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Abstract
Isolated rough and smooth microsomes of the endoplasmic 

reticulum and isolated Golgi apparatus from rat liver were analyzed by 

proteomics using mass spectrometry, identifying 1064 proteins among the 

three fractions.  An additional 598 proteins were identified by 

biochemically subfractionating the rough and smooth microsomes by 

treatment with a high salt wash and the detergent Triton-X 114.   Proteins 

were quantified by redundant peptide counts which enabled an 

assessment of the extent of cross-contamination between the 

endoplasmic reticulum and Golgi fractions and other organellar 

contamination.  Results of this analysis revealed that the Golgi fraction 

was contaminated up to 30% by proteins of the endoplasmic reticulum and 

that the mitochondria constitute the largest source of organellar 

contamination for all three fractions.  Hierarchical clustering of the 

distribution profiles of proteins among the three fractions assigned 

proteins to either the rough and/or smooth endoplasmic reticulum or the 

Golgi apparatus.  In doing so, the protein disulphide isomerase, ERp44, 

was localized to the Golgi.  This result was verified by immunolocalization 

with an ERp44 antibody.  Furthermore, hierarchical clustering assigned a 

location for 176 previously uncharacterized proteins in the endoplasmic 

reticulum providing a subcellular context to their putative functions 

predicted by bioinformatics.  Additionally, the biochemical subfractionation 

of the rough and smooth microsomes assigned proteins to the cytosolic, 

membrane or luminal subcompartments of the endoplasmic reticulum.  

These results guided the selection of uncharacterized membrane proteins 

for further characterization leading to the identification of 7 proteins 

upregulated by ER stress, which included 4 new molecular chaperones.  

Finally, a comparison of this work with previous proteomics analyses of 

these organelles showed that the proteomes of the endoplasmic reticulum 

and Golgi apparatus presented here may be the most comprehensive to 

date.   The pipeline outlined in this thesis, which begins with well 
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characterized and homogenous preparations of subcellular fractions, is 

documented as a comprehensive and quantitative approach to organellar 

proteomics.
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Résumé
L’analyse par protéomique des microsomes du Réticulum 

Endoplasmique rugueux, des microsomes du Réticulum Endoplasmique 

lisse et de l’appareil de Golgi a permis l’identification de 1064 protéines 

par spectrométrie de masse. Par ailleurs, le fractionnement biochimique 

des microsomes lisses et rugueux par lavage avec une solution saline 

concentrée suivi d’un traitement au détergent Triton X-114  a permis 

l’identification de 598 nouvelles protéines. Les protéines furent quantifiées 

en fonction du nombre de peptides identifiés par spectrométrie de masse. 

La quantification des protéines a permis d’évaluer le degré de 

contamination croisée présent dans les fractions du Réticulum 

Endoplasmique, de l’appareil de Golgi et celui provenant des autres 

organelles. Les résultats de cette analyse ont révélé que la fraction de 

Golgi était contaminée jusqu’à un maximum de 20% par les protéines 

provenant du Réticulum Endoplasmique et que les mitochondries 

constituaient la source essentielle de contamination dans ces trois 

fractions. La clustérisation hiérarchique des protéines quantifiées a permis 

de dresser le profile de distribution des différentes protéines et ainsi de les 

assigner au sein des différents compartiments, à savoir aux microsomes 

du Réticulum Endoplasmique rugueux et/ou lisses, ou alors à l’appareil de 

Golgi. De ce fait, la protéine disulphide isomerase, ERp44, a été localisée 

dans l’appareil de Golgi. Ce résultat a été confirmé par immunolocalisation 

avec l’anticorps ERp44. Par ailleurs, cette même clustérisation 

hiérarchique a permis de localiser pour la première fois 176 protéines 

dans le Réticulum Endoplasmique correspondant ainsi à leur fonction 

putative prédite par bioinformatique.  De plus,  le fractionnement 

biochimique des microsomes lisses et rugueux  a permis d’assigner les 

protéines dans les compartiments subcellulaires du Réticulum 

Endoplasmique : cytosol, membrane ou lumière. Ces résultats ont 

également permis la sélection de protéines membranaires non encore 
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caractérisées parmi lesquelles 7 protéines sur-régulées par un stress 

dans le Réticulum Endoplasmique ont été identifiées. Parmi ces protéines, 

il y a 4 nouvelles molécules chaperonnes. Enfin, la comparaison des 

résultats présentés de cette étude avec ceux obtenus à partir d’autres 

analyses protéomiques équivalentes, sur les mêmes organelles, a montré 

que les protéomes du Réticulum Endoplasmique et de l’appareil de Golgi 

décrits dans cette thèse représentes les données les plus 

compréhensives à ce jour. Il est également montré que le développement 

d’un pipeline mettant en oeuvre des préparations bien caractérisées et 

homogènes représente à la fois une approche compréhensive et 

quantitative de la protéomique des organelles. 
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Preface – Contribution of Authors 
The work presented in this thesis is my own original contribution 

with the exception of: 

1. The work presented in Chapters 1-5 is part of a paper published by 

Elsevier Limited (Gilchrist A, Au CE, Hiding J, Bell AW, Fernandez-

Rodriguez J, Lesimple S, Nagaya H, Roy L, Gosline SJC, Hallett M, 

Paiement J, Kearney RE, Nilsson T and Bergeron JJM.  2006. 

Quantitative proteomics of the early secretory pathway. Cell. 

127:1265-1281). The following are the contributions of my co-

authors and colleagues: 

a. The isolation of the RM and SM fractions, biochemical 

subfractionation, characterization of the RM and SM 

fractions by marker enzyme assay and by western blotting of 

marker proteins as well as the quantitative western blotting 

of albumin in the RM, SM and Golgi fractions was done by 

Line Roy. 

b. Electron microscopy of the RM, SM and Golgi fractions was 

done by Dr. Jacques Paiement. 

c. Isolation of the Golgi apparatus and plasma membrane 

fractions and the characterization of the Golgi and plasma 

membrane fractions by marker enzyme assay were 

performed by Ali Fazel. 

d. Protein separation of the fractions by ID SDS-PAGE 

electrophoresis and band cutting as well as the destaining of 

gel pieces, reduction, alkylation and trypsinization of 

peptides (done robotically in a 96 well plate format using a 

MassPrep Workstation) was done by Nathalie Hamel and 

Line Roy. 

e. Tandem mass spectrometry was done by Daniel Boismenu. 
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f. Peaklist generation by distiller, matching of mass spectra to 

peptides using Mascot, grouping of peptides and operation 

of CellMapBase was performed by the bioinformatics group 

supervised by Dr. Robert E. Kearney.

g. The generation of a non-redundant protein list and the 

functional annotation of proteins identified by mass 

spectrometry in the RM, SM and Golgi fractions were done 

in collaboration with Catherine Au.  I performed the analysis 

for the RM and SM fractions and Catherine Au performed 

the analysis for the Golgi fraction. 

h. Principal coordinates analysis was done in collaboration with 

Sara J.C. Gosline. 

i. Immunolocalization of ERp44 and sapreticulin and confocal 

microscopy was done by Dr. Hisao Nagaya. 

j. Addition of an N-terminal cysteine and KLH conjugation of 

the peptide for the generation of the sapreticulin antibody 

was done by Line Roy. 

2. The work presented in Chapter 6 is part of a paper submitted for 

publication (Jain MD, Nagaya H, Gilchrist A, Au CE, Ye Z, 

Rangarajan ES, Sacher M, Cygler M, and Bergeron JJM. 2007. The 

organization of the ER into domains by subcellular proteomics is 

predictive of protein function).  Testing of selected proteins for 

upregulation under ER stress by RT-PCR and co-

immunoprecipitation experiments were performed by Michael Jain.  

Construction of YFP chimeras and confocal microscopy was 

performed by Dr. Hisao Nagaya. 
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Original Contributions 
This body of work characterizes the proteome of the ER and Golgi 

apparatus through the identification and quantitation of the proteins in 

these isolated compartments by mass spectrometry.  Subcellular 

fractionation, protein separation and peptide generation by trypsinization, 

HPLC, tandem mass spectrometry, confocal microscopy, cell culture, 

immunoprecipitation, real-time PCR and bioinformatics were used for this 

characterization.  My original contributions to the research and scientific 

knowledge are the following: 

1. Developed quantitative proteomics combined with hierarchical 

clustering as a protein localization tool for organelles.

a. Performed the initial manual analysis of peptide counting which 

led to the automated computational procedure used for this 

thesis.

b. Identified, optimized and applied software for hierarchical 

clustering.

2. Used redundant peptide counting in combination with principal 

components analysis (PCO) to define the uniqueness of the protein 

makeup of isolated organelles and the homogeneity of organellar 

samples for proteomics.

a. Applied Matlab™ software to generate PCO plots. 

3. Validated redundant peptide counting through biological observations.   

a. Manually computed the redundant peptide counts for albumin 

and compared these results to quantitative western blotting.

b. Identified ERp44 as localized in the Golgi by redundant 

peptide counting and compared result to immunoblotting with 

anti-ERp44 antibody. 
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2. The first application of redundant peptide counting to estimate 

contamination in subcellular fractions from other organelles.

a. Developed and applied the idea of using % total peptides of 

marker proteins to estimate the amount of cross-contamination 

between the ER and Golgi fractions.

3. The first characterization of organellar contamination for the RM, SM 

and Golgi fractions.

a. Identified 23 functional categories as representative of the 

proteins identified in the RM, SM and Golgi fractions.

b. Assigned proteins to these categories.   

c. Developed the idea of using the enrichment of protein 

categories by redundant peptide counting to characterize the 

fractions which led to the determination of organellar 

contamination of the RM, SM and Golgi fractions. 

4. Characterized 1341 proteins in the ER and 527 proteins in the Golgi 

apparatus representing the most complete accounting of proteins in 

these structures to date.

5. Uncovered 324 proteins of unknown function of which 224 were 

localized to the RM, SM or Golgi by the quantitative protein localization 

tool developed in this thesis.

6. Established a pipeline for the analysis of proteomics data after mass 

spectrometry identification.

a. Contributed to the initial development of code for the 

redundancy reduction at the peptide to protein assignment 

(grouping)

b. Reduced redundancy at the protein level (due to SNPs or allelic 

isoforms) using BLASTp
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7. Bioinformatic characterization of proteins of unknown function. 

8. Contributed the sapreticulin antibody to community. 
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Introduction
This thesis focuses on the high-throughput identification and 

quantitation of proteins in isolated rough and smooth endoplasmic 

reticulum (ER) and Golgi apparatus of rat liver.  The ER and Golgi 

apparatus are organelles that comprise the early secretory pathway and 

are responsible for folding and processing of newly synthesized proteins 

as well as lipid biosynthesis (Hebert & Molinari 2007, Spiro 2002).  

Proteins destined for secretion proceed sequentially through these 

organelles on their way to the plasma membrane (Harter & Reinhard 

2000).  The ER is the entry-point to the secretory pathway.   Nascent 

proteins are translocated co-translationally into the lumen of the rough ER 

where they encounter resident molecular chaperones that facilitate their 

folding into the correct 3-dimensional configuration (Schrag et al 2003).    

After attaining the correct 3-dimensional structure, proteins advance to the 

Golgi apparatus for glycosylation (Schroder & Kaufman 2005).  Recent 

advances in mass-spectrometry based proteomics have successfully 

mapped and quantified protein complements for several organelles (Yates 

et al 2005).  Using this technology, we have generated a protein map of 

the organelles of the early secretory pathway (Gilchrist et al 2006). 

For this study, a proteomics strategy was developed to assign 

proteins to their intracellular locations using isolated organelles.   Rough 

and smooth microsomes of the ER were isolated by subcellular 

fractionation using highly rigorous protocols. Subcellular fractions were 

characterized by enzyme assays and electron microscopy to assess the 

degree of enrichment and homogeneity.  For analysis by mass 

spectrometry, proteins in these samples were solubilized and separated 

by 1-dimensional SDS-PAGE gels.  Each gel lane was cut into slices (1 

mm) and subjected to trypsin digestion followed by tandem mass 

spectrometry.   To quantify the identified proteins, the redundant peptide 
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counting approach (Blondeau et al 2004, Cox et al 2005, Gao et al 2005, 

Gao et al 2003, Girard et al 2005, Liu et al 2004, Pang et al 2002, Qian et 

al 2005, Rappsilber et al 2002, Zybailov et al 2005) was used.  Protein 

distribution profiles among the three organelles were established which 

enabled the assignment of proteins to a subcellular location based on their 

co-distribution with marker proteins.

Because of the complexity of organelles, enrichment strategies 

such as subcellular fractionation or immunodepletion are often employed 

in proteomic studies (Stasyk & Huber 2004).   These approaches reduce 

sample complexity and serve to increase the number of less abundant 

proteins that can be detected (Stasyk & Huber 2004) since subcellular 

fractionation enriches for organelle specific proteins and diminishes all 

others.  Proteins in highly enriched organellar fractions are more likely to 

be detected by the mass spectrometer due to the stochastic aspect of 

selecting peptides for fragmentation by the tandem mass spectrometer.   

As the abundance of a protein increases in a sample, so does the 

probability for its selection by the mass spectrometer.

For this study, subcellular fractionation was used to enrich for the 

organelles under study.  This technique separates organelles based on 

their physical properties (size, density, charge, etc.) (De Duve & Beaufay 

1981) and consists of two major steps: 1) homogenation to disrupt cellular 

organization and 2) fractionation of the homogenate to separate 

organelles.   The resulting homogenate can then be further resolved by 

centrifugation into enriched fractions of organelles.  These organelle rich 

fractions can serve as the starting point for organellar proteomics studies 

(Yates et al 2005). 

Organellar proteomics aims to identify the compendium of proteins 

of the membrane-bound compartments of the cell (Au et al 2007).  First 
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generation organellar proteomics studies isolated and analyzed one 

organelle at a time, often without quantifying the proteins they identified.  

These efforts include proteomics analyses of isolated Golgi apparatus 

(Bell et al 2001, Wu et al 2004) and ER (Knoblach et al 2003).  An 

analysis of the Golgi apparatus was performed by Bell et al. (Bell et al 

2001) who examined the protein constituents of a Golgi membrane 

fraction by tandem mass spectrometry.  They identified 81 proteins and 

characterized a novel Golgi protein called GPP34.  An independent 

proteomics characterization of isolated hepatic Golgi apparatus also 

characterized exactly the same novel protein, which this group called 

GMX33 (Wu et al 2000a).  Hence, based on these 2 examples, organelle 

proteomics characterizes proteins unattainable by other methods and 

immediately gives them context in terms of their subcellular location.   A 

more recent proteomics analysis of the Golgi was performed by Wu et al. 

(Wu et al 2004).  They used the MudPIT approach in their analysis of the 

Golgi apparatus and uncovered arginine dimethylation as a novel post-

translational modification.  As for a proteomics analysis of the ER, 

Knoblach et al. (Knoblach et al 2003) used 2D gels to characterize 

proteins of a soluble ER fraction representing the luminal contents of this 

organelle (Knoblach et al 2003).  They identified 141 known proteins and 6 

proteins of unknown function, two of which were shown to be novel protein 

disulphide isomerases (Knoblach et al 2003).   These studies of the Golgi 

and ER fall into the “first generation” category of proteomics analyses 

since they were not quantitative. Within the last 5 years, the use of 

quantitative methods in organellar proteomics studies has become 

increasingly more common. 

Blondeau et al. (Blondeau et al 2004) were the first to use a 

quantitative approach to protein characterization in organelles. They 

monitored the frequency of tandem mass spectra in 3 biological replicates 

of their sample - clathrin coated vesicles. Surprisingly, they found that 
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plotting the distribution of peptides assigned to proteins in the context of a 

lane of a 1- D SDS PAGE gel recapitulated the Coomassie Blue staining 

profile of the same proteins visualized in the gel. They went on to show 

that this method (redundant peptide counting) could accurately and 

statistically calculate the stoichiometry of the heavy and light chain of the 

clathrin coat as well as of the adapatin subunits.  Furthermore, they were 

able to estimate how many vesicles were in plasma membrane derived 

clathrin coated vesicles compared to Golgi derived vesicles (based on the 

abundance of AP-1 and AP-2).  This study tested the hypothesis that brain 

clathrin coated vesicles recycled synaptic vesicle constituents and their 

results confirmed the hypothesis, resolving a minor controversy in the 

field.  More recent multi-organelle proteomics studies which encompass 

the ER and Golgi (Foster et al 2006a, Kislinger et al 2006) have also used 

quantitative methods in their analyses. 

Two studies by Kislinger et al. (Kislinger et al 2006) and Foster et 

al. (Foster et al 2006a) analyzed multiple organelles of murine origin using 

quantitative approaches.   Kislinger et al. (Kislinger et al 2006) identified 

proteins in four subcellular fractions (cytosol, microsomes (including ER 

and Golgi), mitochondria and nuclei) derived from six organs by tandem 

mass spectrometry.   To determine tissue selectivity, they compared 

protein abundance with mRNA abundance derived from previous studies.   

As a way to gauge protein abundance, Kislinger et al. (Kislinger et al 

2006) used the redundant peptide counting approach.  A similar study was 

conducted by Foster et al. (Foster et al 2006a) who surveyed proteins in 

ten organelles of mouse liver including the ER and Golgi apparatus.  To 

measure protein abundance, they used extracted peptide ion currents 

(Andersen et al 2003).   Quantitative aspects of the Kislinger et al. 

(Kislinger et al 2006) and Foster et al. (Foster et al 2006a) studies enabled 

the assignment of proteins to specific organelles (Foster et al 2006a)  and 

tissues (Kislinger et al 2006). 
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Both redundant peptide counting and extracted peptide ion currents 

are considered label-free methods of protein quantitation.  Redundant 

peptide counting relies on the frequency of detection of tandem mass 

spectra derived from peptides for a given protein (Blondeau et al 2004, 

Cox et al 2005, Gao et al 2005, Gao et al 2003, Girard et al 2005, Liu et al 

2004, Pang et al 2002, Qian et al 2005, Rappsilber et al 2002, Zybailov et 

al 2005).  The approach is described as “redundant” due to the 

observation that a peptide can generate multiple mass spectra.  The 

method is based on the observation that the number of times a peptide is 

sampled is proportional to the abundance of its parent protein.  In practice, 

redundant peptide counts are derived by taking the sum of all tandem 

mass spectra assigned to peptides for a given protein (Blondeau et al 

2004, Cox et al 2005, Gao et al 2005, Gao et al 2003, Girard et al 2005, 

Liu et al 2004, Pang et al 2002, Qian et al 2005, Rappsilber et al 2002, 

Zybailov et al 2005).   Extracted total ion currents are determined by 

plotting the intensity of the signal as a peptide elutes from the 

chromatographic column over time.  The area under this curve is the 

extracted ion current and, for the same peptide and experimental 

conditions, is linearly related to its amount (Andersen et al 2003).  Using 

this quantitative approach, Andersen et al. (Andersen et al 2003) 

distinguished between proteins resident to the centrosome and 

contaminants which represented an important advance to the field. 

Due to the difficulty in isolating organelles (DeDuve 1971), it is a 

challenge to distinguish bona fide organellar proteins from contaminating 

proteins.  This is exactly the problem addressed by the development of 

protein correlation profiling by Andersen et al. (Andersen et al 2003).  

Protein correlation profiling involved tracking the abundance of peptides in 

all fractions of an analytical gradient (Andersen et al 2003).    Distribution 

profiles of all identified proteins were compared to profiles of known 
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marker proteins. Protein distribution profiles that deviated from marker 

profiles were considered contaminants.  Protein correlation profiling was 

used by Foster et al. (Foster et al 2006a) to assign 1400 proteins to 10 

different organelles isolated from mouse liver homogenates.   Similar to 

protein correlation profiling, LOPIT (localization of organelle proteins by 

isotope tagging), developed by Dunkley et al. (Dunkley et al 2006, 

Dunkley et al 2004), was used to map different subcompartments of the 

endomembrane system in the plant, Arabidopsis thaliana.  In this 

approach, proteins were partially separated by centrifugation through 

density gradients.  iTRAQ reagents were used to label proteins in different 

fractions of the gradient and protein distribution profiles were determined 

by measuring the relative iTRAQ reporter ion intensities across the 

gradients.   As with protein correlation profiling, localization was 

established by comparing all profiles to marker protein profiles.  Using this 

approach, Dunkley et al. (Dunkley et al 2006) assigned 527 proteins to the 

ER, Golgi, PM, vacuolar membrane and mitochondria.  Both the Foster et 

al. (Foster et al 2006a) and Dunkley et al. (Dunkley et al 2006) studies 

relied on the behaviour of proteins in a single gradient to assign to them a 

subcellular localization.  This approach is attractive, in theory; however, in 

practice, the approach is susceptible to incomplete separation of proteins 

in the gradient.  Indeed, this has been a problem for cell biologists and 

since the latter half of the 20th century, the field has been challenged to 

develop methods to isolate organelles effectively (DeDuve 1971).  The 

results of the Foster et al. (Foster et al 2006a) study support this point.  

When benchmarked against proteomics analyses of individual organelles, 

they identified, on average, only 30% of the proteins identified for each 

organelle (Foster et al 2006a). Therefore highly enriched isolated 

organelles may be required to gain insight into protein content and their 

distribution in cells and organs.  In this scenario a “divide and conquer 

approach” is needed to map the proteome (Au et al 2007, Yates et al 

2005).
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The goal of this work was to create a protein map of the organelles 

of the secretory pathway – the rough and smooth ER and Golgi apparatus.

This thesis describes the application of a subcellular localization method 

using a label free quantitative proteomics strategy to elucidate the 

proteome of the early secretory pathway from isolated subcellular fractions 

derived from the rough ER, smooth ER, and Golgi apparatus of rat liver 

parenchyma.   In this thesis, I aim to: 

1. Describe the methodology employed throughout the thesis and 

the pipeline established as a result of this work (Methods). 

2. Quantify the extent of cross contamination between the ER and 

Golgi fractions as well as contamination from other organelles of 

the cell (Results: Assessment of contamination of RM, SM and 

Golgi fractions). 

3. Define the proteome of the early secretory pathway with a 

subcellular localization for most proteins to the rough ER and/or 

smooth ER and Golgi apparatus (Results: Subcellular 

localization of proteins by proteomics). 

4. Assign a membrane, cytosolic or luminal location to most 

proteins based on their distribution in various biochemical 

subfractions (Results:  Biochemical subfractionation of ER 

fractions).

5. Estimate the completeness of the ER and Golgi protein 

identifications and show that proteomics, using well-isolated 

organelles, is a more comprehensive approach than other 

methods (Results: Completeness of ER and Golgi proteomics 

results).

6. Characterize the proteins of unknown function identified in the 

ER and the novel biology they represent (Results: 

Characterization of proteins of unknown function of the ER). 
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Literature Review
The secretory pathway in eukaryotic cells consists of separate 

organelles that work in succession to effect protein secretion to the 

extracellular environment.   A protein destined for secretion transits 

through various specialized compartments that facilitate the different 

stages of protein synthesis and folding, modification, sorting and 

secretion.  The ER is the entry point into the secretory pathway.  

Ribosomes docked on the membrane of the ER translate nascent proteins 

which enter the lumen of the ER for protein folding.  The next step for an 

immature protein is the Golgi apparatus.  Secretory protein cargo exits the 

ER in vesicles which ultimately end up in the Golgi apparatus.  

Glycosylation of proteins proceeds sequentially due to the distribution of 

resident Golgi enzymes in the cis, medial and trans Golgi cisternae.  

Communication and transport between the ER and Golgi occurs via 

vesicles, coated with either COPI or COPII coats, that fuse with these 

organelles.

1. The endoplasmic reticulum 
The lace-like structure of the ER was first viewed by Keith Porter 

using the electron microscope (Porter et al 1945).  The term “endoplasmic 

reticulum” was derived from observations that its structure is within the 

cytoplasm (endoplasmic) with a net-like appearance (reticulum).  The 

general structure of the ER is an extensive membrane network of 

interconnected tubules and flattened sacs, enclosing a single cisternal 

space called the ER lumen.  The ER membrane, a phospholipid bilayer, 

separates the cisternal space from the cytosol.  The main functions of the 

ER include protein and lipid synthesis.  It synthesizes the majority of lipids 

and integral membrane proteins for the organelles of the cell as well as 

the majority of proteins destined for secretion outside of the cell.  Other 
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functions of the ER include calcium sequestration and detoxification.  The 

ER is divided into different subcompartments: the rough ER and the 

smooth ER. 

1.1 The rough endoplasmic reticulum 
The rough endoplasmic reticulum (RER) is defined by the presence 

of numerous membrane bound ribosomes which dot the membrane 

surface, thus giving it its rough appearance.  The RER is generally viewed 

as the entryway to the secretory pathway (Hebert & Molinari 2007).  

Proteins enter the secretory pathway via the membrane bound ribosomes 

that synthesize nascent polypeptides (Hebert & Molinari 2007).  These 

immature proteins are transported into the lumen of the ER co-

translationally, that is, before the end of protein synthesis (Blobel & 

Dobberstein 1975, Redman & Sabatini 1966).  Ribosomes bound to the 

ER do not differ from ribosomes that synthesize proteins in the cytosol 

(Blobel & Dobberstein 1975, Lingappa et al 1984).   The difference in their 

spatial distribution, whether they synthesize proteins on the ER or in the 

cytosol, lies in the protein they are making at the time (Lingappa et al 

1984, Lingappa et al 1978).   Translation is initiated in the cytoplasm by a 

series of initiation factors (Weissbach & Ochoa 1976).  Elongation of the 

polypeptide continues through the action of these factors bound to 

aminoacyl-tRNA molecules (Mucha 2002).   Targeting to the ER 

membrane is specified by a signal sequence at the N-terminus of the 

protein (Lingappa et al 1978).   As the signal sequence emerges from the 

ribosome-mRNA complex, it is recognized and bound by the signal 

recognition particle (SRP) (Kurzchalia et al 1986, Walter & Blobel 1981).  

This step arrests protein synthesis (Meyer et al 1982, Walter & Blobel 

1981) which does not resume until the ribosome docks onto the ER 

membrane.  The ribosomal-nascent chain complex (RNC) bound to SRP 

is then targeted to the ER membrane where it binds by two interactions: 1) 

to the SRP receptor (Wiedmann et al 1987) and 2) to the Sec61 complex 
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also known as the translocon (Jungnickel & Rapoport 1995).    Binding of 

SRP-RNC to the SRP receptor causes the dissociation of the signal 

sequence from the SRP in a GTP dependant manner (Connolly et al 

1991).   After dissociation, the nascent polypeptide is transferred to the 

Sec61  unit of the translocon (Gilmore & Blobel 1985, Krieg et al 1989, 

Wiedmann et al 1987).

As the synthesis of secretory proteins occurs, different factors 

interact with the newly synthesized polypeptide.  Aside from the SRP, 

another complex which associates with ribosome bound polypeptides is 

the nascent-polypeptide-associated complex (NAC) (Rospert et al 2002, 

Wiedmann et al 1994).   It has been proposed the NAC complex plays a 

role in mediating the proper translocation of proteins to the ER by 

controlling the accessibility of the translocon, and the signal recognition 

particle to ribosome bound nascent chains (Moller et al 1998) (Lauring et 

al 1995).  These findings were all based on in vitro experiments.  

Moreover, the association of NAC with ribosomes and the cross-linking of 

NAC to short nascent polypeptides indicate that NAC might be involved in 

the folding of newly synthesized proteins (Wiedmann et al 1994).  

However, direct in vivo evidence for these hypotheses has yet to be 

produced.

NAC has also been implicated in the mitochondrial import of 

proteins (Funfschilling & Rospert 1999, George et al 1998, George et al 

2002).  A recent study localized ICD-1 NAC) to the mitochondria during 

embryogenesis and identified this protein as a suppressor of apoptosis in 

C. elegans (Bloss et al 2003).  Based on this evidence, it has been 

proposed that ICD-1/ NAC may regulate the mitochondrial apoptotic 

program.  In light of this conflicting evidence, the role of NAC remains 

unclear.
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1.1.1 Translocation across the ER membrane 
Once the SRP-RNC is docked onto the ER membrane, protein 

synthesis continues.  The ribosome aligns and forms a tight seal with an 

aqueous pore that spans the ER membrane (Crowley et al 1993).  This 

pore is called the translocon and is comprised of the trimeric Sec61 

complex (Sec61  and ) (Johnson & van Waes 1999).  Translocon 

constituents were first identified by photocross-linking experiments, using 

an approach that incorporated photoreactive probes into the newly 

synthesized polypeptide (Krieg et al 1989, Thrift et al 1991, Wiedmann et 

al 1989).  As the nascent chain passed through the ER membrane, the 

probes were photolyzed resulting in the photo-crosslinking of proteins 

adjacent to them (Krieg et al 1989, Thrift et al 1991, Wiedmann et al 

1989). The interacting proteins were then validated by reconstitution into 

proteoliposomes and were shown to be successful in protein translocation 

(Gorlich et al 1992a, Gorlich et al 1992b, Gorlich & Rapoport 1993, 

Nicchitta & Blobel 1990).  This approach identified Sec61  and the 

Translocon-Associated Membrane protein (TRAM) as the core 

constituents of the translocon, since translocation of most proteins was 

successfully reconstituted by this core complex (Gorlich & Rapoport 

1993).  Another group of proteins found to be associated with the 

translocon and remain poorly characterized is the translocon-associated 

protein complex which has 4 subunits (TRAP ).   TRAP is 

postulated to play a role in the translocation of proteins whose signal 

sequences interact weakly with the translocon.  This hypothesis is 

supported by the finding that the TRAP complex is necessary for the 

translocation of prion protein (Fons et al 2003).  This protein is inefficiently 

transported by the core Sec61/TRAM complex, possibly due to properties 

of its signal sequence. 

As translocation proceeds, proteins adjacent to the channel act on 

the nascent polypeptide as it enters the lumen of the RER.  Before the 
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protein is completely synthesized, signal peptidase, a protease in the 

membrane of the ER, cleaves off the signal sequence (Evans et al 1986).   

Other proteins which have been located proximal to the translocon include 

p34 (Tazawa et al 1991) and p180 (Savitz & Meyer 1993).  Both proteins 

were once considered candidates for the ribosome receptor, which was 

eventually shown to be Sec61  (Osborne et al 2005, Prinz et al 2000, 

Raden et al 2000).

Another protein located transiently at the translocon is BiP.   BiP is 

generally regarded as a molecular chaperone (Meunier et al 2002) 

(Kleizen & Braakman 2004).  BiP forms a seal on the luminal side of both 

the inactive translocon and one that is in the early stages of translocation 

(Hamman et al 1998).  Mechanistically, when BiP seals the translocon, it 

is in the ADP-bound conformation and it switches to the ATP bound state 

upon pore reopening (Alder et al 2005).  A similar mechanism is used 

when BiP associates and dissociates from substrates in its role in protein 

folding.

Further modification of the nascent polypeptide also occurs by the 

action of the oligosaccharyl transferase.   Glycoproteins make up the 

majority of proteins synthesized in the ER and the addition of sugars to 

proteins is one of the main functions of the organelle.  The oligosaccharyl 

transferase is a complex of membrane proteins that transfers a 

preassembled oligosaccharide - Glc3-Man9-(GlcNac)2 – en masse onto 

asparagine residues of newly synthesized proteins.  The oligosaccharide 

is transferred to arginine residues of the form N-X-T/S by a process called 

N-linked glycosylation (reviewed in (Helenius & Aebi 2004).  The precursor 

oligosaccharide is first synthesized in the cytosol and held in the ER 

membrane by a dolichol lipid carrier.  Nucleotide-sugar intermediates, 

formed in the cytosol, donate their sugars to dolichol in a specific order.   

Seven sugars are added on the cytoplasmic side and are all together 
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linked to the dolichol by a pyrophosphate bond.   After the 

heptasaccharide is added to the dolichol carrier, the lipid linked 

oligosaccharide is flipped from the cytosolic side to the luminal side of the 

ER for further addition of four mannose and three glucose residues.  This 

“flipping” is facilitated by a protein called RFT1 (Helenius et al 2002).  In 

contrast to the addition of sugars on the cytosolic side of the ER 

membrane, sugars assembled on the luminal side are not nucleotide 

activated sugars but are instead dolichol phosphate bound 

monosaccharides.  These sugars are also synthesized on the cytoplasmic 

side and are “flipped” into the lumen of the ER.  However, the identity of 

the “flippase” that mediates this step remains unknown (Helenius & Aebi 

2002).

1.2  Protein folding 
The lumen of the ER provides an oxidating redox environment 

conducive for protein folding (Tu & Weissman 2004).  Once translocated 

into the ER lumen, a newly synthesized protein encounters numerous 

molecular chaperones, ER resident proteins that function to fold nascent 

proteins. These proteins assist nascent proteins to attain the correct three 

dimensional conformations.   Chaperones of the ER fall into two 

categories.  They function either to keep proteins in a folding competent 

state (e.g. BiP and calnexin) or to catalyze protein folding reactions (e.g. 

protein disulphide isomerise or cis-trans prolyl isomerise) (Zapun et al 

1999).

1.2.1 The calnexin cycle 
Calnexin is an ER resident type I transmembrane protein that bears 

sequence similarity with calreticulin, another soluble luminal protein of the 

ER.  Calnexin and calreticulin are both lectins in that they interact with 

monoglucosylated N-linked glycans (Ou et al 1993, Peterson et al 1995).  
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The calnexin/calreticulin cycle works in the following way (Schrag et al 

2003). The newly synthesized protein bearing an N-linked glycan has the 

structure of Glc3-Man9-(GlcNac)2 (where Glc is glucose, Man is 

mannose, and GlcNac is N-acetylglucosamine).  The cycle begins with the 

sequential trimming by glucosidase I and II of two terminal glucose 

residues leaving the N-linked oligosaccharide with the structure Glc1-

Man9-(GlcNac)2. Calnexin or calreticulin bind to the monoglucosylated 

protein and this association permits enzymes such as protein disulphide 

isomerase to facilitate folding by catalyzing the exchange of disulfide 

bonds. When the protein is properly folded, it is released from calnexin or 

calreticulin by the action of glucosidase II.  The enzyme re-enters and 

trims the final glucose on the glycan to generate a Man9-(GlcNac)2 

oligosaccharide.  If the protein remains misfolded, it is recognized by 

another member of the cycle known as UDP:glucose glucosyltransferase 

(UGGT). UGGT functions as a sensor of protein misfolding and acts on 

misfolded proteins by re-glucosylating the oligosaccharide, thus, re-

forming the Glc1-Man9-(GlcNac)2 structure (Taylor et al 2004). Re-

glucosylation by UGGT allows for another round of protein folding in which 

the cycle begins again with calnexin recognition followed by glucose 

trimming and so forth (Schrag et al 2003).

1.2.2 BiP 
Another indicator of incompletely folded proteins is exposed 

hydrophobic residues (Hellman et al 1999).   These residues are normally 

sequestered inside correctly folded proteins and away from the aqueous 

environment of the cell; therefore the exposure of hydrophobic domains is 

a hallmark of protein misfolding.   The heat shock protein (HSP) family of 

proteins are responsible for recognition of exposed hydrophobic residues.  

Hsp70 and Hsp90 proteins have mainly been studied in the cytoplasm but 

they are also present in the lumen of the ER.



33

The protein BiP/GRP78 is a member of the Hsp70 family and an 

abundant resident protein of the ER.   BiP and Hsp70 family members in 

general, are characterized by a nucleotide binding domain that binds ATP, 

and a substrate binding domain responsible for recognizing a series of 

hydrophobic residues. These domains work together to modulate the 

affinity and the duration of binding of incompletely folded proteins (Gething 

1999).  BiP also has other roles within the ER.  It is involved in the 

translocation of newly synthesized precursors across the ER membrane 

(Matlack et al 1999), the retro-translocation of misfolded proteins as part 

of the ER-dependent degradation process (ERAD) (Chillaron & Haas 

2000) and in the unfolded protein response (UPR) (Bertolotti et al 2000). 

1.2.3 Protein disulphide isomerise and oxidative protein 
folding

The oxidizing environment of the ER is highly optimized for protein 

folding and disulphide bond formation.  Protein disulphide isomerase, the 

first chaperone to be discovered (Goldberger et al 1963), catalyzes the 

formation as well as the rearrangement of disulphide bonds in 

incompletely folded proteins in a process called oxidative folding (Tu & 

Weissman 2004).    Despite the fact that PDI has been known for over 40 

years, the mechanisms behind oxidative folding have been understood 

only recently.  Studies by Tu et al. (Tu et al 2000, Tu & Weissman 2002) 

have shown that oxidative protein folding is dependant on electron 

acceptors and consists of a relay system of electron transfers between the 

proteins Ero1, PDI and molecular oxygen.  Ero1 was first discovered 

through a genetic screen in yeast, which identified mutants that were 

sensitive to the reducing agent DTT.  These mutants accumulated 

normally disulphide bonded proteins in a reduced form in the ER (Frand & 

Kaiser 1998, Pollard et al 1998).  The reduced form of these proteins 

suggested that Ero1 functioned upstream of PDI (Frand & Kaiser 1998, 

Pollard et al 1998).  During oxidative folding, the relay of electron transfer 
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begins with the binding of Ero1 to FAD that is transported into the lumen 

of the ER.  Ero1 then oxidizes PDI, becoming reduced in the process, and 

donates its electrons to molecular oxygen, the terminal electron acceptor.  

After oxidation by Ero1, PDI oxidizes cysteine pairs in incompletely folded 

proteins through disulphide bond formation.

Whether or not Ero1 interacts with the other PDIs of the ER 

remains to be seen.  At present, there are four PDI homologs in yeast and 

seventeen in human (Ellgaard & Ruddock 2005).  The only other PDI 

postulated to interact with Ero1 is the relatively unknown protein, ERp44.  

In a cross-linking experiment, human Ero1 formed a mixed disulphide 

cross-link with ERp44 (Anelli et al 2002).  In another capacity, ERp44 has 

been shown to regulate the calcium concentration through its interaction 

with the IP3 receptor located in the ER membrane (Higo et al 2005).   This 

regulation is dependant on the pH, calcium concentration and the 

presence of reduced cysteines in the third loop of the IP(3) type 1 receptor 

(Higo et al 2005).  ERp44 represents a molecular chaperone which carries 

out a specialized role by coordinating protein folding with calcium levels in 

the ER.

1.3 Quality control in the endoplasmic reticulum 
Protein folding in the ER is monitored by a quality control system 

which ensures that only properly assembled and functional proteins exit 

the ER.   Proper function of the ER is disrupted when the load of unfolded 

nascent polypeptides surpasses the folding capacity of the ER.   This 

perturbation of ER function known as “ER stress” occurs naturally during 

biological processes such as B cell differentiation into plasma cells 

(Reimold et al 2001) or during diseased states known as ER storage 

diseases (Rutishauser & Spiess 2002).  Proteins that do not attain the 

proper conformation and stability are handled by the quality control 

machinery.  Two mechanisms exist for coping with misfolded proteins: ER-
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associated degradation (ERAD) and the unfolded protein response (UPR).  

ERAD identifies terminally misfolded proteins and retrotranslocates them 

to the cytosol for degradation by the ubiquitin-proteasome system 

(Meusser et al 2005).  The UPR is an intracellular signalling pathway used 

by the ER to increase its folding capacity in order to handle an increased 

load of misfolded protein (Schroder & Kaufman 2005).  The UPR is not 

separate from ERAD; rather, ERAD is one of the pathways activated by 

the UPR to accommodate for compromised protein folding.

1.3.1 ER associated degradation 
Similar to unfolded protein recognition in the calnexin cycle, the 

glycosylation state of an incompletely folded protein determines its fate.  

Recent studies have identified two different lectins in the ER which 

function in ERAD.  The first lectin is called EDEM in mammalian cells or 

Htm1 in yeast.  Studies in mammalian cells suggest that EDEM helps 

misfolded glycoproteins exit the calnexin/calreticulin cycle and enter the 

degradation pathway (Molinari et al., 2003; Oda et al., 2003).  Terminally 

misfolded proteins are recognized by EDEM/Htm1 after trimming of the N-

linked glycan by 1,2 mannosidase (Molinari et al 2003, Oda et al 2003).  

In fact, EDEM is a mannosidase homolog although catalytically inactive.  It 

is thought that EDEM uses its mannosidase domain for glycoprotein 

recognition to sequester unstable glycoproteins after trimming by 1,2

mannosidase  (Molinari et al 2003, Oda et al 2003).  A second lectin which 

was recently discovered is Yos9 (Cormier et al 2005).  In 3 different 

studies, Yos9 was identified as necessary for degradation of a misfolded  

glycoprotein in yeast (Bhamidipati et al 2005, Kim et al 2005, Szathmary 

et al 2005).  Yos9 contains a mannose binding domain similar to the 

mannose-6-phosphate receptor and an HDEL at its C- terminus localizing 

it to the lumen of the ER.  Mutagenesis experiments revealed that the 

mannose binding domain of Yos9 is required for glycoprotein binding and 

mutations in this domain abolishes its capacity to sustain ERAD.  
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However, these same mutants show a stronger affinity for misfolded 

proteins.   Therefore, how misfolded proteins are recognized by Yos9 and 

how they are delivered to the degradation machinery is not entirely clear 

at this time. 

Once misfolded proteins are sorted out by the quality control 

machinery of the ER, they are generally retro-translocated through a pore 

complex to the cytosol for degradation.  Although the identity of the pore is 

the subject of debate, the general evidence supports two candidates: the 

Sec61 complex (Pilon et al 1997) (Plemper et al 1997) (Zhou & Schekman 

1999) and Derlin-1 (Lilley & Ploegh 2004, Ye et al 2004).

Proteins destined for degradation are extracted from the ER 

membrane and into the cytosol by a protein complex comprised of the 

AAA-ATPase Cdc48p/p97 coupled with the proteins Npl4p and Ufd1p 

(Jarosch et al 2002, Ye et al 2001, Ye et al 2004).  Once in the cytosol, 

the proteins are ubiquitinated by E2 conjugating enzymes and E3 ligases 

associated with the ER membrane followed by degradation by the 26S 

proteasome.

1.3.2 The unfolded protein response   
The UPR is a signal transduction pathway activated by an 

accumulation of unfolded proteins in the ER.    The signaling events 

initiated by the UPR function to increase the size of the ER membrane.  

Resident proteins are also upregulated which include molecular 

chaperones and other protein modifying enzymes. The UPR also 

decreases the translation and import of proteins into the ER and increases 

the targeting of proteins for degradation via ERAD.

Sensors within the ER membrane initiate the signaling events of the 

UPR.  These proteins are known as IRE1  and , PERK and ATF6.  IRE1 
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is a highly conserved integral membrane protein kinase with a luminal 

domain which senses misfolded proteins, a cytosolic ribonuclease domain 

and a serine/threonine kinase domain. ER stress causes the intraluminal 

domain of IRE-1 to become activated by homodimerization and 

autophosphorylation.  These changes cause the cytosolic ribonuclease 

domain to excise a 26 bp intron from mRNA encoding the X-box-binding 

protein (XBP1).  Cleavage of XBP1 in metazoans or Hac1 in yeast 

produces and active transcription factor that moves to the nucleus and 

activates the transcription of genes encoding proteins involved in ER 

protein folding and modification, phospholipid biosynthesis and ERAD, 

and vesicular transport (Harding et al 2003) (Lee et al 2003) (Shaffer et al 

2004).(Sriburi et al 2004).  At present, the full complement of metazoan 

UPR target genes is still unknown.  

PERK is a single spanning integral membrane kinase.  The 

accumulation of misfolded proteins in the lumen of the ER activates PERK 

leading to the phosphorylation of the translation initiation factor eIF2 .

Since PERK directly phosphorylates eIF2  and is not dependent on 

translocation to the nucleus or translation, this branch of the UPR elicits 

the fastest response.   Phosphorylated eIF2 inhibits the assembly of the 

80S ribosome and causes a general attenuation of protein synthesis, thus 

decreasing the influx of proteins into the ER.  Although most mRNAs are 

not translated under these conditions, a subset contain internal ribosome 

entry sites (Fernandez et al 2001) or upstream open reading frames 

(Harding et al 2000) which cause them to be preferentially translated.  

One of the mRNAs is ATF4, a member of the cAMP response-element-

binding (CREB) family of transcription factors (Harding et al 2000).  Since 

phosphorylation of eIF2  also occurs in response to other cellular stresses 

which lead to the activation of other non-PERK eIF2  kinases (Clemens 

2001), genes downstream of ATF4 are generally important for the 



38

recovery from different stresses, whether they originate from the ER or 

not.

ATF6 is translated initially as an ER-resident integral membrane 

protein.  It is a bZIP transcription factor that migrates to the Golgi upon 

UPR induction where it is cleaved by the S1P and S2P proteases.  

Cleavage of ATF6 produces a cytosolic fragment that is an activated 

transcription factor (Ye et al 2000).  The cytosolic fragment of ATF6 then 

moves to the nucleus where it induces the transcription of XBP1 (Yoshida 

et al 1998) among other factors.

Studies on gene expression analysis in yeast (Travers et al 2000) 

and mammals (Scheuner et al 2001) (Harding et al 2003) (Okada et al 

2002) have identified UPR target genes and characterized their 

transcriptional profile depending on the branch of UPR activation.  All 

these transcriptional studies have identified ER chaperones, protein 

folding enzymes and other proteins of the secretory pathway as target 

genes of the UPR.  If homeostasis is not regained during the UPR, cells 

undergo apoptosis.  In particular, PERK and ATF6 activation induce 

proapoptotic genes (Harding et al 2000) (Yoshida et al 2000).

Temporally, the UPR can be divided into an early and a late phase 

(Yoshida et al 2003).  The early phase consists of the inhibition of protein 

synthesis through eIF2  phosphorylation by PERK and the upregulation of 

ER chaperones to increase protein folding activities within the ER.  The 

second phase involves the upregulation of genes involved in ERAD to 

enhance degradation to decrease the load of misfolded proteins in the ER.  

ATF6 has been implicated, in mammals, to induce the expression of the 

protein Herp which is thought to recruit the 26S proteasome to the ER 

membrane in times of ER stress (Ma & Hendershot 2004).   In addition, 
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the IRE1/XBP1 pathway induces the expression of ERAD proteins such as 

EDEM, HRD1 and UGGT (Hosokawa et al 2003).

1.4 The smooth endoplasmic reticulum 
Although the rough and the smooth endoplasmic reticulum (SER) 

comprise a continuous membrane, morphological and functional 

segregation exist within the organelle (Depierre & Dallner 1975).  In 

contrast to the RER, the SER lacks bound ribosomes and is often 

abundant in cells with specialized functions, e.g. the rat liver hepatocyte.  

In these cells, the SER is expanded to accommodate for increased 

lipoprotein synthesis and detoxification of drugs (Baron et al 1982, 

Bolender & Weibel 1973, Jones & Fawcett 1966).  The cytochrome 450s 

(CYP450) comprise a system for drug clearance in the liver (Guengerich 

2006).  These proteins are type I integral membrane proteins that make up 

a highly conserved superfamily of heme enzymes.  Combined with the 

glucuronosyltransferases, also type I membrane proteins, endogenous 

steroids and xenobiotic chemicals are oxidized by CYP450 and made 

more hydrophilic by glucuronidation for elimination from the body.  The 

CYP450 system also works with other systems in the liver to render 

lipophilic steroids and drugs more water soluble.  These systems include 

the carboxylesterases (Satoh & Hosokawa 2006) and glutathione-S-

transferases (Sheehan et al 2001).

Along with detoxification, the SER is the site of lipid and sterol 

synthesis (Bishop & Bell 1988).  In fact, the ER is the principal organelle 

for the synthesis of the major classes of lipids required for the generation 

of new membranes.  The major products of lipid synthesis in the ER are 

phospholipids, cholesterol and ceramide.  The assembly of phospholipids 

(e.g. phosphatidylcholine and phosphatidylethanolamine) can be regarded 

as a three step process.  The first step involves the synthesis of lipids from 

hydrophilic precursors on the cytosolic leaflet of the ER membrane (Bell & 
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Coleman 1980).  In the second step, the assembled phospholipid 

molecules are transported across the bilayer into the luminal side of the 

ER membrane.  The exact mechanism for the energetically unfavorable 

translocation of phospholipids (Liu & Conboy 2005) is unknown at this 

time.  However, current data strongly support the existence of a 

membrane protein or “flippase” that enables phospholipid flipping to occur 

(Pomorski & Menon 2006). The third step consists of the transport of lipids 

from the ER (Voelker 2003) to other organelles of the endomembrane 

system or to organelles which are unable to synthesize phospholipids for 

the assembly of new organellar membranes.  For example, mitochondria 

can not synthesize the majority of the lipids required for its function; 

therefore, phosphatidylcholine, phosphatidylinositol and 

phosphatidylserine must be imported from the ER (Voelker 1989).  Once 

imported into the mitochondria, phosphatidylserine, which is essential for 

mitochondrial function, is converted to phosphatidylethanolamine by 

phosphatidylserine decarboxylase 1 (Birner et al 2001). 

1.5 Endoplasmic reticulum structure 
One of the classical problems in cell biology is the question of how 

the structure and spatial arrangement of organelles influence their 

functions.  Recent work on membrane curvature and the factors that 

contribute to the characteristic “sheets and tubules” morphology of the ER 

touches upon this problem. The RER has generally been characterized as 

membrane sheets studded with ribosomes that emanate from the nuclear 

membrane, whereas, the SER is described as a ribosome free network of 

tubules (Clermont et al 1980, Fawcett 1955, Hobman et al 1992, Staubli et 

al 1969).  Recent work investigating the causes of membrane curvature 

showed that the reticulon and DPR protein families are responsible for 

generating and maintaining tubular structures in the ER (Voeltz et al 

2006).  Overexpression of these proteins in ER membranes of yeast 

resulted in the formation of long unbranched tubules (Voeltz et al 2006).  
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The proposed mechanism is that the reticulons and DP1 stabilize the 

curvature of ER tubules by wedging themselves into ER membranes, thus 

increasing the surface area of the membrane which is required for high 

curvature.  Localization of these proteins revealed that they were almost 

exclusively distributed to the peripheral tubular ER and absent from the 

nuclear rim (Voeltz et al 2006).  The same study also demonstrated that 

the loss of reticulon proteins resulted in a reduction in peripheral tubules 

and an increase in sheet-like structures (Voeltz et al 2006).  However, 

merely the absence of reticulons does not fully explain the maintenance of 

ER sheets and additional factors are most likely required.  Snapp et al. 

(Snapp et al 2003) demonstrated that highly ordered smooth ER 

membranes (OSER) can form through weak interactions between the 

cytosolic domains of overexpressed membrane proteins.  Similarly, the 

overexpression of the poorly characterized protein, p180, led to the 

proliferation of stacked RER sheets in yeast cells (Becker et al 1999).

The functional significance of the segregation of ER membranes 

into sheets and tubules is still a mystery.  However, it has been suggested 

that large polysomes arranged on the RER require an expanded surface 

area provided by a sheet-like structure (Shibata et al 2006).  In contrast, 

smooth ER functions may be hindered by the presence of docked 

ribosomes since the enzymes that synthesize lipids and detoxifying 

proteins function on the cytosolic surface of the ER. Therefore, tubules are 

the ideal shape since they would restrict ribosome binding. 

2. The Golgi apparatus 
After their folding in the ER, newly synthesized proteins are 

transported to the Golgi apparatus for final maturation, before they move 

to their final destinations within the endomembrane system or in the 

extracellular space.  The Golgi apparatus was first discovered in 1898 by 

Camillo Golgi (Bentivoglio 1998).  The organelle consists of tightly stacked 
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membrane subunits which are commonly referred to as cisternae.  These 

stacks divide the organelle into the cis Golgi network (CGN) (also called 

the intermediate compartment), the cis, medial and trans cisternae 

(Ehrenreich et al 1973) and the trans Golgi network (TGN) (Clermont et al 

1995).  Vesicles carrying secretory proteins from the ER fuse with the 

CGN and deposit their cargo for glycan side chain processing and 

proteolytic cleavage by resident Golgi enzymes.  Cargo proteins 

subsequently progress through the stacks to the TGN where they are 

sorted and sent to either the cell surface or to other parts of the 

endomembrane system.

2.1 Oligosaccharide processing in the Golgi apparatus 
Glycosylation reactions that take place in the Golgi apparatus are 

much more diverse than in the ER.   Enzymes in the Golgi apparatus 

complete the final stages of N-linked oligosaccharide synthesis and the 

assembly of glycolipids, proteoglycans and O-linked oligosaccharides 

(Hirschberg & Snider 1987).  The N-glycan transferred onto newly 

synthesized proteins in the ER is further modified in the Golgi by the 

addition of new sugars and proteolytic processing, through the sequential 

action of resident Golgi enzymes (Berger 1985).  The outcome of N-linked 

oligosaccharide processing in the Golgi is the formation of complex 

oligosaccharides (Berger 1985).

Complex oligosaccharides are made by the combination of 

trimming of the N-linked glycan as well as through the addition of new 

sugars by glycosyltransferases (Berger 1985).  These enzymes work 

sequentially (Kornfeld & Kornfeld 1985) and are organized within the Golgi 

stacks in the order in which they act (Rabouille et al 1995).  Therefore, 

earlier steps in N-linked glycan processing are located toward the cis-face 

of the Golgi apparatus, whereas enzymes acting in later steps are 

distributed more towards the medial to trans-stacks (Rabouille et al 1995).  
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The sequence of complex oligosaccharide processing proceeds as 

follows:  Mannose trimming that begins in the ER is continued in the Golgi 

by the action of 1,2 mannosidase I, which trims 3 mannoses from N-

linked glycan.  This is followed by the addition of N-acetylglucosamine by 

N-acetylglucosamine transferase I enabling mannosidase II to remove two 

more mannoses thus yielding a 3 mannose core.   An additional N-

acetylglucosamine is then added by 1,2 N-acetylglucosaminyltransferase

II.  Elongation of the oligosaccharide continues through the addition of 

galactose by 1,4, galactosyltransferase, sialic acid by 2,6

sialyltransferase or fucose by fucosyltransferase (Hirschberg & Snider 

1987).

Post-translational modification in the Golgi apparatus also occurs 

by O-linked glycosylation.  This reaction is carried out by glycosyl 

transferases and involves the addition of sugars to hydroxyl groups on 

specific serine and threonine residues (Young 2004).  O-linked 

glycosylation is initiated by polypeptide:GalNac transferase (ppGaNTase) 

and elongation continues through the action of glycosyl transferases, 

some of which are also involved in N-linked glycosylation (Ten Hagen et al 

2003).  Another modification to the O-linked glycan includes sulfation by 

sulfotransferase (Ouyang et al 1998). Sulfation also occurs on sugars that 

are incorporated into glycosaminoglycans which are the building blocks of 

proteoglycans, secreted proteins that form the extracellular matrix.   

Proteoglycan synthesis involves the polymerization of one or more 

glycosaminoglycan chains (long continuous repeating disaccharide units) 

(Toma et al 1996).   

3.  ER to Golgi transport 
It is generally accepted that transport from the ER to the Golgi 

occurs sequentially through vesicles bearing two coat protein complexes 

(COPII and COPI coats).  COPII vesicles bud from the ER and fuse 
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together forming a separate compartment called the ER-Golgi 

intermediate compartment (ERGIC).  Transport through the early 

secretory pathway involves many budding and fusion events and require 

several components to facilitate these processes.   Coat protein play a 

role in cargo selection and membrane deformation and membrane fusion 

is regulated by the Rab GTPases and SNARE proteins.

3.1 ER exit sites 
Exit from the ER is mediated by COPII vesicles.  The COPII coat 

consists of cytosolic protein subunits that come together to form the coat 

structure.  Assembly of the COPII coat mediates the formation of transport 

vesicles from the ER.  COPII subunits were first discovered as 

temperature sensitive sec mutants in yeast that accumulated ER tubules 

at restricted temperatures (Novick et al 1980).  COPII vesicles form at 

ribosome free areas of the ER, which are continuous with the RER.   

These areas display convoluted envaginated morphology and are referred 

to as transitional elements (TEs) (Palade 1975).  COPII coated buds form 

on the TEs and accumulate secretory cargo that have passed the quality 

control checkpoint of the ER (Aridor et al 1999) (Forster et al 2006).   

These buds, called ER exit sites (ERES) (Watson & Stephens 2005), 

transform into coated vesicles that rapidly shed their coats and fuse 

together or with nearby vesiculotubular cluster (VTCs) (Balch et al 1994, 

Bannykh & Balch 1997). VTCs are also known as the ER to Golgi 

intermediate compartment (ERGIC) (Hauri & Schweizer 1992, Schweizer 

et al 1991).   The ERGIC is a distinct compartment from the ER and Golgi 

apparatus.  The isolation of this compartment from Vero cells revealed 

that it was composed of smooth membrane bound vesicles and showed a 

distinct protein pattern from that of the ER or Golgi apparatus (Schweizer 

et al 1991). 
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3.2 Cargo selection by COPII vesicles 
The core components required for COPII mediated budding consist 

of the COPII subunits, Sec23-Sec24 and Sec13-Sec31 (Barlowe et al 

1994), the GTPase Sar1 (Nakano & Muramatsu 1989) and the GTP-GDP 

exchange factor, Sec12, which activates Sar1 (Matsuoka et al 1998).  

COPII assembly occurs by sequential binding of these components, 

beginning with the activation of Sar1 by Sec12p followed by the relocation 

of Sar1 to the ER membrane (Matsuoka et al 1998).  Sec23-24 is then 

recruited to the ER membrane and binds to Sar1 through Sec23 

(Matsuoka et al 1998).  In addition to Sar1 binding, cargo binding to Sec24 

stabilizes the membrane binding of Sec23-24 (Aridor et al 1999). The 

Sec13 and Sec31 proteins form the vesicle cage, which has a unique 

cuboctahedral structure (Stagg et al 2006).  The Sar1-Sec23-Sec24-cargo 

complex then binds to Sec13-Sec31 (Matsuoka et al 1998).

Cargo selection and concentration by COPII occurs through the 

interaction of Sec24 with cytosolically exposed segments of 

transmembrane proteins or through the binding of transmembrane cargo 

receptors for luminal proteins (Aridor et al 1999, Forster et al 2006).   

Binding to transmembrane cargo is mediated by recognition motifs such 

as the di-acidic DXE motif (Nishimura et al 1999) or the tyrosine based 

sorting motif YXX , where  is a bulky hydrophobic group (Aridor et al 

2001).   Several putative cargo receptors have been identified for soluble 

protein export from the ER.  Erv29p has been shown to be involved in an 

active mechanism for packaging glycosylated pro-alpha-factor for ER 

export (Belden & Barlowe 2001).  ERGIC-53, a mannose-binding lectin, 

has also been postulated to be a soluble cargo receptor (Appenzeller et al 

1999).  ERGIC-53 formed a complex with a cathepsin-Z related 

glycoprotein in the ER and dissociation took place in the intermediate 

compartment.  The most recent evidence supporting soluble cargo 

receptors involves the homologous proteins Emp46 and Emp47.  
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Disruption of Emp46 and Emp47 function resulted in the failed secretion of 

specific glycoproteins from the ER (Sato & Nakano 2002).  Furthermore, a 

number of cargo binding sites were identified on Sec24 which could 

account for the diversity in secretory proteins that have to be transported 

from the ER (Mootha et al 2003b). 

COPII coated buds transform into coated vesicles that quickly shed 

their coats and fuse with one another or with nearby VTC membranes to 

form the intermediate compartment. Transport between the ER and the 

cis-Golgi is generally accepted as an ordered mechanism that is mediated 

by COPII and COPI coats.  COPI is comprised of seven subunits 

’ which assemble in the cytosol to form a complex called 

coatomer (Schekman & Orci 1996) (Rothman & Wieland 1996).  COPI 

coats are generally observed on intermediate compartment membranes 

and at the lateral rims of Golgi cisternae (Appenzeller et al 1999, Lavoie et 

al 1999).  COPI has been observed on vesicles emanating from the 

intermediate compartment which move towards the Golgi apparatus 

(Scales et al 1997)

3.3 Retrieval sequences 
Despite the evidence that cargo selection occurs via interactions 

with the COPII coat, resident proteins of the ER do escape to the Golgi 

apparatus.  To maintain ER proteins at steady state in the ER 

compartment, proteins that have escaped out of the ER are retrieved by 

binding to retrieval motifs, short stretches of amino acids at the C-termini 

of proteins.  Two retrieval motifs for ER proteins are the KDEL (or HDEL) 

sequence for soluble luminal ER proteins and the di-lysine motif 

(K(X)KXX) for retrieval of transmembrane proteins (Pelham 1989).  COPI 

coatomer interacts directly with the cytoplasmically oriented di-lysine motif 

for recycling back to the ER (Cosson & Letourneur 1994, Letourneur et al 

1994).  The KDEL sequence of soluble luminal proteins binds to the KDEL 
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receptor in the cis-Golgi network, thus returning proteins back to the ER 

(Pelham 1991).  Several studies have shown that when the KDEL 

sequence is removed from a soluble ER protein, the protein is slowly 

secreted from the cell.  Furthermore, if a KDEL sequence is added to a 

normally secreted protein, the protein is not secreted and is returned to 

the ER (Munro & Pelham 1987).  Approximately 30% of all ER localized 

proteins have known ER retrieval motifs (Scott et al 2004).  Therefore, 

how the majority of ER resident proteins are kept in the ER remains to be 

elucidated.

3.4 Membrane fusion 
Transport throughout the secretory pathway involves many 

membrane fusion events.  To ensure that a transport vesicle delivers its 

cargo to the correct organelle, specificity in targeting must be ensured.   

Recognition between a vesicle and its target membrane is mediated by 

SNAREs (soluble N-ethylmaleimide-sensitive factor) (Sollner et al 1993a, 

Sollner et al 1993b, Wilson et al 1989), SNAPs (soluble N-ethylmaleimide-

sensitive factor attachment proteins) (Clary & Rothman 1990) and Rabs 

(Zerial & McBride 2001).  SNARE proteins are localized in opposing 

vesicle and target membranes and catalyze membrane fusion by forming 

a fusion complex (Bonifacino & Glick 2004).  The fusion complex bridges 

together the vesicle and target membrane which brings the lipid bilayers 

into close proximity and overcomes the energy barrier for membrane 

fusion to occur (Hanson et al 1997).  NSF and SNAPs function to 

disassemble SNARE complexes after membrane fusion (Block et al 1988, 

Mayer et al 1996).  Rabs are small monomeric GTPases, which are 

involved in docking and targeting a vesicle to the target membrane (Zerial 

& McBride 2001).
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3.4.1 SNAREs 
Most SNAREs are transmembrane proteins that possess an 

evolutionary conserved motif – a sequence of 60-70 amino acids arranged 

in heptad repeats which is called the SNARE motif (Paumet et al 2004).  

SNAREs are classified into Q- or R- SNAREs based on the presence of 

glutamine or arginine at the core of the four helix bundle. The different 

SNARE motifs divide the SNAREs further into Qa-, Qb-, Qc- and R- 

SNAREs (Fasshauer et al 1998, Sutton et al 1998).  SNAREs were 

previously classified as either v- or t- SNAREs because it was assumed 

that they were separated into either vesicle (v-) for the donor compartment 

or at the target membrane (t-) for the acceptor compartment (Sollner et al 

1993a).  This terminology has since been changed to reflect SNARE 

structural motifs and is more useful in describing homotypic fusion events 

(Fasshauer et al 1998, Sutton et al 1998).   Functional SNARE complexes 

contain two parallel four helix bundles requiring one of each of the Qa-, 

Qb-, Qc- and R- SNAREs (Sutton et al 1998).  The zipper model describes 

how SNAREs effect membrane fusion. SNARE motifs come together 

starting from their cytosolic N-terminus and zip towards their C terminal 

membrane domains, compressing the membranes together to initiate 

membrane fusion (Hanson et al 1997, Lin & Scheller 1997).   SNARE 

complexes are disassembled by the hexameric AAA ATPase, NSF (Block 

et al 1988, Malhotra et al 1988) and also require the presence of -SNAP

(Clary & Rothman 1990).  The activity of NSF ensures that uncomplexed 

SNAREs are continually regenerated for further fusion events (Sollner et 

al 1993a).  NSF uses the energy from ATP hydrolysis to dissociate the 

complexes (Whiteheart et al 1994).  It was once thought that the 

disassembly of SNARE complexes by NSF and SNAP was the principal 

force behind membrane fusion (Sollner et al 1993a).  However, this model 

has since been replaced by the concept that the SNAREs, themselves, 

function as fusion catalysts (Mayer et al 1996).
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SNAREs exist in specific subcellular compartments of the cell (Hay 

2001).  Examples are Sec22 and Bet1 that function in transport between 

the ER and Golgi apparatus (Hay et al 1996).  Since membrane fusion is a 

dynamic process involving the recycling of membranes, SNAREs can 

reside on the organelle where fusion takes place as well as on 

intermediate compartments involved in membrane recycling. How 

SNAREs are properly sorted is not entirely clear; although, it has been 

shown that the cytoplasmic domains of SNAREs are essential for their 

proper sorting (West et al 1997, Zeng et al 2003).  Furthermore, since 

SNAREs are distributed among many subcellular compartments (Hay 

2001), SNAREs in these compartments must stay inactive until they return 

to their specific place of function.  For these reasons, another level of 

regulation might be involved which could be at the level of tethering 

involving the Rab proteins (Zerial & McBride 2001). 

3.4.2 Rabs 
Rabs are small GTP-binding proteins that control the specificity of 

tethering and docking events between vesicles and target membranes 

(Zerial & McBride 2001).  During membrane fusion events, Rabs are 

postulated to function before SNARE pairing occurs.  Rabs have a distinct 

distribution among the organelles and regulate transport between these 

compartments (Zerial & McBride 2001).   Although Rabs are generally 

associated with tethering and docking events, they have also been 

implicated in vesicle formation (Nuoffer et al 1994).  Their role in vesicle 

budding was shown by using a mutant form of Rab1, which was able to 

initiate export from the ER and transport between Golgi compartments 

(Nuoffer et al 1994).  Additionally, Rabs have been shown to interact with 

elements of the cytoskeleton.  Rabs play a role  in recruiting microtubule 

motors to membranes such as kinesin to endosomes (Hoepfner et al 

2005) and dynein to the TGN (Matanis et al 2002) (Short et al 2002)  

These interactions with microtubule motors are consistent with their 
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function in the spatial regulation of membrane transport.   A large number 

of Rabs are predicted from the human genome (>60) (Zerial & McBride 

2001).  Due to their abundance, they have been postulated to define 

organelles by creating unique protein scaffolds (Munro 2004, Pfeffer 

2001).

3. Transport through the Golgi apparatus 
Despite knowing much about the mechanisms governing the 

process of protein secretion (e.g. the calnexin cycle, glycosylation, 

SNARE mediated membrane fusion), the fundamental question of how 

proteins transit through the Golgi apparatus remains an unresolved 

matter.  Two mechanisms have been debated over the years, the cisternal 

maturation, vesicular transport model, and a newer tubular continuity-

based mechanism. 

The cisternal maturation model proposes that the cisternae carrying 

secretory cargo move forward through the Golgi apparatus.  New layers 

form at the cis face and old layers are dispersed at the trans face (Elsner 

et al 2003).  As the cisternae mature, they progress through the stacks 

carrying secretory cargo, which is actively modified in the cisternae by 

resident Golgi enzymes.   At the trans side of the Golgi apparatus, cargo is 

sorted for secretion to the extracellular space or dispersed to other parts 

of the cell.

Alternatively, the vesicular transport model proposes that the Golgi 

stacks are stable, long-lasting structures and that secretory cargo is 

transported from stack to stack by vesicles which bud off one cisternae 

and fuse with the next to deliver their secretory cargo (Elsner et al 2003).  

The vesicles proposed to shuttle cargo were identified and called COPI 

vesicles named for the coat that encapsulates them.   This coat is made 

up of COPI subunits or coatomer (Orci et al 1986). In the cisternal 
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maturation model, COPI vesicles play a different role.  Instead of shuttling 

cargo, they retrieve resident Golgi enzymes from more trans stacks for 

delivery to earlier stacks in a retrograde manner (Lin et al 1999).  In this 

way, COPI vesicles are postulated to prevent resident Golgi enzymes from 

being secreted by replenishing the supply of resident Golgi enzymes to 

newly forming Golgi cisternae.

The debate surrounding Golgi transport has shifted from one model 

to the other over the years.  The question of “what is in COPI vesicles” 

should have been able to resolve this controversy.  However, experiments 

designed to test these models have resulted in inconclusive results.  The 

most striking example came from two studies which used cryo-immuno 

electron microscopy to answer this question (Martinez-Menarguez et al 

2001, Orci et al 2000).  Using the same technique, they found conflicting 

results (Martinez-Menarguez et al 2001, Orci et al 2000).  Orci et al. (Orci 

et al 2000)  observed that the resident Golgi enzymes, mannosidase II 

and N-acetylglucosaminyl transferase I remained in the Golgi cisternae 

and were excluded in the COPI vesicles; whereas, the study by Martinez-

Menarguez et al. (Martinez-Menarguez et al 2001) made the opposite 

conclusion and visualized mannosidase II in peri-Golgi vesicles.   

Recently, two separate studies by Losev et al. (Losev et al 2006) 

and Matsuura-Tokita et al. (Matsuura-Tokita et al 2006) produced 

evidence in support of cisternal maturation.  Using Golgi apparatus from 

Saccharomyces cerevisiae which are unstacked and therefore easier to 

visualize, they tagged resident membrane proteins of the cis and trans 

cisternae with green and red fluorescent proteins, respectively.  They 

predicted that if Golgi cisternae are stable structures, consistent with the 

vesicular transport model, then the resident proteins should remain in 

place over time.  However, if cisternal maturation is taking place and the 

cisternae are transitory, the cisternae should change color in time.  Both 
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groups observed the shift from green to yellow to red representing a shift 

from an early green cis cisternae to medial yellow cisternae when both 

enzymes are present and ending with a red trans cisternae as the earlier 

green tagged enzyme is lost (Losev et al 2006, Matsuura-Tokita et al 

2006).   Furthermore, Losev et al. (Losev et al 2006) also showed that two 

cargo proteins (  factor and carboxypeptidase Y) in the cis cisternae 

traverse the Golgi at the same speed, which is another prediction of the 

cisternal maturation model.  Matsuura et al. (Matsuura-Tokita et al 2006) 

addressed another aspect of cisternal maturation which is the role of the 

COPI vesicles.  They found that in yeast with a mutation of the COPI coat, 

cisternal maturation still occurred but it slowed down approximately 3 fold.   

Therefore, the question still remains of how retrograde transport occurs 

without COPI vesicles.  Other questions also remain to be addressed such 

as how the differential distribution of Golgi enzymes is maintained in the 

Golgi stacks and how relevant is the yeast Golgi system to the mammalian 

Golgi apparatus (Malhotra & Mayor 2006).

In contrast to the first two mechanisms, COPI vesicles play a minor 

role in the continuity-based model.   This model has been of recent 

interest due to two studies that took advantage of technological 

developments in microscopy to address the debate about mechanisms of 

Golgi transport.  However, membrane continuities between Golgi cisternae 

have been detected previously (Clermont et al 1994, Ladinsky et al 1999, 

Tanaka et al 1986).  Two studies using EM tomography have shown that 

tubular connections form throughout the Golgi stack during active Golgi 

transport (Kweon et al 2004, Trucco et al 2004).   The study by Kweon et 

al. (Kweon et al 2004) analyzed the distribution of Golgi enzymes 

(mannosidase II and galactosyltransferase) in the three-dimensional 

structure of the Golgi apparatus obtained by EM tomography.  They found 

that, in contrast to the cisternal maturation model, 50- to 60- nm COPI 

coated buds and COPI-dependent vesicles were depleted of Golgi 



53

enzymes (Kweon et al 2004) at steady state.  They also found that Golgi 

enzymes were concentrated in pores or perforated zones near the 

cisternal rims of the Golgi.  Furthermore, when Golgi-enzymes were 

enriched in round profiles, the authors showed by tomographic 

reconstruction that the round profiles were not vesicles but instead were 

cross-sections of cylinder-like structures near the perforated zone.  In a 

separate but related study by the same group, Trucco et al.  (Trucco et al 

2004) showed that tubular continuities are formed across the Golgi 

subcompartments during active Golgi transport.   A synchronized wave of 

secretory traffic was induced in cells by either blocking their exit from the 

ER using both a temperature and hydroxylation block or by arresting cargo 

in the intermediate compartment by a 15o C temperature shift.   This wave 

of traffic was studied in model Golgi produced from Golgi ribbons by 

treatment with nocodazole.  The authors found that during the duration of 

the traffic wave, tubular continuities are formed throughout the Golgi 

stacks.  In addition, they observed that a secretory cargo-containing

intermediate compartment fused with the cis-cisternae and the cargo was 

absorbed into the stack.  This formed new cis cisternae and enlarged the 

already existing cis cisternae.  This observation is at odds with predictions 

of the cisternal maturation model which states that the intermediate 

compartment does not combine with the pre-existing cis-cisternae but 

instead forms new cis- cisternae.  In light of past and recent observations, 

a new model of Golgi transport has been proposed.  This model states 

that ER-to-Golgi carriers fuse with the cis-Golgi and deliver their cargo and 

membranes to the cis-stack.  This event triggers the formation of tubular 

connections between adjacent cisternae with incoming membranes 

redistribute throughout the Golgi stack.  Cargo is initially excluded from the 

tubules and the membrane redistribution step and retained in the cis-Golgi 

cisternae.  Transport proceeds as predicted by the cisternal maturation 

scheme; however, instead of COPI vesicles recycling Golgi enzymes back 
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to earlier cisternae, enzymes flow back through tubular connections 

(Trucco et al 2004). 

4. Proteomics 
Proteomics is defined as the large-scale elucidation of the functions 

of all proteins in a cell (Anderson & Anderson 1998).  Proteomics 

technologies have made large scale organelle studies feasible, and 

provide powerful tools for studying organelles, their components and 

dynamics (Oda et al 1999, Yates 2004).   The combination of large-scale 

proteomics studies with traditional cell-biology techniques provides a 

strategy for the functional characterization of organelles, the molecules 

they interact with in the cytoplasm and the discovery of novel proteins and 

functions for the organelles (Yates et al 2005). 

An organellar proteomics study begins an enriched fraction 

containing the organelle of interest which is isolated by subcellular 

fractionation (Au et al 2007).  Proteins isolated with the organelle are then 

identified using proteomics techniques such as mass spectrometry.  There 

are some limitations to this approach which include contamination from 

other organelles, difficulty in identifying post-translational modifications 

and the variance seen in proteomes from different tissues (Yates et al 

2005).   A consideration when carrying out a proteomics analysis of 

isolated organelles involves discerning true resident proteins from 

contaminants.  After subcellular fractionation, the enrichment of proteins in 

the isolated organelle will vary making it difficult to ascertain bona fide 

components of the organelle from contaminating proteins (Andersen et al 

2003, Dunkley et al 2006, Dunkley et al 2004, Foster et al 2006a).  Both 

types of proteins are present in the fraction and if proper controls for 

contamination are not used, contaminating proteins could be mistakenly 

considered part of the proteome.  Recent organellar proteomics analyses 

have addressed this limitation by quantitatively analyzing more than one 
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organelle at a time and in doing so, attempt to distinguish true resident 

proteins from contaminants (Dunkley et al 2006, Foster et al 2006a, 

Kislinger et al 2006).  Secondly, many proteins, especially membrane and 

important signaling proteins are post-translationally modified. These post-

translational modifications (PTMs), which include phosphorylation and 

glycosylation, regulate the function of these proteins by changing their 

activity, interactions, and subcellular localizations.  Until recently, 

determining PTMs has presented many challenges; however, advances in 

mass spectrometry have made the analysis of PTMs of proteins in 

signalling pathways more feasible (Mann & Jensen 2003, Olsen et al 

2006, Rush et al 2005).  Finally, the protein composition of an organelle in 

different tissues will vary, making it difficult to identify any “one” proteome 

for an organelle.  A recent study by Kislinger et al. (Kislinger et al 2006) 

attempted to address this issue by comparing the proteomes of different 

organelles from different tissues with their mRNA abundance.

4.1 Subcellular fractionation 
Subcellular fractionation is the most common strategy for the 

isolation of organelles.  This approach to isolating organelles was 

pioneered by Claude (Claude 1975), Palade (Palade 1975) and de Duve 

(Duve 1975) and involves homogenizing tissue or cells followed by 

different centrifugation steps to separate cellular components.  The 

separation is based on the size and density of the organelles using 

different time periods and centrifugation velocities (DeDuve 1971).   To 

isolate the ER and Golgi apparatus, gradient centrifugation is used 

(Ehrenreich et al 1973, Paiement et al 2004).  Sucrose is the most 

common gradient used but other alternatives exist such as Nycodenz, 

Percoll and Ficoll (Stasyk & Huber 2004).

Contamination by other organelles is always an issue with 

subcellular fractionation (Duve 1975).  Indeed, DeDuve (Appelmans et al 
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1955), showed that for any organelle population, the sedimentation 

coefficients exhibit a Gaussian distribution; therefore, organelles are not 

completely separable (De Duve & Beaufay 1981, Duve 1975).  Despite 

this, subcellular fractionation generates a sample that is highly enriched 

and reduced in complexity compared to the starting homogenate (Stasyk 

& Huber 2004).   Protein concentrations in an enriched subcellular fraction 

exhibit a smaller range in protein concentration as compared to the 

starting homogenate.  As an example, the Golgi apparatus comprises 1% 

of the total volume of the cell.  After subcellular fractionation, it is enriched 

approximately 150 times by the measurement of galactosyltransferase 

activity (Dominguez et al 1999) in the homogenate vs. the subcellular 

fraction.  Therefore, the dynamic range of protein concentration is reduced 

by subcellular fractionation. 

Another factor in mass spectrometry based protein identification is 

the dynamic range of the mass spectrometer.  Mann and colleagues 

showed that nano-electrospray mass spectrometry can detect proteins in 

the femtomolar range (Wilm et al 1996).  However, in practice, the same 

group showed that the highly sensitive FT-ICR mass spectrometer 

exhibited a 104 dynamic range for a two protein mixture (de Godoy et al 

2006).  Therefore, efforts to decrease the range of protein concentration in 

a proteomic sample to within the effective dynamic range of the mass 

spectrometer when analyzing a complex protein mixture increases the 

likelihood of peptide and protein identification. 

4.2 Protein separation 
Although organellar preparations are reduced in complexity, 

subcellular fractions must be further resolved for optimal analysis by mass 

spectrometry.  Three of the most common methods used are two 

dimensional gels (2D gels), 1D SDS-PAGE gels and two dimensional 

liquid chromatography (2D-LC).  Two dimensional gels separate proteins 
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in the first dimension based on their isoelectric point and in the second 

dimension by their molecular weight.  The resulting gels contain “spots” 

which are excised, digested with trypsin and the peptides extracted for 

analysis by the mass spectrometer.   This method allows for thousands of 

proteins to be displayed at one time, serving as a protein map of a 

particular cell or tissue (Wirth & Vesterberg 1988).  Two-dimensional gels 

are commonly stained with Coomassie blue or silver stain.  Since 2D gel 

spots often contain only one protein, the intensity of the stain indicates 

that protein’s abundance. A further advantage to 2D gels is their detection 

of post-translationally modified proteins, which appear as an additional 

spot shifted on the gel (Wirth & Vesterberg 1988).  However, 2D gels are 

limited in that they separate transmembrane proteins incompletely.  This 

limitation is mainly due to the insolubility of membrane proteins in the non-

detergent isoelectric focusing buffer for the first dimension separation and 

solubilised membrane proteins often precipitate at their isoelectric point 

(Santoni et al 2000).   Consequently, for the detection of membrane 

proteins, either 1D SDS-PAGE gels or 2D-LC are used.

One-dimensional SDS-PAGE gels separate proteins based on their 

molecular weight.   Sodium dodecyl sulphate (SDS), a detergent, 

denatures and binds to a protein proportional to its length.  SDS also 

imparts a negative charge to a protein; therefore, proteins separate in an 

electric field based on their size (Righetti 2005).  Similar to 2D gels, the 

bands of a 1D gel are excised, trypsinized and the peptides extracted.  

However, unlike 2D gels bands on a 1D gel contain multiple proteins.   

The major advantage to 1D gels is their ability to separate membrane as 

well as soluble proteins.

A recent advance in protein separation involves a gel-free approach 

using 2D-LC.  The approach, called MudPIT (multi-dimensional protein 

identification technology (Link et al 1999, Washburn et al 2001, Wolters et 
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al 2001), begins with proteolytically digesting proteins with trypsin followed 

by separation based on charge using strong cation exchange 

chromatography (SCX).  This step is followed by reverse-phase 

chromatography which separates proteins based on hydrophobic 

interactions.  A series of salt steps elute the peptides off the SCX column 

which are then trapped onto the reverse phase column.  An organic 

solvent then elutes the reverse phase column that is connected in-line to a 

tandem mass spectrometer (Link et al 1999, Washburn et al 2001, Wolters 

et al 2001).  This approach eliminates the use of gels by coupling protein 

separation with tandem mass spectrometry in one step.

4.3 Mass spectrometry 
The mass spectrometer measures the ratio of a molecule’s mass to 

charge (m/z).  Because of this, it can be used in a variety of applications in 

the biological sciences.  The use of mass spectrometry to analyze 

biological molecules greatly increased in the 1990’s due to the 

improvements in ionization techniques (Aebersold & Mann 2003).  Mass 

spectrometers measure molecules in the gas phase which limited the 

analysis of biological molecules because they are mainly large, non-

volatile, polar molecules in the liquid phase. The development of two 

ionization techniques called matrix assisted laser desorption ionization 

(MALDI) (Karas & Hillenkamp 1988) and electrospray ionization (ESI) 

(Fenn et al 1989) overcame this limitation.  These are two of the most 

popular ionization techniques credited with the success of mass 

spectrometry based proteomics (Aebersold & Goodlett 2001).

To generate ions in the gas phase using MALDI, proteins and a 

matrix material are mixed together, applied to a metal substrate and 

allowed to dry (Karas & Hillenkamp 1988).  The resulting solid is then 

irradiated with a laser, which generates ions (Karas & Hillenkamp 1988). 

MALDI is usually coupled with a time of flight (TOF) analyzer, which 
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functions by detecting and recording the flight path of ions accelerated to a 

fixed amount of kinetic energy down a travel tube (Wiley & MacLaren 

1955).  The mass to charge ratio is determined by relating the time it takes 

an ion to reach the detector.  MALDI ToF is most often used to measure 

the mass of intact peptides (Aebersold & Goodlett 2001) in the MS mode 

of the mass spectrometer.  This approach is also known as peptide mass 

fingerprinting (James et al 1993, Mann et al 1993, Pappin et al 1993, 

Yates et al 1993). 

In contrast to MALDI, ESI ionizes the proteins immediately out of a 

solution (Fenn et al 1989).  Because of this property, it is often coupled to 

liquid based separation tools such as liquid chromatography.   Proteins 

elute off a column and are sprayed directly into the mass spectrometer.  

ESI is most often coupled to a quadrupole, which guides peptide ions 

through the application of an electric field (Chernushevich et al 2001).  

Tandem MS is more commonly performed using ESI (Chernushevich et al 

2001).  Both peptide mass fingerprinting (James et al 1993, Mann et al 

1993, Pappin et al 1993, Yates et al 1993) and tandem MS approaches 

measure the m/z values of intact peptides in the MS mode of the mass 

spectrometer.  However, tandem MS involves a further step of peptide 

fragmentation to acquire the amino acid sequence of a particular peptide.  

In tandem MS, a peptide ion is selected and bombarded with an inert gas 

to fragment the peptide and several bonds within the peptide can be 

broken during fragmentation (Bowie et al 2002).  Cleavage of the amide 

bond is most common for ESI, and depending on whether the charge is 

retained at the amino terminal fragment or carboxyl terminal fragment, an 

ion is designated as either a b or y ion, respectively (Bowie et al 2002).   

The amino acid series for a peptide after tandem MS can be determined 

by the m/z differences between the observed b or y ions (Bunkenborg & 

Matthiesen 2007).   This process is very laborious to do manually and 

algorithms designed for de novo sequencing are still inaccurate 
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(Medzihradszky 2005).  Complications arise in interpreting tandem mass 

spectra by de novo sequencing because often the y or b ion series are 

incomplete and difficult to interpret (Steen & Mann 2004).  Presently, the 

most common method used to assign peptide sequences to tandem MS 

spectra is by searching against a protein sequence database (Steen & 

Mann 2004).

4.4 Peptide identification by searching protein sequence 
databases

Two major advances have contributed to the advancements in 

proteomics.  The first is the development of algorithms designed to match 

mass spectra with peptide sequences by searching protein sequence 

databases and the second is the progress made in whole genome 

sequencing to populate these databases (Boguski & McIntosh 2003).  

Matching spectra to protein sequence databases is a less complicated 

problem than de novo sequencing because only a small fraction of 

possible peptide sequences actually occur (Steen & Mann 2004).  

Therefore, even though a mass spectrum does not have enough 

information to clearly identify its sequence through de novo sequencing, it 

may contain enough information to assign it to a peptide sequence in the 

database (Steen & Mann 2004).  Several approaches exist to assign 

sequences to peptides via database searching.  Two of the most 

commonly used methods are SEQUEST (Eng et al 1994) and Mascot 

(Perkins et al 1999) which are based on a cross-correlation and probability 

approaches, respectively.   Both methods compare observed mass 

spectra to simulated mass spectra generated by theoretically digesting a 

protein database with trypsin and fragmenting the peptides.  The 

difference between the two lies in the way they score and rank the 

assignments. 
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4.5 Quantitation 
Several methods exist to measure the abundance of proteins in a 

proteomics experiment.  These methods range from gel based 

approaches which rely on staining intensity, to isotopically labelling of 

peptides or labelling with chemical tags.  Quantitation becomes especially 

important in proteomics experiments that rely on the degree of state 

changes of proteins. This section discusses commonly used methods for 

quantitation in proteomics experiments. 

Quantification using 2D gels occurs by comparing the stain intensity 

between spots in 2 different samples to identify proteins that are increased 

or decreased in abundance (Fey & Larsen 2001).  This approach 

pioneered the field of “quantitative proteomics.”  Presently, other mass 

spectrometry based methods have superseded 2D gels for quantification 

purposes (Ong & Mann 2005).  These methods were developed mainly to 

overcome the inherent limitations of 2D gels due to their bias against 

membrane proteins and their low resolution (Freiburghaus 1994). 

Methods of measuring protein abundance come in two varieties – 

label and label-free. Label-free methods include counting the number of 

redundant peptides for a given protein (Blondeau et al 2004, Kislinger et al 

2006, Liu et al 2004, Pang et al 2002) referred to as peptide counting 

(Blondeau et al 2004), redundant peptide counting (Kislinger et al 2006) or 

spectral counting (Liu et al 2004).  This method, which was first applied by 

Pang et al. (Pang et al 2002) and in a high throughput study by Blondeau 

et al. (Blondeau et al 2004), is based on the observation that the number 

of peptides generated by a protein increases with increasing protein 

amount.  It relies on the frequency of detection of tandem mass spectra 

and uses the total number of MS/MS signals for any peptide in a given 

protein as an index of protein abundance (Blondeau et al 2004, Cox et al 

2005, Gao et al 2005, Gao et al 2003, Girard et al 2005, Liu et al 2004, 
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Pang et al 2002, Qian et al 2005, Rappsilber et al 2002, Zybailov et al 

2005).  To determine the relative abundance between proteins in the 

sample, the number of redundant peptides for a protein is normalized to 

the total number of peptides in a sample or to the number of expected 

peptides or by the molecular weight.   

A related approach to spectral counts involves using the extracted 

ion currents for peptides. This measurement is derived by plotting the 

intensity of the peptide signal as it elutes from the chromatographic 

column and measuring the area under this curve (Andersen et al 2003).   

In their application of this method in deciphering the proteome of the 

centrosome, Andersen et al. (Andersen et al 2003) used the average of 

the three most intense peptide extracted ion currents for the same protein 

as a measure of its abundance.  Both peptide counting and extracted ion 

currents are simple and straightforward measures for estimating protein 

abundance which do not require manipulation of the samples and are 

applicable to any tandem mass spectrometry experiment.

Several limitations exist for the label free peptide based quantitative 

approach.  First, tryptic peptides have different ionization efficiencies and 

propensities to “fly” in the mass spectrometer and some peptides may be 

either too small or large and are beyond the range of detection by the 

mass spectrometer (Ong et al 2003). Mallick et al. (Mallick et al 2007) 

used up to 500 biochemical attributes of peptides (e.g. charge and 

hydrophobicity of amino acids) to predict peptides that are more likely to 

be detected in a tandem mass spectrometry experiment.  A peptide was 

designated “proteotypic” if it was observed over 50% of the time in 

experiments in which its parent protein was observed (Mallick et al 2007).  

Similarly, Lu et al. (Lu et al 2007) developed the Absolute Protein 

Expression Profiling (APEX) approach which predicts proteotypic peptides 
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and incorporates this prediction into redundant peptide counting to 

increase the accuracy of the abundance measurement. 

As for quantitative labelling methods, a common strategy is to use 

stable isotope labeling (e.g., 12C vs. 13C, 14N vs. 15N, 2H vs. 1H).  The 

method relies on the similar ionization efficiencies between both the light 

and heavy forms of the labelled peptide which produce the same signal in 

the mass spectrometer except for an offset in mass.   Ways to introduce 

isotopes into the peptides include:  1) adding a “spike-in” isotopically 

labelled peptide (Kuhn et al 2004, Stemmann et al 2001) 2) introducing an 

isotopically labelled chemical tag into peptides (Gygi et al 1999, Ross et al 

2004 3) introducing the isotope into the cells metabolically {Ong, 2002 

#521).  Relative abundance is derived from determining the ratios of light 

to heavy peptides by measuring the extracted ion chromatogram or by 

signal intensities of the mass spectrometer.

The most straightforward approach to introducing stable isotope 

labelled peptides is by the “spike-in” method which involves introducing a 

known-quantity of a labelled peptide as an internal standard.   This 

method served as the basis for the AQUA approach which was used to 

monitor the phosphorylation states of the protein, separase, during the 

Xenopus cell cycle (Stemmann et al 2001).   Biomarker research also 

relies on this approach when using multiple reaction monitoring (MRM) to 

monitor selected peptides.  However, the internal standard is added after 

tryptic digestion and therefore does not correct for losses during the 

previous processing steps.   Since the internal standards must be selected 

and synthesized prior to the experiment, the stable isotope “spike-in” 

approach is generally applied to only a small number of proteins. 

Peptides can also be coupled to a reagent such as ICAT which 

yields isotopically distinguishable fragment ions in the MS mode of the 
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mass spectrometer.   In this approach, two related samples are chemically 

modified with a light and heavy version of isotopes present in the chemical 

tag.   The first widespread application of this method was through the 

isotope-coded affinity tag (ICAT) method (Gygi et al 1999).  The ICAT 

reagent is directed at cysteine residues in peptides.  During an ICAT 

experiment, two samples (one control and experimental) are reduced and 

alkylated in the presence of the light and heavy ICAT reagent, 

respectively.  Both samples are then combined, digested and the labelled 

peptides are isolated with an affinity column.  The captured ICAT labelled 

peptides are then eluted off the column and analyzed by MS.   An 

advantage of the ICAT approach is that it reduces the complexity of a 

sample since not all proteins contain cysteines (Gygi et al 1999).  

However, this same reason proves to be disadvantageous because some 

cysteine-poor proteins may only be identified and quantified by a single 

peptide (Ong et al 2003).  These limitations were addressed in the 

development of the next generation stable-isotope chemical tags.  The 

Isobaric Tag for Relative and Absolute Quantitation (ITRAQ) tag targets 

enables relative protein levels in four samples to be determined in a single 

mass spectrometry experiment (Ross et al 2004).  The iTRAQ reagent has 

an N-hydroxysuccinimide ester group, which reacts with peptide N-termini 

and the primary amines of the C-terminal lysines of tryptic peptides (Ross 

et al 2004).   It also contains a balance group and a reporter group whose 

masses increasingly differ by 1 Da.  ITRAQ labelled peptides are isobaric 

rendering the mass spectra simple, with the difference in mass seen in the 

fragmentation spectra. When an iTRAQ-labelled peptide is subjected to 

collision-induced dissociation, the iTRAQ tag fragments between the 

reporter group, balance group and the peptide.  The resulting reporter ions 

derived from the four versions of the iTRAQ reagent appear at 114.1 m/z, 

115.1 m/z, 116.1 m/z, and 117.1 m/z in each MS/MS spectrum.  The 

balance group is uncharged and, therefore, is not present in the MS/MS 

spectra.  The ratios of peak areas of the iTRAQ reporter ions reflect the 
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relative abundances of the peptides and the proteins in the samples.   The 

ITRAQ system is a common way to quantify proteins in proteomics studies 

(Ong et al 2003).  Of relevance to organellar proteomics, the LOPIT 

strategy developed by Dunkley et al. (Dunkley et al 2006) used ITRAQ to 

map the proteomes of the organelles in Arabidopsis thaliana. 

Metabolic labelling involves growing cells in media containing a 

light and heavy version of a stable isotope (Ong et al 2002).  Proteins 

incorporate the labels through normal protein synthesis and turnover and 

all proteins within the cell are replaced by isotopically labelled versions.  

This method is the basis of the stable isotope labelling by amino acids in 

cell culture (SILAC) approach (Ong et al 2002).   A stable-isotope labelled 

amino acid (e.g. leucine or arginine) is added to media of two cell 

populations for comparison.  The cells incorporate the amino acid into 

their proteins after several rounds of cell growth.   By mass spectrometry, 

the peptide pairs are distinguished by the difference in mass due to the 

labelled amino acid and quantitation of abundance occurs by comparing 

the intensities of these labelled peptides (Ong et al 2002). 

In summary, the main difference between label and label-free 

methods is that quantitation by labeling measures the relative difference in 

protein abundance between control and treated samples; whereas, label-

free methods do not rely on a protein by protein comparison and can 

determine the relative abundance among all proteins in a sample (Ong & 

Mann 2005). 

4.6 Organellar proteomics 
A large number of organelles have now been analyzed by 

proteomics.  The first generation of organellar proteomics studies isolated 

and analyzed one organelle at a time to gain insight into their functions.  

Many of these studies produced a catalog of proteins that make up the 
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organelles, which include a number of previously uncharacterized 

proteins.  The ability to translate from a list of proteins to new biology is 

the driving force behind a proteomics study (Yates et al 2005).  At present, 

the major organelles have been analyzed by proteomics (Yates et al 

2005).   Furthermore, recent organellar proteomics studies have taken a 

systems approach and analyzed several organelles that constitute a 

pathway.  This section focuses on the following topics:  1) studies which 

used proteomics findings to gain insight into the function of the organelle.  

2)  how these studies addressed the issue of contamination and 3) prior 

studies on organelles of the early secretory pathway (ER, Golgi and 

ERGIC).

4.6.1 Nucleus 
Subcompartments of the nucleus which have been characterized 

by proteomics include the nuclear pore, nuclear envelope, the 

spliceosome and the nucleolus.  The analysis of the yeast nuclear pore 

complex by Rout and colleagues led to the identification of 174 proteins 

(Rout et al 2000).   To determine, nuclear pore proteins from 

contaminants, Rout and colleagues functionally characterized proteins 

identified in the enriched nuclear pore fraction by cross-referencing protein 

databases.  Previously uncharacterized nuclear pore proteins were then 

screened to verify their localization to the nuclear pore.  This screen 

involved a three step process which involved 1) localization of epitope-

tagged proteins by immunofluorescence microscopy, 2) co-localization of 

proteins with the nuclear pore complex in a yeast strain in which the 

complexes cluster together and 3) co-fractionation of proteins with known 

nuclear pore components. After screening, twenty-nine proteins were 

localized to the nuclear pore by immunoelectron microscopy.   This study 

led to biological insight into how molecules enter and exit the nuclear pore.

Rout et al. (Rout et al 2000) proposed a new model for nuclear transport 
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based on “Brownian affinity gating” in which a stochastic mechanism 

selects for molecules to be transported into and out of the nucleus.

The nuclear envelope, which is one of least characterized 

structures of the nucleus, has also been characterized by proteomics.   

This is a double membrane structure comprised of an inner and outer 

membrane.  Identification of proteins specific to the nuclear envelope is 

complicated since the outer envelope is continuous with the ER 

membrane.  To determine nuclear envelope specific proteins, Schirmer et 

al. (Schirmer et al 2003) used a subtractive proteomics strategy.   In this 

approach, they characterized a microsomal membrane fraction by mass 

spectrometry and subtracted the proteins in common with the nuclear 

envelope proteome.  Prior studies on the nuclear envelope compiled a list 

of 13 resident proteins.  All of these were identified including an additional 

67 previously uncharacterized proteins.   As a way to assign significance 

to these proteins, Schirmer et al. mapped the chromosomal locations of 

the human homologues of these proteins.   Mutations in nuclear envelope 

proteins have been linked to a number of dystrophies and the idea was 

that the novel proteins could be associated with one or more of these 

dystrophies that have not been assigned a gene.  Of the 67 previously 

uncharacterized proteins, 23 were mapped to regions of the genome that 

have been linked to various dystrophies.

4.6.2 Phagosome 
Internalization of large macromolecular complexes and pathogens 

for degradation occurs by phagocytosis.  During this process, the 

pathogen binds to receptors on the plasma membrane, which initiates the 

engulfment and subsequent internalization of the pathogen through the 

invagination of the plasma membrane.  Newly formed phagosomes 

interact with the endocytic machinery and transform into a phagolysosome 

for degradation of the engulfed particles. To understand further the 
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function of phagosomes, subcellular fractionation of latex bead containing 

phagosomes was done.  Isolation of phagosomes using latex beads 

confers the advantage that the latex bead containing phagosomes migrate 

to a part of the gradient away from all other organelles of the cell (Wetzel 

& Korn 1969).  Therefore, a highly enriched phagosome preparation is 

obtained with minimal contamination.

Mass spectrometry identified 520 proteins in the phagosome 

preparation.  Unexpectedly, a significant portion of the phagolysosome 

proteome identified was made up of ER proteins which were considered 

possible contaminants (Garin et al 2001).  However, investigation into this 

observation led to the discovery that the ER contributes membrane to 

phagosome formation (Gagnon et al 2002) which then led to a mechanism 

explaining the process of antigen-cross presentation on MHC class I 

molecules (Guermonprez et al 2003, Houde et al 2003).   Furthermore, 

independent confirmation of the involvement of ER in phagocytosis has 

recently been presented (Ackerman et al 2006, Becker et al 2005, 

Hatsuzawa et al 2006).  The finding that the ER directly fuses with the 

plasma membrane also explains how ER proteins, such as calnexin and 

calreticulin reach the cell surface (Johnson et al 2001, Okazaki et al 

2000).

4.6.3 Clathrin coated-vesicles 
Clathrin coated vesicles (CCV) form at the plasma membrane as 

part of the endocytic process.  Clathrin molecules and adaptor proteins 

are recruited to regions of the plasma membrane destined for endocytosis.

At the plasma membrane, cytosolic domains of certain membrane proteins 

bind to the adaptor proteins which themselves bind to clathrin.  Proteins 

that do not bind are excluded from the vesicles.  A protein called dynamin 

functions in pinching off the neck of the coated pit, in a GTP dependent 

manner, thus forming a clathrin coated vesicle.  Two hundred and nine 

proteins were identified in the CCV proteome included 8 previously 
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uncharacterized proteins.  Further work showed two of these proteins, 

enthoprotin/epsinR and adaptin ear-binding coat-associated protein-2 

(NECAP2), to be new components of CCVs that form at the trans-Golgi 

network and the plasma membrane, respectively (Ritter et al 2003, 

Wasiak et al 2002).  A novel motif, WVQF, for interaction with AP1 and 

AP2 was also identified.

4.6.4 Mitochondria 
Four separate attempts have been made to decipher the 

mitochondrial proteome from different tissues (Mootha et al 2003a, 

Prokisch et al 2004, Sickmann et al 2003, Taylor et al 2003) leading to the 

identification of 416-750 proteins. Mitochondria derived from the human 

heart was analyzed using two different approaches, 1D SDS-PAGE 

tandem MS approach (Taylor et al 2000) and multidimensional liquid 

chromatography/tandem MS (Gaucher et al 2004), identifying greater than 

600 proteins.  Sickmann et al. (Sickmann et al 2003) identified 750 

proteins in the proteome of S. cerevisiae using a combination of 2D gels 

and 2-dimensional liquid chromatography.  Mootha et al. (Mootha et al 

2003a) and Prokisch et al. (Prokisch et al 2004) combined data from 

different data sources (expression profiling, subcellular localization, 

deletion phenotype screening, protein-protein interactions and 

computational analysis) to achieve a comprehensive “systems biology” 

view of the mitochondria.  Mootha et al. (Mootha et al 2003a) investigated 

the diversity in mitochondrial proteomes  derived from different mouse 

tissues (brain, kidney, heart and liver) and compared their proteomics data 

with RNA expression profiling studies of the same tissues.  This study 

gave insight into the differences of mitochondria from other tissues as well 

as the correlation between RNA levels and protein (Mootha et al 2003a).  

Five-hundred and ninety-one proteins were identified in this study 

including 163 proteins not previously linked to the organelle.  Based on the 

integration of this dataset with genotype data from patients with the 
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neurodegenerative disorder called Leigh syndrome, a single candidate 

gene, LRPPRC, was identified for this disease (Mootha et al 2003b).

4.6.5 ERGIC 
A study by Breuza et al. (Breuza et al 2004) analyzed the protein 

composition of the ER-Golgi Intermediate Compartment (ERGIC) isolated 

from HepG2 hepatoma cell line.  These cells were treated with Brefeldin 

A, an inhibitor of protein transport, causing the Golgi apparatus to fuse 

with the ER.  Brefeldin A specifically inhibits the GTP exchange factor for 

the GTPase ARF (ADP ribosylation factor) which inhibits protein transport 

through the Golgi.  After treatment with Brefeldin A, an ERGIC 

compartment resistant to the drug remains behind.  This compartment was 

isolated by subcellular fractionation on Nycodenz gradients followed by 

immunoprecipitations using magnetic beads coupled to an antibody to the 

KDEL receptor.   Twenty-four proteins were identified by MALDI time of 

flight and nanospray MS/MS (Breuza et al 2004).  This study showed that 

the protein ERGIC-32, which shuttles between the ER and the Golgi, 

forms a complex with ERV46 and a previously uncharacterized protein 

SURF4 was identified as a cargo receptor (Breuza et al 2004). 

4.6.6 Golgi 
Four proteomics studies of the Golgi have been performed; two 

analyses used 2D gels, and the other two involved 1D SDS-PAGE and 

MUDPIT (Bell et al 2001, Taylor et al 2000, Wu et al 2004, Wu et al 

2000b).  These studies used a highly enriched Golgi fraction isolated by 

different methods of subcellular fractionation.  The study by Bell et al. 

used the detergent Triton-X 114 to enrich for transmembrane containing 

proteins and separated the proteins using 1D SDS-PAGE gels.  Using 

MALDI mass spectrometry and Edman sequencing, they uncovered 81 

proteins.  They also discovered and localized a protein they named 

GPP34 which was also uncovered by Taylor et al. (Taylor et al 2000) and 
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Wu et al. (Wu et al 2000a, Wu et al 2000b).  This protein was named 

GMx33 (Taylor et al 2000, Wu et al 2004, Wu et al 2000a, Wu et al 

2000b).    In a more recent study of the Golgi using the MUDPIT 

approach, Wu et al. identified 421 proteins and 41 previously 

uncharacterized proteins.  Furthermore, Wu et al. (Wu et al 2004) 

uncovered a novel post-translational modification, arginine dimethylation, 

in a subset of the Golgi and ER proteins identified in their study.    

4.6.7 ER 
The soluble luminal contents of the ER were analyzed in a study by 

Knoblach et al. (Knoblach et al 2003).  They isolated ER from livers of 

Balb/C mice by subcellular fractionation and separated the proteins using 

2D gels.  Spots were excised and MALDI MS/MS was used to 

characterize the proteins in them.  Of the 141 proteins, six previously 

uncharacterized proteins were identified including two new protein 

disulphide isomerases, ERp46 and Erp19.  Both proteins contain 

thioredoxin motifs and were able to function as PDIs in yeast (Knoblach et 

al 2003).

4.6.8 Peroxisomes 
Peroxisomes are ubiquitous organelles that produce hydrogen 

peroxide and are linked to several functions including fatty acid 

metabolism and plasmalogen synthesis.  Marelli et al. (Marelli et al 2004) 

identified 70 out of 306 proteins with high probability of being peroxisomal 

proteins in S. cerevisiae. They delineated peroxisomal proteins from 

contaminants by using ICAT (Gygi et al 1999) to compare the relative 

abundance of identified proteins in an enriched vs. a crude contaminating 

fraction.  The use of ICAT also served to reduce sample complexity (Gygi 

et al 1999).  This study (Marelli et al 2004)    led to insight into the 

regulation of peroxisome movement and location was made.  Marelli et al. 

(Gygi et al 1999) identified the GTPase Rho1p on peroxisomal 
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membranes and showed that it is recruited to peroxisomes and interacts 

with the peroxisome membrane protein Pex25p.  This was the first 

discovery of a link between peroxisomes and the cytoskeleton 

4.6.9 Plasma membrane 
One challenge for organellar proteomics is to characterize proteins 

on the cell surface within the context of disease.   With this aim in mind, 

one of the most studied organelles by proteomics is the plasma 

membrane (Nielsen et al 2005, Nühse et al 2004 Sep, Tam et al 2004, 

Zhang et al 2003 Aug). An important breakthrough was made by Oh et al. 

(Oh et al 2004) in their proteomics analysis of the plasma membranes of 

lung endothelial cells isolated using the coated silica bead technology.  

Out of 2000 proteins identified, 2 were specific to lung endothelial cells.  

They also analyzed plasma membranes from lung endothelial cells of rats 

with breast adenocarcinoma.  The comparison of the proteins between 

normal and diseased cells identified 12 proteins that were enriched in 

tumor epithelium.  One of the proteins was annexin A1.  Treatment of 

tumors in mice with antibodies targeted to annexin A1 resulted in tumor 

remission.

4.6.10 Proteomics of multiple organelles  
Recently, there has been a shift towards comparative organelle 

studies in which multiple organelles are analyzed to gain insight into the 

relationship among the organelles under study.   A study by Kislinger et al. 

(Kislinger et al 2006) identified proteins in four subcellular fractions 

(cytosol, microsomes, mitochondria and nuclei) from six organs by tandem 

mass spectrometry and compared protein expression in these organelles 

and tissues with mRNA expression.  They assigned a subcellular location 

to 3274 of the 4768 proteins identified and determined tissue selectivity by 

comparing protein abundance with mRNA abundance derived from 

previous studies.
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A study by Foster et al. (Foster et al 2006a) used protein correlation 

profiling to identify proteins in ten organelles of mouse liver including the 

ER and Golgi apparatus.   This work extended a previous study that used 

the same method in its analysis of the mammalian centrosome (Andersen 

et al 2003).   Protein correlation profiling involves tracking the abundance 

of peptides in all fractions of an analytical gradient.  Distribution profiles of 

all identified proteins are compared to profiles of known marker proteins.   

Accordingly, protein distribution profiles that deviate from marker profiles 

were considered contaminants.  In this study, Foster et al. (Foster et al 

2006a) identified 1404 proteins with multiple locations assigned to 39% of 

the proteins. 

Another study by Dunkley et al. (Dunkley et al 2006) used the 

localization of organelle proteins by isotope tagging technique (LOPIT) 

(Dunkley et al 2004) to map proteins to different subcompartments of the 

endomembrane system in the plant, Arabidopsis thaliana.  In this 

approach, proteins were partially separated by centrifugation through 

density gradients and iTRAQ reagents were used to label proteins in 

different fractions of the gradient. A protein distribution profile was then 

determined by measuring the relative iTRAQ reporter ion intensities 

across the gradients.   Localization was established by comparing all 

profiles to marker protein profiles using principal components analysis and 

partial least squares discriminant analysis.  Using this approach, Dunkley 

et al. (Dunkley et al 2006) assigned 527 proteins to the ER, Golgi, PM, 

vacuolar membrane and mitochondria.  They were also able to distinguish 

resident proteins from proteins trafficking through the secretory pathway. 
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Methods
Introduction 

This section outlines the approach used for the proteomics analysis 

of the rough and smooth microsomes and Golgi apparatus.  The 

multidisciplinary nature of proteomics bridges the fields of cell biology, 

protein chemistry, engineering and computer science.  In general, a 

proteomics analysis involves multiple steps drawing from all of these 

disciplines. An organellar proteomics experiment begins with sample 

preparation which can involve subcellular fractionation and ends with a 

bioinformatics analysis of the data.  Each step bears equal importance 

since the fidelity of a subsequent procedure relies on the previous one.  

For organellar proteomics, good quality subcellular fractions with minimal 

contamination are essential to achieve a comprehensive organellar 

proteome. Proper protein separation and mass spectrometry strategies 

ensure that the proteins present in the sample have a high probability of 

being identified.  Furthermore, effective data collection and archiving 

enable current and future bioinformatics analyses.   These steps as well 

as others are discussed in detail in the following sections. 

Isolation of rough and smooth microsomes  
Rough and smooth microsomes of the rat hepatic ER were isolated 

by subcellular fractionation.  The isolation protocol was first used in a 

study by Paiement et al. (Paiement & Bergeron 1983) investigating the link 

between membrane fusion and N-linked glycosylation.  The isolation of 

rough and smooth microsomes started with the homogenization of minced 

rat liver tissue using a Potter- Elvehjem homogenizer. Three biological 

replicates of the rough and smooth microsomes were made.  For the 

preparation of the first biological replicate of the RM and SM fractions 

used in this study, 6 rats (200-225 g each) were used and produced 4 ml 

of RM at 19.8 mg/ml protein concentration and 6 ml of SM at 29.2 mg/ml.  



75

For the second and third biological replicate, both were prepared in the 

same day.  For the second replicate, 3 rats were used (200-225 g each) 

which generated 2 ml of RM at 26.5 mg/ml protein concentration and 3 ml 

of SM at 30 mg/ml protein concentration. For the third biological replicate, 

3 rats were used (200-225 g each) generating 2 ml of RM at 30.5 mg/ml 

protein concentration and 3 ml of SM at 32.1 mg/ml protein concentration.  

Nuclei, mitochondria and total microsomal fractions were separated by 

successive centrifugation steps at increasing speeds. The first 

centrifugation step at 8,700 g for 13 minutes generated a nuclear fraction 

which was discarded.  The remaining fraction was centrifuged at 43,000 g 

for 6 min and 40 seconds.  This step generated a mitochondrial fraction 

which was also removed.  Centrifugation of the remaining fraction at 

111,000 g for 60 min yielded a pellet containing the total microsomes. The 

pellet was resuspended in 1.38 M sucrose, placed under a step-gradient 

of 1.0, 0.86, and 0.25 M sucrose and centrifuged at 300,000 X g, for 60 

min.  After centrifugation, a subfraction containing smooth microsomes 

and low density rough microsomes (1.17 g/cm 3) was distributed in the 

upper half of the 1.38 M sucrose step above the residual pellet. This 

fraction was washed once by centrifugation at 100,000 X g and 

resuspended in 0.25 M sucrose.  The residual pellet containing the high 

density rough microsomes was recovered and resuspended in 0.25 M 

sucrose with 4 mM imidazole buffer, pH 7.4 and stored at -80º C.

Isolation of Golgi apparatus 
The Golgi fraction was prepared exactly as per Dominguez et al. 

(Dominguez et al 1999) where it is referred to as the WNG fraction. Livers 

from three to 5 Sprague-Dawley rats weighing approximately 140 g each 

were used. Homogenates were prepared by gentle homogenization of 

finely minced rat liver, suspended in a 0.25M sucrose buffer with 5mM 

Tris-HCl (pH 7.4), 5 mM MgCl, 1 mM PMSF and 200 U/ml aprotinin, with 

the type B loose pestle of a Dounce homogenizer (12 strokes; Thomas 
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Scientific).  The homogenates were filtered through two layers of cheese 

cloth and then incubated for two hours at 4°C. After incubation, a low-

speed centrifugation at 400gmax for 5 minutes resulted in a supernatant 

(S1) and a pellet (P1) which was recovered and re-homogenized in half 

the original volume of buffer with five strokes of the type B pestle.  The re-

homogenized mixture underwent a second low speed centrifugation at 

400g max for 5 minutes, which produced a second supernatant (S2) and 

pellet (P2).  S1 and S2 were combined and centrifuged for 10 minutes at 

1,475gmax.  P2 was combined with P1 and resuspended in 1.22 M sucrose 

in STM buffer, containing the proteinase inhibitors PMSF (1 mM) and 

aprotinin (200 U/ml) at a concentration of 20% wt/vol original liver wet 

weight.  A continuous gradient in STM buffer of 0.25–1.10 M sucrose was 

generated above the load zone.  This was followed by centrifugation at 

1,200 gav for 30 min, followed by 83,000 gav (SW27; Beckman 

Instruments, Inc.) for a period of 1 hour.  After the centrifugation, the band 

approximately 1cm above the load zone was collected and the 

concentration adjusted to 0.4M sucrose in STM buffer.  The recovered 

band was centrifuged at 1,475 gmax for 10 minutes to generate a pellet 

(P3).  P3 was resuspended in 0.25 M sucrose in STM buffer followed by 

pelleting at 1,475 gmax for 10 minutes two times to increase enrichment of 

large membranes.  The final pellet was resuspended in 0.25 M STM buffer 

and stored at -80º C until required for separation by SDS-PAGE.  Three 

separate biological replicates of Golgi fraction were made. 

Plasma Membrane Isolation 
The homogenates used for isolation of the plasma membrane (PM) 

fraction were prepared by gentle homogenization of finely minced rat liver 

(from 1 Sprague-Dawley rat, ~200 g), suspended in a 0.25M sucrose 

buffer with 5mM Tris-HCl (pH 7.4), 5mM MgCl (STM), 1 mM PMSF and 

200 U/ml aprotinin, with the type B loose pestle of a Dounce homogenizer 

(12 strokes; Thomas Scientific).  The homogenates were filtered through 
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two layers of cheese cloth and then incubated on ice for 30 to 60 minutes.   

After incubation, a low-speed centrifugation at 400gmax for 5 minutes 

resulted in a supernatant (S1) and a pellet (P1) which was recovered and 

re-homogenized in half the original volume of buffer with five strokes of the 

type B pestle.  The re-homogenized mixture underwent a second low 

speed centrifugation at 400g max for 5 minutes, which produced a second 

supernatant (S2) and pellet (P2).  S1 and S2 were combined and 

centrifuged for 10 minutes at 1,500gmax, yielding S3 and P3.  The 

supernatant (S3) was separated from the pellet (P3).  Pellets P2 and P3 

were combined and resuspended in 1.50 M buffered sucrose at a 

concentration of 10% wt/vol original liver wet weight.  A continuous 

gradient in STM buffer of 0.25–1.42 M sucrose was generated above the 

load zone.  This was followed by centrifugation at 25,000 rpm for 60 min 

for a period of 1 hour with no brake.  After centrifugation, the band at the 

1.42 M/1.0 M interface was collected and the sucrose concentration 

adjusted to 0.4 M.  The recovered band was centrifuged at 1,575gmax for 

10 min and then resuspended in homogenation buffer and stored at -80 º 

C until required for SDS-PAGE,

Characterization of Isolated Organelles 
After the isolation of the rough and smooth microsomes and Golgi 

apparatus, marker enzyme assays were carried out to estimate the 

enrichment of these organelles compared to the homogenate.  The 

rationale behind the marker enzyme assay is that organelles have unique 

resident enzymes and the activity of a marker enzyme for a particular 

organelle indicates the degree of enrichment of that organelle.  Moreover, 

the presence of enzyme activity associated with other organelles indicates 

the level of contamination.  To measure the enrichment of the ER 

fractions, the activity of glucose-6-phosphatase was measured as 

previously done (Lavoie et al 1996).  Similarly, for the Golgi fraction, 

galactosyl transferase activity was measured (Dominguez et al 1999).  
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The rough and smooth microsomes were ~ 4 times enriched compared to 

the homogenate and the Golgi fraction was ~110 times enriched.  These 

results are discussed in more detail in Results: Assessment of 

contamination of RM, SM and Golgi fractions. 

The isolated RM, SM and Golgi fractions were also characterized 

morphologically by electron microscopy (EM).  This step was performed to 

verify the identity of the organelles and to identify contaminating 

organelles by their morphological characteristics.  The isolated RM, SM 

and Golgi fractions were prepared for electron microscopy using the 

random sampling filtration apparatus of Baudhuin et al. (Baudhuin et al 

1967) and has been described previously (Dominguez et al 1999).  

Membrane fractions were fixed at 4°C overnight with an equal volume of 

5% glutaraldehyde in 100 mM sodium cacodylate buffer at pH 7.4 and 

then filtered on HA 0.45 um filters (Millipore Corp, Billerica, MA).  Post-

fixation was done with reduced OsO4 comprised of equal volumes of 4% 

OsO4, 4% potassium ferrocyanide.

Electron micrographs of the RM, SM, and Golgi fractions that were 

analyzed by proteomics are shown in Figure 1.  The RM fraction exhibited 

the characteristic rough appearance due to the ribosomes on the 

membranes; whereas the SM fraction is relatively free of ribosomes.   

However, ribosomes occasionally dot the SM membranes.  The arrow in 

the SM micrograph points to the occasional ribosome studded profile.  The 

Golgi fraction showed characteristic Golgi stacks. 
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Figure 1: EM characterization of random views of filtered 
preparations of isolated rough microsomes (RM), smooth 
microsomes (SM) and Golgi apparatus (G).  The RM fraction shows 

ribosome-studded microsomal profiles.  The SM fraction revealed a 

preponderance of smooth membranes with the occasional profile showing 

ribosome-studded microsomes (arrow).  The arrows in the Golgi 

micrograph point to four separate Golgi stacks cut at different angles of 

section.  Scale bar = 0.5 um.
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Figure 1 
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Biochemical subfractionation of the rough and smooth 
microsomes

One way to isolate proteins from subcellular fractions with similar 

physical characteristics (i.e. hydrophobic membrane proteins, soluble 

luminal proteins, soluble membrane associated cytosolic proteins) is by 

biochemically subfractionating the membranes using a detergent.  This 

step also concentrates proteins of lower abundance in the total organellar 

preparations (i.e. RM and SM and Golgi fractions described previously).

Biochemical fractionation of RM and SM fractions was done with a 

high salt wash followed by Triton X-114 (TX-114) detergent phase 

extraction (Bordier 1981).   The salt wash disrupts the interaction of 

cytosolic proteins associated with the membranes.  TX-114 is a non-ionic 

detergent that forms mixed micelles with integral membrane proteins due 

to the replacement by the detergent of lipid molecules normally in contact 

with hydrophobic transmembrane segments.  Hydrophilic proteins have 

minimal to no interaction with nonionic detergents (Bordier 1981) and are 

separated from the membrane proteins after an increase in temperature.   

For salt wash treatment, RM and SM fractions were incubated at 1 

ug/uL in 3 mM imidazole buffer (pH 7.4) containing 0.25 M sucrose and 2 

M KCl for 15 min on ice with agitation.  Fractions were then centrifuged at 

200,000 X g for 2 h. Next, the salt wash supernatant was mixed 9 to 1 with 

100% trichloroacetic acid in acetone (100 g trichloroacetic acid in a final 

volume of 100 mL) containing 20 mM DTT and incubated at -20ºC for 60 

min. The precipitated proteins were collected by centrifugation, 

resuspended in acetone and incubated at -20ºC overnight. For storage at -

80ºC, precipitated proteins were collected by centrifugation and the 

acetone was removed with a stream of nitrogen followed by sonication 

(two 2-3 sec bursts at 60%) assisted resuspension in distilled water. 
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For detergent treatment, the pelleted salt-washed microsomal 

fraction was treated with Triton X-114 according to a modified protocol of 

the Bordier procedure (Bordier 1981) to generate a soluble (aqueous 

phase), detergent soluble and detergent insoluble protein fractions.  The 

TX-114 solution was prepared in the following manner. Triton X-114 was 

washed with butylated hydroxytoluene as follows: 40 g of Triton X-114 

was mixed with 960 mL of 10 mM Tris-HCl, pH 7.4, containing 150 mM 

NaCl and 72.6 uM butylated hydroxytoluene and stirred at 4ºC for 6 h.  

The solution was then transferred to 1 L separatory funnels and incubated 

at 30ºC overnight to effect phase separation.  The lower detergent phase 

(approx. 400 mL) was collected while working at 30ºC and repeatedly 

washed (3 times) with 600 mL of 72.6 uM butylated hydroxytoluene in 10 

mM Tris-HCl, pH 7.4, containing 150 mM NaCl by dissolution and stirring 

(6h) at 4ºC until clear.  The washed Triton X-114 was stored at 4ºC.

For detergent phase extraction, the salt-washed pellets from RM 

and SM were resuspended in 3 volumes of 10 mM Tris-HCl pH 7.4, 

containing 150 mM NaCl.  This preparation was then diluted with 1-volume 

of 40 mM Tris-HCl, pH 7.4, containing 600 mM NaCl plus 4% Triton X-114 

to obtain a 10-fold excess of Triton to membrane protein to a final 

concentration of1 ug/uL.  Mixtures were incubated on ice for 30 min. 

Centrifugation at 0ºC (12,000 rpm, Beckman Ti60 rotor) of this suspension 

yielded a pellet (insoluble protein fraction) and a clear supernatant. To aid 

in the resolution of the aqueous and detergent phase proteins from the 

clear supernatant, a cushion of 1.5 % (w/v) sucrose, in 10 mM Tris-HC1, 

pH 7.4, 75 mM NaC1 plus 0.06% Triton X-114 was used.  The clear 

supernatant (at 4ºC) was overlaid onto the sucrose cushion in a centrifuge 

tube.   To effect phase separation (as evidenced by cloudiness), the tube 

was incubated at 30ºC for 3 min.  Centrifugation at room temperature 

yielded 3 phases (aqueous upper phase, detergent lower phase (oily 

droplet) and intermediate sucrose cushion).
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Detergent phase proteins were extracted from the aqueous phase 

proteins 3 times.  The protocol involved the following steps.  In a second 

tube, fresh Triton X- 114 was added to the aqueous phase to yield 0.5% 

triton X-114.  The cloudy suspension was clarified by incubation at 0ºC 

and then layered onto the detergent phase/sucrose cushion previously 

isolated.   The centrifuge tube was incubated at 30ºC for phase separation 

(of the newly added solution) followed by centrifugation (as above) to 

remove the detergent phase from the aqueous phase and generated 3 

layers (as above).  The upper, aqueous and lower, detergent layers 

represent the aqueous and detergent phases. Aqueous phase proteins 

were recovered by trichloroacetic acid precipitation (as indicated above) 

and detergent phase proteins were recovered by precipitation with 9 

volumes of ethanol/ether (4:1). Precipitated proteins were washed with 

acetone and any residual acetone was removed with a stream of nitrogen.  

The proteins were suspended by sonication (as above) in distilled water 

and stored at -80ºC until required for separation by SDS-PAGE.   

Protein Separation and in-gel trypsin digestion 
Organelle fractions were solubilized in SDS or with additional 4 M 

urea and resolved on 7-15% gradient gels containing 4 M urea.  This was 

followed by staining with Coomassie Brilliant blue G.  For trypsinization 

and peptide extraction, whole gels for the RM and SM were divided into 90 

- 93 bands.  The Golgi gels were divided into ~70 bands.  Treatments of 

the bands (destaining, reduction and alkylation, trypsinization) were 

performed robotically in a 96 well plate format using a MassPrep 

Workstation (MicroMass, Manchester, U.K.).   

Bands were first dehydrated in 50 ul of acetonitrile followed by 

destaining with 50 L each of 100 mM (NH4)2CO3  and acetonitrile for 10 

minutes.  Bands were then dehydrated by the addition of 50 ul of 
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acetonitrile for 10 minutes.  For reduction of cysteines and alkylation, the 

destained gel slices were then treated for 30 min with 50 ul of 10 mM 

dithiothreitol (reduction of cysteines) and treated for 20 min with 50 ul of 

55 mM iodoacetamide (alkylation).  An additional round of (NH4)2CO3 and

acetonitrile washes was performed followed by gel extraction with 

acetonitrile at 37°C. The gel slices were then incubated with trypsin 

(Promega Sequencing Grade Modified Trypsin, Promega V5111)  (6 ng/μl

in 50 mM (NH4)2CO3) for 5 h at 37°C and the peptides were first extracted 

in 1% formic acid/ 2% acetonitrile followed by two further extractions with 

additions of acetonitrile.

Mass Spectrometry 
The extracted peptides from robotic trypsin digestion were resolved 

using a CapLC (Waters, Milford, USA) system and analyzed by mass 

spectrometry (MS) in positive ion mode using an upgraded (with 

embedded personal computer control and acquisition system (EPCAS)) 

quadrupole time of flight (QToF-2) mass spectrometer (Micromass, 

Manchester, U.K.).  The ion source was a Micromass nano electrospray 

ionization source (nanoESI) source.  Extracted peptides were injected 

(pump C) onto a trapping guard column (u-Precolumn cartridge filled with 

PepMap C18, 5 um, 100 angstrom, 300 um i.d. x 5 mm (LC Packings, 

Sunnyvale, CA)).  The trapping guard column was connected inline via a 

Cheminert 10 port valve (VICI, Brockville, ON, Canada) to an analytical 

preconditioned (see below) PicoFrit® (New Objective, Woburn, MA) 

column (filled with BioBasic packing C18, 5 um, 300 angstrom, 75 um i.d. 

x 10 cm).   Prior to elution of the peptides,  the sample bound to the guard 

column was washed with aqueous 0.1% formic acid, at a flow rate of 30 

uL/min for 5 min using pump C, and the analytical column was pre-

equilibrated with 5% solvent B (acetonitrile 0.1% formic acid).  For 

gradient elution, the 1 uL/min combined flow from pumps A (solvent A: 

aqueous 0.1% formic acid) and B (solvent B: acetonitrile 0.1% formic acid) 
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was reduced to ~200 nL/min by column splitting with a Valco Tee and 

fused silica (5 m, 0.75 um inner diameter). Electrospray ionization (ESI) 

from the fritted-tip, located about 1 cm in front of and about 0.5 cm off 

centre to the sampling cone of the mass spectrometer, was performed 

with the capillary voltage set at 2000 V, the cone at 45 V, and the extractor 

at 3V. The collision cell was set at 10 V as default setting. Ar pressure was 

4.4 x 10-5 mbar.  The source block temperature was 80 ºC and the multi-

channel plate detector set at 2300 V.

For peptide extracts from gel slices corresponding to apparent MW 

>200kDa or <30kDa, a 30 min gradient was employed, and for proteins 

with apparent MW between 30 kDa and 200 kDa a 60 min gradient was 

employed. Gradients (started with sample injection) for the 30 min. and 60 

min. gradient are shown in Table 1. 

PicoFrit® columns were preconditioned before adjusting the spray 

as follows: 95% solvent B for 30 min; sequentially by steps of 10% for 10 

min to 25% B; held at 25% B for 30 min.  To set the voltage for the best 

plume, the voltage was increased from zero to the optimal voltage. 

Solvent was then adjusted to 5% B and chromatographic performance of 

the trapping column as well as the analytical column was assessed by 

analysis of 2 uL PepMix (Sigma, H2016) employing the 15 min gradient 

(5% B from 0 to 5 min; to 40% B from 5 to 10.7 min; to 70% B from 10.7 to 

12.9 min; to 95% B from 12.9 to 15 min; at 95% B from 15 to 20 min; and 

to 5% B from 20 to 29 min). Typically an optimal voltage of 2000 V is 

obtained and in order to maintain a good plume, the voltage must be 

increased as the column ages. The requirement for column replacement is 

monitored, diagnostically by the capillary voltage and the column is 

replaced when the required voltage reaches 3000 V.  Nitrogen is not 

needed for nebulization because of low flow rates (200 nL/min) and 

column tip inner diameter (15 um).  To accommodate the PicoFrit®  
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column, the QToF-2 was custom adapted as previously described 

(Blondeau et al., 2004).  Briefly, the customization was as follows: the 

Micromass nanoflow probe was gutted and replaced with a Pasteur 

pipette that was fixed in place by hot melt glue.  The pipette was cut such 

that 5 mm protruded from the housing near the Z-spray sampling cone.  

The PicoFrit® column was introduced from the forward end and was fixed 

in place with hot melt glue such that ~6 mm extended from the end of the 

pipette.  The inlet end of the fused silica column was cut ~3 cm from the 

packing and connected to the solvent line via a stainless steel Valco zero 

dead volume connector.  For operation, the dead volume connector was 

connected to the capillary power supply.

For MS analysis of biological samples, the mass spectrometer was 

operated in the Data Directed Analysis mode, with the threshold set to 6, 

and with up to 4 of the most intense doubly or triply charged precursor 

ions automatically selected for up to 5 fragmentation scans of 1 sec.  

Doubly or triply charged ions were targeted for fragmentation because this 

corresponds to the most likely charge state of tryptic peptides at low pH 

(0.1% formic acid).  Survey scans of 1 sec were recorded from 350 to 

1600 m/z with an interscan time of 0.1 sec and tandem MS scans of 1 sec.  

Tandem MS scans were collected sequentially for the selected precursor 

ions and were recorded from 50 to 2000 m/z.  After selection and 

fragmentation, precursor ions were excluded from repeated selection for 

60 sec after the end of the corresponding fragmentation duty cycle. 

Collisions energies were preprogrammed as follows: for doubly charged 

ions between 400-653 m/z, 653-740 m/z, 740-820 m/z, 820-1200 m/z, and  

1200-1600 m/z, the energies were 25 V, 26 V, 28 V, 32 V and 55 V, 

respectively.  For triply charge ions between 435-547 m/z, 547-605 m/z, 

605-950 m/z and 950-1600 m/z, the energies were 14 V, 19 V, 24 V and 

35 V, respectively.  QToF calibration employed direct infusion of 500 of 

Glu-Fibrinopeptide (Sigma, F3261) from a gold-plated glass capillary, with 
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Table 1:  Concentration of Solvent B for 30 min and 60 min gradient 
for peptide elution 

30 min gradient 60 min gradient 

5% B from 0 to 5 min 5% B from 0 to 5 min 

40% B from 5 to 25 min 40% B from 5 to 45 min 

70% B from 25 to 30 min 70% B from 45 to 53 min 

95% B from 30 to 35 min 95% B from 53 to 58 min 

95% B from 35 to 42 min 95% B from 58 to 60 min 

5% B from 42 to 47 min 5% B from 60 to 65 min 
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collision energy set at 30 eV and the following y-ions: 175.1195, 246.1566, 

333.1887, 480.2570, 627.3257, 684.3469, 813.3895, 942.4321, 

1056.4750, 1171.5020, and 1285.5449 m/z. Calibration was updated 

when the temperature of the time of flight tube changed by greater than 

0.5 ºC. This temperature was monitored continuously via an insulated 

thermocouple taped to the flight tube.

Data processing 
The raw data generated by the LC-QToF MS/tandem MS were 

transferred to a 40 terabyte server and automatically processed in a 

pipeline format (Kearney et al 2003).  First, the raw data were processed 

to generate a peaklist of all tandem MS by employing Distiller (Matrix 

Science, http://www.matrixscience.com/distiller.html).   Peaklists were 

searched using the Mascot Cluster (Matrix Science, 

http://matrixscience.com/cluster.html).  The Mascot (Perkins et al 1999) 

search results were parsed into CellMapBase, our in-house relational 

database (Bencsath-Makkai et al 2003a, Bencsath-Makkai et al 2003b). 

Peptides were grouped to present a minimum set of protein identifications 

(Kearney et al 2005).  Only peptides with less than 5% probability of being 

an incorrect assignment as determined by Mascot (Perkins et al 1999) 

were used for protein identifications.  These peptides had Mascot scores 

greater than the Mascot calculated ID score for the peptides. 

Peaklist Generation 
For the generation of the peaklists, Distiller version 2.0.0 was used 

with the following peak detection parameters: minimum interaction 500; 

correlation threshold 0.7; minimum peak 50 m/z; maximum peak 100,000 

m/z; minimum S/N 2; minimum peak width 0.01; maximum peak width 1; 

expected peak width 0.1; and maximum allowed precursor difference 3 

Da.  Baseline correction and reject width outliers were activated and re-

gridding was done with a value of 20 data point per Da.
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Mascot
The concatenated peaklist was searched against a copy of the 

National Center for Biotechnology Information non-redundant database 

(ftp://ftp.ncbi.nih.gov/blast/db/FASTA/nr.gz) (release: NCBI nrdb March 18, 

2004 by employing Mascot Cluster version 1.9.03 with the following 

parameters specified: trypsin; 1 missed cleavage; fixed carbamidomethyl 

alkylation of cysteines; variable oxidation of methionines; 0.5 mass unit 

tolerances on parent and fragment ions; monoisotopic; limited to the 

Rattus taxonomy (30949 sequences). The false positive rate was found to 

be ~1.5% by repeating the search analysis, as above, against a 

randomized copy of the March 18, 2004 database.

Grouping 
All protein identifications were made using peptides assigned by 

Mascot with less than 5% probability of being an incorrect assignment 

(false positive rate ~ 1.5% estimated by searching a randomized copy of 

the database).  For generation of the minimum list of proteins, protein 

identifications were grouped based on common sets of peptides.  This 

step was necessary to eliminate redundant identifications of the same 

gene sequence that arise due to homologous sequences, truncated or 

partial sequences, alternatively spliced proteins, strain-specific allelic 

variation or redundant assignments of tandem MS.   Proteins within a 

group were called hits.  Peptides assigned to hits may be unique or 

shared.  Unique peptides were distinct peptide sequences that occurred 

only in one particular group.  Shared peptides occurred in hits that fell into 

two or more groups.   This scenario came up in proteins with high 

sequence similarity such as members of protein families, allelic isoforms, 

homologous sequences, truncated or partial sequences, alternatively 

spliced proteins, strain-specific allelic variation or redundant assignments 

of tandem MS.   The top hit was a sequence that accounted for all 
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peptides assigned within a group.   Often there was more than one top hit.  

The grouping algorithm randomly chose a representative protein 

sequence from the top hit(s).  Only groups with at least one unique 

peptide were considered in this study.   Therefore, in this study, the word 

protein means protein group and the accession number provided (usually 

an NCBI gi number) is for the representative top hit of a group. 

Annotation
The non-redundant list of proteins identified in this study was 

manually annotated by literature search via the NCBI gi number and 

cross-referencing to GO annotations (Ashburner et al 2000) to categorize 

all identifications into 1 of 23 functional categories (Table 2).  These 

categories reflected functions specific to the ER and Golgi apparatus and 

were necessary for us to organize the data in an understandable way.  

Proteins were also annotated for transmembrane segments and signal 

peptides (including insertion via lipid anchors) using TMHMM 

(Sonnhammer et al 1998) and SignalP (Bendtsen et al 2004), respectively.  

This was done to aid in distinguishing resident proteins (many would have 

a signal peptide) from non-residents or contaminants.   Proteins were also 

assigned a protein name.  This was done for two reasons.  First, some of 

the NCBI descriptions were uninformative even for well-known proteins.  

An example is the protein with the NCBI description “BWK4,” which has 

since been removed from the database.  A BLASTp analysis (Altschul et 

al 1990, Li et al 2002) revealed that this sequence was in fact, the protein 

disulphide isomerase, ERp44.  Therefore, this protein was renamed 

“ERp44.”  The second reason for assigning names to proteins was to have 

the ability to “collapse” proteins with greater than 90% similarity over the 

length of the protein. This step followed the rationale set forth by the 

UniREF90 database (Suzek et al 2007), in which proteins in the entire 

UniProt database are collapsed based on 90% sequence identity.   
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Several curation related difficulties were experienced, such as: i) 

non-descriptive names, ii) fused gene predictions, iii) incorrect gene 

predictions, iv) missing protein sequences and v) allelic isoforms. 

Examples for each case follow: 

1. Vague or indecipherable names: The NCBI description “Similar to 

protein X” could mean either that it was a rat version of protein X, 

which was originally identified in mouse or that there was a 40% 

similarity to protein X, but it was not a rat homologue. We chose to 

use the “similar to” for proteins with similarity but that were not 

orthologs.

2. Fused genes: Peptides that were assigned to the protein 

represented by gi number 34879705 could be sorted into 2 groups 

based on BLASTp assignment to either ABO-family member 5 or to 

stomatin. Further analysis revealed that the two genes had been 

improperly fused in the rat database. Modifications were made to 

the in-house database.  

3. Incorrect gene predictions: Proteins that should be nearly identical 

to each other displayed approximately only 65% identity, due to 

different lengths of intronic sequences due to incorrect gene 

prediction and/or editing of the rat genome.  For example, the 

protein mannosidase II was split into two sequences. Exons that 

should have been assigned to one protein were assigned to two 

different sequences.  Some exons were assigned to one sequence, 

whereas the other exons were assigned to another sequence. Each 

sequence showed homology with the NCBI non-redundant 

database sequence for mannosidase II, but they did not show any 

homology with each other.
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4. Missing protein sequences: We knew from literature and 

experimental evidence that the protein SRP receptor  was in our 

sample but was not identified by limiting the search to the Rattus

taxonomy.  Its presence was confirmed by expanding the Mascot 

search to include mouse sequences which reflects the expected 

sequence conservation between these two species. 

5. Allelic isoforms: Because the Sprague- Dawley rat strain is out-

bred, the presence of allelic isoforms is possible and was 

detectable. Allelic isoforms are different sequences derived from 

the same gene that contain single nucleotide polymorphisms 

(SNPs).  In the case of allelic isoforms, we added their peptides 

together. To do this, we chose to assign the same protein name to 

allelic protein pairs.

These curation steps were incorporated into our in-house database, 

CellMapBase and define a method currently in use for analyzing 

proteomics data (Au et al 2007).

Protein Quantitation
For quantification of proteins, redundant peptide counting or 

spectral counting (Blondeau et al 2004, Liu et al 2004) was employed.  We 

prefer the term, redundant peptide counting, to spectral counting because 

redundant peptide counting emphasizes that the mass spectrometer 

repeatedly measured spectra assigned to peptides (many mass spectra 

remain unassigned). Therefore, the term, redundant peptide counting, will 

be used throughout this thesis.  Redundant peptides are the number of 

mass spectra observed and assigned to peptide sequences for a given 

protein.   In using the redundant peptide counting approach, the total 

number of redundant peptides assigned to a protein is added together and 
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this value is used as a measure of the protein’s abundance, as 

represented by the following equation: 

k

iP
1
1

where Pi = redundant peptide counts for any given protein, i; k is

the number of times the peptide is observed (or the number of spectra). 

Furthermore, for a proteomics sample, the total redundant peptide 

count for a sample is represented by the following equation: 
n

i
iPR

1

where R = total redundant peptide counts for a sample, Pi = the 

number of redundant peptides for protein i, and n is the number of proteins 

identified in a sample. 

It has been demonstrated that the relative abundance of different 

proteins can be deduced by comparing their redundant peptide counts 

(Blondeau et al 2004, Kislinger et al 2006, Liu et al 2004, Pang et al 

2002).  Fifty-nine percent of all identified proteins in the three replicates of 

the RM, SM and Golgi fractions were identified with 5 or more redundant 

peptides (Figure 2).  This is the number used as a cut-off for quantitation 

in this thesis.  A protein must have greater than or equal to 5 redundant 

peptides for quantitation. 

Proteins identified in this study were described by 3 numbers:  

unique peptides, shared peptides and total peptides.  Determining the total 

peptides for proteins with only unique peptides was simple since these 

peptides are only assigned to one protein.  However, the total peptide 

count for proteins with shared peptides was a number derived from 

apportioning shared peptides based on the number of unique peptides 



94

each protein possesses.  This is described for two proteins, A and B, by 

the following equation: 

Total A  = UniqueA + SharedA+B * UniqueA/(UniqueA + UniqueB)

For example, rab1A and rab1B are two proteins with 91% 

sequence identity by BLAST.  Both proteins were uniquely identified in the 

Golgi fraction with 2 unique peptides for rab1A and 3 unique peptides for 

rab1B.  Both proteins also shared 3 peptides.  Following the formula 

outlined above, rab1A would have 3.2 total peptides (total peptidesrab1A = 

2+3*2/5) and rab1B has 4.8 total peptides (total peptidesrab1B = 3+3*3/5).   

This algorithm has the advantage of preserving the total peptide count 

except for cases where peptides are shared among proteins with no 

unique peptides.   As an additional step, total peptides for each protein 

were normalized to the total number of redundant peptides observed in a 

sample to account for the variance in each biological replicate.  Therefore, 

the total peptide count for a protein is divided by the total number of 

assigned peptides in a sample and by 100 resulting in % total peptides.  

Both total peptides and % total peptides are used in this thesis.

Since shared peptides are apportioned between proteins based on 

the fraction of unique peptides, one might postulate that a potential bias 

may exist for larger proteins.  Take, for example, two proteins of different 

size that share peptides and have unique peptides distinguishing them.  

The bias comes into play when apportioning the shared peptides since the 

longer protein may have more unique peptides which would result in 

higher redundant peptide counts.  Practically, this situation does not have 

a major effect since many of proteins that share peptides belong to the 

same family and are generally within the same size range (e.g. 

cytochrome P450s, rabs, glucuronosyl transferase, carboxylesterases).   
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Several studies have been done to validate redundant peptide 

counting.  For instance, using this approach, Blondeau et al. (Blondeau et 

al 2004) demonstrated the 1:1 stoichiometry of clathrin heavy and light 

chain in brain derived clathrin coated vesicles.  Furthermore, it also 

showed the lack of such stoichiometry for clathrin coated vesicles derived 

from liver (Girard et al 2005).  That redundant peptide counting was able 

to detect the stoichiometry of a well-known biological structure validates 

the utility of the approach in a biological experiment.  In another study, 

redundant peptide counts were able to detect the relative concentrations 

of 6 different proteins spiked into yeast cell lysates (Liu et al 2004).  A 

comparison of redundant peptide counting and derived ion 

chromatograms, another common quantitation method, revealed that 

redundant peptide counting was more reproducible and exhibited a 

greater dynamic range (Zybailov et al 2005).  Despite the large and 

growing body of work validating redundant peptide counting, experiments 

were done by us to test this approach for this study.  One experiment 

compared redundant peptide counting to quantitative western blotting 

(Figure 3).  This involved comparing the relative abundance of albumin 

detected by redundant peptide counting in the RM, SM and Golgi fractions 

to albumin detected by quantitative western blotting with I125 secondary 

antibody (Figure 3).  Both methods showed that there was an enrichment 

of albumin in the Golgi fraction as compared to the ER fractions.   

Furthermore, we took part in a study conducted by the Association of 

Biomolecular Resource Facilities (ABRF) in 2006 (Turck et al 2007) which 

aimed to compare different approaches in estimating protein abundance.  

The aim of the study was to determine the relative protein abundance of 8 

proteins in two mixtures.   In this study (Turck et al 2007), we were the 

only participants to use redundant peptide counting (indicated as spectral 

counts).  To evaluate each method of quantitation, the % error of ratio 

between the expected and observed ratio was calculated using the 

following formula:
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Figure 2:  Histogram of redundant peptide count distribution for 
proteins in the RM, SM and Golgi total fractions.  Redundant peptide 

counts for proteins observed in one or all of the three replicates of each 

subcellular fraction were added together.  The number of redundant 

peptides identifying proteins is indicated on the x-axis and the number of 

proteins per peptide count range is indicated by the y-axis.  
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Figure 3:  Comparison of redundant peptide counts with quantitative 
western blotting.  The inset indicates the relative proportion of 

subcellular fractions within the linear response range for detecting albumin 

as visualized on X-ray films. The solid histograms represent the relative 

proportion of albumin antigenicity as deduced from  counting (Bell et al., 

2001) of the excised bands corresponding to albumin in RM, SM, and 

Golgi fractions. The white histograms represent peptide counts for 

albumin. In this and all other figures, error bars represent ±SD (n = 3) 

unless otherwise noted.
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Figure 3 
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Table 2:   Functional Categories Assigned to Proteins

Functional Category Examples 

Biosynthetic Cargo Proteins that transit through the 
secretory pathway, e.g. albumin 

Blood and other Cells 
Likely Contaminants (keratins) 

Contaminants from sample preparation 

Calcium Transport/Binding 
(Calcium Trans/Bind) 

A key function of ER (Berridge 2002) 
(e.g. sarcoplasmic Ca2+/Mg2+ ATPase, 
Inositol 1,4,5 triphosphate receptor II) 

Coat COPII, COPI, clathrin coats 

Cytoskeleton 
Provide structure to ER and Golgi 
(Voeltz et al 2002) e.g. actin, 
microtubules

Detoxification (detox) ER (e.g. cytochrome p450s) 

GTPase ER and Golgi (e.g. Rabs) 

Lysosome
Mitochondria
Nucleus
Peroxisome 
Plasma membrane 

Organellar contaminants 

Metabolism e.g. glucose-6-phosphatase 

Protein modification (Prot Mod) Golgi glycosyltransferases 

Protein Synthesis and Folding 
(Prot Syn/Fold) 

Molecular chaperones (e.g. calnexin, 
BiP)

Proteasome/Ubiquitin Proteasomal subunits 

Signaling Presenilin 1 

Tethering Docking and Fusion 
(Teth/Dock/Fuse) Rabs, Golgins 

Traffic p24s 

Transcription e.g. Sel1 

Trypsin Added to sample for peptide generation 

Unknown Proteins of unknown function 
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percent error of ratio = [(expected ratio – observed ratio)/expected ratio] x 

100.

Of the 13 quantitative methods used in this study (Turck et al 

2007), spectral counting produced one of the lowest % error or ratio at 

50%.  The results also revealed that this approach was as good as other 

methods of protein quantitation, including iTRAQ and derived ion 

chromatograms (Turck et al 2007). 

Supplementary tables of proteins identified in the RM, SM and 
Golgi total and biochemical fractions 

In proteomics, guidelines exist for the publication of protein and 

peptide identification results (Carr et al 2004), which address the issue of 

protein identifications that are based on a single peptide observation.  

Confidence in these identifications should be low since there is only one 

experimental observation to indicate that the protein is present in a 

sample.  All protein identifications for the three replicates of the RM, SM 

and Golgi fraction and the biochemical subfractions of the RM and SM are 

indicated in table S1A.   Single peptide identifications are indicated in table 

S1B.  Table S1A and S1B reflect what was assigned by Mascot (Perkins 

et al 1999) (95% confidence) as observed by the mass spectrometer. 

Presented are: NCBI description; calculated molecular weight (MW); NCBI 

gi number; CMBSEQID (CellMapBase sequence identifier, an in-house 

reference number to identify a particular, exact sequence of amino acids 

and cross-references these tables); number of unique peptides (assigned 

only to the identified protein); number of distinct peptides (includes 

peptides shared between proteins); and percent (%) sequence coverage. 

Database entries representing partial N-terminal protein sequences, 

typically identified by calculated MW <5 kDa, reveal overestimated 

sequence coverage. The protein identifications were submitted to the 

PRoteomics IDEntifications database PRIDE (http://www.ebi.ac.uk/pride/)
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and Tranche (http://www.proteomecommons.org/dev/dfs/) for public 

access.   For proteins identified by a single peptide in table S1B, Carr et al 

(Carr et al 2004) outlined several criteria for publication.  These criteria are 

meant to assist other researchers to assess the quality of the peptide and 

protein identification.  The following criteria are indicated in Carr et al. 

(Carr et al 2004) and are presented in table S1B:

1. To identify that a peptide was a tryptic peptide, the N-terminal 

flanking amino-acid corresponding to the amino acid (single 

letter amino acid abbreviation) in the cognate protein that is N-

terminal to the assigned tryptic peptide is presented. START 

indicates that the peptide is the N-terminal tryptic peptide. M 

indicates that the initiator methionine has been removed and K 

or R indicate the presence of a lysine or arginine at the 

beginning of the tryptic peptide.   

2. Peptide sequence  

3. To identify that the peptide was a tryptic peptide, the C-terminal 

flanking amino acid is also presented.  END indicates the C-

terminal tryptic peptide.  K or R indicates the presence of a 

lysine or arginine at the end of the tryptic peptide.

4. m/z value in Thomsons (Th) corresponds to the ion that was 

selected for tandem MS.

5. Charge corresponds to the charge state of the ion fragmented

6. Experimental peptide mass in Daltons (Da) corresponds to 

mass of the peptide as calculated from the m/z value and 

experimental charge of the ion fragmented calculated peptide 

mass in Daltons corresponds to the mass of the assigned 

peptide as determined from the assigned peptide sequence

7. Delta value corresponds to the difference between the 

experimental and calculated peptide mass  
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8. The score from the database search engine used.  MASCOT 

Score corresponds to the score assigned by the tandem MS 

database search program Mascot 

(http://www.matrixscience.com)  

9. The cut-off for confidence in a peptide identification.  Identity 

Score (ID Score) corresponds to the Mascot score that 

corresponds to assignment at 95% confidence (Perkins et al., 

1999).

Table S1C reflects the curation of protein identifications into 

functional categories (Table 2), the assignment of protein names 

(Assigned_Prot_Name) (section 1.7.4 Annotation).  A bioinformatics 

prediction for signal peptides was done since proteins moving through the 

secretory pathway have cleavable signal sequences.  Transmembrane 

domain predictions were also performed to get an indication of the number 

of predicted membrane proteins and to compare the predictions with 

biochemical subfractionation.  The table contains the following columns:

1. Assigned Prot_Name  

2. Functional category  

3. NCBI Description; calculated molecular weight (MW)

4. gi number  

5. CMBSEQID  

6. Membrane status as assigned based on TMHMM (Sonnhammer 

et al 1998) and/or literature search

7. Signal type as assigned by SignalP prediction (Bendtsen et al 

2004)

8. Transmembrane domain (TMD) prediction (TMHMM, 

(Sonnhammer et al 1998) including starting amino acid

9. Length of the transmembrane segment (TMS)  

10.  Direction relative to the cytoplasm (IN = cytoplasmic)
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11.  UNIREF100 identifier (Apweiler et al 2004)

12.  Refseq an NCBI identifier (Pruitt et al 2005). 

Table S1D contains the peptide statistics for proteins by assigned 

protein name. Proteins with the same assigned protein name in table S1C 

have been grouped together and the redundant peptide counts (Total 

Peptides) and normalized redundant peptide counts (% Total Peptides) 

were added together.  Table S2A contains the results of the hierarchical 

clustering of the mean % total peptide counts for the 3 biological replicates 

of the RM, SM and Golgi total fractions. Table S2B contains the results of 

the hierarchical clustering for the 3 replicates of the biochemical 

subfractionation for the RM and SM fractions.  Contaminants were 

removed prior to clustering for both analyses.  Results in tables S2A and 

S2B are discussed in Results: Subcellular localization of proteins by 

Proteomics and Results: Biochemical Subfractionation of RM and SM 

fractions, respectively.   Table S3 contains the 43 new proteins identified 

in the Golgi biochemical subfractions which are discussed in Results: 

Biochemical subfractionation of RM and SM fractions. Table S4 contains 

the results of a comparison of Golgi proteins identified in the Foster et al.  

(Foster et al 2006a) study with Golgi proteins identified in the Golgi 

fraction.  These results are discussed in Discussion: Completeness of 

protein identifications in the RM, SM and Golgi fractions.  These tables are 

also available as a supplement to Gilchrist et al. (Gilchrist et al 2006). 

Antibodies 
Anti-calnexin antibodies were raised against amino acids 555-573 

of canine calnexin (Ou et al 1993). Anti-ribophorin I was provided by Dr. 

G Kreibich (NYU Medical Center).  Anti-mannosidase II was provided by 

Dr. M Farquhar (UDSD School of Medicine).  Anti-tom20 was provided by 

Dr. G Shore (McGill University).  Anti-  membrin was purchased from 

Stressgen (Ann Arbor, MI).
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Principal Coordinates Analysis 
In Results: Assessment of Contamination of RM, SM and Golgi 

Fractions, principal coordinates analysis (PCO) using Matlab was used to 

determine if the RM, SM and Golgi fractions are distinct from one another.  

The goal of the analysis was to reduce the 9 x 2000 matrix, X (3 biological 

replicates each for the RM, SM and Golgi with ca. 2000 points consisting 

of the % total peptide counts for the identified proteins), to a 9 x 2 

dimensional space, Y.   First, an n x n pairwise distance matrix, D, is 

calculated for X using the pdist function in Matlab with Euclidean distance 

specified as the distance measure.  The Matlab function, cmdscale, takes 

D as its input to generate the 2 dimensional coordinates in Y.   A graph of 

Y shows the scatter of points representing the 3 organelles in two 

dimensional space.   Ideally, the three organelles would occupy 3 

separate areas on the graph indicating that they are different entities. 

Immunolabeling 
For Western blotting, proteins in each fraction were separated on a 

10% gel by SDS-PAGE, and transferred to nitrocellulose

electrophoretically for 2 h at 400 mA at 15oC, employing a Trans-Blot® 

Electrophoretic Transfer Cell (BIO-RAD, Hercules, CA).  The blots were

blocked with 5% skim milk in 0.1% Tween 20  buffer and PBS (pH 7.4) 

and then incubated overnight at 4 °C with the following primary antibodies 

and dilutions: 1:5000 dilution for anti-calnexin; 1:5000 dilution for anti-

ribophorin I; 1/1000 for anti-membrin; 1/1000 for anti-integrin 1,  1/2000 

for anti-mannosidase II and 1/5000 dilution for anti-tom20. Anti-integrin 1

and anti- -membrin were mouse polyclonal antibodies and the rest were 

rabbit polyclonal antibodies.  After each antibody reaction, the blots were 

washed with 0.5% skim milk in 0.1% Tween 20  buffer and PBS (pH 7.4).  

Bands were visualized by chemiluminescence using the Western Lighting 

Chemiluminescence reagent (Perkin Elmer Life Sciences, Waltham, MA).  
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Marker Enzyme Assay 
To test for glucose-6-phosphatase activity, the following protocol 

was used.  In three separate tubes (one blank, 2 for testing) for each 

sample, 200 ml sodium cacodylate pH 6.5, 66.7 ml 0.15 M glucose-6-

phosphatase, 183.3 ml H2O was added and preincubated at 37 oC for 5 

min.  After incubation, 50 ml of membranes without phosphatases inhibitor 

was added to the tube.  After 10 minutes incubation, the reaction was 

stopped by adding 0.33 ml of 10% trichloroacetic acid.  Membranes were 

added to the blank after addition of tricholoracetic acid and incubated on 

ice for 10 minutes.  After incubation, samples were centrifuged in a 

microfuge for 5 min.  400 ml of the samples were tested for phosphate 

content by the Ames and Dubin method (Ames & Dubin 1960).  One ml of 

the Ames-Dubin mixture (1 part 10% ascorbic acid, 6 parts 0.42% 

ammonium molybdate in 1N H2SO4) was added to each sample in a glass 

tube and incubated at 45 oC for 20 minutes.  The absorbance was read 

against the blank at 770 nm wavelength. 

For the 5’ nucleotidase enzyme assay, three separate tubes were 

used for each sample.  In two of the tubes, 0.05 ml of 0.5 M Tris HCl (pH 

8.5), 0.05 ml of 0.1 M MgCl2, 0.05 ml of 1% Triton X-100 and 0.05 ml of 

the membrane prep without phosphatase inhibitors was added.  

Membranes were not added to the blank tube.  At 30 sec intervals, 0.1 ml 

of 0.05M AMP (20.4 mg/ml) was added to each tube and incubated at 37 

oC for 20 minutes in a dry bath.  At the same interval, 300 ul of 25% 

trichloroacetic acid was added to stop the reaction.  After the reaction was 

stopped, membrane was added to the blank tubes.  Phosphate content 

was determined by the Ames and Dubin method (Ames & Dubin 1960).

Galactosyl transferase activity was assayed according to Bergeron et al. 

(Bergeron et al 1982).
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Hierarchical Clustering 
Hierarchical clustering is discussed in Results: Subcellular 

Localization of Proteins by Proteomics. This method progressively 

calculates the pairwise distances between objects, which, in this case, are 

the protein localization profiles and creates a similarity matrix among 

proteins.  For example, if there are 20 objects under consideration, the 

distances between each pair among the 20 objects are calculated and the 

closest or most similar pair of objects is merged together.  The merged 

pair forms a new cluster and is considered a single object for the next 

round of pairwise distance calculations.  This process continues until there 

is only 1 cluster left containing 20 objects.   A correlation coefficient is 

calculated for each cluster (with 2 or more objects) which ranges from -1 

to 1, with 1 meaning they are identical and -1 meaning that they are 

perfect opposites.

Cluster 3.0 (http://bonsai.ims.u-

tokyo.ac.jp/~mdehoon/software/cluster/) and JAVA Treeview 1.6 

(http://jtreeview.sourceforge.net/) programs were used for hierarchical 

clustering and graphical representation of protein expression data, 

respectively (de Hoon et al 2004, Eisen et al 1998).   Hierarchical 

clustering of genes was performed using an uncentered Pearson 

correlation distance metric and average linkage aggregation. Selected 

clusters had correlation coefficients > 0.9 as determined by Cluster 3.0.   

The png images produced by TreeView were edited using the Adobe 

Illustrator software (San Jose, CA), by scaling the list of proteins, protein 

arrays, and the dendrogram for visualization.  Original alignments between 

the elements in the original png files were maintained.   All other data 

analysis and manipulation was done using Matlab and Excel.
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Antibodies and Light Microscopy 
Antibodies to ERp44 were a gift of Dr. R. Scherer, Albert Einstein 

College of Medicine and discussed in Wang et al. (Wang et al 2006).  

HepG2 cells cultured on coverslips were fixed with methanol for 5 min at -

20°C. The fixed and permeabilized cells were blocked in 0.1% bovine 

serum albumin (BSA) in PIPES buffer, pH 7.5 with 150 mM NaCl for 30 

min at room temperature and then incubated with the antibody solution 

(dilution 1:200) in the blocking buffer for 30 min at room temperature. Cells 

were washed three times with blocking buffer (for 5 min each) and then 

incubated with Alexa 594-conjugated anti-rabbit IgG antibody (Molecular 

Probes, Invitrogen, USA) for 30 min at room temperature. The cells were 

again washed three times with blocking buffer (5 min each), and the 

coverslips were mounted onto ProLong Gold (Invitrogen, USA). Images 

were taken with an inverted confocal laser scanning microscope (Zeiss 

LSM 510 META) with a 63× oil lens and processed by Adobe Photoshop 

version 7.0.

YFP visualization and immunofluorescence 
For YFP visualization, HeLa cells were cultured on coverslips and 

transfected with YFP-tagged constructs. HeLa cells were selected for 

simplicity of morphology visualization.  Cells were fixed with methanol for 

5 min at 20°C, 36 hours after transfection. The fixed and permeabilized 

cells were blocked in 1% bovine serum albumin (BSA) in PIPES pH 7.5 w/ 

150 mM NaCl buffer for 30 min and then incubated with anti-calnexin 

antibody in the blocking buffer for 1 hour at room temperature. Cells were 

washed 3 x 5 min. with blocking buffer and then incubated with Alexa 633-

conjugated anti-Rabbit IgG antibody (Molecular Probes, Eugene, OR) for 

30 min. at room temperature. The cells were again washed 3 x 5 min with 

blocking buffer, and the coverslips were mounted onto ProLong Gold 

(Invitrogen). Images were taken with an inverted confocal laser scanning 
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microscopy (Zeiss LSM 510 META) with a 63× oil objective lens and

processed by LSM image Browser (Zeiss). 

Bioinformatics Predictions of Transmembrane Segments and 
Signal Peptides 

Transmembrane segment and signal peptide prediction was done 

using TMHMM 2.0 and SignalP, respectively, as a stand alone software 

package on a UNIX platform. 

BLAST Analysis 
FASTA formatted sequences for the proteins identified in the RM, 

SM and Golgi fractions were extracted from the NCBI non-redundant 

database.  HERA (Scott et al 2004) sequences were provided by M. Scott.  

All other sequences were accessed as indicated in the publications (Huh 

et al 2003, Wiwatwattana & Kumar 2005) or directly from tables in the 

publications (Foster et al 2006a, Knoblach et al 2003, O'Brien et al 2005, 

Wu et al 2004).  Sequence comparisons were done using the stand-alone 

BLAST application 

(http://www.ncbi.nlm.nih.gov/staff/tao/URLAPI/pc_setup.html#2).  Proteins 

from each database (HERA, OrganelleDB) or study (Foster et al, 

Knoblach et al, O’Brien et al., Wu et al., Hugh et al. and Wiwatwattana et 

al.) were aligned pairwise with proteins identified in the RM and SM or 

Golgi fraction using BLASTp. The e-value was set at e-15.  For proteins 

that did not match, a random set of alignments were verified manually to 

minimize false negatives. 

Characterization of Proteins of Unknown Function by 
Bioinformatics 

Previously uncharacterized proteins were identified in the 

proteomics results for the RM, SM and Golgi fractions by their associated 

NCBI descriptions.  These descriptions were generally uninformative and 

could include the words “hypothetical, similar to, RIKEN.”   The NCBI gi 
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numbers for these proteins were compiled into a list which was used to 

retrieve protein sequences using the Batch Entrez 

(http://www.ncbi.nlm.nih.gov/entrez/batchentrez.cgi?db=Protein) feature of 

NCBI (www.ncbi.nlm.nih.gov).  To confirm the unknown function status of 

these proteins, their sequences were compared using BLAST (Altschul et 

al 1990) to the NCBI non-redundant protein database.  If a protein 

displayed significant similarity to another protein with a known function (% 

identity > 80% to mammalian proteins), it was considered a characterized 

protein and removed from the list. The remaining protein sequences for 

uncharacterized proteins were then submitted to the TMHMM 

(Sonnhammer et al 1998) and SignalP (Bendtsen et al 2004) web servers 

for transmembrane segment and signal peptide predictions.   For protein 

domain predictions, sequences were submitted to InterProScan (Zdobnov 

& Apweiler 2001) in batch mode.  Protein domain predictions were also 

obtained using CD-Search (Marchler-Bauer & Bryant 2004).

Selection of proteins of unknown function for YFP localization 
TMHMM and SignalP as well as biochemical subfractionation 

results guided the selection of uncharacterized proteins for further 

validation by YFP localization and functional studies (M. Jain, personal 

communication).  The majority of proteins selected were single spanning 

membrane proteins with large luminal domains.  Bioinformatics predictions 

guided the initial selection and the predictions were validated by checking 

to see that the proteins were identified in the detergent fractions by 

proteomics.   For the majority of the uncharacterized proteins selected for 

validation, the bioinformatics and biochemical subfractionation results 

agreed.

Sapreticulin Antibody 
A synthetic peptide for the sapreticulin antibody was synthesized 

and purified (> 85%) as described previously (Ou et al., 1995) by the 
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Sheldon Biotechnology Center, McGill University. The sequence was 

KRTDLCDHALHRS which corresponds to amino acids 166-178 in the 

saposin B domain containing protein, which we named sapreticulin. The 

peptide sequence was searched by BLASTP (Altschul et al., 1990) against 

the NCBI nr protein database which confirmed that the sequence was not 

present in any other protein. An N-terminal cysteine was added to the 

protein which was then conjugated to KLH as described by the supplier 

(Pierce, Rockford, IL). Antibodies were raised to this KLH conjugated 

peptide as described by Ou et al. (Ou et al., 1995). HepG2 cells cultured 

on coverslips were fixed with methanol for 5 min at -20°C.  The fixed and 

permeabilized cells were blocked in 0.1% bovine serum albumin (BSA) in 

PIPES pH 7.5 w/ 150 mM NaCl buffer for 30 min at room temperature and 

then incubated with the antibody solution (dilution 1:200) in blocking buffer 

for 30 min at room temperature. Cells were washed three times with 

blocking buffer (for 5 min each) and then incubated with Alexa 594-

conjugated anti-rabbit IgG antibody (Molecular Probes, Invitrogen, USA) 

for 30 min at room temperature. The cells were again washed three times 

with blocking buffer (5 min each), and coverslips were mounted onto 

ProLong Gold (Invitrogen, USA).  Images were taken with an inverted 

confocal laser scanning microscope (Zeiss LSM 510 META) with a 63× oil 

lens and processed by Adobe Photoshop version 7.0. 
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Results 
Assessment of contamination of the RM, SM and Golgi 
fractions

Organelle isolation by subcellular fractionation is limited by 

contamination from other organelles of the cell. This section describes 

how the results of the proteomics analysis of the RM, SM and Golgi 

fractions are used to assess their levels of contamination.  The results of 

the proteomic approach are compared to other ways to characterize the 

degree of contamination in these fractions, namely, marker enzyme 

assays, electron microscopy and western blotting for marker proteins. 

Organellar contamination  
Proteins identified in the RM, SM and Golgi fraction were assigned 

to 23 different functional categories (Table 2).  These categories include 

functions of the ER (metabolism, detoxification, protein synthesis and 

folding, calcium transport and binding), functions of the Golgi (protein 

modification, traffic), components of the secretory pathway (coats), 

functions of proteins involved in membrane fusion (tethering docking and 

fusion, GTPase), likely contaminants from sample preparation (likely 

contaminants and trypsin), cell types other than hepatocytes (blood and 

other cells), other functions or category of proteins associated with ER and 

Golgi (signaling, transcription, proteasome), proteins of the cytoskeleton 

(cytoskeleton), soluble and membrane proteins that traffic through the 

secretory pathway (biosynthetic cargo), proteins of unknown function 

(unknown) and other organelles considered to be a source of 

contamination (mitochondria, nucleus, peroxisome, lysosome and plasma 

membrane).    Redundant peptide counts were used to quantify the 

abundance of proteins identified in these fractions (Blondeau et al 2004, 

Cox et al 2005, Gao et al 2005, Gao et al 2003, Girard et al 2005, Liu et al 

2004, Old et al 2005, Pang et al 2002, Qian et al 2005, Rappsilber et al 
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2002, Zybailov et al 2005).   To account for the variation in size and 

complexity of the organelles, redundant peptide counts for any protein 

were normalized to the total number of assigned peptides in the 

proteomics experiment.  This number is expressed as “% total peptides.”  

The sum of the % total peptides observed for proteins classified into 

mitochondria, nucleus, peroxisome, lysosome and plasma membrane 

represents the amount of contamination by these organelles (Table 3).

C=
n

i
iP

1

  where C is the amount of contamination 

P is the % total peptides for a given protein 

n is the number of proteins in a particular functional 

category

Mitochondria contributed the most peptides, making it the major 

contaminant in the three fractions. 

Cross-contamination between the ER and Golgi fractions 
Figure 4 shows plots of peptide counts for marker proteins detected 

in each biological replicate of the RM, SM and Golgi fractions.   Indicated 

on the y- axis as “% of peptides” are the % total peptide counts for the 

marker proteins normalized to the highest % total peptide count observed 

for a particular protein in any one biological replicate.  The maximum 

peptide count for these marker proteins is indicated as 100%.   A 

maximum of 30% contamination is obtained by taking the maximum value 

of all marker proteins for a particular organelle from 3 biological replicates. 

Ribophorin II is a member of the oligosaccharyl transferase which 

transfers a preassembled dolichol-linked oligosaccharide to asparagine 

residues of newly synthesized polypeptides.  Sec61 , the ribosome 

receptor (Prinz et al 2000) and a constituent of the translocon, is part of 



114

the channel through which newly synthesized proteins enter the lumen of 

the ER for protein folding.  Since ribosomes actively synthesize proteins 

through the translocon in the rough ER, ribophorin II and Sec61  were 

used as marker proteins for the RM fraction.  Based on redundant peptide 

counts, ribophorin II and Sec61  levels are highest in the RM fractions 

and lowest in the Golgi (Figure 4, Table 4).  Calnexin, protein disulphide 

isomerase A4 and calreticulin, abundant proteins of the ER, were selected 

as marker proteins equally distributed between the RM and the SM.  

These proteins show an equally high distribution between the RM and SM 

fractions and are low in the Golgi (Figure 4, Table 4).

The protein markers used for the Golgi apparatus were Golgin-84, 

GMX33, 2, 6 sialyltransferase and 1, 2 mannosidase.  Of the 4, 

only 1, 2 mannosidase was detected in the SM fractions, albeit at very 

low levels.  Conversely, peptide counts for these Golgi marker proteins 

were high in the Golgi (Figure 4, Table 4).  Additionally, peptides for 

glucose-6-phosphatase and galactosyl transferase, marker proteins of the 

ER and Golgi, respectively were identified only in their cognate isolated 

organelles (Figure 5, Table 4). 

Cross-contamination among RM, SM and Golgi fractions was also 

determined by western blot of marker proteins using chemiluminescence 

(Figure 6), confirming the results obtained by peptide counts and enzyme 

assays.  The results show that the Golgi is contaminated with ER by the 

detection of the ER markers, ribophorin I and calnexin, in the Golgi 

fraction. Detection of the Golgi markers, membrin and mannosidase II 

reveal some Golgi contamination in the SM fraction.   Mannosidase II is 

more enriched in the SM as compared to membrin which could be due to 

the recycling of mannosidase II from the Golgi to the ER (Cole et al 1998).  

Plasma membrane contamination of the Golgi is minimal based on the 

detection of integrin 1.  The form of the protein detected in the Golgi is at 
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Table 3: Mean % Contamination of rough and smooth microsomal 
and Golgi fractions with other organelles 

Fractions % Contamination 
 Mitochondria Peroxisomes Lysosomes Nucleus PM Total 

RM 10.6 7.7 0.2 1.4 0.6 20.5 
SM 11.7 3.2 0.08 0.36 2.9 18.24 

Golgi 9.6 2.8 0.48 0.02 1.5 14.4 
Values shown are the mean % total peptides for the three experiments.  

Percent total peptides are redundant peptide counts for a protein normalized to all 

assigned peptides for a particular biological replicate times 100.  Shown are the sum 

of % total peptides for all proteins in the indicated organelles and subcellular fractions.  

The last column indicates the total organellar contamination in the indicated fractions. 
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Figure 4:  Cross contamination between ER (RM and SM) and Golgi 
(G) fractions.  Values on the y-axis are % total peptide counts for the 

indicated protein in each biological replicate of the indicated subcellular 

fraction (RM1, RM2, RM3, etc.) normalized to the highest value for each 

protein observed in any one biological replicate. The maximal value (% 

total peptides) for a protein observed in any one biological replicate is set 

to 100%, and all other % total peptides are normalized to the maximum.  

Indicated on the x-axis is each biological replicate of a subcellular fraction 

(e.g. RM1 = RM fraction repeat number 1).
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 Table 4:  Total Peptides for ER and Golgi Marker Proteins

Protein name Biological Repeat for Subcellular Fraction 

 RM1 RM2 RM3 SM1 SM2 SM3 G1 G2 G3 Total 

Ribophorin II 27 57 82 24 34 26 1 12 0 263 

Sec61  7 22 26 2 2 2 0 0 0 61 

Calreticulin 18 47 63 24 56 42 4 12 3 269 

PDI A4 15.3 44 50 23 51 36 2 6 0 227.3 

Calnexin 13 30 35 20 27 23 0 4 1 153 

ERp44 0 1 2 1 2 1 3 6 15 31 

Mannosidase II,  1 0 0 0 1 2 4 74 79 91 251 

 2,6-Sialyltransferase 0 0 0 0 0 0 24.8 32 58 114.8 

GMX33 0 0 0 0 0 0 6 3 6 15 

Golgin-84 0 0 0 0 0 0 9 6 7 22 

Values shown are the total peptides (redundant peptide counts with no normalization applied) for the 
marker proteins in Figure 4. 
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Figure 5:  Detection of Glucose-6-phosphatase and Galactosyl 
transferase in the ER (RM and SM) and Golgi (G) fractions.  Percent 

total peptides for glucose-6-phosphatase and glucose-6-phosphatase 

transport protein are added together to represent glucose-6-phosphatase.  

Similarly, % total peptides for -1-3-galactosyltransferase-6, glycoprotein-

4- -galactosyltransferase 2, UDP-galactose:N-acetylgalactosamine

peptide- 1,3-galactosyltransferase ,  1,3-galactosyltransferase 

polypeptide 1,  1,4-galactosyltransferase polypeptide V are added 

together for galactosyltransferase.  Glucose-6-phosphatase has a total of 

40 peptides and galactosyltransferase has a total of 19 peptides in all 

fractions.  Values on the y-axis are % total peptide counts for each 

biological replicate of the indicated subcellular fraction (RM1, RM2, RM3, 

etc.) normalized to the highest value for the markers observed in any 

biological replicate. The maximal value (% total peptides) was set as 

100%, and all other % total peptides were normalized to this 100%. 
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a precursor molecular weight which is different to that observed in the PM 

fraction.  Mitochondrial contamination (anti-Tom20) of the RM and SM 

fractions is greater than that seen in the Golgi.

Reproducibility of the RM, SM and Golgi fraction preparation 
One way the reproducibility of each biological replicate of the RM, 

SM and Golgi fractions was assessed was by using principal coordinates 

analysis (PCO) also known as multidimensional scaling multidimensional 

scaling (MDS) (Gower 1966).  PCO allows for the visualization of the 

distance between variables by revealing the underlying dimensionality of 

large multidimensional datasets.  This effectively reduces the dataset to a 

smaller number of dimensions which can be visualized in a 2 dimensional 

plot.   A PCO analysis was carried out to determine the behaviour of the 

RM, SM and Golgi biological replicates and to give an indication of how 

similar the subcellular fractions were to one another (Figure 7).  Nine 

variables represented each biological replicate of the RM, SM and Golgi 

fractions with ca. 2000 data points for each variable (redundant peptide 

counts for 2000 proteins).  The goal was to reduce the 9 x 2000 matrix into 

a two dimensional, 9 x 2 plot.  The analysis was done using the cmdscale 

function in Matlab which accepts a pairwise distance matrix as input.  

Euclidean distance was used as the distance measure.  The arrangement 

of the first two sets of points returned by cmdscale gives a visual 

representation of the difference between the ER and Golgi fractions 

(Figure 7).  The PCO plot shows that the space occupied by the RM and 

SM fractions differs to that of the Golgi (Figure 7).  Furthermore, the 

biological replicates of the RM and SM fractions show less variability when 

compared to the Golgi repeats.  Of the three Golgi replicates, the Golgi N2 

sample is closest to the ER fractions indicating that it is more 

contaminated with ER proteins than the other two.
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Table 5 shows the marker enzyme assays carried out on the RM, 

SM and Golgi fractions.  The ratios of the enrichment of the Golgi marker 

enzyme galactosyl transferase in the RM and SM fractions to that 

observed in the Golgi fraction reveals low levels of Golgi contamination in 

the RM and SM fractions.  Similarly, Golgi marker proteins were not 

detected in the RM and SM fractions by redundant peptide counting 

(Figure 4).  As a measure of ER contamination of the Golgi fractions, the 

ratio of the enrichment of glucose-6-phosphatase in the Golgi fraction to 

that in the RM and SM fractions was measured and shows an average of 

30% ER contamination (Table 5).  The result obtained by looking at 

peptides for ER marker proteins in the Golgi biological replicates (Figure 

4) reveals a maximum of 30% contamination. 

Subcellular localization of proteins by proteomics 
This section describes the assignment of proteins to the RM, SM or 

Golgi based on their distribution among these organelles by redundant 

peptide counting.  The results show that this approach is able to assign 

known proteins to their cognate organelles.  Furthermore, the method 

reveals that ERp44 is localized to the Golgi apparatus and not the ER as 

previously described (Anelli et al 2002).

Functions of Proteins Identified in the RM, SM and Golgi 
fractions

The assignment of proteins to 23 functional categories allowed us 

to identify functions which were enriched in a particular subcellular 

fraction. Figure 8 shows bar graphs depicting the enrichment of specific 

functional categories for the RM, SM and Golgi fractions.  The height of 

the bars represents the sum of % total peptides for proteins in the 
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Figure 6:  Immunoblots of marker proteins in rat liver homogenates, 
RM, SM, Golgi and PM fractions.   Equal amounts of protein were 

applied to each lane in a 1D SDS gel with the immunoblot revealed by 

chemiluminescence. Only the precursor form of -integrin is found in the 

Golgi fraction while the mature PM form is found in SM fractions indicating 

contamination of SM with PM. Abbreviations: H – homogenate; RM and 

SM - rough and smooth microsomes; SRM – stripped rough microsomes 

(microsomes treated with EDTA to remove ribosomes from membranes 

(Blobel & Dobberstein 1975); PM – plasma membrane; G – Golgi fraction. 
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Figure 7:  Principal coordinates analysis (PCO) of the biological 
replicates (n=1, 2, 3) of the RM and SM fractions shows that they are 
distinct from the Golgi fractions.  A 9 x 2000 matrix comprising the 9 

total biological replicates of the RM, SM and Golgi fractions and the 

abundance of 2000 proteins identified in these fractions was reduced by 

PCO to a 9 x 2 matrix which is represented in the figure. 
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Table 5: Enrichment of marker enzymes in RM, SM, Golgi and PM 
fractions

 Glucose-6-phosphatase Galactosyl transferase 

Fractions Spec.
Act.1

Enrichment
over

Spec.
Act.2

Enrichment
over

Homogenate 4.5 ± 0.7 1.0 0.1 ± 0.01 1.0 

RM 20.4 ± 4.9 4.5 ± 0.4 0.1 ± 0.01 0.7 ± 0.2 

SM 17.3 ± 4.1 4.0 ± 0.3 0.3 ± 0.01 3.5 ± 0.2 

PM 3.7 ± 0.1 1.06 ± 0.04 0.3 ± 0.1 3.8 ± 0.7 

Golgi 7.3 ± 1.2 1.3 ± 0.2 10.4 ± 3.8 105.5 ± 26.4 
Spec. Act.1: μmole of Pi liberated / h per mg of protein 

Spec. Act.2: nmol of galactose transferred / min per mg of protein 
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specified functional category.  Proteins were annotated mainly by literature 

search and categories were chosen to reflect the major functions of 

proteins in the early secretory pathway. For the RM fraction, the highest 

number of peptides is assigned to proteins involved in protein synthesis 

and folding (Figure 8).  Proteins involved in both detoxification and protein 

synthesis and folding are the most abundant in SM and soluble 

biosynthetic cargo proteins account for the majority of the peptides for the 

Golgi fraction (Figure 8).

Co-distribution with Marker Proteins to Assign Subcellular 
Location 
Since many proteins were identified in more than one subcellular fraction, 

it was difficult to assign proteins to a particular organelle.  To address this 

problem, distribution profiles were determined for each protein using 

redundant peptide counts as an estimate of protein abundance.  In 

addition, hierarchical clustering was used to group together proteins with 

similar distribution patterns (de Hoon et al 2004, Eisen et al 1998, 

Quackenbush 2001).   Figure 9 shows the clustering results for 1,067 

proteins identified in the RM, SM and Golgi fractions.  Prior to this 

analysis, 320 proteins which belong to categories deemed  contaminants 

were removed.  These categories include organellar as well as likely 

contaminants (keratins, trypsin, and proteins from cells of non-hepatic 

origin).  This step was done to simplify the analysis and to consider only 

those proteins that have a high probability of being resident to the 

organelles under study. 

As seen in Figure 9, the branch lengths of the dendrogram indicate 

the degree of correlation between the distribution profiles of the proteins 

as assessed by the Pearson correlation pairwise similarity function.  Also 
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Figure 8:  Quantitative distribution of peptides assigned to proteins 
classified into 23 functional categories.  A total of 35,645 tandem mass 

spectra were assigned to proteins in the indicated 23 categories.  Shown 

are the mean sum % total peptides for proteins assigned to the indicated 

functional categories. The arrows indicate the categories with the highest 

abundance of peptides for each subcellular fraction.
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Figure 9: Hierarchical clustering of proteins that co-distribute with 

Sec61 , p97, Calnexin, and MannII.  The RM, SM, and Golgi data (n = 

3) from Supplementary Table S1D (%total peptides) were averaged 

(Supplementary Table S2A) and used to generate the heat map. Clusters 

that contained Sec61 , p97, calnexin, and MannII as markers were 

selected (Pearson correlation coefficient > 0.90).  Pearson correlation 

coefficients for the selected clusters are indicated.  Intensity scale 

indicates the % total peptides observed for each protein. 
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 indicated is the Pearson correlation coefficient for the highest node in 

each cluster as calculated by Cluster 3.0 (de Hoon et al 2004).  The 

Pearson correlation coefficient ranges between 1 and 0.  A value of 1 

indicates that they are perfectly correlated while a value of 0 means that 

there is no relationship.  All clusters were selected to have correlation 

coefficients greater than 0.9.  This indicates that proteins with similar 

patterns of expression are adjacent to one another and members of a 

particular cluster are most similar to one another. 

Figure 10 shows the localization profile of proteins in the 4 clusters 

and their co-distribution with the specific marker proteins for the isolated 

organelle.  The major functions of proteins in the 4 main clusters are seen 

in Figure 11.  Proteins that clustered together had similar functions and 

these functions were consistent with the isolated organelles under study.  

The Sec61  cluster consists of proteins which were highly abundant in the 

RM with few peptides observed in the SM or Golgi fractions.  This cluster 

shows two distinct distribution profiles. One profile displays proteins 

whose peptides are mainly observed in the RM with little to no peptides in 

the SM or Golgi fraction.  These proteins are mostly low abundance 

proteins with as little as 2 peptides observed in all 3 RM replicates.  The 

other distribution profile contains proteins whose peptides are distributed 

approximately 80% in the RM with the rest in the SM or Golgi fractions.  

These proteins are more abundant with an average of 10 peptides among 

the three RM replicates.  These proteins are, therefore, more likely to be 

detected in the SM and Golgi fractions.  The majority of the peptides in 

this cluster are derived from proteins involved in protein synthesis and 

folding.  Sec61 , a member of the translocon complex, clustered with 

other translocon constituents namely TRAM, the integral membrane 

protein TRAP  (translocon associated protein) and the putative ribosome 

receptor, p180 (Meyer et al 2000). 
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The calnexin cluster contains proteins that are equally abundant in 

the RM and SM fractions and are mainly in the detoxification and protein 

synthesis and folding categories. These proteins include glucosidase II, 

which removes the innermost glucose residues on N-linked glycoproteins 

for presentation of newly synthesized glycoproteins to the calnexin cycle 

for protein folding, as well as protein folding enzymes such as protein 

disulphide isomerase and Ero1, which provides the reducing equivalents 

for the oxidizing environment of the ER.   

Also present were the protein folding enzyme peptidyl-cis-trans-

isomerase, BiP and the hypoxia upregulated stress protein GRP170.  

Cytochrome p450s and other characteristic detoxification proteins of the 

liver ER were also found.

The AAA-ATPase protein p97 represents the cluster containing 

proteins predominantly expressed in the SM fraction. Included in this 

cluster is reticulon 3, a constituent of a family of proteins implicated in the 

tubular structure of the smooth ER (Voeltz et al 2006) and Derlin, a protein 

involved in ER associated degradation (ERAD) (Lilley & Ploegh 2004, Ye 

et al 2004).

The mannosidase II cluster contains classic Golgi marker proteins 

including the mannosidases, sialyltransferases and 

galactosyltransferases.  Also included in the mannosidase II cluster is the 

RDEL terminating, protein disulphide isomerase protein, ERp44, which 

was thought until now to reside in ER.   To validate this discovery, ERp44 

was immunolocalized with a polyclonal antibody revealing a predominant 

juxtanuclear staining (Figure 12).  ERp44 staining mainly overlaps with the 

Golgi marker, GM130.  Reticular ER-like staining was also observed which 

is consistent with the minimal detection of ERp44 in the ER compared to 

the Golgi. 
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Figure 10:  Distribution of proteins in individual clusters.  Mean % 

total peptides for proteins in each of the clusters were normalized to 1 and 

plotted individually (Table S2A).  ERp44, a RDEL-terminating member of 

the ER protein disulfide isomerase family, co-clusters with the Golgi 

marker MannII (correlation coefficient > 0.90).
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Figure 11:  Functional categories of proteins in Sec61 , calnexin, p97 

and mannosidase II cluster.  Functional categories of proteins observed 

for each cluster in Figure 9 are shown, with the particular subcellular 

fraction identified by color as seen in the boxes in the legend.  Histograms 

represent the mean sum of % total peptides for proteins in the functional 

categories indicated.  Proteins in functional categories designated as 

contaminants were removed.
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Figure 12:  Immunolocalization of ERp44.  Indirect immunofluorescence 

of ERp44 in HepG2 cells with an ERp44 antibody shows both a Golgi and 

ER localization as seen by colocalization with GM130, a cis-Golgi marker. 

Scale bar = 25 um.
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 Biochemical subfractionation of the RM and SM fractions 
Integral membrane proteins have proven difficult to study by 

proteomics (Wu & Yates 2003).  This complication arises due to the 

intricacies in separating and recovering these proteins since they are 

insoluble in aqueous protein solvents.  Integral membrane proteins 

represent approximately 30% of the human genome (Wallin & von Heijne 

1998) and carry out many fundamental biological processes such as 

vesicle trafficking, membrane fusion, protein modification and 

translocation.    This section describes the proteomics 

characterization of a membrane, soluble and membrane-associated 

cytosolic biochemical subfraction of the ER with the aim of increasing the 

coverage of proteins identified in the RM and SM and detecting lower 

abundance proteins.

Biochemical subfractionation increases the number of 
identified proteins 

To increase the likelihood of detecting lower abundance proteins 

and to characterize different domains of the ER, RM and SM membranes 

were biochemically subfractionated.  Membranes of the RM and SM total 

fraction were washed with a high molar salt solution to concentrate 

cytosolic membrane peripheral proteins resulting in a saltwash fraction 

(S).  This step was followed by treatment with the detergent, Triton X-114, 

to extract and separate membrane proteins from soluble proteins.   Triton 

X-114 treatment followed by a temperature shift partitions soluble and 

luminal proteins away from membrane proteins based on their separation 

into the aqueous (A) or the detergent (D) phase, respectively (Bordier 

1981).   After biochemical subfractionation, 589 proteins not previously 

identified in the total fractions were uncovered in the biochemical 

subfractions.
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Hierarchical clustering of protein distribution in biochemical 
fractions

Hierarchical clustering of the mean redundant peptide count 

distributions of proteins identified in the biochemical subfractions (3 

biological replicates) identified clusters of proteins with similar biochemical 

characteristics (Figure 13).   Six clusters account for 77% of all assigned 

peptides.  These clusters define proteins restricted to a limited number of 

functional categories (Figure 14).  An analysis of the individual proteins in 

the most abundant categories is shown in Figure 15.   Most of the proteins 

identified in the BiP cluster were molecular chaperones and protein-folding 

enzymes known to be soluble luminal ER proteins and were largely found 

in the aqueous phase after Triton X-114 phase separation.  The actin 

cluster contains principally insoluble cytoskeletal proteins including 

molecular motors (kinesin family protein 13A, various myosins, and 

several components of the dynein/ dynactin complex) that mainly localize 

to smooth microsomes (Figure 15).   The poly(A) binding protein cluster is 

made up of TX-114 insoluble proteins such as the ribosomes and other 

proteins involved in protein synthesis that localized to the rough 

microsomes.   These proteins are mainly cytosolic proteins.  Their 

discovery in the insoluble fraction indicates that they were not removed by 

the high salt wash, suggesting a strong interaction with the membrane of 

the rough ER.   In contrast, the NAC  cluster consists of metabolic 

enzymes removed by the high salt treatment, which indicates that they are 

loosely associated with the cytosolic surface of the rough ER. This cluster 

also contains elongation factor 2 and consists largely of proteins involved 

in translation or folding. The cytochrome P450 cluster reflects a major 

function of the ER in lipid and steroid oxidation and drug detoxification.   

The ribophorin cluster defines integral membrane proteins (TX-114 soluble 

phase) of major functional significance in the ER for protein modification 

reactions that include N-linked glycosylation (Figure 15).
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Bioinformatics prediction of transmembrane segments represents 

another way to identify integral membrane vs. soluble proteins.  TMHMM 

is an algorithm based on a hidden Markov model which predicts 

transmembrane helices in proteins (Sonnhammer et al 1998).  This 

program was used to predict membrane spanning regions for all proteins 

identified in this study (Table S1D). The performance of TMHMM vs. 

biochemical subfractionation with TX-114 was analyzed (Figure 16) by 

comparing TMHMM predictions for well-known integral membrane 

proteins with their behavior after TX-114 subfractionation.  Proteins in the 

CYP2C11 cluster were verified as either membrane or soluble proteins by 

literature search when possible.  Of the 101 proteins in this cluster, 11 

were predicted genes or had no information about the presence or 

absence of transmembrane segments. Of the 15 proteins predicted to be 

soluble by TMHMM, 13 were documented membrane proteins in the 

literature. These proteins include members of the cytochrome p450 family, 

Rab7 and Rab2A as well as epoxide hydrolase.  The majority of proteins 

in the BiP cluster were correctly predicted to be soluble proteins.  Only 

one protein, Sel1 homolog (Schuberth & Buchberger 2005), in this cluster 

was correctly predicted as a membrane protein.
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Figure 13: Protein Clusters in Biochemical Extracts from RM and SM 
Fractions.  Mean % total peptide counts for the three biological replicates 

of each biochemical fraction of the RM and SM were clustered by 

hierarchical clustering using Pearson correlation (Table S2B). Shown are 

the BiP cluster, the actin cluster, the poly(A) binding protein cluster, the 

arginase and elongation factor 2 cluster, the cytochrome P450 cluster, and 

the ribophorin cluster.
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Figure 14:  Functional categories of proteins in biochemical fractions 
clusters.  Shown are the major categories of proteins observed for each 

cluster, with the particular biochemical extract identified by color as seen 

in the boxes in the legend.   Histograms represent the mean sum % total 

peptide counts.  The major categories are indicated by arrows. RS = RM 

salt wash, RI = RM insoluble, RD = RM detergent, RA = RM aqueous, SS 

= SM salt wash, SI = SM insoluble, SD = SM detergent, SA = SM 

aqueous.
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Figure 15: Distribution of proteins among the biochemical fractions 
in the selected clusters (Table S2B).  Marker proteins in each cluster 

(excluding the ribosomal proteins) are indicated by a dashed line. Plotted 

values are mean % total peptide counts for each protein.  RS = RM salt 

wash, RI = RM insoluble, RD = RM detergent, RA = RM aqueous, SS = 

SM salt wash, SI = SM insoluble, SD = SM detergent, SA = SM aqueous.



NAC

Figure 15 

Protein Synthesis and Folding Proteins

Cytoskeletal Proteins

Protein Synthesis and Folding Proteins

Metabolism and Protein Synthesis 
and Folding Proteins

Detoxification Proteins

Protein Modification Proteins

N
or

m
al

iz
ed

 %
 T

ot
al

 P
ep

tid
es



150

Figure 16:  Comparison of biochemical subfractionation with TX-114 
to bioinformatic prediction of integral membrane proteins.   Proteins 

in the CYP2C11 and BiP clusters were enriched in the detergent and 

aqueous biochemical subfraction after treatment with TX-114 (Bordier 

1981) identifying them as membrane and soluble proteins, respectively.  

Proteins were also designated membrane or soluble based on 

bioinformatic predictions for transmembrane segments by TMHMM 

(Sonnhammer et al 1998).  Both biochemical subfractionation and 

bioinformatic prediction were compared.  The bar graph represents the 

number of proteins in the designated cluster predicted as either 

membrane or soluble by TMHMM (Sonnhammer et al 1998).



151

Figure 16 
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Completeness of protein identifications in the RM, SM and 
Golgi fractions 

The objective of this section is to address the issue of the 

completeness of the list of proteins identified in the RM, SM and Golgi 

fractions.  This was accomplished by comparing the proteins identified in 

these organelles to 1) the high-throughput localization study in 

Saccharomyces cerevisiae by Huh et al. study (Huh et al 2003).  In 

addition, the comprehensiveness of this study was assessed by 

comparing the proteins identified in the RM, SM and Golgi fractions to  1) 

known ER and Golgi localized proteins contained in the protein 

localization databases, OrganelleDB (Wiwatwattana et al 2007) and HERA 

(Scott et al 2004) and  2) previous proteomics analyses of the ER and 

Golgi apparatus (Foster et al 2006a, Knoblach et al 2003, Wu et al 2004).

Comparison of proteins identified in the RM and SM fractions to 
ER localized proteins in Saccharomyces cerevisiae 

A total of 1342 proteins were identified in the rough and smooth 

microsomal fractions (total and biochemical) excluding contaminants. A 

comparison of proteins identified in the ER with past proteomics analyses 

of these organelles (Foster et al 2006a, Knoblach et al 2003) reveals that 

the proteins identified in the ER fraction encompass the greatest number 

of proteins (Figure 17, Table 6) and have a greater coverage of ER 

localized proteins in yeast.  Of the 293 yeast proteins localized to the ER 

by GFP (Huh et al 2003) 121 had rat orthologs based on the Inparanoid 

eukaryotic ortholog database (O'Brien et al 2005).  Of these 121 proteins, 

53 (44%) were identified in the RM and SM fractions (Figure 17, Table 6).   

This value decreased slightly to 42 % when contaminants were excluded 

from the dataset suggesting that either some of the proteins localized to 

the ER were retained in the ER due to misfolding of the GFP tag or that 

these proteins were indeed ER proteins but we misclassified as 

contaminants (mitochondria or plasma membrane). Prominent proteins 
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not identified in the ER fraction but localized to the ER in yeast include 

proteins involved in dolichol-linked oligosaccharide synthesis and 

phosphatidylinositol glycan anchor biosynthesis.   

Comparison to Protein Localization Databases 
 A lower percentage of proteins present in the subcellular 

localization databases, HERA and OrganelleDB, were identified in the RM, 

SM and Golgi fractions (Figure 18 and 5.4).  Fifty-two percent of HERA 

“kernel ER” proteins were present in the RM and SM fractions.  Proteins in 

the HERA dataset which were not identified in the RM and SM fractions 

function in phosphatidylinositol glycan anchor biosynthesis, phospholipid 

synthesis and are members of the dolichol-linked oligosaccharide 

synthesis pathway.  Closer inspection of HERA proteins not identified in 

the RM and SM fractions reveals proteins which are either 1) not present 

in rat  2) associated with the ER but function elsewhere (ex. Bcl-2 (Walter 

& Hajnoczky 2005), sterol regulatory element-binding transcription factor 

(Espenshade 2006) 3) low abundance proteins such as transcription 

factors and protein kinases 4) cell-type specific proteins (skeletal muscle, 

cardiac) or 5) plasma membrane contaminants (aquaporin 2, mucin)  

which were classified as ER in the HERA dataset.   Taking these proteins 

out of the analysis increased the overlap to 65%. 

The HERA dataset contains proteins involved mainly in 

detoxification and protein synthesis and folding, the two major functional 

categories for proteins identified in the RM and SM fraction.   

Approximately 33% of proteins in the RM and SM fraction that belong to 

these functions were identified in HERA.  The remaining 66% of proteins 

identified in the RM and SM fractions absent from HERA and assigned to 

the detoxification category include many unidentified members of the 

cytochrome p450, glucuronosyl transferase and carboxylesterase families 

as well as cytosolic proteins potentially associated with the ER membrane.   
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As for the protein synthesis and folding category, many proteins absent 

from HERA consist of cytosolic protein folding proteins such as the 

chaperonins, heat shock proteins as well as proteins involved in 

translation e.g. the translation initiation and elongation factors.  Aside from 

these two categories, the remaining proteins identified in the RM and SM 

fraction not included in HERA belong to the cytoskeleton, metabolism, 

protein modification, tethering docking and fusion and traffic categories.   

For many of these proteins, their association with the ER is apparent.  As 

an example, cytoskeletal proteins that fractionate with the ER provide 

structure to the ER and cytosolic proteins in the tethering docking and 

fusion categories, which include the SNAREs and Rabs, are involved in 

membrane fusion events.  These proteins are considered to define the 

“identity” of an organelle by providing specificity for membrane fusion 

events (Behnia & Munro 2005).

Similar analyses examining the completeness of the list of proteins 

identified in the Golgi fraction were also done.  The Golgi list consists of 

564 proteins with contaminants and biosynthetic cargo excluded.  

Contaminants and cargo were excluded because they were not 

considered resident proteins; in the case of cargo proteins, they only traffic 

through the Golgi apparatus and do not function in this organelle.  Figure 

19 shows the detection coverage of yeast proteins with rat orthologs 

localized to the Golgi by GFP (Huh et al 2003).   These data are also 

presented in Table 8.    As presented in the figure, the greatest coverage 

of Golgi yeast proteins is achieved by this study.  Of the 43 yeast proteins 

localized to the Golgi in the Huh et al. study (Huh et al 2003), 18 have rat 

orthologs.  Sixty seven percent of yeast orthologs were identified in the 

Golgi fraction when contaminants were included and 61% were identified 

when contaminants and biosynthetic cargo were removed (Figure 19, 

Table 8), again suggesting that the excluded contaminants were either 

bona fide Golgi proteins or were mislocalized by GFP.  Furthermore, the 
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majority of Golgi proteins identified in the Foster et al. (Foster et al 2006b) 

and Wu et al. (Wu et al 2004) studies were also identified in the Golgi 

fraction (Figure 20, Table 9).  The Wu et al. study (Wu et al 2004) 

classified 110 of the 421 proteins identified in their Golgi fraction as bona

fide Golgi proteins by literature search.  These 110 proteins were used as 

a benchmark for our Golgi study and the comparison revealed 80% of 

these proteins identified in the Golgi fraction (Figure 20, Table 9).

Less than half of the Golgi HERA proteins were identified in the 

Golgi fraction.  Some of the missing proteins are expected to be of low 

abundance such as the protein kinases; however, many of the missing 

proteins are known sugar transferases of the Golgi.  It is possible that 

these proteins have similar retention times as other more abundant 

proteins and are consequently missed.  A comparison with the 110 bona

fide Golgi proteins from the Wu et al. (Wu et al 2004) study yielded better 

results.  Eighty percent of these proteins were identified in the Golgi 

fraction which is consistent with both studies using the same starting 

material (rat liver) (Figure 20).  

Comparison to other Proteomics Studies of the ER and Golgi  
Previous attempts at identifying the proteome of the ER and Golgi 

(Foster et al 2006a, Knoblach et al 2003, Wu et al 2004) have not 

achieved the level of coverage for these organelles as attained by this 

study (Figure 17 and 19).  Compared to the 50% coverage of yeast ER 

localized proteins achieved by the proteomics analysis of the RM and SM 

fractions in this study, previous analyses have identified less than 6% of 

yeast ER proteins (Foster et al 2006a, Knoblach et al 2003) (Table 6).  

Furthermore, 90% of ER proteins uncovered in the Foster et al. (Foster et 

al 2006a)  and Knoblach et al. (Knoblach et al 2003) studies were also 

identified in the RM and SM fractions. This leads to the conclusion that the 
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RM and SM protein list may be the most comprehensive of all ER 

proteomics analyses done to date.

Proteins identified in the Golgi fraction encompassed 67% of Golgi 

localized yeast proteins with rat orthologs; whereas, the Wu et al. (Wu et 

al 2004) study identified only  50% of these proteins (Figure 19, Table 8).  

An earlier study of Golgi membrane proteins by Bell et al. (Bell et al 2001) 

identified only 17% of Golgi localized yeast proteins (Figure 19, Table 8).  

However, this study specifically examined a detergent soluble membrane 

fraction of Golgi membranes and had therefore limited coverage of the 

Golgi proteome.  The majority of proteins identified in the Foster et al. 

(Foster et al 2006a)  and the Bell et al. (Bell et al 2001) studies were also 

detected in the Golgi fraction (Figure 20, Table 9).  There is less overlap 

with the Wu et al. study (Wu et al 2004) (Figure 20, Table 9) when all 

proteins are considered which could be due to either transient and/or low-

abundance proteins.  Therefore, using yeast protein coverage as the 

standard for completeness, the list of proteins identified in the Golgi 

fraction is more comprehensive than any of the earlier studies of Bell et al. 

(Bell et al 2001) and Wu et al. (Wu et al 2004). 

Conclusion 
Based on the comparison with yeast proteins localized by GFP, it 

can be concluded that the compendium of proteins identified in the RM 

and SM fractions is at least 50% complete and the Golgi list is at least 

60% complete.  The ER and Golgi protein lists encompass the majority of 

proteins detected in prior proteomics studies of these organelles.  

Furthermore, the proteomic analysis of the RM, SM and Golgi fractions 

identified the highest number of proteins, suggesting that these protein 

lists may be the most comprehensive to date.
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Figure 17: Completeness of compendium of proteins identified in the 
RM and SM fractions by comparison to yeast ER proteins.  Proteins 

from different proteomics analyses of the ER and ER subcellular 

localization databases are compared to ER localized Saccharomyces 

cerevisiae proteins with rat orthologs from Huh et al. (Huh et al 2003) as 

measure of the extent of protein coverage and completeness.    

Comparison was done using BLASTp (Altschul et al 1990) with a cut-off e-

value less than or equal to e-15.  The trend line is indicated by the dashed 

line.
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Figure 17 
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Table 6: Comparison of ER proteomics studies and databases with 
yeast ER GFP localized proteins (Huh et al 2003) 

Dataset # of 
proteins

%
coverage

Knoblach et al. 145 4% 

Organelle DB 149 26% 

Foster et al. ER 
proteins

230 13% 

HERA 372 35% 

ER proteome 
(contaminants
excluded) 

1342 42% 

ER proteome 
(contaminants
included)

1764 44% 

Protein sequences from the indicated datasets were compared to 

sequences of proteins localized to the ER in yeast (Huh et al 2003). 

Values in this table are shown in Figure 17.   Comparison was done using 

BLASTp (Altschul et al 1990) with a cut-off e-value less than or equal to e-

15.
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Figure 18:  Comprehensiveness of compendium of proteins 
identified in the RM and SM fractions by comparison to other ER 
proteomics studies and ER subcellular localization databases. The 

overlap of proteins in the ER proteome with proteins identified in other ER 

proteomics studies and ER subcellular localization databases is used to 

measure the comprehensiveness of the ER proteome.  Comparison was 

done using BLASTp (Altschul et al 1990)with a cut-off e-value less than or 

equal to e-15. 
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Table 7:  Comparison of ER proteomics studies and databases with 
ER proteome 

Database # of proteins 
identified

# of proteins 
matched to ER 

proteome
%

coverage

OrganelleDB 149 72 48% 

Huh et al. (rat 
orthologs) 121 83 44% 

Foster et al. ER 230 207 90% 

Knoblach et al. 145 133 92% 

HERA ER proteins 372 194 52% 
Protein sequences identified in the RM and SM fractions were 

compared to protein sequences in the indicated databases.  Values in this 

table are shown in Figure 18. Comparison was done using BLASTp 

(Altschul et al 1990) with a cut-off e-value less than or equal to e-15.
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Figure 19: Completeness of compendium of proteins identified in 
Golgi fractions by comparison to yeast Golgi proteins.  Proteins from 

different proteomics analyses of the Golgi and Golgi subcellular 

localization databases are compared to Golgi localized Saccharomyces 

cerevisiae proteins with rat orthologs from Huh et al. (Huh et al 2003) as 

measure of the extent of protein coverage and completeness.    

Comparison was done using BLASTp (Altschul et al 1990) with a cut-off e-

value less than or equal to e-15.  The trend line is indicated by the dashed 

line.
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Figure 19 
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Table 8: Comparison of Golgi proteomics studies and databases with 
yeast Golgi GFP localized proteins (Huh et al 2003) 

Dataset
# of 

proteins
%

coverage

Organelle DB 23 11% 

Foster et al. Golgi 67 22% 

Bell et al. 83 17% 

Wu et al. (literature confirmed) 110 44% 

Wu et al. 421 50% 

Golgi proteome (contaminants 
excluded) 564 61% 

Protein sequences in the indicated datasets were compared to 

sequences of proteins localized to the Golgi apparatus in yeast (Huh et al 

2003).  Values in this table are shown in Figure 19. Comparison was done 

using BLASTp (Altschul et al 1990) with a cut-off e-value less than or 

equal to e-15.
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Figure 20:  Comprehensiveness of compendium of proteins 
identified in the Golgi fractions by comparison to other Golgi 
proteomics studies and Golgi subcellular localization databases. The 

overlap of proteins in the Golgi proteome with proteins identified in other 

Golgi proteomics studies and Golgi subcellular localization databases is 

used to measure the comprehensiveness of the Golgi proteome.  

Comparison was done using BLASTp (Altschul et al 1990) with an e-value 

less than or equal to e-15. 
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Table 9: Comparison of Golgi proteomics studies and databases with 
Golgi proteome 

Database
# of proteins 

identified

# of proteins 
matched to Golgi 

proteome % coverage 

Huh et al. (rat 
orthologs) 18 16 89% 

Foster et al. Golgi 67 54 81% 

Wu et al. (literature) 110 88 80% 

Wu et al. (all) 421 297 71% 

HERA Golgi 
proteins 137 49 36% 

Protein sequences in the Golgi proteome were compared to protein 

sequences in the indicated databases.  Values in this table are shown in 

Figure 20. Comparison was done using BLASTp (Altschul et al 1990) with 

a cut-off e-value less than or equal to e-15.
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Characterization of proteins of unknown function 
One hundred and seventy six previously uncharacterized proteins 

were identified in the RM and SM total fractions. These proteins are 

mainly predicted genes and translated open reading frames.  For many of 

these sequences, this study provides the first evidence of their protein 

expression.   This section describes the identification and bioinformatic 

characterization of proteins of unknown function and how this analysis led 

to the functional characterization of 5 novel molecular chaperones.  

Distribution of uncharacterized proteins by peptide counts 
The proteomics characterization of the RM and SM total fractions 

uncovered 176 previously uncharacterized proteins. Their predominant 

distribution by peptide counts in the RM and SM total fractions as well as 

their co-distribution with marker ER proteins support an ER localization for 

these proteins (Figure 23). One hundred seventy out of 176 

uncharacterized proteins identified in the ER could be assigned to an RM, 

SM or ER (equally distributed between the RM and SM fractions) location 

by peptide counts and hierarchical clustering.   

Bioinformatics predictions to guide selection for functional 
analysis 

Bioinformatic predictions for the presence of signal peptides 

(Bendtsen et al 2004), transmembrane segments (Sonnhammer et al 

1998), and protein domains (Marchler-Bauer & Bryant 2004) guided the 

selection of proteins for further functional analysis (Figure 22).  The 

majority of uncharacterized proteins are predicted to be membrane 

proteins. Protein sequences were also probed for functional domains 

using InterPro (Zdobnov & Apweiler 2001).  Furthermore, of the 

membrane proteins, single spanning membrane proteins represent the 

largest category (Figure 21).
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Bioinformatic predictions and the partitioning of these proteins into 

the membrane, saltwash or soluble biochemical subfractions guided the 

selection of a number of uncharacterized ER proteins for further validation.  

Criteria for selection required that a protein possess a predicted single 

transmembrane segment and a large luminal domain.  These features 

were chosen because they are characteristic of calnexin (Schrag et al 

2001), a known membrane-bound molecular chaperone.   Our rationale 

was that unknown proteins in the ER with these characteristics could 

represent other novel membrane bound molecular chaperones.  Proteins 

were also selected if they possessed functional domains (Figure 22) 

indicative of a protein functioning in the secretory pathway.  Of the 169 

proteins, 18 proteins that fit these criteria (16 predicted to be integral 

membrane, two soluble) were chosen for independent validation of 

subcellular
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Figure 21:  Characterization of membrane topology of proteins of 
unknown function.  Bioinformatics predictions of membrane spanning 

regions and cleavable signal peptides for unknown proteins localized to 

the ER by proteomics were done using TMHMM (Sonnhammer et al 1998) 

and SignalP (Bendtsen et al 2004) as well as biochemical 

subfractionation.  Shown are proteins with bioinformatic and biochemical 

fractionation data.  The pie charts show the proportion of proteins 

predicted as membrane, luminal or cytosolic categories.   The number of 

single and multi-spanning membrane proteins is also indicated.
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Figure 22:  Protein domains in proteins of unknown function showing 
an ER localization by redundant peptide counts and YFP tagging.
NCBI Conserved Domains (Marchler-Bauer & Bryant 2004) was used for 

protein domain prediction.  TMHMM (Sonnhammer et al 1998) and 

SignalP (Bendtsen et al 2004) were used for transmembrane spanning 

region and signal peptide and signal anchor predictions.   
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Figure 23:  Selected proteins of unknown function and their 
localization by the distribution of redundant peptide counts.  Shown 

are the mean % total peptides for each protein and a marker protein for 

the cluster.  Values are normalized to 1 for visualization purposes. 
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location by YFP tagging.  Using monomeric YFP, they were expressed as 

fusion proteins and visualized by confocal microscopy (Dr. Hisao Nagaya 

personal communication).  Fifteen of these proteins show an ER 

distribution by peptide counts (Figure 23) and YFP fluorescence validated 

the ER localization.   

YFP localization vs. redundant peptide count localization 
There is a discrepancy between the YFP localization and the 

protein distribution by redundant peptide counts for 3 of the 18 proteins.  

The subcellular localization of the YFP chimeras reveals a location 

inconsistent with an ER location, in contrast to the ER distribution 

observed by peptide counts (Figure 24 and Figure 25).   During the course 

of this work 2 of these 3 were validated in the literature to reside in the ER 

(Figure 24 and Figure 25). The protein now known as the vitamin K 

epoxide reductase complex subunit 1 (VKORC1), localizes to the ER (Li et 

al 2004, Rost et al 2004), in agreement with our redundant peptide 

counting data (Figure 23).  Furthermore, a new Q-SNARE named D-12, 

localizes to the ER and ERGIC (Okumura et al 2006). As for the protein 

UNQ501, an independent localization or function has yet to be published.  

Nevertheless, at least 15 of these proteins are genuine ER residents with 

the vitamin K epoxide reductase and the Q-SNARE D12 additionally 

confirmed by redundant peptide counting as ER residents. 

Of the 15 proteins localized to the ER by peptide counts and YFP, 

only 1 protein, transmembrane protein 4 (renamed sapreticulin), has an 

ER retrieval HDEL sequence at the C-terminus (Figure 24).  During the 

course of this study, this protein was identified and localized to the cytosol 

(Bornhauser & Lindholm 2005).  To further characterize this protein, an 

anti-peptide antibody was raised in rabbits.  The antibody was 

characterized for specificity by western blot (Figure 26a) revealing a single 

band at the expected molecular weight (21 kDa) in the post-injection 
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serum.   Furthermore, the protein was immunolocalized in HegG2 cells 

with this antibody revealing an ER pattern (Figure 26b).   

Upregulation of proteins by ER stress and characterization of 
novel molecular chaperones 

Using the signal peptide and transmembrane segment prediction 

results as well as biochemical subfractionation results, 33 genes 

corresponding to single spanning membrane proteins were tested for 

upregulation by quantitative PCR following treatment with ER stress 

agents – tunicamycin, thapsigargin, DTT and glucose deprivation (Michael 

Jain personal communication).  The rationale was that proteins 

upregulated during the unfolded protein response could potentially 

represent novel molecular chaperones.  Of the 33 proteins, 7 proteins 

were upregulated by ER stress.  Furthermore, 4 of the seven were shown 

to be novel molecular chaperones by their transient interaction with the 

cargo protein tyrosinase (Michael Jain personal communication).
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Figure 24:  Discrepancies between proteomics localization and YFP 
localization (I).  (A) Redundant peptide counts show an ER localization 

for UNQ501 and the protein now known as the Vitamin K epoxide 

reductase (VKORC1)  (Li et al 2004, Rost et al 2004).  (B) However, YFP 

chimeras of these proteins and co-localization with calnexin in HepG2 

cells show a perinuclear localization indicating a compartment other than 

ER.   Colocalization with calnexin is shown.
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Figure 25:  Discrepancies between proteomics localization and YFP 
localization (II).  MDS032, now known to be the ER/ERGIC located Q-

SNARE D12 (Okumura et al 2006) shows a smooth microsomal 

localization by redundant peptide counts.  However, the YFP chimera 

primarily shows peri-nuclear staining indicating a location other than ER.  

Colocalization with calnexin is shown. 
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Figure 26:   Sapreticulin antibody.  Antibodies were raised against a 

peptide corresponding to amino acids 166-178 (KRTDLCDHALHRS) of 

sapreticulin after coupling to KLH.  (A) Shown are the results of western 

blot analysis of serum post-injection of the coupled peptide into a rabbit 

compared to pre-immune (PI) serum from the same rabbit. A single band 

of 21 kDa is observed which corresponds to the expected molecular 

weight (20.636 kDa) of the protein.   (B) Immunolocalization of sapreticulin 

in HepG2 cells revealed an ER localization.  Bar, 10 um.



Figure 26
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Discussion
The goal of this body of work was to create a protein map of the 

organelles of the early secretory pathway.  During the course of this work, 

methods were developed which now comprise a functional proteomics 

pipeline that is currently in use.  Research in this thesis contributed to the 

development of standard operating procedures for the preparation of 

samples, mass spectrometry, software for the identification of proteins 

from peptides and their scoring as well as a method to estimate the 

abundance of proteins (Results: The proteomics pipeline).   Quantitative 

measurements of the abundance of proteins in highly enriched subcellular 

fractions enabled us to develop a subcellular localization tool based on 

protein distribution among the RM, SM and Golgi fractions.  Using this 

tool, we were able to independently assess the levels of cross-

contamination among these fractions as well as the amount of 

contamination from other organelles of the cell (Results: Assessment of 

contamination of RM, SM and Golgi fractions).  As an extension of this 

approach, hierarchical clustering of protein distributions enabled the 

identification of clusters of proteins which could be assigned to one or 

more of the organelles (Results: Subcellular localization of proteins by 

proteomics).  This approach revealed the localization of a previously 

known ER protein, a protein disulphide isomerase, ERp44, to the Golgi 

apparatus.   Furthermore, the localization of proteins was extended by 

biochemical subfractionation which assigned proteins to either the 

cytosolic, membrane or luminal regions of the ER (Results: Biochemical 

subfractionation of RM and SM fractions).   To assess the validity of the 

proteomic approach employed here, protein identifications of the RM, SM 

and Golgi fractions were compared to other existing datasets (Results: 

Completeness of protein identifications in the RM, SM and Golgi 

fractions).  This analysis revealed that the use of highly enriched 

subcellular fractions is the optimal way to achieve a comprehensive 
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organelle proteome.  Finally, the discovery of more than 150 proteins of 

unknown function in the ER and their subcellular localization by 

proteomics led to the identification of novel molecular chaperones and 

serves as a resource to the cell biology community (Results: 

Characterization of proteins of unknown function).   

The proteomics pipeline 
The experimental strategy of organellar proteomics described in 

Results: The proteomics pipeline is composed of three main steps: sample 

preparation, mass spectrometric analysis and data evaluation.  Although 

subcellular fractionation does not completely separate organelles, the use 

of highly enriched subcellular fractions significantly increases the 

probability of identifying proteins that function in the organelle.  After 

peptide identification by mass spectrometry and Mascot (Perkins et al 

1999), proteins were grouped by a set of common peptides to identify the 

least number of proteins accounting for all identified peptides.  This step 

along with a BLASTp analysis reduced redundancy in the protein lists 

returned by Mascot (Perkins et al 1999).   The redundancy occurred 

because of the presence of allelic isoforms or SNPs in the NCBI non-

redundant database.  The grouping step also enabled quantitation of the 

proteins based on the number of redundant peptides.  At the same time, 

assignment of proteins to functional categories by literature search lead to 

the identification of contaminating proteins which were excluded from 

many of the analyses presented in this thesis.  This annotation step also 

provided a good way to view the landscape of proteins identified in the 

RM, SM and Golgi fractions.  Using the proteomics pipeline, we were left 

at the end of the analysis with a non-redundant set of proteins with 

functional annotation and a measure of their relative abundance in each 

subcellular fraction.  These steps, outlined in Results: The proteomics 

pipeline, are now automated and in use for every proteomics analysis 

performed at the Montreal Proteomics Center. 
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Contamination of the RM, SM and Golgi fractions
By redundant peptide counting and functional annotation, we were 

able to estimate the amount of cross-contamination between the ER and 

Golgi fractions.  Quantitative subcellular localization by proteomics of 

marker proteins for the ER and Golgi apparatus identified a maximum of 

30% contamination of ER in the Golgi fraction.  Past proteomics studies of 

the Golgi apparatus also uncovered significant ER contamination of the 

Golgi (Taylor et al 2000, Wu et al 2004).  An interpretation of this finding is 

that there was incomplete separation of the ER from the Golgi during the 

subcellular fractionation step and that the observed ER proteins were 

bona fide contaminants.  However, Mogelsvang and Howell present an 

alternate explanation (Mogelsvang & Howell 2006).  Electron microscope 

tomography and serial reconstructions of the Golgi apparatus revealed 

specialized regions of the ER associated with the trans-Golgi stack 

(Ladinsky et al 2002, Marsh et al 2001).   Mogelsvang and Howell 

(Mogelsvang & Howell 2006) proposed that these ER – Golgi apparatus 

connections may be facilitating the modification of the lipid composition of 

the trans-Golgi membranes for sorting into “sphingolipid rich 

microdomains” or lipid rafts (Simons & Ikonen 1997).  Alternatively, these 

connections could be facilitating cisternal maturation, one of the proposed 

transport mechanisms operating within the Golgi complex (Marsh et al 

2001).   These findings support earlier studies from the 1960s and 70s by 

Novikoff who identified ER, Golgi and lysosomal associations in various 

tissues, coining the term “GERL” for Golgi ER and lysosomal associations 

(Novikoff et al 1964, Novikoff & Novikoff 1977, Novikoff et al 1971).  

Therefore, the ER contamination observed in these studies may not be 

dismissed simply as incomplete Golgi complex isolation but instead may 

bear physiological relevance to the function of the Golgi apparatus. 
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Quantitation and subcellular localization by proteomics also 

enabled an estimate of contamination of the RM, SM and Golgi fractions 

by other organelles.  The proteomics analysis of the Golgi fraction 

revealed that peptides derived from mitochondria account for an average 

of 10% of all peptides identified. This translates to a 10% mitochondrial 

contamination of the Golgi fraction. Prior morphometry work on the Golgi 

fraction showed that 84% of the profiles were Golgi and that the remaining 

profiles were either ER (14%), mitochondria (1%) or peroxisomal cores 

(1%) (Bell et al 2001).  That mitochondria accounted for only 1% of the 

total volume of the Golgi fraction and 10% of all peptides observed can be 

explained by the high protein content of the mitochondria resulting in more 

peptides.  Mitochondrial contamination of the RM and SM fractions was 

also highest among all the contaminating organelles for these fractions.  

Western blot analysis of the RM and SM fraction with an antibody to the 

mitochondrial protein, TOM20, supports this result (Figure 7). In contrast 

to Western blotting, the advantage of using redundant peptide counts to 

detect contamination is in the ability to compare the abundance of different 

proteins across a sample.  Due to different affinities of antibodies, the 

amount of contamination can only be assessed one protein at a time on a 

western blot, i.e. the amount of contamination by TOM20 in Figure 7 can 

not be directly compared to integrin 1.

None of the Golgi marker proteins were detected in the RM and SM 

fractions by redundant peptide counting (Results: Assessment of 

contamination of the RM, SM and Golgi fractions).  This is not surprising 

and is most likely due to the small volume the Golgi occupies (1% total 

volume) in the rat liver hepatocyte as compared to the ER (14% total 

volume) (Blouin et al 1977).  Thus, the concentration that a Golgi protein 

can attain in an ER fraction could not be high enough to out compete other 

more abundant ER proteins in the mass spectrometer.   Prior to this study, 

the amount of organellar contamination of the RM and SM fraction was not 
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clear, mainly because other organelles such as the mitochondria and 

lysosomes were not detected in previous analyses by electron microscopy 

(Lavoie et al 1996). This limitation is due to the severe homogenation 

procedure used in ER microsomal preparation which results in 

fragmentation of mitochondrial and other organellar membranes (except 

peroxisomal cores) (Lavoie et al 1996).   Electron microscopy analysis of 

the RM fraction has previously identified the presence of peroxisomal 

cores (Paiement & Bergeron 1983).  This is an expected finding since 

peroxisomal cores have the same density as the rough microsomes (1.20 

g/cm3) (Appelkvist et al 1981).  By redundant peptide counting, 

peroxisomal peptides comprised 7.7% of all the peptides in the RM, 

making this organelle the second most prevalent contaminant (Table 3).  

In the RM and SM fractions, there were few morphological features to 

distinguish smooth microsomes from plasma membrane, mitochondria, 

Golgi or lysosomal membranes (Lavoie et al 1996).  However, since the 

smooth ER makes up about 50% of the volume of the rat hepatocyte 

(Blouin et al 1977) the likelihood that the smooth membranes seen in the 

ER fractions are indeed smooth ER is high.   Due to this limitation in 

detecting organellar contamination in the ER fractions, proteomics using 

peptide counts provides the first indication of the extent of organellar 

contamination of the ER fractions. 

Proteomics coupled with the redundant peptide counting method 

has established a simple estimate of organellar contamination of the RM, 

SM and Golgi fractions.  These estimates are in agreement with past 

morphological and biochemical studies of contamination in these fractions.  

In particular, the proteomics approach provided the first estimate of 

organellar contamination for the RM and SM fractions.  The proteomics 

approach also enabled the analysis to estimate the reproducibility of the 

subcellular fractionation procedure and discovered that the 3 RM and SM 

biological replicates were more reproducible than the 3 Golgi preparations. 
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Proteome of the early secretory pathway 
Proteins identified in the 3 subcellular fractions were often present 

in 2 or more of the fractions.  Hierarchical clustering of protein distribution 

profiles by redundant peptide counting allowed us to assign proteins to on 

or more of the isolated organelles. In addition, the assignment of proteins 

to functional categories allowed us to determine the enrichment of 

functional categories for proteins identified in these fractions.

 An inherent bias existed in our classification method in that 

proteins were assigned to only one functional category.  An example of 

this was seen in the assignment of the NAC proteins to the protein 

synthesis and folding category. Recent studies have shown that NAC

(ICD-1) in C. elegans is localized to the mitochondria during 

embryogenesis and is a suppressor of apoptosis (Bloss et al 2003).    

Furthermore, NAC is also known as a transcription factor called BTF3 

(Zheng et al 1990).  However, the largest body of evidence identified 

NAC as a member of the NAC complex involved in protein synthesis, 

which was the reason why it was assigned to this category.  Proteins with 

multiple functions were assigned to a functional category best supported 

by the literature.  Furthermore, in choosing functional assignments, a 

protein was assigned to a single category which described its role in the 

secretory pathway or its status as a contaminant.  This method deviates 

from the approach developed by the GO consortium (Ashburner et al 

2000).   GO terms are organized as connecting nodes of a network, with 

increasing specificity when moving from parent to child terms.  In GO, a 

protein’s function is described by three different ontologies – biological 

process, molecular function and cellular component (Ashburner et al 

2000).   For any given protein, its function may be described by a sub 

network of these three ontologies. Therefore, each protein has several 

GO terms describing its function, going from general to specific.   We 
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aimed to simplify GO by selecting broad functional categories to describe 

the proteins identified in this study, which we considered to be more 

meaningful to other scientists.  GO has also recognized the need for more 

streamlined categories and has addressed this need by introducing GO 

Slim (http://www.geneontology.org/GO.slims.shtml).  However, this 

capability was not available at the time we were conducting this project.   

Another difference between our approach and the GO approach is the 

assignment of proteins to multiple functions using GO.  Proteins annotated 

in GO may belong to multiple biological processes, molecular functions 

and cellular components which reflects the fact that a particular protein 

may function in several processes, carry out different molecular functions 

or interact with proteins from different cellular compartments (Ashburner et 

al 2000).   In contrast, our approach assigned proteins to a single category 

which was best supported by the literature.  Doing so made calculating the 

enrichment of functional categories in a subcellular fraction a more 

feasible task. 

Since biological literature is constantly changing as more 

information is discovered about the functions of proteins, it was 

recognized that errors in our classification scheme may have been 

introduced by us or may evolve as more information is gathered about 

these proteins.  It was for this reason that the proteomics data for this 

study was stored in CellMapBase, our in-house Oracle database.  This 

database allows for retrieval and update of past proteomics results and 

the associated annotations. These data were also submitted to Tranche 

(http://www.proteomecommons.org/dev/dfs/) and Peptide Atlas (Desiere et 

al 2006) for access to the scientific community.  The approach of using 

hierarchical clustering with peptide counts as an index of abundance is 

likely applicable to all current tandem mass spectrometry-based 

proteomics efforts.  For organellar proteomics, the ability to assign 

proteins to different organelles becomes especially important in the 
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characterization of previously uncharacterized or “novel” proteins since 

knowledge of the location of a protein provides clues about its function.

Hierarchical clustering of redundant peptide counts of proteins 

identified in the RM, SM and Golgi fraction identified four major clusters.  

Clusters were selected by co-distribution with marker proteins for the three 

organelles under study.   Sec61  served as the marker protein for the 

RM, p97 for the SM, calnexin for the ER (equal distribution between the 

RM and SM) and mannosidase II for the Golgi.  As a validation of the 

method, the majority of proteins identified in the clusters were known 

constituents of molecular machines that define functions for rough and/or 

smooth ER as well as the Golgi apparatus (Figure 10).  Prominent 

proteins in these four clusters that define the rough and smooth ER and 

Golgi apparatus are discussed in the following sections. 

Sec61  cluster 
The majority of proteins in the Sec61  cluster that localized to the 

RM belong to the protein synthesis and folding category (Figure 10, Figure 

11).   Prominent proteins in this cluster include those involved in the 

translation and translocation of newly synthesized proteins.  Four 

translation initiation factors (eIF2s1, eIF-4G, eIF-5A) as well as elongation 

factors (EF-2s1, EF1 1) make up the translational machinery localized to 

the RM.

Constituents of the translocon and translocon associated proteins 

also clustered with the Sec61 .   The nascent-polypeptide-associated 

complex (NAC) (Wiedmann et al 1994) (Rospert et al 2002)  is made up of 

two subunits,  and  and associates with ribosome bound polypeptides.  

The proteomics results identified NAC in the rough microsomes. NAC, 

however, was much less abundant.   The role of NAC in the cell is not 

entirely clear.  Multiple studies exist supporting its association with 
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ribosome bound newly synthesized proteins as well as in translocation 

(Moller et al 1998) (Lauring et al 1995) (Wiedmann et al 1994).   A recent 

study (Bloss et al 2003) localized ICD-1 ( NAC) to the mitochondria during 

embryogenesis and identified it as a suppressor of apoptosis in C. 

elegans.  These results support the role of NAC in the regulation of the 

mitochondrial apoptotic program.  That NAC was less abundant than 

NAC in the RM functions supports its role elsewhere in the cell. 

Not surprisingly, three proteins (p34, p180 and ribophorin I) once 

considered to be candidates for the ribosome receptor (Johnson & van 

Waes 1999), co-clustered with Sec61 , now accepted as the ribosome 

receptor (Raden et al 2000) (Prinz et al 2000).  Other proteins associated 

with the translocon and localized to the RM were TRAP  and 

(Translocon Associated Protein).   

Proteins adjacent to the translocon that act on nascent 

polypeptides as they enter the lumen of the rough ER were also localized 

to RM cluster.  Six of the seven members of the oligosaccharyltransferase 

complex were identified (ribophorin I and II, N33/IAP, STT3, OST-48, 

DAD-1) with all but DAD-1 co-clustering with Sec61 .  Another abundant 

protein identified in the Sec61  cluster and localized to the RM is vigilin, a 

protein involved in RNA transport and metabolism (Kruse et al 2000).  

Vigilin contains a nuclear localization signal and multiple conserved RNA 

binding KH domains.  Accordingly, vigilin has been localized in ribonuclear 

complexes containing eEF-1  and tRNA in both the cytoplasmic and the 

nuclear fractions by immunoaffinity chromatography using anti-vigilin 

antibodies (Kruse et al 1998, Kruse et al 2000).  A recent study showed 

that vigilin binds both free and membrane bound ribosomes indicating that 

binding does not depend on the translation of cytoplasmic or secretory 

proteins.  This finding supports its general role in mRNA targeting to the 
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ribosome (Kruse et al 2003).  This role is consistent with its abundance in 

the RM which is at a level similar to proteins of the 

oligosaccharyltransferase, essential proteins of the ER.

Calnexin Cluster 
Proteins localized equally to the RM and SM clusters clustered with 

the ER marker calnexin and belong to two major functional categories – 

protein synthesis and folding and detoxification.   Prominent proteins in 

these categories include proteins of the calnexin cycle and the cytochrome 

p450 detoxification system.   

Constituents of the calnexin cycle which co-clustered with calnexin 

are glucosidase II, calreticulin and protein disulphide isomerases including 

ERp57.  Interestingly, of the two glucosidases in the calnexin cycle, only 

glucosidase II was identified in the RM/SM cluster.  Glucosidase I, an 

integral membrane protein, co-clustered with Sec61 instead, which can 

be explained by its early action in the calnexin cycle which positions it 

closer to the oligosaccharyltransferase in the rough ER (Schrag et al 

2003).  Binding by calnexin and calreticulin permit enzymes such as the 

protein disulphide isomerases (PDIs) and peptidylprolyl isomerases (PPIs) 

to facilitate folding of proteins to the correct three dimensional structure.   

This happens through the catalysis of the exchange of disulfide bonds by 

PDIs or isomerisation of polypeptide conformations by PPIs (Bedard et al 

2005, McCormick et al 2005, Pollock et al 2004).  Of the 6 protein 

disulphide isomerases in the human genome, four were identified in the 

calnexin cluster.  During formation of disulphide bonds in incompletely 

folded proteins, PDIs donate electrons to acceptor proteins.  Ero1, a 

protein which directly oxidizes some members of the PDI family to 

facilitate electron transfer (Frand & Kaiser 1999, Tu et al 2000), also 

clustered with calnexin.
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BiP, one of the most abundant identified ER chaperones, and the 

BiP associated proteins GRP94, ERp72, also co-clustered with calnexin. 

These results support past co-immunoprecipitation studies, which have 

shown BiP associated with these four accessory proteins during the 

folding of thyroglobulin (Kuznetsov et al 1997).   Another BiP interacting 

protein, mammalian Grp170, also co-clustered with calnexin in agreement 

with the recent evidence showing the role of Grp170 as an alternate 

nucleotide exchange factor for BiP (Weitzmann et al 2006). 

Another important function of the ER is the detoxification and 

clearance of drugs and other xenobiotics. The three most abundant 

protein families involved in this process and detected in the calnexin 

cluster are the cytochrome p450s, glucuronosyl transferases and the 

carboxylesterases.  Of the 34 cytochrome p450s identified in the total ER 

fractions, 25 co-clustered with calnexin.  Similarly, 5 out of 9 

carboxylesterases showed the same equal distribution between the RM 

and SM fraction.   Finally, of the 11 glucuronosyltransferases identified in 

the ER and Golgi fractions, 11 were identified in the RM and SM cluster. 

p97 cluster 
Proteins that clustered with p97 localize to the smooth microsomal 

clusters and belong to protein synthesis and folding and detoxification 

categories.   Prominent proteins include p97, Derlin, reticulon 3 and short 

chain dehydrogenases/reductases.  Derlin-1, which was identified as a 

component of the ERAD retro-translocation machinery and shown to 

interact with p97 (Lilley & Ploegh 2004, Ye et al 2004), displayed a similar 

pattern of distribution and co-clustered with p97.   The abundance of p97 

and Derlin in the SM fraction supports past observations of a “degradation 

compartment” of the ER.  As support for this hypothesis, two studies have 

identified this compartment morphologically as a ribosome-free 
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compartment which accumulates misfolded proteins (Hobman et al 1994, 

Raposo et al 1995).

Reticulon 3, a member of the reticulon class of proteins (RTNs) is 

the only member of this class of proteins identified in the ER fractions of 

rat liver.   Voeltz et al. (Voeltz et al 2006) showed that these proteins are 

predominantly localized to smooth ER tubules and excluded from the 

nuclear envelope.  In addition, overexpression of reticulon 4a lead to the 

formation and maintenance of long tubules in yeast while deletion lead to 

loss of ER tubules (Voeltz et al 2006).   Much of the work on the reticulons 

has been done on reticulon 4 and mostly in brain.  For the first time, this 

study identifies reticulon 3 as an abundant member of this class of 

proteins expressed in the rat liver ER and localized it to the smooth 

microsomes.

Apart from the cytochrome p450s, other detoxification proteins 

clustered with p97 and localized to the smooth ER.   The short chain 

dehydrogenase/reductase family of proteins were the most numerous and 

among the most abundant.  Short-chain dehydrogenases/reductases 

(SDR) constitute a functionally heterogeneous superfamily of enzymes 

and are defined by a common folding pattern and sequence motif 

(Oppermann et al 2001).   The 3 most abundant SDR proteins localized to 

the SM function in hormone and retinol metabolism.

Mannosidase II 1 cluster 
Proteins which clustered with mannosidase II were assigned to the 

Golgi fraction.  The most abundant proteins in this cluster are those in the 

biosynthetic cargo category (Figure 11).  This is consistent with the 

concentration of cargo in the Golgi observed by electron microscopy 

(Claude 1970, Dahan et al 1994).  As biosynthetic cargo proteins traffic 

through the Golgi, they are post-translationally modified by sugar 
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transferases.  Thirty-one Golgi sugar transferases co-clustered with 

mannosidase II 1 and were assigned to the Golgi.

This proteomics localization approach led to the unexpected finding 

that ERp44, the RDEL-terminating PDI family member, co-distributed with 

mannosidase II (Figure 11).  Previous localization studies on ERp44 using 

an HA-tagged ERp44 showed an ER localization (Anelli et al 2002).  We 

confirmed the Golgi localization indicated by the peptide counts by indirect 

immunofluorescence using a polyclonal antibody to ERp44, revealing a 

predominant juxtanuclear staining typical of the Golgi and largely 

overlapping with the Golgi marker GM130 (Figure 13).  Some reticular ER-

like staining was also found which is consistent with the low peptide 

counts for ERp44 in the RM and SM fractions.  This is the first time that a 

PDI ortholog with a C-terminal RDEL retrieval motif displayed a steady 

state Golgi distribution.   A study by Anelli et al. (Anelli et al 2003) showed 

that ERp44 functions to retain the oxidoreductase ERO1 in the ER in a 

process called thiol-mediated protein retention. More recently, ERp44 has 

been shown to bind and inhibit the inositol 1,4,5-triphosphate receptor 

(IP3R1), a calcium release channel in the ER (Higo et al 2005).   Inhibition 

of IP3R1 by ERp44 was dependent on free cysteine groups on IP3R1.  

Both these roles for ERp44 are consistent with its previously known ER 

localization.  Therefore, the function of ERp44 in the Golgi apparatus 

remains to be determined.

The Rab and SNARE family of proteins also co-distributed with 

mannosidase II 1.   These protein families cooperate to ensure the 

fidelity of vesicle fusion to target membranes (Zerial & McBride 2001).  

The most prominent Rabs characterized here were Rab1A, 1B, 5, 6 14, 

18.  Sequence identity between Rab1A and 1B is high (>90%) but despite 

this, the proteomics method distinguished between the two.  Both Rabs 

were equally abundant and showed an identical distribution among the ER 
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and Golgi fractions. Studies examining the regulation of Golgi structure 

and membrane traffic through the Golgi (Alvarez et al 2003, Wilson et al 

1994) have identified Rab1A and Rab 1B as factors affecting these 

processes.  Rab 6 was initially identified as a Golgi specific Rab (Goud et 

al 1990) and was localized to vesicles involved in retrograde transport 

from the Golgi to the ER (White et al 1999).  Recent work has shown that 

Rab6 isoforms have varied, non-overlapping functions in membrane 

trafficking (Del Nery et al 2006).   Although less understood 

mechanistically, Rab14 is a Golgi-localized Rab (Junutula et al 2004).   

Although 11 other Rabs were uncovered here, their abundance was much 

lower.  Nine SNAREs were observed considerably extending our past 

proteomics effort to uncover Golgi SNAREs (Bell et al 2001).  In this study, 

the Q-SNAREs Gos-28 and Syntaxin 5 were the most abundant. 

A family of proteins which interact with Rabs is the conserved 

oligomeric Golgi (COG) complex (Ungar et al 2006). These proteins 

comprise a multisubunit peripheral membrane protein complex that 

controls several aspects of Golgi structure and function and is composed 

of 8 subunits, 5 of which were identified in this study.  Recent work using 

COG3-siRNA to impair COG function in a mammalian cell line resulted in 

the accumulation of vesicles suggesting that the COG complex is involved 

in vesicle fusion (Zolov & Lupashin 2005).  The accumulation of vesicles 

along with the interaction of COGs with Rab proteins suggested that this 

complex may be functioning as a tethering factor (Ungar et al 2006).

In summary, hierarchical clustering of protein distribution profiles 

determined by peptide counting assigns proteins to their cognate 

organelles. Four major clusters were identified by this approach.  

Examination of these clusters validates the approach of analyzing highly 

enriched subcellular fractions and quantifying proteins by redundant 
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peptide counting as a way to assign proteins to their respective 

organelles.

Completeness of the protein identifications for the RM, SM 
and Golgi fractions 

Based on comparisons with yeast localized ER proteins in the Huh 

et al. study (Huh et al 2003), we determined that the list of proteins 

identified in the RM and SM fractions is at least 50% complete and the 

compendium of proteins identified in the Golgi is at least 60% complete.  

The proteins identified in RM, SM and Golgi fractions encompass the 

majority of proteins identified in prior proteomics analyses of these 

organelles (Bell et al 2001, Foster et al 2006a, Wu et al 2004).  

Furthermore, the proteomic analysis of the RM, SM and Golgi fractions 

detailed in this thesis identified the greatest number of proteins for these 

organelles.  In sum, the comparison to Huh et al. supports the conclusion 

that the list of RM, SM and Golgi proteins from this study are the most 

comprehensive to date. 

How valid was this analysis?   A similar examination was performed 

by Andersen et al. (Andersen et al 2005) in their proteomics analysis of 

the human nucleolus.  In their study, they determined by comparison to 

the yeast localization database of Huh et al. (Huh et al 2003) that their 

nucleolar proteome was 80% complete.  Therefore, this is a common 

approach used to assess the completeness of a proteomics analysis.  The 

validity of this approach depends on the quality of the Huh et al. (Huh et al 

2003) localizations and whether proteins conserved between yeast and 

mammals are truly representative.

In their localization of yeast proteins, Huh et al. (Huh et al 2003) 

integrated a DNA sequence, encoding either a tandem affinity purification 

tag (TAP) or green fluorescent protein (GFP), by homologous 
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recombination.  These tags were positioned in-frame with the 3'-end of the 

coding sequence of each gene and in its original chromosomal location.  

This approach does not affect the promoter and upstream regulatory 

sequences of the tagged genes with the aim that genes are expressed at 

endogenous levels and behave normally.  In the first round of localization, 

GFP patterns were classified into 12 general subcellular localization 

patterns, such as the nucleus and mitochondria.  In a second set of 

experiments, unknown proteins were co-localized with marker proteins 

tagged with red fluorescent protein.  Using both approaches, Hugh et al. 

(Huh et al 2003) identified a total of 22 compartments to which 75% of 

yeast proteins localized.

An analysis of the quality of the Huh et al. (Ross-Macdonald et al 

1999) study suggests that the results are reliable and of high quality.  

First, a comparison of the localizations in Huh et al. (Huh et al 2003) with 

annotations for the localization of yeast proteins in SGD showed that there 

was 80% agreement with SGD.  Second, results obtained by Huh et al. 

(Huh et al 2003) were comparable to the previous large-scale localization 

study of yeast proteins by immunofluorescence (Ross-Macdonald et al 

1999).  Third, a comparison with mass-spectrometry based organellar 

proteomics of the nucleolus and spindle pole, yielded good coverage 

(Ross-Macdonald et al 1999).  Therefore, results of these comparisons 

suggest that the Huh et al. study (Ross-Macdonald et al 1999) is a reliable 

reference for subcellular localization in yeast.

The second question about the reliability of comparing to yeast 

localized proteins is whether proteins conserved between yeast and 

mammals are truly representative for a mammalian proteome.   It is 

evident that studies in yeast have paved the way for analysis in mammals 

(Henry & Patton-Vogt 1998, Pelham 1999).  In particular, the landmark 

study of Novick et al. (Novick et al 1980), identified temperature-sensitive
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secretory mutants (sec) of S. cerevisiae which led to the elucidation of the 

molecular mechanisms involved in communication and transport between 

organelles.  Importantly, these mechanisms are conserved in mammals 

(Novick et al 1980, Schekman & Novick 2004).   An ideal comparison for 

the completeness of the proteome would be to benchmark against a 

localization study in mammals.  Localization studies by GFP-tagging have 

been done previously in mammals (O'Rourke et al 2005); however, these 

studies mainly focused on uncharacterized proteins and would not yield a 

comprehensive comparison.   Therefore, at this time, the study of Huh et 

al. (Huh et al 2003) remains the most comprehensive study for protein 

localization at the whole genome level.

Vision of the cell map 
One of the goals of organellar proteomics is to create a complete, 

accurate and permanent protein map of the cell (Au et al 2007).  MS 

analysis of isolated organelles is in a position to achieve this goal since 

the small volume of these structures ensures that protein concentrations in 

the sample are high. This overcomes the dynamic range problem of 

current MS-based proteomics efforts [34].  However, the benefit of 

subcellular fractionation is offset by the problem of contamination.

Two studies have tried to address the problem of contamination in 

similar ways (Dunkley et al 2006, Foster et al 2006a).  Dunkley et al. 

(Dunkley et al 2006) have addressed this using an isotope tagging 

technique that enables the assignment of proteins to subcellular 

compartments. The method, called LOPIT (localization of organelle 

proteins by isotope tagging) determines the distribution of any given 

protein within an iodixanol density gradient. This distribution was 

measured using isotope tagging with ICAT (Dunkley et al 2004) and more 

recently iTRAQ (Dunkley et al 2006).   The confidence in subcellular 

localization was determined by comparing protein distribution profiles to 



202

the distribution of 12 known organellar proteins.  Scores rating the 

confidence in subcellular localization were calculated using partial least 

squares discriminant analysis. Uncharacterized proteins were localized to 

an organelle when their scores match those of known organellar residents. 

This method attempts to overcome the contamination issue, as organelles 

will have different but overlapping distribution patterns that can be 

discriminated from one another using this statistical approach. LOPIT 

analysis on fractionated endomembranes from Arabadopsis thaliana

callus cultures enabled the simultaneous localization of 527 proteins to the 

ER, plasma membrane, Golgi apparatus, vacuolar membrane and 

mitochondria/plastids.

A similar but label-free approach was used by Foster et al. (Foster 

et al 2006a) in their effort to map proteins of the endomembrane system of 

mouse liver.   Using protein correlation profiling, they identified proteins in 

10 organelles of mouse liver including the ER and Golgi apparatus.   This 

work extended a previous study that used the same method in its analysis 

of the mammalian centrosome (Andersen et al 2003).   Protein correlation 

profiling involves tracking the abundance of peptides in all fractions of an 

analytical gradient.  Distribution profiles of all identified proteins are 

compared to profiles of known marker proteins.   Accordingly, protein 

distribution profiles that deviate from marker profiles were considered 

contaminants.  In this study, Foster et al. (Foster et al 2006a) identified 

1404 proteins with multiple locations assigned to 39% of the proteins. 

A comparison with the Foster et al study (Foster et al 2006a) 

emphasizes the strength in our approach of using highly enriched 

subcellular fractions for organellar proteomics.   Their method of 

separating organelles in a single continuous sucrose gradient resulted in 

the identification of far fewer Golgi and ER proteins when compared to the 

work presented here.   Furthermore, only 19 of the 67 proteins they 
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characterized as Golgi are accepted in the literature as true resident Golgi 

proteins (Table S4).  The other 48 proteins are essentially known 

contaminants.   By contrast, using highly enriched subcellular fractions, we 

identified and assigned to the Golgi a greater number of proteins 

(including the majority identified in the Foster et al study (Foster et al 

2006a)) with a higher percentage of known resident Golgi proteins.   This 

finding indicates that the “divide and conquer“ approach of using highly 

enriched subcellular fractions is the optimal way to create the cell map.

Although the protein lists identified in the RM, SM and Golgi 

fractions are the most comprehensive to date, the number of proteins 

identified in this study falls short of the predicted number of proteins in the 

ER and Golgi complex based on the Huh et al study (Huh et al 2003) .  An 

extrapolation of the proteins localized to the ER and Golgi in yeast 

suggests that proteins associated with the ER and Golgi complex in 

humans is between 2850 and 4110 (Simpson & Pepperkok 2003), which 

is at maximum double the number of proteins identified in this study.  This 

observation suggests that we may have reached the limit in detection for 

mass-spec based organellar proteomics.  However, improvements in the 

data acquisition by the mass spectrometer used in this study could 

potentially identify more proteins.  For example, the use of exclusion lists 

(Chen et al 2005) in which a peptide, once detected, is not sampled for a 

certain window of time could be implemented.  This approach would aim 

to detect lower abundance proteins that are masked more abundant 

peptides.  Another reason why proteins could have been missed by this 

study could be the transient association of proteins with the ER and Golgi.  

These proteins may be difficult to detect by mass-spectrometry may 

require the use of other approaches such as GFP localization to detect 

these transient protein-organelle interactions (Simpson & Pepperkok 

2003).  Finally, other high throughput means to functionally characterize 

proteins such as RNAi (Bard et al 2006) and protein-protein interactions 
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(Gavin et al 2006) could provide more information on the functions of 

many of the “novel” proteins identified in this study.    

In summary, the approach of using highly enriched subcellular 

fractions for mass spectrometry based protein identification has yielded 

the most extensive and comprehensive protein map of the secretory 

pathway.  Improved mass spectrometry data acquisition and analysis of 

different tissues could detect proteins beyond those identified in this study.  

Furthermore, other global approaches to studying protein function and 

localization would contribute to the goal of elucidating a comprehensive, 

accurate and permanent cell map. 

Biochemical subfractionation and novel proteins
One of our goals for this study was to identify novel resident 

proteins of the target organelles.  Although this aim was on the whole 

achieved, very few of these previously uncharacterized proteins have 

been investigated in detail.   Over 300 “unknown proteins” were identified 

and localized to either the rough and/or smooth microsomes or Golgi 

apparatus in this study.  Of these proteins, 176 were uncovered in the 

rough and smooth microsomal fractions and 170 proteins were assigned 

by hierarchical clustering of redundant peptide distributions to either a 

rough and/or smooth ER location.  Furthermore, biochemical 

subfractionation and bioinformatics prediction (TMHMM and SignalP) 

assigned these proteins to either the cytosolic, membrane or luminal 

compartment of the ER membrane. These results guided the selection of 

33 single spanning membrane proteins for further functional analysis by 

other members of the laboratory.   They tested these genes for 

upregulation by quantitative PCR following treatment with ER stress 

agents and showed 7 to be upregulated by ER stress.  Furthermore, four 

of the 7 were shown to be novel molecular chaperones (Michael Jain 

unpublished data).
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The subcellular localization of these proteins by proteomics was 

compared to localization of YFP-chimeras.  Both methods localized 15 of 

the 18 proteins tested to the ER. Two of the three proteins showing a 

discrepancy were validated separately by others as ER proteins during the 

course of this work (Li et al 2004, Okumura et al 2006, Rost et al 2004).   

Thus, the subcellular localization method by redundant peptide counts 

observed in highly enriched organelle preparations performed better than 

YFP localization.   

Bioinformatic predictions for the presence of signal peptides 

(Bendtsen et al 2004), transmembrane segments (Sonnhammer et al 

1998), and protein domains (Marchler-Bauer & Bryant 2004) guided the 

selection of proteins for further functional analysis (Figure 22).  The large 

number of previously uncharacterized proteins in the RM and SM fractions 

required a method to screen for their functions.  One facile way to narrow 

down the number of proteins to study was to test for their upregulation 

under ER stress.  Furthermore, since molecular chaperones comprise a 

class of proteins that are upregulated during ER stress, novel molecular 

chaperones could be identified by their association with incompletely 

folded proteins.  This strategy was chosen because the reagents and the 

assays were already established in our laboratory due to the Bergeron 

lab’s research history with the protein folding protein, calnexin.

Using the signal peptide and transmembrane segment prediction 

results as well as biochemical subfractionation results, 33 genes 

corresponding to single spanning membrane proteins were tested for 

upregulation by quantitative PCR following treatment with ER stress 

agents – tunicamycin, thapsigargin, DTT and glucose deprivation (Michael 

Jain personal communication).  The rationale was that proteins 

upregulated during the unfolded protein response could potentially 



206

represent novel molecular chaperones.  Of the 33 proteins, 7 proteins 

were upregulated by ER stress.  Furthermore, 4 of the seven were shown 

to be novel molecular chaperones by their transient interaction with the 

cargo protein tyrosinase (Michael Jain personal communication).

Localization of uncharacterized proteins by redundant peptide 

counting and hierarchical clustering and the bioinformatics analysis of 

TMDs and protein domains allowed us to rename the 7 proteins 

upregulated by ER stress. The names associated with these proteins in 

the NCBI database were uninformative, revealing very little to no 

information about their function.  Therefore, in order to describe their 

newly discovered functions, three of the 7 proteins were renamed to 

reflect their upregulation by ER stress (indicated by the prefix “ster”) and 

the functional domains they possess through the bioinformatics 

predictions.    Sterubin and sterlin were two proteins which were 

upregulated by ER stress but did not function as molecular chaperones.  

Sterubin (Figure 22E) is a soluble protein assigned to the SM based on 

peptide counts and co-distribution with p97.  The YFP-chimera of sterubin 

also localized to the ER.  This protein contains an ubiquitin associated 

domain (UAS) and an ubiquitin-like domain (UBX) domain (Figure 22E).  

Sterubin is related to other UBA/UBX-containing proteins like Faf1 (Chu et 

al 1995) and p47 (Kondo et al 1997) and may serve as an adaptor 

molecule involved in shuttling proteins to the proteasome for degradation.   

Sterlin possesses a predicted signal anchor and a transmembrane 

segment as well as a domain of unknown function (DUF786) (Marchler-

Bauer & Bryant 2004).   This domain is conserved in several members of 

the eukaryotic kingdom from fungi to mammals.  Although the domain 

provided no clues about the function of the protein, its conservation 

indicates that this protein may play an important role which was retained in 

the evolutionary process.  The last protein stexin, which was upregulated 

during ER stress and identified as a molecular chaperone, has no 
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functional domains except for a cleaved signal sequence and a single 

transmembrane segment.   The rest of the uncharacterized proteins 

upregulated during ER stress (TMX2, nicalin, erlin) have domains which 

may ascribe functions to these proteins.  The clearest example is TMX2 

which has an atypical single thioredoxin domain (Ellgaard & Frickel 2003).  

Thioredoxin domains are found in protein disulfide isomerases, classical 

members of the ER protein folding family.  Nicalin has a predicted Zn 

peptidase domain (Figure 22C) which suggests that the protein may be 

involved in cleavage of polypeptides in the ER.  A previous study found an 

effect of a nicalin homologue on nodal signaling and axial patterning in 

zebrafish (Haffner et al 2007) which suggests  an important developmental 

role for an ER protein.

Erlin-1 is an abundant transmembrane ER protein with a prohibitin-

like domain (PHB).  Erlin-1 was upregulated in response to tunicamycin 

and associated transiently with the immature form of tyrosinase. Recently, 

Erlin-1 has been described as a protein of unknown function that localizes 

to a lipid raft-like microdomain of the ER in a cholesterol-dependent 

manner (Browman et al 2006).  The functional significance of the prohibitin 

domain in an ER protein is unclear at present. 

The luminal saposin domain containing protein with a cleaved 

signal sequence and a C-terminal HDEL ER retrieval signal did not 

upregulate under ER stress conditions (M. Jain personal communication).  

Another group described this protein as a cytosolic protein (MSAP) which 

interacts with the ezrin-radixin-moesin (ERM)-like myosin regulatory light 

chain-interacting protein (MIR) (Bornhauser & Lindholm 2005, Bornhauser 

et al 2003).  Both proteins were co-localized in cell lines and in primary 

neurons.   By contrast, we conclude an ER location for this protein by 

several lines of evidence:  redundant peptide counting (Figure 23 see 

RM/SM clusters), the localization of an YFP chimera and its 
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immunolocalization (Figure 26B). The reticulated pattern of its localization, 

its saposin B domain and its soluble character lead to the proposal that 

the protein be named sapreticulin. The significance of its saposin B 

domain is unclear.  Saposins are small lysosomal proteins that serve as 

activators of various lysosomal lipid-degrading enzymes (O'Brien & 

Kishimoto 1991).  They most likely act by isolating the lipid substrate from 

the membrane surroundings, thus making it more accessible to the soluble 

degradative enzymes (Liepinsh et al 1997).   Since the synthesis of mostly 

all of the major classes of lipids (phospholipids and cholesterol) necessary 

for the production of cell membranes occurs in the ER (Vance & Vance 

2004), sapreticulin may represent a novel constituent of this process .

Conclusion
In summary, the subcellular localization method using redundant 

peptide counts for proteins detected in highly enriched subcellular 

fractions of isolated ER and Golgi apparatus has defined the most 

comprehensive ER and Golgi proteome to date.  This approach should be 

platform independent since redundant peptide counts are normalized to 

the total number of peptides assigned in a proteomics experiment.  

Furthermore, this approach brings the realization of a Cell Map closer to 

reality.  One can envision the introduction of proteins identified from other 

organelles (mitochondria, lysosomes) into the existing results.  The 

distribution of proteins among a greater number of organelles would not 

only increase the coverage of the rat liver hepatocyte proteome but would 

also verify the state of the many proteins classified here as contaminants.  

This would be particularly useful for the many “unknown proteins” 

uncovered in these studies since many have no distinguishing features to 

assign them to a particular organelle.   

An equally interesting investigation would be to survey the 

proteome of the secretory pathway in different tissues to see how 
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morphological differences translate into the types of proteins identified.  

This type of study was attempted by Kislinger et al. (Kislinger et al 2006) 

who compared different proteomes of different tissues with mRNA 

expression.  However, the analysis of the organelles of the secretory 

pathway was incomplete since they used crude microsomal fractions.   

Another avenue for future investigation lies in the elucidation of the 

functions of the many unknown proteins identified in the ER and Golgi 

proteomes.  A strategy set forth by Bard et al. (Bard et al 2006) involving a 

genome wide RNAi screen in a Drosophila cell line has identified genes 

involved in protein secretion and Golgi organization.  The same screen 

could be applied to the number of unknown Golgi proteins to observe the 

effect on Golgi organization and protein secretion.   In general, the 

elucidation of function of these unknown proteins linked to their location 

will open up an entirely new area of investigation relevant to organelle 

identity and trafficking mechanisms.  
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Table S3. Proteins identified only in Golgi biochemical fractions

Assigned Prot Name FUNCTION Membrane 
Status

KUNITZ TYPE SERINE PROTEINASE INHIBITOR BIOSYNTHETIC CARGO MEMBRANE
APOLIPOPROTEIN C-IV PRECURSOR BIOSYNTHETIC CARGO SOLUBLE
HEPARIN COFACTOR II BIOSYNTHETIC CARGO SOLUBLE
SIMILAR TO ALPHA-2U-GLOBULIN BIOSYNTHETIC CARGO SOLUBLE
SIMILAR TO COMPLEMENT COMPONENT 8 BETA SUBUNIT BIOSYNTHETIC CARGO SOLUBLE
MPS1 PROTEIN BLOOD + OTHER CELLS SOLUBLE
CYTOCHROME P450 2C12 DETOXIFICATION MEMBRANE
CYTOCHROME P450 2C18 DETOXIFICATION MEMBRANE
CYTOCHROME P450 2D5 DETOXIFICATION MEMBRANE
HEME OXYGENASE 1 DETOXIFICATION MEMBRANE
GLUTATHIONE S-TRANSFERASE YB-1 SUBUNIT DETOXIFICATION SOLUBLE
INTERFERON GAMMA INDUCED GTPASE GTPASE MEMBRANE
SAR1 HOMOLOG GTPASE MEMBRANE
RHO-GEF 7 GTPASE SOLUBLE
LYSOSOMAL APYRASE-LIKE 1 LYSOSOME MEMBRANE
MONOGLYCERIDE LIPASE METABOLISM SOLUBLE
SIMILAR TO HEXOSE-6-PHOSPHATE DEHYDROGENASE; GDH/6PGL ENDOPLASMIC BIFUMETABOLISM SOLUBLE
SIDEROFLEXIN 1 (TRICARBOXYLATE CARRIER PROTEIN) MITOCHONDRIA MEMBRANE
MITOCHONDRIAL ACONITASE MITOCHONDRIA SOLUBLE
ORNITHINE AMINOTRANSFERASE, MITOCHONDRIAL PRECURSOR MITOCHONDRIA SOLUBLE
ACYL-COENZYME A OXIDASE 2, PEROXISOMAL PEROXISOME SOLUBLE
AMYLOID-LIKE PROTEIN 2 PRECURSOR PLASMA MB MEMBRANE
SERINE PROTEASE HEPSIN PLASMA MB MEMBRANE
SLC26A9 ANION TRANSPORTER/EXCHANGE PLASMA MB MEMBRANE
CDP-DIACYLGLYCEROL--INOSITOL 3-PHOSPHATIDYLTRANSFERASE PROT MOD MEMBRANE
FURIN PRECURSOR PROT MOD MEMBRANE
EXOSTOSES (MULTIPLE) 2 PROT SYN/FOLD MEMBRANE
40S RIBOSOMAL PROTEIN S5 PROT SYN/FOLD SOLUBLE
DVL-BINDING PROTEIN DAPLE SIGNALING SOLUBLE
Qb, VTI 1B TETH/DOCK/FUS MEMBRANE
R, VAMP 3 TETH/DOCK/FUS MEMBRANE
COG2 TETH/DOCK/FUS SOLUBLE
INTEGRAL TYPE I PROTEIN P24 GAMMA4 TRAFFIC MEMBRANE
SECRETORY CARRIER-ASSOCIATED MEMBRANE PROTEIN 1 TRAFFIC MEMBRANE
TRANSCRIPTIONAL CO-ACTIVATOR CRSP7 HOMOLOG TRANSCRIPTION MEMBRANE
30 KDA PROTEIN UNKNOWN MEMBRANE
IODOTYROSINE DEHALOGENASE PROTEIN UNKNOWN MEMBRANE
THIOREDOXIN DOMAIN CONTAINING PROTEIN 1 UNKNOWN MEMBRANE
TORID UNKNOWN MEMBRANE
RGPR-P117 UNKNOWN SOLUBLE
SIMILAR TO AMYLOID BETA A4 PRECURSOR PROTEIN-BINDING FAMILY B MEMBER 2 (FEUNKNOWN SOLUBLE
SIMILAR TO DNA SEGMENT, CHR 1, ERATO DOI 578, EXPRESSED UNKNOWN SOLUBLE
SIMILAR TO RIKEN CDNA 4931400A14 UNKNOWN SOLUBLE



CMBSEQID  LIST  ginumber
TOTAL 
PEPTIDES N=1 
GOLGI AQU

TOTAL 
PEPTIDES N=1 
GOLGI DET

%  TOTAL 
PEPTIDES N=1 
GOLGI AQU

%  TOTAL 
PEPTIDES N=1 
GOLGI DET

319145 40018550 0 1 0 0.069396
136243 2492915 0 1 0 0.069396
68739 60551378 1 0 0.1046 0
210822 34868545 3 0 0.31381 0
204172 34869943 1 0 0.1046 0
176262 5052048 0 1 0 0.069396
3729 59808903 0 1.5383 0 0.10675
260440 34862902 0 1.25 0 0.086745
63790 57818 0 3.6167 0 0.25098
3930 6981032 0 1 0 0.069396
126642 164858 204503 1 0 0.1046 0
223700 34870762 0 2 0 0.13879
119421 160782 57528164 0 1 0 0.069396
2120 2865596 0 1 0 0.069396
305737 34874388 0 1 0 0.069396
76956 79158553 0 2 0 0.13879
251640 34872615 2 0 0.20921 0
80422 278396 545998 0 1 0 0.069396
338228 60391194 1 0 0.1046 0
44333 206706 1 0 0.1046 0
3086 21955130 1 0 0.1046 0
10860 1703345 0 1 0 0.069396
51490 8393560 0 1 0 0.069396
268665 34879705 0 1 0 0.069396
70677 7674155 0 1 0 0.069396
47234 9506955 0 1 0 0.069396
247469 34856569 0 2 0 0.13879
278725 34854534 0 1 0 0.069396
239536 34867549 1 0 0.1046 0
241548 34866243 0 2 0 0.13879
23581 56789137 0 1 0 0.069396
298383 34851895 0 1 0 0.069396
305262 62901119 0 2 0 0.13879
46139 487057 0 2 0 0.13879
272267 34877464 0 2 0 0.13879
63169 71153386 0 1 0 0.069396
258458 68163439 0 1 0 0.069396
283888 67078422 0 2 0 0.13879
161242 37590771 0 2 0 0.13879
60469 16758344 0 1 0 0.069396
294691 34877353 0 1 0 0.069396
262592 27681007 1 0 0.1046 0
296181 34878255 1 0 0.1046 0
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