
ABSTRACT 

COLLIER, TIMOTHY SHAWN. The Development of Analytical Strategies for the 
Quantitative Proteomic Analysis of Biological Systems Impacting Agriculture and 
Human Health. (Under the direction of Dr. David C. Muddiman). 
 

 Protein quantification is an integral part of proteomics science, which seeks 

to fully characterize the identities, amount, localizations, and functions of all proteins 

in a biological system under any given set of conditions.  Mass spectrometry based 

proteomics is a robust and continuously developing field with the aim of addressing 

these goals.  Two main strategies exist within the field, termed “top-down” and 

“bottom-up” for the identification of proteins.  A major advantage of top-down mass 

spectrometric characterization of proteins is that the information of the intact protein 

is retained over the vastly more common bottom-up approach that uses protease-

generated peptides to search genomic databases for protein identification.  

Detecting the intact mass is instrumental in discerning protein isoforms and 

combinations of post-translational modifications.  The emergence of top-down 

proteomics has facilitated the identification and characterization of intact protein 

forms that are not readily apparent in bottom-up studies.  Alternatively, bottom-up 

proteomics commonly yields hundreds of protein identifications compared to tens of 

identities with the top-down approach.   

Concurrent to the development of methods for protein identification have 

been strategies for quantification including chemical and metabolic incorporation of 

stable-isotope labels, including stable isotope labeling by amino acids in cell culture 

(SILAC).  Herein, SILAC is employed for the relative quantification of intact proteins 

in the agriculturally important fungus Aspergillus flavus and for the quantification of 



proteins in human embryonic stem cells.  The extent of isotope label incorporation is 

found to play a major role in its implementation for top-down quantification, and a 

mathematical model was developed to facilitate its utilization.   

To explore the capability of protein quantification in systems that are not 

typically amenable to metabolic labeling, SILAC quantification was also compared to 

label-free quantification using spectral counting.  In  the bottom-up characterization 

of human embryonic stem cells, SILAC and spectral counting were found to possess 

a similar dynamic range of quantification.  Spectral counting was also found to 

identify and quantify more proteins than SILAC, but at the cost of having lower 

sensitivity to changes in protein expression.   
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CHAPTER 1 

Introduction 

 

1.1  High Performance Mass Spectrometry 

1.1.1   Principles of Electrospray Ionization 

 The development of electrospray ionization (ESI) opened the door for the 

analysis of large biomolecules by mass spectrometry.1  ESI is a soft ionization 

technique that enables the conversion of large, otherwise non-volatile biological 

macromolecules into gas-phase ions suitable for mass spectrometric analysis.  

These ions are generated through the application of an electric potential to an ESI 

emitter through which the analyte solution is passed, forming a fine spray of charged 

droplets which travel towards the mass spectrometer across a potential gradient 

spanning the distance between the emitter and the entrance to the mass 

spectrometer.  In transit, the droplets evaporate, increasing the density of electrical 

charge on the droplets’ surface.  As the surface area of the droplet decreases, it 

approaches the Rayleigh limit, undergoing Coulombic fission as the charge repulsion 

force exceeds the surface tension of the droplet.2  This process produces more, 

smaller, charged offspring droplets.  The mechanism by which the analyte ions are 

ultimately transferred to the gas phase is described in two models-one by Dole and 

the other by Iribarne and Thomson.  Dole’s charged-residue model describes the 

process as the repeated evaporation and Coulombic fission of offspring droplets until 

the droplet contains a single molecule, which evaporates and ultimately results in a 
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gas-phase ion.3  Iribarne and Thomson proposed the ion desorption model, which 

states that the electric field at the surface of the droplet provides the work necessary 

to extract the analyte ion from the droplet and into the gas phase.4, 5   

There are many variables and conditions that determine the electrospray 

response of an analyte ion in a given mass spectrum.  The nature of analyte ion 

desorption from a charged droplet is given in Equation 1.1 for an ion (i) with z 

number of charges. 

)4/()/( 2
0

*

)/(3
RTrzQrRTG

iz erNiAeN iz 




  Equation 1.1 

In the above equation, A is a proportionality constant relating analyte amount to 

surface density and depends on the analyte’s surface activity.  ΔG°iz is the free 

energy of solvation, or fugacity.  R is the gas constant; T is the temperature, Ni is the 

number of moles, r is the radius of the droplet, Δr* is the distance required for the 

analyte to be free of the droplet, z is the number of charges on the analyte, Q is the 

amount of excess charge on the droplet, and ε0 is the permittivity of a vacuum.  Most 

variables in this expression are constants that can be controlled in an experimental 

environment.  However, the surface activity (A), and the free energy of solvation, 

ΔG°iz, are unique to the analyte.  The surface activity of an analyte is related to the 

affinity of the analyte for the surface of a droplet.  In the case of electrospray where 

the solvent is mostly and aqueous/organic mixture, a more hydrophobic analyte will 

have a higher surface activity.  Reversed phase liquid chromatography benefits the 
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electrospray of complex mixtures by keeping analytes of similar hydrophobicity in the 

same droplets, reducing charge competition based on surface activity.6, 7 

 

1.1.2   Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

After electrospray ionization, a small percentage (<1%) of generated ions 

enter the inlet of the mass spectrometer.8  The Muddiman Laboratory is equipped 

with a hybrid LTQ-FT-ICR mass 

spectrometer, in which case ions are 

guided through a series of multipoles and 

accumulated in a linear ion trap (LTQ) 

where the ions are either detected by a 

radial detector or alternatively accumulated 

and transferred through another set of ion 

optics to the ICR cell within the bore of a 

high field superconducting magnet (7 Tesla) 

for detection.  Once the analyte ions have 

been transferred to the ICR cell (also 

known as a Penning trap), the analyte ions 

in the presence of a homogeneous 

magnetic field assume a naturally occurring circular motion as a result of the Lorentz 

force (Figure 1.1).9 This force redirects ions into a circular path when they encounter 

the perpendicular magnetic field provided by the magnet.  An rf voltage applied to 
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opposing plates of the ICR cell at a given frequency will excite ions with the same 

cyclotron frequency to a higher radius with the cell and as such an rf frequency 

sweep will excite ions over the corresponding frequency range into a higher radius.10   

This sweep also induces phase coherence of ions with the same m/z.  The 

higher radius allows the coherent ion clouds to produce an image current on the 

detector electrodes occupying opposite sides of the ICR cell.  This signal appears 

sinusoidal in the time domain, reflecting the motion of electrons from one detection 

electrode to the other within the detection circuit.  This signal can be Fourier 

transformed to obtain the specific frequencies of the ion packets, which is easily 

converted to a m/z scale using Equation 1.2 where the cyclotron frequency ωc is 

directly proportional to the charge (q) and mass (m), in a constant magnetic field 

(B0).
10   

m

qB
c

0    Equation 1.2 

The resolving power of an FT-ICR mass spectrometer is given by the strength 

of the magnetic field, B0, the acquisition time, Tacq’n, and the m/z of the detected 

species as described in Equation 1.3.  The resolving power of a 7 T FT-ICR-MS is 

routinely 100,000 at m/z = 400, and leads to mass measurement accuracy (MMA) 

routinely < 3 ppm (Equation 1.4).  

zm

TB

m

m
R

nacq

FWHM /

10274.1 '0

7



   Equation 1.3 
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theo

M

MM
ppmMMA   Equation 1.4 

The high resolving power afforded by FT-ICR-MS allows for isotopic 

resolution of analytes, which as a result of the natural abundance of elements, 

appears as a distribution of various isotopic peaks which increase in complexity as 

the size of the molecule increases.  Each of these isotopic peaks corresponds to a 

discreet cyclotron frequency.  As the molecular weight of an analyte increases, the 

amount of charge on that molecule necessary for detection in a given m/z space 

also increases.  The cyclotron frequencies of isotopes of these larger molecules will 

be more closely spaced, thus giving rise to isotopic peaks that are more closely 

spaced in a mass spectrum.  In the case of larger molecules, inhomogeneities in the 

magnetic or electric field, in addition to interactions of ion clouds of the same m/z 

lead to coalescence of ion packets in the ICR cell  and thus their isotopic 

frequencies, resulting in a large diffuse peak, rather than many sharply resolved 

isotopic peaks.11, 12 

The unrivaled mass measurement accuracy, resolving power, dynamic range 

and sensitivity of FT-ICR mass spectrometry make it the most amenable mass 

analyzer for the analysis of intact proteins when coupled to the multiple-charging 

process inherent to ESI.1, 9, 13-16  Multiple-charging allows for higher analyte 

frequency in the ICR cell, extending the molecular weight range of the detector.  

Multiply charged proteins are also easier to fragment and sequence using MS/MS 

techniques.17, 18    
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1.1.3   Orbitrap Mass Analyzers 

 Until recently, FT-ICR mass analysis surpassed all other mass spectrometric 

platforms in terms of resolving power and mass accuracy.  The development of the 

orbitrap by Makarov19 is similar to an ion storage device called a Kingdon trap20, 

which has been used to study molecular beams21 and ion spectroscopy22, 23 by 

trapping ions with the use of only electrostatic fields.  The development of the 

orbitrap has provided a means of achieving similar performance to an FT-ICR mass 

analyzer without the capital and maintenance costs for the support of a high field 

superconducting magnet.  

 The orbitrap relies on two 

electrodes to provide the trapping 

electrostatic field-an inner spindle 

electrode surrounded by an outer barrel 

electrode-and traps ions in three 

dimensional space.19, 24  Three different 

frequencies can be measured within 

the orbitrap for mass analysis; 

however, only the frequency associated 

with ion motion in the z direction as shown in Figure 1.2 is not associated with 

kinetic energy and is thus used for mass analysis in commercial instruments.  The 

frequency measured in the orbitrap is inversely proportional to the square root of the 



 7 

mass to charge ratio (m/z).  Equation 1.5 describes the measured orbitrap 

frequency where k is a constant associated with field curvature. 

               Equation 1.5 

 Detection of ions in the orbitrap is similar to that of an ICR mass analyzer 

except that there is no excitation event.  The oscillation of ions along the z-axis of 

the orbitrap are detected as a sinusoidal image current and transformed to the 

frequency domain via fast Fourier transform.  From the frequency domain, Equation 

1.5 can be employed to generate mass spectra.  The Orbitrap rivals the FT-ICR 

mass analyzer in resolving power and can routinely obtain measurements with < 2 

ppm mass measurement accuracy utilizing lock mass calibration.25  

 

1.2  Top-Down and Bottom-Up Proteomics 

Two main analytical strategies, termed “bottom-up” and “top-down”, are 

currently employed for identifying proteins in complex mixtures.   Bottom-up 

proteomics, a more widely implemented strategy relative to top-down, involves 

submitting a protein or protein mixture (e.g., cell lysate) to enzymatic digestion with a 

protease (i.e. trypsin, Lys-C, Asp-N, etc.) rendering the sample as a complex mixture 

of short peptides with defined terminus.  The peptides are then separated and 

analyzed via liquid chromatography (often reversed phase) coupled to electrospray 

mass spectrometry (ESI-MS) which sequences the peptides using tandem mass 

spectrometry (MS/MS).  Searching the precursor ion mass and sequence 
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information against a predicted protein database often results in hundreds or 

thousands of protein identifications.   

However, sequence coverage of the original proteins is often low, with many 

identifications coming from the detection of a single peptide which may correspond 

to multiple protein forms.26 These multiple protein forms may have unique biological 

function, potentially possessing diagnostic, prognostic, and/or therapeutic properties. 

Proteins such as brain natriuretic peptide, C-reactive protein, and troponin I and T 

are already regarded biomarkers in their native forms, but specific modifications (e.g. 

post-translational modifications (PTMs) and unique cleavages) can result in 

diagnostic markers that are more specifically related to a disease state.27-32  

Knowing the mass of the protein that gave rise to a specific proteolytic peptide would 

be very useful in determining its identity and whether it is a form related to a 

pathological stimulus.     

Top-down proteomics provides both the intact mass and sequence 

information for protein identification and, though not employed as often as the 

bottom-up technique, continues to mature as a method for identifying and 

characterizing intact proteins in biological systems.33  The intact protein mass is first 

obtained by the mass spectrometer, followed by isolation for MS/MS analysis to 

provide sequence information.  The combination of intact mass and sequence data 

enable the specific form of the protein to be determined, locating PTMs and 

identifying alternative slicing variants and degradation products.   



 9 

Top-down proteomics has lagged behind the more widely used bottom-up 

strategies due, in large part, to the technological challenges of measuring and 

identifying large intact proteins.  These challenges have included time consuming 

off-line separation of samples26, 34-36, mass analyzer speed37, and underdevelopment 

of database search software tailored to top-down experiments. However, advances 

in separation technology and methodology38, 39, the development of faster hybrid 

mass analyzer technology such as the LTQ-FT mass spectrometer40, and recent 

innovations in top-down database searching software (e.g. ProSight PTM41) have 

created the potential for more widespread utilization of top-down proteomics 

techniques.  Electrospray ionization Fourier transform ion cyclotron resonance mass 

spectrometry (ESI-FT-ICR-MS) is well suited for carrying out top-down proteomics 

measurements of intact multiply-charged proteins. The combination of high mass 

accuracy <3 ppm42, 43, high resolving power, and a multitude of MS/MS dissociation 

techniques (e.g. CID44, IRMPD45, ECD46, and ETD47) provide unprecedented 

confidence for protein identification and characterization (e.g. localization of PTMs, 

unique cleavages, and protein variants).48, 49 

  

1.3  Analytical Strategies for the Global Quantification of Intact Proteins 

Proteomics research is a robust and rapidly evolving research field that seeks 

to “identify and quantify the structures and biochemical and cellular functions of all 

proteins in an organism, organ, or organelle, and how they vary in space, time, and 

physiological state”.50  While these objectives have yet to be fully realized, many 
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analytical platforms have been developed in pursuit of them.  Antibody-based 

assays such as the enzyme-linked immune-sorbent assay (ELISA) and Western blot 

are frequently employed in laboratories and clinics, often providing sensitive and 

specific quantification due to the availability of well characterized antibodies that 

have been carefully developed to bind to specific protein epitopes corresponding to 

specific isoforms.  However, these assays are often limited in their biological scope, 

as significant time and cost must be invested in the development of antibody 

reagents for each protein to be quantified.  This renders immune-based techniques 

impractical for the global quantitative analysis of intact proteins.  In this report, we 

describe strategies that have been developed for the quantitative analysis of intact 

proteins, including differential gel electrophoresis (DIGE), in which the relative 

intensity of fluorescent dyed protein spots are quantified within the same gel.  We 

also summarize the direct identification and quantification of intact proteins with 

mass spectrometry, most notably metabolically labeling strategies in addition to 

recent developments in chemical labeling and label-free quantification.    

1.3.1   Differential Gel Electrophoresis (DIGE)   

 Two-dimensional gel electrophoresis (2D-GE) is a widely employed means for 

protein separation, capable of visualizing hundreds of proteins and their isoforms 

separating first by isoelectric point, then by molecular weight.  Using traditional 

visualization protocols such as colloidal coomassie dye and silver staining, 

differentially expressed proteins can be compared across replicate gels, although 

variability across multiple gels negatively affect sensitivity, and these stains lack an 
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adequate linear dynamic range for detection and relative quantification.51, 52 

Succinctly, the poor reproducibility of 2D-GE made it difficult to accurately report real 

quantitative change in protein expression.  As a means of eliminating inter-gel 

variability, Ünlü and 

coworkers introduced 

differential gel 

electrophoresis, which loads 

multiple samples that are 

differentially labeled with 

fluorescent tags onto the 

same gel; thus, the proteins 

are allowed to 

electrophoretically co-migrate 

yet can be detected at 

different wavelengths and 

relatively quantified based on 

fluorescence.53  An overview 

of the experimental strategy 

of DIGE is depicted in Figure 

1.3.  In DIGE, fluorescent 

labeling of proteins is 

performed prior to 2D-GE in contrast to traditional total gel staining with fluorescent 
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dyes like Sypro Ruby which is performed after separation.  Utilizing fluorescent dyes 

over the usual coomassie or silver stains provides sensitivity of < 1 fmol over a linear 

range of detection spanning a dynamic range of 104.54, 55  The most commonly 

employed reagents for fluorescent labeling in DIGE are synthetic N-

hydroxysuccinimidyl (NHS) ester derivatives of cyanine dyes including Cy3 and Cy5, 

which react with primary amine groups (N-terminal α-amino and lysine ε-amino 

groups) via nucleophilic substitution.53 Minimal labeling is often performed (4-8 

picomoles of label for each µg of protein), such that < 5% of proteins are labeled.  

Over-labeling would otherwise result in loss of sample through precipitation.  Minimal 

labeling also reduces interference with downstream mass spectrometric analysis, as 

a majority of the protein in each spot remains unmodified.55-57  More recently, 

iodoacetamide and maleimide derivatives of Cy3 and Cy5 have been utilized for 

labeling cysteines.58  As cysteine residues occur less frequently than lysine, the use 

of cysteine reactive fluorescent tags allows for greater stoichiometric amounts to be 

labeled without precipitation resulting in increased sensitivity.  Greengauz-Roberts et 

al utilized cysteine reactive dyes for the relative quantification of 1000 proteins in 

microdissected samples of around 5000 cells, a marked reduction in the amount of 

sample previously used, and a distinct advantage in the analysis of clinical 

samples.59 

 While DIGE can potentially allow for the quantification of hundreds of proteins 

within the same gel, it still presents several challenges.  Limitations inherent to 2D-

GE are still present in DIGE, including difficulty in characterizing membrane proteins 
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in addition to proteins possessing very high (>150 kDa) and low (<10 kDa) molecular 

weight, extreme isoelectric points, and low abundance.  Differences in molecular 

weight between fluorescent labeled proteins and their unlabeled counterparts can 

also result in differential migration of the protein spots and is most apparent at lower 

molecular weights56,  causing difficulties for spot picking for MS based identification, 

as the unlabeled bulk of the protein will not be present at the fluorescing spot.  

Often, this issue is addressed with the use of a total protein stain such as colloidal 

coomassie or silver stain.  Perhaps one of the greatest pitfalls to DIGE is that 

although multiple isoforms of a protein may be visualized on the gel, for example 

multiple combinations of phosphorylation, the specific characteristics of those 

isoforms are often unobtainable through bottom-up proteomic analysis of the spot. 

Other variations in DIGE experiments, including fluorescent background60-62, dye 

biases58, and spot volumes57 demand rigorous statistical analyses to establish 

thresholds for significant quantitative change with an acceptable number of false 

positives.  Even when limits for identifying significant changes in expression have 

been put into place, attributing changes in fluorescence to a single protein in a spot 

that may contain several is problematic and requires further validation with more 

specific quantification methods.                   

1.3.2 Mass Spectrometry-Based Quantification 

  Mass spectrometry based proteomics has led to the development of many 

platforms that can detect, identify, and quantify up to thousands of proteins from a 

complex mixture. Two main strategies, termed “bottom-up” and “top-down”, are 
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currently employed to carry out proteomics analyses.   Bottom-up proteomics, a 

more widely implemented strategy relative to top-down, involves submitting a protein 

or protein mixture (e.g., cell lysate) to enzymatic digestion rendering the sample as a 

complex mixture of short peptides with defined N- and C-termini.  The peptides are 

then separated and analyzed via liquid chromatography (often reversed-phase) 

coupled to electrospray mass spectrometry (ESI-MS) which measures the intact 

peptide mass and, subsequently, sequences the peptides using tandem mass 

spectrometry (MS/MS).  Searching the precursor ion mass and sequence 

information against a predicted protein database often results in hundreds or 

thousands of protein identifications.   

However, sequence coverage of the originating protein structures is often low, 

with many identifications coming from the detection of a single peptide which may 

correspond to multiple protein forms.63 These multiple protein forms may each have 

a unique biological function, potentially possessing diagnostic, prognostic, and/or 

therapeutic value. Proteins such as brain natriuretic peptide, C-reactive protein, and 

troponin I and T are already regarded biomarkers in their native forms, but specific 

modifications (e.g. post-translational modifications (PTMs) and unique cleavages) 

can result in diagnostic markers that are more specifically related to a disease 

state.27-30, 32, 64  Knowing the mass of the intact protein, which includes any 

modifications that have occurred, that gave rise to a specific proteolytic peptide 

would be very useful in determining the identity of its specific isoform and whether it 

is related to a pathological stimulus.     
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Top-down proteomics provides both the intact mass and sequence 

information for protein identification and, though not employed as often as the 

bottom-up technique, continues to mature as a method for identifying and 

characterizing intact proteins in biological systems.33  The intact protein mass is first 

obtained by the mass spectrometer, most often an LTQ-FT-ICR65 or LTQ-Orbitrap 

mass spectrometer.66, 67  Intact proteins are then isolated for MS/MS analysis by any 

of a multitude of dissociation techniques (e.g. CID44, IRMPD45, and ECD46) to 

provide sequence information.  The combined intact mass and sequence data 

enable the specific form of the protein to be determined, locating PTMs and 

identifying alternative slicing variants and degradation products.68   

1.3.3  Metabolic Labeling for Intact Protein Quantification 

Quantitative mass spectrometry most often utilizes the incorporation of stable 

isotope labels to create an internal standard with similar physical and chemical 

properties (except for mass) from which reliable quantitative data can be obtained.  

One of the first attempts at quantifying large, multiply-charged, intact proteins by 

Gordon et al. established that quantification could be achieved using relative 

abundances of an analyte and a structural analogue as an internal standard. 

However, a three amino acid difference in the amino acid sequence between equine 

and bovine cytochrome c resulted in hydrophobic differences between the analyte 

and internal standard.  The resulting bias in electrospray ionization efficiency 

produced two different charge state distributions that limited quantification unless the 

abundances of all charge states were taken into account.7  This electrospray bias in 
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intact proteins has also been demonstrated in various post-translationally modified 

isoforms of histone H4, in which methylated and acetylated lysine and arginine 

residues impart greater hydrophobicity, and thus has greater ionization efficiency 

over its unmodified form.69  Even the smallest structural differences have the 

potential to greatly influence quantification, and so stable-isotope labeling has been 

actively pursued for the quantification of intact proteins.   

Metabolic labeling of tissues and cell cultures offer the most efficient means 

of incorporating stable-isotope labels for quantifying intact proteins and have been 

adapted from protocols for bottom-up analyses to exclude any proteolytic digestion.  

With metabolic labeling, illustrated in Figure 1.4, separate cultures are 

supplemented with either a light or heavy form of a nutrient (as in 15N/14N labeling70) 
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or amino acid (as in SILAC71), which are combined 1:1 based on total protein 

concentration and carried through a proteomics workflow including, sample 

fractionation, LC separation and detection using mass spectrometry followed by 

bioinformatics analysis where proteins are identified and quantified.  Deuterated 

leucine has been incorporated into model cell cultures, including E. coli and S. 

cerevisiae, which facilitated identification of proteins using accurate intact mass and 

amino acid counting.72, 73  However, deuterium labeling slightly reduces the 

hydrophobicity of labeled species relative to hydrogen.  The resulting retention time 

shifts of up to 30 seconds in reversed phase chromatography can hinder 

quantification, and so deuterated labels are rarely used for top-down 

quantification.74, 75  Current intact protein quantification strategies employ stable 

isotopes that do not hinder liquid chromatography retention times.  Originally 

developed by Chait and coworkers for the peptide level analysis of S. cerevisiae, 

15N/14N labeling was first demonstrated for quantitative proteomics by supplementing 

minimum culture medium with either natural or stable-isotope labeled ammonium 

sulfate, resulting in total labeling of every nitrogen atom in the protein structure.70, 76 

Kelleher and co-workers have used 15N/14N metabolic labeling to quantify the yeast 

proteome and recently employed the technique using top-down LC-MS/MS to obtain 

50 protein expression ratios.77, 78  

Stable isotope amino acid labeling with 13C6-labeled lysine was introduced by 

Smith and co-workers for global peptide proteomic analysis as a means of 

quantifying relative abundances, and also as a means of distinguishing between 
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near isobaric glutamine and lysine residues.79  Ong and colleagues later employed a 

similar strategy utilizing deuterated leucine and eventually 13C6-arginine and termed 

the methodology stable isotope labeling of amino acids in cell culture (SILAC) as 

another means of quantifying peptides and proteins.71, 80  Incorporation of 13C and 

15N labeled amino acids using the SILAC technique results in co-eluting labeled and 

unlabeled species and has been widely implemented using isotopically labeled 

lysine and arginine in conjunction with trypsin digestion for bottom-up proteomics 

analyses.80, 81  Waanders and colleagues recently modeled and demonstrated top-

down quantification and characterization of the signaling protein Grb2 expressed in 

E. coli using SILAC with 13C6-arginine, with accurate quantification at 99% isotope 

enrichment.  The protein was initially purified offline using Ni2+ affinity 

chromatography and analyzed using reversed phase liquid chromatography coupled 

to an LTQ-Orbitrap mass spectrometer.  They also modeled the multiple isotopic 

envelopes that could result from incomplete incorporation of the heavy isotope 

amino acid with a 55 kDa protein, but suggested that incomplete labeling could be 

easily avoided.82    In addition to relative quantification, SILAC has also been 

employed for absolute quantification, in which stable isotope labeled recombinant 

proteins are generated in expressive cell cultures, purified and accurately quantified, 

and added to an experimental mixture at a known amount.83        

1.3.4  Other Strategies for Intact Protein Quantification 

For global quantification of proteins at the peptide level, there are several 

types of quantitative strategies in addition to metabolic labeling, including enzymatic, 
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chemical, and label-free strategies.  There are examples of these types of strategies 

being applied at the intact-protein level, though they have appeared more recently 

compared to metabolic labeling-based methodologies.  Recently, Yan et al have 

demonstrated the use of the element coded affinity tags for quantification of intact 

protein standards.  In their study lysozyme, ribonuclease A and insulin were reduced 

and all free thiol groups labeled with the addition of a 10-fold excess of 1,4,7,10-

tetraazacyclododecane-1,4,7-triacetic acid-10-maleimidoethylacetamide 

incorporating either 151Eu of 153Eu and detected using inductively coupled plasma 

mass spectrometry.  While the accurate quantification of tryptic peptides from these 

proteins was hindered by incomplete digestion, the labeled intact proteins were 

quantified within 6% with sub-femtomole detection limits.84 

 Label-free quantification strategies present an attractive alternative to 

metabolic and chemical labeling, which can be time intensive, cost prohibitive, and 

not amenable to certain types of biological systems (e.g.,, prototrophic organisms, 

inability for cells to be cultured).  Two forms of label-free quantification, utilizing 

integrated ion abundance or spectral counting, have been most widely applied at the 

bottom up level.  These techniques rely on reproducible instrument methods with a 

low degree of analytical variability.  Muddiman and coworkers established 

benchmarks of analytical variability for nano-flow liquid chromatography coupled to 

FT-ICR mass spectrometry including retention time reproducibility, internally and 

externally calibrated mass measurement accuracy, and ion abundance on the intact 

species of enriched serum <10 kDa to establish the basis for statistical differentiation 



 20 

of potential biomarkers between healthy and diseased patients.85 This strategy, also 

known as differential mass spectrometry86, has been recently utilized to quantify 

intact apolipoproteins in human high-density lipoprotein (HDL) fractions over a 5 fold 

range of expression in a small patient set as a proof of concept for the utility of this 

technique to top-down proteomics.87 

 Because top-down identification and quantification methods have largely 

lagged behind the development of bottom-up techniques, software for the 

interpretation of top-down has also been slower to develop.  However, algorithms 

have been developed for the determination of accurate mass from high resolution 

mass spectra of intact proteins (THRASH)88, and for the prediction of isotopic 

distributions (ICR-2LS, PNNL, Richland, WA).  Kelleher and colleagues have also 

recently developed software for the interpretation of top-down MS/MS data for 

database searching.41  Despite the continuing development of new tools, quantitative 

top-down methods are largely subject to manual interpretation as the protocols for 

accurate quantification are still under active development.    

The greatest technological challenges to intact protein quantification lie in the 

separation and detection of intact species, rather in the strategies to quantify them.  

In gel based techniques such as DIGE, spots representing multiple protein isoforms 

must be enzymatically digested to be extracted from the gel, making it difficult to fully 

characterize the originating intact protein.  Challenges to the analysis of complex 

protein mixtures in the past included time consuming off-line separation of 

samples34, 35, 89, mass analyzer speed37, and underdevelopment of database search 
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software tailored to top-down experiments. However, advances in separation 

technology and methodology39, 90-92, the development of faster hybrid mass analyzer 

technology such as the LTQ-FT mass spectrometer and LTQ-Orbitrap, and recent 

innovations in top-down database searching software (e.g. ProSight PTM41) have 

created the potential for more widespread utilization of top-down proteomics 

techniques.  Top-down mass spectrometry is still evolving to incorporate quantitative 

methodologies that have become a commonality with bottom-up analyses.  

Combined with its powerful capability of molecular characterization, quantitative top-

down strategies have the potential to contribute to proteomics on a large scale.   

 

1.4  Quantitative Strategies in Bottom-Up Proteomics 

One of the most challenging aspects of proteomic analysis is the relative 

quantification of proteins once identified.  Differential analysis of two-dimensional 

electrophoretic gels continues to be a widely-used tool for protein separation and 

quantification93-97.  However, despite continuous improvements, challenges still exist 

for the analysis and quantification of proteins that reside at the limits of the gel’s 

analytical capability, whether very high or low molecular weight, extremes in protein 

isoelectric points, analysis of membrane proteins or proteins of low abundance. 

 The incorporation of stable isotope labels, both chemically and metabolically, 

has been widely adopted as a protein quantification strategy as the stable isotope-

labeled species possess similar physical and chemical properties as their unlabeled 

equivalents, but with a different mass.  This allows direct comparison of multiple 
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experimental conditions within the same analytical run. Numerous strategies have 

been developed for quantification of proteins and peptides using chemical 

derivatization. Gygi and coworkers developed isotope-coded affinity tags (ICAT) 

containing a thiol specific reactive group, an isotope labeled linker region containing 

eight deuteriums (or hydrogens) and a biotin affinity tag98, 99.  The initial application 

of ICAT labeling to a complex protein mixture indicated relative standard deviation of 

peptide area ratios of around 10%, although the potential for greater error has been 

reported as a result of deuterium labels producing peak retention times that differ 

between the light and heavy labeled counterparts by as much as 30 seconds74, 75, 

100.  Isobaric tags for relative and absolute quantitation (iTRAQ) is conducive to the 

direct comparison of four or more experimental samples simultaneously by labeling 

the N-termini of peptides with a compound containing a reporter group with varying 

stable isotope (13C, 15N, and 18O) incorporation, a balancing group, and an amine 

specific reactive group.  Tandem mass tags (TMTs) also employ an isobaric 

chemical labeling strategy for relative quantification.  All versions of the tag possess 

the same total mass, with quantification achieved during MS/MS, in which the 

reporter groups with varying masses are generated with abundances correlating to 

the relative abundance of the peptide in each experimental pool100, 101. Enzymatically 

catalyzed 18O-labeling has also been employed, incorporating either 16O or 18O into 

peptide C-termini during proteolysis to generate light and heavy peptide pairs for 

relative quantification102-107. 
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 Stable isotope labels are also introduced to samples for proteomic analysis 

through metabolic processes including cell and tissue culture, in which growth media 

is enriched with the label of choice.  This strategy was introduced for bacterial 

proteomics by Oda et al.70.  Deuterated leucine has also been used to label cultures 

of E. coli and S. cerevisiae but proved to be less accurate than other labeling 

methods due to the effect of deuterium on retention time, as discussed vide supra72-

75.  15N/14N metabolic labeling has been successfully utilized for quantification of the 

yeast proteome and has also been successfully utilized for quantification in plant 

species108.  Stable isotope labeling by amino acids in cell culture (SILAC) was 

introduced by Mann and coworkers as a metabolic labeling strategy whereby amino 

acids containing stable isotopes are supplemented to cell culture growth media to 

produce peptide analytes that chromatographically co-elute71, 80.  More recently this 

strategy has been developed for the in vivo labeling of mice109. 

 In addition to the stable isotope based methods for protein quantification, 

label-free strategies continue to be developed.  One such strategy uses integrated 

ion abundance obtained from extracted ion chromatograms to track peptide and 

protein abundance across experimental samples.  Bondarenko and coworkers 

demonstrated the linear relationship of peptide peak areas over a range of 10 to 

1,000 fmol of myoglobin digest spiked into a human plasma sample, with a relative 

standard deviation near 10%110, 111.  Another promising method for label-free 

quantification is spectral counting, where the number of mass spectra contributing to 

identification of the protein are used as an indication of that protein’s abundance112.  
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Standard peptides spiked into yeast lysate showed a linear relationship between 

protein abundance and spectral counts over two orders of magnitude. Additionally, 

the number of spectral counts can be normalized to protein length allowing for the 

relative quantification of two different proteins113.  Overall, these two label-free 

methods are comparable, with spectral counting reporting to show more sensitivity to 

changes in protein abundance, and peak area quantification showing slightly higher 

accuracy in determining relative protein ratios114.   

 

1.5  Synopsis of Completed Research 

The research resented in this dissertation describes the development of 

quantitative proteomics techniques utilizing both top-down and bottom-up 

methodologies for the analysis of biological systems impacting agriculture and 

human health including the filamentous fungus Aspergillus flavus and human 

embryonic stem cells, respectively.  Chapter 2 describes the first application of 

SILAC labeling with 13C6-arginine for the quantification of intact proteins in a complex 

biological sample, A. flavus.  Additionally, this chapter addresses the complexities 

that arise from incomplete isotopic labeling and presents the first version of a 

mathematical model implemented to address those complexities.   

The quantification of intact proteins in human embryonic stem cells is entailed 

in Chapter 3 employing SILAC with stable isotope labeled arginine and lysine and 

achieving label incorporation approaching 99% efficiency.  Further improvements 

are made to the predictive model to account for incomplete labeling and in vivo 
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arginine to proline conversion.  This chapter also demonstrates the extent to which 

the predictive model accounts for the heavy isotopic label. 

Chapter 4 describes the comparison of two quantification methodologies, 

SILAC and spectral counting, employed on a control mixture of normal and SILAC 

labeled human embryonic stem cell protein extracts using the more high-throughput 

bottom-up work flow.  This comparison explores the capabilities and analytical 

thresholds for the accurate quantification of proteins in the absence of stable isotope 

labels, as well as presents comparative information on the number of proteins 

identified and accurately quantified.  This work is expanded upon in Chapter 5, in 

which separate spectral counting and SILAC quantification experiments are 

performed on differentiating human embryonic stem cells.  Here the ability to identify 

and quantify changes in the relative expression of protein analytes is directly 

compared given their optimal experimental protocols.   
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Chapter 2 

Top-Down Identification and Quantification of Stable Isotope Labeled Proteins 
from Aspergillus flavus using nano-LC couples to LTQ-FT-ICR Mass 

Spectrometry 
 

2.1  Introduction 

Mass spectrometry based proteomics is a robust and rapidly developing field 

of interest seeking to understand “the identities, quantities, structures, and 

biochemical and cellular functions of all proteins in an organism, organ, or organelle, 

and how they vary in space, time, and physiological state”.1  While the proteomics 

field is yet to achieve this ultimate goal, two main strategies, termed “bottom-up” and 

“top-down”, are currently employed to pursue it.   Bottom-up proteomics, a more 

widely implemented strategy relative to top-down, involves submitting a protein or 

protein mixture (e.g., cell lysate) to enzymatic digestion rendering the sample as a 

complex mixture of short peptides with defined C-termini.  The peptides are then 

separated and analyzed via liquid chromatography (often reversed phase) coupled 

to electrospray mass spectrometry (ESI-MS) which sequences the peptides using 

tandem mass spectrometry (MS/MS).  Searching the precursor ion mass and 

sequence information against a predicted protein database often results in hundreds 

or thousands of protein identifications.   

However, sequence coverage of the original proteins is often low, with many 

identifications coming from the detection of a single peptide which may correspond 

to multiple protein forms.2 These multiple protein forms may have unique biological 

function, potentially possessing diagnostic, prognostic, and/or therapeutic properties. 
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Proteins such as brain natriuretic peptide, C-reactive protein, and troponin I and T 

are already regarded biomarkers in their native forms, but specific modifications (e.g. 

post-translational modifications (PTMs) and unique cleavages) can result in 

diagnostic markers that are more specifically related to a disease state.3-8  Knowing 

the mass of the protein that gave rise to a specific proteolytic peptide would be very 

useful in determining its identity and whether it is a form related to a pathological 

stimulus.     

Top-down proteomics provides both the intact mass and sequence 

information for protein identification and, though not employed as often as the 

bottom-up technique, continues to mature as a method for identifying and 

characterizing intact proteins in biological systems.9  The intact protein mass is first 

obtained by the mass spectrometer, followed by isolation for MS/MS analysis to 

provide sequence information.  The combination of intact mass and sequence data 

enable the specific form of the protein to be determined, locating PTMs and 

identifying alternative slicing variants and degradation products.   

Top-down proteomics has lagged behind the more widely used bottom-up 

strategies due, in large part, to the technological challenges of measuring and 

identifying large intact proteins.  These challenges have included time consuming 

off-line separation of samples2, 10-12, mass analyzer speed13, and underdevelopment 

of database search software tailored to top-down experiments. However, advances 

in separation technology and methodology14, 15, the development of faster hybrid 

mass analyzer technology such as the LTQ-FT mass spectrometer16, and recent 
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innovations in top-down database searching software (e.g. ProSight PTM17) have 

created the potential for more widespread utilization of top-down proteomics 

techniques.  Electrospray ionization Fourier transform ion cyclotron resonance mass 

spectrometry (ESI-FT-ICR-MS) is well suited for carrying out top-down proteomics 

measurements of intact multiply-charged proteins. The combination of high mass 

accuracy <3 ppm18, 19, high resolving power, and a multitude of MS/MS dissociation 

techniques (e.g. CID20, IRMPD21, and ECD22) provide unprecedented confidence for 

protein identification and characterization (e.g. localization of PTMs, unique 

cleavages, and protein variants).23, 24 

In addition to identifying and characterizing protein structures, understanding 

how they vary in quantity between different states is an integral goal of proteomic 

science.  One of the first attempts at quantifying large, multiply-charged, intact 

proteins by Gordon et al. established that quantification could be achieved using 

relative abundances of an analyte and a structural analogue as an internal standard. 

However, a three amino acid difference in the amino acid sequence between equine 

and bovine cytochrome c resulted in hydrophobic differences between the analyte 

and internal standard.  The resulting ESI bias produced two different charge state 

distributions that limited quantification unless the abundances of all charge states 

were taken into account.25   

Top-down analyses have also been used in conjunction with stable isotope 

labeling.  Intact protein identification using amino acid counting and accurate mass 

has been accomplished using isotopic labeling of model cell cultures, including E. 
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coli and S. cerevisiae, with deuterated leucine.26, 27  However, deuterium labeling 

hinders quantification on a chromatographic scale as elution times vary between 

labeled (deuterium) and unlabeled analytes.28, 29  Current intact protein quantification 

strategies currently employ stable isotopes that do not hinder liquid chromatography 

retention times.   Kelleher and co-workers have used 15N/14N metabolic labeling to 

quantify the yeast proteome30 and recently employed the technique using top-down 

LC-MS/MS to identify 22 proteins from S. cerevisiae. 31  

Ong and colleagues introduced stable isotope labeling of amino acids in cell 

culture (SILAC) as another means of quantifying peptides and proteins.32, 33  

Incorporation of 13C and 15N labeled amino acids using the SILAC technique results 

in co-eluting labeled and unlabeled species and has been widely implemented using 

isotopically labeled lysine and arginine in bottom-up experiments.33, 34  Waanders 

and colleagues recently modeled and demonstrated top-down quantification and 

characterization of the signaling protein Grb2 expressed in E. coli using SILAC, with 

accurate quantification at 99% isotope enrichment.  The protein was initially purified 

offline using Ni2+ affinity chromatography and analyzed using reversed phase liquid 

chromatography coupled to an LTQ-Orbitrap mass spectrometer.  They also 

modeled the multiple isotopic envelopes that could result from incomplete 

incorporation of the heavy isotope amino acid with a 55 kDa protein.35   

In this paper, we have assessed the performance of whole-organism SILAC 

labeling as a tool for top-down proteomics on the filamentous fungus Aspergillus 

flavus using a 13C6-arginine label and nLC-LTQ-FT-ICR-MS.  A. flavus contaminates 
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many plant species with the carcinogen aflatoxin resulting in economic losses in the 

hundreds of millions of dollars annually.36   In addition to the agricultural impact of A. 

flavus, inhalation of conidia produced by the fungus can cause aspergillosis in 

patients with compromised immune systems. Secreted proteins of this organism has 

been previously examined by Medina et al., but were limited at that time by the 

absence of an annotated genome for the organism from which to identify many of 

their proteins.37  A currently available annotated genome sequence for this fungus 

and the ability to easily culture this organism made it a good model for these studies.   

SILAC labeling of this organism provides a powerful tool for measuring the 

biological effects of temperature, nutrition, and antifungal agents. As an example, 

this strategy will allow the identification, characterization, and quantification of 

regulatory proteins that are difficult of study by transcriptional profiling. Many 

regulatory proteins are constitutively expressed at a low level and are activated by 

protein localization or post-translational modification. Such regulatory elements are 

better studied by a proteomic analysis than by genomics. 

This study represents our initial efforts to establish a top-down analysis of 

SILAC labeled A. flavus.  We establish effective chromatography conditions for intact 

protein separation and discuss the limits and issues with amino acid incorporation in 

the culturing process. 
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2.2  Experimental 

2.2.1  Culture of A. flavus for SILAC 

Stock cultures of Aspergillus flavus strain NRRL 3357 were stored at -80 °C in 

35% glycerol. Inoculum was prepared by streaking an aliquot of the stock onto 

potato dextrose agar (PDA) (DIFCO; Lawrence, KS) supplemented with either i) 340 

µg/mL 12C6-L-arginine (Sigma-Aldrich; St. Louis, MO) or ii) 340 µg/ml 13C6-L-arginine  

(Cambridge Isotopes; Andover, MA). After growth of the culture at 37 °C for 5 days, 

conidia were dislodged from the cultures with a glass rod and suspended in 0.05% 

Triton X-100.  The conidial suspension was quantified using a hemocytometer.  

Flasks containing 100 ml of A&M medium38 supplemented with 340 µg/mL of either 

arginine 12C6 or arginine 13C6 were inoculated with conidial suspension to a final 

concentration of 106 conidia/mL. These liquid cultures were grown for 24 h at 28 °C 

with shaking at 200 rpm allowing sufficient time for the conidia to germinate (around 

6 to 7 hours) and grown for more than long enough to sufficiently incorporate the 

supplemented arginine (approximately 1 to 2 hours per cell cycle).  Safety 

considerations:  1) Sample spores were treated as a potential respiratory hazard and 

handled in a LABGARD Laminar Flow Biological Safety Cabinet (Nuaire, Inc 

Minneapolis, MN).  2) Samples were handled with gloves at all time to prevent and 

contamination from any aflatoxin present in the sample.     

2.2.2  Protein Isolation and Sample Preparation 

Fungal mycelium was separated from the medium by filtration through 

miracloth.  The retained fungal mat was washed with cold PBS, removed from the 
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filter, immediately frozen in liquid nitrogen, lyophilized, and stored at -80 °C until 

extracted for proteins.  A 0.2 g sample of lyophilized tissue was ground with a pestle 

in a mortar containing liquid nitrogen and 0.1 g of 150-200 µm glass beads (Sigma-

Aldrich). The resultant fine powder was placed into 1.5 mL microcentrifuge tubes, 

resuspended with 1 mL of cold PBS, and ground an additional 5 min at 4 °C in a 

Vortex Genie (Scientific Industries, Bohemia, NY).  The homogenate was spun for 5 

min at 12,000 × g to pellet large cellular debris. The supernatant was moved to a 

new tube and spun at 100,000 × g for 45 min to pellet membranes and other debris. 

The resulting supernatant was submitted to acetone precipitation39 to remove any 

residual detergents from culture. The pellet was resuspended in 20 mM monobasic 

potassium phosphate (pH 7.0) and passed through a 10 kDa MWCO filter.  The 

resulting retentate (total protein) was quantified using a bicinchoninic acid (BCA) 

assay (BioRad, Hercules, CA) and utilized for SDS-PAGE and LC-MS experiments.   

2.2.3  1D SDS-PAGE   

Electrophoresis was performed using 12.5% Tris-HCl Criterion Gels (BioRad, 

Hercules, CA) in 25 mM Tris buffer containing 192 mM L-Glycine and 3.5 mM 

sodium dodecyl sulfate (SDS).  50 µg of the processed cell lysate (> 10 kDa) was 

loaded onto the gel and run at 150 V for 60 minutes and stained using 50 mL of Bio 

Safe Coomassie Blue G-250 (BioRad) according to the manufacturer’s protocol.  

2.2.4  Online LC-MS 

All LC solvents were purchased from Burdick and Jackson (Muskegon, MI).  

Reversed phase liquid chromatography was performed using a 75 µm i.d. PicoFrit 
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-

house with 5 µm mRP-C18 silica stationary phase (Agilent, Palo Alto, CA).  The 

packed volume had dimensions 75 µm i.d. × 150 mm and was operated at room 

temperature.  Samples (1 µg total protein) were injected using a PAL Autosampler 

(LEAP Technologies, Carrboro, NC) and over the course of 10 minutes trapped and 

washed on a custom built mRP-C18 OPTI-PAK trap cartridge (Optimize 

Technologies; Oregon City, OR) with 100% Mobile Phase A (95/5 water/acetonitrile) 

at 1 µL/min until a 10 port switching valve (VICI, Houston, TX) was triggered to move 

the sample in-line with the gradient. Elution was carried out by a Chorus 220 nano-

flow pump (CS Analytics, Zwingen, Switzerland) at 250 nL/min with mobile phases 

containing 95/5 (v/v) (Mobile Phase A) and 5/95 (Mobile Phase B) Water and 

Acetonitrile, respectively.  The ion pairing reagent used was 0.2% formic acid 

(Sigma Aldrich, St. Louis, MO) in both mobile phases.  The LC gradient was held at 

initial conditions of 10% B for 10 minutes followed by a ramp to 25% B over 5 

minutes; 65% B was reached over the next 70 minutes, increased to 95% B in five 

minutes and held for an additional ten minutes before re-equilibrating at 5% B. 

Mass spectrometry measurements were performed on a 7T LTQ-FT Ultra 

from Thermo Scientific (Brehmen, Germany).  The pulse sequence consisted of four 

events where mass measurements were all performed inside the ICR cell.  The 

pulse sequence provided for a broadband acquisition in profile mode, followed by 

three data dependent MS/MS measurements.  All events used 1 microscan to 

determine ionization time to reach the target AGC limit of 5×105.  The resolving 
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power of all four events was set at 100,000FWHM at m/z=400.  MS/MS settings used 

an isolation width of 7 m/z and a normalized collision energy of 18% for a duration of 

30 ms.  CID was performed the three most abundant m/z values from the precursor 

ion scan in the LTQ followed by product ion detection in the ICR cell.  Precursor ions 

with 1, 2, and 3 charges were excluded from MS/MS and dynamic exclusion for 60 

seconds was used to reduce redundant analysis of the same precursors.   

2.2.5  Data Analysis 

 RAW data files were processed manually, obtaining precursor m/z values 

from the MS/MS spectrum header and importing the MS/MS mass values into 

ProSightPC (Thermo Electron, Waltham MA) using a THRASH40 algorithm to 

determine the monoisotopic peak of analyte signals with a S/N ratio of 5:1 or greater.  

The database was searched initially with absolute mass and biomarker search 

modes with precursor and fragment ion tolerances of ±5 ppm and again with 

tolerances of ±1 Da to accommodate sample handling modifications to the mass 

(e.g. deamidation) or error in monoisotopic peak picking by the THRASH algorithm.  

Sequences reported from the search were confirmed using arginine counting from 

the precursor ion spectra.  Analysis of SILAC labeled protein distributions and 

theoretical distributions with varying amounts of arginine labeling was carried out 

using ICR-2LS (PNNL, Richland, WA) and Microsoft Excel® (Redmond, WA).           

2.3  Results and Discussion 

Two cultures of Aspergillus flavus were grown, one in standard medium and 

another in which 13C6-arginine was substituted for 12C6-arginine.  After growth, 
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mycelium from both cultures was lysed and the lysate combined in a 1:1 mixture 

based on total protein determination.  After acetone precipitation the resuspended 

pellet was filtered through a molecular weight cut-off filter to remove detergents. 

After processing, the 1:1 lysate mixture of the two cultures was analyzed via nLC-

LTQ-FT-ICR-MS.  
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A representative base peak chromatogram showing total ion current of cell 

lysate samples processed from A. flavus is shown in Figure 2.1A.  The left axis 

shows the relative total ion current and the right axis shows the % B of the mobile 

phase.  The gradient profile represented by the dashed line spans 30% to 95% B 

and is superimposed upon the LC elution profile after being adjusted for dwell 

volume.  Proteins producing precursor and product ion spectra eluted from 35 to 85 

minutes, spanning most of the chromatographic gradient.   

Figure 2.1B shows representative extracted ion chromatograms 

superimposed on the same chromatographic time scale axis.  The separation 

efficiency of these species was evaluated using the equation shown in the inset and 

serves as a metric to judge the performance of the separation and set a benchmark 

against which future separations can be compared.  The number of theoretical 

plates (N) was calculated using the exponentially modified Gaussian peak model 

developed by Foley and Dorsey41, which takes account peak asymmetry (B/A) in 

addition to retention time (tR) and peak width at 10% height (W10%).  This model is 

well-suited for our investigations due to the asymmetric nature of the extracted 

chromatographic peaks.  These peak shapes suggest non-ideal separation 

conditions that may include column temperature, ion pairing reagent used, and flow 

rate.  Theoretical plate values ranged from 1.4×105 to 1.5×106 of the representative 

peaks having masses from 2.6 to 13.2 kDa with widths at 10% height ranging from 

15 to 20 seconds.  
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 The molecular weight distribution of the predicted proteome of A. flavus is 

shown in Figure 2.2 with a 0.1 kDa bin width.  The A. flavus proteome database 

consisted of 12,847 predicted proteins42.  The predicted proteins range in mass from 

1.9 to 858 kDa, but for simplicity the 101 proteins exceeding 100 kDa are not shown.  

In a single LC-MS experiment, 1,318 unique species were observed spanning 1.9 to 

18.7 kDa which are plotted in Figure 2.2 as a function of molecular weight.  The 

same sample used in the LC-MS experiment was also run on a one-dimensional 

SDS-polyacrylamide gel showing bands spanning the entire molecular weight range 

of the gel from 10 to 100 kDa.   

 

Product ion spectra from many of the low molecular weight precursor spectra were 

identified as protein fragments derived from proteins with significantly larger 
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molecular weight when searched using ProSightPC. This suggested some in vivo 

processing or biological degradation of the sample from endogenous proteases.  

The overall low molecular weight distribution may also be attributed to electrospray 

bias for low molecular weight species when co-eluting with larger analytes, and/or 

chromatography biases.14  The addition of other front end fractionation methods to 

further simplify the sample in addition to tailoring current instrument parameters 

including the ICR detection time, column temperature, gradient profile, and 

electrospray voltages may improve detection of larger intact species. 

 The top-down MS analysis of the SILAC labeled cell lysate mixture consisted 

of a precursor ion mass spectrum followed by three data dependent MS/MS 

measurements.  Figure 2.3 shows three representative sets of MS and MS/MS 

spectra of unique SILAC protein pairs with their respective IDs using ProSightPC.  

The extracted ion chromatogram (XIC) of the monoisotopic masses of the SILAC 

pair is shown to the left in each example, demonstrating co-elution of the pair.  

Figure 2.3A demonstrates the identification of a peptide sequence corresponding to 

a fragment of the glycolytic enzyme fructose-bisphosphate aldolase in A. flavus.  

The isotopic envelopes believed to be a SILAC pair from the precursor ion spectrum 

were confirmed by examining their mass difference and extracted ion 

chromatograms of the heavy and light monoisotopic masses. The mass difference 

between the peaks corresponded to the incorporation of two 13C6-arginines into the 

heavy-labeled protein fragment.  
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The lighter of the two peaks had an absolute abundance of 1 × 106 and was isolated 

for MS/MS resulting in a b- and y-ion series that was searched and identified using 

ProSightPC.  Although the lighter peaks were not exclusively selected for collisional 
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dissociation, confident identifications only arose from selection of the light peak as 

the search algorithm did not account for SILAC labeling and the mass difference of 

labeled arginines was too great to result in successful identification.  Seventeen 

product ions from the MS/MS spectrum matched the predicted sequence giving an 

expectation value of 1.77×10-33.  In addition to the mass accuracy and the MS/MS 

sequence coverage, the identification of the protein was further confirmed using the 

number of predicted and observed arginines determined by mass difference of the 

SILAC pairs divided by the difference in heavy and light arginine (ΔM/6.02013) in the 

precursor spectrum.  Relative quantification of the heavy and light SILAC peak 

abundances corresponded strongly to a 1:1 ratio.   

Figures 2.3B and 2.3C display protein fragments that were identified as 

HypA identical protein and Phosphoglycerate mutase family protein having absolute 

abundances of 2 × 106 and 3 × 106, respectively. They were likewise confirmed as 

SILAC pairs using monoisotopic mass extracted ion chromatograms and identified 

using MS/MS spectra confirmed with arginine counting as previously described.  

Quantification was hindered, however, by the complexity of the heavy peak 

distributions which increased as the number of arginines in the protein increased.  

Despite the multiple isotopic distributions present in these complex heavy-labeled 

species, the light and heavy distributions were still regarded as a single SILAC pair.  

Incomplete incorporation of 13C6-arginine into the labeled A. flavus cultures due to 

the presence of endogenously produced arginine is the most likely cause resulting in 

these complex distributions.  Overall, data-dependent MS/MS analysis was 
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performed over two orders of magnitude of absolute ion abundance ranging from 1 × 

104 to 3×106 and resulted in confident identification of 22 proteins (Table 2.1) 

Table 2.1 Proteins Identified from Aspergillus flavus 

Protein Description 
Precursor 
Mass (Da) 

MMA 
(ppm) 

p-Score 

glutathione peroxidase family protein 2586.3373 0.67 5.87E-51 

hypothetical protein  3521.8521 1.49 3.71E-39 

Cu,Zn superoxide dismutase SOD1 3481.6271 0.68 7.16E-37 

fructose-bisphosphate aldolase, class II 3390.8453 2.34 1.77E-33 

U5 snRNP component  5990.1762 0.44 1.15E-30 

Cofilin/tropomyosin-type actin-binding 

protein  4221.0606 0.79 3.23E-28 

Peptidyl-prolyl cis-trans isomerase 5320.8437 1.00 3.44E-21 

5-methyltetrahydropteroyltriglutamate 2465.2613 1.35 1.52E-20 

chaperonin 7254.7827 0.65 1.93E-17 

ubiquitin (UbiA) 8521.5737 0.97 3.77E-17 

AhpC/TSA family protein  3317.7317 0.55 2.29E-16 

oxidoreductase 2510.3505 0.45 1.01E-15 

FKBP-type peptidyl-prolyl isomerase 11337.7914 1.24 1.25E-14 

malate dehydrogenase, NAD-dependent 3012.6346 0.82 4.22E-14 

nucleoside diphosphate kinase 8886.5302 0.75 1.91E-12 

Sugar transporter family protein  5851.1426 -1.07 4.27E-12 

conserved hypothetical protein  2439.2781 -0.71 4.67E-12 

hypothetical protein  4930.3951 2.28 4.09E-10 

expressed protein 12400.2759 1.49 1.56E-08 

DEAD/DEAH box helicase family protein  6889.7012 0.46 4.53E-08 
 

The performance of SILAC on intact proteins depends greatly on the near-

complete incorporation of the desired residue in the cultured organism.  Figure 2.4 

demonstrates the probability of complete incorporation of 13C6-arginine using 

Equation 2.1, where the abundance of heavy isotope labeled protein, AH, depends 

on the 13C6-arginine labeling efficiency, E, raised to the exponent of the number of 

arginine residues to be labeled in the protein, N.   

Equation 2.1:  
N

H EA   
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The purity of supplemented 13C6-arginine (99.3%) is plotted along with the other 

efficiency values including the range observed in the top-down analysis of A. flavus.  

The model illustrates that the probability of complete SILAC labeling decreases with 

the number of arginines to be labeled in the protein (and proportionally as molecular 

weight increases).  We have observed SILAC labeling efficiency of 72% to 85% in A. 

flavus suggesting incorporation of endogenously produced arginine during 

translation in cultures supplemented with 13C6-arginine. The chance of having a 

completely labeled 20 kDa protein at 72% 13C6-arginine labeling efficiency is 3.7%, 
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which greatly hampers our ability to quantify any significant amount of the A. flavus 

proteome.    

 Incorporation of a heavy isotope label is modeled and compared to 

experimental broadband mass spectra, identified in Figure 2.3 using accurate intact 

mass, arginine counting, and MS/MS, by adjusting parameters in Equation 2.2, 

taking into account the total number of arginines in the protein, N, the labeling 

efficiency, E, and reporting relative abundances, An, for the masses of proteins 

containing n unlabeled arginines.   

Equation 2.2:  nNn

n EE
nNn

N
A 


 )1(

)!(!

!  

Altering the labeling efficiency parameter influences the relative abundances 

of isotopic envelopes corresponding to differential 13C6-arginine incorporation.  

Representative spectra, shown in Figure 2.5A and B, which show in greater detail 

the precursor spectra from Figure 2.3A and 2.3B, identify closely with theoretical 

spectra calculated at 75% and 85% labeling efficiency, respectively, and is shown in 

the reflected axis below the experimental spectra.   

Circles overlaying the experimental spectra show the sum of model isotopic 

abundances from the different isotopic envelopes for more direct comparison 

between the model and the experimental data.  This range of labeling efficiency 

agrees with labeling efficiency data obtained from tryptic digest experiments of the 

same sample performed to analyze relative protein expression at different growth 

temperatures using a bottom-up approach.43 The disparity between the purity of 
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heavy arginine supplemented for organism growth and the amount actually 

incorporated into the proteome is an issue that can hinder both top-down and 

bottom-up quantification experiments.  

 

However, approaches such as reducing the amount of endogenous arginine 

incorporated during the culturing process or selecting an amino acid label not 

produced by the cultured organism could overcome this obstacle.       
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2.4  Conclusions 

 Using the SILAC technique, cultures of the filamentous fungus Aspergillus 

flavus were grown under identical conditions incorporating either 12C6 or 13C6 labeled 

arginine.  Intact proteins from a 1:1 mixture of cell lysates from both cultures were 

then separated using an mRP stationary phase which produced 15 to 20 second 

peak widths in a nano-flow reversed phase HPLC coupled to an LTQ-FT-ICR mass 

spectrometer.  In all, 1,318 intact or fragment protein masses were detected 

corresponding to 659 SILAC pairs, of which 22 were confidently identified. 

Broadband precursor ion spectra provided accurate intact mass and allowed for 

arginine counting which aided in the identification of proteins combined with the 

sequence information from data dependent MS/MS spectra.  Quantification of 

proteins with few arginines was consistent with the 1:1 mixture ratio (Figure 2.3A). 

With greater numbers of arginine in a protein, increasingly complex heavy isotope 

spectra were observed, resulting in incorrect quantification.   Endogenously 

produced arginine limited the labeling efficiency of the heavy culture to between 72% 

and 85% as determined using isotope distribution modeling. We are further 

developing methods to improve top-down quantification in SILAC experiments and 

expect to reduce endogenous amino acid incorporation through use of an arginine 

auxotroph in A. flavus.   
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Chapter 3 
 

Quantitative Top-Down Proteomics of SILAC Labeled  
Human Embryonic Stem Cells 

 
3.1  Introduction 

Human embryonic stem cells (hESCs) are pluripotent cells derived from the 

inner cell mass of blastocyst stage embryos that possess the ability to self-renew or 

differentiate into any human cell type.  This makes hESCs a potentially valuable tool 

for regenerative medicine, where tissues damaged by disease or injury can be 

restored via hESC-derived cells.  The ability of hESCs to be maintained in cell 

culture allows the opportunity for investigation into how these cells maintain 

pluripotency and how they progress through differentiation to various cell types.1  

Exploring the proteome of hESCs and how it changes qualitatively and quantitatively 

is an integral part of understanding the overall biology of this cell type, and will yield 

invaluable information toward the development of new medical treatments.      

Top-down proteomics has emerged as a powerful technique for protein 

analysis and is a growing area of research in the mass spectrometry community.  

The typical experimental strategy for top-down proteomic analysis includes the front-

end separation of intact proteins, their detection and fragmentation in a mass 

spectrometer, and subsequent identification based on sequence information 

obtained from their resulting MS and MS/MS spectra.2, 3  Intact proteins present a 

wide range of physical and chemical properties that challenge front-end separation 

techniques,4-6 mass analyzer duty cycle,7 and protein identification algorithms.  
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These challenges hinder high throughput analyses, and thus, the top-down 

approach has lagged the more commonly employed bottom-up approach.  However, 

the emergence and development of new separations technologies8-11, high resolving 

power hybrid mass analyzers such as the LTQ-FT-ICR12 and LTQ-Orbitrap13, 14, and 

bioinformatics software such as ProSightPC15 has greatly improved the capability for 

addressing the challenges posed by top-down proteomics.  Recently, the top-down 

approach has been utilized by Kelleher and co-workers to examine multiple 

modifications of human histones, including methlyation and acetylation.16  Top-Down 

proteomics has also been used to identify single amino acid polymorphisms and 

characterize post-translational proteolysis and phosphorylation of affinity purified rat 

cardiac troponin.17  Integrated top-down and bottom-up strategies have allowed 

investigators to take advantage of the top-down approach’s ability to identify and 

characterize multiple post-translational modifications (PTMs) and identify genetic 

modifications while utilizing bottom-up proteomics to achieve higher throughput.18 

Quantitative top-down proteomics most often utilizes stable isotope labeling to 

create an internal standard from which reliable quantitative data may be obtained.  

Gordon et al. demonstrated with bovine and equine cytochrome c that even small 

differences-in this case, three amino acids-between a protein and a structural 

homologue from a different species is enough to produce different charge state 

distributions that hinder quantification unless the signal from all charge states is 

taken into account.19  Deuterated leucine has been incorporated into model cell 

cultures, including E. coli and S. cerevisiae,20, 21 which facilitated identification of 
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proteins using accurate intact mass and amino acid counting; however, 

quantification with deuterated labels using reversed-phase chromatography is 

problematic because elution times decrease for the deuterated analytes.22, 23  

15N/14N metabolic labeling has been successfully utilized the yeast proteome, and 

moreover was employed on a chromatographic time scale to identify 22 intact 

proteins from S. cerevisiae.24  Stable isotope labeling by amino acids in cell culture 

(SILAC) was introduced by Mann and co-workers as another means of quantifying 

peptides and proteins, whereby stable isotope labeled amino acids are 

supplemented to cull culture growth media to produce co-eluting labeled and 

unlabeled protein or peptide analytes.  This technique is widely implemented in 

bottom-up experiments using labeled arginine and lysine residues in conjunction 

with trypsin proteolysis.25, 26   

Quantification of intact proteins using SILAC has been computationally 

modeled and demonstrated in affinity purified proteins expressed with an E. coli 

vector and 99% stable isotope incorporation of a single label was achieved.27  We 

have previously described the implementation of SILAC on a chromatographic time 

scale for protein identification and quantification using 13C6-arginine supplemented to 

the growth media of the filamentous fungus Aspergillus flavus, and also 

demonstrated that incomplete label incorporation in a prototrophic organism results 

in broad protein isotopic distributions. A mathematical relationship was also 

described which characterizes the relationship of label incorporation with the 

observed experimental protein signal.28 
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Mass spectrometry based proteomics is becoming increasingly employed for 

the analysis of various stem cell populations at increasing depth and detail.29    

Recently, mass spectrometry and electron capture dissociation were used to 

characterize the phosphoproteome of hESCs30, 31 and label free quantification has 

been carried out to characterize 74 different PTM combinations of Histone H4 in 

hESCs.32  The iTRAQ method has been used to track the change in mouse 

embryonic stem cell protein expression during differentiation.33  Bottom-up 

quantification using SILAC has been utilized to identify and quantify over 5,000 

mouse embryonic stem cell proteins34 and has been recently demonstrated with 

hESCs to seek out differentially expressed cell surface markers between pluripotent 

and differentiating cell populations.35    

This study represents our initial efforts to establish top-down analysis of 

SILAC labeled human embryonic stem cells, in which we utilize top-down proteomics 

to analyze human embryonic stem cells that have been dual labeled with 13C6-

arginine (Arg6) and 13C6, 
15N2-Lysine (Lys8) with approximately greater than 98% 

label incorporation as verified by bottom-up proteomics, producing 11 confident 

protein identifications based on accurate intact mass, MS/MS, and amino acid 

counting.  Furthermore, we characterize the effect of multiple stable isotope labels, 

minute incorporation of unlabeled amino acids, and arginine-proline conversion on 

the labeled protein’s isotopic distribution.   
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3.2  Experimental 

3.2.1  Culture and SILAC labeling of hESCs  

H9 cells were maintained on mouse embryonic fibroblast (MEF) conditioned 

medium (CM) according to a protocol adapted from Xu et al 36. Briefly, MEF cells 

were inactivated by Mitomycin C (Sigma Aldrich) treatment and plated at 

55,000/cm2. HESC medium consisting of DMEM/F12 (Invitrogen), 20% Knockout 

Serum Replacement (Invitrogen), 1mM L-Glutamine (Invitrogen), 0.1mM β-

mercaptoethanol, 1% non-essential amino acids (Invitrogen) and 4ng/ml basic 

Fibroblast Growth Factor (bFGF, Sigma Aldrich) was conditioned for 24h on MEF 

cells. CM was collected for 7 days, pooled and supplemented with 4 ng/mL bFGF 

(Sigma Aldrich).  

CM for SILAC labeling of hESCs was prepared using protocols previously 

described.37 Briefly, SILAC medium consisting of DMEM/F12 without L-Lysine and L-

Arginine (Pierce), 13C6 L-Arginine (Pierce), 13C6 
15N2 L-Lysine (Pierce), 20% 

Knockout Serum Replacement (Invitrogen), 1 mM L-Glutamine (Invitrogen), 0.1 mM 

β-mercaptoethanol, 1% non-essential amino acids (Invitrogen) and 4 ng/ml basic 

Fibroblast Growth Factor (bFGF, Sigma Aldrich) was conditioned for 24 h on MEF 

cells. CM was collected for 7 days, pooled and supplemented with 4 ng/mL bFGF 

(Sigma Aldrich).  It is important to note that the Knockout Serum Replacement does 

not contain lysine or arginine 38 
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3.2.2  Protein Isolation and Sample Preparation  

Confluent H9 cells were lysed with 8 M Urea (Sigma Aldrich) and 50 mM 

Ammonium Bicarbonate (Fisher Scientific) and frozen at -80 °C. Prior to analysis by 

LC-MS, cell lysates were concentrated and desalted on 5 μm, C8 stationary phase 

beads (Michrom Bioresources, Auburn, CA) according to a protocol adapted from 

Winston and Fitzgerald.39 

3.2.3  Bottom-Up Sample Preparation   

50 µg of Arg6, Lys8-labeled protein from human embryonic stem cells was 

combined with 2X Laemmli buffer containing β-mercaptoethanol, boiled 5 min and 

cooled on ice.  The sample was loaded and ran on a Criterion 10-20% Tris-HCl gel 

(BioRad, Hercules, CA) at 200V and visualized with BioSafe coomassie stain.  The 

gel lane was divided into 8 equal fractions, each of which were reduced with DTT, 

alkylated with iodoacetamide, and digested with trypsin according to a protocol 

adapted from Shevchenko et al. 40    

3.2.4  Top-Down LC-MS/MS  

All LC solvents were purchased from Burdick and Jackson (Muskegon, MI).  

Reversed-phase nano-flow liquid chromatography was performed on a nanoLC-2D 

system (Eksigent, Dublin, CA) utilizing a vented column configuration.41 10 µL 

samples containing approximately 1 µg of total protein were injected using the 

autosampler, desalted on a 75 µm × 50 mm IntegraFrit (New Objective, Woburn, 

MA) trap packed in-house with mRP-C18 5 µm stationary phase, and eluted onto a 

PicoFrit capillary column with a 15 µm emitter tip (New Objective, Woburn, MA) also 
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packed in-house with mRP-C18 stationary phase (Agilent, Palo Alto, CA).  The final 

packed volume of the column had dimensions 75 µm i.d. × 200 mm and was 

enclosed in a modified Hot-Pocket column heater (ThermoFisher) operating at 

80 °C.  Mobile phases A and B consisted of 98% water, 2% acetonitrile, and 2% 

water, 98% acetonitrile respectively, with both containing 0.2% (v/v) formic acid as 

an ion-pairing reagent.  Samples were injected and desalted on the trap at 

1.5 µL/min with 2% mobile phase B for a metered injection of 30 µL.  After desalting, 

a 10-port valve (VICI, Houston, TX) switched the trap in line with a nano-flow 

gradient at 300 nL/min, at which time data collection also commenced.  The gradient 

was held at 2% mobile phase B for 10 minutes, ramped to 25% over 5 minutes, then 

to 65% B over the following 70 minutes.  The gradient then ramped to 95% B in 

5 minutes and held for 10 minutes before re-equilibrating at 2% B for 10 minutes.     

Mass spectrometric analyses were performed on a 7T LTQ-FT Ultra 

(ThermoFisher Scientific, San Jose, CA) with a pulse sequence consisting of four 

events, providing for a broadband acquisition in profile mode followed by three data-

dependent MS/MS experiments. All mass measurements were performed inside the 

ICR cell.  All events used 1 microscan to determine ionization time to reach the 

target AGC limit of 1×106.  The resolving power of all four events was set at 

100,000FWHM at m/z=400.  MS/MS settings used an isolation width of 7 m/z and a 

normalized collision energy of 18% for 30 ms.  CID was performed on the three most 

abundant m/z values from the precursor ion scan in the LTQ followed by product ion 

detection in the ICR cell.  Precursor ions with 1+, 2+, and 3+ charges were excluded 
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from MS/MS. Precursors isolated for MS/MS were dynamically excluded for 45 

seconds after 3 repeat analyses within a 30 second window to reduce redundant 

analysis of abundant precursor ions that may dominate the mass spectra for long 

periods of time.   

3.2.5  Top-Down Data Analysis  

RAW LC-MS data files were imported into ProSightPC 2.0 (ThermoFisher, 

San Jose, CA) using a THRASH5 algorithm to determine the monoisotopic peak of 

analyte signals with a S/N ratio of 3:1 or greater.  Intact precursor and fragment ion 

masses were searched against the IPI human database (version 3.63) using a 

search logic tree that submitted all data to an absolute mass search, followed by a 

biomarker search for all data that did not yield an ID with E value less than 1E-4 in 

the absolute mass search.  Intact protein precursor and fragment ion data were 

searched initially with ion mass tolerances set at ±10 ppm.  An additional search was 

performed with fragment tolerances of ±1 Da to accommodate sample handling 

modifications to the mass (e.g., deamidation) or error in monoisotopic peak picking 

by the THRASH algorithm.  Identified protein sequences reported from the searches 

were confirmed using arginine and lysine counting from the precursor ion spectra.  

Analysis of SILAC labeled protein distributions and theoretical distributions with 

varying arginine and lysine labeling efficiencies in addition to different amounts of 

proline conversion was carried out using ICR-2LS (PNNL, Richland, WA) and 

Microsoft Excel® (Redmond, WA).           
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3.2.6  Bottom-Up LC-MS/MS   

In-gel digested peptide samples were separated using the same LC system, 

column configuration and mobile phases described vide supra.  The stationary 

phase employed was Magic C18AQ (5 µm particle, 200 Å pore size)(Microm 

BioResources).  10 µL of sample was injected and desalted at 1.5 µL/min on the trap 

before switching in line with the gradient at a flow rate of 300 nL/min.  The gradient 

held at 2% B for 5 minutes before ramping to 10% B over 2 minutes, followed by an 

increase to 50% B over the next 60 minutes.  The gradient then ramped to 95% B in 

3 minutes, held for 5 minutes, then re-equilibrated at 2% B for 10 minutes.   

 Peptides were detected on the LTQ-FT Ultra with a pulse sequence 

containing 4 scan events.  A broadband scan was performed in the ICR cell followed 

by three data-dependent MS/MS events in the ion trap at an isolation width of 2 m/z 

and normalized collision energy of 30% for 30 ms.  1+ charge states were rejected 

from MS/MS and dynamic exclusion was employed for 45 seconds after 2 repeat 

analyses in a 30 second window. 

 

3.2.7  Bottom-Up Data Analysis   

RAW LC-MS files were processed using MASCOT Distiller (Matrix Science, 

Boston, MA) to create peak lists in .mgf format to be searched against the IPI 

Human database using MASCOT(Matrix Science, London, UK).[42]  Searches 

employed a peptide mass tolerance of ±5 ppm and a fragment ion tolerance of ±1 

Da.  Fixed modification included carboxyamidomethylation of cysteine, with variable 
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modifications including methionine oxidation and deamidation of asparagines and 

glutamine residues.     

 

3.3  Results and Discussion 

H9 cells cultured in CM and SILAC CM for at least 5 passages were lysed, 

combined at a 1:1 ratio as determined by Bradford assay, and subjected to an initial 

sample cleaning procedure with C8 reversed-phase column packing material.  The 

resulting SILAC mixture was analyzed by nano-flow LC-MS/MS as described vide 

supra.  Figure 3.1 shows examples of two proteins identified by top-down LC-

MS/MS.  Figure 3.1A demonstrates the detection of an 8.5 kDa SILAC pair with 

charge states ranging from 6+ to 12+.  The light form of the 7+ charge state was 

isolated for collision induced dissociation, allowing the protein to be identified as 

ubiquitin c splice variant using the biomarker search method in ProSightPC.  The 

sequence of the protein, identified with an E-value of 2.94E-19, was then used to 

calculate a mass difference between the light and heavy protein forms of 80.1798 

Da based on the presence of 4 arginine residues and 7 lysine residues. This mass 

difference translates to an m/z difference of 11.4542 at z = 7, which strongly 

correlates with the mass difference between the SILAC pair in the experimental 

precursor spectrum.  This increases the confidence of the protein identification. 

Likewise, the principle of making an initial identification from MS and MS/MS 

data and confirming with mass difference of the SILAC pair is also illustrated in 

Figure 3.1B. 
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Here, SILAC pairs of a 12.3 kDa protein with charge states ranging from 9+ to 13+ 

are detected, with the light form of the 12+ charge state being isolated for MS/MS 

analysis.  Searching in absolute mass mode with ProSightPC identified the protein 

as macrophage migration inhibitory factor with an E-value of 3.02E-7.  Although the 

noisy broadband and MS/MS spectra in addition to only a few identified product ions 

would normally cast doubt on the confidence of the identification, the calculated 

mass difference for 5 arginines and 3 lysines of 54.1432 Da between the light and 

heavy forms given by the predicted sequence again matches the m/z difference of 

4.5119 at z=12 of the experimental precursor ion spectrum, giving additional 

confidence to the identified sequence.  We were similarly able to identify 11 intact 

proteins from hESC lysate (Table 3.1).  Seven of the eleven identified proteins were 

full intact proteins identified by the absolute mass search in ProSightPC, and four 

were identified by biomarker search, meaning they are truncated forms of intact 

protein sequences.  Four of the proteins identified by top-down analysis are variants 

of thymosin or prothymosin, of which only one form was identified in a parallel 

bottom-up study (data not shown).  Five of the 11 proteins identified were acetylated 

at the N-terminus, including Histone H4.    

Although heavy and light pairs of SILAC-labeled intact proteins were 

detected, the ratio of abundance of light to heavy protein initially appeared to deviate 

from the expected 1:1 ratio.  A closer inspection of the isotopic distributions of the 

heavy labeled proteins, illustrated in the upper left panels of both Figures 3.1A and 

3.1B, reveals more complexity to the distribution than is present in the light protein 
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signal, with additional isotopic peaks appearing at both lesser and greater m/z 

values than expected.  This complexity is a compounded effect of the incorporation 

efficiency of the two different stable-isotope labeled amino acids, in addition to 

contribution from the metabolic conversion of heavy arginine to heavy proline.[37, 

43]  However, the SILAC ratio calculated as the sum of light isotope abundances 

divided by the heavy isotope abundances still results in a value of unity.  Specifically, 

the SILAC ratios calculated for ubiquitin c splice variant and macrophage migration 

inhibitory factor were 1.05 and 0.90, respectively, both falling within the range of 

variability of SILAC ratios observed in bottom-up SILAC experiments with the same 

samples (data not shown). 

In addition to the ability to confirm protein identifications with the ΔM of the 

light and heavy forms of the protein observed in the precursor ion spectra, the 

incorporation of amino acid labels in MS/MS fragment ions of the same protein can 

be confirmed in cases where both the heavy and light forms of the protein are 

selected for CID.  Figure 3.2 shows an overlay of the MS/MS spectra of the ubiquitin 

c splice variant shown also in Figure 3.1.  Varying differences in m/z between the 

same y and b ion peaks arise from each fragment containing a different number of 

labeled amino acids.  By comparing the difference in mass between those peaks 

with the mass difference predicted by the assigned sequence of the protein, we can 

further increase our confidence as to the identity of the protein analyte.  For 

instance, the y18
2+ ion are expected to contain one lysine and two arginines that 

should be heavier in the labeled form of the protein by 20.054 Da.  
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The m/z difference of 10.027 in the experimental spectra (z=2) shown in Figure 3.1 

corresponds closely to the predicted mass difference.  Likewise, the light and heavy 
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forms of the y58
5+ ion have a predicted mass difference 64.15 Da predicted by the 

assigned sequence, containing 5 lysines and 4 arginines.  The 12.83 m/z difference 

at z=5 from the overlaid experimental spectra also match with the predicted mass 

difference, and further confirm the identification of the protein sequence.   

Because the stable isotope labeled amino acids were not 100% purely 

labeled, there exists an increasing statistical probability that one or more light amino 

acids will be incorporated as the number of amino acids to be labeled in the protein 

increases.  The result of such a probability is an incomplete labeled intact protein, 

being slightly lower in mass than the completely labeled counterpart.  The 

abundance of these unlabeled forms is modeled in Equation 3.1 which takes into 

account the number of amino acids to be labeled in the protein, N, and the 

incorporation efficiency of the amino acid label, E, and determines the relative 

abundance of the protein signal arising from n unlabeled residues, An.[28]   

Equation 3.1: 
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In order to account for the use of both stable isotope labeled arginine and 

lysine, in addition to the conversion of heavy arginine to heavy proline, the 

abundance of the completely labeled isotopic distribution is described by 
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Equation 3.2:  
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Where AH the abundance of the completely labeled protein, A100% is the abundance 

if labels were incorporated 100% of the time, NR is the number of arginine residues 

in the protein, nR is the number of unlabeled arginine residues in the protein, and ER 

is the incorporation efficiency of arginine. NK, nK, and EK represent the same 

parameters for stable isotope labeled lysine, and NP and %P is the number of 

prolines and percent of conversion from arginine to proline, respectively. 

 In order to test the model described in Equation 3.2 with the isotopic 

distributions observed in the top-down analysis of SILAC labeled hESCs, the amino 

acid incorporation efficiency of both Arg6 and Lys8 were determined from a parallel 

bottom-up proteomic analysis of just the heavy-labeled cell lysate.  Figure 3.3 

shows results for peptides corresponding to proteins identified in Figure 3.1, 

including the ubiquitin c splice variant (Figures 3.1A, 3.3A, 3.3B) and macrophage 

migration inhibitory factor (Figures 3.1B, 3.3C, 3.3D).  Figure 3.3A shows the mass 

spectrum of the peptide identified by MS/MS as ESTLHLVLR from the ubiquitin c 

splice variant, including the dominant signal from the form of the peptide containing 

Arg6, and the much weaker signal from the light form, amplified 50 times in the inset.  
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Extracting the ion chromatograms of the monoisotopic masses from both the light 

and heavy forms and finding the ratio of their peak areas suggests arginine 

incorporation to be approximately 98%.  Similarly, Figure 3.3B shows the calculated 

incorporation of Lys8, also approximately 98%, from the mass spectrum and 

extracted ion chromatogram of the peptide TLSDYNIQK, which corresponds to the 

ubiquitin c splice variant as well.   

 Peptides that correspond to macrophage migration inhibitory factor are 

illustrated in Figures 3.3C and 3.3D.  Both were arginine terminated, and yielded 

Arg6 incorporation values of approximately 98.5 %.  The contribution arginine-

proline conversion is visible in the mass spectrum of the peptide identified as 

PMFIVNTNVPR (Figure 3.3C) as indicated by the increased abundance of the fifth 

and sixth isotopic peaks in the labeled peptide signal.  The area of the extracted ion 

chromatogram of the fifth isotopic peak, which is actually the monoisotopic peak of 

the heavy proline-containing form of the peptide, compared to that of the heavy 

label, reveals roughly 5% conversion of arginine to proline. 

 Using the percent incorporation values of Arg6 and Lys8 in addition to the 

percent conversion of Arg6 to Pro5 obtained from bottom-up proteomic analysis, 

Equations 3.1 and 3.2 can be used in combination to plot the predicted abundance 

of a completely SILAC labeled intact protein signal (using Equation 3.2) in addition 

to signals that arise from having one or more unlabeled lysine or arginine residue 

and furthermore the signal arising from the incorporation of Pro5 (using Equation 

3.1).  Figure 3.4 shows the experimental mass spectra of two intact proteins 
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overlaid upon the inverted theoretical spectra as predicted by Equations 3.1 and 

3.2. 

 

The experimental spectrum of the 7+ charge state of the ubiquitin c splice variant is 

illustrated in Figure 3.4A, where the predictive model accounts for 98% 

incorporation of Lys8 and Arg6 as determined by the peptide level data discussed 

above and shown in Figure 3.3A and 3.3B.  5% conversion of arginine to proline is 

also taken into account in the predicted spectra.  All of the theoretical predicted 
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spectra are displayed on an inverted axis with the sum of the abundances of each 

isotopic peak overlaid upon the experimental spectrum, showing a strong correlation 

between the two.  The theoretical isotopic distribution also strongly correlates with 

the experimental spectrum for the macrophage migration inhibitory factor SILAC pair 

shown in Figure 3.3B.   

 Comparing the heavy isotopic distribution of Figure 3.4A to that of Figure 

3.4B, the statistical relationships of the model become more apparent.  For instance, 

the maximum abundance of the heavy form of the ubiquitin c splice variant is just 

over half that of the light form, whereas the heavy form of the macrophage migration 

inhibitory factor is approximately 60 % that of the light form.  The abundance of the 

SILAC labeled protein signal to its unlabeled counterpart is related to the number of 

labeling amino acids present for which imperfect incorporation subtracts from the 

abundance of the completely labeled form.  This is evident in that the ubiquitin c 

splice variant has 11 total arginine and lysine residues for labeling versus 8 residues 

for macrophage migration inhibitory factor.  The greater number of labeling amino 

acids in ubiquitin increases the probability of one being unlabeled, leading to a more 

pronounced “shoulder” of incompletely labeled protein in Figure 3.4A compared with 

Figure 3.4B.  Additionally, 2 proline residues are present for potential incorporation 

of heavy proline in ubiquitin c splice variant and 8 proline residues are present in 

macrophage migration inhibitory factor, which in turn leads to a slightly more 

pronounced “tail” from the heavy proline protein signal in the latter relative to the 

former.  
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 The complex distribution of stable isotope labeled intact proteins warrants 

careful interpretation for accurate quantification.  This concept is illustrated in Figure 

3.5 where the base 2 logarithm of the light to heavy ratio of proteins in a SILAC pair 

are plotted in relation to the number of labeled amino acids in a given protein.   

 

The red data points represent the ratios obtained when only taking into account the 

m/z space occupied the isotopic distribution of a completely labeled heavy protein.  

As the number of amino acid labels in the protein increase, the Log2(L:H) deviates 

from zero with increasing magnitude.  This deviation is a result of the increasing 

statistical probabilities of incorporating an unlabeled amino acid as the number of 
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labels increase.  To correct for such a deviation one must account for the resulting 

expanded isotopic envelope using the model described in Equations 3.1 and 3.2.  

The successful implementation of this model on quantification is demonstrated by 

the blue data points in Figure 3.5, in which Log2(L:H) values are tightly clustered 

about zero, representing a 1:1 protein abundance ratio.   

                           

3.4  Conclusions 

 Quantifying intact proteins using the SILAC method remains a challenging 

task, even with the relatively high incorporation of stable isotope labeled lysine and 

arginine < 98%.   While the use of dual labeling strategies is beneficial in the case of 

bottom-up quantification by SILAC, even the small amount of light amino acid 

incorporated in the place of the stable isotope label is compounded.  This effect is 

magnified further when a labeling amino acid is converted by the biological system 

into a different residue, as is the case with arginine-proline conversion.  Many of 

these effects can be taken into account easily with quantification software with 

bottom-up experiments, but remains unaddressed from the top-down perspective.  

Still, multiple intact proteins were confidently identified, including multiple intact 

forms of proteins for which only a single form was identified from bottom-up analysis.  

It would be beneficial in future studies involving intact proteins for the use of a single, 

highly purified, essential amino acid label to be utilized for SILAC labeling.  Stable 

isotope labeled lysine would be a strong candidate for future use, as it occurs 

frequently enough in the proteome to be present in most proteins, is a limiting amino 
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acid, and is not converted biologically into other amino acids.  The result of this 

labeling system would be less complex heavy protein isotope distributions for easier 

intact protein quantification, giving researchers the ability to thoroughly examine the 

intact proteomes of human embryonic stem cells in addition other biological 

systems.
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Chapter 4 
 

Direct Comparison of Stable Isotope Labeling by Amino Acids in Cell Culture 
(SILAC) and Spectral Counting for Quantitative Proteomics 

 

4.1  Introduction 
Mass spectrometry-based proteomics, which seeks to identify, quantify, and 

determine the function of all the proteins in a given biological system (whether 

organelle, organ, or organism) as they vary over time, space, and physiological 

state, is a robust and rapidly developing area of research which must adapt and 

develop novel analytical strategies to address the dramatic variation across 

dissimilar biological systems1.  One of the most challenging aspects of proteomic 

analysis is the relative quantification of proteins once identified.  Differential analysis 

of two-dimensional electrophoretic gels continues to be a widely-used tool for protein 

separation and quantification2-6.  However, despite continuous improvements, 

challenges still exist for the analysis and quantification of proteins that reside at the 

limits of the gel’s analytical capability, whether very high or low molecular weight, 

extremes in protein isoelectric points, or proteins of low abundance. 

 The incorporation of stable isotope labels, both chemically and metabolically, 

has been widely adopted as a protein quantification strategy as the stable isotope-

labeled species possess similar physical and chemical properties as their unlabeled 

equivalents, but with a different mass.  This allows direct comparison of multiple 

experimental conditions within the same analytical run. Numerous strategies have 

been developed for quantification of proteins and peptides using chemical 

derivatization. Gygi and coworkers developed isotope-coded affinity tags (ICAT) 
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containing a thiol specific reactive group, an isotope labeled linker region containing 

eight deuteriums (or hydrogens) and a biotin affinity tag7, 8.  The initial application of 

ICAT labeling to a complex protein mixture indicated relative standard deviation of 

peptide area ratios of around 10%, although the potential for greater error has been 

reported as a result of deuterium labels producing peak retention times that differ 

between the light and heavy labeled counterparts by as much as 30 seconds9-11.  

Isobaric tags for relative and absolute quantitation (iTRAQ) is conducive to the direct 

comparison of four or more experimental samples simultaneously by labeling the N-

termini of peptides with a compound containing a reporter group with varying stable 

isotope (13C, 15N, and 18O) incorporation, a balancing group, and an amine specific 

reactive group.  Tandem mass tags (TMTs) also employ an isobaric chemical 

labeling strategy for relative quantification.  All versions of the tag possess the same 

total mass, with quantification achieved during MS/MS, in which the reporter groups 

with varying masses are generated with abundances correlating to the relative 

abundance of the peptide in each experimental pool9, 12. Enzymatically catalyzed 

18O-labeling has also been employed, incorporating either 16O or 18O into peptide C-

termini during proteolysis to generate light and heavy peptide pairs for relative 

quantification13-18. 

 Stable isotope labels are also introduced to samples for proteomic analysis 

through metabolic processes including cell and tissue culture, in which growth media 

is enriched with the label of choice.  This strategy was introduced for bacterial 

proteomics by Oda et al.19.  Deuterated leucine has also been used to label cultures 
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of E. coli and S. cerevisiae but proved to be less accurate than other labeling 

methods due to the effect of deuterium on retention time, as discussed vide supra10, 

11, 20, 21.  15N/14N metabolic labeling has been successfully utilized for quantification of 

the yeast proteome and has also been successfully utilized for quantification in plant 

species22.  Stable isotope labeling by amino acids in cell culture (SILAC) was 

introduced by Mann and coworkers as a metabolic labeling strategy whereby amino 

acids containing stable isotopes are supplemented to cell culture growth media to 

produce peptide analytes that chromatographically co-elute23, 24.  More recently this 

strategy has been developed for the in vivo labeling of mice25. 

 In addition to the stable isotope based methods for protein quantification, 

label-free strategies continue to be developed.  One such strategy uses integrated 

ion abundance obtained from extracted ion chromatograms to track peptide and 

protein abundance across experimental samples.  Bondarenko and coworkers 

demonstrated the linear relationship of peptide peak areas over a range of 10 to 

1,000 fmol of myoglobin digest spiked into a human plasma sample, with a relative 

standard deviation near 10%26, 27.  Another promising method for label-free 

quantification is spectral counting, where the number of mass spectra contributing to 

identification of the protein are used as an indication of that protein’s abundance28.  

Standard peptides spiked into yeast lysate showed a linear relationship between 

protein abundance and spectral counts over two orders of magnitude. Additionally, 

the number of spectral counts can be normalized to protein length allowing for the 

relative quantification of two different proteins29.  Overall, these two label-free 
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methods are comparable, with spectral counting reporting to show more sensitivity to 

changes in protein abundance, and peak area quantification showing slightly higher 

accuracy in determining relative protein ratios30.  A recent comparative study by 

Stevenson et al. found the statistical processing associated with spectral counting to 

be more amenable to high throughput quantification relative to ion peak integration31. 

     The quantitative proteomics strategy employed in any given experiment is 

dependent on a number of factors.  In many cases, biological systems of interest 

may not be capable of metabolic labeling, and chemical isotopic labeling may be 

cost and/or time prohibitive.  The rice blast fungus Magnaporthe oryzae is a potent 

agricultural pathogen with impacts in the billions of dollars per annum affecting a 

dietary staple of half the planet’s human population32.  However, understanding how 

the fungus infects and destroys rice from a proteomic perspective is challenging at 

best using a stable isotope labeling strategy such as SILAC.  This is primarily a 

result of the fact that fungi such as M. oryzae and the previously studied Aspergillus 

flavus are prototrophic organisms capable of synthesizing their own amino acids 

regardless of any that may be supplemented to their growth media33, 34.  Also, 

clinical samples and most animal based samples cannot employ metabolic label-

based quantification strategies.  Studies of this nature stand to directly benefit from 

label-free quantification strategies and a more thorough understanding of how label-

free techniques compare to stable-isotope facilitated methodologies is warranted.  In 

order to compare SILAC and spectral counting as methods of quantification, we 
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have employed human embryonic stem cells (hESCs), which we are able to readily 

label using SILAC.    

Few examples exist in the literature for the direct comparison of stable 

isotope labeling and label-free quantification.  Hendrickson et al. reported on the 

comparison of 15N/14N with spectral counting in their study of two microbial species 

and suggest a lesser degree of sensitivity in detecting a two-fold expression change 

with spectral counting35.  In a comparison of iTRAQ and label-free quantification 

using spectral counting, spectral counting was found to identify many more proteins 

with greater sequence coverage when compared to iTRAQ, with both techniques 

possessing similar quantification capabilities36.  Recently, Parker et al. used 

spectral-counting to analyze SILAC data sets as a means of demonstrating the 

ability to use a SILAC experimental design to combine different experimental states, 

but not require high mass accuracy mass spectrometers for data collection, using 

the spectral counts for quantification of light and heavy peptides separately37.  In this 

report, we use a similar strategy to evaluate and directly compare the performance 

of SILAC and label-free quantification using spectral counting on a 1:1 mixture of 

SILAC labeled human embryonic stem cells.  Within this context, we evaluate the 

number of proteins identified at a 1% false discovery rate, the confidence intervals of 

quantification, as well as assessing the constraints of each quantification strategy.                 
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4.2  Experimental 

4.2.1  Cell Culture and Sample Preparation   

H9 human embryonic stem cells were maintained on mouse embryonic 

fibroblast (MEF) conditioned medium according to a protocol adapted from Xu et. 

Al.38  Briefly, MEF cells were inactivated by mitomycin c (Sigma Aldrich, St. Louis, 

MO, USA) treatment and plated at 55,000 cells/cm2.  HESC medium consisting of 

DMEM/F12 (Invitrogen, Carlsbad, CA, USA), 20% knockout serum replacement 

(Invitrogen), 1 mM L-glutamine (Invitrogen), 0.1 mM β-mercaptoethanol, 1% 

nonessential amino acids (Invitrogen), and 4 ng/mL basic fibroblast growth factor 

(bFGF; Sigma Aldrich) was conditioned for 24 hours on MEF cells.  The conditioned 

media was collected for 7 days, pooled, and supplemented with an additional 4 

ng/mL bFGF (Sigma Aldrich).  Conditioned media for SILAC labeling of hESCs was 

prepared using protocols previously described39.  Briefly, SILAC medium consisted 

of DMEM/F12 without L-lysine and L-arginine, 13C6-L-arginine (Pierce, Rockford, IL, 

USA), 13C6, 
15N2-L-lysine (Pierce), 20% knockout serum replacement (not containing 

lysine or arginine), 1 mM L-glutamine, 0.1mM β-mercaptoethanol, 1% nonessential 

amino acids and 4 ng/mL bFGF, which was conditioned over MEF cells.  Stable 

isotope labeled arginine and lysine incorporation of 98% and 98.5%, respectively, 

was achieved as previously reported 40.  

 Once confluent, hESC cells were lysed with 8 M Urea (Sigma Aldrich) and 50 

mM ammonium bicarbonate (Fisher Scientific, Hampton, NH, USA) and frozen at -80 

°C until needed.  Unlabeled and SILAC labeled hESC lysate were combined at a 
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ratio of 1:1 according to total protein concentration as determined by Bradford assay 

using a BSA standard curve.   

4.2.2  GELFrEE Fractionation 

200 µg of total protein from a 1:1 mixture of unlabeled and SILAC labeled 

hESC lysate was fractionated using a mid-mass range gel cartridge on a GELFrEE41, 

42  8100 Fractionator (Protein Discovery, Knoxville, TN, USA) according to the 

manufacturer’s instructions.  Twelve 150 µL fractions were recovered at different 

times along the course of the fractionation.  SDS was removed by 

methanol/water/chloroform precipitation using a protocol described by Wessel and 

Flugge43.  Protein pellets were redissolved in 100 µL of 100 mM ammonium 

bicarbonate pH 8.0 for further processing. 

4.2.3  Protein Digestion   

In-solution reduction, alkylation, and digestion were performed on each 

GELFrEE fraction as follows.  Cys-cys disulfide linkages were reduced through the 

addition of 10 µL of 500 mM dithiothreitol to each fraction and incubation at 56 °C for 

one hour with occasional vortexing before removing and allowing to cool to room 

temperature.  The free thiols were then carbamidomethlyated by adding 15 µL of 

500 mM iodoacetamide to each sample and incubating for one hour in the dark at 

room temperature.  Digestion was performed for 18 hours at 37 °C in the presence 

of 1.5 µg of proteomics grade trypsin in each fraction.  Digestion was halted with the 

addition of 10 µL of formic acid to each sample.  The resulting peptide fractions were 

then stored at -80 °C prior to LC-MS/MS analysis.      
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4.2.4  Nano-flow Liquid Chromatography   

Reversed phase liquid chromatography was performed on an Eksigent 

nanoLC-2D system (Dublin, CA) running under a vented-column configuration as 

previously described44.  All LC solvents were purchased from Burdick and Jackson 

(Muskegon, MI, USA).  Briefly, mobile phase A and B consisted of 2% and 98% 

acetonitrile in water, respectively.  Each mobile phase was supplemented with 0.2% 

(vol/vol) formic acid as an ion pairing reagent.  Four microliters of sample were 

injected onto a 100 μm ID IntegraFrit trap column packed in-house to ~3 cm with 

Magic C18AQ (5 µm particle, 200 Å pore size) stationary phase (Michrom 

Bioresources, Auburn, CA, USA).  The analytical column consisted of a 75 μm ID 

capillary coupled to a 15 μm PicoFrit tip packed in-house to ~20 cm with Magic 

C18AQ stationary phase.  Peptide samples were trapped and desalted at 1.5 µL/min 

before switching in-line with the gradient flow rate at 300 nL/min using a 10-port 

valve (VICI, Houston, TX, USA).  The gradient remained at 2% B for 5 min prior to 

increasing to 10% B over 2 min.  The gradient then ramped to 50% B over the next 

60 min, and then increased to 95% B over 3 min, holding for 5 min, then re-

equilibrated at 2% B for 10 min.  The total time of the chromatographic run was 85 

minutes.  IntegraFrit and PicoFrit columns were from New Objective (Woburn, MA, 

USA). 

4.2.5  LTQ-FTICR Mass Spectrometry   

Peptides eluting from the analytical column were directly introduced via 

electrospray ionization to a hybrid LTQ-FT45 Ultra equipped with a 7T 
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superconducting magnet (Thermo Fisher Scientific, San Jose, CA).  Mass calibration 

was performed as specified by the manufacturer.  Peptides were detected using a 

pulse sequence containing four scan events.  A precursor ion scan was performed in 

the ICR cell to identify the 3 most abundant candidates for MS/MS analysis with an 

AGC of 1x106 (maximum injection time of 1 s) and resolving power of 100,000FWHM 

at 400 m/z.  The three data-dependent MS/MS events were carried out in the ion 

trap with an AGC of 1x104, an isolation width of 2 m/z and normalized collision 

energy of 30% for 30 ms.  The isolation Q was set to 0.25.  1+ charge states were 

rejected from MS/MS analysis and dynamic exclusion was employed for 45 seconds 

after 2 repeat analyses in a 30 second window.  A total of 12 samples were analyzed 

with 3 technical replicates each for a total of 36 .RAW data files.    

4.2.6  Data Processing   

.RAW LC-MS/MS files were processed using MASCOT Distiller (Matrix 

Science, Boston, MA, USA) to generate peak lists in .mgf format for database 

searching using MASCOT46 server (Matrix Science).  For SILAC quantification, the 

data files were searched with carbamidomethylation of cysteine as a fixed 

modification and with variable modifications including glutamine and asparagines 

deamidation, methionine oxidation, 13C6-arginine, and 13C6, 
15N2-lysine.  For label-

free quantification using spectral counting, database searches were designed to only 

look for light peptides or to only look for heavy peptides.  This was accomplished by 

searching with the same modifications as above, with the exception searching 13C6-

arginine, and 13C6, 
15N2-lysine as fixed modifications for heavy peptides, or not at all 
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for light peptides.  All searches were performed against the IPI human database 

(v3.63) containing both target and reverse protein sequences for determination of 

protein false discovery rate with a  precursor ion tolerance of ±5 ppm and a fragment 

ion tolerance of ±1 Da.  SILAC quantification was performed within the quantification 

module of MASCOT Distiller, while label-free quantification using spectral counts 

was performed by importing MASCOT results files into ProteoIQ (BioInquire, Athens, 

GA, USA).     

 

4.3  Results and Discussion 

The use of the a metabolic labeling strategy such as SILAC was compared directly 

with label-free quantification strategy of spectral counting by searching the same LC-

MS .RAW files in different ways appropriate to the corresponding quantitative 

strategy.  The overall experimental strategy for this study is summarized in Figure 

4.1, in which human embryonic stem cells were cultured in a light media containing 

12C6-arginine and 12C6, 
14N2-lysine and a heavy media containing 13C6-arginine and 

13C6, 
15N2-lysine.  The hESC lysate was combined 1:1 based on total protein 

concentration as determined by Bradford assay, followed by GELFrEE fractionation 

and nanoLC-MS/MS analysis on an LTQ-FT-ICR mass spectrometer.  The resulting 

.RAW files were processed using MASCOT distiller to generate .mgf peak list files, 

which were subsequently searched using MASCOT server.  In the case of label-free 

quantification using spectral counting, light and heavy peaks were searched 

separately and treated as separate samples when quantified in ProteoIQ.  For 
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SILAC quantification, the heavy and light data were searched together, with SILAC 

quantification performed within the MASCOT distiller software platform.  

 

From these separate quantification methods, proteins that were identified in both 

quantification strategies could be utilized for direct methodological comparison. 

 A summary of the results of label-free and SILAC quantification of hESC 

proteins in an experimental control are shown in Table 4.1.  As both techniques 

were performed on the same set of raw data, it is expected that the results would be 
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similar, with the exception of the number of proteins quantified.  Label-free 

quantification using spectral counting yielded 885 quantified proteins out of 932 

identified at 1% FDR, meaning each protein has at least one spectral count from 

both heavy and light peptides.  However, confident quantification required more than 

a single spectral count (vide infra), and of the 885 proteins quantified, only 304 of 

those had more than 5 SpC with which to more accurately quantify.  By comparison, 

the quantification module in MASCOT Distiller gave rise to 450 quantified proteins 

out of the 998 identified with 1% FDR.  It should be noted that while more than 450 

proteins had peptides quantified by SILAC, proteins had to have at least 2 accurately 

quantified peptides to be reported by the quantification module. 

 

Table 4.1  Overall results of Label Free and SILAC Experimental Strategies 

 Label Free  SILAC  

Number of Peptides  15,168 16,594  

Number of Unique Peptides  4,435  4,863  

Proteins Identified (1% FDR)  932  998  

Proteins Quantified  885  
(304  w/ >5 SpC)  

450 

        

While similar numbers of peptides, unique peptides, identified proteins at 1% 

false discovery rate, and proteins quantified are reported for each quantification 

strategy, it is important to note that these results are unique to the experimental 

design of a direct comparison.  For instance, a two-condition labeling experiment 

consists of two different samples being combined in a single LC-MS experiment, so 
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in a typical 1 µg column load, only 500 ng is injected from either experimental 

condition.  A label-free experiment would consist of separate LC-MS runs, allowing 

the maximum column load for each experimental condition, or twice the capacity of a 

two-condition labeling experiment.  The increased sample load afforded by a label-

free workflow would thus be expected to produce an increase in detected peptides 

and at the very least an increase in spectral counts allowing more accurate 

quantification.  For the purpose of directly comparing SILAC quantification and label-

free quantification using spectral counting, spectral counts of light and heavy 

members of stable isotope-labeled pairs are counted as opposed to using the 

spectral counts of two separate runs, eliminating run-to-run variability that would 

otherwise complicate the comparison of quantification strategies.  Thus, the total 

protein in this label-free experiment is half that of a typical experiment employing two 

separate LC-MS runs per comparison. 

An example of the two quantification methodologies employed in this study is 

shown in Figure 4.2 for the quantification of ribosomal protein S10 from hESC 

lysate.  Two different peptides, AEAGAGSATEFQFR2+ and IAIYELLFK2+, 

contributed to the protein’s identification using MASCOT server, the former being 

present in two out of three technical replicate runs of the same GELFrEE fraction.  

SILAC quantification was performed by MASCOT Distiller by obtaining the extracted 

ion chromatograms of the light and heavy labeled members of each peptide SILAC 

pair and determining the ratios of the light to heavy peak area.  
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The protein SILAC ratio is then determined by the average of the peptide SILAC 

ratios; in this case peptide SILAC ratios of 0.90, 0.87, and 0.99 are averaged to give 

a protein SILAC ratio of 0.92.  To quantify the protein using spectral counting 

requires a few simple calculations.  First, the spectral counts of each peptide are 

averaged over its appearance in all technical replicates.  For example, the four 

spectral counts for the light condition of AEAGAGSATEFQFR2+ are averaged for its 

two replicates giving rise to two spectral counts for that peptide in the light 
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experimental condition.  The same calculation for IAIYELLFK2+ gives two spectral 

counts as well for its detection in one out of three technical replicates.  The sum of 

the spectral counts from the constituent peptides of ribosomal protein S10 are thus 

calculated (4 in this case) for both the light and heavy experimental conditions.  The 

average spectral counts per peptide are then calculated by dividing the total number 

of spectral counts determined vide supra by the number of different peptides (2 in 

this case) to give 2 average spectral counts for both the light and heavy labeled 

peptides.  To account for any deviation in run-to-run reproducibility, the average 

spectral counts are then normalized to the total number of spectral counts for each 

experimental condition.  Searching the same data set for light and heavy peaks 

separately yielded 10% more total light spectral counts than total heavy spectral 

counts for the entire experiment, and so the heavy average spectral count is 

adjusted upward by 10%.  Taking the ratio of the light to heavy in this case gives a 

ratio of 0.90, which closely approximates the value determined using SILAC 

quantification.  

By quantifying proteins identified and quantified using both SILAC and 

spectral counting methodologies, we are able to directly compare the variation of 

each method.  Figure 4.3A depicts the distribution on a logarithmic base 2 scale of 

quantified proteins present in both quantification protocols described vide supra.  In 

all, 317 proteins were quantified in both the label-free and SILAC results.  SILAC 

quantification gave rise to an average Log2(L:H) of -0.16 with a 95% confidence 

interval of extending from -.44 to 0.12, while the same 317 proteins quantified by 
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spectral counting gave a similar average Log2(L:H) of -0.13, but with a 95% 

confidence interval that spans from -0.76 to 1.02, a nearly two-fold change in the 

negative direction to a two-fold change of expression in the positive (Log2(L:H)=1 or 

-1).  The principle cause of such a wide confidence interval arises from proteins with 

a very low number of spectral counts contributing to their quantification. 

 

This distribution of spectral-counting based L:H ratios as a function of the number of 

spectral counts is shown in Figure 4.3B, where it is clearly evident that the majority 

of variation occurs at lower abundance as determined by number of spectral counts.  

Establishing a conservative cut-off value of 5 spectral counts needed for more 

accurate quantification successfully reduces the confidence interval of quantification 

using spectral counts to a level comparable to SILAC quantification whose 
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confidence interval remained relatively unchanged relative to no spectral count cut-

off (Figure 4.3C).  Our established spectral count cut-off is slightly more 

conservative but agrees with the 4 spectral count cut-off employed by Old et al. for 

human erythroleukemia cell cultures30.  It must be noted that while establishing a 5 

spectral count threshold for quantification resulted in a narrower confidence interval, 

only 137 of the 317 proteins identified and quantified using both quantification 

methods met the threshold.  304 of 885 proteins quantified by spectral counts alone 

met the 5 spectral count threshold as well (see Table 1).  Challenges in the 

quantification of low abundant proteins are readily apparent in establishing a 5 

spectral count threshold.  However, as discussed above, a typical label-free 

experiment consisting of two separate runs and thus a higher sample loading 

capacity would result in more quantified proteins overall.   

The correlation of SILAC quantification and spectral counting can be seen in 

the plot shown in Figure 4.4, in which each point represents a protein identified and 

quantified using both methodologies.  Within a quantitative control experiment, in 

which all proteins should be present at a 1:1 ratio, a perfect correlation between 

these two methodologies would have all the data points clustered tightly about the 

origin.  Taking into account all 317 quantified proteins regardless of the number of 

spectral counts one can observe an diffuse distribution of the data points.  As the 

number of spectral counts for the quantified proteins increases from >5 spectral 

counts (green squares) to >20 spectral counts (red triangles), the points begin to 

cluster about the origin, illustrating again that the analytical variability of 
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quantification decreases 

with increasing numbers of 

spectral counts as one 

would expect, and thus 

correlation between the two 

different quantitative 

techniques would also 

increase. 

4.4  Conclusion 

The quantification of 

proteins is one of the 

paramount objectives of 

proteomics and a number of strategies have been developed to address its 

challenges, including chemical derivitization and metabolic labeling with stable 

isotope-labeled reagents and label-free methods such as peak area quantification 

and spectral counting.  Investigators must consider many factors when choosing a 

quantitative strategy for their particular biological system, as some options may be 

incapable for efficient implementation.  This is the case for SILAC labeling of fungal 

organisms such as M. oryzae, which are capable of synthesizing all of their amino 

acid constituents.  Label-free methodologies such as spectral counting are an 

attractive alternative for such a dilemma, although to date the capabilities of SILAC 

and spectral counting had yet to be directly compared.  Using human embryonic 
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stem cells as a model system that could be readily quantified by both SILAC and 

spectral counting, we were able to establish similar capabilities in protein 

identification by analyzing an identical data set with each strategy.  With respect to 

protein quantification, spectral counting was inherently able to quantify more proteins 

(885) than SILAC (450), although less accurately unless a 5 spectral count limit was 

established for protein quantification, reducing the number of proteins quantified by 

spectral counting to 340.  In a normal experimental setting, a label-free strategy 

allows for double the total protein amount to be analyzed using spectral counting 

compared to SILAC.  Additionally, samples analyzed by label-free typically possess 

half the relative complexity of a SILAC sample as a result of single peptide 

precursors in label-free versus light and heavy pairs in SILAC.  Future experiments 

will seek to evaluate the potential of these strategies, including their comparative 

sensitivity to changes in protein abundance and dynamic ranges of quantification.  

As a result of these inherent experimental properties, the potential exists for label-

free quantification using spectral counting to quantify more proteins than a given 

SILAC experiment.              
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Chapter 5 
 

Comparison of Stable Isotope Labeling by Amino Acids in Cell Culture and 
Spectral Counting for the Quantification of Differentiating Human Embryonic 

Stem Cells 
 
5.1  Introduction 

Mass spectrometry-based proteomics is an increasingly robust and rapidly 

developing area of research which must adapt and develop novel analytical 

strategies to address the dramatic variation across dissimilar biological systems1.  

After identification, quantitation of proteins remains one of the greatest challenges to 

proteomic analysis.  Differential analysis of two-dimensional electrophoretic gels 

continues to be a widely-used tool for protein separation and quantification2-6.  

However, despite continuous improvements, challenges still exist for the analysis 

and quantification of proteins that reside at the limits of the gel’s analytical capability, 

whether very high or low molecular weight, extremes in protein isoelectric points, 

membrane proteins, or proteins of low abundance. 

A widely employed strategy for protein quantification has been the chemical 

or metabolic incorporation of stable isotope labels.  One of the chief advantages to 

this approach is that stable isotope-labeled species possess similar physical and 

chemical properties as their unlabeled analogues, but with a different mass that can 

be differentiated and quantified via mass spectrometry.  This allows direct 

comparison of multiple experimental conditions within the same analytical 

experiment, thus reducing run to run variability.  Numerous strategies have been 

developed for quantification of proteins and peptides using chemical derivatization. 
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Gygi and coworkers developed isotope-coded affinity tags (ICAT) containing a thiol 

specific reactive group, an isotope labeled linker region containing eight deuteriums 

(or hydrogens) and a biotin affinity tag7, 8.  One of the first applications of ICAT 

labeling to a complex protein mixture indicated 10 % relative standard deviation of 

peptide area ratios, although retention time differences between protium and 

hydrogen labeled species, approaching 30 seconds, have the potential for greater 

error. 9-11  Isobaric tags for relative and absolute quantitation (iTRAQ) is amenable to 

the direct comparison of up to eight experimental samples simultaneously by 

labeling the N-termini of peptides with a compound containing a reporter group with 

varying stable isotope (13C, 15N, and 18O) incorporation, a balancing group, and an 

amine specific reactive group.  Tandem mass tags (TMTs) also employ an isobaric 

chemical labeling strategy for relative quantification.  All versions of the tag have the 

same total mass, with quantification achieved during MS/MS, in which the reporter 

groups with varying mass are generated with abundances correlating to the relative 

expression of the peptide in each experimental sample9, 12. Enzymatically catalyzed 

18O-labeling has also been employed, incorporating either 16O or 18O into peptide C-

termini during proteolysis giving rise to peptide pairs that can be relatively 

quantified.13-18 

 Metabolic processes can also be employed for the incorporation of stable 

isotope labels by enriching cell or tissue culture media with light and heavy versions 

of the label of choice. This strategy was introduced for bacterial proteomics by Oda 

et al.19.  E. coli  and S. cerevisiae have been labeled with deuterated leucine but 
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proved to be less accurate than other labeling methods due to the effect of the 

deuterium label on retention time, as discussed vide supra.10, 11, 20, 21  15N/14N 

metabolic labeling has been successfully employed for the quantitative proteomic 

analysis of yeast and has also been successfully utilized for quantification in plant 

species22.  Mann and coworkers introduced stable isotope labeling by amino acids in 

cell culture (SILAC) as a metabolic labeling strategy whereby amino acids containing 

stable isotopes are supplemented to cell culture growth media to produce peptide 

analytes that chromatographically co-elute23, 24.  More recently this strategy has 

been developed for the in vivo labeling of mice25. 

 In addition to the stable isotope based methods for protein quantification, 

label-free strategies continue to be developed.  One strategy utilizes integrated ion 

abundance obtained from extracted ion chromatograms to track peptide and protein 

abundance across experimental samples.  Bondarenko and coworkers 

demonstrated the linear relationship of peptide peak areas over a range of 10 to 

1,000 fmol of myoglobin digest spiked into a human plasma sample, with a relative 

standard deviation near 10%.26, 27  Another method for label-free quantification is 

spectral counting, where the number of mass spectra that contribute to the 

identification of a given protein are used as an indication of that protein’s 

abundance28.  Standard peptides spiked into yeast lysate showed a linear 

relationship between protein abundance and spectral counts over two orders of 

magnitude.  Also, two different proteins can be relatively quantified by normalizing 

the spectral counts for each protein to its number of amino acids.29  Overall, 
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integrated ion abundance and spectral counting are comparable, with spectral 

counting reporting to show more sensitivity to changes in protein abundance, and 

peak area quantification showing slightly higher accuracy in determining relative 

protein ratios30.  A recent \ study by Stevenson et al. compared the two strategies 

and found the statistical processing associated with spectral counting to be more 

amenable to high throughput quantification relative to itegrated ion abundance31. 

The quantitative proteomics strategy employed in any given experiment is 

dependent on a number of factors.  In many cases, biological systems of interest 

may not be capable of metabolic labeling, and chemical isotopic labeling may be 

cost and/or time prohibitive.  Proteotrophic organisms such as fungi are an example 

of biological systems that are less amenable to SILAC, as their more flexible 

metabolisms allow them to produce their own amino acids from raw nutrients, 

regardless of the amount of label supplemented.32, 33  Also, clinical samples and 

most animal based samples cannot employ metabolic label-based quantification 

strategies.  Studies of this sort stand to directly benefit from label-free quantification 

strategies and a more thorough understanding of how label-free techniques compare 

to stable-isotope facilitated methodologies is warranted.   

Few examples exist in the literature for the direct comparison of stable 

isotope labeling and label-free quantification.  Hendrickson et al. reported on the 

comparison of 15N/14N with spectral counting in their study of two microbial species 

and suggest a lower sensitivity to the detection of a two-fold expression change with 

spectral counting34.  In a comparison of iTRAQ and label-free quantification using 
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spectral counting, spectral counting was found to identify many more proteins with 

greater sequence coverage when compared to iTRAQ, with both techniques 

possessing similar quantification capabilities35.  Recently, Parker et al. used 

spectral-counting to analyze SILAC data sets as a means of demonstrating the 

ability to use a SILAC experimental design to combine different experimental states, 

but not require high mass accuracy mass spectrometers for data collection, using 

the spectral counts for the separate quantification of light and heavy peptides.36  

Previously, we reported similar strategy to evaluate and directly compare the 

performance of SILAC and label-free quantification using spectral counting on a 1:1 

mixture of SILAC labeled human embryonic stem cells.  We established a similar 

capacity for protein quantification on that data set, and although spectral counting 

was ostensibly able to quantify more proteins, the need for at least 5 spectral counts 

to accurately quantify proteins hindered its performance relative to SILAC.  However, 

we also noted that a typical label-free experiment would allow for twice the amount 

of protein to be analyzed per experimental condition.37  Herein, we describe the 

comparison of SILAC and spectral counting for the relative quantification of separate 

data sets collected from human embryonic stem cells directed to differentiate toward 

the trophectoderm tissue type.  We observe the number of peptides and proteins 

identified and quantified over three different time points.                       
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5.2  Experimental  

5.2.1  Cell Culture 

 H9 human embryonic stem cells were maintained on mouse embryonic 

fibroblast (MEF) conditioned medium according to a protocol adapted from Xu et. 

al.38 Briefly, MEF cells were inactivated by mitomycin c (Sigma Aldrich, St. Louis, 

MO, USA) treatment and plated at 55,000 cells/cm2.  HESC medium consisting of 

DMEM/F12 (Invitrogen, Carlsbad, CA, USA), 20% knockout serum replacement 

(Invitrogen), 1 mM L-glutamine (Invitrogen), 0.1 mM β-mercaptoethanol, 1% 

nonessential amino acids (Invitrogen), and 4 ng/mL basic fibroblast growth factor 

(bFGF; Sigma Aldrich) was conditioned for 24 hours on MEF cells.  The conditioned 

media was collected for 7 days, pooled, and supplemented with an additional 4 

ng/mL bFGF (Sigma Aldrich).  Conditioned media for SILAC labeling of hESCs was 

prepared using protocols previously described.  Briefly, SILAC medium consisted of 

DMEM/F12 without L-lysine and L-arginine, 13C6-L-arginine (Pierce, Rockford, IL, 

USA), 13C6, 
15N2-L-lysine (Pierce), 20% knockout serum replacement (not containing 

lysine or arginine), 1 mM L-glutamine, 0.1mM β-mercaptoethanol, 1% nonessential 

amino acids and 4 ng/mL bFGF, which was conditioned over MEF cells.  Stable 

isotope labeled arginine and lysine incorporation of 98 % and 98.5%, respectively, 

was achieved. 

 

 

 



 125 

5.2.2  Trophectoderm Differentiation 

 H9 cells on conditioned medium were treated with SB431542 (Sigma Aldrich) 

at 25M concentration for 6 days, starting two days after passage. Flow cytometry 

and sub-cellular fractionation was carried out as described below. Cells were further 

passaged into conditioned medium containing 25M SB431542 for another 6 days. 

Flow cytometry and sub-cellular fractionation was carried out again. 

 

5.2.3  Flow Cytometry 

 Cells were dissociated with 0.25% Trypsin/EDTA (Sigma Aldrich). Trypsin 

was subsequently inactivated by adding Fetal Bovine Serum (Sigma Aldrich). Cells 

were fixed with 2% para-formaldehyde (Fisher Scientific, Houston, TX, USA) for 30 

minutes on ice. Cells were permeabilized for 15 minutes at room temperature using 

Saponin Permeabilization Buffer (SPB): 1 mg/ml Saponin (Sigma Aldrich), 1% BSA 

(Sigma Aldrich) and Dulbecco’s PBS without Ca2+ or Mg2+ (Sigma Aldrich). Cells 

were incubated with the OCT4 antibody (Cell Signaling, Danvers, MA, USA) for 1 hr 

at room temperature at a 1:50 dilution in SPB. Cells were centrifuged and incubated 

with FITC conjugated Goat anti-Rabbit IgG (Sigma Aldrich) for 1 hr on ice at a 

dilution of 1:500 in SPB. Finally, cells were centrifuged and resuspended in FACS 

buffer: 0.1% BSA (J. T Baker, Phillipsburg, NJ, USA) in PBS, and analyzed. 
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5.2.4  Subcellular Fractionation 

 The Sucrose Buffer 1 (SB1) comprised of 250mM Sucrose (Fisher Scientific), 

25mM potassium chloride (Fisher Scientific), 5mM magnesium chloride (Fisher 

Scientific), 10mM triethanolamine (Sigma Aldrich), 10mM acetic acid (ACROS, NJ, 

USA), 2.5mM sodium pyrophosphate (Fisher Scientific), 1mM -glycerophosphate 

disodium salt (MP Biomedicals, Solon, OH, USA), 1mM sodium orthovanadate 

(Fisher Scientific), cmplete mini protease inhibitor cocktail tablets (Roche, 

Indianapolis, IN, USA) and phosphatase inhibitor cocktails I and II (Sigma Aldrich). 

The pH was adjusted to 7.6 using either triethanolamine and/or Acetic acid. The 

Sucrose Buffer 2 (SB2) comprised of 1.42M Sucrose and the rest as above. The 

Sucrose Buffer 3 (SB3) comprised of 2 M Sucrose and the rest as above. 

3ml of ice-cold SB1 was added to a 10cm dish and cells were scraped off 

using a cell scraper. Cells were homogenized with eight vigorous strokes of a tight 

pestle in a pre-cooled Dounce Homogenizer. The lysate was centrifuged for 10min 

at 1000g at 4C in a swinging bucket rotor, using Eppendorf 5804R (Eppendorf, 

Westbury, NY, USA). The supernatant was collected in an ultracentrifuge tube and 

the pellet was resuspended in 2ml of SB1 and centrifuged again for 10min at 1000g 

at 4C. This supernatant was discarded and the pellet was resuspended in 3 ml SB2 

slowly to avoid clump formation. The resuspended fraction was homogenized again 

with eight vigorous strokes of a tight pestle in a pre-cooled Dounce Homogenizer, to 

mechanically separate nuclei from membrane sheets. This homogenate was layered 

carefully over a 300l cushion of SB3 in an ultracentrifuge tube, and was covered 
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with a 300l cushion of SB1, forming a discontinuous sucrose gradient. The tube 

was then ultra-centrifuged, along-side the supernatant collected previously from the 

first centrifugation, at 40,000 rpm for 80min at 4C in an MLS-50 swinging bucket 

rotor in a TL-100 Ultracentrifuge (Beckman Coulter, Brea, CA, USA). The 

cytoplasmic fraction was collected from the supernatant tube as the supernatant and 

the pellet was discarded. The membrane fraction was recovered from the SB1-SB2 

interface of the sucrose gradient tube, mixed with 1ml SB1 and centrifuged for 10min 

at 3000g at 4C in a swinging bucket rotor, using Eppendorf 5804R. The supernatant 

was discarded and the pellet retained as membrane fraction. The pellet below the 

S3 cushion in the ultracentrifuge tube was retained as the nuclear fraction. 

 

5.2.5  Sample Solubilization 

 The nuclear and membrane fractions were solubilized in 8 M urea (Sigma 

Aldrich) and 50 mM ammonium bicarbonate (Fisher Scientific) with cmplete mini 

protease inhibitor cocktail tablets (Roche, Indianapolis, IN, USA) and phosphatase 

inhibitor cocktails I and II (Sigma Aldrich). The lysate for the nuclear sample was 

passed vigorously through a 20G needle to shear the chromatin, and reduce the 

viscosity appreciably. Total protein amounts were determined via Bradford assay.  

The nuclear, membrane and cytoplasmic fractions were frozen at -80 °C until 

needed. 
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5.2.6  Protein Fractionation and In-Gel Digestion 

 For SILAC quantification, mixtures were prepared by combining 25 µg of 

unlabeled cytoplasmic proteins from either differentiation time point (6 or 12 days) 

with an equal amount of the stable isotope labeled hESC control for a total of 50 µg.  

For quantification using spectral counting, 50 µg of either the hESC control, 6 day 

differentiated, or 12 day differentiated cytoplasmic protein samples were run in their 

own gel lanes.  Samples were combined with an equal volume of 2X Laemmli buffer 

containing β-mercaptoethanol(BioRad, Hercules, CA), boiled for 5 minutes and 

cooled on ice.  Samples were then loaded and run on a Criterion 10-20% Tris-HCl 

Gel (BioRad) at a constant 200 V and visualized using BioSafe Coomassie Stain 

(BioRad).  Each gel lane was cut into 12 slices which were subsequently reduced 

with dithiothreitol (DTT), alkylated with iodoacetamide, and digested with proteomics 

grade trypsin according to a protocol adapted from Shevchenko et al.39   

 

5.2.7  LC-MS/MS Analysis 

In-gel digested peptide samples were separated using an Eksigent 1D+ nano-

LC system (Eksigent, Dublin, CA) utilizing a vented column configuration.40  The 

stationary phase employed was Magic C18AQ (5 µm particle, 200 Å pore 

size)(Microm BioResources) and was packed to a length of 5 cm in a 75 µm i.d. 

IntegraFrit capillary (New Objective, Woburn, MA) for the trap column, and to 15 cm 

in a 75 µm i.d. PicoFrit capillary (New Objective) with a 15 µm electrospray emitter 
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for the analytical column.  All LC solvents were purchased from Burdick and Jackson 

(Muskegon, MI).  Mobile phase A consisted of 98% water, 2% acetonitrile, and 0.2% 

formic acid.  Mobile phase B was composed of 2% water, 98% acetonitrile, and 

0.2% formic acid.  8 µL of sample was injected and desalted at 1.5 µL/min on the 

trap before switching in line with the gradient at a flow rate of 350 nL/min.  The 

gradient held at 2% B for 5 minutes before ramping to 10% B over 2 minutes, 

followed by an increase to 50% B over the next 120 minutes.  The gradient then 

ramped to 95% B in 3 minutes, held for 5 minutes, then re-equilibrated at 2% B for 

10 minutes.   

Peptides were detected on an LTQ-Orbitrap XL with a pulse sequence 

containing 9 scan events.  A broadband scan was performed in the Orbitrap 

analyzer with 60,000 resolving power at m/z=400 followed by eight data-dependent 

MS/MS events in the ion trap employing collision induced dissociation with an 

isolation width of 2 m/z and normalized collision energy of 35% for 30 ms.  

Monoisotopic precursor selection was enabled and 1+ charge states were rejected 

from MS/MS.  Dynamic exclusion was employed for 180 seconds.  Automatic gain 

control was employed and set to 8 × 103 and 1 × 106 ions in the LTQ and the 

Orbitrap respectively.  The maximum allowed ionization time was 80 ms for the LTQ 

and 500 ms for the Orbitrap.41   
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5.2.8  Data Analysis 

.RAW LC-MS/MS files were processed using MASCOT Distiller (Matrix 

Science, Boston, MA, USA) to generate peak lists in .mgf format for database 

searching using MASCOT42 server (Matrix Science).  For SILAC quantification, the 

data files were searched with carbamidomethylation of cysteine as a fixed 

modification and with variable modifications including glutamine and asparagine 

deamidation, methionine oxidation, 13C6-arginine, and 13C6, 
15N2-lysine.  For label-

free quantification using spectral counting, the SILAC labeled hESC control was 

searched with 13C6-arginine, and 13C6, 
15N2-lysine as fixed modifications in addition 

to the other fixed and variable modifications stated above.  Searches corresponding 

to the samples of differentiation time points did not have to take into account the 

SILAC modifications.  All searches were performed against the NCBI human 

database containing both target and reverse protein sequences for determination of 

protein false discovery rate with a precursor ion tolerance of ±5 ppm and a fragment 

ion tolerance of ±0.6 Da.  Label-free quantification using spectral counts was 

performed using ProteoIQ (BioInquire, Athens, GA, USA) at a 1% false discovery 

rate (FDR).  SILAC quantification was performed using the quantitation module in 

MASCOT Distiller (Matrix Science, Boston, MA). 

 
5.3  Results and Discussion 
 

Stable isotope labeling by amino acids in cell culture (SILAC) was compared 

to label-free quantification using spectral counting for the relative quantification of 
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cytoplasmic proteins expressed 

during the differentiation of 

human embryonic stem cells 

toward trophectoderm over the 

course of 0, 6 and 12 day time 

points. Analysis of SILAC 

samples was performed with 

single technical replicate analysis 

of two SILAC mixtures run on a 

one-dimensional gel- one 

consisting of protein extracted on 

day 6 grown on normal media 

mixed with the 0 day hESC 

control which was SILAC labeled 

with 13C6-arginine and 13C6, 
15N2-

lysine, and another consisting of 

day 12 grown on normal media 

mixed with the SILAC labeled 0 day control.  The overall experimental strategy is 

illustrated in Figure 5.1    

The results from both the identification and quantification of proteins using 

both strategies are summarized in Table 5.1.  The number of proteins identified in 

each time point is relatively consistent across time points with quantification 
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strategies, with the number of proteins identified in all three time points being the 

lowest number as it means that the protein is present in each observed sample. 

 
Table 5.1 Overall results of quantification using spectral counting and SILAC. 
  -Spectral Counting- -SILAC- 

  > 0 SpC ≥ 5 SpC All 

Protein Groups 
Identified 

(Quantified) 

0 Days 2351 (N/A) 2028 (N/A) - 

6 Days 2637 (2383) 2204 (1738) 1112 (626) 

12 Days 2509 (2275) 1969 (1653) 1292 (691) 

All Time Points 2180 (2180) 1551 (1551) 1174 (380) 

Number of 
Peptides 

All Time Points 185,471 
 

27,672 

Number of 
Unique Peptides 

All Time Points 24,554 9,687 

Avg. Sequence 
Coverage 

All Time Points 31.59% 24.66% 

 

The number of quantified proteins also steadily decreases as time increases.  This is 

a reasonable conclusion as the proteins are quantified relative to the 0 day control, 

and fewer proteins are predicted to be in common between time points that are 

further spaced.  As expected, the number of proteins identified using a spectral 

counting methodology versus SILAC is greater.  This is most likely a direct result of 

the amount of protein loaded from each experimental condition.  In spectral 

counting, protein from each time point was loaded individually.  When utilizing SILAC 

quantification, the same amount of total protein is analyzed in a run, but as an equal 

mixture of two experimental conditions.  While SILAC allows for intra-run 

quantification, it presents a more complex sample to the mass spectrometer and 

taxes the duty-cycle of the instrument more so than the alternative strategy, with the 

caveat that greater care must be taken to ensure run-to-run reproducibility and 

multiple technical replicates to ensure accurate quantification.  The advantage of 
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increased protein load is further illustrated in the number of peptides identified by 

each quantification strategy.  The three technical replicates of the spectral counting 

approach identified 185,471 peptides, or roughly 62,000 per technical replicate, 

which is more twice the 27,672 peptides identified in a single SILAC technical 

replicate.  This is further reflected in the number of unique protein sequences – 

24,551 to 9,687, respectively.  The result is not only more proteins identified using 

the spectral counting methodology, but also an increase in the average sequence 

coverage from 24.66% to 31.59%.  

The correlation of the two 

measurement techniques was explored 

by determining proteins that were 

identified in both quantification strategies 

and in all time points.  All 380 of the 

proteins identified in all time points by 

the SILAC strategy were also identified 

and quantified with more than 5 SpC 

using spectral counting.  Their 

correlation is plotted in Figure 5.2.  In 

our previous analysis of a 1:1 control data set, a correlation plot yielded little insight 

into the nature of how the two quantitative techniques were related.  Since all 

proteins were predicted to be expressed equally, all data points were clustered 

about the origin of the plot (within a twofold change of expression) with the 
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distribution being mainly attributed to analytical variability (data not shown).  Figure 

5.2 shows a direct positive correlation between SILAC and label-free quantification 

using spectral counting with quantitative values spanning up to a 16-fold relative 

change in either direction.  The diffuse distribution of data points along the 

correlation can be attributed to analytical and run-to-run variability of each 

quantification technique.  Establishing a linear regression through the correlation plot 

allows insight into the sensitivity of each quantitation strategy to changes in protein 

expression.  The reported slope of 0.44 indicates label-free quantification using 

spectral counting is less sensitive than SILAC.  This can be explained by the nature 

of how proteins are quantified in each method.  Quantification using spectral 

counting is determined by the number of mass spectra identifying a given protein.  In 

our particular experimental configuration, that means that a limited number of 

peptides from a protein are continuously competing with other peptides within a 

complex mixture for identification by MS/MS from a limited number of isolation and 

fragmentation events.  For SILAC quantification, a peptide for a protein need only be 

isolated and fragmented a single time to achieve identification, with measurements 

contributing to quantification coming from the abundance of the precursor ion in 

each broadband spectrum obtained while that peptide elutes.  Thus, while label-free 

quantification is shown to have the capacity to identify and quantify more proteins 

due to its increased loading capacity and lower sample complexity, sensitivity to 

changes in expression is sacrificed.   
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The decreased sensitivity to changes in relative expression is further 

demonstrated in Figure 5.3, in which the quantification of three proteins with varying 

levels of quantitative change are plotted using both quantitative strategies.  

Thioredoxin exhibits no significant change in expression throughout the 

differentiation of human embryonic stem cells to the trophectoderm, and the 

quantitative values from both SILAC and spectral counting reflect this, with the lines 

corresponding to each method being barely distinguishable.  Cellular retinoic acid 

binding protein 2 (CRABP) shows moderate changes in its relative expression.  At 

day 6, the SILAC method indicates a Log2(6 day:0 day) value of 1.50, well beyond 

the threshold generally regarded as biological change(Log2=1), before decreasing to 

0.65 at day 12.  However, the same measurement performed with spectral counting 

does not exceed the threshold for significant change, with values at day 6 and 12 of 
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0.88 and 0.64, respectively.  The quantification of cytoplasmic antiproteinase 3 also 

demonstrates that even with an increased magnitude of change in protein relative 

expression SILAC quantification shows an increased response.          

 
5.4  Conclusions 
 

We have examined the performance of two quantitative proteomics strategies 

on their abilities to identify and quantify proteins expressed over three different time 

points during the differentiation of human embryonic stem cells toward a 

trophectoderm tissue type.  As hypothesized, the increased sample load capacity 

coupled with the relatively less complex mixture presented to the mass analyzer 

during the label free quantification strategy allows for the identification and 

quantification of more proteins with greater sequence coverage relative to the SILAC 

technique.  The two quantitative strategies also positively correlate, reporting similar 

quantitative values for identical proteins at the same time points over an 

approximately 16-fold upward or downward change of expression, well beyond the 

two-fold threshold generally regarded for biologically significant change.  We have 

also described a decreased sensitivity to quantitative change in spectral counting 

versus SILAC, and should be taken into account by investigators considering 

.spectral counting as an alternative strategy to protein quantification in systems that 

are not amenable to metabolic labeling.        
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