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ABSTRACT 

Protein quantitation is an important clinical parameter for diagnosis, prognosis, and treatment 
monitoring such as drug response.  In the past the assays were done mostly using antibody-based 
immunoassays such as radio-immunoassay (RIA) assays or enzyme-linked immunosorbent assay 
(ELISA).  As novel changes that locate beyond the epitopes regions recognized by the antibody 
render the immunoassays non useful, detection methods that can sense chemical structural 
changes becomes desirable.  Mass spectrometry offers speed, versatility, and sensitivity for the 
assay without the needs of a priori knowledge of the target molecules.  The instrument can 
measure thousands of proteins (proteomics) simultaneously without losing the sensitivity.  
Specific novel mass spectra denote specific novel modifications on the target molecules.  The 
report reviews quantitative proteomics using mass spectrometry with emphasis on biomarkers for 
diagnostics; biological fluids proteomics, tagging functional groups of proteins and eventually 
non-tagging quantitative proteomics which can offer great potential for emerging biomedical 
advanced technologies for better management of diseases.  

 

1. Quantitation using immunoassays 

Immunoassays are currently the robust work horse in clinical setting for measuring quantitation 
of proteins.  The assays can be in form of radio-immunoassay (RIA), enzyme-linked 
immunosorbent assay (ELISA), Western blotting, or immuno-histochemistry (IHC).  All these 
assays utilize the ability of antibody recognizing the specific epitope of the target protein. RIA 
was slowly replaced by ELISA because i) the hazard in handling radioactive material and higher 
sensitivity using fluorescence tag in ELISA.  Western blotting and IHC are limited to low 
throughput assays because of the long processing time.  The sensitivity of ELISA can reach to 
nanogram or sub-nanogram per milliliter level with good linearity (Sharma, Irshad et al. 1989, 
el-Shabrawi, Livir-Rallatos et al. , Petzold, Altintas et al. 2010).  Microtiter plate format in lieu 
of multiplexed assays greatly enhances the throughput of the assays, and therefore is still the 
preferred method in clinical laboratories today. 
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However, antibody-based assays may need to consider the following limitations: 1) the higher 
cost and lead time of greater than 12 month in antibody generation, 2) the antibody may 
recognize the same epitope of a class of proteins or proteoforms (Little and Roberts 2009, Smith, 
Kelleher et al. 2013) that share similar epitopes and thus the specificity is limited, and 3) the 
presence of autoantibodies.  An autoantibody is an antibody produced by the immune system that 
is directed against one or more of the individual's own proteins.  These autoantibodies bind to the 
endogenous antigens and therefore reduce the concentration of the available antigen to be 
captured by the assay antibody. The detection of the presence of autoantibodies will then be an 
alternative approach provided that the window of detection is correct. 
 
 
2. Applicability of Mass Spectrometry in Proteomics 

Proteomics is the analysis of all the protein species in structure and function.  Such a large scale 
of analysis has been performed using two-dimensional gel (2D gel) electrophoresis since 1975 
(Klose and Spielmann 1975). The position and intensity of a particular spot in the gel in disease 
versus control samples reveal simple quantitative proteomics.  However, well-resolved gel spots 
on 2D gel may not lead to good identification due to the limitation of protein sequencing method 
using Edman degradation.  Mass spectrometry was used to analyze the mass over charge ratio of 
small molecules.  There were many different forms of ionization and dissociation methods such 
as fast atom bombardment, chemical induction, matrix assisted laser desorption and ionization 
(MALDI), and electrospray ionization (ESI).  MALDI and ESI are particularly useful as they are 
soft desorption ionization methods, i.e., there is a very low level of fragmentation of molecules 
upon gas phase conversion of ions.  Molecules remain intact throughout the fly time.  Therefore 
the mass over charge analyses of large intact molecules such as DNA or proteins become 
possible.  The inventors, John Fenn and Koichi Tanaka, of these two soft ionization methods 
were awarded with Nobel Prize in chemistry in 2002 for their development of identification and 
structural analysis of biological macromolecules methods using soft desorption ionization mass 
spectrometry.  
 
Once the molecules are in the form of gas phase ions, they are forced to fly through a vacuum 
tube via electric repulsion from the entrance of the tube.  The first round (Q1) of mass over 
charge is measured by collecting the time of flight of the molecules.  The molecules are 
subjected to fragmentation either by electron capture or chemical induced collision with inert gas 
in the collision chamber (Q2).  The subsequent fragmented ions (product ions) are analyzed 
again by measuring the time of flight (Q3) to the detector.  Once the ions reach the detector, an 
increase in voltage potential is recorded in the peak’s shape.  The time of flight of a particular 
fragment ions are inversely proportional to their molecular mass over charge ratio.  The peak 
height indirectly reflects the abundancy of the molecules.  As the sensitivity and resolution of the 
mass spectrometer increased, internal peptide sequencing becomes possible with the advent of 
corresponding database development (Qin and Chait 1997, Qin, Fenyo et al. 1997, Fenyo, Qin et 
al. 1998).  The advantage of using mass spectrometry is the sensitivity and versatility of 
measuring novel modifications on the peptides without a priori knowledge requirement of the 
target molecules.  There are two approaches for protein sequencing: 1) a top-down approach, and 
2) a bottom-up approach.  The top-down approach was the sequencing of the whole intact protein 
molecule using a high-end mass spectrometer such as a Fourier-transform ion cyclotron 
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resonance mass spectrometer.  The protein was fragmented more comprehensively using electron 
capture dissociation or electron transfer dissociation.  However the size limit of the molecules is 
approximately 30 kDa(Sze, Ge et al. 2002, Sze, Ge et al. 2003).  The bottom-up approach uses 
protease to digest the protein into peptides. Internal peptide sequencing generates overlaps of 
short peptide sequences.  These sequences are used to match sequences from a database; thus 
deducing the full-length protein sequence.  
 
Shotgun proteomics research during the past 15 years has principally focused on profiling 
(cataloging) comprehensively expressed proteins in case versus control samples in the hopes of 
discovering useful biomarkers associating with the case conditions (Omenn 2004, Tammen, 
Schulte et al. 2005, Engwegen, Helgason et al. 2006, Hamacher, Apweiler et al. 2006, Omenn 
2007, Wang, Gu et al. 2007, Taguchi, Politi et al. 2011, Fuhrman, Schairer et al. 2012, Moore, 
Pfeiffer et al. 2012).  As the search for biomarkers persists, the mere identity of proteins present 
in certain samples becomes inadequate. In order to reveal information on protein dynamics, 
relative protein quantities among different samples should also be addressed.  Since mass 
spectrometry is in itself a qualitative method, various modifications have been implemented to 
obtain quantitative information from the proteomes over the past decade.  The approach, termed 
quantitative proteomics, can be subdivided into two areas: 1) label-based quantitative 
proteomics, and 2) label-free quantitative proteomics. 
 
 
3. Quantitative Proteomics 
 
3.1. Label-based quantitative proteomics 
 
The first labelling approach was undertaken with 2D gel where one sample was labeled with Cy3 
dye and another sample labeled with Cy5 fluorescent dyes in vitro (Gharbi, Gaffney et al. 2002, 
Zhou, Li et al. 2002).  Samples were pooled and run in the gel together.  Imaging of the 
differential fluorescent intensity of spot at the same location of the gel presumed to reveal the 
relative concentration of the same protein between the two samples.  However, the identity of the 
protein spot was not known without mass spectrometry analysis.  
 
In order to reveal the identity and quantitation, a direct mass spectrometry method was 
introduced.  A particular functional group on a protein can be labelled in vivo or in vitro.  As for 
in vivo method, cell cultures were grown in either light (14N and 12C) or heavy (15N and 13C 
labelled arginine and lysine) medium.  This metabolic labelling method is also called stable 
isotope labelling in cell culture (SILAC)(Ong, Foster et al. 2003, Mann 2006, Neher, Villen et al. 
2006, Neubert and Tempst 2010).  The heavy isotope-labeled amino acids are supposed to 
replace the majority of the endogenous light amino acids.  The two type of samples were pooled 
and undergone the same protease treatment.  The pairs of peptides with set 10 Da shifts in mass 
delineate the peptide pairs from case and control samples.  The relative intensities reveal the 
relative abundances of the peptides in two samples.  This method can only be applied to cell 
cultures and can be economically prohibitive if large scale labelling is needed.  For clinical 
samples or biological fluid, an in vitro labelling method will be needed. 
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Unlike SILAC which is only suitable for cell cultures, a wide variety of sample types can be 
either chemically or enzymatically labelled in vitro.  Chemical labelling can be achieved via 
sulfhydryl group on cysteine residues, amino moiety at N-terminal, or epsilon amino group of 
lysine residues. The first in vitro cysteine labelling approach used an isotope-coded affinity tag 
(ICAT) to label the sulfhydryl group of cysteine residues (Gygi, Rist et al. 1999).  Although 
further development was geared toward more structurally stable linker and higher multiplex 
capability, the low percentage of proteins with cysteine residues rendered this method to have 
less utility.  Amino labelling can be achieved using dimethylation or isobaric tags.  A 
dimethylation reaction is based on the reaction of primary amine with formaldehyde between pH 
5 and 8.5 to generate a Schiff base that is rapidly reduced by the addition of cyanoborohydride to 
the mixture.  The reaction can be used as a triplex reagent.  The light version of formaldehyde, 
an intermediate version of deuterium formaldehyde and a heavy version of 13C and deuterium 
generates differences of four to eight Da to the modified lysine residues (Boersema, Aye et al. 
2008).  If the experimental objective calls for a high order of multiplex, then an isobaric tag 
approach should be used. 
 
Tandem mass tag (TMT) (Thompson, Schafer et al. 2003), isobaric tag for relative and absolute 
quantification (iTRAQ) (Ross, Huang et al. 2004), or isobaric peptide terminal labeling (IPTL) 
(Arntzen, Koehler et al. 2011) were offered commercially to allow up to 8-plex comparison in 
the same experimental run.  The derivatized peptides are isobaric and chromatographically 
indistinguishable.  Upon fragmentation, however, different mass tags (reporter ions) are observed 
and the peak areas denote the relative concentration of the same sequence of peptides in different 
samples.  Clinical researchers can achieve absolute quantification if stringent control-on-loading 
and labeling reactions are conducted.  We have performed an inter laboratory comparison using 
the same aliquots of iTRAQ labeled immuno-depleted plasma and found significant overlap 
results among different mass spectrometers (Jones, Kim et al. 2013).  The only drawback is that 
only one peptide intensity was scored in MS1 scan; therefore, it may lead to lower overall 
intensity.  Also, variables such as ratio compression and reporter ion dynamic range cause 
changes in relative abundance of proteins across samples to be underestimated and undermines 
the ability of the isobaric labeling approach to be truly quantitative (Rauniyar and Yates 2014).  
 
Enzymatic labelling in vitro involves the presence of H2

18O instead of normal H2
16O during 

class-2 protease such as trypsin digestion.  The process causes the exchange of two 16O atoms for 
two 18O atoms at the carboxyl group of the C-terminal residue, resulting in a mass shift of four 
Daltons between differentially labeled peptides.  Such a simple and economical approach was 
used to quantify protein differences in cell culture (Blonder, Hale et al. 2005), serum or plasma 
(Hood, Lucas et al. 2005, Qian, Monroe et al. 2005).  This method was extended to study 
phosphoproteome changes between samples (Winter, Seidler et al. 2009). 
 
 
3.2 Label free quantitative proteomics 

Recently, there has been a growing interest in label free quantitative proteomics.  Protein 
mixtures in each sample are analyzed directly and samples are compared to each other after mass 
spectra are scored.  As a result, there is not a mixing of samples and no tagging of peptides.  The 
coverage should be expected to be the highest with this approach.  Another advantage is that 
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there is no apparent limitation on the number of samples to be analyzed simultaneously.  There 
are essentially three strategies on tackling the quantitation problem.  
 
The first strategy is comparing the total precursor ion count in the Q1 stage (before 
fragmentation) of target molecules among groups of samples.  This method is measuring the area 
under the curves of particular target molecules at specific retention time and mass over charge 
ratio (Wiener, Sachs et al. 2004, Listgarten and Emili 2005, Listgarten and Emili 2005, Silva, 
Denny et al. 2005, Listgarten, Neal et al. 2007).  A researcher should exhibit precaution in 
sample preparation and normalization to ensure that the total amount of peptides loaded is kept 
constant.  Additional concern is warranted regarding the accurate assignment of the peptide 
identity when complex samples are being measured, since peptides with very similar mass over 
charge ratio and retention time will mask the intensity of the target peptides.  Also, a same 
peptide sequence with different post-translational modifications will shift the retention time and 
mass over charge measurement substantially.  
 
The second strategy is the spectral counting approach in which the total number of MS/MS 
spectra (fragmented ions) of the same protein is compared amongst sample groups.  This 
approach is based on the assumption that the higher the protein concentration is, the more tryptic 
peptides found for the protein; and therefore the higher number will be the fragmented peptides 
spectra count.  This method was found to correlate stronger to protein abundance and to cover 
higher dynamic range (Liu, Sadygov et al. 2004, Zybailov, Coleman et al. 2005, Lundgren, 
Hwang et al. 2010).  However, one should pay particular attention when the measurement is 
being used to check very low abundance proteins.  The method suffers from few spectra counted 
and there is not a precursor peptide signal to correlate to the spectral counting data. Recently 
advancement in the data acquisition has implemented in a way of using a narrow sequential 
window acquisition for all theoretical MS spectra (SWATH) (Gillet, Navarro et al. 2012). The 
acquisition is done in sequential narrow windows such as 25 atomic mass units such that libraries 
of all observable peptides and the fragmented ions are built. These libraries will be very useful 
for stringent quantification of target molecules of interest in future data mining (Schubert, Gillet 
et al. 2015). 
 
The third approach is the spike-in standard peptides so that absolute quantification of target 
molecules can be achieved.  Light version (12C and 14N) of the target peptides were made to 
optimize the instrument parameters and the limits of detection.  Heavy isotopes version (13C and 
15N) of target peptides with particular sequences were spiked into the samples.  As the absolute 
amount of the spike-in heavy standards are known and the ions peaks of the heavy peptides lie 
next to the endogenous light peptides, the absolute quantification of the endogenous target 
peptides can be deduced from the relative intensity of the ion pairs.  This approach was tested in 
a large scale multi-laboratory setting and found to be very robust across different workflows 
(Carr, Abbatiello et al. 2014, Abbatiello, Schilling et al. 2015).  
 
 
4. Prospectus for Routine Quantitation 

Using complementary approaches with a variety of biological samples such as blood, serum, 
plasma, urine, proteomic quantitation can effectively identify new candidate protein biomarkers 
for diagnosis, prognosis, and as therapeutic targets for cancer, as well as to elucidate the 
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molecular mechanisms of carcinogenesis.  High-throughput and accurate quantification of 
proteins is an essential component of proteomics strategies for studying cellular functions and 
processes.  Advances in quantitative proteomics continue to provide important insights into 
many biological processes as well as add immense value in protein discoveries as biomarkers.  
 
 
5. Future Direction and Outlook 

As the resolution, sensitivity and reproducibility of mass spectrometry are improving, the 
proteomics workflow may one day be able to analyze quantitatively the whole proteome of any 
clinical sample.  As a result, personalized medicine using complementary ‘omics’ approaches 
can be realized for better management of diseases.  The workflow starts from genome wide DNA 
sequencing, whole exome RNA sequencing, proteome-wide quantitative proteomics, and 
metabolomics.  Diagnosis, prognosis, and drug target development that are specific to an 
individual can be realistically achieved with not only minimal side effects, but a maximized cure 
rate. 
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