

averaged over the region of the chromatogram where each light- and heavy-labeled set 
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eluted.  The first two isotope peaks of each isotopic cluster were integrated and the 

resultant areas were summed, as demonstrated in Fig. 3-4.  These area values from each 

run were then summed to obtain a total area value for each peptide per experimental set.  

For each peptide, the total summed area of the set of peaks corresponding to the intact 

optic nerve, or (+) clock, cell state was then divided by the corresponding summed area 

from the optic nerve sectioned (ONS), or (-) clock, cell state.   This calculation, which 

resulted in the ‘raw’ (+) clock/ (-) clock ratio, was applied to each studied 

phosphopeptide and to four control peptides.  All control peptides were non-modified 

peptides derived from LpMyoIII that contained at least one acidic residue.  Control 

peptides were analyzed to control for any differences in retinal tissue collection, tissue 

homogenization, digestion, labeling, and any other discrepancies in sample handling prior 

to pooling.  This normalization step also controlled for any differences in LpMyoIII 

expression between the two sets of eyes.  

 

Figure 3-4:  Representative calculation of (+) clock to (-) clock ratio via differential 
labeling method.   
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The four control peptide ratios were averaged to obtain the normalizing factor.  The 

standard deviation, 95% confidence interval surrounding this normalizing factor, and 

relative 95% confidence interval was also determined from the four control peptide 

ratios.  Raw phosphopeptide (+) clock/ (-) clock ratios were normalized with the average 

control peptide ratio and the error introduced by the method for each experiment was 

reported as the normalized (+) clock/ (-) clock value multiplied by the relative 95% 

confidence interval.  Tables 3-1 through 3-4 demonstrate these calculation on a single 

representative set.   

Final (+) clock/ (-) clock ratios represented the calculated change in 

phosphorylation at each site in response to circadian clock input.  Three experimental sets 

were averaged in order to obtain this final value, and the error reported in this final value 

was the 95% confidence interval determined from the averaged values and represented 

biological variation.  In order to monitor reaction efficiency, final data sets were searched 

using MASCOT with methyl esterification added as a variable modification.  This 

modification to MASCOT search parameters facilitated identification of any detectable 

non-labeled or inefficiently labeled myosin peptide product. 

Table 3-1:  Representative determination of total peak areas for two phosphopeptides for 
both the (+)clock and (-)clock cell state, and subsequent calculation of raw 
(+)clock/ (-)clock ratios. 
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      Table 3-2 continued 

Table 3-2:  Representative determination of total peak areas for four control peptides in 
the (+)clock and (-)clock cell states, and the subsequent calculation of control 
(+)clock/ (-)clock ratios. 

 

 

Table 3-3:  Error analysis applied to control peptide (+)clock/ (-)clock ratios. 

 

Table 3-4:  Normalization of phosphopeptide raw (+)clock/ (-)clock ratios and error 
propagation from control peptide error analysis to final values.   
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Label-Free Data Interpretation  

Again, extracted ion chromatograms were constructed to visualize the elution of 

each peptide of interest.  Mass spectra were averaged from the regions of the 

chromatogram where each peptide eluted.  The first two isotope peaks from each isotopic 

cluster were manually integrated, and areas from each peak within a set were summed.  

Peak areas from each run were summed to yield a total experiment area for each 

phosphopeptide studied as well as six control peptides (described earlier).  For each 

phosphopeptide and control peptide, total areas from the cell state that received clock 

input (the (+) clock state) were divided by the corresponding peptide total area from eyes 

which received no clock input (the (-) clock state) to yield a raw (+) clock/ (-) clock 

ratios.  The (+) clock/ (-) clock ratios for all of the control peptides were averaged and the 

relative 95% confidence interval calculated.  Raw phosphopeptide (+) clock/ (-) clock 

ratios were normalized with the average control (+) clock/ (-) clock ratio to correct for 

discrepancies in sample collection, homogenization, digestion, and instrumental 

performance.  The relative 95% confidence interval calculated from the control peptide 

ratios, which provided a gauge error introduced by the method, was used to determine an 

expected 95% confidence interval for each final phosphopeptide (+) clock to (-) clock 

ratio.   

Results 

Verification and Identification of in vivo LpMyoIII Phosphorylation Sites 

Three phosphorylation sites; S-796, S-841, and S-846, were identified in previous 

mass spectrometric analyses of recombinant LpMyoIII that had been phosphorylated in 

vitro with PKA (Battelle et al., 2004).  These same three phosphorylation sites and 

phosphorylated S-926 were identified in analyses of endogenous LpMyoIII using the 
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Thermo LCQ Deca ion trap MS (Fig. 3-5 A-D).  Of these sites, S-796, S-846, and S-926 

are putative PKA phosphorylation sites, while S-841 is a predicted substrate for protein 

kinase C (PKC) phosphorylation.  Interestingly, S-926 was identified only in LpMyoIII 

from the Limulus lateral optic nerve (LON) (Fig. 3-5 D).  It was not found in recombinant 

LpMyoIII (Battelle et al., 2004) or endogenous LpMyoIII extracted from the lateral eye.   

S-796 and S-926 are both low stoichiometry phosphorylation sites, and as a result both 

required targeted analysis using the ion trap for identification.  MS/MS spectra generated 

from the targeted experiments demonstrated the characteristic predominant neutral loss 

fragment ion of both phosphopeptides (M+2H-H3PO4), in addition to one or more 

additional fragment ions.  As mentioned in Chapter 2, the predominant neutral loss of 

labile post translational modifications in a quadrupole ion trap MS following resonant 

excitation provides significant evidence for the characterization of modified peptides. 

Regardless, the relatively poor quality of these MS/MS spectra warranted verification of 

these results.  Using the LC-qTOF-MS system, phosphorylation at S-796 was supported 

by observation of co-eluting peaks that matched the +2 and +3 charge state of this 

phosphorylated, tryptic peptide with high mass accuracy (~5 ppm for the +2 charge state) 

(Fig. 3-5 E).  MS/MS of the peptide containing S-926 derived by qTOF-MS confirms ion 

trap assignment of phosphorylation at this site (Fig. 3-5 F).  Interestingly, all of these 

phosphorylation sites fall within or near loop 2 of the myosin motor domain, a known 

actin binding region of myosins.    
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Figure 3-5:  MS/MS verification of four sites in LpMyoIII phosphorylated in vivo.  A) 

RSpSIQENMLLPER, identified by neutral loss filtering on ion trap; B) 
AIFSSENPSPFLSpSPR, identified by neutral loss filtering on ion trap; C) 
KVpSYDATDLVK, identified by targeted analysis on ion trap; D) 
RIpSFVDFLNR, identified by targeted analysis on ion trap; E) 
KVpSYDATDLVK, accurate mass alignment of +2 (upper panel) and +3 
(lower panel) charge states eluting at same retention time after HPLC-qTOF-
MS for site verification; F) RIpSFVDFLNR, accurate mass identification of 
+2 charge state (upper panel) and MS/MS of this peptide (lower panel) by 
qTOF-MS for site verification.    

A
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Figure 3-5 Continued 

B

C
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Figure 3-5 Continued 
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Validation of Quantitation Methods   

The methyl esterification reaction chosen for differential labeling was tested for 

reaction efficiency by performing the reaction on a simple mixture of synthetic 

phosphopeptides.  Before and after reaction spectra demonstrate a complete mass shift of 

all peptide ions equivalent to the addition of the mass of one methyl group (Fig. 3-6).  No 

non-reacted peptide byproduct was detected.  To ensure equal labeling efficiency with 

both regular, d0-, and deuterated, d3-, methanol, aliquots of tryptic peptides from 

recombinant LpMyoIII were labeled with d0- or d3-methanol.  Samples pooled in a 1:1 

and 1:2 ratio were analyzed by HPLC-MS/MS.  The ratios of the non-oxidized, 

phosphorylated peptide containing S-846 (RSpSIQENMLLPER), as well as control 

peptides VLPLYGDQTAVK, SDNPPHVFAVADR, and YYSEEYLSR were compared 

to their expected values.  Average ratios of these peptides in both sets were within 

approximately 20% of their calculated values, thus validating use of this labeling scheme.   

 

Figure 3-6:  Methyl esterification reaction efficiency.  A simple mixture of synthetic 
phosphopeptides labeled and analyzed via direct infusion ESI-FTICR-MS.  
No evidence of non-labeled byproduct was detected. 
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Additionally, all experimental data files were searched using MASCOT (as described in 

the methods section) in order to identify any non-reacted or incompletely reacted peptide 

byproduct from LpMyoIII tryptic digests.  No evidence was found for the incomplete 

peptide labeling over the course of this work.   

The label free method for quantitation was validated by creating a standard sample 

that mimicked the biological samples to be analyzed.  In particular, four solutions of a 

bovine serum albumin (BSA) digest were spiked with variable quantities of two synthetic 

phosphopeptides so as to create standard solutions with four unique phosphopeptide to  

 

 

Figure 3-7:  Schematic of standard sample preparation scheme (upper panel) and 
validation of label free relative quantitation method (lower panel).  In 
schematic, P = phosphopeptide; A,B,C = BSA tryptic control peptides. 
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BSA digest ratios.  The solutions were analyzed four times by LC-MS/MS and the 

signals corresponding to the phosphopeptides and three control BSA peptides were 

integrated.  One sample set was chosen as the “control” set and signal intensities from 

this set were compared to all other respective phosphopeptide and control peptide signal 

intensities.  Average control peptide ratios were determined for each combination of 

sample comparisons (sample 1 to 2; sample 3 to 2; sample 4 to 2) and these values were 

used to normalize phosphopeptide ratios.  Figure 3-7 shows the final measured ratios 

plotted against the theoretical ratios calculated from knowledge of the actual molar 

quantities of components in the solutions.  A slope close to 1 with y-intercepts close to 0 

was obtained for each phosphopeptide, indicating a close correlation of the measured 

andcalculated values.  These findings validate this method for quantifying differences in 

phosphorylation levels of a single protein obtained from two different biological samples. 

Changes in Levels of Phosphorylation in Response to Circadian Efferent Input 
(Clock Input).   

Differential isotopic labeling of LpMyoIII extracted from lateral eyes that received 

or were deprived of clock input was used to quantify the influence of clock input on 

relative levels of phosphorylation at each site.  Recall that clock input to an eye is 

eliminated by cutting that eye’s optic nerve (see Methods).  Using the differential 

labeling method, phosphorylation changes could be measured only at the most intensely 

phosphorylated sites, S841 and S846.   

Final (+) clock/ (-) clock ratios obtained using the differential labeling approach 

were 0.96 +/- 0.27 and 1.97 +/- 0.28 for S841 and S846, respectively.  Errors represent the 

95% confidence interval and describe the degree of biological variation.  These ratios 

indicate the factor to which phosphorylation levels change at these sites in response 
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Figure 3-8:  Normalized (+) clock to (-) clock ratios calculated from three independent 
animal sets via differential labeling.   Error bars represent the 95% confidence 
interval determined from 4 control peptides in each experimental set, 
indicating the magnitude of error introduced by the method.     

Table 3-5:  Raw (+)clock/(-)clock ratios, average normalization ratios, relative 95% 
confidence intervals, and normalized (+)clock/(-)clock values for S-841 and 
S-846 from each experimental set. 

 

to clock input.  Ratios were calculated from three independent labeling experiments 

performed with three different sets of animals (Fig. 3-8), each set containing tissue 

pooled from 3-4 animals.  Furthermore, the values determined for each group of animals 

represent a sum of at least three independent LC-MS/MS runs.  During the analyses of 

samples collected in January 2006, the LpMyoIII from each set of eyes was labeled in 

both configurations (d0- labeled (+) clock, d3- labeled (-) clock; d3- labeled (+) clock, 

d0- labeled (-) clock) to test, once again, whether the labeling step contributed to the final 
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ratio.  For this experiment, values obtained from both labeling configurations were 

similar and thus raw data were summed to determine a single set of values for this animal 

set.   

A label-free approach was also employed to quantify relative changes in 

phosphorylation.  This approach was selected in order to 1) reduce the number of steps in 

sample preparation, and hopefully increase overall sensitivity of the experiments as a 

result, and 2) ensure that the identified trends observed with the differential labeling 

method were in fact the result of a biological variable (clock input) and not an artifact of  

the labeling procedure.  These assays produced results consistent with data from the 

labeling experiments (Fig. 3-9).  Average relative 95% confidence intervals determined 

from control peptide ratios for differential labeling and label-free techniques were 13.1% 

and 6.0%, respectively.   

 

Figure 3-9:  Comparison of average results from differential labeling and label-free 
experiments.  Error bars represent the average 95% confidence interval 
determined from control peptides from each experimental set.  This error 
indicates the magnitude of error introduced by the method. 
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Using the label free method, changes in levels of phosphorylation at S-796 were 

also measured.  Though only two label-free analyses based on two different groups of  

animals were completed, an average (+) clock/ (-) clock ratio at this site was calculated to 

be 2.13.  As with the differential labeling method, each group of animals tested by label-

free assays consisted of LpMyoIII obtained from eyes pooled from three animals.  Here 

again, the (+) clock/ (-) clock ratio of S-796 for each animal set was determined from the 

summed integrated peak areas from at least three independent LC-MS/MS analyses.  The 

ability to identify and quantitate the relative changes in levels of phosphorylation at S-

796 using the label-free method is attributed to greater sample recovery using this method 

compared to the differential labeling method.  Extensive sample drying is often 

associated with sample loss.  As such, the label-free assay’s elimination of repeated 

sample drying steps that were required for efficient methyl esterification, but associated 

with sample loss, is a clear advantage to this method.   

After combining data obtained from assays performed with both the differential 

labeling and label-free methods, the (+) clock/ (-) clock phosphorylation ratios for 

S841and S846 are, respectively, 0.95 +/- 0.15, and 1.93 +/- 0.22 (Fig. 3-10A).  Individual 

(+) clock/ (-) clock ratios for S-796 determined from two label-free analyses are also 

presented (Fig. 3-10B), demonstrating a consistent increase in phosphorylation at S-796  

in response to clock input.  No change in the level of phosphorylation at S926 was 

measured in response to clock input, as no phosphorylation at this site was detected by 

either method in LpMyoIII extracted from the lateral eye. 
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Table 3-6:  Raw (+)clock/(-)clock ratios, average normalization ratios, relative 95% 
confidence intervals, and normalized (+)clock/(-)clock values for S-796, S-
841, and S-846 from each set. 

 

 

Figure 3-10:  Final (+) clock to (-) clock ratios of three sites phosphorylation sites, 
indicating the degree to which phosphorylation changes in response to clock 
input.  A) Average values for the two loop 2 phosphorylation sites, S-841 and 
S-846, determined from five experiments.  Error bars represent the 95% 
confidence interval of the ratios obtained from each experiment, indicating the 
degree of biological variation.  B)  Two individual determinations of (+) 
clock/ (-) clock ratio at S-796.  Error bars represent the 95% confidence 
interval determined from six control peptide ratios from each experimental 
set, indicating the magnitude of error introduced by the method.    

Discussion 

This study had two major goals:  1) to verify LpMyoIII phosphorylation sites in 

endogenous protein, and 2) to measure changes in levels of phosphorylation in response 

to clock input.  Verification of these sites was accomplished by standard HPLC-MS/MS 
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methods.  In order to accomplish the second goal, a quantitative method needed to be 

developed such that the numerical values determined by this method accurately reflected 

endogenous biological changes; in this case, that of changing levels of protein 

phosphorylation in response to a natural stimulus.   

Method Development for Measuring Changes in Phosphorylation 

Typical quantitative analyses using mass spectrometry are aimed at determining 

absolute concentrations of a certain analyte in different samples.  Measurements are 

based on the analyte’s MS-response compared to that of a known quantity of a ‘heavy’ 

stable isotope-labeled internal standard whose response vs. concentration have been 

established.   A peptide’s response factor describes the slope of this established linear 

relationship.  With knowledge of each peptide’s response factor, absolute concentrations 

can be calculated from the observed signal intensity.  These calculated concentrations can 

be subsequently compared between different sample sets to determine differences in the 

amount of peptide in each sample (Gerber et al., 2003; Barnidge et al., 2003).   

Such a method could have been employed to achieve the second goal of this 

work, however this would have necessitated the synthesis of heavy-isotope labeled 

internal standards for each expected phosphorylated peptide, as well as each of the 

‘control’ LpMyoIII peptides.  Additionally, the determination of ESI-response factors for 

each peptide would also be required prior to each analysis.  Because we wanted to 

measure a factor of change in phosphorylation of a peptide from one cell state to the next, 

and also needed to quantitate changes in a number of control peptides in order to correct 

for different quantities of protein present, a direct MS-signal comparison method was 

chosen.  Typically, extracted ion chromatograms are integrated for quantitative analysis.  

However, since extracted ion chromatograms generated for these experiments were based 
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on a 0.4 amu mass window surrounding the monosotopic ion of interest in the full scan, 

signal contributed from additional isotope peaks was not incorporated into the 

integration.  This was a disadvantage when measuring changes in low intensity ions since 

the mass of these peptide ions dictates that a significant percentage of the total ion counts 

be distributed to the second isotope peak.  For this reason, the first two isotope peaks 

were integrated from the averaged mass spectrum itself, and the areas determined by 

these integrations were summed to yield a final area value for each peptide. 

The summation of areas corresponding to the first two isotope peaks, as opposed 

to all detectable peaks, was done to ensure equal representation of both ion populations 

being compared.  Theoretically, the number and relative intensities of isotope peaks 

observed for the same peptide from different cell states should be identical.  However, the 

detection limit of the system used as well as the ratio of the peptide’s abundance between 

the two cell states determines whether or not the same number of isotope peaks is 

actually observed and can be integrated with the same accuracy (Fig. 3-11).  As a result, 

integrating only the first two isotope peaks ensures that the difference in signal intensity 

is determined from the same number of isotope peaks from each cell state.  Since two 

peaks are required to determine the identity of a peptide on the instrument used, by our 

standards, two peaks could always be integrated to generate a final value representative 

of the ion population.   This precaution ensured a conservative and accurate measure of 

change in phosphorylation.  

Comparisons of the two methods used for quantitation, differential labeling by 

methyl esterification and label-free relative quantitation, revealed a clear advantage in 

label-free analyses.  Only the two most intensely phosphorylated sites, S841 and S846, were  
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Figure 3-11:  Justification for integration of first two isotope peaks as a more accurate 
means of ratio determination.  Representation of a ‘light’ isotope labeled (P) 
and ‘heavy’ isotope labeled (P*) set of phosphopeptide peaks from a 
differential labeling experiment.  Red arrows represent the baseline based on 3 
different noise levels (NL#1, NL#2, and NL#3).  The peaks associated with P 
in this representation were given arbitrary intensity values.  The value of the 
first isotope peak in the P* set was given an estimated intensity value, and the 
values for the following isotope peaks were calculated such that they 
regressed by the same factor as those in the P set.  A P/P* value for the sum of 
all peaks assuming an infinitely low detection limit in which all peaks are 
recorded (Total P/P*) represents the most accurate measurement of this ratio 
of change.  P/P* values were also calculated from the sums of the first two 
isotope peaks only, as well as the sum of all isotopes detected from P or P* at 
each limit of detection.  The P/P* value derived from the summed intensities 
of the first two isotope peaks only demonstrated the best correlation to the 
total P/P*.   

detected following differential labeling assays.  Only one of these two sites, S846, 

demonstrated changing levels of phosphorylation in response to clock input.  Upon 

switching to label-free analyses, phosphorylation at S796 was detected consistently in both 
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cell states, allowing relative quantitation of this site in response to clock input.  As a 

result, S796 was found to be regulated by clock input.  The limitation to the sensitivity of 

the differential labeling by methyl esterification method is attributed to sample loss 

during additional sample drying steps required for efficient labeling.   

Unfortunately, since for label-free analysis samples are not pooled and blanks are 

required in between analysis of samples from different cell states, instrument time 

required is at least tripled.  Still, the greater sensitivity of the label-free method makes it a 

clear preference in analyses of low level post-translational modifications. 

Identification of in vivo Phosphorylation Sites in Endogenous LpMyoIII.   

The identity of four phosphorylation sites in endogenous LpMyoIII have been 

verified: S796, S841, S846, and S926.  Three of these sites, S796, S841, and S846, were 

previously identified by HPLC-MS/MS in recombinant LpMyoIII after in vitro PKA 

phosphorylation (Kempler et al., submitted).  The reason(s) for why phosphorylation at 

S926 was not identified in the analysis of recombinant LpMyoIII is unclear, since it is a 

putative substrate for PKA based on consensus sequence correlation.  It could be that the 

recombinant protein is folded differently from native protein extracted from the lateral 

optic nerve (LON), making the site unavailable for phosphorylation in the recombinant 

protein.  

Failure to detect phosphorylated S926 in LpMyoIII extracted from the LE could 

reflect a real biological difference between LpMyoIII located in the lateral eye and the 

lateral optic nerve.  Alternatively, it is possible that this is an artifact of the different 

protein levels in these tissues, combined with the sensitivity limits of the instrument used.  

Comparison of base peak chromatogram maximum ion counts from LON analyses to 
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base peak chromatogram counts from previous corresponding LE analyses offers a crude 

indication that the amount of LpMyoIII present in LON extracts is far greater than that in 

the LE, an observation congruent with previous Commassie staining analysis.  As a 

result, identification of phosphorylation at S926 only in the LON might be an artifact of 

lower overall LpMyoIII concentrations in the LE.  Future enhancements in method 

sensitivity may enable the semi-quantitative analysis of phosphorylation at this site in the 

LE as well.  Additional studies are required to determine the biological relevance of S926 

phosphorylation in endogenous LpMyoIII extracted from the LON, and the alleged lack 

of phosphorylation at this site in recombinant LpMyoIII and endogenous LpMyoIII 

extracted from the LE.   

Measurement of Site Specific in vivo Changes in Phosphorylation at PKA Sites in 
Response to Circadian Clock Input – Assigning Function to Phosphorylation?   

Of the four phosphorylation sites identified in endogenous LpMyoIII only two 

showed a significant change in their level of their phosphorylation in the LE in response 

to clock input in vivo, S-796 and S-846.  Both sites, demonstrated a roughly two fold 

increase in phosphorylation in response to clock input relative to samples from eyes to 

which no clock input was received.  It should be emphasized that these two-fold changes 

were observed with both differential labeling and label-free techniques.  Both sites are 

putative PKA sites that were first identified as phosphorylation sites in analysis of 

recombinant LpMyoIII after in vitro PKA phosphorylation.  Interestingly, levels of 

phosphorylation at S-841, a putative PKC site, showed no change in response to clock 

input, an observation that suggests the clock-driven changes in phosphorylation observed 

are specific.  Current observations confirm the results of previous back phosphorylation 

studies demonstrating the global PKA-dependent phosphorylation of LpMyoIII in vivo in 
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response to clock input (Edwards and Battelle, 1987 et al., 1990).  The critical additional 

information provided by the current study, which determined the exact PKA 

phosphorylation sites that are regulated by clock input in vivo, permits the generation of 

hypotheses regarding the physiological consequences of the phosphorylation event.  

Significance of Phosphorylation at S-796 and S-846. 

One of the PKA sites influenced by clock input, S846, is localized within loop 2 of 

the myosin motor domain of LpMyoIII, a known actin binding region of other myosins.  

The other site which demonstrated clock-induced increase in phosphorylation, S796, is 

located immediately upstream of loop 2, although still within a region of the protein that 

may influence actomyosin interaction (J.R. Sellers, personal communication).  Manstein 

et al. (1998) established a direct relationship between the net number of positive charges 

in loop 2 and the strength of the myosin – actin interaction, such that as the number of 

positive charges increases, so does interaction strength.  Based on these results, we 

propose that a reduction in net charge at loop 2 via local phosphorylation will decrease 

myosin – actin interaction strength.  Since the phosphorylation of S796 S846 becomes 

elevated at night in response to clock input, it appears that one of the major impacts of 

clock input on LpMyoIII is to reduce its affinity for actin at night.  This hypothesis is 

consistent with the recent finds of Battelle et al. (2006) that the concentration of 

LpMyoIII at the actin-rich rhabdom is reduced at night in response to clock input (See 

Introduction and Fig. 3-2). 

These studies provide the first example for a second messenger kinase-mediated 

phosphorylation of a myosin in or near loop 2 in vivo, and they reveal what might be a 

novel mechanism for a phosphorylation-based modulation of the myosin – actin complex.  

The unambiguous identification of phosphorylation sites and clock-regulated 
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phosphorylation sites of endogeous LpMyoIII now permits further investigation into the 

impact of phosphorylation on the function of the protein using site-directed mutenagenic 

studies. 

Possible Functional Consequences of Phosphorylation at S-796 and S-846 for the 
function of Limulus photoreceptors.. 

The functional consequences of the proposed circadian clock-induced reduction in 

affinity of LpMyoIII for actin could be many and diverse.  One known function of 

myosins is to stabilize actin.  If in response to night-time, clock-induced phosphorylation 

the affinity of LpMyoIII for actin is lower during the night than it is during the day, one 

might expect the stability of actin in the actin-rich core of the photosensitive membrane 

to be lower at night than during the day.  There is one well-documented process in the LE 

that is thought to involve the destabilization of the actin core of the photosensitive 

membrane.  The process is called “transient rhabdom shedding”.   

Transient rhabdom shedding is triggered by the light of dawn but will not occur 

without night-time input from the circadian clock.  It involves a rapid breakdown and 

rebuilding of the actin-rich photosensitive membrane and results in the rapid synchronous 

internalization of some of this membrane which contains visual pigment (Fig. 3-12) 

(Sacunas et al., 2002).  Transient shedding is thought to enable a rapid desensitization of 

the photoreceptor upon first light, converting the eye to its day-time lower sensitivity 

state.  The phosphorylation of LpMyoIII in loop 2 might play an important role in the 

priming of this event by destabilizing the actin core of the photosensitive membrane 

during the night.  Reduced concentration of LpMyoIII associated with the actin in the 

rhabdom at night (Fig. 3-2), might also permit light activated actin-severing proteins  
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Figure 3-12:   Ommatidia cross sections from a lateral eye which had received optic 
nerve input (control) and one to which the optic nerve had been severed 
(ONS).  These images were taken just before dawn and 3 hours after dawn, 
and were immunostained for opsin, a prominent membrane protein associated 
with the photoresponse and localized at the photosensitive rhabdomeral 
membrane.   Post-dawn membrane shedding is clearly observed in the 
ommatidia which had received normal efferent input, whereas no shedding is 
apparent in the ommatidia to which efferent input had been blocked.  This  
highlights the requirement for normal night time circadian efferent input in 
preparing the lateral eye for this light-activated dawn shedding event.   

better access to the actin, thereby permitting it’s dawn breakdown.  Additional 

experiments are needed to test these hypotheses.   

If the circadian clock does indeed govern myosin – actin interaction via 

phosphorylation in and around loop 2 of LpMyoIII, the induced migration of LpMyoIII 

away from actin in the rhabdomeral membrane could be the factor which destabilizes the 

structured actin filaments, weakening membrane structure and “priming” dawn shedding 

events as a result.  Additional experiments must be completed in order to confirm these 

results in support of our hypothesis.  
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Future Directions 

A third set of optic nerve sectioned animals will be analyzed by the label-free 

method in order to verify the magnitude of change in phosphorylation at S-796 in 

response to clock input.  To further investigate the functional effects of changing levels 

of LpMyoIII phosphorylation in response to circadian efferent input, the binding 

affinities of several mutated recombinant LpMyoIIIs will be assayed.  In these mutated 

forms of LpMyoIII, the identified phosphorylation sites will be substituted with acidic 

residues, which will mimic the local charge state modification produced by 

phosphorylation, or neutral residues that cannot be phosphorylated or negatively charged.  

These experiments will help test the hypothesis for a phosphorylation-based regulation of 

actin binding through local charge state modification.   

In addition, phosphopeptide specific LpMyoIII antibodies can now be produced to 

study the LE spatial distributions of LpMyoIII phosphoforms along with the non-

phosphorylated form.  These experiments done over a time course can both spatially and 

temporally resolve intracellular localization and migration of LpMyoIII with respect to 

other proteins, and in response to circadian efferent input as well as other stimuli. 

Environmental light is another important extracellular regulator of photoreceptor 

function that could possibly effect changes in part though LpMyoIII phosphorylation.  

Light has three general functional consequences on invertebrate eyes, namely the 

activation of Ca2+ channels resulting in excitation, adaptation of the eyes toward 

sustained light input, and structural changes to the photosensitive membrane (Dabdoub 

and Payne, 1999).  Protein kinase C is a key player in these light-activated events (Jinks 

et al., 1996; Minke et al., 1990).  Specifically, the pharmacological activation of PKC 

results in functional effects which mimic that of natural light input.  It is currently 



79 

 

unknown whether photoreceptor specific LpMyoIII plays a role in these light-activated 

signaling cascades, however the presence of a putative PKC site in loop 2 of LpMyoIII 

makes this a reasonable speculation.   

Results of Preliminary Assays of Light-Regulated LpMyoIII Phosphorylation  

Preliminary experiments using the label-free relative quantitation method described 

here were conducted to determine effects of light input on levels of LpMyoIII 

phosphorylation.  All experimental parameters were as already described aside from 

preparation of the animals.  For these experiments, animals were allowed to experience 

natural dawn and then were brought into room light (50 μW/cm2) for 30 minutes.  This 

enabled the eyes to transition normally from a night-time to a day-time state.   

One eye on each animal was then tightly patched with duct tape and black plastic to 

permit it to dark adapt while the other eye was exposed to 1 mW/cm2 light for the 

remainder of the day.  Light-adapted eyes were removed at 5 pm in the light, while dark-

adapted eyes were removed at approximately the same time under infrared illumination.  

Both sets of eyes were processed and analyzed by the label-free methodology described 

earlier in this chapter.   

Surprisingly, the consensus PKC site within loop 2 did not show an increase in 

phosphorylation levels in response to light.  Instead, the PKA site within loop 2 was the 

only site detected to demonstrate a measurable change (Fig. 3-13).  Though described 

thus far as a consensus PKA site, this site has also been found to also be a major site for 

autophosphorylation (Battelle et al., 2004) indicating the existence of multiple 

mechanisms for phosphorylation at this site.   
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This result is clearly a surprise and not yet understood.  The experiment will be 

repeated with modification.  There is suspicion that since the eyes were removed late in 

the day, the circadian efferent neurons may have already begun firing resulting in 

enhanced phosphorylation of S-846.  To isolate changes in levels of phosphorylation to 

strictly light input, eyes can simply be removed much earlier in the day.  This will more 

accurately represent the day time status of levels of phosphorylation in response to light 

in the complete absence of circadian efferent input.   

 
Figure 3-13: Preliminary (+)light to (-)light ratios determined by label free relative 

quantitation for each of three phosphorylation sites identified in the lateral 
eye.  Error bars represent the 95% confidence interval for each 
phosphopeptide measurement determined from the relative 95% confidence 
interval of six non-modified control LpMyoIII peptides.  These data represent 
a single animal set, run in triplicate by HPLC-MS/MS.   

A second experimental modification will be made to test the effect of light on 

LpMyoIII phosphorylation.  Previous studies show that a short-term exposure to light at 

midnight when the clock input to the eyes is active increases the concentration of 

LpMyoIII at the rhabdom.  This change in LpMyoIII distribution may be due to light-
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driven changes in LpMyoIII phosphorylation, perhaps a change in the phosphorylation of 

the PKC site.  We will test this by examining the phosphorylation levels of the four 

identified phosphorylation sites in LpMyoIII following removal of the eyes at midnight.  

Both eyes will have received normal clock input, but one eye will be removed in the dark, 

while the other eye will be removed following a 20 min exposure to normal room light.  

Taken together, the two types of experiments planned will provide clear data on the 

impact of light on LpMyoIII phosphorylation. 

Summary 

Four endogenous phosphorylation sites were verified in LpMyoIII by HPLC-

MS/MS, only three of which had been previously identified in recombinant LpMyoIII 

after in vitro PKA phosphorylation.  A mass spectrometric method for the relative 

measurement of changes in levels of phosphorylation at these sites was developed.  The 

influence of the circadian clock on levels of phosphorylation at these sites was measured 

using this method, identifying two sites which demonstrated increased levels of 

phosphorylation in response to clock input.  Both of these are PKA sites; one of which 

has also been determined to be a substrate for intermolecular auto-phosphorylation 

(Battelle et al., 2004).  The localization of these sites to a region of myosins known to 

participate in actin binding, along with previous data, lend evidence to our hypothesis for 

a novel mechanism for regulating the actomyosin interaction based on local charge state 

modification.  Preliminary data for the influence of light on phosphorylation at these sites 

has also been shown.   
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CHAPTER 4 
MASS SPECTROMETRIC EVALUATION OF 14-3-3 ISOFORM BINDING 

SELECTIVITY 

Introduction to the 14-3-3 Family of Proteins 

Phosphorylation-based signal transduction is typically viewed as a single step 

mechanism regulated by the presence and activation of specific kinases and phosphatases.  

The 1967 discovery of a class of acidic, soluble, dimeric proteins of approximately 60 

kDa in mammalian brain extracts (Moore and Perez, 1967) marked the first step in 

shifting this paradigm that would eventually prove highly ubiquitous and significant.  

Named for their fraction in a chromatographic elution and subsequent position after 

starch gel electrophoresis (van Heusden and Paul, 2005), 14-3-3 proteins have been 

identified in every tested eukaryotic organism (Ferl, 2004).  Within these organisms, 14-

3-3s are expressed in a wide array of tissues and cell types.  The 14-3-3 proteins serve as 

regulators of a second key step in many phosphorylation-based signal transduction 

systems.   

In these systems, phosphorylation of the substrate results in no net change in 

substrate activity or signal propagation.  Instead, substrate phosphorylation merely serves 

to increase that protein’s affinity for 14-3-3 binding.  It is only upon 14-3-3 binding to the 

phosphorylated substrate that the proverbial signal transduction “switch” is flipped.  This 

added step of regulation represents some cellular need for more sophisticated control of 

the processes which employ 14-3-3s.  To date, these include cell cycle control, apoptosis, 
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transcriptional regulation, protein localization, protein trafficking, and stress response 

(van Heusden and Paul, 2005).    

There are a number of ways in which the 14-3-3s manifest a response in the 

substrates they bind, and even more possible overall functions served by this family of 

proteins that are dependent on the substrates themselves.  One mechanism through which 

the 14-3-3s can exert effects on the substrate involves a change in conformation, or 

stabilization of an otherwise transient conformation, of the substrate, which results in an 

activation or deactivation of that substrate.  This has been illustrated in the case of nitrate 

reductase, which is inactivated upon 14-3-3 binding (Huber et al., 1996), and in the case 

of serotonin-N-acetyltransferase, which is fully activated by binding to 14-3-3 (Obsil et 

al., 2001).  Translocation of the substrate following 14-3-3 binding has also been 

observed in a number of circumstances.  For example, because 14-3-3s contain a 

conserved nuclear export signal, they can function to shuttle bound substrates out of the 

nucleus, such as is the case with the nuclear export of the transcription factor Cdc25 

during interphase (Dalal et al., 1999).  The binding of 14-3-3s can also mask nuclear 

localization signals, blocking binding of nuclear shuttling proteins and inhibiting nuclear 

import (Sekimoto et al., 2004, van Heusden and Paul, 2005).  Due to the dimeric nature 

of the 14-3-3s, more than one binding site may exist per molecule, allowing for the 

stabilization or stimulation of protein complexes or specific protein-protein interactions 

(Braselmann and McCormick, 1995; van Heusden and Paul, 2005).  In addition, 14-3-3 

activity can itself be regulated by post translational modification, including 

phosphorylation (Aitken et al., 1995), ubiquitination (Peng et al., 2003), and acetylation 

(Martin et al., 1993). 
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Each 14-3-3 monomer is composed of nine antiparallel α-helices that form a U-

shaped groove when dimerized at the N-termini.  While presently unresolved by X-ray 

crystallography, the C-termini are thought to compose the channel and/or flexible cap 

that regulates substrate accessibility to the binding groove (Truong et al., 2002).  Studies 

have indicated that divalent metal ion binding at the junction of the C-terminus and the 

main structure regulates the movement of this C-terminal tail (Lu et al., 1994; Athwal et 

al., 1998; Athwal and Huber, 2002; Sehnke et al., 2006).   

 

Figure 4-1:  Structural diagram of a 14-3-3 dimer.  Each monomer is composed of 9 anti-
parallel helices, labeled 1-9.  Helices 1-4 take part in forming the rigid hinge 
between the two monomers.  Helix 9 composes the flexible C-terminal tail.  
Divalent cation binding sites are located at the junction of helix 9 with the 
main structure (loop 8).  The interior residues of each U-shaped monomer 
create a phosphopeptide binding groove.  [Reprinted with permission from 
Sehnke, P.C.; DeLille, J.M.; Ferl, R.J.  “Consumating Signal Transduction:  
The Role of 14-3-3 Proteins in the Completion of Signal-Induced Transitions 
in Protein Activity.”  The Plant Cell Supplement 2002, S339-S354.  Copyright 
2002 by the American Society of Plant Biologists.] 

The 14-3-3s are represented by a relatively large multi-gene family with thirteen 

unique genes identified in Arabidopsis, seven in humans, and two in Drosophila.  All of 

these genes encode for proteins that demonstrate a highly conserved core region, 
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including the residues responsible for binding to target phosphopeptide sequences (Liu et 

al., 1995).  A high degree of divergence is found in the extreme N- and C-termini, 

however, which form the junction of the dimer and the flexible cap over the binding 

groove, respectively.  Increasing the complexity of this family of proteins, 14-3-3s can 

exist as either homo- or hetero-dimers.  The added possibility for post translational 

modification significantly increases the total number of active forms of 14-3-3 that may 

be present in a cell at a given time.  The cellular purpose for such a large family of 

isoforms is not yet completely understood, though many studies are currently aimed at 

elucidating this purpose.  Several general hypotheses exist, each of which may prove 

legitimate in a different context. 

One such perspective involves a random isoform divergence which would have 

occurred as a result of anatomical isolation and the evolutionary pressure to preserve 14-

3-3 function in different cell types and tissues.  Biological control of 14-3-3 function in 

this case would occur at the level of mRNA and/or protein expression patterns as opposed 

to preferential isoform binding specificity.  Support for this hypothesis is found from 

multiple sources.   

First, isoform-specific expression in different cell types and tissues has been 

observed in many organisms, indicating some degree of anatomical isolation (Testerink et 

al., 1999; Daugherty et al., 1996; Ferl, 2004).  This was demonstrated in rat brain, whose 

multiple 14-3-3 isoform mRNA levels were found to be differentially expressed in a 

manner dependent on neuron type and stage of cytodifferentiation (Watanabe et al., 

1994).  The highly conserved nature of the different isoforms, especially in the region 

responsible for substrate binding, also suggests a redundancy in function and again a 
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strictly random genetic evolution of non-functionally significant regions of the protein.  

Furthermore, multiple Arabidopsis 14-3-3 isoforms have been shown to resurrect normal 

function in yeasts that are deficient in both of their 14-3-3 isoforms, an otherwise lethal 

mutation (van Heusden et al., 1996; Kuromori and Yamamoto, 2000).  Further 

emphasizing this concept, presumed knockouts of individual 14-3-3 isoforms in 

Arabidopsis failed to produce a noticeable phenotype (Krysan et al., 1996). 

Another perspective dictates an evolutionary divergence driven by functional 

requirement, yielding multiple isoforms that may exhibit more efficient interaction with 

preferred ligands.  In this model, structural evolution would parallel the evolution of 

functional specificity and substrate specificity of the individual isoforms.  Evidence in 

support of this hypothesis is slowly mounting.  A number of studies on the in vitro 

binding capabilities of various 14-3-3 isoforms with known substrates such as nitrate 

reductase (NR) (Bachmann et al., 1996) and H+ATPase (Rosenquist et al., 2000) have 

demonstrated isoform specific binding preferences (Sehnke et al., 2002).  The use of 

isoform-specific antibodies has revealed sub-cellular, as well as sub-organellar, 

organization of different isoforms (Sehnke et al., 2000; Sehnke et al., 2001), again 

suggesting isoform specific function and interaction.  A 2005 study by Paul et al. 

demonstrated sub-cellular localization of specific isoforms by the transformation of 

Arabidopsis plants with green fluorescence protein (GFP) fusions of individual 14-3-3 

isoforms.  In addition, the differential spatial distributions of the four evolutionarily-

divergent isoforms studied were disrupted when treatments known to prevent normal 14-

3-3 function or substrate interaction were applied (Paul et al., 2005).  This result clearly 
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suggests a substrate-driven localization of different isoforms in the cell, supporting the 

hypothesis for a functional evolution of the 14-3-3 protein family.   

Regardless of the underlying purpose for this structural diversity, an understanding 

of the factors intimately involved in substrate binding would aid considerably in 

elucidating the factors responsible for observed substrate selectivity among the isoforms.    

Many studies have identified key amino acids in both the divergent termini and the 

mostly conserved binding groove whose substitution greatly alters if not eradicates 

normal function of that isoform with regard to substrate binding.  Whether the foundation 

for binding selectivity lies in the highly divergent C- or N-termini, subtle amino acid 

substitutions within the conserved core and binding groove, or a combination of the two 

is still not completely understood.  Recent analysis of exposed loop regions of 14-3-3s by 

Sehnke et al. confirmed loop 8 to be a critical region for divalent cation binding (Athwal 

and Huber, 2002; Lu et al., 1994; Schultz et al., 1998), and determined the influence of a 

single medial glycine in loop 8 (G213 in Omega and Nu) on C-terminal flexibility 

(Sehnke et al., 2006).  This medial glycine is conserved in non-epsilon isoforms, but is 

substituted by a serine or arginine in epsilon isoforms, yielding an experimentally 

distinguishable reduction in C-terminal flexibility in the latter 14-3-3 sub-group.  

Mutation of this residue to a glycine in epsilon isoforms was shown to render C-terminal 

flexibility similar to that of the non-epsilon isoforms according to proteolytic analysis 

(Sehnke et al., 2006).   

This work stimulated interest in the determination of whether this differential level 

of C-terminal flexibility between 14-3-3 sub-groups had any effect on target 

phosphopeptide binding.  In this chapter, results are presented from a mass spectrometric 
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method, in conjunction with a 14-3-3 micro-affinity capture technique developed 

previously by Sehnke et al., which allow for the preliminary assessment of trends in 

phosphopeptide binding preferences of an epsilon, non-epsilon, N213G-mutated epsilon, 

and a G213S-mutated non-epsilon isoform.  Preliminary evidence for an effect on 

phosphopeptide binding preference as a result of the loop 8 point mutation in the epsilon 

isoforms is demonstrated, while no apparent change is immediately noticeable as a result 

of the non-epsilon loop 8 mutation.  These data indicate a possible role for this medial 

loop 8 site, and the C-terminally located loop 8 in general, in isoform-specific substrate 

selection, and justify further analysis involving more stringent quantitative measures.   

Site-directed mutagenesis has also revealed a number of residues within or near the 

highly conserved binding pocket of 14-3-3s that are critical to proper function.  In 

particular, substitution/ mutation of important sites within the hydrophilic face of the 

binding groove have demonstrated altered performance in all functional assays (Zhang et 

al., 1997; Zhang et al., 1999; Visconti et al., 2003; Subramanian et al., 2004).  On the 

contrary, substitution mutations of important sites within the hydrophobic face of the 

groove have shown significant changes in binding and activation of certain substrates 

(Visconti et al., 2003; Subramanian et al., 2004; Wang et al., 1998), while having no 

consequence on other substrate systems (Zhang et al., 1999).  Furthermore, differential 

binding of phosphopeptides as well as to native phosphoproteins has been observed, a 

trend that would not be expected if subtle differences in the binding groove were not 

having some effect on substrate selection (Bachmann et al., 1996; Roenquist et al., 2000).   

To address the question of 14-3-3 selectivity in terms of the preferences defined by 

the mostly conserved binding groove, a mass spectrometric method was developed to 
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study the relative binding affinities of eight synthesized mode-1 octamer phosphopeptides 

to two isoforms representing the two major evolutionary sub-groups, epsilon and non-

epsilon.  Normalized “binding ratios” were assigned to each phosphopeptide sequence 

with respect to each isoform such that comparisons could be made in terms of the 

sequence preferences of each isoform as well as isoform-specific preferences for each 

sequence.   

Methods 

Protein Expression and Purification 

The pET15b 14-3-3 expression vectors were transformed into Escherichia coli 

BL21DE3 or BL21-AI (Invitrogen).  Bacteria were grown in a 37°C shaking incubator to 

an optical density of 0.6 at 600 nm.  Protein expression was induced with addition of 

isopropylthio-β-galactoside (IPTG) to a final concentration of 1 mM and bacteria were 

grown for an additional 2 hours, post-induction.  Bacteria were pelleted by centrifugation 

twice at 5000 x g for 7 minutes each, and bacterial pellets were collected and put on ice.  

Lysis buffer (50 mM Tris, 2 mM MgCl2, 20 mM NaCl, 0.2% Triton-X-100, pH 8.4, with 

protease inhibitors and 1:1000 lysosyme) was added, incubated on ice for 20 min, and 

frozen at -80°C.  Upon thawing, 1μl/ml benzonase was added and the mixture was again 

kept on ice until solution became clear (indicating DNA and RNA had been degraded).  

Proteins were pelleted by centrifugation at 10,000rpm for 20 minutes at 4°C, twice.  Final 

protein pellets were resuspended in 10 ml of 50 mM Tris, 300 mM NaCl, 10 mM 

imidazole, and 0.2% Triton-X-100 (pH 8.0).  His-tagged 14-3-3s were purified using the 

Ni-NTA HisBind purification kit (Novagen).  Purified 14-3-3s were dialyzed into 

phosphate buffered saline (9.1 mM dibasic sodium phosphate, 1.7 mM monobasic 
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sodium phosphate, 150 mM NaCl; pH 7.4) overnight at 4°C.  Final protein concentrations 

were determined by spectrometric absorbance at 280 nm.    

Phosphopeptide Synthesis 

Phosphopeptides were synthesized by the peptide synthesis group at the University 

of Florida’s ICBR Proteomics Core by solid phase FMOC-chemistry using an Applied 

Biosystems (Foster City, CA) peptide synthesizer (model 432A).  Eight phosphopeptide 

octamer peptides were synthesized based upon the nitrate reductase (NR) mode-1 14-3-3 

binding sequence, KKSVpSTPF.  These sequences represented four p+1 (denoting 

location relative to the phosphorylated serine) and four p-1 modifications.  Specifically, 

these sequences were:   

KKSVpSYPF (NR p+1 “Y”) 
KKSVpSIPF (NR p+1 “I”) 

KKSVpSAPF (NR p+1 “A”) 
KKSVpSMPF (NR p+1 “M”) 
KKSYpSTPF (NR p-1 “Y”) 
KKSFpSTPF (NR p-1 “F”) 
KKSSpSTPF (NR p-1 “S”) 
KKSTpSTPF (NR p-1 “T”) 

 
(modified residues shown in bold).  The NR binding sequence (referred to as wild type, 

WT, in following text) was also synthesized in its natural “light” (WT) and stable-isotope 

labeled “heavy” (WT*) form.  Synthesis of WT* was accomplished via substitution of 

the unlabeled C-terminal phenylalanine with L-phenylalanine-N-FMOC (13C5, 15N1) 

(Cambridge Isotope Laboratories, Inc., Andover, MA).   

Buffer Optimization for ESI-MS Coupled Microaffinity Chromatography 

A stock solution of 100mM morpholinoethanesulfonic acid (MES) was prepared 

and serial dilutions were made to yield five test concentrations: 40 mM, 4 mM, 0.4 mM, 

0.04 mM, and 0.004 mM.  Each test solution was made in 50% methanol, 1% acetic acid, 
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and each contained 2.8 μM NR p+1 “A” and 2.8 μM NR p+1 “M”.  Each test solution 

was analyzed by direct infusion ESI-FTICR-MS in triplicate, and phosphopeptide ion 

signal intensity was measured.  Averaged phosphopeptide signal intensities for each of 

the test solutions were plotted against their corresponding MES concentrations. 

A stock solution of 50 mM ammonium bicarbonate was prepared and serial 

dilutions were made to yield five test concentrations:  10mM, 1.0 mM, 0.1 mM, 0.01 

mM, 0.001 mM.  Each test solution was made in 50% methanol, 1% acetic acid, and each 

containing 2.8 μM NR p+1 “A” and 2.8 μM NR p+1 “M”.  A second set of these 

solutions was made with 0.1% acetic acid.  Each test solution was analyzed by direct 

infusion ESI-FTICR-MS in triplicate, and phosphopeptide ion signal intensity was 

measured.  Averaged phosphopeptide signal intensities for each of the test solutions were 

plotted against their corresponding ammonium bicarbonate concentrations.   

14-3-3 Microaffinity Capture Chromatography   

Millipore ZipTip MC (one per experiment/isoform) were aspirated with 400 mM 

NiSO4 at least 5 times in order to charge the metal chelating column with Ni2+.  The 

charged columns were washed 4 times with 10mM Tris, 250mM NaCl, 2.5 mM 

imidazole (buffer pH 7.9), which will be referred to as buffer A in the following text.  

His-tagged, recombinant 14-3-3 isoforms were diluted to a final volume of 30 μl in buffer 

A to achieve a final protein concentration of approximately 0.1 μg/μl.  Protein solutions 

were aspirated slowly through the ZipTips approximately 5 times and tips were allowed 

to incubate in the remaining solution for at least 15 minutes.  After incubation, 14-3-3 

affinity ZipTips were washed four times with buffer A to remove unbound protein.  

Approximately 10 μg of the mixture of synthetic phosphopeptides, to which the synthetic 
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WT peptide had been added at a 1:1 ratio (for quantitative experiments), were diluted to a 

concentration of approximately 1 μg/μl in 20 mM HEPES, 300 mM NaCl, 5 mM MgCl2 

at pH 7.2 (buffer B from this point forward).  This phosphopeptide solution was slowly 

aspirated through the 14-3-3 microaffinity column at least 5 times, and the tip was 

incubated in the phosphopeptide solution for 30 minutes.  Phosphopeptide bound affinity 

columns were washed rapidly with two 20 μl volumes of buffer B, followed immediately 

by three 20ul volumes of 10mM ammonium bicarbonate (pH 6.8) in order to completely 

remove unbound phosphopeptides.  14-3-3-bound phosphopeptides were eluted by at 

least five aspirations of the ZipTip with 10 μl of 1% acetic acid.  Either 5 μl of 100% 

methanol (phosphopeptide profiling experiments) or 5 μl of 475 nM WT*, 1.0% acetic 

acid in methanol (for quantitative experiments) was added to the final eluents in 

preparation for mass spectrometric analysis. 

Mass Spectrometric Instrumentation and Operational Parameters 

A Harvard Apparatus (Holliston, MS) syringe pump was used to deliver samples at 

a flow rate of 0.5 μl/min to the Agilent (Waldbronn, Germany) off axis μESI source 

configured with nitrogen nebulizing gas.  A Bruker Daltonics (Billerica, MA) BioApex II 

4.7 Tesla FTICR-MS was used for all analyses.  Electrospray voltages were applied in the 

approximate range of -2800 to -3400 V to the end cap electrode, creating a potential 

between the grounded electrospray needle and the entrance to the source region sufficient 

to initiate and maintain spray.  All source parameters (end plate, capillary entrance, 

capillary exit, skimmer 1, skimmer 2, hexapole DC offset, trap, extract, hexapole 

accumulation time [D1], and hexapole to cell flight time [P2]) were optimized prior to 

each analysis (at least once a day).  Ion optics (series of focusing cylinders and deflection 



93 

 

plates) were optimized only once every 1 – 3 weeks based on sample load.  Mass 

calibration was performed daily with HP Tuning Mix (Agilent Technologies, Palo Alto, 

CA).  Calibration was facilitated by a 3 or 4 point non-linear calibration algorithm 

provided by Bruker’s Xmass software.  Ions were captured in the cell by SideKick™ 

trapping and data collected in broadband mode.  Data were typically collected in 1 

Mpoint files (indicating length of transient collected), 4-100 scans were added (based on 

initial signal intensity), and final spectra were apodized and transformed.  Peak lists with 

absolute ion intensities of all peaks within the mass range of interest were generated 

using Xmass.  The m/z and absolute ion intensity values were used for any subsequent 

quantitative analysis.   

Results 

Optimization of Affinity Capture Experiment for Mass Spectrometric Coupling 

The 14-3-3 affinity capture experiment had been created and optimized for optimal 

phosphopeptide binding prior to coupling with direct infusion ESI-MS.  In the original 

procedure, (MES) was required in the phosphopeptide binding and wash buffers in order 

to control pH for preservation of 14-3-3 isoform activity and binding capability.  Though 

no MES was present in the elution buffer, a single column volume (~0.5 μl) of the wash 

buffer containing 4mM MES was eluted with the peptides into the final solution.  

Calculation of the final concentration of 0.06 mM MES in the solution to be used for 

direct infusion ESI-MS (Fig. 4-2 A) generated concern with regard to ESI efficiency, 

since this concentration approaches the maximum threshold concentration (10-5 M) for 

analytes in ESI (Enke, 1997).  The effects of increasing MES concentration were 

analyzed via direct infusion ESI-FTICR-MS under otherwise identical sample conditions 

(approximate peptide concentration, instrumental parameters).  It was determined that  
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Figure 4-2:  Effect of MES on electrospray ionization efficiency of phosphopeptides.  A)  
Calculation of final concentration of MES in spray buffer, assuming a 0.5ul 
column volume (amount of wash buffer left on column after final wash) and 
considering subsequent dilutions.  B)  Measurement of the absolute intensity 
of phosphopeptides present at equal concentrations, but with increased 
concentration of MES buffer in solution.  A rapid decline in phosphopeptide 
ESI efficiency is apparent as buffer concentration is increased.  A greater than 
50% decrease in signal intensity is observed at the approximate MES 
concentration calculated to remain in the final 14-3-3 microaffinity ZipTip 
eluate.  Error bars represent 1 standard deviation. 

 

ESI signal was decreased more than 50% at a concentration of 0.04 mM MES, which 

corresponds to the approximate calculated concentration remaining in the sample after 
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elution.  ESI signal continued to show a rapid decline with each order of magnitude 

increase in MES concentration (Fig. 4-2 B).   

As a result, an alternative volatile buffer which maintains a pH similar to that of 

MES, ammonium bicarbonate, was tested for compatibility with ESI.  No effect on 

electrospray efficiency was observed as the concentration of ammonium bicarbonate in 

the solvent system was increased (Fig. 4-3), validating the use of this buffer in these ESI-

coupled experiments.     

 

Figure 4-3:  Effects of ammonium bicarbonate concentration on electrospray ionization 
efficiency of synthetic phosphopeptides.  No decline in ESI efficiency was 
observed with an increase in ammonium bicarbonate concentration in the 
analyte solution, justifying use of this buffer in subsequent affinity binding 
experiments.  Error bars represent 1 standard deviation. 

Negative control experiments were conducted to ensure complete removal of non-

specifically bound synthetic phosphopeptides from the metal chelating resin in the 

microaffinity experiments.  Experiments carried out on ZipTips that had not been charged 

with Ni2+ produced no evidence of non-specifically bound phosphopeptides.  Conversely, 

in experiments where the resin had been charged with Ni2+, but either not bound with any 

protein or bound with a His-tagged non-phosphopeptide binding protein ((-) control 
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protein in Fig. 4-4), some non-specific binding of the synthetic phosphopeptide mixture 

was detected.  To correct for this effect, the number of salt/buffer washes post- 

phosphopeptide incubation was increased from 3 to 5, which seemed to elliminate 

detectable non-specific binding to the Ni2+-charged resin (Fig. 4-4). 

 

Figure 4-4:  Determination of number of salt washes necessary post-phosphopeptide 
incubation to eliminate non-specific binding of phosphopeptides to the Ni2+ 
charged resin.  In the left panel is a representative spectrum demonstrating 
non-specific binding of two phosphopeptides to the Ni2+ charged resin with a 
bound negative control protein when only 3 salt washes are performed after 
phosphopeptide incubation.  After 5 salt washes, detectable non-specific 
binding is eliminated (right panel).   

Effects of Loop 8 Point Mutation on Phosphopeptide Binding 

The effects of single point mutation at a critical amino acid in loop 8 on 

phosphopeptide binding were surveyed by 14-3-3 microaffinity capture chromatography 

in conjunction with mass spectrometry.  Prior to microaffinity chromatography, the 

phosphopeptide mixture was first analyzed by direct infusion ESI-FTICR-MS in order to 

visualize the unaltered phosphopeptide profile.  Figure 4-5 demonstrates a representative 

“pre-binding” phosphopeptide profile, which was found to be highly reproducible in our 

analyses.  Differences in relative ion intensities in this spectrum were a reflection of 

peptide synthesis efficiencies, mixing efficiencies, ionization efficiencies, and matrix 

effects on ionization.   
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Figure 4-5:  Representative direct infusion ESI-FTICR-MS spectrum of the “before 
binding” phosphopeptide mixture.  Peaks are annotated with the location and 
type of modification to the native NR binding sequence.  Relative peak 
intensities in this spectrum reflect synthesis efficiency, mixing efficiency, 
ionization efficiency, and matrix effects on ionization for each 
phosphopeptide relative to others in this mixture.   

In order to determine the effects of point mutation on binding at a sub-group level, 

the ‘after-binding’ profiles of a non-epsilon and epsilon isoform were compared to their 

mutated counterparts.  Figure 4-6 shows the post binding spectra of Nu (non-epsilon) and  

Nu G213S, along with Mu (epsilon) and Mu N213G for MS profile comparison.  For the 

Nu isoforms, no stark deviation for the general post binding profile was witnessed in the  

mutated Nu isoforms.  While minor shifts in relative peak intensities were observed, the 

significance of this needs to be validated by additional analyses incorporating internal 

standards for phosphopeptide peak intensity comparison.  The Mu N213G spectra, 

however, revealed stark differences from the non-mutated Mu profile, indicating a 

possible alteration of phosphopeptide selection and binding affinity as a result of single 
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point mutation at this medial loop 8 residue.  Again, repeated analyses with internal 

standards would be required to fully characterize the effects of N/S213G mutation on 

phosphopeptide selection for this sub-group of 14-3-3 isoforms.   

 

Figure 4-6:  ‘After-binding’ phosphopeptide profiles of a non-epsilon (A) and epsilon (C) 
isoform, along with their G/N213-mutated counterparts in panels B and D, 
respectively.  No drastic change in the MS profile is observed between the 
non-mutated and mutated Nu isoform, indicating little to no change in 
selectivity of binding as a result of the G213S mutation.  In panels C and D, 
the phosphopeptide labeled in red highlights the most apparent change in the 
‘after-binding’ phosphopeptide MS-profiles between the non-mutated Mu and 
Mu N213G isoforms.  This result provides preliminary evidence for a change 
in the target selectivity of epsilon isoforms as a result of the N213G mutation.   

These experiments clearly present the need for further development of an analytical 

method which would allow direct comparison of phosphopeptide peaks both within a 

single ‘after-binding’ spectrum and between ‘after-binding’ spectra of different isoforms 

or mutated isoforms.  This method should also take into account the effects of differential 

efficiency in peptide synthesis, mixing, ionization, and matrix effect which can be 
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measured as a relative total effect in the “before-binding” spectra of the phosphopeptide 

mixture.  An understanding of the sub-group specific (or non-specific) phosphopeptide 

sequence preferences would also aid in profile analysis of mutated isoforms, as well as 

provide valuable information toward understanding the local sequence preferences of 14-

3-3s in their target interactions.   

Analysis of 14-3-3 Sub-Group Specific Target Phosphopeptide Sequence Preferences   

In order to normalize a phosphopeptide ion’s absolute intensity in a mass spectrum 

such that this value would represent the affinity of that phosphopeptide toward the 14-3-3 

isoform in question, internal standards were introduced and a collective linear dynamic 

range (LDR) and lower limit of quantitation (LLOQ) were established.  Two internal 

standards were chosen for these analyses: the nitrate reductase 14-3-3 binding peptide 

(WT), and a stable isotope labeled WT (WT*) with a 6 amu mass shift (see methods).  

The WT control peptide was spiked into the phosphopeptide mixture prior to the binding 

experiment, and served as the normalizing factor for each analyzed phosphopeptide.  The 

WT* control peptide was spiked into the mixture after the binding experiment, and 

served as a determinant of analysis within the determined linear dynamic range.  Figure 

4-7 is a schematic diagram of the experimental work-flow.        

Various molar quantities of both the WT and WT* control peptides were examined 

such that final ‘after-binding’ spectra yielded approximately 1:1 ratios of the average 

phosphopeptide signal intensity to the signal intensities of each of the control peptides.  It 

was determined experimentally that the WT peptide should be spiked into the pre-binding 

phosphopeptide mixture at a 1:1 molar ratio (moles WT to approximate moles of each 

phosphopeptide) in order to yield an approximate 1:1 signal ratio between the average 

phosphopeptide signal and WT signal in the after binding spectra (data not shown).  A 
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final concentration of 158 nM WT* was found to typically yield an approximately 1:1 

signal ratio with the average phosphopeptide signals in the after binding mixture.  As a 

result, 5 μl of 475 nM WT* in methanol was added to each 14-3-3 microaffinity column 

effluent (instead of 5 μl of 100% methanol added for profiling experiments) in order to 

achieve this concentration in the final sample solutions.   

 

Figure 4-7:  Schematic diagram of experimental work-flow for quantitation of relative 
binding affinities of phosphopeptides to specific 14-3-3 isoforms.  WT 
peptides are spiked into phosphopeptide mixture at an approximately 1:1 
molar ratio prior to binding.  This internal standard will serve as the 
normalizing factor for all phosphopeptides.  After the binding experiment is 
completed, WT* is spiked into the eluate in methanol to yield a final 
concentration of 158 nM.  This internal standard will be used to ensure 
analysis within the linear dynamic range of the method.  The final mixture is 
analyzed by direct infusion ESI-FTICR-MS.   

Standard curves were constructed in order to determine a linear dynamic range 

(LDR) and lower limit of quantitation (LLOQ).  Plots of both the approximate 

phosphopeptide concentration to measured phosphopeptide/WT ratios (Fig. 4-8) and each 

approximate phosphopeptide concentration to measured phosphopeptide/ WT* ratio (Fig. 

4-9) provided analogous results.  A collective LLOQ for these ratio measurements was 
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determined to be ~100 nM for all phosphopeptides (Fig. 4-10), since linearity of the 

standard curves was generally lost below this concentration.  Analyses remained linear 

over an order of magnitude above this concentration.  Concentrations over one order of 

magnitude greater than the LLOQ (our upper LDR limit tested) were not analyzed, since 

all ‘after-binding’ phosphopeptide concentrations were determined to be well below the 

upper LDR limit tested (~ 1 μM).   

 

 

Figure 4-8:  Plot of approximate phosphopeptide concentration vs. phosphopeptide/WT 
signal intensity ratio.  WT is spiked into all standard solutions at an ~1:1 ratio.  
All plots should have a theoretical slope of zero within the linear dynamic 
range of the method.  Near-zero slopes are demonstrated for all peptides over 
an order of magnitude in the practical range of sampling, justifying use of this 
method over the investigated linear dynamic range.  Error bars represent the 
95% confidence interval for all measurements determined from three analyses 
at each data point.   
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Figure 4-9:  Plot of approximate phosphopeptide concentration Vs. each phosphopeptide/ 
WT* signal intensity ratio.  All plots demonstrate positive slopes in their 
linear dynamic range which reflect each phosphopeptide’s response factor 
relative to WT*.  Equations of these lines will be used in determination of 
analysis within the linear dynamic range of each analysis.  Error bars 
represent the 95% confidence interval of all measurements determined from 
three analyses per data point.   

 

 
 

Figure 4-10:  Determination of LLOQ.  Zooming in on the lower concentration range of 
standard curves reveals a loss in linearity for all phosphopeptides at a 
concentration of approximately 100 nM.  This defines the collective LLOQ 
for all analyses.  This value can be converted to a minimum phosphopeptide to 
WT ratio by insertion into the equations defined in Fig. 4-9.  All experimental 
values found to be less than these minimum ratios were excluded from the 
final analysis.     
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Using the established LLOQ value, a lower phosphopeptide/WT* ratio could be 

determined using the equations defining each trend line in the response factor standard  

curve (Fig. 4-9).  In all following quantitative binding analyses, ‘after-binding’ 

phosphopeptide/WT* ratios were compared to this lower ratio limit.  All experiments 

yielding phosphopeptide/WT* ratios below this minimum value were excluded from final 

calculations.   

With these values established, the binding experiments described were conducted 

eight times on both 14-3-3 omega (non-epsilon isoform) and 14-3-3 epsilon (epsilon 

isoform).  Each phosphopeptide ion’s absolute intensity in the ‘after-binding’ spectra was 

normalized to the WT ion’s absolute intensity from the same ‘after-binding’ spectra.  

These normalized signal intensity values were themselves normalized by the respective 

phosphopeptide/WT ratios determined from the before binding spectra (equation 4-1).   

Equation 4-1:  

This final normalization step removes effects of differential peptide synthesis, mixing, 

ionization efficiency, and susceptibility to matrix effects, such that the final reported 

value provides a relative measure of each phosphopeptide’s binding affinity to the 14-3-3 

isoform in question.   

The results of these experiments are summarized graphically in Figure 4-11.  The 

two isoforms, representing the two main subsets of 14-3-3 isoforms, demonstrate similar 

phosphopeptide selectivity.  Only the NR p+1 “A” peptide displayed unique binding 

affinity between the two isoforms, however for both isoforms this peptide was found to  
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Figure 4-11:  Relative measure of each phosphopeptide’s binding affinity to each 

isoform, normalized against the NR WT peptide.  Eight experiments were 
averaged for each peptide, unless otherwise noted.  Error bars represent the 
95% confidence interval for each measurement. 

Table 4-1:  Average “before binding” phosphopeptide/ WT ratios, average “after 
binding” phosphopeptide/WT ratios, their associated standard deviations, and 
final “binding ratios” with propagated error analysis. 
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be the strongest binder.  NR p-1 “T”, a low intensity peptide in ‘before-binding’ spectra, 

was never detected in ‘after-binding’ spectra, and therefore no inference on this 

phosphopeptide’s binding affinity could be made. 

Discussion 

A preliminary survey of the selectivity in phosphopeptide binding for a non-epsilon 

14-3-3 isoform, an epsilon 14-3-3 isoform, and mutated versions of each of these 

isoforms was conducted.  Previous studies by the Ferl lab (Sehnke et al., 2006) had 

established the importance of a medial residue in loop 8 which played a profound role in 

determining C-terminal flexibility.  Conserved in non-epsilon isoforms as a glycine 

residue, and in epsilon isoforms as either a serine or asparigine residue, observed C-

terminal flexibility correlated directly with the bulk of the side chain at this medial loop 8 

position.  This residue’s influence on flexibility was confirmed by single point mutation 

of the loop 8 medial asparagine to glycine in an epsilon isoform, followed by proteolytic 

analysis (Sehnke et al., 2006).  Because of the observed changes in C-terminal flexibility, 

a region of 14-3-3s expected to play a major regulatory role in substrate selectivity, an 

assay for profiling binding preferences of mutated isoforms relative to their non-mutated 

counterparts was developed.   

It was determined through this preliminary work that single point mutations at the 

medial loop 8 residue may alter phosphopeptide selectivity in epsilon isoforms, since 

differences in the non-mutated and mutated epsilon isoform ‘after-binding’ 

phosphopeptide profiles were observed.  In contrast, only subtle and probably 

insignificant changes in the ‘after-binding’ phosphopeptide profile were apparent in 

mutated non-epsilon isoforms as compared to their non-mutated counterparts.  These data 

justify further analysis of these trends.  A characterization of clear and reproducible 
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changes in the phosphopeptide selectivity as a result of the single point mutation in loop 

8 or C-terminal truncation would provide substantial evidence for the crucial role of the 

highly divergent C-terminus in isoform-specific substrate selectivity.  To draw such 

conclusions for the MS-profiling experiments described here, a more sophisticated means 

of measuring changes in levels of binding was required.   

As a result, a mass spectrometric method for the quantitation of relative binding 

affinities (with arbitrary units) of eight synthesized phosphopeptide sequences to different 

14-3-3 isoforms was developed.  This method’s capabilities were demonstrated using two 

isoforms that represented the two main sub-groups of the plant 14-3-3 family, and can be 

applied to the analysis of any 14-3-3 isoform or mutant.  Final values obtained from this 

method can be compared in any combination; i.e. to interpret different sequence 

preferences of a single isoform, or to determine differences in selectivity of a particular 

phosphopeptide sequence between two or more isoforms.   

Using the phosphopeptide sequences chosen for this study, no isoform-specific 

substrate selectivity was observed between omega (non-epsilon) and epsilon (epsilon).  

However, reproducible trends in sequence preference consistent between both isoforms 

were apparent.  For the p+1 modified phosphopeptides, a clear preference for the smaller, 

aliphatic, hydrophobic alanine over the naturally occurring threonine in this position was 

observed, with relative binding affinities ~10 times and ~25 times greater than that of WT 

for non-epsilon and epsilon isoforms, respectively.  Two other phosphopeptides with 

aliphatic, hydrophobic amino acids in this position, however, demonstrated binding 

affinities similar to the WT sequence, making it difficult to presume whether the alanine 

substitution represents a trend in side chain chemistry selectivity.  Substitution of the 
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threonine with aromatic tyrosine in this position resulted in a three fold increase in 

binding affinity for both isoforms (Fig. 4-11).   

Substitution in the p-1 position resulted in a seemingly simpler set of trends in side 

chain chemistry preference.  The nitrate reductase sequence, after which all synthetic 

phosphopeptides were modeled, bears an aliphatic, non-polar, hydrophobic valine at this 

position.  Substitution with the polar, hydrophilic serine resulted in a subtle decrease in 

binding affinity of the phosphopeptide to both isoforms.  On the other hand, replacement 

of valine with either a phenylalanine or a tyrosine, both aromatic amino acids, 

demonstrated similar degrees of approximately 3 fold increased binding affinity.   

Future Directions 

Continued progress on this project may proceed along two parallel courses.  

Biologically, a new set of questions has now been posed.  In terms of 14-3-3 substrate 

selectivity as a result of structural features localized to the mostly conserved binding 

groove:  Are the observed trends in the positions of particular amino acid side chain 

chemistries relative to the phosphorylated serine in the 14-3-3 binding sequence 

consistent among other isoforms?  How flexible is the requirement for certain chemistries 

in these positions?  What types of interactions are governing the selection of these amino 

acids?  Does modification of amino acid side chain chemistry at any position near the 

phosphorylated serine result in isoform specific selectivity?  In terms of the effects of the 

C-terminus and the medial loop 8 residue on 14-3-3 binding:  Utilizing the quantitative 

method developed, would the differences in binding efficiency between mutated and non-

mutated isoforms observed here be confirmed?  If so, complete characterization of these 

differences in epsilon and non-epsilon isoforms would be advantageous.  Do C-terminal 

truncations to the 14-3-3s alter phosphopeptide binding?  If isoform-specific 
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phosphopeptide selectivity is found, does truncation of the C-terminus eliminate or alter 

this selectivity? 

In terms of the mass spectrometric method developed, pursuing alternative, more 

automated instrument platforms would facilitate analysis of large sample sets.  While the 

FTICR-MS was used in these studies due to its high resolving power and ability to 

accurately detect and provide a measure for all phosphopeptides in a small mass range 

simultaneously, mass spectrometers with less resolving power could be utilized for this 

study when conjugated with an additional separation technique such as HPLC.   

For example, the Thermo LCQ Deca 3D ion trap HPLC-MS/MS system is capable if 

separating phosphopeptides from a mixture in time by reversed-phase HPLC directly 

coupled to the ion trap MS.  The mass range scanned by the ion trap can be confined in 

the instrument method to the short range necessary for analysis of the phosphopeptide 

mixture.  Reducing scan speed over this shorter mass range can result in increased 

resolution.  The LC time frame may also be segmented in the instrument method, such 

that the instrument can target for specific clusters of phosphopeptides eluting at similar 

times during different segments of the LC time frame (Fig. 4-12).  The ability to assign 

particular scan events to the fragmentation of a specific peptide increases the sensitivity 

of analysis.  Isolation and dissociation of a defined and narrow mass range regardless of 

detection of the parent ion in the full scan can often result in the identification of daughter 

ions in the MS/MS spectra characteristic of the precursor ion of interest.  This is 

especially true in phosphopeptide analysis, since resonant excitation in the ion trap 

typically leads to neutral loss of the phosphate group, yielding a predominant ion in the 

MS/MS spectra which corresponds to the parent ion minus the phosphate group.  
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Thermo’s XCalibur software enables the automated integration of the extracted ion 

chromatogram produced based on the presence of the correct neutral loss peptide ion in 

MS/MS spectra from the appropriate LC segment.   

 

Figure 4-12:  Demonstration of phosphopeptide separation by reversed phase capillary 
HPLC and subsequent ion trap MS detection.  The top panel shows a 
representative base peak chromatogram, indicating the elution times of 
different peak clusters, denoted A-F.  A representative mass spectrum from 
each major peak in the base peak chromatogram is shown in panels A-F 
(corresponding to the appropriate peak in the base peak chromatogram) and 
the phosphopeptide(s) detected at each time point are labeled.     
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Using the Thermo LCQ Deca ion trap for these analyses, samples could be 

prepared and data processed as described previously in this chapter, using the integrated 

peak areas instead of absolute peak intensities.  The automated nature of this system, as 

well as its robust instrument parameters (tuning required at-most monthly as opposed to 

at-least daily) will greatly improve reproducibility of analyses as well as ease of data 

collection.   

Summary 

Preliminary evidence for a change in phosphopeptide binding selectivity following 

mutation of an epsilon isoform at a key medial residue within loop 8 was shown.  The 

data collected in these experiments justified the development of a more stringent 

quantitative method to measure differences in the selectivity of isoform binding.  Such a 

method was developed.  Using this method, the degree to which a given phosphopeptide 

binds to a given isoform can be assigned a relative value, defined here as the “binding 

ratio.”  The binding ratio of a phosphopeptide with respect to a certain isoform can be 

directly compared to binding ratios from other phosphopeptides with respect to the same 

isoform, or to its own binding ratios with respect to different isoforms.  This system 

provides a simple measure of relative binding affinity and a means for visualizing 

differences of changes in these binding affinities.  This method was applied to two 

isoforms representing the two main sub-groups of the 14-3-3 family, non-epsilon and 

epsilon.  A reproducible preference for certain phosphopeptide sequences was measured 

for both isoforms.  This preference proved to be consistent among the two isoforms.  

These studies demonstrate the utility of this method and justify its use in future analyses.   
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CHAPTER 5 
CONCLUDING REMARKS 

The work described in this dissertation follows a general theme, that of the mass 

spectrometric measurement of biological change.  Mass spectrometry has proven itself a 

valuable tool in terms of its impressive abilities to target, detect, resolve, and quantitate 

an analyte of interest.  Advancements in mass spectrometric technology continue to keep 

mass spectrometric methods on the forefront of biological research, as their capabilities 

are improved with applications in mind.  The growing reputation of mass spectrometry as 

a powerful tool in biological research has been met, however, with unreasonable 

expectations.  The proverb which has become familiar among those in the field of 

biological mass spectrometry, “garbage in, garbage out,” succinctly highlights the 

necessity for careful sample preparation techniques.  While mass spectrometry can 

provide an excellent means of detection and measurement, the care taken in experimental 

planning and design (especially for steps that precede mass spectrometric analysis) will 

determine the success of these experiments and the scope of the information that can be 

drawn from these analyses.  In general, the greater the investment in sample preparation, 

the greater the mass spectrometric return.   

Equally important in maximizing the amount of useful information drawn from 

mass spectrometric analyses is the focus placed on data processing and interpretation.  

The need for sophisticated software for interpretation of the overwhelming amounts of 

data that are collected with each ‘data-dependent’ or ‘information-dependent’ analysis is 

being answered by the bioinformatics community.  While these algorithms greatly 
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facilitate data analysis and enable the conversion of large amounts of ‘data’ into large 

amounts of ‘information,’ it is our responsibility to validate the authenticity of this 

‘information.’  Manual validation of software-generated results should be considered a 

rule in data interpretation.   

The ability to produce so much ‘information’ can also misguide our efforts in terms 

of experimental planning.  In general, a rift between ‘what was found’ and ‘what it 

means’ seems to be slowly growing in the field.  Focus is often placed more on producing 

more information than on interpreting the information.  It is easy to consider 

advancement in the field of biological mass spectrometry as a game of numbers as 

instrumental capabilities and data processing software become more robust.  Providing 

long lists of information certainly has its place in biological research, as these “lists” have 

become the ‘microarray of proteomics’ and a springboard for new research.   

In general, however, this philosophy has generated frustration within the biological 

community whose questions are more specific and directed.  Many labs are beginning to 

consider this rift and to incorporate additional experiments into a research plan such that 

the question of ‘what it means’ can be addressed.  In addition to added analyses, a 

preliminary reflection on what information is sought biologically could dictate different 

instrument or sample preparation methods that may produce less overall data, but more 

valuable biological information.  This is also true of data processing techniques.  By 

keeping attention on ‘what it could mean’ from the initial steps of experimental planning, 

we can continue to close this rift by fine tuning sample and data processing methods to 

each application.  Ultimately, it is the accumulation of specific and reproducible answers 

to specific biological questions that fuels the progression of research in this field and 
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introduces new questions to be answered.  In order to bridge any rift between ‘what was 

found’ and ‘what it means’ that may be left open after reading the preceding chapters, a 

brief look into ‘what it could mean’ in the broader context will be explored here, and the 

niche to which each project belongs within its respective biological field will be 

identified.   

Class III Myosins:  From Horseshoe Crabs to Humans 

The class III myosins are being studied in many organisms in order to determine 

the possible functions of these proteins.  As the most divergent member of the Myosin 

superfamily, prediction of possible function for this class based on sequence similarities 

with other classes of myosins is complicated.  The clear presence of an N-terminal kinase 

domain, a feature unique to the class III myosins, indicates its likely role as a signaling 

molecule in all organisms.  On the other hand, actin-activated ATPase activity and 

resultant motor function appear to vary among class III myosins from different organisms 

(Komaba et al., 2003; Kempler et al., submitted).   

Class III myosins have been found to be expressed predominantly in photoreceptors 

in most organisms; however in humans, occurrence in kidney, testes, and ears in addition 

to the retina has been observed (Dosé and Burnside, 2002; Walsh et al., 2002).  In fact, 

Dosé and Burnside identified two genes coding for human myosin IIIs (Myo3A and 

Myo3B) (Dosé and Burnside, 2000; Dosé and Burnside, 2002).   

Walsh et al. found that non-mutated, functional Myo3A is required for normal 

hearing in humans (Walsh et al., 2002).  Three specific genetic mutations in Myo3A were 

identified to result in inherited progressive nonsyndromic hearing loss.  Myosin IIIA 

represents the fifth myosin found to be associated with human hearing loss as a result of 
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natural mutations.  Mutations in Drosophila myosin III lead to retinal degeneration 

(Montell and Rubin, 1988); however, as of yet mutations in vertebrate myosin III have 

not been associated with abnormal retinal functions.  This may be a result of myosin III 

redundancy in the retina; both Myo3A and Myo3B are present.  Alternatively, different 

genomic mutations or disturbances to signaling cascades involving myosin III at the 

protein level may lead to human retinal dysfunction.   

Understanding how myosin IIIs contribute to pathologies is hindered by the limited 

information available on the functions of myosin III under normal physiological 

conditions.  It is therefore important to elucidate the biochemical properties of myosin 

IIIs, as well as their roles in cellular processes.    

Recently, a study by Komaba et al. (2003) demonstrated intra-molecular auto-

phosphorylation of human myosin IIIA.  Their evidence, based on biochemical and 

molecular experiments, suggested human myosin IIIA autophosphorylates at two sites, on 

a threonine in the kinase domain and a serine located within a 20kDa peptide in the C-

terminal end of the motor domain (Komaba et al., 2003).  This 20kDa peptide includes a 

portion of loop 2, the actin-binding region of myosins which has been the focus of much 

of the work described in chapter 3 of this dissertation.  The exact sites of phosphorylation 

in the human myosin III have not yet been identified, however.  Komaba et al. ( 2003) 

propose that autophosphorylation within the kinase domain enhances myosin III kinase 

activity, however no other functional consequences were assigned to the phosphorylation 

within the C-terminus of the myosin domain.  It was shown in chapter 3 of this 

dissertation that LpMyoIII is also phosphorylated near the C-terminal region of the 

myosin domain and the location of one of these sites within loop 2 was positively 
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identified.  Previous studies using recombinant LpMyoIII demonstrated 

autophosphorylation of this loop2 site as well (Battelle et al., 2004).  It may be that 

second messenger and/or autophosphorylation of class III myosins within or near loop2 

will prove a common feature of class III myosins across species, including humans, and 

the phosphorylation in this region may be a key to understanding the function of the 

protein in different species. 

The studies described in Chapter 3 are the first to demonstrate the phosphorylation 

of sites within loop 2 in any myosin.  Notably, this phosphorylation event was identified 

in the endogenous protein following its in vivo response to a natural stimulus.  Identifying 

the specific phosphorylation sites in the myosin domain of LpMyoIII that change their 

level of phosphorylation in response to specific stimuli, in this case circadian clock input 

(and preliminary results describing the effects of light) points to possible functions of 

myosin III in Limulus photoreceptors, and identifies a possibly novel mechanism for 

acto-myosin interaction (see Chapter 3 discussion).  Comparison of results from this 

work with the results of studies on human myosin III by Ikebe et al., (2003) reveal 

possible structural and functional similarities between the two myosin IIIs, and provide a 

framework for future studies on human myosin IIIs and their relation to associated 

diseases provided.    

The 14-3-3 Protein Family:  From Common Weeds to Humans 

The family of 14-3-3 proteins studied in chapter 4 was derived from Arabidopsis 

and represented the plant family of 14-3-3s.  This family includes 13 isoforms whose 

functional specificities have not yet been completely elucidated.  The work in chapter 4 

focused on identifying general trends in binding selectivity among the two major sub-

groups of plant 14-3-3s and focused attention on the influence of divergence in the 
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extreme C-terminal regions as well as the subtle differences located in the mostly 

conserved binding groove.  The answers to these questions transcend applications of 14-

3-3s in plants.  A seven member 14-3-3 gene family has been identified in humans, 

raising similar questions about the selectivity of isoform-specific binding and resultant 

specificity in function.   

Many of these isoforms have been implicated with human disease, including 

certain cancers and neurodegenerative diseases such as Cruezfeldt-Jakob disease, 

Alzheimers, and multiple sclerosis (Wilker et al., 2004; van Everbroeck et al., 2005; 

Teunissen et al., 2005).  For example, down regulation of 14-3-3 σ levels via either gene 

silencing or enhanced ubiquitin-mediated degradation has been identified in cancers of 

the breast, lung, bladder, epithelial tissue, and liver, among others (see Wilker et al., 2004 

for review). In normally functioning tissues, many studies have demonstrated this 

isoform’s upregulation and critical role in maintaining the G2/M checkpoint in epithelial 

cells following DNA damage (Wilker et al., 2004), explaining its significance relative to 

cancer prevention.   Furthermore, the14-3-3 isoforms ε and η have been found to play 

important roles in cardiac function, while upregulation of 14-3-3 ζ has been linked to the 

deactivation of the microtubule-associated protein, Tau, resulting in accumulation of 

neurofibrillary tangles that have been associated with Alzheimers (Wilker et al., 2004).   

As the number of physiological and pathological human cell states that are found to 

involve specific 14-3-3 isoforms increases, questions concerning the use of these proteins 

as diagnostic and/or therapeutic agents are surfacing.  Already, 14-3-3 isoforms β, ε, γ, 

and η are being used as CSF biomarkers for Creutzfeldt-Jakob disease (van Everbroek et 

al., 2005).  Along the same lines, it is easy to imagine the future use of assays which 
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measure specific 14-3-3 isoform expression levels as a means for diagnosis of specific 

disease states, including those mentioned above.  These assays may require a low degree 

of isoform selectivity, since specific tissues may be isolated and tested, excluding the 

influence of non-related 14-3-3 isoforms.  Given the wide range of cellular processes 

which elicit 14-3-3 regulation, however, the practicality of pharmaceutical regulation and 

control of specific 14-3-3 isoform expression levels for the treatment of specific disease 

states would depend on a demonstration of highly specific isoform function.  As a result, 

the elucidation 14-3-3 structural features that lend to substrate selectivity and functional 

specificity remains a major focus of 14-3-3 research in both animals and plants.  The 

work presented in chapter 4 aimed to identify trends in 14-3-3 binding selectivity with 

respect to specific regions of structural variation among the isoforms themselves.  This 

work represents a small contribution to the characterization of isoform-specific binding 

preferences that has yet to be accomplished, but offers a means through which further 

studies can be pursued.   
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