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"The process of scientific discovery is, in effect, a continual flight
from wonder."

Albert Einstein

"Science is a wonderful thing if one does not have to earn one's
living at it."

Albert Einstein

i



Table of contents

ACKNOWIEAZEMENLS ........coouiiiiiiiiiiiiiii ettt e X
ADSEFACE........oiieiiiieie ettt e et e e e et e e e ae e e tb e e e taeeeraeeebaeeeaaeeeraeens X1
RESUIME ...t e e ae e e ta e e e ta e e e baeesaseeeesseeeeaseeenreas xiil
Contribution of AUtROTS............oocooiiiii e e XV
List of Figures and Tables ..................coooooiiiiiiiiiie e Xvii
List of abbreviations ................coooiiiiiiiiie e e XX

CHAPTER 1: Introduction and literature review

1.1 ProteOMUCS ...ttt 2
TUL T Preface. ... oottt e s 2
1.1.2 Challenges in ProteOMUCS..............coeiiiiiiiieiiiiiieeeeiiee et e eieee e e st e e e erereeeesnnaaeeeens 4
1.1.2.1 Sample Preparation ...........cccueeeeueeeriieeesiiieesreeesreeerteeeseeesaeeeereeesseeessseeessseeensseas 4
1.1.2.2 Protein sample COMPIEXITY .....cccuviiiiiiieiiieeeiieeetie et et eee e e e e sree e 5
1.1.2.3 Data collection, interpretation and validation.............cccceeeveeeeiieniieencie e, 7
1.1.3 Bottom-up and top-down ProteomiCs..............ccccuveeeeriuiieeeriiiiieeeeiieeeeeieeeeeeeeeee e 7
1.1.4 Smaller proteomes for SIMPLCItY..............cccoeriiiiiiiiii e 8
1.1.5 Functional Proteomuics ..............cccuoiiiiiiiiiiiiiiiiee et e e e e e neeeeas 11
1.1.5.1 Activity-based protein profiling..........ccceevvieeiiieeiiieeiiece e 12
1.1.5.2 GLyCOPTOtEOMICS .....evieeeiiieeiiieeiiee et e eteeeiee e et eeeaeeesaeeeseseeessseeessseesnseeesseennns 12
1.1.5.3 PhOSPhOPTOtEOMICS ...couviiieiiiieciie ettt ettt eree e e e 13
1.1.5.4 Other post-translational modifiCations...........c.cecverieeriienieerienie e 14

il



1.1.6 The lower end of proteomics: peptidomics and metabolomics.......................... 15

TL1.7 CONCIUSION ..ottt 16
1.2 Tools in subcellular proteomics ...................coooevriiieinnieeeees 16
1.2.1 Sample preparation toolS ...............coooviiiiiiiiiiiei e 17
| B B 1<) 1 I 2 SRR 17
1.2.1.2 Subcellular fractionation ...........cocieiiieniiiiieie e 18
1.2.1.3 Protein sample preparation ..........ccceeeeveeerieeeiveesiieeeieeeereeesveeesveeseneessneesnns 24
1.2.2 Sample analysis t0OIS .............oooooiiiiiiiiiii e 27
1.2.2.1 Electrophoresis and Stalning ..........ccceeeeveeeriieeriieeiiieeieeeeieeeecieeesreeesseeeeevee e 29
1.2.2.2 Liquid chromatography-based separation.............ccceeeeveererreesciieeeieeenreeesvee e 32
1.2.2.3 MaSS SPECIIOIMEIIY ...uevviieeiiiieeeeeiiieeeeriteeeeeitteeeeetteeeeenateeeesnnseeeesannseeesennneeeennns 35
1.2.2.4 QUAantifiCAtION ........cooiiiiiiiiiiiiie et e et e e et e e e eaae e e e eeaaaeeeeans 40
1.2.2.5 B1OINTOIMALICS. ...ceutiiiiieiiieiie ettt et sttt e 41
1.2.2.6 Valldation.......cocuiiiiiiiieiieeeeeee ettt et ettt et s 44
1.3 Subcellular proteomics..................cccooooiiiiininiieeee e 46
1.3.1 Subcellular compPartments ...............cccoeiieriiiiieiie e 46
L3011 NUCIBUS ettt ettt ettt et e et e et e saee e 49
1.3.1.2 Endoplasmic retiCulum ..........cccviiiiiiieiiiecciie et 51
1.3.1.3 GOl QPPATALUS ...eeeueiieeiiieciieeeiee et e eetee et e e e eaaeeeteeeeaaeeebeeeesseeensseeensseeennns 53
1.3.1.4 MItOChONAITON. ...ttt ettt e 55
1.3.1.5 LLYSOSOIME ....veieeniiiiieeeiiieeeeiiee e ettt e e et e e e ettt e e et e e e e entaeeeesnnseeeessnnseeesennaeeennns 57
1.3.1.6 PRAGOSOMIE .....ocueviieiiiecieeeeiee ettt ettt e et e e e e e e esaaeennseeennseeennne 58
1.3.1.7 SYNAPLIC VESICIE ..eeeueiieiiiieeiiieeiie ettt ettt etre e et e e saee e snnee e nneeenne 59

v



1.3.1.8 Dense-core SECretory ranule........ccovecveeerieeeiieeeiiee e e e e e 63

1.3.1.9 Plasma MEMDBIANE ........cccueeiuiiiiiiiieiiieie ettt 66
1.3.1.10 Other organelles .........cc.ceeciieeiieieiieeeiie et e e ee e 68
1.3.2 Challenges in subcellular proteomics................cccceeeriiiiiiiniiiiieee e, 69
1.4 Specific aims of this thesis and the biological models used................... 70
1.4.1 ST90nsect Cell ... 70
1.4.2 SPErMALOZOON ........cceeiiiiieiiiiee e eee ettt e e ettt e e ettt e e esabeeeeenaataeesennsaeeesanseeeas 72
1.4.2.1 Introduction: PC4 and spermatozoon StruCture............cceeeevveeeerveeecneeencveeenveeennns 72
1.4.2.2 Cell surface proteins in Capacitation ..........c.eeevueeerveeeieeesieeesiureesireeesreeesveeenns 74
1.4.2.3 Cell surface proteins in zona pellucida binding and in acrosome reaction........ 76
1.4.2.4 Proteomic studies Of SPErmatozZoa ..........ceeveeevveeeriieeniieeeiieeeiee e e 79
1.4.2.5 Potential PC4 SUDSIIAtes. ......ccouiiiiiiiieiieiieeieee e 80
1.4.3 Dense-core Secretory Granule.............ccccoeveiiieiiiiiiie e e 82
1.4.3.1 The AtT-20 corticotrope cell liNe.........c..ceevvieeviieeiiiieiiecieeeee e 82
1.4.3.2 The regulated pathway of secretion and secretory granule biogenesis.............. 85
1.4.3.3 Sorting of the cargo in endocrine secretory granules...........ccocveeeeeeercreeennveeenne. 88
1.4.3.4 Release of the secretory granule content..........c.eeeveeeevieecieeeciieeeiie e 90
1.4.3.5 Properties and content of the endocrine secretory granule...........cccccccvveennnnnee. 93
1.4.3.6 Proteomic studies of the secretory granules..........ccceeeveeeeieeecieeniieesee e 95
1.5 Biblio@raphy ... 97



CHAPTER 2: Utilization of a new biotinylation reagent in the
development of a nondiscriminatory investigative approach for the

study of cell surface proteins

2APIELACE.........ooo e 125
22 ADSEFACE ...t 126
23 INErOAUCTION ... 126
2.4 Materials and methods...................ccooooiiiii e 129
2.4.1 Chemical synthesis of sulfo-NHS-iminobiotin.....................cccccoeiiiiiiinniinnnnne, 129
2.4.2 Functional characterization of sulfo-NHS-iminobiotin..................................... 130

2.4.2.2 Affinity binding of iminobiotinylated bovine serum albumin........................ 130

2.4.2.2 Localization of sulfo-NHS-iminobiotinylated proteins. ............ccccceerevveennnenn. 131
2.4.3 Affinity purification of Sf9 cell surface peptides...............occoveveviiiiiiinniinnnnee. 132

2.4.3.1 Cell surface [abeling ..........cceeeiiiiiiiiieiiiecee e 132

2.4.3.2 Cell surface limited, in-situ, proteolytic digestion...........cccueeveveeeceeencieeennenns 132

2.4.3.3 Recovery of cell surface peptides ........cceevvueieriieeiieeeiiee e 133
2.4.4 LC-MS/MS analysis and peptide analysis ...............ccoccciiiiiiiiiiiiiiiieeeieee e, 133
2.5 Results and diSCUSSION..................cocooiiiiiii s 134
2.5.1 Synthesis and functional characterization of sulfo-NHS-iminobiotin.............. 134
2.5.2 Affinity purification of sf9 cell surface peptides ................occoevrviiiiiiinniiiennnnne. 135
2.5.3 MIS ANALYSES ....onniiiiieeiiie e e e e e et e e et e e e e nbaaeeeennees 136
2.6 Concluding remarks................cccooiiiiiiii e, 138
2.7 ACKNOWIEAZEMENLS ... 139

Vi



2.8 Figures and legends..................cooooiiiiiiiicee e, 140

2.9 BIDHOGIaphy .........ccooiii e 146

CHAPTER 3: Determination of the cell surface proteome of freshly

ejaculated bovine spermatozoa using a non-discriminatory investigative

approach

A PIEfACE. ... 150
B2 ADSIFACE ...t 151
33 INErodUCtiON ..o s 152
3.4 Materials and methods.................cocooooiiiiiiiii e 155
3.4.1 Bovine spermatozoa acquisition and processing...............c..ccccceevcveeneeniieneennnn. 155

3.4.2 Spermatozoa extraction for 1D- and 2D- gel electrophoresis and Western Blot

PUFIFICATION ...oootiiiiiiiiii ettt et 156
3.4.4 LC-MS analysis and protein identification...................c..cocciiiniiniiinncnneenn. 157
3.5 Results and discusSion ..o, 158
3.5.1 Characterization of the various PC4 forms..................ccccooiiiiininninninne. 158
3.5.2 Purification of labeled membrane protein fragments ...................c..c.ccooccenn. 160
3.5.3 LC-MS/MS analysis and protein identification .......................ccoccconiinninnnen. 160
3.6 Concluding remarks.................cccoooeiiiiiiiceee e, 161
3.7 ACKNOWIEAZEMENTS ..o 162

vii



3.8 CloSING remMArKS.............coooiiiiiiiiic s 162

3.9. Figures and le@ends...................cooooiiiiiiiiceee s 164
3.10 Tables and legends................coooiiiiii e, 168
301 Biblio@raphy ..., 176

CHAPTER 4: Organellar proteomics in a day: Flow cytometry-assisted
purification and proteomic analysis of the corticotropes dense-core

secretory granules

A Preface.......ooooviiiii e 180
4.2 SUIMIMATY ..ottt ettt ettt ettt et st e s et esesesesesesesesesesesesesenes 181
4.3 INtroducCtion ..............coouiiiiiiiiie e 182
4.4 Experimental procedures................cccocooiiiieiiieeeeieeeeeeeeee e, 185
4.4.1 Cell culture and immunocytochemistry.............cccccoeviiiiiiiiiniiieniiienie e, 185
A4 1.1 MALETIALS ...eeiiiieiieeiiecie ettt ettt ettt e et e bt et e esbeenbeesnseeneen 185
4.4.1.2 Cell culture and immunocytoCheMIStIY .......cccvevveeriieiieiieeiieie e 185
4.4.2 Cell lysis and fluorescence-assisted organelle sorting (FAOS) ........................ 186
A.4.2.1 Cell IYSISuuteutieuiiriteieeieeiteette ettt ettt sttt 186
422 FAOS ..ottt 186
4.4.3 Electron microscopy and Western Blot ..................coccccoiiiiiiiiiiniiinncee, 188
4.4.3.1 EIeCtrON MICTOSCOPY ..vveeuvrerereeiienieeeteenieeeseenstesseesseesseesseesseesseessseenseessesnseens 188
4.4.3.2 WeStern BIOt ...c..oiiiiiiiiiiieie ettt 188
4.4.4 Granule extraction and mass SPectrometry ..............ccccoeevveeviieeniieeniieenniee e, 188



4. 4.4, 1 Granule EXITACTION .ce.uunneeeee ettt e e e e e e e e e e e e e e eeeeeeraaaeeeeeeeeenanns 188

4442 LC-MS/MS .ottt ettt st ettt et be 189

4.4.4.3 DAta @NalYSIS ..ecccvveieiieiiiieeiiieeiieeeite e et e e st e e st e e saeeetaeeeabeeeaaeeereeeeaaeennaeeens 189
A RESULILS ... 190
4.5.1 Cell culture and immunocytochemistry............ccocciiiiriiiiiieniiieeeeee e 190
4.5.2 Cell lysis and fluorescence-assisted organelle sorting....................ccccceevineenn. 191
4.5.3 Electron microscopy and Western Blot ....................ccooiiiiiiiiiiiiini e, 192
4.5.4 Granule extraction and mass SPectrometry ..............cccococveeeeriiieeenniiieeeeniieeeenns 193
4.6 DIESCUSSION.........ooiiiiiiiicie et 195
4.7 ACKNOWIEdZEMENTS ...........c.cooooviiiiiicccce e 199
4.8 Figures and le@ends..................ccoooeiiiiiiieccceeeee e, 200
4.9 Table and le@end ..., 207
4.10 BIDHOGIraphy .........c.cccooviii e 214

CHAPTER 5: General discussion and conclusions

5.1 Subcellular proteomics................ccocooiiiiiriee e, 220
5.2 Cell surface proteomics...............ccocoeveiiiririeiiieieieceeeeeeeeeee e, 222
5.3 Secretory granule proteomics................cocoooeeeiieeeeeee e, 227
5.4 Claims to originality ..o, 234
5.5 BIDlIOGraphy .........cccooviii e, 236

iX



Acknowledgements

First and foremost, I would like to thank Dr. Claude Lazure for the quality of the
supervision and mentorship he provided during this journey. By giving me the liberty to
explore and the guidance to stay on track, he made my stay in his laboratory an
instructive and fulfilling one and kept me challenged and motivated throughout my
development into an independent scientist.

I would also like to thank Drs. Majambu Mbikay, André De Lean, Christian
Deschepper, Puttaswamy Manjunath, David Lohnes and Gaétan Thibault for monitoring
and orienting my progress during committee meetings and for sharing their experience
and insights.

I would like to thank members of the laboratory, Dany Gauthier and Nadia Rabah
who, along with Dr. Eric Bergeron, supported and helped me through my studies and
rapidly became more friends than colleagues.

I would also like to acknowledge members of the IRCM technological platforms
and services, Eric Massicotte, Martine Dupuis, Dr. Denis Faubert and his colleagues,
Annie Vallée and Richard Cimon whose tremendous work and assistance were
instrumental to the quality of this thesis.

Also, this work could not have been accomplished without the financial
contribution of CIHR, PENCE, FRSQ, and McGill University

Finally, a special mention of appreciation must go to my dear fiancée M¢lanie, my
parents, my family and my friends whose collective encouragements and unfailing

support in every step of the way provided me with the energy to reach my goals.



Abstract

The field of subcellular proteomics aims to describe and analyze all the proteins
present in a precise subcellular compartment at a given time. In contrast to whole-cell or
whole-organism proteomics, the analysis of individual organelles has provided simpler
proteomes from which relevant biological information could be more easily derived. To
date, the protein complement of several subcellular structures, including the
mitochondria, lysosome, peroxysome, phagosome and nucleus has been described. The
powerful and rapidly evolving instrumentation as well as the development of biochemical
and bioinformatics tools now allow scientists to derive whole organelle models based on
the proteomic data generated.

This field however still faces numerous challenges. Among those is the analysis of
membrane-associated proteins, whose large and hydrophobic character complicate their
extraction, subsequent separation and analysis by mass spectrometry. Another emerging
limitation in subcellular proteomic resides in the difficulty in collecting enough material
of a very pure preparation of the organelle of interest, which still depend on lengthy and
labor-intensive density-based centrifugation as the method of choice for subcellular
fractionation.

The work presented in this thesis describes the development of new methods for
subcellular proteomics that address the above-mentioned limitations, and their application
to relevant biological models. In chapter 2, we present the design of a non-discriminatory

investigative approach to study membrane proteins. Relying on detergent-free and gel-
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free procedures, this strategy allowed identification of hundreds of cell surface-exposed
proteins from freshly ejaculated bovine spermatozoa, as presented in chapter 3.

Diverging from traditional cell fractionation protocols, we have refined in chapter
4 a fluorescence-assisted organelle sorting method and have employed it to acquire the
proteome of corticotropes-derived secretory granules. Our procedure is not only simpler
and faster, but also the amount and quality of the data we obtain compares
advantageously to that generated from classical protocols.

Both methods presented in this thesis can be used separately or in combination,
and can be adapted to most biological models, making them excellent new tools to

perform, complete and refine subcellular proteomic work.
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Résumé

Le domaine de la protéomique subcellulaire vise a décrire et analyser toutes les
protéines présentes dans un compartiment subcellulaire précis a un temps donné.
Contrastant avec la protéomique des cellules ou d’organismes complets, 1’analyse
d’organelles individuelles a généré des protéomes plus simples desquels 1’information
biologique pertinente peut étre plus facilement extraite. A ce jour, le complément de
protéines de plusieurs structures subcellulaires, incluant la mitochondrie, le lysosome, le
peroxysome, le phagosome et le noyau a été décrit. L’évolution rapide et la puissance de
I’instrumentation disponible couplées au développement d’outils biochimiques et
bioinformatiques permettent maintenant aux scientifiques de générer des modéles
d’organelles complets basés sur les données générées par la protéomique.

Ce domaine, cependant, fait toujours face a plusieurs défis. Parmi ceux-ci, on doit
mentionner [’analyse des protéines associées a la membrane dont la taille et
I’hydrophobicité compliquent 1’extraction, la séparation subséquente et 1’analyse par
spectrométrie de masse. Une autre limitation émergeante en protéomique subcellulaire est
I’obtention d’une préparation trés pure d’organelles d’intérét et ce, en quantité suffisante,
qui dépend toujours de longues et laborieuses centrifugations basées sur la densité comme
méthode de choix pour la fractionnement subcellulaire.

Le travail présenté dans cette thése décrit le développement de nouvelles
méthodes en protéomique subcellulaire qui s’adressent aux défis mentionnés
précédemment, et leur application a des modeles biologiques pertinents. Dans le chapitre

2, nous présentons 1’¢élaboration et la mise au point d’'une approche investigatrice non

Xiii



discriminatoire pour étudier les protéines de membrane. Basée essentiellement sur des
procédures sans détergent et sans gel de séparation, cette stratégie a permis
I’identification de centaines de protéines exposées a la surface de spermatozoides bovins
fraichement éjaculés, tel que présenté au chapitre 3.

S’¢loignant des protocoles traditionnels de fractionnement cellulaire, nous avons
¢laboré au chapitre 4 une méthode de tri d’organelles basée sur la fluorescence permettant
I’utilisation d’un trieur automatisé et nous 1’avons employée pour définir le protéome des
granules de sécrétion des cellules corticotropes. Notre procédure n’est pas seulement plus
simple et plus rapide, mais la quantité et la qualité d’information que nous obtenons se
comparent trés avantageusement a celles générées par les protocoles classiques.

Chacune des méthodologies présentées dans cette thése peut étre utilisée
individuellement ou en combinaison, et peut &tre adaptée a la plupart des modéles
biologiques, ce qui en fait d’excellents nouveaux outils pour produire, compléter et

raffiner du travail de protéomique subcellulaire.
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Chapter 1

Introduction and literature review



1.1 PROTEOMICS

1.1.1 Preface

Since its early description in 1995, the field of proteomics has undergone a
tremendously fast evolution. Initially perceived as the logical and necessary sequel to the
various genomics projects, proteomics was proposed to describe living cells and
organisms not by their fundamental DNA blueprint, but rather by its direct output, the
proteins. Although the technologies and definitions are getting increasingly refined, the
goal in proteomics has remained the same: to describe as accurately and completely as
possible the full complement of all proteins expressed in a specific cell, tissue, organ or
organism under defined conditions.

Comprising over 50% of the dry weight of a typical cell, proteins are major
players involved at one point or another in every biological process. Ranging from a few
to a few thousands amino acids in length, these products from mRNA translation exhibit a
wide range of physicochemical properties that allow them to perform optimally their
functions. Generally, proteins are classified into families and subfamilies according to
the structural similarities of the domains they share. Moreover, these proteins, by virtue of
their interaction with other molecules within the cell, have often evolved to perform a
specific function and act, for example, as catalysts, signal receptors, switches, structural
components, motors or pumps'. Therefore, to fully understand a living cell or organism, it
is not enough to know its genes. It is also crucial to be able to identify which of these
genes are ultimately translated into functional protein effectors, where these proteins are
located, and in what proportions. Figure 1.1 illustrates the “Omics” cascade comprising

complex databases that, as a group, aim to comprehensively describe the response of a



biological system to disease, genetic and environmental perturbations®. Systems biology
is a field which aims to integrate these various sources of information to study the
interactions between components of biological systems and how these interactions give

rise to the function and/or behaviour of that system’.

The “Omics” Cascade

What can happen GENOME

.

What appears to TRANSCRIPTOME

be happening

PROTEOME

. .

What has happened| e Apo1 OME

and is happening

PHENOTYPE

What makes it
happen

Figure 1.1: The “Omics” cascade’. The sequential and integrated response of organisms
to their environment involves alterations at the levels of DNA, mRNA, proteins and
metabolites. Complex databases are each informative at their specific level on these

changes that culminate in an alteration of the phenotype.



1.1.2 Challenges in proteomics

Over the last 12 years, the field of proteomics has been faced with many
challenges, the most serious of which being related to the nature and complexity of the
samples to be analyzed. Even if native proteins are biopolymers of essentially the same
twenty natural amino acids, the exact combination of these residues can generate an
almost infinite range (20 where x is equal to the residue number) of polypeptides
exhibiting enormous variation in their physicochemical properties. Separation and
analysis of those proteins is therefore equally complex. A detailed description of the tools
and methods currently employed in proteomics is presented in section 1.2. However, it is
first noteworthy to discuss a few of the specific challenges that need to be addressed in

the field.

1.1.2.1 Sample preparation

The biological relevance of the data generated in proteomics is most often linked
to the initial quality of the protein sample to be analyzed. Therefore, sample preparation
is the critical prerequisite step in determining the quality of the proteomic data collected.
Firstly, it is imperative that the biological sample be as enriched as possible for the model
of interest, be it a whole organism, a cell or an organelle. Then, methods must be
employed to maximize the number of individual proteins as well as the crude amount of
proteins collected from the sample, while minimizing as much as possible the other
contaminant molecules (lipids, carbohydrates, salts, ions, etc.) that would interfere with
the analysis. And although it might sound obvious, sample preparation still remains one
of the biggest challenges in the field, be it for collection or for unambiguous validation of

the data.



1.1.2.2 Protein sample complexity
As mentioned above, the intrinsic properties of the proteins in a biological sample

can be quite varied.

1.1.2.2.1 Size and shape

Proteins are large linear biopolymers of amino acids generated from the
translation of messenger RNA by ribosomes. They come in sizes and shapes that can be
as varied as their individual amino acid sequence. Ranging in size from a few to over
twenty-six thousand amino acids for a mass of nearly three million daltons®, they also
fold into stable tertiary structures by virtue of electrostatic, van der Waals, hydrogen

bonding and hydrophobic forces.

1.1.2.2.2 Isoelectric point

Also determined by its primary sequence, the isoelectric point (pl) of a protein
represents the pH at which its global charge, i.e. the sum of the individual charges of all
its constituent amino acids side chains and its amino and carboxy termini will be zero. It
is a property of a protein that is evolutionary derived and is usually related to its function
and subcellular localization’. In this case again, pI of proteins in a single sample can

range from 2 to 13, a fact that will need to be considered when analyzing proteomes.

1.1.2.2.3 Post-translational modifications, degradation
Most proteins bear one or many covalent post-translational modifications (PTMs)

that will affect their behaviour in a cell. PTMs are generally performed by specialized



enzymes and are essential in modulating numerous cellular processes, including DNA
transcription, signalling, motility, and protein degradation to name a few. As they affect a
protein’s charge, molecular weight and chemical behaviour, PTMs such as
phosphorylation, glycosylation, sulfation, oxidation and acetylation add to the complexity
of a sample, especially since the same protein can now take multiple forms. In the same
vein, proteolysis needs to be considered. Where regulated proteolysis can be essential to a
protein’s function, proteolytic degradation of the sample, on the other hand, must be

prevented.

1.1.2.2.4 Solubility, hydrophobicity, hydrophilicity

A protein’s hydrophobic or hydrophilic character will be a major determinant of
it’s solubility in various solvents. Hydrophilic proteins are usually easily extractable in
detergent-free buffers and amenable to further proteomic analysis. On the other hand,
proteins having large hydrophobic segments, such as multiple-pass transmembrane
proteins will require detergents and are prone to aggregation and precipitation. Even if
proteomic analysis of this subset is still very challenging, increasing our repertoire of
tools for the study of membrane proteins is essential, as they are absolutely crucial to cell

function and are most important targets as far as drug design is concerned®.

1.1.2.2.5 Dynamic range of expression
A single serum/plasma sample can contain over one thousand proteins. But more
importantly, they can vary in abundance by a factor as high as 10" copies’. So, methods

must be developed to deplete the most abundant proteins such as albumin,



immunoglobulins and fibrinogen in order to expose the less abundant, but usually more

interesting candidates.

1.1.2.3 Data collection, interpretation and validation

Proteomic analysis generates enormous amounts of computerized data. A single
sample run in a large scale proteomics analysis can provide information on over 10 000
peptide queries, themselves yielding hundreds of thousands of MS/MS fragmentation
spectra. Bioinformatic tools and search engines such as Mascot™® need to use this data
to probe existing protein databases in order to achieve protein identification. The quality
of these tools, algorithms and databases is of paramount importance. Once identification
is established, the experimenter must go back to the biological model to validate the
information using conventional biochemical methods while keeping efficiency in mind,
since it is neither realistic nor desirable to perform thousands of western blots or knock-

outs to prove the validity of proteomic approaches.

1.1.3 Bottom-up and top-down proteomics

The term “bottom-up” or “shotgun” proteomics refers to the group of methods,
techniques and tools that are employed in order to identify the proteins present in a
biological sample from a mixture of their proteolytic peptides. It usually involves i) an
extraction step, in which proteins are released from the sample, ii) a purification and
separation step, in which the proteins are isolated from the rest of the molecules in the
sample, iii) a proteolytic digestion step, in which peptides are generated from whole
proteins and iv) an identification step which combines peptides separation by

chromatography, peptides ionization, and mass analysis of these proteolytic fragments.



Using bioinformatics tools, the sequence of the final peptides can be deduced and the
identity of the proteins in the initial sample can be determined, thereby using its small
peptidic fragments (bottom) to reconstruct a complete proteome (up). Bottom-up
proteomics is the strategy of choice in most studies, even if the final mixture of peptides
is extremely complex since recent improvements in both separation and mass analysis
tools can usually cope with this problem.

Another strategy, called “top-down proteomics”, rather deals with intact proteins
in the sample, generally reducing the need for purification, proteolysis and separation
steps, thereby minimizing sample loss. However, the chromatographic separation,
ionization and mass measurements of large intact proteins still pose technical challenges
that will need to be resolved for this approach to be more commonly utilized’. Among the
most serious problems faced are related to sensitivity and throughput’. Whereas known
protein standards can be analyzed with ultrahigh sensitivity with fast acquisition of
fragmentation data'’, dealing with wild type unkown proteins bearing variable number of
PTMs is proving more difficult. Sample complexity is a strong limiting factor in top-
down proteomics, and the use of MALDI for ionization both hinders throughput and

sequencing abilities.

1.1.4 Smaller proteomes for simplicity

The description of all the proteins contained in a sample is the first crucial step in
orienting proteomics-based studies toward the elucidation of biological questions. The
early proteomics work (~6000 publications (1985-2001)) was aimed at cataloging
proteins and building databases, leading to an understanding of the intrinsic complexity in

controlling mechanisms of cellular function in higher organisms''. Nowadays, not only is



this important work being pursued, but it is also being refined. In order to simplify the
data and to ask and answer more targeted questions, the elucidation of smaller, simpler or
more targeted proteomes represent an interesting and feasible endeavour.

The first way to achieve this is by selecting a small biological sample. For
example, analysis of the human body fluid proteome (HBFP) has as its main objective the
deciphering of the proteome of individual body fluids in order to identify potential
biomarkers important in health and disease'?. This is perceived as a powerful approach
that could find clinical applications rapidly as far as diagnosis and prognosis is concerned.
In the search for biomarkers of cardiovascular disease, quantitative mass spectrometry
(MS) methods have allowed he limiting of the number of candidates to 177 proteins out
of over 1000 proteins in the human plasma or serum’. Targeted proteomics analysis of
the human serum also led to the identification of putative biomarkers for over 12 types of
cancer'?. The analysis of urine exosomes has permitted the identification of 295 proteins,
many of which being the product of genes know to be associated with renal diseases' .
Other fluids, including cerebrospinal, saliva and tear fluids were also subjected to analysis
and the recent results were reviewed'”.

Also, only specific sections of an organ or tissue can be analyzed. However,
extreme care must be taken to avoid contamination by surrounding cells if an accurate
proteome of the desired target is to be generated. One of the most efficient ways to
accomplish this is by using laser-assisted microdissection techniques, which provide the
advantage of allowing selection of the target cells and sections based on their
morphologies as well as generating high quality protein extracts'*. Using this method,
distinct matrix-assisted laser desorption ionization (MALDI) mass spectrometry spectra

from normal and malignant epithelia breast cells were generated'®, with reproducible



spectra obtained from as little as 10 cells. Also, using two-dimensional (2D)
polyacrylamide gel electrophoresis (PAGE) and staining, 17 out of the 675 proteins
detected showed tumor-specific alterations between normal squamous cells and squamous
cell carcinoma cells acquired by microdissection'®.

Finally, when possible, another way to limit biological sample complexity is to
deal with a single cell type. In human, it usually translates into components of the
blood/serum. For example, descriptive studies on the erythrocyte proteome have now
identified over 500 proteins present in this cell type'’. Also, a comparative proteomic
analysis of normal and sickle-cell anaemia red blood cells using 2D-differential gel
electrophoresis (DIGE) revealed that 44 protein spots originating from 22 unique protein
sequences presented at least a 2.5 fold difference in abundance between the two models'™.
It suggested a role for proteins involved in actin binding, free radical control and protein
repair and turnover in the disease. Another model, the platelets, has received a lot of
attention due to its physiological role in blot clotting, as well as its pathological
involvement in thrombosis and heart disease. Within the last 10 years, the number of
distinct protein isoforms identified in platelets has gone from 25 to over 2000 following

. . 19,20
proteomic analysis

. This vast improvement is mostly explained by the technological
advances in gel-based protein separation and especially MS-assisted protein
identification, illustrating the importance of possessing powerful and accurate tools in
proteomics.

Other relatively simple biological samples amenable to analysis are pathogens.
Numerous strains of yeast, bacteria, virus and even parasites have been the subject of

proteomics studies, either to obtain a comprehensive proteome or to identify more

specific pathogenic factors. Strain-specific markers are also of great interest, as rapid
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discriminatory identification of these organisms could contribute to diagnosis at the clinic
level. Among interesting examples are the work performed on the opportunistic Candida
albicans, that causes more and more infections especially in immunosuppressed
patients’’. Also studies on various strains of bacteria, including Haemophilus
influenzae®, Helicobacter pylori®> ** and Mycobacterium tuberculosis™ are leading to
increasingly complete proteome databases. Among the most interesting applications of
these studies is the discovery of strain and strain-specific host biomarkers as well as the
elucidation of the proteins important for host-pathogen interactions, leading to potential
vaccine and therapeutic targets™. Even if proteomic study of parasitic agents is still in its
early days, this field is getting rapidly organized and the term “parasitoproteomics” has
been defined as the study of the reaction of the host and parasite genomes through the
expression of the host and parasite proteomes during their complex biochemical cross-
talk’’. The sum of the recent proteomic work on Plasmodium falciparum, the parasite
responsible for most cases of human malarial infections and death, has now identified
over half of the 5300 proteins predicted from its genome and monitored both quantitive
and qualitative changes throughout the parasite’s life cycle®®. It also shed light on the
response of the pathogen to drug treatment®. Finally, the application of proteomics to the
study of viruses has already covered virion composition, viral protein structures, virus-

virus and virus-host protein interactions, and changes in the cellular proteome upon viral

. . . 30
infection, as recently reviewed™".

1.1.5 Functional proteomics
Another approach to reduce the complexity of the sample is to focus on a specific

subset of proteins exhibiting distinct properties, most often related to their role in the cell.
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The subfield of functional proteomics is particularly focussed upon such groups of

polypeptides.

1.1.5.1 Activity-based protein profiling

Enzymes are proteins that catalyze specific chemical reactions in the cell.
Depending on the nature of the reaction, they are classified into families including
proteases, hydrolases and phosphatases to name a few. The activity of these enzymes is
regulated at various levels. Activity-based protein profiling (ABPP) is aimed at
developing chemical probes to label the active site of actives enzyme in order to perform
functional proteomics’'. Following treatment of total proteomes with the site-specific
tagged chemical probes, only enzymes from the desired class or family whose active site
is available (ie, active and not inhibited) will be labelled. Retrieval of the enzymes of
interest is accomplished by affinity purification using the tag on the probe, resulting in a
much restricted proteome that can be more easily analyzed. Recently, a high-throughput
method combining ABPP and multidimensional protein identification technologies
(MudPIT) has permitted the identification of over 50 enzyme activities in breast cancer .
Enzyme substrates can also be studied in an analogous manner. Following pharmaceutical
inhibition of the activity of specific enzymes, proteomics can be used to identify their

endogenous targets. Using this quantitative pharmacoproteomic approach, several

substrates of matrix metalloproteinases in a breast cancer cell line were identified™ .

1.1.5.2 Glycoproteomics
Glycosylation is a PTM that involves addition of carbohydrate groups to

specifically targeted asparagine (N-linked) and serine, theonine and tyrosine (O-linked)
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residues of a protein. This modification is present in all eukaryotes, most prevalent at the
cell surface and plays various roles in protein folding, cell structure, cell-cell adhesion
and signalling34. Consequently, isolating and analysing the subset of glycosylated proteins
represent an endeavour of interest. However, the complexities of the carbohydrate
structures as well as the diversity of the linkage of this modification complicate the
selective analysis of these proteins. Among the techniques employed to tackle this task,
affinity binding to lectin allows selective retrieval of glycopeptides from a proteolytic
digest. MS can then be used to identify proteins and glycosylation sites. Such method has
allowed identification of 400 unique glycosylation sites from 250 proteins in a
Caenorhabditis elegans protein extract’”>. A large scale human plasma glycoproteomic
study combining hydrazide chemistry-based retention of the glycosylated proteins with
deglycosylation and LC-MS/MS resulted in the identification of over 2000 peptides from

303 glycoproteins®®.

1.1.5.3 Phosphoproteomics

Phosphorylation is another crucial PTM implicated in regulating nearly all cellular
processes, including transcription, transport, signalling and cytoskeletal rearrangements.
Dynamic addition and removal of phosphate groups at selected serine, threonine and to a
lesser extent tyrosine residues is performed by a plethora of kinases and phosphatases
acting in an integrated and regulated manner to modulate cellular response to stimuli. The
subfield of phosphoproteomics utilizes various methods in an attempt to focus on
phosphorylated proteins, which could represent between one third and one half of all
proteins at a given time’. If the model studied is amenable to radiolabeling, incorporation

of **P or P will expose this subset of proteins upon autoradiography. Anti-
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phosphoserine, anti-phosphothreonine and anti-phosphotyrosine antibodies are nowadays
increasingly available for immunoblot detection. Finally, at the gel level, fluorescence-
based methods such as the Pro-Q Diamond™® stain can be employed to specifically reveal
phosphorylated proteins. Moreover, immobilized metal affinity chromatography (IMAC)
can be employed to retrieve phosphoproteins and phosphopeptides and lead, following

chemical derivatization and MS/MS analysis, to their identification®”.

1.1.5.4 Other post-translational modifications

Oxidation of amino acids, by reactive oxygen species or reactive nitrogen species
is another PTM that is implicated in signal transduction processes. The most recent
information on the possible roles and proteomic analysis of these less frequent
modifications has been reviewed". Ubiquitination, the addition of polymers of a
conserved 76 amino acids peptide to the side chain of lysines in targeted proteins by
ubiquitin ligases plays a central role in protein degradation, but also in stabilization,
localization, interactions as well functional activity of many protein substrates*.
Strategies for large scale proteomic analysis of proteins and peptides bearing this
modification rely on a signature peptide motif originating from tryptic digestion and
comprising a glycine-glycine fragment bound to the protein lysine residues by an
isopeptide bond that can be detected by MS. These signature peptides can be modified by
fluorescent affinity tags for further enrichment. This approach has allowed identification
of 126 peptides targeted to the proteasome in cells deficient in the Rpnl10 polyubiquitin
receptor’”. Recently, an improved, more comprehensive strategy for MS-based
identification of ubiquitination sites was developed. Using three different tags on both the

peptides’ internal lysine residues and C-termini has led to the the identification of 96
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ubiquitination sites in proteins purified from human MCF-7 breast cancer cells, a marked

improvement in the number of sites that could be identified using standard approaches®.

1.1.6 The lower end of proteomics: peptidomics and metabolomics

The field of peptidomics can be viewed as bridging the gap between proteomics,
aimed at a description of the complement of proteins in a system and metabolomics,
aimed at the analysis of all metabolic products and by-products generated by cellular
activity. The peptidome therefore represents the complement of all small proteins and
peptides generated by the activity of various proteases in a biological sample. Since it is
effectively a subset of protein products resulting from biological activity, it could also, in
the context of this section, be considered as a restricted functional proteome. It is
certainly of great biological relevance since restricted proteolytic processing is a way to
modulate the activity of numerous peptide hormone precursors. For example, the
proopiomelanocortin (POMC) precursor can be processed differently to yield distinct
peptide hormones depending on the cell type in which it is produced** (also, Figure 1.12).
All the above-mentioned polypeptides are quite small and their analysis is better
addressed by peptidomics. The most sought-after peptidome is certainly that of human
blood, again in the quest for relevant and sensitive biomarkers. A review of the most
recent tools and results in blood peptidomics has been published®. Interestingly,
neuroendocrinology is also starting to benefit from peptidomic studies. Recently, a
combination of liquid chromatography (LC), MS and bioinformatics has described the
peptidome of the pancreatic islets of Langerhans, thereby revealing novel peptides acting
in the regulation of blood glucose levels*. The quest for the peptides responsible for the

obesity phenotype in carboxypeptidase E (CpE) deficient mice was also conducted using
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neuropeptidomic strategies47. The human is not the only model studied, and a similar
approach has permitted the identification of 28 neuropeptides, including eight brand-new,

from Drosophila melanogaster larvaes™.

1.1.7 Conclusion

As described above, the field of proteomics, albeit relatively young, is quickly
expanding to enormous proportions. Among the many contributing factors, one of the
crucial elements, as we will see in the forthcoming section, certainly resides in the power
and accuracy of the analytical tools, especially related to MS. Indeed, these no longer
represent a bottleneck and so scientists are exploring multiple aspects of proteomics,
including tools and biological models, to further advance our understanding of living

systems.

1.2 TOOLS IN SUBCELLULAR PROTEOMICS

Over the last 12 years, many tools and methods have been developed in order to
overcome the challenges involved in identifying the full complement of proteins of a
living system. Tremendous progress in the technologies related to MS-based protein and
peptide identification has been accomplished, alleviating this specific limitation and
allowing the analysis of large and complex samples. As illustrated in section 1.3, the most
groundbreaking subcellular proteomic studies were not necessarily the ones identifying
the most proteins, but also the ones presenting innovative approaches to prepare the
sample or analyze the collected data. In this section, the tools and methods most widely
employed in proteomics will be reviewed, with particular focus on subcellular

proteomics.
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1.2.1 Sample preparation tools

In subcellular proteomics, the quality of the initial protein sample is a key element
of a successful study. The sensitivity and resolution provided by MS, although
instrumental in the identification of interesting candidates, will also identify the
contaminating proteins present in the sample. Consequently, the goal in such studies is to
analyze a sample originating from a preparation that is as enriched as possible in the
organelle of interest, while containing minimal amounts of the various contaminants

described in section 1.2.1.3.2 below.

1.2.1.1 Cell lysis

Cell lysis is the initial step in subcellular proteomics. Cell disruption can be
performed by any of the four following methods: mechanical, pressure, ultrasound and
freeze-thaw-based homogenizations. Mechanical homogenization is by far the most
widely employed method in subcellular proteomics and uses rotators-stators as tools. This
method is especially versatile since it can be employed for a variety of tissues and cells,
and the use of disposable tips completely eliminates cross-contamination between sample
sets”. These tips can be blunt and present a fixed and selectable clearance between them
and the tube, as in Potter homogenization, or can simply be cutting tools, allowing control
in the stringency of the homogenization. Sonicators on the other hand generate high
energy ultrasound waves that will destroy cells upon impact, while pressure
homogenizers will force cells in suspension to pass through a small orifice under high
pressure, resulting in cell lysis. However, both these methods usually indiscriminately
destroy cells and subcellular structures, and are mostly employed to obtain whole-cell

proteomes for more resistant systems such as microbial and plant cells™. Finally, freeze-
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thaw homogenization takes advantage of the formation of ice crystals in water solutions
to lyse the cells. It is usually less stringent and is perceived as a complementary method

for those mentioned above to ensure maximal protein recovery.

1.2.1.2 Subcellular fractionation

Cells are extremely complex systems, and even though the human genome is
estimated to encompass between 25000 and 30000 genes’', a single cell could contain
more than 100000 proteins species when including cleavage products, splice variants and
PTMs™. Since actual analytical tools can not efficiently cope with this level of
complexity, ways of simplifying proteomes are essential. One of the most efficient
methods to achieve this is through subcellular fractionation, which leads not only to
simplification of the proteome, but also to an enrichment of low-abundance proteins by 3-
8 times™. The latter comes about through the collection of enriched fractions amenable to
further analysis allowing more starting material of interest to be used. Subcellular
fractionation, developed over five decades ago™, has well proven its efficiency in
biochemistry and cell biology. It comprises essentially two steps. The first one is cell
disruption, by one of the above-mentioned methods. It is then followed by fractionation
of the homogenate into distinct populations of organelles and structures. Most of the time,
cell lysis is followed by brief centrifugation at low speeds to remove nuclei, unbroken

cells and large debris.
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1.2.1.2.1 Density-based fractionation

In nearly all subcellular proteomic studies, as examplified in section 1.3.1, the
fractionation method that is almost universally employed involves several rounds of
density-based centrifugation. This is based on the fact that the nature and composition of
the various subcellular compartments confer them a specific density that is relatively
distinct from that of other organelles. Density centrifugation can be subdivided in two
types. In velocity centrifugation, the cell lysate is applied to a relatively shallow gradient
and the components will migrate at different speed toward the bottom of the tube under
centrifugal forces according to their size and shape. After a predetermined amount of
time, the separated components can be recovered by piercing the bottom of the tube. In
equilibrium centrifugation, most widely employed in subcellular proteomics, the lysate is
applied to a steeper gradient and the particles will move up or down the gradient until
their density matches that of their surroundings'. Once separation is complete, the fraction
of interest is collected and can be directly analyzed or submitted to a new round of
centrifugation on a gradient of different composition for further separation.

The nature of the gradient will affect the centrifugal behaviour of the subcellular
compartments. Some of the required characteristics of centrifugation media take into
account the facts that they should not alter the cells or organelles while providing a useful
dynamic density range using reasonable concentrations. Toxicity and osmolarity changes,
on the other hand, must be avoided as much as possible™. Sucrose is still the media of
choice for building gradients™, although some of its properties, including high osmolarity
and viscosity, can represent a problem in certain circumstances”. Consequently,
alternative compounds have been developed to circumvent these issues. A synthetic

polymer of sucrose known as Ficoll® was introduced to minimize hyperosmotic effects,
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but is not entirely successful at every concentrations unless compensated by a salt
gradient’®. Dextran, a natural sucrose polymer, has been used to fractionate cell but it is
very viscous’’. Many other molecules such as iodinated compounds (Metrizamide®,
Nycodenz®, Optiprep®) and colloidal silica (Percoll) are also employed, each with its own
characteristics but all aiming at achieving maximal separation while minimizing
convection forces and sample alterations®. It is worth mentioning that gradients can be
continuous, in which case density increases linearly along the tube, or discontinuous in
which case the gradient is divided into portions of consecutive fixed densities. Among the
advantages of density-based centrifugation for cell sample fractionation, we note that it
can achieve nearly complete separation of particles in a complex mixture according to
their size or density using a determined combination of duration, centrifugal force and
density range of the gradient. However, this method of fractionation presents important
caveats including the variable success encountered in enrichment and/or depletion of the
sought after organelle as well as the co-isolation of cytoskeletal components with the
organelles. Because of these reasons, and since minimal contamination can now be
detected, density-based centrifugation, although still the method of choice, is increasingly
perceived by experts in the field as one of the major limitations in subcellular

- 59,60
proteomics™” .

1.2.1.2.2 Affinity-based fractionation

Unfortunately, very few alternative and efficient fractionation methods that would
be compatible with proteomics are available. One of them is certainly the affinity
isolation of specific subcellular compartments. As its name suggests, this method is based

on the affinity between a molecule present on the organelle and a molecule located on a
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solid support such as beads or columns. As an example, cell membranes have been
labelled through biotinylation enabling one to take advantage of the strong affinity of
biotin for avidin. Doing so to recover the labelled membranes from a lung cancer cell line
using streptavidin-coated magnetic beads, it was possible to identify of 898 proteins,
nearly 85% of them annotated as being associated with the membrane®'. Although this
approach was efficient in this context, we can hardly envision this type of specific
labelling in a whole cell lysate. Immunoaffinity is therefore a preferred method for
fractionation of organelles. Briefly, it consists of incubating the cell lysate with an
antibody directed at a protein specifically exposed at the surface of the subcellular
structure of interest. Then, the antibody-labeled lysate is exposed to a secondary antibody
bound to magnetic beads. Upon exposure to a magnetic field the ensuing complexes will
be separated®. Used alone or in combination with density-based fractionation, this
procedure has provided satisfactory results in the proteomic study of peroxysomes®,
plasma membranes® and synaptic vesicles®. However, despite the fact that it generated
highly enriched preparations, affinity fractionation is still only marginally employed as it
also presents numerous disadvantages. Among those, we have to mention the cost, the
relatively low bead binding capacity refractory to large scale preparation and last, but not
least, is the requirement for detergents to recover the organelles from the solid support
due to the extremely high affinity of binding. In turn, it will bring into the sample the
antibodies and will require prior separation of the proteins by 1D- or 2D-gel
electrophoresis rather than direct digestion and LC-MS/MS. However, there is a growing

tendency to favor gel-free protocols in the field for large scale studies as it is much more

rapid and efficient.

21



1.2.1.2.3 Model-specific strategies

A few compartment-specific fractionation strategies exist and will be discussed
herein. However, even if they have proven their efficiency for their specific subcellular
compartment, they can unfortunately not be adapted to others, rendering them of quite
limited usefulness. The first spectacular demonstration is the latex-bead incorporation-
based purification of the phagosomes®” . The very low density of the phagosomes
containing a latex bead allow them to surface in a density gradient, allowing purification
in a single step instead of successive recovery of selected fractions embedded into
gradients. Further discussed in section 1.3.1.6, this rapid and efficient method led to the
elaboration of a thorough proteome within approximately 5 years. Another example of
model-specific strategy, presented in section 1.3.1.9, concerns the purification of plasma
membranes by treatment of cell lysates with digitonin. This reagent changes the
membranous components’ buoyant density and improves separation of the plasma
membrane from other membranes®™, as confirmed by the activity of various membrane-
associated enzymes®. Both of these examples belong to the very few modifications to the
standard protocols that have been proposed to change the way subcellular fractionation is

conducted.

1.2.1.2.4 Fluorescence assited organelle sorting

Fluorescence assisted cell sorting (FACS) is routinely employed to perform
selective enrichment of cell populations bearing specific markers based on fluorescence’”
! In 1985, Murphy’s group first described the concept of single organelle fluorescence
analysis (SOFA) and subsequently suggested its application to sort single organelles’.

The term fluorescence assisted organelle sorting (FAOS) has also been introduced to
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describe the use of flow cytometry to sort subcellular structures and components.
However, this represents a challenging task as the organelles to be sorted are routinely 10
to 100 times smaller than the original cells. Furthermore, the resistance of the target
organelle to the shear and tear fluid forces in the cell sorter is limited. Nonetheless,
publications have described sorting of organelles such as mitochondria”” and
phagosomes’ using various fluorescent probes. However, due to technical constraints,
most of these were analytical in nature though some preparative studies still achieved a
significant level of enrichment”. Endosomes were of particular interest since they can be
accessed from outside the cell and loaded transiently with fluorescent membrane dyes or
fluorescently labeled ligands under different conditions’®. This organelle was therefore
studied very early’’ and also more recently’® by combining standard fractionation
protocols with flow cytometry-assisted organelle sorting. Interestingly however, very
little work on FAOS was published since the mid 1990s. Moreover, no large scale
proteomic study was published to date with this approach. This is surprising, since the
technique has shown its potential for organelle purification although the technical
constraints at the time clearly prevented the obtention of a pure preparation of intact
structures. The level of sophistication in modern flow cytometers’' and the dire need for
new subcellular fractionation techniques have prompted us to explore this alternative with
great success, as described in chapter 4.

As a final word on subcellular fractionation, it must be mentioned that assessment
of the purity of the final organelle preparation must always be thoroughly performed. In
order to achieve this, researchers usually rely on a battery of classical biochemical
techniques as well as on electronic microscopy. On the biochemical aspect, the two most

employed tools for fraction analysis are immunoblotting and enzymatic assays. Both
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methods obviously rely on the association of known markers with specific subcellular
compartments. Immunoblotting is quite rapid and sensitive, but artefactual redistribution
of some proteins due to cell disruption can complicate interpretation of the results. The
presence of a specific compartment is also routinely evaluated by measuring the activity
of resident enzymes such as B-1,4-galactosyltransferase (Golgi””) or B-hexoseaminidase
(lysosome®™) in the different gradient fractions. Both of these methods allow
quantification of the relative enrichment or depletion ratio for the organelle of interest,
since separation is never complete. Finally, electron microscopy allows direct visual
observation of the composition of the fraction from which purity if the sample can also be

assessed.

1.2.1.3 Protein sample preparation
Once the organelles of interest have been isolated, the next step is to obtain their

proteins in conditions that are compatible with further separation an analytical steps.

1.2.1.3.1 Solubilization of proteins

Protein solubilization is one of the most crucial steps in subcellular proteomics
and will be a major determinant of whether an experiment will lead to the successful
acquisition of a complete proteome. Despite the great diversity in the proteins’
physicochemical properties mentioned earlier (see section 1.1.2.2) and the presence of
various contaminating molecules in biological samples, the goal is to achieve
simultaneous solubilization of all the proteins. Many strategies have addressed the

81, 82

problem of solubilization of “unattainable” proteins such as membrane™ ", very low and

83, 84

very high molecular weight and extreme pl proteins® for proteomic analysis.
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However, one must keep in mind that this process is sample-dependent and never 100%
efficient, so a combination of solubilization methods is sometimes required.

The three classes of agents employed for solubilization are chaotropes, detergents
and reductants but they are not all compatible with all subsequent analytical steps.
Chaotropes disrupt hydrogen bonds and hydrophilic interactions enabling proteins to
unfold with all ionizable groups exposed to solution®. Urea is the chaotrope of choice in
proteomics as it is compatible with isoelectric focusing (IEF) and 2D-electrophoresis, and
it can be further combined with thiourea to maximize protein solubilization®. As far as
detergents are concerned, there are several available. These amphipathic hydrophobic
interaction disruptors can be classified as ionic (ie, SDS), non-ionic (ie Triton-X100) and
zwitterionic (ie CHAPS). The nonionic or uncharged detergents are the most popular
these days in proteomics, being stable over a large pH range, strong enough to effectively
solubilize and prevent aggregation of proteins, while not interfering with IEF or gel
electrophoresis. On the other hand, SDS is readily applicable if the proteins are
subsequently resolved by conventional 1D-SDS-PAGE. Finally, the role of reductants is
to maximize protein unfolding by cleaving disulfide bonds. Initially, sulthydryl reducing
agents such as dithiothreitol (DTT) were employed, but they were shown be charged and
migrate out of pH gradients during IEF. DTT was recently replaced by uncharged
phosphines which do not interfere with further alkylation steps. Reductants and other
solubilizing agents have been previously reviewed"'. It is at this point essential to mention
that most of the above-mentioned procedures for protein solubilization are applicable if
they are followed by gel-based separation methods. For gel-free proteomics, care must be
taken not to introduce substances in the sample that would interfere with liquid separation

unless prior removal strategies are available.
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1.2.1.3.2 Removal of contaminants

Contaminating molecules present in the protein extract can interfere with or
completely prevent further analytical steps such as IEF, LC or MS. It is therefore
important to remove those contaminants while minimizing protein loss. These
contaminants can be of various origins and include detergents, salts, lipids, nucleic acids
and polysaccharides. Although numerous contaminant-specific removal strategies have
been developed over the years, recent availability of commercial kits has improved large
scale sample preparation. As far as detergents are concerned, dialysis is efficient but
discriminatory protein loss is a concern, especially in low-concentration samples. SDS
removal kits based on detergent precipitation (SDSAways' " (Protea Bioscience), SDS-
Out SDS precipitation reagent™ (Pierce)) are now increasingly utilized. Salts are usually
removed by dialysis, protein precipitation®™ or commercial kits* (ReadyPrep 2-D clean-
up kit (Biorad)). Also, if 2D-gel electrophoresis separation is to be performed, the use of
centrifugal filter devices and of CHAPS in the sample buffer allows for efficient removal
of lipids and salts, thus ensuring high percentage of protein recovery and high-quality
separation. Alternate protocols for delipidation involving, for example, a reversed phase
(RP) C)3 solid phase extraction cartridge were also tested successfully”. Polysaccharides
and nucleic acids tend to cause proteins streaking on 2D-gels leading to poor results’.
The former are usually removed by protein precipitation while treatment of the sample
with protease-free RNAses and DNAses is efficient in removing large polymers of

nucleic acids™.
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1.2.1.3.3 Protein depletion and enrichment

In most cases, the need for enrichment and depletion of low and high abundance
proteins respectively is reduced or eliminated by the isolation of single organelles in
subcellular proteomics, which already constitutes an important enrichment process.
However, selection of subsets of post-translationally modified proteins in a subcellular
compartment can be achieved with the same strategies as those described in section 1.1.5.
Such a selection process was used and led to the recent elucidation of the mitochondrial
phosphoproteome revealing 84 phosphorylation sites on 64 proteins™. Once more, it
must be mentioned that despite the availability of methods of preparation, there is no
single strategy that can be universally employed on all samples. Therefore, the
experimenter must carefully select which ones will lead to a significant improvement of
the final results. On the other hand, each purification step will unavoidably results in
specific and non-specific sample loss, potentially fading or altering the final picture of the

proteome.

1.2.2 Sample analysis tools

Once the sample of interest has been obtained, it is submitted to a series of
techniques and methods aiming at identifying as accurately and completely as possible all
of its constituent proteins. Figure 1.2 schematically illustrates the most frequently used

steps leading to the acquisition of a proteome.
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Figure 1.2: Diagram of a generalized high-throughput MS/MS proteomics pipeline94.

Following proteolytic digestion of the proteins, the peptides are separated by LC-MS. The

masses of the precursor ions and its dissociation fragments are obtained and the ensuing

data is used to identify the proteins using bioinformatics tools and searching established

databases.
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1.2.2.1 Electrophoresis and staining

For several decades, 1D-SDS-PAGE has been and still is the most widely used
method for the separation of protein samples. Developed in the 1970s, it involves
separation according to their mass of a mixture of proteins submitted to an electric field
through a gel matrix, resulting in a pattern of distinct bands”. Although it is suitable for
most applications, the level of resolution that can be reached is insufficient to
discriminate thousands of proteins in a single gel lane. As a consequence, two-
dimensional (2D) gel electrophoresis has been developed and revolves around the
principle of visualizing on the same gel proteins that have been separated according to
two different physicochemical properties. In nearly all subcellullar proteomics studies
using 2D-gel electrophoresis, proteins are initially separated by IEF, which separates the
proteins according to their pl. In IEF, a potential is applied and the proteins migrate in a
pH gradient until their net charge becomes zero, at which point they stop. The resulting
separation has been greatly facilitated and stabilized by the introduction of commercially
available strips wherein the pH gradients are immobilized, hence allowing separation of
thousands of proteins’®. Following isoelectric focusing, the proteins are then separated by
SDS-PAGE according to their molecular weights. Upon staining, the resulting pattern is a
distribution of spots, each corresponding to individual species of proteins to which an
approximate pl and molecular weight can be attributed, as illustrated in Figure 1.3. The
pattern is further complicated by the fact that many proteins will resolve as a series of
spots since they bear several PTMs that will alter their charge or molecular weight.
Following separation, the proteins can be revealed by various classical (Coomassie

98, 99

brilliant blue’’, silver staining”® °*) or the most recent fluorescent stains which overcome

100

many of the drawbacks of the traditional stains' . In addition to the fact that they are
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more sensitive, fluorescent dyes have allowed the development of 2D-difference gel
electrophoresis (2D-DIGE)'’". In this technique, samples to be compared are stained with
two fluorescent dyes of different colors, and analysis of the overlapping spots with
imaging softwares allows detection of as little as 0.5 fmol of proteins and differences of
+/- 15%'"'. An exhaustive review of the different protein stains and their applications is
available'”®. Numerous softwares also exist for protein spot detection and quantification

and can be directly integrated in the workflow of proteomic platforms'* ',
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Figure 1.3: Representative two-dimensional gel electrophoresis of mouse testes
protein extract. 50ug of proteins were separated on a pH 3-10 immobilized gradient strip
in the first dimension and then applied to a 10% SDS polyacrylamide gel in the second
dimension. Spots were reevaled by Coomassie brilliant blue staining (Gauthier and

Lazure, unpublished results)
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1.2.2.2 Liquid chromatography-based separation

Once the proteins have been separated by 2D-gel electrophoresis, the spots are
excised from the gel and the proteins are digested into their constituent peptides by the
action of endoproteases, usually trypsin. In large scale bottom-up proteomic analyses, the
gel separation step can be bypassed and the total cell lysate can be directly proteolytically
digested, leading to a sample of tremendous complexity comprising as many as a few
million peptides'””. Even in subcellular proteomics, where only a subset of all cellular
proteins are investigated, the complexity of the peptide sample from a given spot or
fraction is usually too high for direct analysis by MS. Overwhelming numbers of peptides
competing for protons in the ionization step will cause a suppression effect, resulting in
the non-detection of many low abundance peptides, even if the sensitivity limit of the
instrument has not been reached'”. So, in nearly all cases, the next step in most
proteomic analysis is the liquid chromatographic separation of the peptides prior to their
characterization by MS. The high pressure liquid chromatography (HPLC)
instrumentation and procedures in proteomics are conceptually very similar to the
traditional ones, the main difference residing in the flow rate, which is now reduced to the
nl/min range'®. In one dimensional (1D) liquid chromatography (1D-LC, or simply LC),
reversed phase liquid chromatography is almost exclusively employed. In that case, the
peptides interact with alkyl groups (Cs, Cg or C;g) bound to the column matrix and their
separation depends on their partition coefficient between the solid and mobile (an acidic
gradient of an organic solvent) phase. This method has the advantage of offering high

107 . .
. However, in some cases like

peak capacity while the eluate is fully MS compatible
shotgun proteomics dealing with hundreds of thousands of peptides, this level of

separation is still not sufficient and so the combination of many separation mechanisms
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(multidimensional chromatography) is required. The most widely employed combination
begins with a strong cation exchange (SCX) column, separating the peptides by their
positive charge, followed by a reversed phase (RP) column as shown in Figure 1.4. Trap
columns or precolumns are employed to concentrate the sample and remove interfering

contaminants such as salts'®

. The initial reports of multidimentional protein identification
technology (MudPIT) relying on multiple orthogonal liquid separations was attributed to
Yates III and coworkers'® "', A detailed review of the recent advances in this powerful
technique that is increasingly used to obtain thorough subcellular proteomes is

available'!!.
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Figure 1.4: Typical configuration for two-dimensional liquid chromatographylos. In
this online system, an automated column selection valve is used to switch from the strong
cation exchange to the reversed-phase columns allowing continuous flow of sample to the

mass spectrometer.
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1.2.2.3 Mass spectrometry

Even if the first mass spectrometer was developed over 100 years ago, the amount
of sample, the sophistication of the instruments and the expertise of the scientists that
were required have delayed its application as a routine method in protein chemistry until
the 1980s'%> "2, Until that time, protein identification was mainly performed by N-
terminal sequencing'"”. But development of soft ionization methods (matrix assisted laser

19 as well as

desorption ionization (MALDD)'™, electrospray ionisation (ESI)
improvements in the accuracy and sensitivity of mass analyzers led to an increased
utilization of MS. In fact, mass spectrometers are probably the most crucial instruments in
proteomics as far as protein identification is concerned. They measure the mass/charge
(m/z) ratio of proteins and peptides. The information produced by the mass spectrometer,
lists of peak intensities and (m/z) values, can be manipulated and compared with lists
generated from ‘‘theoretical’’ digestion (“in silico”) of a protein or ‘‘theoretical’’

fragmentation of a peptide present in databases using various bioinformatics tools''® a

s
previously illustrated in Figure 1.2. Mass spectrometry comprises two consecutive steps,

ionization and mass analysis.

1.2.2.3.1 Ionization

The process of ionization refers to the methods used to volatilize and charge the
biomolecule. In proteomics, this is accomplished mainly by MALDI or ESI. In MALDI,
the sample is dispersed and cocrystallized onto a sample plate with an organic matrix
usually composed of a small organic molecule possessing an aromatic ring which can
absorb energy at the wavelength of the laser. Ionization occurs by pulsed laser radiation

105

primarily absorbed by the matrix, causing desorption and ionization of the analyte . In
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ESI, the liquid sample circulates through a fine needle at the tip of which a strong electric
field is applied. As a result, a fine spray of small charged droplets is produced and is
projected toward the mass analyzer. In both cases, charging is usually induced by addition
or loss of protons to form the M+H", M+2H*>", etc. Whereas MALDI mostly generate
singly charged peptides, ESI can commonly generates multiply charged peptides.
Although ionization is sufficiently efficient to lead to protein identification, both methods
described have their limitations. In MALDI, not all endoproteolytic peptides will
cocrystallize efficiently with the matrix and will be of a size within the detection range. In
ESI, ionization will be different from one peptide to another, and therefore voltage
parameters of the instrument must be adjusted for the best compromise. Moreover, too

many peptide ions will lead to competition and signal suppression.

1.2.2.3.2 Mass analysis

Once ionized peptides have been generated, they are directed to the mass analyzer.
In dealing with large and complex mixtures of peptide such as those generated in
subcellular proteomics, obtaining the mass of all the peptides is simply not sufficient to
delineate the initial protein composition of the sample. In most cases, tandem mass
spectrometry (MS/MS or MS") is employed to obtain additional information on the
peptide ions. In MS/MS, the mass of the intact peptide (precursor or mother ion) is first
determined, and then this peptide is segregated from all other precursor peptides and is
dissociated into smaller fragments, known as daughter ions. This is mostly accomplished
via collision-induced dissociation, during which the accelerated precursor ion collides

117

with molecules of an inert gas such as Ar or N, "'. A spectrum of the (m/z) ratios of the

various fragments is thus obtained and all pertinent information is integrated and
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compared to theoretical spectra to obtain protein identification from databases. There are
four major types of mass analyzers, which can function under vacuum on their own or in
combination.

Time of flight (TOF) analyzers rely on the principle that peptide ions are
accelerated in an electric field and will then travel a certain distance in a field-free region,
the duration of this travel being related to their m/z ratio. The ion mass can then simply be
calculated by the time it takes to traverse the tube of the analyzer. Quadrupole analyzers
consist of four parallel rods between which the ions circulate in a controlled and
oscillating electric field which will only allow ions of precise m/z to go through without
being diffracted on the rods. Scanning through the electric field allows acquisition of a
mass spectrum for all ions. Fourier transformed ion cyclotron resonance (FT-ICR) MS
uses high magnetic fields to trap the ions and cyclotron resonance to detect and excite the
ions, with very high resolution and mass accuracy''. The ions are injected into a trap in
line with the orientation of the magnetic field. The ions are moving in cyclotron motion
and pass the detector plate inducing electrons to flow. To get a MS spectrum, the signal
intensity as a function of time is Fourier transformed'®.

Finally ion trap analyzers work around the same principle as quadrupole, but they
literally trap ions within a small region using an oscillating field between two cap and one
magnetic ring electrode. Ions are resonantly activated and ejected by -electronic
manipulation of the field"'®. Ton traps are exceptionally sensitive since they can
accumulate ions over a certain period of time. A new mass analyzer, the orbitrap, has
been recently commercialized and presents extremely interesting characteristics''. As its
name suggests, it is an ion trap but it operates with a completely different mechanism,

without a magnet. lons are rather trapped in an electrostatic field, in equilibrium between
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the electrostatic attraction to the central tubular electrode and the centrifugational force
arising from their initial velocity, causing them to oscillate in complex spiral patterns, as

shown in Figure 1.5'"

. Their mass is analyzed using a FT of their oscillation frequencies.
The orbitrap provides exceptional accuracy in mass measurements, usually less than 2
ppm in complex peptide mixtures'”, and great resolution, up to 100,000. The linear
quadrupole ion trap (LTQ) Orbitrap was employed in our proteomic analysis of the
mature dense-core secretory granules (SGs) in chapter 4. As mentioned above, mass

analyzers are usually used in combination in order to precisely analyze both precursors

and fragmentation ions and even post-translational modifications.
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Figure 1.5: A cut-away model of the orbitrap mass analyzerm. Ions are moving in
spirals around a central electrode (a). An outer electrode (b) is split in half by an
insulating ceramic ring (¢). An image current induced by moving ions is detected via a
differential amplifier between the two halves of the outer orbitrap electrode. The m/z ratio
of different ions in the orbitrap can be determined from respective frequencies of

oscillation after a FT.
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1.2.2.4 Quantification

In some cases, the objective of the proteomic study is to compare samples (e.g.
normal vs disease) in their respective protein composition. Unfortunately, only slight
changes in experimental conditions or sample composition can significantly affect the
retention, ionization and detection of peptides and proteins in LC-MS, making
comparison between runs very difficult. In those cases, tools have been developed to
perform relative quantification between samples. This strategy involves several steps, and
usually begins with the labeling of the proteins in the samples with chemically identical
but isotopically different reagents followed by pooling and digestion of the samples for
simultaneous LC-MS analysis. Identical peptides from both samples will elute together
and differ in mass only by the difference in their tag, allowing comparison of the elution
peaks. The most frequent represention of this approach is isotope-coded affinity tagging,
or ICAT™'' The ICAT™ reagent contains a cysteine-reactive group, a linker
containing light (8 hydrogens, d0) or heavy (8 deuterium, d8) isotopes and a biotin
affinity tag. The proteins are labeled, enzymatically digested, the peptides are selectively
retrieved and LC-MS is performed. The isotopically tagged digested peptides give
quantitative MS analysis based on the relative peak intensities/areas of dO- and d8-labeled

peptides'*’.

The limitation of this costly approach is that only cysteine-containing
peptides can be compared. Other conceptually similar methods are employed for relative
quantification in proteomics. In stable isotope labeling by amino acid substitution in cell
culture (SILAC), isotope-tagged amino acids are incorporated in the proteins during cell
growth and the differences in masses between tagged and non-tagged, or between

differentially tagged samples can be measured. This strategy was employed in an elegant

study of the nucleoli proteome in response to different metabolic inhibitors'*%, which is
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further described in section 1.3.1.1. Isotope tags for relative and absolute quantification
(GTRAQ™) is similar to ICAT™, but in this case four isobaric tags are employed,
allowing multiplexing of four samples. Even if they have identical molecular weights, the
differential position of the isotopes within the tags will cause MS/MS fragmentation to
generate four signals of different mass, allowing the experimenter to analyze the
contribution of each sample to the eluted peptide peak'>. A recent study has compared
DIGE, ICAT™ and iTRAQ™ techniques and they were found to provide complementary

proteomic information'?*,

1.2.2.5 Bioinformatics

The vast complexity of proteomic samples and of the ensuing data is calling for an
accelerated development of bioinformatics tools in order to extract relevant information
from the experimental results. Although it is beyond the scope of this introduction to
review all available softwares for data management, it is still essential to devote some
time to the tools that translate data into usable biological information, focusing primarily

on protein identification and prediction.

1.2.2.5.1 Protein identification

In the case of simple samples, identification of the protein(s) is done by peptide
mass fingerprinting (PMF). In the PMF analysis, the experimental spectrum of peptide
masses is compared with theoretical ones computed from protein sequences stored in
databases and digested in silico using the same cleavage specificity as that of the protease
employed in the experiment'?. A score is attributed to a protein match depending on the

number and identity of experimental peptides that can be matched to the theoretical
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digest, and since this process is not all or none, a list of possible matches is generated
according to their score. Consequently, the scoring process is the key to protein
identification in this case. Various scoring schemes have been implemented in multiple
algorithms which are part of available softwares. Among the most popular ones are those
based on the MOWSE'® scoring algorithm, such as MASCOT®, MS-Fit'?’ and
Profound'**.

However, when dealing with complex samples such as those in subcellular
proteomics, information provided by the peptides alone is not sufficient to identify and
discriminate all the proteins present. This is why MS/MS is important. An additional
spectrum for the MS/MS fragments of each peptide can be generated, allowing the
discrimination and deduction of the amino acid sequence of peptides of identical
(isobaric) or very similar mass. This is accomplished by peptide fragmentation
fingerprinting (PFF). The PFF approach is very similar to the PMF approach, with the
difference that it is applied to MS/MS spectra, and hence correlates peptide spectra with
theoretical peptides from a database'>. Once again, the most similar peptide candidates
are scored and ranked accordingly depending on various factors, including the number
and quality of the fragments matched. All the information can be integrated and peptides
originating from the same protein can be grouped, leading to confident protein
identification despite low coverage or sample complexity. However, MS/MS
identification is subject to numerous complications, among which incomplete proteolytic
digestion, bad quality of spectra, inaccurate precursor mass and the presence of PTMs.
Several softwares are available to manage PFF-based identification while attempting to
circumvent these issues. Among those, MASCOTS, SEQUEST129 and X!Tandem'’ are

the most widely used, although they obviously all have their limitations. Other major
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determinants in protein identification are necessarily the databases interrogated, which are
numerous for many organisms such as human'' and vary greatly in terms of
completeness, accuracy, redundancy and annotation. Among the most frequently
employed databases, we denote the National Center for Biotechnology Information’s
(NCBI) Entrez Protein database, the NCBI Reference Sequence (RefSeq) database, and

UniProt (consisting of Swiss-Prot and its supplement TrEMBL)"*?

. While searching for
large databases increases the chance of identifying less common peptides or proteins such
as polymorphisms, it also generates more false positives and redundancies, mainly due to
the fact that these databases are poorly annotated and contain many redundant sequences

such as partial mRNAs and sequencing errors'

. As a consequence, in most cases the
experimenter must manually verify each protein and peptide identification, which is
labor-intensive and very time-consuming work. For example, many proteins identified as
“unknown” are usually a redundant sequence from a very well defined protein, as easily
identified by using the BLAST algorithm'>. Still at this point, a balance must be chosen
between speed of analysis and the capacity to carry out complete online and offline
protein identification. A complete review of the methods and caveats in protein

identification by MS/MS and database searching is available'**.

1.2.2.5.2 Prediction softwares

Another group of interesting bioinformatics tools are the softwares involved in
predicting biological information from the identified proteome. For example, not only is
this important to identify all the proteins in an organelle, but it is subsequently very
relevant to be able to assess which ones interact directly or indirectly with each other.

Using a complex combination of statistical and topological descriptors, tools were
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developed to predict interactions between individual proteins as well as between protein
interaction networks, without using mRNA expression levels and genetic interactions that

134135 Quch analysis was very important in gaining

can therefore be used for validation
functional significance out of the Drosophila melanogaster phagosome proteome
described in section 1.3.1.6°". Analysis of protein interactions has emerged as a field of its
own, known as interactomics'*®. Also, bioinformatics is working on predicting other
important features of proteins relevant to proteomics. Efforts are devoted to the prediction
of protein structures'’, functions'*®, PTMs'*’ and subcellular localization'** '**. The

ultimate challenge finally resides in the integration of all this data and information into in

silico, whole cell models in a systems biology approach'*'.

1.2.2.6 Validation

Just as it is the case with any biological technique, validation of the results
obtained in proteomics and subcellular proteomics is of paramount importance. Most
modern large scale proteomic studies aiming at producing the complete protein inventory
of a system will include validation of at least a few of the most interesting identified
candidates. In bottom-up or shotgun proteomics, the process of validation is as important
as it is challenging, mainly due to the huge numbers of proteins involved. The first and
foremost validation step generally occurs during protein identification. As mentioned
above, the bioinformatics tools translating MS/MS data into protein lists employ a series
of scoring schemes to maximize the probability that the experimental data is accurately
represented in the final results. The better the quality of the MS/MS spectra, the greater
the number of peptides identified and the higher the sequence coverage of a protein is, the

higher the probability that it was indeed present in the sample. Moreover, independent
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statistical models exist to analyze the accuracy of peptide identification'*’. Once high
confidence identification is reached, classical biochemical tools must take over. And as it
is the case for any validation, one or a combination of several independent methods must
be employed.

Among the ideal tools for validation is the generation of knockout animals to
evaluate if deletion of the gene coding for the protein of interest affects the morphology
or functionality of the subcellular compartment analyzed. However, this type of study is
time- and resource-consuming, and not applicable for efficient validation of hundreds or
thousands of candidates. Another possibility resides in inactivating the protein expression
by using RNA interference (RNAi) which now represents one of the most used
technologies'*. Briefly, RNAi is a powerful natural cellular process in which double-
stranded RNAs (dsRNAs) target homologous mRNA transcripts for degradation'*’.
Effects of the degradation of a mRNA (and the consequent absence of a protein) can then
be assessed. Unfortunately, since it is again expensive, time-consuming and labor-
intensive, it is usually not realistic to perform RNA1 on such a large scale. For that reason,
more accessible biochemical validation tools are usually used. Immunocytochemistry will
usually reveal the presence and subcellular localization of a protein candidate, especially
in conjunction with well accepted and defined subcellular markers'*’. In cases where the
protein investigated exhibits a characteristic or unique function, such as enzymatic
activity, this can be assessed in cell or organelle extracts or fractions to corroborate other
data. Also, association of specific diseases linked to an organelle’s function with
mutations in newly identified proteins is a strong validity indicator. Evidently, when
possible, complete structural and functional characterization of interesting candidates is

desirable to extract as much biologically relevant information as possible. In summary,

45



even tough no universal validation methods is perfect, the combination of bioinformatics
and biochemical tools in proteomics can lead to identification of proteins with high

confidence.

1.3 SUBCELLULAR PROTEOMICS

Benefiting from significant advances in MS, the subfield of subcellular or
organellar proteomics has recently emerged in order to push the understanding of the cell
at a higher resolution. Whereas general proteomes, even targeting one cell type, were an
important and necessary extension of the various genome projects, it also became clear
that obtaining data from which actual biological processes could be derived would require
a yet higher level of refinement in proteomics. Effectively, the subcellular localization of
a protein is the microenvironment in which it acts and only proteins permanently or
transiently part of the same microenvironment can directly interact. Because classical,
density based methods for subcellular fractionation were available and had proven
effective since the 1950s, this field proposed to combine them to the most up-to-date
proteomics methods and analyze the proteomes of the individual subcellular
compartments. We will therefore review recent developments in this field, focussing on
the proteomes of several organelles and the conclusions that were derived from this

information.

1.3.1 Subcellular compartments
Subcellular proteomics deals with small portions of the cell, including organelles

themselves and other defined structures such as membranes or the cytoskeleton. In very
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broad terms, an organelle is a small membrane-bound compartment presenting a distinct
structure and executing precise and defined functions. It encompasses molecules required
for its functioning. However, an organelle is not a static entity. Not only does it contain
resident molecules that spend most or all of their biological life in the organelle, but it
also contains molecules that only transit throught the compartment in order to reach
another one or to accomplish a specific function. Since proteins are the most important
effectors in a cell, identifying the protein complement of organelles is an efficient way to
get important insights on their role in normal as well as pathological conditions. Initially
working on complete tissues, proteomics is now zooming in on intracellular organelles in
its quest for cell description. Since proteomics-based technologies are getting increasingly
accessible, the literature in the field is growing exponentially. We will insist herein on
describing recent and thorough studies of selected organelles, some depicted in Figure
1.6, as well as describing some of the important conclusions and insights that were gained

from the proteomics analysis of these subcellular structures.
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Figure 1.6: Illustration of subcellular compartments that are targets for subcellular
proteomics®. Not all presented structures are present in every cell, and not all
investigated structures are illustrated. For example, dense-core secretory granules (SGs)
and synaptosomes found in endocrine and neuronal cells respectively are not shown.

Landmark studies for some of these structures are discussed in this section.
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1.3.1.1 Nucleus

In eukaryotes, the nucleus is the complex organelle containing the DNA of the
cell. It occupies about 10% of the cell volume and is delimited by a nuclear envelope,
formed by two concentric lipid bilayers periodically punctured by large nuclear pores
responsible for transporting molecules between the nucleus and the cytosol'. It is the
major location for mRNA synthesis which is then exported out of the nucleus to be
translated in the adjacent endoplasmic reticulum (ER). The DNA within the nucleus is
highly compacted and associated with proteins in the form of chromatin. The nucleus is
of tremendous interest as cancers originate from alterations in the structure or expression
of DNA. Proteomics has investigated the two most defined structures of this organelle,
the envelope and the nucleolus.

The nuclear envelope (NE) is composed of two adjacent, concentric lipid bilayers
separated by approximately 50 nm. The outer membrane is continuous with the ER and
also studded with ribosomes. The fact that mutations in a small group of NE proteins is
responsible for 15 inherited human diseases with very widespread and apparently poorly
related phenotypes has generated interest in understanding the protein composition of this

146 This is especially true since none of the available models at the time could

structure
explain the phenotypes'*’. Up until 2001, only about 10 nuclear envelope transmembrane
proteins (NETs) were known, and the lack of positive identification of many protein spots

on 2D gels suggested that many NETs were still unknown '**

. However, in 2003, a very
complete study combining the most up to date proteomic tools was performed and paved
the way to rapid progress. In this study, the authors prepared separately NEs and other

organelles known to copurify with NE in subcellular fractionation, and in silico

substracted the proteins in the latter from the NE proteome to increase the probability of
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the identified proteins being endogenous to the NE. Using MudPIT, they were able to
identify over 80 NE proteins, including 13 known and 67 putative ones with predicted
transmembrane domains'®. Using tagged constructs, they also demonstrated that 8 of the
proteins were effectively localized to the NE, thereby validating their approach. Then,
using a “guilt by association” approach relating known disease characteristics and the
causative effects of mutations in single NE proteins, some of the novel proteins were
quickly identified as candidates or causal agents for diseases such as torsinA in early
onset torsion dystonia'™.

The nucleolus is the other compartment of the nucleus that has been extensively
studied by proteomics. Easily distinguishable under light microscopy, the nucleolus is not
membrane-bound, but rather represents a large defined aggregate within the nucleus.
Regarded as the structure mainly responsible for producing ribosomes, it encompasses all
molecules required for this task including rRNA genes, rRNAs, rRNA processing
enzymes and immature or partly assembled ribosomal subunit proteins themselves'.
Beside its ribosomal production role, recent data suggest that the nucleolus also plays an
important role in cell-cycle regulation, senescence and stress responses'>>. An elegant
study aiming at analyzing the nucleolar proteome dynamics demonstrates the integration
of numerous proteomic methods in deciphering that specific proteome'??. Not only has
this group identified nearly 700 nucleolar proteins, but they have also studied in a
quantitative and temporal manner how the endogenous proteins behave in response to
three metabolic inhibitors affecting nucleolar morphology. In addition to classical tools,
this study employed stable isotope labeling for quantitiation (SILAC) and in-vivo
fluorescent imaging to visualize the changes that have been measured in the proteomes.

Combining this information to that collected from two previous nucleolar proteomic
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151, 152
’ allows now to draw

studies having identified 210 and 257 proteins respectively
important conclusions on the biological role of the nucleolus. Firstly, it was discovered
that no less that 170 proteins were directly involved in ribosome synthesis, and analysis
of the data collected in these three studies resulted in the most complete model to date for
that process' . Another important result concerns the large proportion of nucleolar
proteins involved in mRNA processing, more than would be expected from simple
ribosomal synthesis, suggesting that this structure could be an assembly site for
translational machinery'”®. Finally, the nature of proteins identified tends to further
confirm or corroborate the hypothesized roles of the nucleoli in the regulation of cell

154 . 155 . 156
, apoptosis ~ and aging .

cycle
1.3.1.2 Endoplasmic reticulum

The endoplasmic reticulum (ER) is mostly described as a large, membranous
network of interconnected tubes and flattened sacs that can be further subdivided into
rough (with membrane-bound ribosomes) and smooth (no ribosome) regions. This
compartment projects from the nucleus into the cytoplasm and, in mammalian cell, can
occupy about 10% of the total cell volume and account for 50% of total cellular
membranes'. It plays crucial roles in protein and lipid biosynthesis. Proteins targeted to
various organelles in the secretory pathway usually possess a specific signal sequence and
are first co-translationally inserted into the rough ER lumen through specialized
translocators. The ER lumen contains numerous enzymes and chaperones whose roles
include assisting the nascent proteins to fold properly and ensuring quality control. This
organelle will also contain many transient proteins that must first undergo proper

processing before continuing their trip toward other subcellular compartments. As it
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represents a key mandatory regulatory checkpoint for many proteins, the ER is subject to
a great deal of interest in proteomics.

Until very recently, one of the most important attempt in characterizing the ER
luminal proteome had already led to the identification of 141 individual proteins'’,
confirming that this organelle was amenable to proteomics. Combining subcellular
fractionation of murine livers, 2D-gel electrophoresis and MALDI-MS/MS had been
successful in identifying 6 new proteins, including ERp19 and ERp46, two new protein
disulfide isomerases. However, in late 2006, a very thorough quantitative study of the
secretory pathway proteome of hepatic cells provided much more information on the
ER"®. Even if subcellular fractionation in this case still relied on cell lysis and rounds of
density-based centrifugation, extreme care was taken to assess the purity of the different
fractions. This was accomplished by both biochemical assays for organelle-specific
enzymes, quantitative western blotting for accepted organellar marker proteins as well as
electron microscopy. The authors estimate that cross-contamination from other organelles
in each fraction, still one of the main caveats in this type of studies, was minimized to less
than 20%, but was still significant. In total 832 proteins unique to this organelle were
identified, and were classified as ribosomal proteins, translocon constituents, molecular
chaperones, and proteins involved in lipid oxidation and drug detoxification, as well as
proteasome subunits and ubiquitin. Moreover, 405 additional proteins common to the ER
and Golgi apparatus were also identified, and were either mainly ER-associated, Golgi-
associated or expected to travel in the vesicles between the two, the compartment known
as the ER to Golgi intermediate compartment (ERGIC"®). In order to reach further
resolution, smooth and rough membrane fractions were submitted to high salt washes and

triton extraction.
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Aside from providing a proteome of the early secretory pathway that could be
near complete as deduced by annotations and bioinformatics predictions'®’, it leads to
other important conclusions as far as ER is concerned. First, it extended the known ER
proteome by 35%. Secondly, it showed the validity of MS peptide counting as a measure
for quantification and contamination. Finally, it indicated that ER proteins extracted in the
same fractions (extraction conditions) also clustered in groups of proteins from the same
functional class. Six such clusters were defined: protein synthesis and folding,
cytoskeleton, metabolism, detoxification and protein modification. In addition to
highlighting the important roles of the ER, it suggests that biochemical fractionation in
this case led to the specific enrichment of proteins with specific suborganellar

. 158
locations

. Whether this is due to protein-protein or protein-lipid interations is not
certain, although this kind of distribution and clustering could help identifying the role of

unkown and previously uncharacterized proteins in an associative manner.

1.3.1.3 Golgi apparatus

The next major compartment in the secretory pathway is the Golgi apparatus. It
consists of a series of flattened, membrane-bound cisternae loosely organized in stacks.
Each stack has two distinct faces, the cis (entry) face and the frans (exit) face. The Golgi
apparatus plays numerous and crucial roles in cell biology. One of these roles is protein
post-translational modification, including glycosylation. This modification is
accomplished within the Golgi cisternae by the serial and sequential action of various
resident glycosyltransferases and glycosidases, resulting in the wide diversity observed in
the composition of the polysaccharide groups. Another important function of the Golgi is

its role as a protein trafficking regulator. Indeed, it is the final checkpoint from which
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newly ER synthesized proteins are sorted to their next (and usually final) subcellular
localization, being either, the lysosome, the secretory granule or the plasma membrane to
name a few. Moreover, recent evidences suggest a role of this organelle as a scaffold for
intracellular signaling'®'. Early 2D-electrophoresis work suggested that over 1000
proteins could be potentially required for this organelle to maintain its structure and
accomplish its roles'®*.

Interestingly, focussing on the progress in this area clearly illustrates the
improvements and proteomics approaches and technologies. In 2000, a study comparing
functional states of the Golgi and combining gradient-based subcellular fractionation, 2D-
gel electrophoresis and MS/MS led to the identification of 35 proteins'®. In 2004, the
same group reported the use of MudPIT coupled to MS/MS to identify 421 proteins in
that organelle. This latter study not only identified 41 new proteins of unknown function,
but it also identified arginine dimethylation as a new post-translation modification in
Golgi proteins'®. Additional progress was soon reported and resulted in the further
identification of no less than 700 proteins'>®. Moreover, a proteome of over 480 proteins
was obtained for COPI-coated vesicles. These structures are though to be responsible for
transport within the Golgi and between the stacks, although their role is still

1'%, In this case, the results concurred with existing models concerning the

controversia
formation and role of COPI coated-vesicles, confirming that their proteome could be
viewed as an extension of that of the Golgi. Finally, a very recent study led to the

identification of 1125 proteins belonging to the Golgi stacks'®

. Once more, the sample
was obtained by density gradient centrifugation and the digested peptides were analyzed

by multidimensional nanoLC-ESI-MS/MS. Two different softwares were employed for

protein identification, and in silico analysis was performed to assign an intracellular
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localization to some of the unknown proteins. The study of two of these proteins was
pushed further, and transfection of HeLa cells with enhanced green fluorescent protein
(EGFP)-tagged constructs confirmed their Golgi localization. As a whole these studies
not only provide an increasingly accurate and complete representation of the protein
content of the Golgi apparatus, but also demonstrate that completely new proteins can be
identified and characterized, and that proteomics can contribute to the elaboration or

confirmation of relevant models for biological processes.

1.3.1.4 Mitochondrion

Although they are quite dynamic in structure, mitochondria are usually cylindrical
in shape, ranging from 0.5 to 1 um in size. From the outside to the inside, they are
composed of an outer membrane, an narrow intervening space, an inner membrane and an
internal matrix. Mitochondria differ from other organelles by containing their own
circular genome coding for a few of their constituent proteins, while other proteins come
from normal nuclear origin. This heterogeneous composition is believed to be responsible
for the range of biochemical roles that can be fulfilled by this organelle, ranging from a
significant biosynthetic role (liver) to a primarily energy metabolism-oriented organelle
(heart)'®”. However, the mitochondria are still viewed as a the major energy producer in
the cell, generating ATP from ADP and oxygen by oxidative phosphorylation through the
respiratory chain, a group of oxidizing enzymes located in the intermembrane space.

Precursor large-scale proteomic studies had provided helpful information in

168 17

attributing 546, 591, and 615 proteins to yeast'®®, mouse'®® and human'” mitochondria
respectively. However, based on a human genome analysis, there could be as much as

3000 proteins localized to this organelle'’'. A recent study has markedly improved the
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mitochondrial proteome coverage. Comparing the protein composition of this organelle in
four different rat tissues, brain, liver, heart and kidney has allowed the identification of
1162 proteins, including 145 that, by virtue of their N-terminal mitochondrial localization

167

targeting sequences' ', were associated with this organelle for the first time'®’. Moreover,

1149 of those protein were shown to be significantly different in abundance between

173 This correlates well with the

tissues using a mass spectrometry quantification software
variability in physiological function of the mitochondria and led the authors to further
confirm the notion that mitochondria are tuned by the nucleus for specific functions in
different tissues'®’. Also, numerous comparative, rather than descriptive, proteomic
studies of the mitochondria have been accomplished in order to identify protein markers
responsible for functional changes in this organelle. The first example of such studies
compared the mitochondria proteomes in normal gastric cell line and tumor gastric cell
line in the quest for biomarkers for the transformed phenotype'™®. Protein were separated
by 2D-gel electrophoresis and identified by MALDI-MS, and 14 spots presented very
significant differences between the two samples. Interestingly, most of these proteins
could be categorized in cancer-related proteins, stress-related-proteins and chaperonins,
and energy metabolism-related proteins. The authors relate these changes to the
adaptation of the cell to hypoxia and increased metabolic state. Another group
investigated the effect of aging on rat brain tissues through proteomics using similar
techniques'””. Here again, age-specific differences were observed in individual proteins as
well as large complexes involved in oxidative phosphorylation, hinting a role for these in

the alterations in reactive oxygen species production during aging. Since the free radical

theory of aging postulates that the production of intracellular reactive oxygen species is a

56



major determinant of life span'’’, identification of proteins involved in their production

and management could provide crucial new information on this process.

1.3.1.5 Lysosome

The lysosomes can be quite variable in size and shape and are the main
intracellular degradative compartment. The acidic lumen of the lysosomes contain a
battery of acid hydrolases whose main roles are to perform a wide variety of digestive
functions, including the breakdown of intra- and extracellular debris, the destruction of
phagocytosed organisms and the production of nutrients for the cell'.

The luminal enzymes of this organelle have been extensively described by

7 and defects in some of these enzymes can lead to

classical and proteomics studies'’
serious diseases'”®. However, much work still need to be performed on the membrane
proteins of this organelle. Two recent studies have addressed this issue. In the first one,
proteomics analysis of triton-filled lysosomes, termed tritosomes, led to the identification

of 215 proteins from a membrane enriched fraction'”

. Among the interesting findings it
is worth noting the presence of significant amounts of ER and cargo proteins, as well as
the abundance of lipid raft proteins, confirming the presence of this structure in this
organelle. More recently, the secretory lysosomes found in natural killer (NK) cells were
the focus of attention. In such specialized immune cells, this organelle performs two
distinct functions: namely acting as a degradative compartment and also acting as a

secretory organelle that delivers perforin and granzymes to the immunological synapse'*"

'8! Combining subcellular fractionation, triton-based extraction and enrichment of

membrane proteins, SDS-PAGE and LC-ESI-MS/MS, the authors have identified 221

proteins, of which an impressive 61% were predicted to be integral membrane or
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membrane-associated proteins'®'. Many of the identified proteins belonged to the Rab
GTPase and soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein
receptors (SNAREs) families known to be intimately associated with membrane fusion
processes. More specifically, their evidence reinforced important roles for Rab27a'® and
VAMP7' as potential key components of the machinery that regulates the exocytosis of
the secretory lysosomes in NK cells, shedding some light on the mechanisms by which

cytotoxic T lymphocytes and natural killer cells eliminate their targets.

1.3.1.6 Phagosome

Phagocytosis is the specialized endocytic process by which cells can ingest large
particules such as microorganisms. Derived from protozoa and early eukaryotes in which
it was essentially employed as a method of feeding, phagocytosis has evolved into a
complex and essential immune process to protect the organism from pathogens. The size
and morphology of the phagosome depend largely on the endocytosed particule and are
therefore quite variable. The phagosome is viewed as comprising three distinct
compartments: the pathogen itself, the luminal content including hydrolases, protons and
ions, and the membrane, the only boundary between the cell and the pathogen'™*.

A unique character of the proteomic studies of phagosomes distinct from that of
other subcellular structure relies in the fact that they utilize a significantly modified
subcellular fractionation procedure involving a single step but which leads to high levels
of purity. It was known for over three decades that phagosomes having enclosed latex
beads could be rapidly and cleanly isolated due to the fact that they float in a sucrose

gradient®. A pioneering study employing this strategy for phagosome purification

coupled to 2D-gel electrophoresis and MS led in 2001 to the identification of over 140
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proteins, among which unexpected candidates exhibiting pro- and anti-apoptotic roles'™.
More than simply allowing elaboration of a model for the phagosome, the presence of ER
proteins in the list led to the hypothesis that some of the phagosome and lysosome

membranes could originate from the ER'™

. Another recent and impressive study of the
Drosophila melanogaster phagosome using a systems biology approach has provided the
most complete understanding of this organelle to date®’. Combining the above-mentioned
latex incorporation-based purification, gel electrophoresis and MS/MS, 617 phagosome
proteins were identified, including 122 transmembrane and 107 previously undefined

134 187 " the authors established the networks of

proteins. Using bioinformatics tools
interactions of these proteins between themselves and with others (interactome) in order
to gain more substantial biological information out of their data. Last but not least, using
RNAI technology to selectively knock down the 617 identified protein and an additional
220 which could interact with them, they assessed their role in the phagocytosis of Gram
positive and negative bacteria. The fact that 28% of the proteins influenced either
positively or negatively the phagocytic process is much in favour of the systems biology

approach and highlights the power of this kind of analysis in that it gives rise to a rich

spectrum of molecular and testable hypotheses that can drive the entire field'™*.

1.3.1.7 Synaptic vesicle

Another organelle that has captured the researchers’ interest for several decades is
the synaptic vesicle. Being quite small (50 nm) and homogeneous in size, synaptic
vesicles are very abundant in the presynaptic terminals of neurons. The role of these
vesicles is to store small molecule neurotransmitters and mediate their regulated release at

synapses to effect rapid cell to cell signalling. Aside from their neuronal function, these
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small synaptic vesicles are also considered an excellent and relatively simple biological
model for membrane trafficking'®®. Consequently and until very recently, most
proteomics studies focussed on the synaptic vesicle membrane proteins.

In 2004, two complementary 2D gel eletrophoresis methods combined with MS
led to the identification of 36 proteins, including 7 integral membrane proteins'®. A year
later, 72 proteins were identified by 2D-gel electrophoresis (BAC (Benzyldimethyl-n-
hexadecylammonium chloride)- in the 1* dimension, SDS- in the 2" dimension) and
MS®. In 2006, analysis of the synaptic vesicle proteome using three gel-based protein
separation techniques and MS to maximize the number of membrane proteins identified
resulted in a proteome of 185 proteins. The identified synaptic vesicle proteins included
transporters, SNAREs, synapsins, Rabs and Rab-interacting proteins, additional guanine
nucleotide triphosphate (GTP) binding proteins, cytoskeletal proteins, and proteins
modulating synaptic vesicle exo- and endocytosis from which a model could be
derived'”. Moreover, it illustrated the difficulty of performing gel electrophoresis on
membrane proteins since very few of the proteins could be identified by all three
methods. Finally, a thorough study published recently has succeeded in characterizing to
an unprecedented level the complete anatomy of the synaptic vesicle in a systems biology
perspective not too distant from that which inspired the Drosophila phagosome analysis
described earlier'™. This group has employed again BAC/SDS-PAGE and 1D-PAGE
followed by MS to identify 410 synaptic vesicle proteins, including over 80 integral
membrane proteins. The abundance and diversity of trafficking proteins were surprising,
since over 20 different SNARESs proteins were detected. The presence of selected proteins
was also quantified using Western and dot blotting, and the location of others was

confirmed by immunogold staining. Other physical properties of the vesicle were
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assessed, including size and lipid composition of the membrane. With this information in
hands, the authors were able to derive a model for the vesicle, shown in Figure 1.7, and
the possible implications of this model to membrane structure, membrane trafficking and
neurotransmitter release and uptake'*®. These implications were further discussed"' while

. . 192
recent progress in the field was reviewed .
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Figure 1.7: Molecular model of the synaptic vesicle'®. The model is based on space-
filling models of all macromolecules at near atomic resolution, and includes proteins

identified in the cited proteomic studies as well as others previously reported.
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1.3.1.8 Dense-core secretory granule

The dense-core secretory granule (or secretory vesicle) (SG) is a specialized
organelle present in endocrine and neuroendocrine cells. Originating from the trans-face
of the Golgi, SGs undergo progressive maturation as they travel toward the plasma
membrane where they will remain until the cell receives the appropriate stimuli for them
to release their cargo outside the cell. Dense-core SGs are characterized by the presence
of a dense protein aggregate core surrounded by a membrane. Their main role is to store,
transport and secrete proteins destined to be released outside the cells in a regulated
manner. The structure and specific functions of this organelle will be thoroughly
discussed in section 1.4.3.

The SG is an organelle that has been surprisingly neglected as far as proteomic
effort is concerned. Until early this year, not a single large scale proteomic effort had
been published on this structure. For example, only approximately 30 insulin-containing
SG proteins were known, even though early 2D-electrophoresis data suggested that over

'3 In the last few months, studies on two types of

150 polypeptides could be present
endocrine secretory granules were reported. In the first one, insulin containing SGs were
first purified from INS-1 cells using standard subcellular fractionation procedure
including density-based centrifugation. The protein extract from purified SGs was
separated by 1D-gel electrophoresis and the proteins bands were identified by LC-ESI-
MS/MS. In this context, 130 proteins were identified, including 110 that were new to the
secretory SGs'”*. Aside from being the first large-scale proteomics analysis of this
organelle, the results presented therein revealed a large number of lysosomal proteins

195

such as hydrolases (cathepsins'®”) as well as membrane proteins (lamps'®”) to be present

in the SG preparation. A very similar approach was employed to study another type of
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secretory granules, known as chromaffin granules, present in bovine adrenal medulla.
These granules are responsible for secreting neurohumoral factors in response to stress
and have been long recognized as an excellent model of a secretory organelle'”. As an
additional refinement, the group separated the protein extract into soluble and membrane
proteins and performed identification by MS following 1D-gel electrophoresis. In total,
102 chromaffin granule proteins were identified, including 43 that were common to the
soluble and membrane pools'”’. Interestingly, very few lysosomal proteins were
identified, contrasting sharply with the previously mentioned study. The chromaffin
granule proteome was subdivided into 14 distinct functional categories. Aside from the
expected prohormones and prohormone processing enzymes, proteins were identified to
play roles in a much wider range of processes including proton regulation, protein
folding, carbohydrate and lipid metabolism and signalling. This information was

integrated in the form of a systemic diagram shown in Figure 1.8.
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Finally, these two studies illustrated the higher than expected complexity of this
specialized organelle’s proteome, hinting that more work in this field is essential to close
the gap with what has already been done for other organelles. Also, it was a clear
indication that, as strongly suggested before, there is a need for alternative and reliable
methods for the purification of subcellular structures if accurate interpretation of the
proteomics data is to be achieved. The work presented in this thesis will address both of

these aspects.

1.3.1.9 Plasma membrane

The cellular plasma membrane is a lipid bilayer encompassing the cellular
cytoplasm and all other subcellular structures. This fluid membrane is mainly composed
of four types of phospholipids (sphyngomyelin, phosphatidylcholine, phosphatidylserine,
phosphatidylethanolamine) and of cholesterol. It acts to separate the intracellular from the
extracellular milieus in order to preserve the integrity of the cell and its homeostatic
equilibrium. However, in order to exchange both material and information with its
environment, the cell uses multiple membrane-associated and transmembrane proteins.
These can be divided into numerous functional categories, such as receptors, channels,
pores and can be either free floating in the membrane or more strictly organized into
membrane loci known as lipid rafts. Upon reception of the appropriate stimuli, these
proteins will generally undergo conformational changes allowing them to transmit the
biological molecule or the information from one side of the plasma membrane to the
other. Because of their accessibility and their important biological roles, membrane
proteins are the targets of choice for drug design. Unfortunately, because of their

physicochemical properties, they are also usually difficult to study. Indeed, due to their
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hydrophobic membrane-spanning domains, these large proteins are rarely soluble in
aqueous buffers and are poorly resolved by SDS-PAGE.

The field of proteomics has focussed on developing new tools for membrane
proteins enrichment, solubilisation and separation in order to be able to study this
important subset of proteins. Such work is well illustrated by the mapping of the lung
endothelial surface in normal and malignant tissues. Using silica-coated affinity beads to
isolate plasma membranes, the authors have identified over 2000 membrane proteins and
validated two of them as being effectively exposed to the surface'®®. Moreover, a
substrative proteomics approach allowed the authors to identify 12 proteins that were
enriched in tumor endothelium. One of these proteins was annexin Al, and
radioimmunotherapy against annexin Al induced tumor destruction, confirming the
validity of this large scale method to identify therapeutic targets for cancer treatment.
Another study has taken advantage of the changes in the density of membranous
compartments induced by digitonin treatment which can be proportionally related to their
content in cholesterol. Using this approach, it was possible to isolate plasma membranes
and identify 1685 proteins from mouse hyppocampus®. In the last few months, by
refining this work and combining this membrane purification protocol with HysTag, their

new tool for peptide quantification'””

, they have been able to quantitate 976 peptides from
555 membrane proteins in three distinct brain regions. The identified proteins include
many interesting glutamate receptors, calcium channel subunits, and ATP-ases””. Other
recent and practical applications of membrane proteomics include monitoring of cellular
differentiation. For example, 137 of 1125 proteins were shown to be specifically and
significantly increased in either proliferating or differentiatied human colorectal

201

carcinoma (Caco-2) cells” . Most of the proteins increased in the differentiated cells were

67



metabolic enzymes, proteins involved in the maintenance of cellular structure,
transmembrane transporters, and proteins regulating vesicular transport whereas the
majority of the proteins increased in the membranes of proliferating cells were involved
in gene expression, protein synthesis, and folding?'. This study provided several new
candidates for specific markers of intestinal cells and colorectal tumor. Another
remarkable application of membrane proteomics is the search for membrane markers of
viral infection. Comparing the proteomes of latently HIV-1 infected cells with the non-
infected parental cell lines, the presence of over 10 proteins at the cell surface could be
attributed to the infection®*”. Inhibition of two of these proteins, Bruton's tyrosine kinase
and X-linked inhibitor of apoptosis, led to an increase in drug treatment susceptibility,

suggesting this approach for the discovery of new therapeutic targets.

1.3.1.10 Other organelles

The peroxysome, responsible for performing oxidative reactions including those
involved in plasmalogens (abundant phospholipids in myelin) synthesis, was studied. A
comparative study between mouse liver and kidney peroxysomes has revealed 91 proteins

203

and led to the elaboration of the first database™ . Other peroxysome proteomic work has

. 204
been reviewed

. The clathrin-coated vesicles (CCVs), playing roles in transport within
the endosomal pathway, was also thoroughly investigated and 209 proteins were
identified®”. This work highlighted the importance of this organelle in synaptic vesicle
recycling and identified a novel protein, enthroprotein, linked to schizophrenia® 2%
Another recent study on this organelle, though it led to the identification of only 63

proteins, interestingly was based upon an approach aiming to ensure that they were bona

fide clathrin-coated vesicle proteins as they compared their fraction of interest with a
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“mock” CCV fraction originating from clathrin depleted cells™". The chloroplast, an

organelle related to the mitchondria and responsible for photosynthesis in plants has also

207 208, 209

been investigated. Significant numbers of both soluble”" and membrane proteins
were identified. Finally, large and less distinct subcellular structures are also amenable to
proteomic analysis. For example, the cell cytoskeleton, a complex network of filaments
and tubules implicated in determining cell shape and movement was also put under

210, 211

scrutiny. Several studies have isolated and analyzed this proteome . Results on the

proteomics of these and other subcellular compartments have been summarized

60,212
elsewhere™™ “°~.

1.3.2 Challenges in subcellular proteomics

Despite its fast-paced progress, subcellular proteomics still faces numerous recent
challenges. For example, the amounts and complexity of the computerized data generated
calls for improvements in bioinformatics. Improved algorithms for MS-based protein
identification from much higher quality databases are required. Also, tools to integrate
and analyze the identified proteins into distinct structural and functional categories, as
well as in biologically relevant interaction networks will be needed for asking large-scale
biological questions. On another hand, some challenges are several decades old, but of
equal if not superior importance. And the most important of all is certainly related to the
quality and purity of the subcellular structure preparation to be studied, the foundations
upon which the “omics” tower is erected. Since validation of the data is becoming an
overwhelming and tremendously expensive task, “separation methods that give a higher
resolution would facilitate the analysis of all cellular components using proteomic

technologies, and so the development of new methods is a challenge for the field”®.
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1.4 SPECIFIC AIMS OF THIS THESIS AND THE BIOLOGICAL MODELS

USED

The work presented in this dissertation involves the design, development and
application of new methods in subcellular proteomics. In order to optimize and test the
new approaches, several biological models were employed. As far as the development of
a nondiscriminatory investigative approach for the study of cell surface proteins is
concerned, our first feasibility study was performed using Sf9 insect cells. (chapter 2)

The results were sufficiently convincing to apply it then to the study of a
subcellular proteome of greater interest to us, the cell surface of the mammalian
spermatozoa. (chapter 3)

Our other method consisted in the development of one of the first functional, fast,
efficient and adaptable alternative to density gradient centrifugation for organelle
purification, namely using FAOS. Using our approach, we have obtained the proteome of
the secretory granules of AtT-20 corticotrope cells in less than one day. (chapter 4)

The following text is an introduction to the various biological models that we have

used in those studies.

1.4.1 Sf9 insect cell

S19 cells are a clone of the IPLB-SF 21 cell line established from the armyworm
Spodoptera frugiperda®". This lepidoptera originates from southern and central America
and mainly feeds on corn, sorghum and grasses, presenting a serious threat to the crops
214 'Sf9 is one of the various insect cells used in research as they are relatively cheap to

maintain and are capable of producing large amounts of accurately translated and
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correctly processed heterologous proteins®"

. The baculovirus expression system is one of
the most widely used to express recombinant mammalian proteins in insect larvae and
insect cells such as Sf9*'°, even though there are some fundamental differences in
glycosylation pathways between insects and higher eukaryotes®’. Sf9 cells are
commercially available and have been adapted for growth in serum-free media to simplify
recombinant protein purification. There are hundreds of examples of successful
mammalian protein production using this model, including work done in our laboratory

on the prohormone convertase 1/3 (PC1/3)*'% 2"

. Its ease of culturing and its immediate
availability made it a very attractive model to develop our approach for identifying
membrane proteins. On the other hand, this organism and cell line have been quite poorly
studied and so far only 232 protein entries exist in the Entrez global query cross-database
search system, including many ribosomal proteins for which redundancies are already
present. Hence, obtaining additional information on the proteins present at the surface of
S19 insect cells could certainly benefit the field of fundamental research and probably
identify targets for improving baculovirus-mediated infections. More practical
applications of this work could concern the development of more targeted insecticides to
counteract the increasing resistance of this insect” *'.

The objectives in this study were to i) synthesize and characterize a new
biotinylation reagent possessing the physicochemical properties necessary for the labeling
of membrane proteins and the easy purification of their labeled peptides, ii) perform a

proof-of concept study for our non-discriminatory investigative approach for cell surface-

exposed proteins and iii) identify, if possible, new Sf9 surface-exposed proteins.
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1.4.2 Spermatozoon
1.4.2.1 Introduction: PC4 and spermatozoon structure

Aside from PC1/3, our laboratory is also interested in another member of the
prohormone convertases family, namely PC4. PCs are calcium-dependent serine
proteases responsible for the proteolytic maturation of numerous proteins including
growth factors, hormones and receptors in physiological and pathological conditions®*.
PC4 was discovered in 1992 by virtue of its homology to other members of the family,
cloned and the mRNAs were found to be mainly located in the germ cells of the testes in
rat*>. Several distinct alternate mRNA forms for the gene were identified, and at least
one of them codes for a protein presenting a possible GPI-anchoring site at the C-
terminus”**. A mouse model in which the gene was inactivated results in the male being

infertile??

. More recently, experiments using immunocytochemistry, immunoelectron
microscopy and immunofluorescence and showed that the enzyme was detected in the
acrosomal granules of round spermatids, in the acrosomal ridges of elongated spermatids,
and on the spermatozoa plasma membrane overlying the acrosome®’. It also revealed that
sperm from mice genetically deficient for the PC4 protease exhibit accelerated
capacitation, precocious acrosome reaction, reduced binding to egg zona pellucida and
impaired fertilizing ability, suggesting a role of this surface enzyme in the maturation and
function of this cell*. For this reason and also because of the fact that sperm surface
proteins present a great interest as far as fertilization and contraception are concerned, we
have decided to use our newly developed method to define the spermatozoa cell surface
proteome.

The structure of the spermatozoon is peculiar and complex. This cell comprises

three distinct functional parts, as shown in Figure 1.9, namely the (i) the sperm head,
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involved in sperm-oocyte interactions; (ii) the midpiece containing mitochondria,
involved in energy production; (iii) the flagellum, involved in motility**’. The head is

further subdivided into four regions, the membrane composition of each being different.

1
) 2
3
4
5
>head 3
equatorial
7 7
8
~midpiece g
< 10
11
>flagellum

Figure 1.9: Illustration of the important regions and structures of the mammalian
spermatozoon®’. 1: plasma membrane; 2: outer acrosomal membrane; 3: acrosomal
content; 4: inner acrosomal membrane; 5: nuclear envelope; 6: nucleus containing highly
condensed DNA; 7: posterior ring; 8: midpiece; 9: mitochondrion; 10: annular ring; 11:

flagellum.
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As a whole, the process of fertilization of the oocyte by the spermatozoa is quite
complex and involves a series of sequential changes in the latter. Epididymal or freshly
ejaculated spermatozoa are not able to perform fertilization of the oocyte until they spend
some time in the female reproductive tract. The molecular and physiological events that
confer on the sperm the ability to fertilize during residence in the female tract are
collectively known as capacitationzzg. Among other transformations, there are marked
changes in the abundance and distribution of membrane proteins among the different head
regions. Once the capacitated spermatozoa reach and make contact with the oocyte, they
will empty the content of their acrosome, a large vesicle containing hydrolytic enzymes
necessary for the penetration of the oocyte extracellular matrix (zona pellucida, ZP), in a
process known as acrosome reaction’”. At this point, the inner acrosomal membrane
becomes exposed and the spermatozoa can bind the ZP, penetrate and fuse with the egg.
From that whole process, it is apparent that sperm plasma membrane, along with the outer
and inner acrosomal membranes, contains interesting surface-exposed proteins critical to
fertilization. Acquisition of the cell surface proteome of this cell model could therefore

provide extremely important biological information.

1.4.2.2 Cell surface proteins in capacitation

As mentioned above, the process of capacitation induces changes in the sperm

membrane that increase its affinity for the ZP*°

. It has been described that tyrosine
phosphorylation occurs on several sperm proteins during in vitro capacitation, even if this
has not yet been clearly confirmed in vivo™'. The three major components responsible for

2

SUTST - 232 . 227 2+, 233 .
capacitation in vitro are bicarbonate™”, albumin™’ and Ca”> “°, although the former is

though to be mainly involved in triggering protein tyrosine phosphorylation in
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capacitating mammalian sperm. Tyrosine phosphorylation of sperm proteins is linked

4

with increased ZP a’ffnity23 , acrosome reaction™* and hypermotilityBS, Moreover,

capacitation was shown to induce tyrosine phosphorylation of a specific subset of

1 1t is therefore clear

membrane proteins, some showing high affinity for ZP materia
that at least post-translational modification of sperm surface proteins is crucial for
capacitation. On another hand, extracellular Ca®" is also required for sperm capacitation
and the ability to undergo induced acrosome reaction”’. Calcium influx through the
sperm plasma membrane can occur through the action of either and at least Ca®"
channels™®, Ca*" ATPases™ and Na'/Ca®" exchangers®® present at the surface. This
action is not only regulated by the presence and abundance of such proteins, but also by
the regulation of their activity. For example, inhibition of a Na’/Ca*" exchanger by
caltrin, a 10 kDa seminal plasma peptide, prevents Ca*" uptake by freshly ejaculated

1 Finally, changes in the glycocalyx, the organized extracellular

bovine sperm cells
coating of the sperm surface were observed by lectin binding studies during capacitation.
Aside from the demonstrated repositioning of glycolipids®*, several “decapacitation”
factors and other proteins are removed from this extracellular coat in this process. This
event is proposed to lead to protein tyrosine phosphorylation and to expose important
proteins such as the progesterone receptor’* at the sperm’s surface. A recent study using
mouse spermatozoa surface biotinylation and in vitro capacitation led to the identification
and validation of at least four proteins released from the cell’s surface, including plasma
membrane fatty acid binding protein, cysteine-rich secretory protein 1 (CRISP1),
phosphatidylethanolamine binding protein 1 (PBP), and a largely undefined protein

product known as decapacitation factor 10 (DF10)***. Spermadhesins, major secreted

products in the seminal plasma, are other examples of proteins that are found at the
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surface of spermatozoa and subsequently removed during capacitation**. BSP proteins, a
family of phospholipids binding proteins found in the seminal plasma, are also known to
bind both the sperm membrane itself and several capacitation factors, thereby promoting

capacitation’*.

1.4.2.3 Cell surface proteins in zona pellucida binding and in acrosome reaction
Following capacitation, the spermatozoa are then able to reach and bind the ZP

surrounding the oocyte. Sperm binding to the ZP ultimately evokes the acrosome

reaction, which is required for successful penetration of the ZP (and thus for

fertilization)*’

. This binding occurs in two stages. First, acrosome-intact cells will bind
the ZP, which will induce fusion of the plasma membrane with the outer acrosomal
membrane, leading to the release of the content during the acrosome reaction. Secondly,
the acrosome-reacted spermatozoa will now expose several inner acrosomal membrane
proteins which will be involved in this secondary binding to ZP. Even though primary

binding could be as much as 75-80% carbohydrate-dependent™*’

, the protein interactors
involved in the remaining 20-25% of the binding are still very poorly characterized.
Several proteins candidates exposed at the surface of sperm have been identified as being

potentially involved in the primary binding®**

. Among the most interesting proteins are a
B-1,4 galactosyl transferase*®, a 56 kDa protein® and a tyrosine phosphorylated protein,
p95%°!. The identities of the players involved in primary sperm-ZP binding are still,
however, largely undefined. Immediately following primary binding of the ZP, the
acrosome reaction is initiated®>. Once again, evidences suggest that receptor

aggregation™”, ion channels”*, progesterone®> and protein phosphorylation”® are

implicated. Interestingly, G-protein signaling also seems to be an essential reaction as its
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inhibition prevents acrosome reaction without affecting binding®’, while its activation
induces acrosome reaction”®. Following acrosome reaction, new intraacrosomal proteins
also become exposed. Some of these proteins are involved in secondary sperm-ZP
binding and have been more thoroughly studied. Among the candidates identified, we

259

denote P-selectin g260

, sp38%%, acrosin®®' and PH-20%%, the latter two possessing a protease
and a hyaluronidase enzymatic activity respectively, suggesting a role in both binding to
and digestion of the ZP.

Finally, binding to the oocyte plasma membrane (oolemma) is another step in
which membrane proteins are very important. Once it has penetrated the ZP, the sperm
initially binds the oolemma with the tip of its head, and then through its equatorial
segment. Among the proteins involved in those bindings are cyritestin®®® and fertilin (PH-
30)**, two membrane proteins containing a desintegrin and metalloprotease domain, and
are therefore members of the ADAM family. Generation of antibodies inhibiting sperm-
egg fusion pointed at two other candidates. A novel member of the immunoglobulin type
1 membrane protein superfamily, Izumo, was also found to be crucial for sperm-egg
fusion, although its binding partner on the oocyte has not yet been identified®®. DE
(CRISP-1) is a glycoprotein belonging to the cysterine rich secretory proteins family and

associates with the spermatozoa membrane during epididymal transit**®. Figure 1.10

illustrates the current knowledge on the players involved in sperm-egg fusion.
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Figure 1.10: Molecules involved in sperm—egg fusion®®’. Integrin a6pl is a proposed
binding partner for fertilin, a member of the ADAM family. The presence of an Izumo
receptor in Tetraspanin-rich regions of the oocyte is speculative. Very few interactions

between sperm and egg have been undisputedly demonstrated.
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Clearly, surface proteins are tremendously interesting and important in the
spermatozoon’s biology and function and deserve further investigation. Surprisingly
however, our current knowledge of those proteins involved in fertilization still contains
few certainties. Proteomics, and our specifically designed investigative method for cell
surface proteins, would potentially be quite potent in addressing this issue. Spermatozoon
is also perceived as a relatively simple biological sample containing only a few hundred

major proteins but performing a much wider role than simple DNA transport”®®,

1.4.2.4 Proteomic studies of spermatozoa

When we initiated our study in 2001, very little proteomic work had been
performed on spermatozoa membrane. As discussed earlier, membrane proteins were
hardly amenable to conventional proteomic tools and techniques. One relatively thorough
study used cell surface biotinylation. It employed and compared three different extraction
buffers for membrane protein enrichment, combined with 2D-gel electrophoresis and

protein spot identification by LC-MS/MS*%

. Manual analysis and searching the MS/MS
spectra against expressed sequence tag libraries led the authors to conclude that their
method had identified at least height novel spermatozoa membrane proteins. More
recently, proteomic analysis of whole human spermatozoa using 2D-gel electrophoresis
and MALDI-TOF MS allowed the observation of over 1000 different protein species and
the identification of 98 proteins, 23% of which had never been observed in this cell
previously®™. In a massive 2D-gel electrophoresis effort to describe human spermatozoa,
a combination of overlapping narrow-range pH gradients allowed the establishment of a

high-resolution 2D reference map of human spermatozoal proteins from 12 fertile sperm-

bank donors containing over 3500 spots, only a few of which have been identified
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though®’". Some recent studies also had additional objectives, other than the simple
description of the protein content of the spermatozoa. A group decided to use 2D-DIGE
to monitor proteomic changes during the maturation of spermatozoa. Crude cytosolic
protein extracts and RP-HPLC of prefractionated cytosolic extracts from spermatogonia,
pachytene spermatocytes, and early spermatids were analyzed, revealing over 1200 spots,
245 of which presented significant differences in abundance between the developmental

272
stages”’

. With this approach, 123 proteins were categorized as mitotic, meiotic, and post-
meiotic, yielding to the definition of a developmental pattern for normal spermatogenesis.
As mentioned earlier, protein phosphorylation is highly implicated in spermatozoa
capacitation. To explore this aspect, a phosphoproteomic study was recently performed.
The results showed that the majority of the tyrosine kinase activity is present in the
cytosolic fraction in bovine spermatozoa, and several tyrosine kinases belonging to three
families, Src (Lyn), Csk, and Tec (Bmx, Btk) as well as potential substrates involved in

.. . . 273
capaciation were identified

. Unfortunately, most reported studies are using off-line gel-
based approaches which are notorious for being difficult to apply to membrane proteins.

To this date, no large-scale gel-free proteomic study of the spermatozoa membrane has

been reported.

1.4.2.5 Potential PC4 substrates

As mentioned earlier, PC4 belongs to a family of enzymes responsible for the
proteolytic maturation of secretory products. The fact that a PC4 knockout mouse model
exhibit impaired fertilization suggests a role for this enzyme and/or its substrates in the
fertilization process. Even if the abnormal behaviour of the PC4 deficient spermatozoa

was described”®, very little information is available on the enzyme’s substrates. The only
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confirmed substrate of PC4 in the testes is the precursor of the pituitary adenylate cyclase
activating polypeptide (proPACAP). Using RP-HPLC combined with specific
radioimmunoassay, it was demonstrated that in the testes of PC4 null mice, proPACAP is
not processed to its mature forms, PACAP38 and PACAP27, as it is in wild-type

animals®”

. It is hypothesized that this protein could affect sperm function through cAMP
mediated signaling, but no other information is available. Recently another endogenous
substrate of PC4, pro-insulin-like growth factor-2 (pro-IGF-II) was identified in the
human placenta where PC4 was found to be also expressed at very low levels®”.
Considering this very limited knowledge on PC4 and the fact that it presents an unusually
restricted expression pattern and a cleavage specificity similar to other members of the
PC family, it is quite conceivable that it has one or several other substrates. As the

2264 thorough

enzyme is present at least at the plasma membrane of spermatozoa
proteomics analysis of the sperm’s membrane proteome could allow the identification of
other proteins and substrates of PC4 involved in capacitation and/or fertilization. In turn,
this could reveal potential therapeutic targets for the treatment of infertility and for the
development of new contraceptive strategies.

Our objectives in this study were thus to (i) validate our technological approach
using a readily available, though relatively complex, model, (ii) identify new proteins

embedded in spermatozoa membrane or intimately associated with it and (iii) assess the

presence of PC4 and eventually of putative substrates in the outer face of the membrane.
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1.4.3 Dense-core secretory granule
1.4.3.1 The AtT-20 corticotrope cell line

The pituitary gland is a small but complex organ linking the nervous and
endocrine systems in the body. The anterior lobe of the pituitary comprises five
morphologically distinct endocrine cell types, each producing specific hormones?’®. The
nature and effects of the various secretory products of the anterior pituiraty are

summarized in Figure 1.11.

Hypothalamus

Pituitary

Intermediate —.

Anterior Posterior
Trophic } . . \ .
Hormones CH:H (+) TRH [+]_:5F¥IF[-; GnF:aH (+) GHRH [?],SHIF{-} TRH (+}:,VIF‘ (=)
v v v v v
Cell Types  Corticotropes  Thyrotropes  Gonadotropes  Somatotropes Lactotropes
Pituitary
ACTH TSH FSH, LH GH PRL
Hormones ¢ * l ¢ ¢
Target Organs Adrenal Gland Thyroid Gland Ovary Liver Mammary Gland
‘ Testis Adipose Tissues i
Stimulates Reproductive function Milk production
glucocaorticoid secration
Stimulates thyroid Growth, Control lipids, proteins
harmones secretion and carbohydrates metabaolism

Figure 1.11: Trophic hormones, cell types of the anterior pituitary, their hormonal
secretions and their biological effects on target organs’’®. Released by corticotropes in
response to stress, ACTH acts on the adrenal glands to induce production and secretion of

glucocorticoids.
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The cortocotropes represent only approximately 10-20% of all cells in the
gland””’. Since collecting sufficient biological material from dissected glands is very
difficult, several lines for each cell type were developed over the years and can be
maintained in culture’”®. Reported for the first time in 1975, AtT-20 is an
adenocarcinoma-derived, immortalized cell line of murine pituitary corticotropes and a
recognized and accepted model for pro-opiomelanocortin (POMC) production and
secretion studies®’®. Indeed, as early as 1981, the SG of these cells were isolated using
Ficoll gradient centrifugation, studied and shown to contain mature forms
adrenocorticotropic hormone (ACTH) and B-lipotropin®”. Since then, this line of
corticotropes has been used in countless studies interested in the production of peptide
hormones and their regulated secretion. The major endogenous secretory peptides of AtT-
20 cells originate from a single polypeptide precursor, POMC. In cells of the anterior
pituitary such as cortocotropes, this precursor undergoes proteolytic maturation under the
action of PC1/3 to yield several peptide hormones including ACTH and B-LPH*. In
melanotropes expressing PC1/3 and PC2, some peptides such as ACTH and BLPH are,

for example, further processed into a-MSH and BEnd respectively (Figure 1.12).
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Figure 1.12: Proteolytic processing of proopiomelanocortin and its peptides by

prohormone convertases in secretory granules of neuronal and other cells.*. In

corticotropes, the POMC is mainly converted to ACTH and BLPH by the action of PC1/3.

MSH, melanocyte stimulating hormone; JP, joining peptide; ACTH, adrenocorticotropic

hormone; LPH, lipotropin; END, endorphin.
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1.4.3.2 The regulated pathway of secretion and secretory granule biogenesis

In addition to the constitutive secretory pathway, endocrine and neuroendrocine
cells can perform protein exocytosis through a regulated pathway of secretion. Briefly,
the genes coding for the proteins destined to this route are translated into mRNA as usual,
and their protein products are then co-translationaly inserted into the ER lumen to which
they are targeted by virtue of a specific N-terminal sequence known as the signal

%0 Following chaperone-assisted folding and early PTMs, they are exported to the

peptide
cis-face of the Golgi via COPII-coated vesicles®'. Secretory and membrane proteins will
undergo further post-translational modification as they progress through the stacks of the
Golgi until they reach the trans-Golgi network (TGN). At this point, clathrin-coated
immature SGs will bud off the TGN, encompassing their cargo. As they travel along the
cytoskeleton toward to cell surface, the SGs will undergo maturation (progressive
condensation and acidification), a process during which missorted proteins and clathrin
will be removed by the budding off of constitutive like-vesicles. The final, mature SGs
containing correctly processed cargo will ultimately reach the cell surface and be ready
for secretagogue-induced release of their content. Interestingly, the luminal pH of the

secretory pathway plays a critical role in the posttranslational modification and sorting of

proteins and lipids. For example, modification and sorting of secretogranin II in PC12

282 283

cells™ or proteolytic maturation of POMC in AtT-20 cells™” were shown to be
dependent on pH. As a consequence, this aspect has been thoroughly investigated using
various tools such as pH-sensitive fluorophores®®* and chimeric fluorescent fusion
proteins®®. A generally accepted profile of the pH distribution throughout the secretory

pathway is shown in Figure 1.13. As indicated, there is a clear pH gradient along the

regulated secretory pathway, from the near-neutral ER to the acidic mature SGs.
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Landmarks in the life of the SG are illustrated and described in Figure 1.14. Two crucial
processes of the secretory granule’s biology will be further discussed herein, namely the
sorting and the secretion of the cargo, two events for which several hypotheses and

models exist and deserve investigation.

Secretory pathway Endocytic pathway

| Endoplasmic
reticulum

Figure 1.13: Comparison of the steady-state pH of the compartments of the

286

secretory and endocytic pathways“”. Numbers indicate the approximate luminal pH of

the specified compartments. TGN, trans-Golgi network
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Figure 1.14: Steps involved in secretory granule biogenesis®’. Two distinctive
secretory pathways are present in neuroendocrine and endocrine cells for constitutive and

regulated secretion of proteins.
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1.4.3.3 Sorting of the cargo in endocrine secretory granules

The processes involved in cargo selection by the SGs have been the subject of
many debates, and to date, two hypotheses, the sorting-by-entry and the sorting-by-
retention models, are generally considered. These models are not necessarily mutually
exclusive®®, and some of the important points of these models as well as the molecules

involved will be discussed below.

1.4.3.3.1 Sorting-by-entry

This model proposes that high Ca®" concentration and a pH below 6.5 in
specialized parts of the TGN lumen favor the progressive aggregation certain molecules
such as the granins. These aggregates would, in turn, act as “seeds” for the precipitation
of other regulated cargoes, thereby driving SG formation and maturation®™. The
advantage of the sorting-by-entry model is that it directly couples cargo selection to SG
biogenesis. Indeed, it is postulated that granins, including chromogranins A (CgA) and B
(CgB) play a granulogenic role by driving budding at the TGN to form SGs. Indeed, the
latter and the precursors meant to be targeted to the regulatory pathway of secretion such
as provasopressin and POMC have been shown to induce SG formation in fibroblasts and

could be considered as important assembly factors™" **!

. The shared property to
aggregate easily in high calcium concentrations and acidic pH could expose at the surface
of the proteins and/or aggregates specific areas capable of interacting with membrane
proteins or sorting receptors. However, the search for putative “sorting” receptors for
cargo proteins has so far only yielded one candidate namely, the CpE enzyme, whose
inactivity in CpE™™ led to impairments in cargo sorting to the SGs™ although CpE

knock out mice is still viable?.
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1.4.3.3.2 Sorting-by-retention

The second model, sorting-by-retention, could be perceived as complement or
refinement of the first. It postulates that not all proteins entering the budding SGs must
have been specifically or accurately sorted. However, during SG maturation, missorted
proteins would be excluded from the aggregating dense core. They would be removed
from the SG along with unnecessary proteins by budding off of clathrin-coated vesicles
and re-routed to the constitutive secretory pathway”™. One of the important pieces of
evidence for this model is the case of proinsulin processing by prohormone convertases
PC1/3 and PC2**. Mature insulin forms insoluble, close packed crystalline arrays in the
presence of zinc, whereas proinsulin has distinct physical properties which prevent its
condensation into insoluble crystals”. Since it has been demonstrated that proinsulin is

processed into insulin exclusively inside the SGs**°

, not the TGN, and since the sorting-
by-entry model depends on aggregation of cargo in the TGN, this model can not
adequately explain how proinsulin, which can not aggregate, could still be sorted to the
SGs for subsequent processing. More recently, the presence and activity of the clathrin
adapator GGA, a Golgi protein, were shown to be essential for SG maturation and
removal of the missorted proteins from the immature secretory SGs, emphasizing the
importance of this process in SG maturation”’. As mentioned earlier, a combination of
both models can be envisioned to explain sorting of the cargo into SGs and, in both cases,

interaction with a receptor would allow selection of the cargo in the forming and maturing

SG.
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1.4.3.4. Release of the secretory granule content

Regulated delivery of the cargo outside the cell is the ultimate role of the SG. In
this case again, several hypotheses and models have been brought forward to explain how
this process is accomplished.

In insulin secreting P-cell, the vast majority of SGs are not docked at the
membrane, contrary to synaptic vesicles, but appear rather in transit or in close proximity
(within 300 nm) to the membrane®®. They must therefore first be recruited to the cell
membrane, a process involving the motor protein kinesin-1, the inactivation of which
blocks insulin secretion®”’. However, the recruitment criteria for individual SGs remain
largely undefined. Aside from kinesin-1, the only other proteins apparently involved in
linking the SG to the microtubule network were identified as kinectin®® and JIP1-3*".
Once the SG is within a few hundred nanometer of the cell membrane, movement along
the cortical network of microfilaments becomes implicated, and is effected though the
action of actin-based motors such as myosin Va’”. Once more, the other molecular
players involved are largely unknown, but a role for the small GTPase Rab27 and of the
actin network itself is suggested”"”.

Finally, the actual release of the SG’s content has been studied for decades, and it

04

is widely accepted that is occurs through exocytosis’®. This process is mainly

accomplished by the interaction of SNAREs with each other, providing both membrane
selectivity and the thermodynamic driving force for membrane fusion®” **°%. In the
first model, “full fusion exocytosis”, the SG undergoes complete fusion with the plasma
membrane and the secretory constituents are entirely discharged from the cell, while the

perigranular membrane collapses to and is integrated in the plasma membrane®®’.
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In the second hypothesis known as the “kiss-and-run” model, a limited surface of
the SG and plasma membrane make contact resulting in the opening of smaller and
transient pores through which limited and maybe controlled amounts of cargo could be
released. Instead of being incorporated to the plasma membrane, the SG’s membrane
would be immediated retrieved back as was seen using direct observation of fluorescent

308

fusion proteins in endocrine cells” . The kiss and run model has been demonstrated using

several approaches304 such as patch-clamp capacitance measurements of the cell surface

308 309

area, total internal reflectance (TIR)™ or atomic force microscopes (AFM) . The latter
technique was instrumental in identifying a plasma-membrane-associated supramolecular
structure called “porosome” where secretory vesicles dock and fuse. Interestingly, the two
models, once more, are not mutually exclusive and a review of the most recent and
precise electrophysiologcal measurements on single SGs and larger membrane regions
clearly indicate that several distinct exocytosis mechanisms occur in pancreatic B-cells*'’,
a phenomenon that had already been noticed in adrenal chromaffin cells’’' wherein the
switch between one mode to the other depends on Ca*" concentrations®'*.

Finally, the phenomenon of piecemeal degranulation has gained interest in the last
few years. Piecemeal degranulation (PMD) refers to a slow releasing process of stored SG
contents mediated by vesicular transport, not membrane fusion®”’. Originally identified in
immune cells, the ultrastructural properties characteristic of piecemeal degranulation were
observed in several endocrine and neuroendocrine cells, such as adrenal chromaffin cells
and pancreatic and a- and B-cells. The growing body of evidence in favor of a
contribution of this model to SG secretion was reviewed’"’. Surprisingly, aside from the
components of the exocyst complex already responsible for constitutive secretion (Sec6-

314, 315

Sec8)’" and a few regulators such as small GTPases of the Rab family , relatively
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little is known on the proteins involved. Understanding how exocytosis occurs for entities
such as for the B-cell insulin-containing SG or the corticotrope ACTH-containing SG is of
the utmost importance. Not only can it find practical applications in endocrine or
neuroendocrine disorders, but it can have more widespread relevance to all closely related
organelles®'®. A diagram illustrating the simplified exocytotic-endocytotic cycle of the SG

is shown in Figure 1.15.

oSS E 1 DOCKING FUSION
Plasma
Sec6  membrane Sec5 L RECAPTURE
Sec8 | L

—~

Figure 1.15: Proposed exocytic-endocytic pathways for endocrine secretory
granules®”. Among other players, docking of the SG requires members of the exocyst
complex while fusion involves SNAREs. Recruitment of dynamin-1 initiates recapture of
the SG which can subsequently fuse with the endosomal network and/or exchange protein

material with maturing SGs.
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1.4.3.5 Properties and content of the endocrine secretory granule

Dense-core SGs are morphologically distinct, membrane enclosed spherical
organelles with diameters of several hundred nanometers™. As they bud from the TGN,
they are still immature, but the progressive processing and packaging of peptide cargoes
lead to the increasing condensation of the SGs’ electrodense cores and their conversion
into mature SGs®'’. Immunologically, these organelles are also distinguishable by their
high immunoreactivity for cell-type-specific peptide hormones and other more

318

widespread cargoes, including CgA, CgB and secretogranins II-VI°°. Interestingly,

mature dense core SGs comes in variable sizes depending upon the organisms, the cell

319
1

types and even within the same cell” ". However, as previously mentioned, they are the

most acidic compartment of the secretory pathway, with an estimated pH as low as 5.0-
5.5 and are very rich in Ca®", with intragranular concentrations as high as 200 mM>*',
Two other divalent cations present, namely Zn>"and Cu®" are also relatively specific to
the secretory pathway and the SGs*** %,

Also, the biology of PC1/3 is directly related to the microenviromental conditions
it faces through the secretory pathway. PC1/3 is a calcium-dependent serine protease
involved in the processing of prohormones inside the SGs. Like other members of the
family, it is synthesized as a zymogen and must first undergo autocatalytic processing
before mature PC1/3 can process its substrates’>!. Recombiant PC1/3 was characterized in
vitro in our laboratory and shown to require calcium and mildly acidic conditions for

stability and activity*'®

. Since all members of the PC family share nearly identical
cleavage site sequence, a challenge in the field is to identify the determinants of the

individual convertases’ specificity. Since tissular and subcellular localization are not

sufficient to explain the differences in substrate specificity, the presence of other factors
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and binding partners such as as 7B2** and proSAAS®*® could be involved. In summary,
several factors endogenous to the SG, ranging from pH to protein content can, as a whole,

determine the exact nature of the SG’s microenvironment from which several biological

289, 327

processes such as protein aggregation, SG formation , peptide hormone maturation

or regulated exocytosis will be controlled. Acquiring as much information as possible on
this organelle is the only way to elucidate these processes.

Aside from the obvious cell-specific major endocrine product such as insulin for
B-cells and POMC for corticotropes, several proteins have been identified as being
localized within the dense-core SGs. Among the most abundant are members of the

granins family, a group of acidic proteins found in the SGs of endocrine and

neuroendocrine cells and composed of CgA**® CgB** and secretogranins (Sg)*>" **'.

Granins tend to bind calcium with low affinity but high capacity and then aggregate in

vitro at low pH in the presence of calcium, suggesting a role within the core of SGs®'***,

333, 334

They have demonstrated and postulated roles in SG biogenesis , regulation of

- . 335 - - . 336-338
peptide hormone processing™™” and autocrine and paracrine control of secretion .

Member of this family are very abundant in SGs, and were shown to represent as much as

over 80% of all bovine chromaffin granule soluble content®’

. Another interesting class of
proteins present in the SG is the prohormone processing enzymes. Among the most
important are PC1/3, PC2 and CpE whose role in the proteolytic maturation of peptide
hormones from large precursors has already been discussed and reviewed®****2. Another
prohormone processing enzyme worth of mention is PAM. The peptidylglycine alpha-
amidating monooxygenase (PAM) is a bifunctional enzyme that catalyses the conversion

of peptidylglycine substrates into alpha-amidated products in a two steps reaction®>, a

process that is required for the full activity of nearly half of the bioactive peptides’®. It
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requires copper and ascorbate for activity, and come in several forms, one of which
spanning the SG’s membrane’ ***. A final class of SG proteins is the membrane-
associated proteins. In addition to the various coat and SNAREs proteins involved in SG
biogenesis, transport and fusion that were already discussed, we must mention the
+ 345 346 347 s .
presence of H -ATPases proton pumps” ", channels™ and transporters™ . Finally, it has
long be recognized that there is a significant amount of heterogeneity in the composition

of the SGs within a single cell, more so than with other organelles®** **

. The biological
significance of this phenomenon is still unknown, but certainly deserves further

investigation.

1.4.3.6 Proteomic studies of the secretory granules

As described in section 1.3.1.8, the endocrine SG had been neglected as far as
proteomic analysis is concerned. Among the numerous reasons for this are its availability,
it fragility to experimental manipulations and the difficulty to purify them without
contamination from other organelles. Very recently, the analysis of the insulin containing
SG'* and of the chromaffin granule'”’ have begun to shed some light on the protein
composition of this specialized organelle. Several discrepancies between both studies,
both combining density-based centrifugation, 1D-gel electrophoresis and MS-based
protein identification, generate questions on the completeness and accuracy of the actual
proteomes. Whereas the identification of the abundant granins, some SNARESs and proton
pump proteins is clear in both cases, the relatively high abundance of lysosomal
hydrolases, especially in the insulin granule, is surprising. Also, the identification of
unexpected proteins such as 14-3-3, fructosebisphosphate aldolase A or the peptidyl-

prolyl cis-trans isomerase A'** need to be further confirmed, especially since the scores of
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the proteins identified in both studies are sometimes quite low. Clearly, the few proteomic
studies already published are not yet sufficient to gain a clear understanding of the
endocrine SG’s biology. However, even though the secreted cargo differs from one cell
type to the other, it is clear that identification of conserved matrix and membrane proteins
could provide important insights of the mechanisms by which regulated secretion is
accomplished. In turn, those results could help in better understanding misregulation in
secretory processes as identified in pathological conditions such as diabetes®® and
neuroendocrine tumors>".

The objectives of the study of this model, presented in chapter 4, were to 1)
develop and optimize a new, centrifugation- and gel-free method for the purification and
proteomic analysis of corticotropes SGs readily applicable to other organelles, ii) perform
fluorescence-assisted purification of the corticotropes mature SGs and define their

proteome and iii) identify new SG proteins.
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2.1 PREFACE

When we initiated this study in 2000, proteomics still relied heavily on the
emerging technology of 2D-gel electrophoresis. However, this method was already
notorious for presenting problems with the analysis of hydrophobic membrane-associated
proteins®. Even with the optimization of the solubilization buffers, extraction of this class
of proteins was incomplete and their separation, both by isoelectric focusing and 1D-
SDS-PAGE, was not very efficient. Nervertheless, membrane proteins are of great
interest because of their involvement in nearly all cellular processes. Their accessibility at
the cell surface makes them ideal as therapeutic targets for the pharmaceutical industry.
Hence, significant efforts were devoted to develop new methods for the analysis of cell
surface proteomes. Tagging these proteins with biotinylation reagents and isolating them
by avidin affinity purification had already been performed with relative success’. Indeed,
the extremely high affinity of the biotin tag of the proteins for the avidin matrix requires
the purified proteins to be recovered using very stringent conditions and detergents,
hindering therefore further proteomic analytical steps. Thus, the use of “cleavable”
biotinylation reagents possessing a disulfide bridge within their linker region sensitive to
reduction conditions was explored. However, this approach precluded any further use of
the avidin column to which the biotin moiety remained permanently associated. We have
therefore decided to circumvent these problems and design one of the few early gel-free
approaches for the large scale proteomic study of membrane proteins. To achieve this
goal, we have designed and synthesized a novel protein biotinylation reagent, named
sulfo-NHS-iminobiotin, and used it to label the surface of cells. Initially designed with
the objective of applying it to the identification of spermatozoa membrane-localized

endogenous substrates of PC4, we first had to establish a proof-of-concept for this
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method. Since Sf9 cells were readily available in the laboratory and the study of their
surface proteins was interesting with respect to their involvement in baculovirus-mediated
infection, we have first tested our approach on this cell model. Our preliminary results
were initially submitted as a brief communication to Proteomics. However, at the request
of the reviewers who proved very interested about our innovative approach, we pushed
our analysis further and submitted a complete paper. The details of this new approach to
study cell surface proteomes as well as the difficulties faced (and usually overcome) are

presented in this chapter.

2.2 ABSTRACT

In order to circumvent the various problems encountered during the study of
membrane-bound proteins, we designed and synthesized a novel membrane-impermeable
biotinylation reagent incorporating chemical properties compatible with this goal. We
then developed a non-discriminatory analytical procedure for such studies which
overcomes possible selectivity, contamination and solubility problems. The necessary
steps (labeling, limited in sifu proteolysis, affinity purification) are all conducted in mild
or near native conditions. This versatile method could provide an accurate picture of the

cell surface proteome.

2.3 INTRODUCTION

Membrane proteins are the crucial players involved in the exchange of both
information and biological material between a cell and its environment, or an organelle
and the cytosolic compartment. Recently, the field of proteomics has been increasingly

interested in studying membrane-associated and transmembrane proteins since they
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represent potential targets as far as drug development, immunotherapy or cancer
biomarkers are concerned. The generally accepted method to retrieve those proteins
involves an initial labeling step by which a marker molecule is covalently attached to the
proteins of interest and subsequently used for detection and/or affinity purification
purposes. In that respect, many commercially available biotinylation reagents are
nowadays available to suit this purpose. The biotin-avidin system and its applications
have been known for years*®. Biotin, a naturally occurring vitamin involved, for example,
in carboxylation reactions during carbohydrate metabolism, displays upon binding to
avidin one of the strongest non-covalent associations known in nature’, with a Ka
(dissociation constant) of 10", Scientists have taken advantage of this interaction and
developed a series of biotin-containing molecules usually comprising three components
namely, (i) a chemically reactive group specifically designed to react with a desired
chemical function on the target, (ii) a linker region, and (iii) the biotin moiety itself.
Therefore, the labeled molecule, be it DNA, protein or peptide, can be separated from a
complex mixture using immobilized avidin. For example, we have used this approach in
the past to develop a versatile method to detect proteolytic activities®.

The greatest advantage of this procedure, namely the potency of the biotin-avidin
interaction, unfortunately also becomes its main caveat, as elution of the labeled proteins
from the avidin support is extremely difficult. Harsh conditions, involving detergents,
chaotropes or other disruptive methods which can potentially damage both the ligand and
its binding partner, are required to promote dissociation. In the best cases, this recovery
process is often incomplete, rendering the procedure hardly reproducible” '°. Alternative
compounds have been developed either to facilitate disruption of the complex or to

diminish the strength of binding. One strategy has been to introduce a disulfide bridge in
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the linker region of the biotinylation reagent in order to allow elution from the avidin
support under reducing conditions''. However, if employed to label cells or whole tissues,
this reagent is highly vulnerable to endogenous, in vivo reduction and certain subsets of
proteins could loose their label well before they can be retrieved'”. Furthermore, this
elution method leaves the biotin group attached to avidin, consequently preventing
reutilization of the support as well as the use of numerous specific biotin detection tools.
The use of monomeric avidin, which displays lesser affinity for biotin, is another
alternative'”. However, pre-treatment of the support is required and the significantly
reduced affinity can also detrimentally affect reproducibility between samples.
Conversely, the use of biotin derivatives such as iminobiotin, displaying a pH-sensitive
interaction with avidin or desthiobiotin easily displaced by biotin has also been advocated

: s 14, 15
in numerous studies

. Following labeling, extraction of the cells (or isolated
membranes) in order to render soluble the labeled proteins is required prior to analysis'®.
The use of a mixture of ionic and non-ionic detergents, often in combination with
chaotropic agents, is considered effective in bringing into solution the membrane
proteins. However, it is increasingly recognized that this extraction procedure can be
selective and incomplete. Indeed, in addition to the numerous ways by which proteins are
associated to the membranes (from simple ionic interaction with a partner to complete
insertion of many transmembrane regions), there exist also many differences in
composition between membrane domains (such as lipid rafts) complicating the

. 2,16-18
extraction™

. Finally, most of the large hydrophobic proteins extracted in this manner
will display very low solubility, will tend to aggregate or precipitate and will impede

further analytical steps such as 2-D gel electrophoresis'’. Despite these limitations, recent

studies demonstrated that combined biotinylation, purification, and 2-D gel
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electrophoresis led to the identification of some proteins that were not expected to be
localized at the cell surface, emphasizing the need to study the cell surface proteome'’.
The aim of this paper is to describe a procedure allowing mapping of membrane-bound
proteins located on a tissue, on a cell or an organelle at a given time in a given set of
conditions. In order to achieve this objective, a novel biotinylation reagent was
synthesized with the following properties: water solubility, cell-membrane
impermeability and avidin binding properties rendering elution of the retained material
specific and done in gentle conditions. Then, using this reagent, we developed a simple
and adaptable non-discriminatory analytical method for the study of membrane proteins
comprising four steps. Cells are first labeled using a biotinylation reagent in near native
conditions, soluble peptides from labeled membrane proteins are generated through in situ
limited proteolytic digestion of the cell surface, the peptides are isolated via affinity
purification and finally recovered in a buffer suitable for HPLC, MALDI-TOF-MS and

Q-TOF-MS/MS analyses.

2.4 MATERIALS AND METHODS

2.4.1 Chemical synthesis of sulfo-NHS-iminobiotin

For the synthesis of the sulfo-N-hydroxysuccinimide ester of 2-iminobiotin, we
used a procedure adapted from®’. Briefly, 2-iminobiotin free base (0.8 mmol, 194.6mg)
(Sigma-Aldrich Canada Ltd, Oakville, Ontario, Canada) was dissolved in water by
dropwise addition of 5% HCI under gentle heat (40 C). The resulting 2-iminobiotin.HCI

salt was recovered by lyophilization. It was dissolved in 3.2 ml N,Ndimethylformamide
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under gentle heat, followed by N-hydroxysulfosuccinimide addition (0.8 mmol, 173.7mg)
(Molecular Biosciences, Boulder, CO, USA). The resulting solution was brought to 4C
and dicyclohexylcarbodiimide (0.8 mmol, 164.8mg) (Sigma-Aldrich Canada Ltd,
Oakville, Ontario, Canada) was added. This final reaction solution was stirred at room
temperature for 16h, and for 3h at 4C to induce precipitation of the formed
dicyclohexylurea. The insoluble dicyclohexylurea was subsequently removed by
centrifugation, the supernatant collected and the organic solvent evaporated under
vacuum. The residue was recrystallized from hot 2-propanol yielding the final ester in a
56% yield. The structure of the final compound (sulfo-NHS-iminobiotin) was verified and
confirmed by NMR using a Varian VXR400S instrument (Varian, Walnut Creek, CA,

USA).

2.4.2 Functional characterization of sulfo-NHS-iminobiotin

2.4.2.1 Affinity binding of iminobiotinylated bovine serum albumin.

In order to document the desired characteristics of the reagent, bovine serum
albumin (BSA, Sigma-Aldrich Canada Ltd, Oakville, Ontario, Canada) was diluted in
water to a final concentration of 1.0 mg/ml. Sulfo-NHS-iminobiotin was then added to
the solution at a concentration of 0.25 mg/ml and the reaction was allowed to proceed at
4'C for 30 minutes. The reaction was stopped by adding Tris base (final concentration of
50 mM) and the solution dialysed against 50 mM ammonium bicarbonate, pH 10.5.
Excess amounts of labeled BSA solution (pH 10.5) was then added to Neutravidin coated

agarose beads®' (Pierce Biotechnology Inc., Rockford, IL, USA) and allowed to bind for
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30 minutes at room temperature. The beads were washed 2X with 50 mM ammonium
bicarbonate pH 10.5, 2X with 50 mM ammonium bicarbonate, 0.5 M NaCl, pH 10.5, and
2X more with 50 mM ammonium bicarbonate pH 10.5. The high salt concentration
washes are crucial to ensure complete dissociation of non-specifically bound material.
Labeled BSA was eluted using 50 mM ammonium acetate, pH 4.0. Labeling, binding and
elution were monitored by SDS-PAGE followed by silver staining or by affinity blotting
using HRP-conjugated Neutravidin (Pierce Biotechnology Inc., Rockford, II, USA).
During detection with Neutravidin-HRP, care was taken to keep the pH of all solutions at
10.5, as no signal is observed if the experiment is carried at neutral or acidic pH (data not

shown).

2.4.2.2 Localization of sulfo-NHS-iminobiotinylated proteins.

To test whether sulfo-NHS-iminobiotin could be used to label and retrieve
fragments of membrane proteins, we first used an affinity cytochemical approach to
confirm that it was impermeable to cell membranes and would therefore specifically
target cell surface proteins. Briefly, Sf9 (Spodoptera Frugiperda ovarian cells) insect
cells (Gibco/Invitrogen, Burlington, Ontario, Canada) grown in adhesion in Sf-900 II
serum free medium (Gibco/Invitrogen) were washed in ice-cold PBS and fixed in 4%
paraformaldehyde for 15 minutes at room temperature. After extensive washings, cells
were incubated in a PBS solution containing 0.25 mg/ml sulfo-NHS-iminobiotin or 0.25
mg/ml sulfo-NHS-LC-biotin (Pierce Biotechnology Inc., Rockford, IL, USA) for 30
minutes. The reaction was stopped by adding Tris base to a final concentration of 50 mM

and unbound labeling reagents were removed by washing 4X in PBS. Labeled cells were
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subsequently incubated for 20 minutes in a PBS solution containing a 1/50 dilution of
Alexa Fluor 488-conjugated Streptavidin (Molecular Probes Inc., Eugene, OR, USA) at
the indicated pHs and visualized by microscopy. It is noteworthy to mention that Alexa

Fluor 488 was chosen since it emits fluorescence in a pH-independent manner.

2.4.3 Affinity purification of Sf9 cell surface peptides

2.4.3.1 Cell surface labeling

For this study, 25x10° Sf9 cells were grown in suspension in serum free medium,
washed 3X in ice-cold PBS, resuspended in 1.0 ml of ice-cold PBS solution containing
0.25 mg/ml sulfo-NHS-iminobiotin and incubated with gentle agitation for 30 minutes at
4'C. The reaction was stopped by adding Tris base to a final concentration of 50 mM and

unbound labeling reagents were removed by washing 5X in PBS.

2.4.3.2 Cell surface limited, in-situ, proteolytic digestion

Cells were then submitted to limited in situ proteolytic digestion by resuspension
in 1.0 ml of a PBS solution containing 15 pg/ml trypsin (Sigma-Aldrich Canada Ltd.,
Oakville, Ontario, Canada) and incubation for 15 minutes at room temperature with
gentle agitation. The enzymatic reaction was stopped by addition of 35 pL of a 1.0 mg/ml
TLCK (N-p-Tosyl-lysine chloromethyl ketone, Sigma-Aldrich Canada Ltd, Oakville,
Ontario, Canada) in 1 mM HCI. The washes and partial digests of cell surface proteins

were analyzed by SDS-PAGE and affinity blotting.
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2.4.3.3 Recovery of cell surface peptides

The resulting labeled peptides were finally purified from the digest using
Neutravidin-coated agarose beads, as described above. A saturating amount of labeled
S19 surface protein digest was analyzed, binding and washes were performed at pH 10.5,
and elution achieved at pH 4.0. This procedure was monitored by dot blotting using HRP-
conjugated Neutravidin, a method more suited to detect signal originating from all

peptides, including those of low molecular weight which are not always visible on gel.

2.4.4 LC-MS/MS analysis and peptide analysis

Protein fragments resulting from cell surface digestion were purified using the
above-mentioned procedure and eluted from the Neutravidin-coated bead support using
either 50 mM ammonium acetate pH 4.0 or 50% acetonitrile 50% TFA (0.1%). The
material contained in the eluates was either directly analyzed by MS or after overnight
digestion with trypsin or V8-protease (Sigma-Aldrich Canada Ltd, Oakville, Ontario,
Canada) in ammonium bicarbonate in order to increase the number of peptides and
simplify MS/MS sequencing. Samples of crude cell surface digests and of purified
membrane protein fragments were then separated and analyzed with a pLC using a
Zorbax SB-Cis (0.3x250 mm, Phenomenex, Torrance, CA, USA) column coupled to a
QSTAR-XL hybrid LC/MS/MS Mass spectrometer (Applied Biosystems, Foster City,
CA, USA). The data generated were analyzed using the MASCOT software™ and the
deduced amino acid sequences searched in the complete SWISS-PROT database
including all taxa. Finally, the unassigned MS/MS sequences were analyzed individually

and more thoroughly by BLAST algorithm searches®. Typically, BLAST searches
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against arthropods were done using the amino acid sequences determined from the

purified samples and the top ranking candidates were evaluated.

2.5 RESULTS AND DISCUSSION

2.5.1 Synthesis and functional characterization of sulfo-NHS-iminobiotin

The structure of the final compound (sulfo-NHS-iminobiotin), as verified by
NMR (data not shown), is shown in Figure 2.1 together with other commonly used
biotinylation reagents. The resulting compound is water-soluble (by virtue of the addition
of the sulfo group) up to a concentration of 0.5 mg/mL which contrasts with the water
insolubility of the commercially available NHS-iminobiotin. It is reactive towards
primary amines (through the N-hydroxysuccinimidyl group) and incorporates an
iminobiotin moiety, which is the cyclic guanidino analog of biotin. The latter has already
been shown to bind avidin tightly in its base form (pH>10.0) whereas its protonation in
acidic conditions induces a conformational change that is refractory to binding® **. As
illustrated in Figure 2.2, the iminobiotin groups on the labeled BSA can be easily detected
by HRP-Neutravidin at basic pH. Upon binding of excess labeled BSA and extensive
washing of the beads, elution can be achieved in very mild acidic conditions as seen by
both silver staining and affinity blotting. Moreover, no loss of binding capacity was
observed following repeated binding and elution experiments conducted on the same
beads. These results contrast tremendously with those obtained with any biotin containing
labeling reagents requiring harsher conditions. The only other biotinylation reagent

considered to be '"reversible", namely sulfo-NHS-SS-biotin, does, as previously
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mentioned, present some inherent drawbacks. Hence, we conclude that the synthesized

product is fully functional and exhibits the required properties.

2.5.2 Affinity purification of sf9 cell surface peptides

To test whether sulfo-NHS-iminobiotin could be used to label and retrieve
fragments of membrane proteins, we first used an affinity cytochemical approach to
confirm that it was impermeable to cell membranes and would therefore specifically
target cell surface proteins. As shown in Figure 2.3, following incubation in the presence
of Alexa Fluor 488-conjugated streptavidin at the indicated pH values, only the externally
located proteins at the cell surface are observed. The result indicates that sulfo-NHS-
iminobiotin labels cells solely at the membrane in a pattern identical to, but at a slightly
lesser intensity than sulfo-NHS-LC-biotin, which is cell-membrane impermeable.
Collectively, these results confirm that our reagent can reversibly bind an avidin
derivative in a pH-dependent manner and provide evidence that it is membrane
impermeable and therefore suitable for our study of cell surface proteins.

Labeled cells were then submitted to limited, in situ, proteolytic digestion with
trypsin and the resulting fragments in washes and from cell digests were analyzed by
SDS-PAGE and affinity blotting (Figure 2.4). Results show that during washings, only
weak signals are observed at relatively high molecular weights, probably indicating
dissociation of loosely bound undigested membrane-associated proteins. However, upon
tryptic digestion of the cell surface, an intense signal covering a wide range of molecular
weights can be seen, indicative of the liberation of domains and peptides from membrane
proteins. The ensuing protein digest was then incubated in the presence of neutravidin

coated beads first at pH 10.5 to bind the peptides and, following washes, the peptides
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were eluted at pH 4.0. As shown in Figure 2.5, only a very weak signal in the supernatant
remains after treatment with the beads. However, an intense signal is recovered upon
elution confirming that soluble tryptic fragments of membrane proteins can be recovered
and rendered amenable to further analysis by RP-HPLC and mass spectrometric

techniques.

2.5.3 MS Analyses

To confirm the effectiveness of our method, we proceeded to the analysis of the
samples by mass spectrometry. A representative peptide elution profile and the resulting
m/z distribution spectrum from purified Sf9 membrane protein fragments are shown in
Figure 2.6. It is noteworthy to mention that despite the single step separation procedure
employed, the coupled liquid chromatography Q-TOF analysis led to the direct MS/MS
sequencing of over 300 distinct peptides in all samples. Despite the acquisition of several
hundreds MS/MS spectra, no significant protein hit could be identified by three or more
peptides in the purified samples. This contrasts markedly with the results obtained from
the analysis of the unpurified samples in which a large number of Sf9 or insect proteins
were rapidly identified using the same search criteria. As an example in a representative
unpurified sample, the top 25 significant database hits corresponded to known or putative
proteins exhibiting an intracellular localization (ribosomal, cytosolic or nuclear) and
furthermore, were assigned to Spodoptera frugiperda or closely related insect proteins in
a proportion of over 80%. Moreover, none of the peptides assigned to intracellular protein
hits were iminobiotinylated, further confirming the membrane impermeability of our
labeling reagent. Our results strongly suggest that the purification procedure employed

herein is efficient in removing the contribution arising from the presence of intracellular
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proteins found in the unpurified samples. This represents a significant result considering
the complexity and composition of the starting material. However, in the purified sample
which should have contained fragments or peptides derived from the membrane proteins,
obtaining convincing identification of Sf9 membrane proteins proved to be very difficult.
At this stage, two aspects need to be considered in relation to the techniques and model
used, to explain this result. Firstly, the single step separation procedure employed when
combined with the restriction of the Mascot public server to 300 peptides analyzed per
sample, severely limits our identification capabilities. Secondly, we must emphasize that
the relative paucity of membrane protein hits in our samples, despite the large number of
MS/MS spectra obtained, is probably due to the absence of such proteins in the available
databases. This is further exemplified by the very high and unusual proportion of
unassigned peptides in these samples. In addition, the NCBI database lists only 188
reported protein entries for our model organism (Sf9 cells), with only 2.1% of those
having a known or a putative primary cell surface localization. This illustrates how under-
represented membrane proteins are in the databases, and the need to develop tools to
study them. Nevertheless, our analysis of the unpurified sample enabled us to identify a
large number of intracellular Sf9 proteins despite the low number of entries in the
databases for this organism. Doing so, most database entries displaying identity or very
high similarity to the sequences of our purified peptides were uncharacterized Drosophila
melanogaster or Anophele gambiae protein products, often obtained by conceptual
translation of the recently available genomic information. Noteworthy, many of the
purified peptides in these searches could be assigned to membrane-localized proteins. For
example, the peptide sequence RPDDEILK was found to have 8/9 residues identical to

Drosophila P-glycoprotein 49 (gi266518) an integral membrane protein member of the
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multidrug resistance family. Similarly, the sequence TDIPIFK was found to have 5/7
identical and 6/7 chemically similar residues with the exocist component Sec5
(g124638223), which was recently shown to be an essential controller of the membrane
protein  trafficking in the Drosophila ovary”. Finally, the sequence
IGKDINTLKTMQEDLIK aligns significantly to three distinct sites of the Drosophila
lipophorin (gi7511958), an extracellular glycoprotein involved in retinoid and fatty acid

binding and transport*®,

2.6 CONCLUDING REMARKS

In this paper, we presented two majors improvements in the way cell surface
proteins can be studied through proteomics. Firstly, we described the synthesis and
functional characterization of a new biotinylation reagent which is water soluble and
membrane-impermeable, which allows labeling, binding and elution in mild conditions,
and which permits reuse of the avidin support with confidence. Secondly, we used sulfo-
NHS-iminobiotin to develop a novel, non-discriminatory investigative approach for
membrane proteins. It combines the advantages of (i) labeling in ‘near native’ conditions,
(i) generating free, soluble fragments of otherwise large and partially hydrophobic
proteins and (iii) allowing recovery by affinity retrieval of these peptides in a complete
and non-selective manner. Moreover, the peptides are recovered in a buffer that is
compatible with further analytical steps, even allowing one to by-pass conventional and
2-D gel electrophoresis which are rather time consuming, have a limited power of
resolution and are now perceived as a main bottleneck in most proteomic analyses. One

of the expected and observed challenges arising from our approach stems from the
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complexity of the iminobiotin-labeled peptides and protein fragments generated. Single
step liquid chromatographic separation methods combined with QTOF-MS/MS analysis
and computer—assisted database searching using the MASCOT public server were shown
to be barely adequate in coping with this aspect. The utilization of refined separation
protocols, such as multidimensional separation techniques as developed recently,
combined with the precision and sensitivity of QTOF-MS/MS analysis and unrestricted
computer—assisted database searching could certainly improve both the quality and the

27,28 By requiring low amounts of

quantity of information generated by a single sample
starting biological material and providing a final sample of highly purified membrane
protein soluble fragments, this technique can certainly be of great utility in the study of
specific subsets of proteins that still evade, at least in part, conventional proteomics
analytical procedures. It is certainly a complement to the cell surface proteome studies
employing labeling, extraction and 2-D gel electrophoresis'®. It is expected that this
methodology can find applications in such varied aspects of biological sciences as tissue

typing, cell differentiation, tumorigenesis, immunotherapy and the study of pathogenic

agents.
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2.8 FIGURES AND LEGENDS
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Figure 2.1: The chemical structure of four biotinylation reagents. Sulfo-NHS-LC-
biotin, sulfo-NHS-SS-biotin and NHS-iminobiotin are all commercially available whereas

we describe herein the synthesis of sulfo-NHS-iminobiotin.
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Figure 2.2: Labeling, binding and elution of BSA as described in the text. A) SDS-
PAGE followed by silver staining. B) SDS-PAGE followed by affinity blotting. Lane 1:
beads supernatant, Lanes 2,3: washes 1 and 2 with 50mM ammonium bicarbonate pH
10.5, Lanes 4,5: following 2 washes with high salt, washes 5 and 6 with 50mM

ammonium bicarbonate pH 10.5, Lane 6: eluate 1, Lane 7: eluate 2 and Lane 8: empty.
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Figure 2.3: Sf9 insect cells were labeled either with sulfo-NHS-LC-biotin (panel A)
or sulfo-NHS-iminobiotin (panels B and C). Detection using Alexa Fluor 488-

conjugated Streptavidin was done at pH 10.5 (panel A and B) and at pH 4.0 (panel C).
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Figure 2.4: Monitoring by affinity blotting of the labeling and limited in-situ
proteolytic digestion of Sf9 cell surface proteins. Lane 1: Empty, Lanes 2-6:
Consecutive washes in ice-cold PBS, Lane 7: Digest with 15 pg/ml trypsin, Lane 8:

Empty.

143



Figure 2.5: Dot blot illustrating affinity purification of labeled membrane protein
fragments. Position 1: beads supernatant, Positions 2-3: consecutive washes with S0mM
ammonium bicarbonate, pH 10.5, Positions 4-6: washes with 50mM ammonium
bicarbonate, 0.5M NaCl, pH 10.5, Positions 7-8: Washes with 50 mM ammonium

bicarbonate, pH 10.5, Position 9: pooled eluates in 50mM ammonium acetate, pH 4.0.
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Figure 2.6: Elution profile (A) and ions distribution spectra (B) of purified Sf9
peptides from membrane proteins following separation on a pnLLC coupled to an

QSTAR-MS. Analysis of the sample led to the generation of over 300 distinct MS/MS

peptide sequences.
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3.1 PREFACE

Our initial objective while developing an alternative method to study cell surface
proteomes was to identify potential endogenous substrates for PC4, a prohormone
convertase mainly expressed in male germ cells'. In 2002, results already suggested that
this enzyme was localized at the surface of mammalian spermatozoa (Gauthier and
Lazure, unpublished data) and male mice knock-out for PC4 were infertile’. The method
presented in chapter 2 showed its potential for the selective enrichment of labeled cell
surface protein fragments and their analysis by mass spectrometry. Since most protein
players involved in spermatozoa capacitation, ZP binding, acrosome reaction and oocyte
binding were already poorly characterized, we decided to apply this newly developed
approach to identify the proteins present at the surface of freshly ejaculated bovine
spermatozoa. It was reasoned that subsequent analysis of the identified proteins could, in
turn, reveal potential endogenous substrates of PC4 involved in the spermatozoa
maturation and fertilization processes. Initiated in 2003, this work rapidly yielded very
interesting preliminary results, some of which are presented in this chapter. However,
difficulties in acquiring large amounts of fresh biological material and restricted
availability of mass spectrometry facilities at the time delayed significantly publication of
those results. A particular concern on our part was the relatively low score of identified
proteins. Very recently, we have been able to bypass the limiting aspects of the study and
have resumed our analysis of this cell surface proteome. As mentioned in chapter 5, this
work could be expanded to the surface of capacitated and acrosome-reacted spermatozoa

and lead to a stage-specific description of the membrane proteins of this cell.
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3.2 ABSTRACT

The membrane of the mammalian spermatozoa is a very dynamic structure.
Changes, both at the lipid and protein levels are required for freshly ejaculated
spermatozoa to acquire the potential to fertilize the oocyte in vivo. The sperm cells must
undergo a series of sequential maturation steps in order to be able to bind the egg.
Spermatozoa are first capacitated during their travel through the female reproductive
tract, a process during which there are marked changes in the abundance and distribution
of membrane proteins among the different sperm head regions. Once they reach and make
contact with the oocyte, spermatozoa will release the content of their acrosome, a vesicle-
like structure containing the hydrolytic enzymes necessary for the penetration of the zona
pellucida surrounding the egg, and will consequently expose a new membrane surface, a
step known as the acrosome reaction. Finally, proteins from the inner acrosomal
membrane will interact with their binding partners on the surface of the oocyte which will
ultimately lead to fertilization. Despite decades of research, only a few of the membrane-
associated proteins involved in the above-mentioned processes have been clearly
identified. Interestingly, prohormone convertase 4 (PC4) is a calcium dependent, serine
protease involved in the proteolytic maturation of prohormone and proneuropeptide
precurors and is almost exclusively present at the surface of spermatozoa. Although very
few endogenous substrates for the enzyme have been identified so far, male mice knock-
out for PC4 show severely impaired fertility and their sperm present several defects at all
stages of maturation, capacitation and fertilization. In order to obtain a clearer picture of
the cell-surface exposed proteins of freshly ejaculated bovine spermatozoa, we performed

a large-scale, gel-free proteomic analysis of this subcellular proteome and identified over

151



two hundred proteins, some of which never before reported in this cell type. Further
analysis of the identified candidates could reveal their role in the spermatozoa’s biology
as well as potential substrates for PC4. In turn, this might provide new insights for the

development of strategies for the treatment of infertility or of new contraceptive tools.

3.3 INTRODUCTION

The mammalian spermatozoon is a specialized cell comprising several unique
structures essential to its function’. Interestingly, epididymal and freshly ejaculated
spermatozoa do not have the ability to perform fertilization of the oocyte. They can only
do so after spending some time in the female reproductive tract where they undergo a
series of molecular and physiological transformations collectively known as capacitation®.
This maturation step characterized, among other things, by changes in the abundance, in
the phosphorylation state’, in the activity® and in the localization”® of several membrane-
associated proteins resulting in the increased affinity of the spermatozoa for the zona
pellucida surrounding the oocyte’. Also, the loss of some cell surface-associated proteins,
known as decapacitation factors'’, is also thought to be crucial for this process and to lead
to the exposition of new proteins such as the progesterone receptor''. Once the sperm
make contact with the oocyte, they undergo the acrosome reaction, a process in which the
content of their acrosome, a vesicle containing hydrolytic enzymes necessary for the
digestion of the zona pellucida and for the penetration of the spermatozoa, is released'?.
Binding of the spermatozoa to the zona pellucida is both carbohydrate- and protein-
dependent’ and is immediately followed by the acrosome reaction. It involves the fusion

of the plasma membrane with the outer acrosomal membrane resulting in the ultimate
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exposition of a new structure, the inner acrosomal membrane, at the surface of the
sperm'. A few of the newly exposed membrane proteins involved in the secondary
binding have been better characterized. Among the most interesting candidates
implicated, we denote P-selectin'”, sp38'°, acrosin'’ and PH-20'®. Finally, binding to the
oocyte plasma membrane is another step in which membrane proteins are very important.
Some of the important proteins involved in this binding are cyritestin'® and fertilin (PH-
30)* two membrane proteins containing a desintegrin and metalloprotease domain, which
are therefore members of the ADAM family.

Prohormone convertase 4 (PC4) is a member of a family of calcium dependent
serine proteases. Collectively, these enzymes are involved in the proteolytic maturation of
a wide range of secreted and surface-expressed proteins such as hormones, neuropeptides

21, 22
and receptors”™

. Interestingly, the expression pattern of PC4 is almost exclusively
restricted to male germ cells, where at least one of the forms of the protein is present at
the surface of spermatozoa™. Male mice in which the gene coding for PC4 has been
inactivated show severely impaired fertility, and their spermatozoa themselves exhibit
reduced fertilizing ability and accelerated capacitation, precocious acrosome reaction and
reduced binding to the zona pellucida® *. Contrary to other prohormone convertases, the
endogenous substrates of PC4 are mostly unknown. The only one identified so far is
proPACAP, the precursor of the pituitary adenylate cyclase activating polypeptide, whose
processing is impaired in PC4 knock-out mice in the testis**. However, since PACAP is
thought to act mainly via an intracrine mechanism inside spermatids and spermatozoa®, it

is reasonable to expect that other substrates of PC4 could exist at the surface of the cell to

explain the multiple defects observed in PC4 knock-out spermatozoa.
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Clearly, the membrane of the spermatozoa is a very dynamic structure in which
changes are indicative of the fertilization potential. Moreover, relatively few proteins
have nowadays been conclusively identified as playing a role in the capacitation and
fertilization processes. Acquiring the cell surface proteome of these cells could serve two
important purposes. First, it would allow identification of all proteins present at every
specific maturation step consequently revealing candidates essential to their completion.
Secondly, it would permit the identification of potential endogenous substrates for PC4
required for reproductive function. As far as proteomic analysis of the spermatozoa is
concerned, several studies have recently been published. Using whole cell extracts, 2D-
gel electrophoresis and MALDI-TOF mass spectrometry, 98 human proteins were
identified and 1000 distinct protein spots were observed®®. In another extensive 2D-gel
electrophoresis effort to describe human spermatozoa, a combination of overlapping
narrow-range pH gradients allowed the presentation of an high-resolution 2D reference
map of over 3500 spots representing human spermatozoal proteins, though only a few
have been identified”’. Finally, another study concentrated its efforts on the head region
of murine epidydimal spermatozoa. Using surface biotinylation, affinity purification, gel
electrophoresis and MS/MS, 85 distinct proteins specific to the membrane were
identified”®. At this point however, the number of identified proteins is relatively low and
no specific effort targeting freshly ejaculated bovine spermatozoa has been reported.
Moreover, all studies employ detergent extraction and gel electrophoresis which is not
very efficient to obtain and resolve certain protein populations and unavoidably lead to
sample loss.

In this study, we describe the utilization of a non-discriminatory gel-free

proteomic method to purify and analyze proteins associated to the membrane of freshly
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ejaculated bovine spermatozoa. Using this approach, we have identified over 200
proteins, several of which had not been reported in this model prior to the present study.
Further analysis of the results could reveal important candidates involved in capacitation
and fertilization, some of which possibly as endogenous substrates for the prohormone

convertase 4.

3.4 MATERIALS AND METHODS

3.4.1 Bovine spermatozoa acquisition and processing

A fresh bovine ejaculate was obtained from the Centre d’Insémination Artificielle
du Québec (CIAQ) and maintained at 18 degrees during transportation to the laboratory
(1h). The semen was diluted with 3 volumes PBS and centrifuged at room temperature at
250 x g for 5 minutes. The pellet was washed three times with PBS to remove all traces of
seminal plasma and unbound proteins. The cells were finally diluted to a concentration of

1x10° spermatozoa per mL in cold PBS.

3.4.2 Spermatozoa extraction for 1D- and 2D-gel electrophoresis and Western Blot
For 1D gel electrophoresis and Western Blot analyzes of prohormone convertase 4
(PC4), 250x10° spermatozoa were extracted sequentially in 1 mL of two different buffers.
The gentle extraction was performed by simply incubating the cell in PBS at 37°C for 15
minutes and collecting the supernatant (extract 1). Subsequently, the cell were
resuspended in PBS and submitted to 30 strokes of pestle homogenization, and the
supernatant was collected (extract 2). Finally, the cells were resuspended in PBS

containing 1% NP-40 (Roche Diagnostics, Laval, QC, Canada) and submitted to 30
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strokes of pestle homogenization (extract 3). The same volume of each extract was
diluted with SDS-PAGE sample buffer and separated by conventional 10% SDS-PAGE
electrophoresis®. Proteins were electrotransfered onto an Immobilon-P membrane
(Millipore, Billerica, MA, USA) for probing by Western blot. The various PC4-like
immunoreactive forms were revealed by a rabbit anti-PC4 antibody (Alexis
Biochemicals, Burlington, ON, Canada) and an anti-rabbit secondary antibody coupled to
HRP (Chemicon, Temecula, CA, USA) using enhanced chemiluminescence (GE
Healthcare, Baie d’Urphée, QC, Canada).

For 2D-gel electrophoresis and Western blotting, spermatozoa were extracted
using reagent 2 of the Readyprep sequential kit (8§ M urea, 4% CHAPS, 40 mM Tris,
0.2% Bio-Lyte 3/10 ampholyte) (Biorad, Hercules, CA, USA). 25 pg of protein sample
was loaded by active rehydration into 7 cm IPG strips for several pH ranges. Isoelectric
focusing was performed as per manufacturer’s instructions on a Protean IEF cell (Biorad)
for a total of approximately 10000 Volt-Hours. Following equilibration as per
manufacturer’s instructions in SDS-PAGE equilibration buffers I and II, each strip was
applied onto a 10% SDS-PAGE gel. Following separation, the proteins were transferred
for Western blotting and the presence of PC4-like immunoreactive forms revealed as

described above.

3.4.3 Spermatozoa labeling, limited cell surface proteolytic digestion and peptide
purification

For the detergent-free, gel free proteomic analysis of the spermatozoa’s membrane
associated proteins, cells were treated according to a protocol previously described®.

Briefly, 250x10° cells were labeled for 30 minutes at 4°C in PBS containing 0.5 mg/mL
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sulfo-NHS-iminobiotin. The reaction was quenched with 50 mM final Tris, cells were
washed and the surface proteins were digested by incubation in 1 mL PBS containing 100
pg/mL trypsin (Sigma-Aldrich Canada Ltd, Oakville, Ontario, Canada) for 15 minutes.
The digestion was stopped by addition of 50 pL of a 1.0 mg/ml TLCK (N-p-Tosyl-lysine
chloromethyl ketone, Sigma-Aldrich Canada Ltd, Oakville, Ontario, Canada) in 1 mM
HCI. The released, labeled peptides from membrane-associated proteins were purified by
affinity using a column of neutravidin-coated agarose beads (Pierce, Rockford, IL, USA).
Briefly, 5 mL of beads mixture was washed three times in PBS and incubated for 1 hour
in 0.3 mg/mL DMP (Dimethyl pimelimidate Pierce), a protein cross-linking agent, in
order to prevent neutravidin shedding from the column during elution. The beads were
then used to pack a 10-mL column. The supernatant of the digested spermatozoa solution
was brought to pH 10.8 with concentrated NaOH and supplemented with 250 mM final
NaCl, applied to the column and left to incubate for 30 minutes at room temperature. The
column was then washed with 3 CV of solution W1 (25 mM ammonium bicarbonate, 250
mM NacCl in Chromasolv® water (Sigma-Aldrich) pH 10.8), 3 CV of solution W2 (25
mM ammonium biocarbonate, 500 mM NaCl pH 10.8) and finally 3 CV of solution W1.
The bound peptides were eluted with 3 CV of solution E (10% acetonitrile, 25 mM
ammonium acetate, acetic acid pH 2.5). The content of each elution fractions was
monitored by Dot blotting using HRP-conjugated neutravidin (Pierce) and ECL and the

most enriched fractions were pooled and dried under vacuo.

3.4.4 LC-MS analysis and protein identification
The material contained in the pooled, dried eluates was analyzed after overnight

extensive digestion with trypsin in 25 mM ammonium bicarbonate in order to increase the

157



number of peptides and simplify MS/MS sequencing. The purified membrane protein
fragments were then separated and analyzed with a pLC system using a Zorbax SB-Cis
(0.3x250 mm, Phenomenex, Torrance, CA, USA) column coupled to a QSTAR-XL
hybrid LC/MS/MS Mass spectrometer (Applied Biosystems, Foster City, CA, USA). The
data generated was analyzed using the MASCOT software’' on the MatrixScience public
server and the deduced amino acid sequences searched in the complete SWISS-PROT
database concentrating on mammalian taxa. Finally, the unassigned proteins and MS/MS
sequences were analyzed individually and more thoroughly by BLAST algorithm
searches’”. The quality of the MS/MS spectra was manually verified. Typically, BLAST
searches against mammalian sequences were done using the amino acid sequences
determined from the purified samples and the top ranking candidates were evaluated.
Search results from eight sample were combined to maximize the number of proteins

identified.

3.5 RESULTS AND DISCUSSION

3.5.1 Characterization of the various PC4 forms

As mentioned in the introduction, characterization of the PC4 gene and mRNA
revealed that alternative splicing could possibly yield numerous 3’ and 5’ variants of the
mRNA™. The biological significance of this splicing in the development of male germ
cells is still elusive. However, the identification of an intracellular substrate for the
enzyme®* and the confirmation of the membrane localization of PC4> clearly suggest that
several protein isoforms could exist in spermatozoa, either sequentially or simultaneously.

In order to investigate this aspect, we have performed sequential extractions of freshly
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ejaculated bovine spermatozoa in conditions of increasing stringency but in buffers that
do not induce significant levels of capacitation or acrosome reaction. The results,
presented in Figure 3.1, demonstrate that at least 3 protein products are recognized by the
anti-PC4 antibody, at approximately 45 kDa, 54 kDa, 56 kDa. Interestingly, the 54 kDa
form is very easily shed from intact cells by simple incubation in PBS at 37°C for 15
minutes. Moreover, this shedding is complete since additional incubation in PBS and/or
mechanical stress in this buffer do not result in further 54kDa protein release. Also,
protein assays done on this initial extract reveal very insignificant levels of proteins,
confirming the microscopic observation in favor of the cells being mostly intact and not
having undergone lysis or acrosome reaction in this buffer (data not shown). It is
conceivable that this release of a PC4 form could be due to a specific proteolytic activity
or to the cleavage of a GPI-anchor from a membrane-bound precursor. The final extract
contains a membrane-disrupting detergent and reveals the presence of the additional
45kDa and 56kDa forms. The nature of all three immunoreactive species is not
determined yet, and whether they originate from alternative mRNAs or from proteolytic
processing of a single polypeptide, as it is the case for other members of the PC family,
must be further investigated. However, this data combined with the recently published
immunoelectron microscopy results™ clearly demonstrate that at least one form of the
enzyme is present at the surface of intact spermatozoa. Also, narrow-range 2D-gel
electrophoresis patterns for these PC4 forms reveal that both the 56 kDa and 45 kDa
forms present post-translational modifications affecting the charge and the mass of the
proteins, as indicated by a series of adjacent spots (Figure 3.2). The diversity in the pl of
the protein forms also might suggest that they could be optimally active in different

microenvironments. In summary, early molecular characterization of PC4 show the

159



potential for multiple forms of the enzyme, at least one of which is present at the surface
of the spermatozoa. Considering the infertility phenotype of PC4 knock-out mice, it is
possible that this enzyme could have multiple endogenous substrates, some of them

present at the cell surface and involved in capacitation and fertilization.

3.5.2 Purification of labeled membrane protein fragments

Sulfo-NHS-iminobiotin ~ synthesized in our laboratory was previously
characterized and shown to be membrane-impermeable and to efficiently and specifically
label cell surface proteins”. Among its main advantages with respect to other
biotinylation reagents, it displays a pH-dependent, fully reversible binding to an avidin
support. We monitored the binding and elution of the spermatozoa surface protein
fragments by dot blotting. As shown in Figure 3.3, initial binding to the neutravidin
column at pH 10.8 is near-complete, and the several subsequent washes (low and high salt
concentrations, pH 10.8) do not cause bound material to elute. The numerous washes and
the utilization of neutravidin, which minimizes non-specific binding, are sufficient to
remove the majority if not all non-labeled material. The use of a volatile acidic buffer
(Figure 3.3, row D) leads to rapid desorption of the bound material while minimizing

possible interferences during subsequent LC-MS/MS analysis.

3.5.3 LC-MS/MS analysis and protein identification

LC-MS/MS analysis from eight independent samples was combined and led to the
identification of 203 unique proteins from 321 protein hits. In cases where the MASCOT
search results were ambiguous or pointing to an unknown sequence, we have used the

BLAST algorithm for short, near exact sequences and the peptide sequence from the
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MS/MS data. Usually this procedure led to quick and easy identification. Nearly 65% of
all proteins identified have been reported as being permanently or transiently exposed at
the cell surface in the literature, confirming the validity of our procedure to enrich and
identify membrane-associated proteins. Moreover, over 100 proteins identified had never
been reported before in this cell model, the mammalian spermatozoa. A representative list
of interesting proteins identified and their proposed or recognized role in spermatozoa
biology is presented in Table 3.1. The proteins were also categorized as shown in the
scheme depicted in Figure 3.4. A remarkable proportion of the reported proteins can
function as membrane receptors or are involved in signal transduction. Another large
proportion is directly involved in the dynamics of cellular structure or is part of the
glycocalyx (extracellular matrix). Moreover, some unexpected proteins, such as subunits
of the proteasome and/or members of the ryanodine receptor family were conclusively
identified in this study. Never unambiguously reported in 2003 at the time when these
results were obtained, they have since been confirmed to be present at the surface of

34, 35

spermatozoa . The full list of all identified proteins from 8 distinct samples is

presented in Supplementary Table 3.1

3.6 CONCLUDING REMARKS

The work presented herein convincingly demonstrates the validity of our
detergent-free, gel-free approach to study cell surface proteins, thereby circumventing the
problems associated with the solubilization and the separation of this hydrophobic subset
of proteins. Applying this approach to the study of the proteins exposed at the surface of

freshly ejaculated bovine spermatozoa has allowed the identification of over 200 proteins.
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Among these, most of them have been reported to be associated with the plasma
membrane and/or were involved in several cellular functions such as signaling,
maintenance of cell architecture and membrane fusion. Further analysis of the identified
proteins will be necessary to discriminate the candidates involved in capacitation and
fertilization, as well as those potentially acting as endogenous susbstrates for PC4. Only
then can promising therapeutic targets for contraception or the treatment of infertility be

identified.
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3.8 CLOSING REMARKS

As previously mentioned, due to technical limitations in 2003, this project was set
aside temporarily. The protein samples generated were very pure and fully compatible
with mass spectrometry, but the abundance of the proteins was relatively low. The
instrumentation available at the time, namely the QSTAR-XL hybrid LC-MS/MS system,
could not cope effectively with low abundance proteins present in such a complex
mixture of peptides. As a result, protein identification was possible and the assigned total

proteins scores, ranging from 20 to 200, were significant, albeit relatively low. Hence,
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given this uncertainty regarding the validation of identified protein candidates, we
decided to postpone publication of the results. However, can be seen herein a relatively
high number (for such an endeavor) of samples were run and analyzed, adding weight
nevertheless to the results. Consequently, it was decided to pursue this study when
simultaneous availability of highly sensitive instrumentation, both for peptide separation
and mass analysis, as well as fresh biological samples from CIAQ would not be a
limitation. In the meantime, studies in the recent literature confirmed the presence of
some of even the most unexpected candidates at the surface of mammalian spermatozoa,
suggesting that the approach we took in 2003 is valid. This includes, for example, the
presence of proteasone subunits at the surface of the spermatozoon. Hence, this reinforces
our desires to further push this area of investigation and we have just undertaken the task
of repeating this work using the modern proteomic facilities we have employed for the
study reported in chapter 4. Once the total number of peptides and total protein scores
will be judged sufficiently high to confidently discriminate between real and false-
positive identifications, we will push further our analysis of the most promising
candidates. Also, analysis of the identified proteins will include a search for PC4 cleavage
motifs such as KXKXXR' or KXXR**®. Early validation of the proposed substrates will
be performed by monitoring their maturation (or absence of) in the mice PC4 knock-out

model using Western blots.
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3.9. FIGURES AND LEGENDS

1 2 3

54 kDa . o 0 kDa

45 kDa

Figure 3.1: Representative Western blot illustrating the various PC4-like
immunoreactive forms. Lane 1, supernatant of spermatozoa incubated in PBS for 15
minutes at 37°C; lane 2, consecutive pestle extract of spermatozoa in PBS; lane 3,
consecutive pestle extract of spermatozoa in PBS containing 1% (v/v) NP-40 detergent.
Proteins were revealed using a primary rabbit anti-PC4 antibody, a secondary anti-rabbit
antibody conjugated to HRP and enhanced chemiluminescence. At least three distinct,

sequentially extractable forms can be observed.
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Figure 3.2: Western blot of PC4 immunoreactive proteins species separated by 2D-
gel electrophoresis. Protein species were separated according to their pI (1* dimension,
horizontal) and their molecular weight (2nd dimension, vertical) as described in Materials
and methods. The observaiton of several spots indicates the presence of post-translational

modification and/or multiple forms of the enzyme.
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Figure 3.3: Dot blot illustrating the affinity purification of spermatozoa cell surface
peptides. Row A, post-binding column wash 1, fractions 1-9; Row B, post-binding
column wash 2, fractions 1-9; Row C, post-binding column wash 3, fractions 1-9; Row D,
column eluate fractions 1-9. The presence of biotinylated peptides was revealed by

neutravidin conjugated to HRP and enhanced chemiluminescence, as described.
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Figure 3.4: Distribution of the spermatozoa cell surface proteins identified by LC-
MS/MS. The observed or postulated functions of the proteins confirm their transient or

permanent association with the cellular membrane.
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3.10 TABLES AND LEGENDS

Protein name

Function/Discovery

A-Kinase anchoring proteins

Cell structure and adhesion

ASPM (anti-sperm plasma membrane)

Sperm surface antigen

Collagen, type 7

Cell structure and adhesion

EP4 (low Mwt zona pellucida binding protein)

Zona pellucida binding

Glutathione peroxidase 5

Protection from lipid oxidation

Glutathione S-transferase

Protection from lipid oxidation

Hexokinase 1

Energy metabolism

Major Fibrous sheath protein precursor

Cell structure and adhesion

Mammalian 20S proteasome subunit

Zona pellucida binding, acrosome reaction

Mannose-6-phosphate/Insulin-like growth factor II receptor

Signaling in sperm development

PLC-B1 (phospholipase beta-1)

Acrosome reaction

Preprorelaxin precursor

Metabolism and acrosome reaction

RING-finger binding protein

Acrosome reaction

Ryanodine receptor

Ca’' release in egg penetration

Sperm protein 13

Cell structure and adhesion

Table 3.1: List of representative spermatozoa surface proteins identified by LC-

MS/MS. A few of the proteins identified are listed with their known or putative role in

spermatozoa biology, or, if unavailable, the context in which they were initially

described.
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Supplementary Table 3.1

Protein Name GI Number | Membrane | Model
Sample 1
cardiac titin £i|33413750 YES NO
phosphatidylinositol-4-phosphate-5-kinase 212072014 YES NO
epithelial keratin 1 gi|50979272 YES NO
EP4=low Mr zona pellucida binding protein gi|254392 YES YES
ryanodine receptor gi|227245 YES YES
Inositol 1,4,5-trisphosphate receptor type 1 gi|17367101 YES YES
inositol 1,4,5-trisphosphate receptor type 3 gi|17432548 YES NO
breast cancer susceptibility protein 2 £i|30060346 NO NO
guanine nucleotide-binding protein Gs alphal 2i|739576 YES YES
sex determining region Y gi|30016723 NO YES
unconventional myosin 2i|47522864 YES YES
Janus kinase 1 gi|47523036 YES NO
ryanodine receptor 2i|11182064 YES YES
ryanodine receptor gi|164646 YES YES
ASPM 2i]41056698 YES YES
alpha 2B adrenergic receptor 2i|18643974 YES NO
transcription factor NFATmac gi|47523410 NO NO
transferrin gi|227094 YES YES
mitosin 2i/12002984 NO NO
desmoglein 3 £i|50950209 YES NO
tCstF-64 2124416589 NO YES
MHC class I allele ShB £i|424077 YES NO
smooth muscle caldesmon 2i|845652 NO NO
microcephalin £i]46399208 NO NO
organic anion transporter 3 gi|42538740 YES YES
Phosphorylated Pig Heart, Gtp-Specific Succinyl-Coa | gi/9955021 NO NO
Synthetase
cardiac titin gi|33413748 YES NO
Clp-like ATP-dependent protease binding subunit 2i|871784 NO NO
BRCAI1 gi|18766288 NO YES
Glutathione S-transferase 212495107 YES YES
signal recognition particle,72 kDa subunit 2i|50979066 YES NO
DNA (cytosine-5)-methyltransferase 1 2129536011 NO YES
BRCALI £i|32892158 NO YES
Sample 2
ASPM £i|41056696 YES YES
BRCALI £i|13195179 NO YES
Cleavage and polyadenylation specificity factor, 73 kDa | gi|18202362 NO NO
subunit
Pyruvate Kinase £i|999572 NO YES
cytosine-5-methyltransferase 2122023943 NO YES
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Hexokinase, type I gi|123891 YES YES
collagen alphal(II) £1|222999 YES YES
inversin £i|50979224 NO NO
transforming growth factor beta receptor type 11 2i|348620 YES YES
ATP-binding cassette, sub-family F (GCN20), member | gi|41529180 NO NO
1

corneal epithelium BCP54 21162904 NO NO
NADH dehydrogenase gi|163412 NO NO
vinculin gi|47522618 YES YES
RING-finger binding protein 2i|30315951 YES YES
myosin heavy chain 2a 2i|5360746 YES NO
Junctophilin 1 gi[27805491 YES YES
Myosin heavy chain, nonmuscle type B 2i|13431706 YES NO
pulmonary surfactant-associated protein C proSP-C gi|13507047 YES NO
60S Ribosomal protein L34 £i|2833354 NO NO
Chromaffin granule-associated membrane glycoprotein | gi|1170800 YES NO
ITA

type VII collagen gi|33149359 YES YES
fibrinogen A-alpha chain £i|3789960 YES NO
procollagen alphal(IV) gi|1915982 YES NO
putative zinc finger protein gi|6625537 NO NO
Vitamin D-binding protein precursor (DBP) (GC- | gi|1722804 YES YES
globulin) (VDB)

versican precursor gi|7513547 YES NO
Cholinesterase precursor 2i|38502852 YES YES
ribosome receptor 2i|50978924 YES NO
adult-specific brush border esterase/phospholipase gi|539770 YES YES
Interphotoreceptor retinoid-binding protein precursor £i/124891 YES NO
BRCALI £i|25070848 NO YES
Integrin beta-2 precursor/ CD18 gi|417199 YES YES
lysosomal trafficking regulator gi|4757355 YES NO
12-lipoxygenase gi|16212141 YES NO
capacitative calcium entry channel 2 gi|3212137 YES YES
serum albumin precursor 2150953792 NO NO
T-cell receptor delta 3 gi|11071821 YES NO
complement component C5 2i|48675959 YES YES
mannose-6-phosphate/insulin-like  growth factor II | gi|14647147 YES YES
receptor

antibacterial protein precursor 2i|468912 YES YES
met proto-oncogene precursor 2i|38322673 YES YES
mannose 6-phosphate/insulin-like growth factor 2 | gi|7715870 YES YES
receptor

Protein disulfide-isomerase A3 precursor er-60 2i|729433 YES NO
DNA-dependent protein kinase catalytic subunit gi|17646639 NO NO
insulin-like growth factor-binding protein 1 precursor 2i|108549 YES NO
Myosin light chain kinase 2, skeletal/cardiac muscle 2i|125493 YES YES
alpha 3 actinin gi|47155482 NO NO
Glucose transporter type 4, insulin-responsive 212500935 YES NO
Plakophilin 2i/599690 YES NO
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Sample 3

Versican core protein precursor 2i|19861780 YES NO
Voltage-dependent N-type calcium channel alpha-1B | gi|5921693 YES NO
subunit

interphotoreceptor retinoid binding protein 212570813 YES NO
heavy neurofilament protein; intermediate filament | gi|50979202 NO YES
protein

interphotoreceptor retinoid binding protein gi[22796553 YES NO
Common salivary protein form a BSP30a gi[34395843 NO NO
breast and ovarian cancer susceptibility protein gi]29640734 NO YES
interphotoreceptor retinoid binding protein 2i|34732754 YES NO
phosphoprotein phosphatase 2A-alpha 65K regulatory | gi|108375 YES YES
chain

Translation initiation factor IF-2, mitochondrial | gi|1170498 NO NO
precursor

von Willebrand factor (homolog?) gi|17980666 NO/YES | NO/YES
heat shock protein 90 gi|1072479 NO YES
alpha-1D adrenergic receptor gi|6114881 YES NO
chromogranin A precursor 2i/89468 NO NO
titin gi|1145880 YES NO
tropomyosin beta chain, platelet gi|71604 YES YES
aromatase gi|1762231 NO YES
periplakin £i[20149233 YES NO
protein phosphatase 1, regulatory subunit 10 2i|41529181 NO YES
BRCAL1 gi|13195215 NO YES
Nuclear autoantigenic sperm protein gi|127843 NO YES
calcium channel BI-1 gi|1523 YES NO
Sample 4

sperm protein 13 £i[40644925 YES YES
Na+ Ca2+ K+-exchanging protein 2i|108825 YES NO
brain calcium channel BII-1 gi|1473 YES NO
Isonicotinimidylated Liver Alcohol Dehydrogenase 21231239 NO NO
tuftelin 2127530964 YES NO
BRCAI 2i|18766276 NO YES
myosin heavy chain, smooth muscle, long splice form gi[109322 YES YES
sarcalumenin precursor, fast twitch skeletal muscle 2i|109375 YES NO
interleukin 12 receptor beta 2 chain 2i|18139969 YES NO
BRCAI £i|13195205 NO YES
smoothelin-B gi|45154853 NO NO
dentin matrix protein 1 gi|26000384 YES NO
PLC-BETA-1 £i|130221 YES YES
Rho-associated protein kinase 2 gi|47606001 YES NO
Rho-associated coiled-coiled containing protein kinase | gi|21306504 YES NO
p160ROCK

DNA cytosine-5 methyltransferase 1 gi|31074161 NO NO
cytochrome P450 2D 2150979325 NO NO
aggrecan 211730260 YES NO
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adhesion molecule VCAM-1 2128894262 YES NO
growth hormone receptor 2i|21645703 YES YES
Ryanodine receptor 1 gi|134134 YES YES
BRCALI 2i|18766284 NO YES
myomesin gi[2136688 NO NO
Ly49 2i|30267428 YES NO
dentin matrix protein 1 2126000368 YES NO
immunoglobulin kappa light chain 2130269858 YES NO
Collagen alpha 1(I1) chain gi|115290 YES YES
TPA: RTN2-B 21|38327596 YES NO
cardiac ankyrin repeat protein gil47522642 YES NO/YES
cortactin-binding protein 2 2i|38322680 YES NO
porcine orexin receptor type 1 2120520985 YES NO
dentin matrix protein 1 gi]26000372 YES NO
calmodulin-independent adenylate cyclase gi|61 YES NO
DNA-(apurinic or apyrimidinic site) lyase (AP | gi|113983 NO NO
endonuclease 1) (APEX nuclease) (APEN)

troponin T fast skeletal muscle type 2121038992 NO NO
Sodium/calcium exchanger 1 precursor (Na(+)/Ca(2+)- | gi|127793 YES YES
exchange protein 1)

Sample 5

ORF gi|164251 NO NO
epithelial keratin 2¢ gi|50979264 YES NO
pl9ARF gi|7637746 NO NO
putative collagen type XI alpha 1 gi|27657427 YES NO
skeletal muscle sodium channel alpha-subunit 2i|829615 YES NO
interleukin-1 beta precursor £i|69700 YES YES
follicle-stimulating hormone receptor gi|1658014 YES NO
Brca2 gi|20502478 NO NO
titin 21/109388 YES NO
Hyaluronan synthase type 2 £1|3927898 YES NO
cortactin-binding protein 2 gi|38322718 YES NO
uveal autoantigen gi|12240158 YES NO
lymphocyte function-associated antigen 1 2124637288 YES NO
Nitric-oxide synthase, brain 2i|8473494 YES YES
protein 4.1R /50979218 YES NO
Calpain inhibitor (Calpastatin) 2i|124110 NO YES
BRCALI £i|13195173 NO YES
BRCALI 2i|18874718 NO YES
Neurofilament triplet M protein 2i|1709261 NO YES
zinc finger protein 470 gi|45439038 NO NO
putative 40-2-3 protein 2i|47564034 UNK UNK
thioredoxin reductase 2 gi|27807131 NO NO
ATPase inhibitor, mitochondrial precursor 2i|2833356 NO NO
BRCALI 2i|32892174 NO YES
xeroderma pigmentosum group C protein 213098416 NO NO
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xenobiotic/medium-chain fatty acid:CoA ligase form | gi|5070357 NO NO
XL-III

pancreatic colipase £i|50979104 NO NO
parotid secretory protein precursor gi[33358232 NO NO
Collagen alpha 1(VIII) chain precursor gi|115317 YES YES
reductase, NADPH cytochrome P450 gi|224382 YES NO
Sample 6

major fibrous sheath protein precursor gi|4588120 YES YES
dystrophin gi|3982751 YES YES
acylneuraminate lyase gi|47522956 YES YES
antigen CD18 2i|45268485 YES YES
chmadrin (short type) 214996101 NO NO
Coatomer alpha subunit (Alpha-coat protein) (Alpha- | gi|2494888 YES YES
COP)

immunoglobulin kappa light chain variable region £1|6502690 YES NO
recombination activating protein 1 £i|30314366 NO NO
BRCALI £i|23928361 NO YES
insulin receptor precursor 2137813344 YES YES
Probable phospholipase DDHD1 £i|37999475 YES YES
BRCA1 2i|18766286 NO YES
glutathione peroxidase 5 21|6650995 YES YES
IkB kinase-gamma gi|15986413 NO NO
interphotoreceptor matrix proteoglycan 1 2127805947 YES NO
Endoplasmin precursor £i/984249 YES YES
Cyclic-nucleotide-gated cation channel 4 212493749 YES NO
blood coagulation factor IX gi|45758733 NO NO
myosin heavy chain 2x 2121907900 YES NO
BRCA1 2i|13991595 NO YES
kallikrein gi|47522962 YES YES
huntingtin interacting protein 1-related 2132699406 YES NO
cardiac triadin isoform 2 gi|1144323 YES NO
apolipoprotein B £i|32895321 YES YES
Glutamate decarboxylase, 67 kDa isoform (GAD-67) gi|416884 NO YES
prostaglandin F2-alpha receptor gi|15421164 YES YES/NO
major histocompatibility complex class I protein 2i/6049084 YES NO
interleukin-3 £i|45359670 YES YES
histone H2A.F/Z variant £i|3108211 NO NO
block of proliferation 1 gi|33411760 UNK UNK
sialyltransferase ST3Gal-III gi|50872129 YES NO
destrin 2i|5802966 YES YES
Sample 7

Versican core protein precursor (Large fibroblast | gi|19861780 YES YES
proteoglycan) (Chondroitin sulfate proteoglycan core

protein 2) (PG-M)

retinitis pigmentosa GTPase regulator 219837383 UNK NO
immunoglobulin heavy chain VHDJ region 2i|38092440 YES NO
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Senescence marker protein-30 (SMP-30) (Regucalcin) gi|13633941 NO NO
RC
(1 —ph)o sphatidylinositol-4,5-bisphosphate gi|108854 YES YES
phosphodiesterase (PLC)
Pyruvate kinase, isozyme M1 2i|125598 NO YES
Clathrin heavy chain gi|1705915 YES YES
A-kinase anchoring protein AKAP120 213599584 YES YES
Phosphorylase B kinase alpha regulatory chain gi|125531 NO NO
Neurofilament triplet M protein (160 kDa neurofilament | gi|13629976 NO YES
protein)
BRCALI gi|18874724 NO YES
pyruvate kinase; ATP:pyruvate 2-o-phosphotransferase | gi|2623945 NO YES
Chloride intracellular channel 6 (Parchorin) £i|24211556 YES NO
bovine submaxillary mucin 1 213057087 YES NO
Chain D, Succinyl-Coa:3-Ketoacid Coa Transferase 2128373592 NO YES
POU domain, class 5, transcription factor 1 gi[28201856 NO NO
Chain B, Structure Of The C Domain Of Synapsin la 2i|2981708 YES NO
NADPH-cytochrome P-450 oxidoreductase 21499862
Sample 8
ryanodine receptor type 3 gi|1526615 YES YES
myosin heavy chain 2a £i[21907898 YES NO
protein tyrosine kinase fer 2150978868 NO YES
PREPRORELAXIN PRECURSOR £i/20454199 YES YES
transferrin gi|7513541 YES YES
ADP-ribosyl cyclase (Cyclic ADP-ribose hydrolase) | gi|21263460 YES NO
(CD38 homolog)
Tenascin-X gi|2462979 YES YES
Bucentaur gi|2114146 NO YES
Pigment epithelium-derived factor, PEDF gi|1176450 YES NO
alpha adrenergic receptor 2B gi|32140145 YES NO
apolipoprotein B 100 gi|33150951 YES YES
guanylate cyclase 70 kDa subunit gil408 NO NO
KIAA0373 £i/6007639 UNK UNK
Gag 2i|6651075 NO NO
ferret 5S-HT3 A receptor gi|8247752 YES NO
factor VIII 21|2645493 YES NO
dentin matrix protein 1 gi[26000374 YES NO
interleukin-12 p40 subunit 2i|984511 YES YES
Myc proto-oncogene protein £i|2498005 NO YES
inter-alpha-inhibitor heavy-chain 1 gi|1915956 YES NO
synaptic nuclear envelope protein gi|32141360 YES NO
calcyclin-associated protein, | gi|249043 YES NO
CAP50=Ca2+/phospholipid-binding ~ protein = L-16
fragment
vitamin K-dependent gamma-glutamyl carboxylase 2i|8927574 YES YES
Sialin (Solute carrier family 17 member 5) 2148428686 YES NO

(Sodiumy/sialic acid cotransporter) (Membrane
glycoprotein SP55)
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CD2 antigen gi]40363613 YES NO
Y-linked zinc finger protein 2i|16416473 NO YES
NFBDI1 gi|41529174 NO NO
neurocalcin gamma 1 211072436 YES NO
chromogranin A 2i|198 NO NO
Sodium/myo-inositol cotransporter gi|1709224 YES NO
Tenomodulin gi[23200577 YES YES
Structural maintenance of chromosome 1-like 1 protein | gi|29336595 NO NO
(SMC-protein)

ataxia-telangiectasia mutated protein 2146810446 NO YES
Brevican core protein precursor gi[2507585 YES NO
myosin heavy chain 2b gi|5360748 YES NO
steroid 11beta-monooxygenase gi|89771 NO NO
transient receptor potential V1 2150236426 YES NO
Mammalian 20s Proteasome 2121465662 YES YES
phosphoprotein phosphatase (EC 3.1.3.16) 1 glycogen- | gi|109363 NO YES
binding regulatory chain

alpha-fetoprotein gi|47523700 YES YES
Neurofilament triplet L protein gi[2506775 NO YES
5-oxo-L-prolinase £i|46020038 NO NO
MHC II DR-beta 1 chain gi|2326247 YES NO
TPA: RTN4-Aw 2i|38488991 YES NO
Fibrillin 1 precursor (MP340) gi|1706768 YES NO
CD40 ligand £i|1083014 YES NO

Supplementary Table 3.1: Spermatozoa surface proteins identified by LC-MS/MS.
This table lists all proteins identified from all 8 samples analyzed, along with their gi
identification number. It also indicates if the protein was previously reported as being cell
surface associated, and if it was reported as being present in this model, the mammalian

spermatozoa.
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4.1 PREFACE

Interestingly, despite significant technological advances in mass spectrometry-
based protein identification, one aspect of subcellular proteomics, namely the purification
of organelles, still relies mostly on classical methods. Effectively, density gradient
centrifugation of whole cell lysates is still in most cases the method of choice to enrich a
sample for a specific subcellular structure. Among the main disadvantages of this
procedure are the variable degree of enrichment, the relatively large amounts of
biological material required, the laborious manipulations and last, but not least, the
duration of the complete procedure. On average, in subcellular proteomic studies
employing density gradient centrifugation, between 48 and 72 hours are elapsed between
cell or tissue lysis and MS data acquisition. Considering the fact that organelles are
complex and dynamic structures, maintaining them at 4°C for such a prolonged duration
could lead to an alteration in their protein composition. On this topic, Yates III et al.
recently commented that “(organelle) separation methods that give a higher resolution
would facilitate the analysis of all cellular components using proteomics technologies, so
the development of new methods is a challenge for the field.”' In order to simplify,
improve and accelerate the purification of organelles, we have decided to develop a
completely different approach to organelle purification based on fluorescence-assisted
sorting. This concept, although first proposed in 1985°, has remained relatively
unexplored since. In this chapter, we describe the successful fluorescence-assisted
purification of corticotropes secretory granules and their proteomic analysis within a
single day of work. The rapidity, efficiency and adaptability of this gel-free procedure

contrast sharply with the protocols currently used in the field of proteomics. The quality
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of the results presented here results from months of development and optimization of
FACS and proteomics techniques, and the very recent publication of proteomes from
similar organelles suggest that it is superior to classical procedures in several aspects
including the degree of purification, the score of identified proteins and the identification
of proteins transiently associated to the granules. In a way, we propose our response to

the above-mentioned challenge in the field of subcellular proteomics.

4.2 SUMMARY

The field of organellar proteomics has emerged as an attempt to minimize the
complexity of the proteomics data obtained from whole cell and tissue extracts while
maximizing the resolution on the protein composition of a single subcellular
compartment. Standard methods involve lengthy density-based gradient and/or
immunoaffinity purification steps followed by extraction, one-dimensional or two-
dimensional gel electrophoresis, gel staining, in-gel tryptic digestion and protein
identification by mass spectrometry. In this paper, we present a simple approach to purify
endocrine secretory granules and obtain a proteome of over 150 proteins in a single day.
The gel-free procedure involves fluorescence-assisted sorting of the secretory granules
followed by gentle extraction in a buffer compatible with tryptic digestion and mass-
spectrometry. This procedure requires no modification to any instrumentation and can be

readily adapted to the study of other organelles.
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4.3 INTRODUCTION

As a whole, the field of proteomics aims to identify all proteins present in a tissue

or cell type in a given set of conditions at a specific time. However, this endeavor has
proven extremely complex due to the thousands of proteins being potentially expressed at
a dynamic level varying from a few copies to millions of copies within a single cell.
In an effort to circumvent the ensuing data complexity, a subfield of proteomics has
emerged and proposes analysis of the proteome of individual subcellular compartments.
In the last few years, numerous studies have been published and led to the identification
of anywhere between one hundred to a few thousand proteins specific to many
organelles" *, including the cell nucleus in terms of its content in the nuclear envelope®
and the nucleolus’, endoplasmic reticulum®, the Golgi apparatus’, the secretory
lysosomes®, the phagosome’, clathrin-coated vesicles'® and the mitochondrion''. The
resulting information has been of the utmost importance in unraveling the specific
overlapping and non-overlapping protein composition of cellular compartments as well as
their specific roles in biological processes.

In nearly all the subcellular proteomics studies including those above listed, the
general methodology relies to a great extent on subcellular fractionation allowing
recovery of the organelle through careful selection of physical properties. Hence,
following cell or tissue lysis, it is usual to submit the lysate to one or many rounds of
differential centrifugation. Velocity and equilibrium centrifugation have established their
capability in the past fifty years to separate cellular components differing by density.
Once the centrifugation steps are complete, the organellar content is extracted and the
proteins are further separated by 1D- or 2D-SDS-PAGE. Upon gel staining, the bands or

spots are excised; the proteins are proteolytically digested and are ultimately identified by
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analyzing their peptides by mass spectrometry. However, while adequate for tissular cell
extraction, this entire lengthy procedure (48-72 hrs) is rendered less efficient when
applied to cell cultures'?.

In addition to the difficulty and the duration of the procedure, we aimed at
simplifying it for two other main reasons. Firstly, it is still unclear how representative the
proteome of an organelle is when taking into perspective the time at which cells were
extracted and the time at which MS data is made available following days of preparation,
even in the presence of protease inhibitors. Secondly, even after optimization, most steps
involved are not very efficient, thereby necessitating large amounts of starting biological
material. For example, SDS-PAGE leads unavoidably to staining artifacts, loss of sample
and poor separation of very high (over 100 kDa) and very low (under 15 kDa) molecular
weight proteins.

Fluorescence assisted cell sorting (FACS) is routinely employed to perform
selective enrichment of cell populations bearing specific markers based on fluorescence'™
4 In 1985, Murphy’s group first described the concept of single organelle fluorescence
analysis (SOFA) and subsequently suggested its application to sort single organelles®. The
term fluorescence-assisted organelle sorting (FAOS) has been introduced to describe the
use of flow cytometry to sort subcellular structures and components. However, this
represents a challenging task as the organelles to be sorted are routinely 10 to 100 times
smaller than the original cells. Furthermore, the resistance of the target organelle to the
shear and tear fluid forces in the cell sorter is limited. Nonetheless, publications have
described sorting of organelles such as endosomes'”, mitochondria'® and phagosomes'’
using various fluorescent probes. However, due to technical constraints, most of these

were analytical in nature and none went as far as conducting a proteomic analysis of the
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sorted organelle although demonstration of significant level of enrichment was
demonstrated'®.

The dense-core secretory granule is the ultimate compartment in the regulated
pathway of secretion. Originally perceived as a simple storage compartment, it is now
known to be actively involved in cargo selection, maturation, and secretory processes.
However, much remains to be defined in terms of the mechanisms implicated and the
proteins involved. Proteomics studies of the secretory pathway® as well as that of various
secretory vesicles and/or granules have been published, some very recently. Using
classical purification and analysis protocols, the proteomes of atrial secretory granules'”,
pancreatic zymogen granules™, chromaffin granules”', insulin-containing granules® and

23,24
324 were documented.

synaptic vesicles

This work describes the application of a novel methodology to the study of the
pituitary corticotropes dense-core secretory granules which does not use density gradient
centrifugation and gel separation. It involves gentle cell lysis, brief centrifugation,
improved FAOS and LC-MS. Using relatively small numbers of cultured cells, it led to
identification of 158 proteins, including small molecular weight proteins and transiently
granule-associated proteins, with less contamination arising from many subcellular

compartments. More importantly, it can be accomplished within a day following proper

cell culturing and using readily available facilities.
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4.4 EXPERIMENTAL PROCEDURES

4.4.1 Cell culture and immunocytochemistry

4.4.1.1 Materials

Unless otherwise stated, all chemicals, solutions and solvents were of the highest
possible grade purchased from Sigma-Aldrich. Primary antibodies (anti-calnexin, anti-
giantin, anti-ACTH, anti-prohibitin, anti-ERp29, anti-PIST, anti-GFP were purchased

from Abcam. Cell culture material was purchased from Invitrogen.

4.4.1.2 Cell culture and immunocytochemistry

The AtT-20 cells stably expressing the-PHM-mGFP fusion protein were generated
as described®. Briefly, AtT-20 were transfected with an expression vector encoding for
amino acids 1-407 of the peptidyl-glycine a-amidating monooxygenase enzyme fused in
frame with monomeric green fluorescent protein. AtT-20 and AtT-20-PHM-mGFP cells
were grown in DMEM-F12 containing 10% fetal calf serum, 10% NuSerum,
penicillin/streptomycin/glutamine and 0.5 mg/mL G418 in T175 flasks at 37°C in 10%
CO; atmosphere. They were regularly passaged when confluence reached 90-95%. Fresh
medium was added to the cells 16-20 hrs before they were collected. Cells were usually
kept for no more than 20 generations in order to maintain phenotype and steady levels of
fluorescence. WT and PHM-mGFP transfected cells were indistinguishable in appearance

and growth properties. Colocalization of ACTH with PHM-mGFP in the secretory
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granules was seen using a Zeiss LSM510 confocal microscope following procedures

previously described®’.

4.4.2 Cell lysis and fluorescence-assisted organelle sorting (FAOS)

4.4.2.1 Cell lysis

All the following steps were performed at 37°C. When cells reached 90-95%
confluence, they were trypsinized and collected in warm fresh medium. Latrunculin B
and nocodazole (Sigma-Aldrich) were added to a final concentration of 5 uM each and
the cells were allowed to incubate for 20 min with occasional gentle agitation. The cells
from a single T175 flask were pelleted, washed once in PBS and resuspended in 1 mL of
sucrose solution (0.34 M sucrose, protease inhibitor cocktail (Roche), 5 uM latrunculin B,
5 uM nocodazole). From this point on, all steps were carried at 4°C. Two cell lysis
procedures were evaluated namely the use of a 2 mL Potter homogenizer (Kontes) and the
use of a freeze-thaw procedure. However, submitting them to one freeze (5 min)-thaw (2
min) cycle consistently resulted in over 90% cell lysis as seen under light microscope.
The cell extract was further incubated 5 min on ice, and then centrifuged on a bench-top
centrifuge at 1 500 x g for 5 min to remove nuclei, unbroken cells and large debris. The 1
500 x g supernatant was collected and diluted with one third volume of cold PBS with

EDTA (25 mM final). This final sample was immediately submitted to flow cytometry.

4.4.2.2 FAOS
Flow cytometry sorting of the secretory granules was performed using a MOFLO

ultra high speed cell sorter (Dako) equipped with an Innova 90C ion laser (Coherent)
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tuned at 488nm and 200mW. Threshold was adjusted on the side scatter (SSC) set in
linear mode. Green florescence was detected in FL1 using standard filters for GFP
detection (530/30). The threshold was adjusted to optimize granules detection, in which
case the sorting rate was in the range of 3 000-5 000 events per second, even if over 25
000 events per second were detectable at maximum sensitivity. Since this equipment is
usually employed to sort whole cells (6-25 pm), the neutral filter was removed to increase
sensitivity in the lower size range and the sample pressure was set to 20 psi (1.38 bars). In
order to define reference settings, 450 nm sky blue, 530 nm nile red, 840 nm sky blue and
840 nm nile red control beads (Spherotech) were used to obtain a size and fluorescence
estimate of the sorted events. All sorted events were smaller than 500 nm, as fluorescent
as fluorescent nile red 530 nm beads, and at least 10 times more fluorescent than non-
fluorescent sky blue 450 nm beads. Non-transfected WT AtT-20 cells were also analyzed
and results confirmed the absence of endogenous green fluorescence. Propidium iodide
staining was routinely conducted to confirm the absence of DNA left in the samples after
centrifugation and before sorting to exclude nuclei. Data acquisition and processing was
performed with the Summit software, v4.3 (Dako). In all cases, the content of the cell
lysate was sorted in ice-cold PBS containing 5 uM latrunculin B and the purified granules
were centrifuged at 5 000 x g for 20 min at 4°C using a swing-out SW41ti rotor in a L8-
80 Ultracentrifuge (Beckman). Following removal of the supernatant, the pellet was

washed with cold PBS and centrifuged again at 5 000 x g for 20 min at 4°C.
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4.4.3 Electron microscopy and Western Blot

4.4.3.1 Electron microscopy

Following sorting and centrifugation, the pellet was post-fixed with 1% osmium
tetroxide in 0.1 M cacodylate buffer for 30 min, dehydrated in graded series of ethanol
dilutions and embedded in Durcupan (Fluka). After polymerization, serial ultrathin
sections from the pellet were cut on an Ultracut ultramicrotome (Reichert-Jung) and
collected on Nickel 200 mesh square grids. Sections were counterstained with lead citrate

and examined with JEM1200EX electron microscope (Jeol).

4.4.3.2 Western Blot

1.5 pg each of protein from the total cell lysate, from the 1 500 x g supernatant
and from the granule extracts A and B were separated on a 10% SDS-PAGE and analyzed
by Western Blot. Anti-GFP, anti-ERp29 and anti-PIST (1:2500) and anti-Rabbit IgG-
HRP (1:2500) were used to reveal the presence of the subcellular markers using enhanced

chemiluminescence (GE-Healthcare).

4.4.4 Granule extraction and mass spectrometry

4.4.4.1 Granule extraction

The pelleted granules were resuspended in a hypoosmotic solution composed of
10 mM EDTA in water and kept for 5 min at 4°C. Following incubation, the pellet was
extracted by three consecutive Freeze (2 min) — Boil (1 min) — Sonicate (5 sec) cycles.

Following removal of the aqueous solution (extract A), the tube is rinsed with an aqueous
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solution containing 10 mM EDTA and 0.025% (w/v) SDS and the content submitted to
two consecutive Freeze-Boil-Sonicate cycles (extract B). In order to maximize the
number and significance of the identified proteins, both successive extracts were
submitted to mass spectrometry. The SDS present in the second extract was removed
using the SDSAway™ sample preparation kit (Protea Biosciences) according to the
manufacturer’s protocol. Extracts from three purification experiments were pooled

together and dried under vacuo.

4.4.4.2 LC-MS/MS

Protein extracts were reconstituted in 6 M urea, reduced with 1, 4-dithio-DL-
threitol and alkylated with iodoacetamide. Proteolytic digestions were performed at 37°C
for 5 hrs using a sequencing-grade modified Trypsin (Promega) with a protein-enzyme
ratio of 1:25. Chromatographic separation and subsequent analysis were accomplished on
a nanoLC system (Eksigent) coupled to a LTQ Orbitrap hybrid mass spectrometer
(ThermoFisher). The tryptic peptides were separated using self-pack PicoFrit capillary
columns (75 pm i.d. x 10 cm, 15 um tip) (New Objective) packed with Jupiter C18
reversed-phase stationary phase of Sum particle size (Phenomenex). A gradient elution of

4-80 % acetonitrile-water (0.2 % formic acid) in 35 min was used for all separations.

4.4.4.3 Data analysis

Protein identification was performed with the Mascot software package (Matrix
Science, London, UK)*. The search criteria were as follow: Tryptic digestion; Variable
modifications include carbamidomethylation (Cys), di-methylation (Lys), di-methylation

(Arg), oxidation (Met) with a peptide mass tolerance of + 10 ppm and a fragment mass
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tolerance of = 0.7 Da. The maximum missed cleavage number was set at 2 and peptides
with a score of 10 or less were excluded, while the presence of at least one bold red (high
significance) peptide was required for each protein. The quality of the MS spectra was
manually checked. Proteins identified as ‘‘unknown’’ were usually easily identified by
searching the peptide sequence using BLAST algorithm?’ for short, nearly exact matches.
In order to be included in our list, a protein must exhibit a minimum score of 50 and be

identified by at least two distinct, non-overlapping peptides.

4.5 RESULTS

4.5.1 Cell culture and immunocytochemistry

AtT-20 is a tumor-derived, immortalized cell line of murine pituitary corticotropes
and a recognized and accepted model for pro-opiomelanocortin (POMC) production and
secretion studies. Indeed, as early as 1981, the secretory granules of these cells were
isolated, studied and shown to contain mature forms corticotropin and B-lipotropin®®. For
our method to succeed, one has to label the organelle with a fluorescent molecule. In the
past, green fluorescent protein (GFP) was shown to be routed to the regulated pathway of
secretion and ultimately into secretory granules through linking either to a signal
sequence™ or to the NHp-terminal domain (known as PHM) of the secretory granule
resident peptidyl a-amidating monooxygenase (PAM) enzyme™. An expression vector,
PHM-mGFP (the m refers to the monomeric GFP variant resulting from a A206K
mutation®”), was used to transfect AtT-20 cells and stably expressing cells were obtained.

Additional studies® and immunocytochemistry experiments confirmed that expression of
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the fusion protein, although not solely confined to secretory granules, nevertheless is
limited to the regulated pathway of secretion. For example (Figure 4.1), the PHM-mGFP
signal is present in secretory granules which share a pattern of distribution within the
cells, of storage and of release in response to stimulation similar to adrenocorticotropin

(ACTH), a hormone resulting from POMC processing.

4.5.2 Cell lysis and fluorescence-assisted organelle sorting

Potter homogenization is the most widely employed method of cell lysis though
the associated mechanical stress involved is known to damage organelles and to promote
formation of microsomes. We have replaced this procedure by a pre-treatment of the cells
with latrunculin B, an actin filament disruptor’' and nocodazole, a microtubule disruptor™
in order to inhibit the secretory processes and partially dissolve the cytoskeleton to free
the granules from the actin and tubulin meshes within the cells. After treatment, the cells
were lysed by one freeze-thaw cycle in an isoosmotic sucrose solution which led to over
90% cell lysis. This gentle method proved highly advantageous and much less disruptive
than the use of pestle strokes.

The sample was sorted using a regular cell sorter with the sample pressure
lowered in an effort to minimize the shear and tear forces to which the granules are
exposed. In addition to reducing the electronic background noise, it also considerably
improves the resolution in the small particle size range. A narrow sorting window was
selected on the density plot illustrating the fluorescence (X-axis) and size (Y-axis) of the
particles in the sample. Commercially available calibration beads (non-fluorescent and
fluorescent, 450 nm, 530 nm and 840 nm) were used as reference points to estimate the

size and level of fluorescence of the sorted populations. As shown in Figure 4.2A, the
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sorted granule population (black square) was 10 to 50 times more fluorescent than the non
fluorescent beads and non-fluorescent events, while being smaller than 500 nm in size.
This figure also shows all detectable events in the 1 500 x g supernatant (Figure 4.2B)
and the total cell lysate (Figure 4.2D) with the trigger adjusted to minimum threshold
(maximum sensitivity) on the side scatter (SSC) detector. It also illustrates how a brief
centrifugation step is necessary to reveal a population (Figure 4.2A) that was not clearly
distinguishable in the total cell lysate (Figure 4.2C). On average, our strict selection
parameters (sorting window) allowed sorting of 3-5 million events per cell dish.
Evidently, this number can vary depending on the sorting criteria; herein, it corresponds
to approximately 20% of detectable events at the optimized sensitivity threshold, or 2-3%

of all detectable events at maximum sensitivity.

4.5.3 Electron microscopy and Western Blot

The sorted events were pelleted, fixed and analyzed by electron microscopy. The
content of a representative cut through the pelleted total lysate (Figure 4.3A) and through
the FAOS-purified granules pellet (Figure. 4.3B) is shown in Figure 4.3. It is noteworthy
that the granules collected are very homogeneous in size and present an intact
morphology. However, most granules appear slightly decondensed, an effect likely
resulting from the presence of EDTA in the sorting medium and the passage through the
sorter’s lines and nozzle. Samples from the total extract, the 1 500 x g supernatant and the
sorted granules were routinely analyzed by SDS-PAGE and Western blotting using a
battery of antibodies to assess the enrichment and depletion of specific subcellular
markers. As shown in Figure 4.4, the FAOS purification leads to a considerable

enrichment of the sample in mGFP (granules) with a concomitant depletion of the sample
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in ERp29 (ER)* and PIST (Golgi)**. This demonstrates the efficiency of the procedure to
selectively sort the granules from the rest of the mGFP-tagged material in the secretory

pathway, a conclusion that is further confirmed by the mass spectrometry data.

4.5.4 Granule extraction and mass spectrometry

The purified granules were centrifuged, washed and sequentially extracted in
water containing 10mM EDTA, and subsequently in water containing 0.025% SDS (w/v).
The first extract was submitted to tryptic digestion and the resulting peptides were
separated by liquid chromatography and analyzed with an ESI-LTQ-Orbitrap mass
spectrometer. The second extract was treated (see methods) to remove SDS and processed
identically. The resulting data was analyzed using the Mascot software”. The FAOS-
purified material originating from ca. 15 million cells was routinely sufficient to identify
over 100 proteins from over 3 000 peptide queries using relatively stringent criteria.
Chromogranin A, a recognized secretory granule marker®, was always and consistently
the top scoring protein. Even if reproducibility between samples was excellent, data from
three samples was combined to increase the number of proteins identified and their
respective score. With this approach, 158 proteins were unambiguously identified. This
represents more proteins than previously identified in either one of the two recent
proteomic studies of endocrine secretory granule models” **. A complete list (in
alphabetical order) of identified proteins is presented in Table 1 while representative
MS/MS spectra are presented in Figure 4.5.

Many other important makers of the secretory granules were identified such as,
for example, chromogranin B, POMC, secretogranin III and prohormone convertase

PC1/3. A distribution of the identified proteins is presented in Figure 4.6 with respect to
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their known, proposed or putative subcellular localizations. Overall, 27 proteins

21 22 \vere also identified herein.

previously seen in the two above-mentioned studies
Interestingly, we also identified 27 other proteins known from the literature to be present
in or associated with the secretory granules but which were never before reported in this
type of organellar proteomics studies. Furthermore, 18 cytoskeleton proteins involved in
transport, docking, membrane fusion and actin/tubulin network remodeling are present in
our sample. These proteins are possibly associated with the granules in a transient
manner, confirming that our rapid and gentle purification method leads to the
identification of candidates that might not be otherwise retained during classical
procedures. We identified only 5 proteins reported as being ER and Golgi residents, the
only other compartments made fluorescent by the transit of our mGFP construct. This
highlights the efficiency of our purification approach not only to discriminate between
fluorescent and non-fluorescent organelles, but also between fluorescent compartments.
Also, only 5 proteins in our list are thought to be restricted to endosomes, mitochondria,
lysosomes, or proteasome. Again, this result compares advantageously to those obtained
using more conventional methodology. Interestingly, we also identified proteins whose
expression and localization is deregulated during metastatic transformation and that are
used as tumor markers since they are found in the blood of patients (i.e. M2-pyruvate
kinase®®). If indeed present in secretory granules, such misrouting and misregulation in
endocrine and neuroendocrine tumors clearly warrants further investigations.

As previously mentioned, replacing the freeze-thaw cycle for initial cell lysis by
the most typically employed Potter homogenization, while keeping other steps in the
protocol unchanged, led repeatedly to an important loss of information. Thus, for

example, chromogranin A was no longer the top scoring protein, some secretory granule
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markers were lost and serious contamination, especially by proteins from the nucleus and
the mitochondria compartments, was observed (data not shown). In the same vein, relying
on a gel-free approach leads to two important improvements. Firstly, we minimized
sample loss frequently associated with gel staining and band extraction while allowing
high quality MS data in terms of number and score of peptides from a relatively small
sample as illustrated by representative MS/MS spectra (Figure 4.5). Secondly, it
permitted identification of small molecular weight proteins important to granule function
such as complexin 2, phosphatidylethanolamine binding protein and macrophage
migration inhibitory factor, which were never previously reported in such proteomic

studies

4.6 DISCUSSION

Density-based separation techniques have been the tool of choice for decades in
cell fractionation experiments. Being readily accessible, equilibrium gradient
centrifugation has proven quite effective in enriching a sample for a specific subcellular
compartment. However, this method is not without its problems. Indeed, it usually
requires large amounts of starting biological material, either from fresh tissues or from
large scale cell cultures already limiting the experimenter to the study of models for
which enough material is available. Also, the procedure is very resource and time-
consuming, typically requiring between 48 to 72 hours of centrifugation and
electrophoresis. Not only does this delay the time at which mass spectrometry data can be

obtained, but it also generates concerns on how complete and accurate is the
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representation from the proteins extracted from the final gel of the in vivo state of the
organelle.

In order to circumvent this problem, we propose an alternative approach to
perform organellar proteomics. Hence, we found that dissolution of the cytoskeleton
followed by a freeze-thaw cycle is just as effective as pestle strokes in inducing cell lysis.
This was clearly seen from the resulting MS data suggesting significant decrease in cross-
contamination due to organelle breakage and leakage. Then, FAOS performed with a cell
sorter was efficient in sorting out an abundant, intact and homogeneous population of
dense-core secretory granules within one hour. The choice of the appropriate sorting
window was rapidly established using readily available calibration beads. What is
especially remarkable is the fact that even if some PHM-mGFP fluorescence is localized
throughout the regulated secretory pathway (data not shown), we were nevertheless able
to isolate a much enriched population of mature secretory granules. It is noteworthy that
sorting a very fragile and hypoosmosis-sensitive organelle using a single fluorescent label
transiting through multiple subcellular compartments was a very demanding task. This
method could benefit from using recent multiple simultaneous laser wavelengths cell
sorters and/or by combining constructs, fluorescent dyes and/or antibodies. Doing so, the
user can virtually sort and actively exclude any event in a defined window which, in turn,
leads to much increased purity of the sorted material. It would be even possible to
fractionate an organelle population into specific groups depending on their state at the
time of cell lysis as determined, for example, by the presence or absence of a marker.
Herein, we optimized the material to be sorted out by selecting stable transfectant but we
consider that our method could be of use with transient transfectant as well as with any

commercially available organelle-specific dyes or conjugated antibodies.
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Even in its simplest form, this method has allowed us to obtain a purified sample
very rich in dense-core granules from which more than 150 proteins were identified by
mass spectrometry. Many important markers (Table 1) have been identified by numerous
high scoring peptides, and some important small molecular weight proteins were
identified for the first time in a large scale proteomics study. Hence, one ought to expect
that the isolated granules contain the appropriate peptides in good amounts. In all studies
including ours, this has been the case as can be seen with proANF for atrial granules'”,
insulin(s) in B-cell granules’, neuropeptide Y, enkephalins and adrenomedullin in
chromaffin granules®’, various zymogens in pancreatic zymogen granules” and
corticotropin and proopiomelanocortin in corticotropes (this study). Associated closely
with these processing products, all these studies also revealed the presence of the
obligatory processing machinery including appropriate convertases, mostly PC1/3 (*"*2,
this study) and PC2 (*"%%), carboxypeptidase-E'” 2" 2, and PAM (****"? and this study).
It is noteworthy, however, that these enzymes do not appear to be routinely observed as,
for example, we were not able to detect CpE nor was the study on chromaffin granules
able to detect PAM?'. Similarly, various recognized granules peptides such as
chromogranin A (*"* # and this study) and B (*° and this study), a variable mixture of
secretogranins (*" ** and this study), 7B2*" **, proSAAS®" ** or granule membrane
proteins such as cytB561 (*') and V-ATPase (" 2" *? and this study) were reported. All
the granules preparations contained characteristic but distinct set of Rab proteins and
VAMPs though none of the latter was seen in the present study nor was there any
VAMP4 detected in any study. Interestingly, VAMP4 together with a great many number

of SNARE and Rab proteins were shown to be abundant in synaptosomes™ .
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Furthermore, proteins reported to be associated with secretory granules were observed;
these include kalirin'®, myosins (* and this study), tubulin and actin (*' and this study).
Actually, prior to our inclusion of actin/tubulin network disruptors, we observed a much
larger distribution of fluorescent events likely due to aggregation and/or tethering of
granules to actin/tubulin as previously reported®’. Hence, our observation is much in favor
with their close association with the granules as envisioned. Such proteins involved in
these transient and dynamic interactions would not necessarily have been identified if the
purification steps had required more than a few hours. Moreover, it is certainly worth
noting that each study possesses its own set of unique proteins whose presence and
functional role remain to be explored and established. In our study, some of these include
the 14-3-3 protein, the Na/K-ATPase, MARCKS, various chaperonins, secretory signal-
peptide devoid proteins such as cyclophilin A, serpin-1 and stathmin. The only major
unforeseen proteins originated from ribosomes. However, we cannot rule out the
possibility that some PHM-mGFP bound to polyribosomes could have been co-sorted
during FAOS. Although ribosomal proteins are present in our list, their significance must
also be kept in perspective. Effectively, as a group, they are identified by an average of 3
peptides and a score of 109, which is well below chromogranin A with its 26 peptides for
a score of 1440. Moreover, it is difficult to compare this type of contamination with that
of the other two proteomic studies which, by design, would probably not identify most of
these proteins as they are very small and cannot be effectively resolved by gel
electrophoresis.

In conclusion, we present here a very rapid, simple and adaptable method to
purify organelles and obtain their proteome. Requiring relatively low amounts of starting

materials, the protocol can be performed within a day. In this presented form, the method
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might not immediately replace the conventional protocols for subcellular fractionation,
but the availability of hundreds of fluorescent molecules, including dyes and antibodies,
combined with the speed, power and versatility of flow cytometry could rapidly
contribute to overcoming some of the challenges related to sample preparation in

organellar proteomics.
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4.8 FIGURES AND LEGENDS

Figure 4.1: Intracellular localization of the PHM-mGFP fusion protein within AtT-
20 transfected cells. (A) PHM-mGFP (green) (B) ACTH (red) and (C) merging of colors
highlights the colocalization of PHM-mGFP and ACTH in the secretory granules at the

tips of the cells.
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Figure 4.2: Fluorescence-assisted organelle sorting of the secretory granules
(FAOS). (A) to (D are density plots (green fluorescence (X-axis) versus size (Y-axis) of
all events detected by the cell sorter under each set of conditions. The black square
represents the selected sorting region which corresponds to the secretory granules (see
text). (A) 1 500 x g supernatant analysis with the threshold set to optimize the detection
of the secretory granule population. The blue circle and green circle indicate the region in

which non-fluorescent 450 nm beads and fluorescent 840 nm beads are respectively
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located when analyzed. (B) 1 500 x g supernatant analysis with the threshold set to the
minimum (maximum sensitivity), allowing visualization of the most abundant smaller,
low-fluorescent to non-fluorescent events. (C) Total cell lysate analyzed as in (A). The
presence of numerous cellular particles of varying fluorescence is visible, masking the
granule population. The top right density represents larger fluorescent particles such as
intact cells and large ER and Golgi debris. (D) Total cell lysate analyzed as in (B). In
order to present informative and representative plots, 75 000 events were pooled in (A)
and (B) while 225 000 events were pooled in (C) and (D). Density is color-coded from

low (few events) in red to high (many events) in blue.
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Figure 4.3: Secretory granules visualized by electron microscopy. (A) A
representative cut of the total cell extract; bar: 500 nm. (B) A representative cut thought
the purified secretory granules pellet shows a population of intact, membrane bound
granules, homogeneous in size. Most of them are slightly decondensed (see text); bar: 200

nm.
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Figure 4.4: Western blots illustrating the granules enrichment. From left to right,
separated by empty lanes are the total cell lysate, the 1 500 x g supernatant, the granule
extract A and the granule extract B. 1.5ug of protein was loaded in each lane. (A) Anti-
GFP antibody. (B) Anti-ERp29 antibody (ER). (C) Anti-PIST antibody (Golgi). While the
ER and Golgi markers are depleted, the GFP signal, present only in the ER, Golgi and

secretory granules, is enriched.
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Figure 4.5: Examples of representative MS/MS spectra from secretory granule

markers.
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Plasma Membrane

Figure 4.6: Pie chart illustrating the distribution of the identified proteins with
respect to their known, proposed or putative subcellular localizations. Pie slices
correspond to Cytoskeleton (structure, trafficking, fusion); Granules (protein identified in
the literature as being part of or associated with the secretory granules); Nucleus; Other
(Endosome, Lysosome, Mitochondria, Proteasome); Plasma membrane; Ribosome;
ER/Golgi; Undefined (protein present in more than one major location, or for which there

is not enough information available).
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4.9 TABLE AND LEGEND

Table 4.1

Name Accession Peptides | Score Category
14-3-3 protein epsilon gi|74189349 8 408 | Granule Literature™
14-3-3 protein gamma 213065929 7 351 | Granule Proteomics
14-3-3 zeta gi|1841387 11 576 | Granule Proteomics
78 kDa glucose-regulated protein gi|1304157 9 480 | Secretory Pathway
A kinase anchor protein (PRKA) gi[39930557 7 106 | Variable
Acrogranin / Progranulin gi|50852 4 230 | Variable
Actin, gamma gi|74213524 21 1107 | Granule Proteomics
Actinin, alpha 1 gi|32766260 2 129 | Granule Literature™
Adenomatous polyposis coli protein gi|12643510 3 50 Cytoskeleton
Alpha-NAC gi|1666692 4 252 | Nucleus
Ankyrin repeat-containing cofactor 1 2182919283 3 52 Variable
Asparagine synthetase B 2126345208 3 94 Variable
ATP synthase, beta subunit £1|23272966 4 136 | Granule Proteomics
ATPase, Na/K transporting, alpha 1 gi21595127 23 1115 | Plasma Membrane
polypeptide
ATPase, Na/K transporting, beta subunit | gi|54130 4 156 | Plasma Membrane
Calmodulin gi|74143933 8 573 | Granule Literature®
Calreticulin 2126344403 3 107 | Secretory Pathway
CAP, adenylate cyclase-associated £i]26343401 2 117 | Cytoskeleton
protein 1
Carnitine deficiency-associated gene 3B | gi|28461294 5 203 | Variable
CASTI1/ERC2 gi[38231910 3 54 | Granule Literature”'
Catenin (Ctnndl) p120 gi|26006157 3 152 | Plasma Membrane
Cellular nucleic acid binding protein gi|50471 2 85 Nucleus
Chaperonin containing TCP-1 delta gi|460317 2 83 Granule Literature™
subunit
Chaperonin containing TCP-1 theta 2i|5295992 4 91 Granule Literature™

subunit
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Chaperonin containing TCP-1, beta gi|468546 3 97 Granule Literature™
subunit

Chaperonin subunit 5 gi|37359776 4 243 | Variable
Chaperonin subunit 6a gi|17391080 2 79 Variable

Charged multivesicular body protein gi|74192743 4 117 | Other Organelle
(CHMP4b)

Chromogranin A 2120071660 26 1440 | Granule Proteomics
Chromogranin B 2i|50409 18 887 | Granule Proteomics
Clathrin, heavy polypeptide gi|33438248 6 233 | Granule Proteomics
Coatomer protein complex, gamma gi|19354315 2 58 Secretory Pathway
subunit

Cofilin 1 2i|12861068 2 64 Cytoskeleton
Complexin 2 gi|62740137 2 84 Granule Literature™
Cp27 gi|3115274 2 56 Plasma Membrane
Cu/Zn superoxide dismutase gi[226471 8 489 | Granule Proteomics
Cyclophilin A (Peptidyl-prolyl cis-trans | gi|74146841 9 407 | Granule Proteomics
isomerase A)

Cysteine-rich protein 1 gi|74212172 4 127 | Cytoskeleton
DEAD box polypeptide 3 2i|18204785 3 147 | Nucleus
Desmoplakin £i/82950147 5 111 | Cytoskeleton
Diazepam binding inhibitor gi[67511482 2 110 | Granule Literature™
Dynein, heavy chain 8 gi|14335452 4 53 Granule Literature®
Dynein, heavy chain 1 2i|13384736 4 70 Granule Literature®
Dynein, light chain roadblock-type 1 gi|12842877 2 56 Cytoskeleton

EEF2 2126324898 5 165 | Nucleus

ElF4al £i|50820 4 146 | Nucleus

EIF4h £1/39104480 4 121 | Nucleus

Elongation factor Tu £i126345590 17 819 | Nucleus

Enolase 1, alpha 2i|53734652 16 1030 | Variable

Fatty acid synthase gi|74142919 3 129 | Plasma Membrane
Fatty acid-binding protein, epidermal gi|74191310 6 246 | Granule Literature®




Fructose-bisphosphate aldolase A gi|7548322 17 687 | Granule Proteomics
Gag-pro-pol polyprotein £i|559059 8 245 | Variable
Gasdermin 1 2126325036 3 102 | Variable

Glucose phosphate isomerase £i/56554102 7 309 | Granule Literature®’
Glyceraldehyde-3-phosphate £1]62201487 14 725 | Granule Proteomics
dehydrogenase

Glycyl-tRNA synthetase 2i|18256043 2 55 Variable
GP42/Basigin protein gi|631683 5 212 | Plasma Membrane
Guanine nucleotide binding protein, gi|309255 2 &3 Granule Literature™
alpha subunit, inhibitory

Guanine nucleotide binding protein, gil47271396 7 232 | Granule Proteomics
alpha subunit, stimulating

Guanine nucleotide binding protein, beta | gi|984551 7 232 | Granule Proteomics
2 subunit

Heat shock protein hsp70 £i|74220592 25 1181 | Granule Literature™
Heat-shock protein hsp84/90 gi|74147026 29 1330 | Variable
Heterogeneous nuclear ribonucleoprotein | gi|12847547 2 52 Variable

K

HNI1 2i1|74220270 2 125 | Variable

HN1-like protein gi|74213941 4 192 | Variable

Importin beta 1 212829480 3 144 | Variable

Integrin alpha 6 gi|110577 3 58 Plasma Membrane
1Q motif containing GTPase activating gi|27370648 3 70 Cytoskeleton
protein 1

Lactate dehydrogenase 1 2i|74198692 13 636 | Variable

L-type amino acid transporter 1 216906727 2 145 | Plasma Membrane
M2-type pyruvate kinase gi|74221210 23 1389 | Variable
Macrophage migration inhibitory factor, | gi|5822094 3 69 Granule Literature™
C

Microtubule-actin crosslinking factor 1 £i194372354 16 162 | Cytoskeleton
Monocarboxylate transporter 4 gi|7688756 2 54 Plasma Membrane
Myosin, heavy polypeptide 2120137006 19 705 | Granule Proteomics
Myosin, light polypeptide £i]16924329 6 345 | Granule Literature’’
Myosin, regulatory light chain 2 gi|12851268 3 121 | Granule Literature’'
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Myosin-I, beta 211924961 2 88 Cytoskeleton
Myristoylated alanine rich protein kinase | gi|6678768 2 71 Plasma Membrane
C substrate (MARCKYS)

Nebulin 2194366489 14 126 | Cytoskeleton
Neural cell adhesion molecule 1 gi|817984 10 480 | Granule Literature™
(NCAM)

Nucleolin gi|13529464 6 168 | Nucleus
Nucleosome assembly protein 1-like 1 gi|50722 3 109 | Nucleus

Oxidation resistance protein 1 gi|58047714 3 51 Plasma Membrane
P23 £i|12843224 2 122 | Variable

PDGFA associated protein gi|74151229 5 153 | Variable
Peptidylglycine alpha-amidating gi|7305367 4 193 | Granule Proteomics
monooxygenase

Peroxiredoxin 1 gi|12846314 3 67 Variable
Phosphatidylethanolamine binding gi|1517864 4 113 | Granule Literature™
protein

Phosphofructokinase-1 C isozyme £i|74224916 4 82 Plasma Membrane
Phosphoglycerate kinase 1 £1/129903 7 438 | Variable
Phosphoglycerate mutase 1 21/12844989 3 95 Variable
Plakoglobin gil423532 2 102 | Cytoskeleton
Profilin 1 2126389590 2 64 Cytoskeleton
Prolyl 4-hydroxylase gi|54777 8 163 | Secretory Pathway
Proopiomelanocortin (POMC) gi|74227361 9 517 | Granule Literature **
Proprotein convertase PC1/3 2i/50055 2 79 Granule Proteomics
Proteasome, 26S non-ATPase subunit 2 gi|12861131 2 96 Other Organelle
Proteasome, delta subunit £i|74191020 2 66 Other Organelle
Protein disulfide isomerase associated 3 | gi|6679687 8 247 | Granule Proteomics
Rab10 £i|10435058 2 112 | Granule Proteomics
Rabl14 gi|10435483 2 70 Granule Proteomics
RablA gi|74147521 2 109 | Granule Proteomics
Radixin gi|74186081 6 106 | Cytoskeleton
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Rapla gi|53236951 67 Granule Literature™
Regulator G-protein signaling 9 gi|2739458 53 Plasma Membrane
Ribosomal protein L10A gi|6755350 86 Ribosome
Ribosomal protein L10E gi|71051393 108 | Ribosome
Ribosomal protein L15 2i|12846287 82 Ribosome
Ribosomal protein L17 gi|12832997 88 Ribosome
Ribosomal protein L18 gi|12840700 132 | Ribosome
Ribosomal protein L19 gi|6677773 66 Ribosome
Ribosomal protein L21E 2194368373 98 Ribosome
Ribosomal protein L.23 2i|12849613 160 | Ribosome
Ribosomal protein L26 gi|74179650 94 Ribosome
Ribosomal protein L3 gi|74198856 77 Ribosome
Ribosomal protein L6 21695638 133 | Ribosome
Ribosomal protein L8 gi|74203516 77 Ribosome
Ribosomal protein P2 gi|74140891 290 | Ribosome
Ribosomal protein S10 gi|74198792 72 Ribosome
Ribosomal protein S16 gi|7305445 54 Ribosome
Ribosomal protein S18 gi|198578 85 Ribosome
Ribosomal protein S2 gi|12835827 70 Ribosome
Ribosomal protein S20 gi|74181462 73 Ribosome
Ribosomal protein S23 2112846275 68 Ribosome
ribosomal protein S28 gi|12833257 140 | Ribosome
Ribosomal protein S3 gi|12847921 57 Ribosome
Ribosomal protein S4 2112846200 128 | Ribosome
Ribosomal protein S8 2126353710 138 | Ribosome
Secretogranin 11 2i|54096 79 Granule Proteomics
Secretogranin I11 gi|74211039 147 | Granule Proteomics
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Serpinl gi|12836024 3 81 | Granule Literature®®
Seryl-aminoacyl-tRNA synthetase 1 gi|26349967 3 89 Other Organelle
Similar to PEST-containing nuclear gi|74141568 2 94 | Nucleus

protein (PCNP)

Similar to tumor protein, translationally- | gi|74181622 2 55 Plasma Membrane
controlled 1 (TCTP)

Similar to ubiquitin C gi|94375393 3 93 Granule Proteomics
Solute carrier family 3 (CD98) 2126354873 12 528 | Plasma Membrane
Spectrin, beta 2 gi7106421 2 54 Granule Literature®’
Src substrate cortactin 212498955 5 76 Cytoskeleton
Stathmin gi|12832714 13 463 | Cytoskeleton
Sulfated glycoprotein (prosaposin) 21|34328185 3 126 | Granule Proteomics
Synaptosomal-associated protein 25 gi|26346913 2 88 Granule Literature™
(SNAP25)

Synuclein, beta gi|18043841 2 103 | Cytoskeleton
Thymosin, beta 10 gi|74199914 2 91 Cytoskeleton

Titin isoform N2-A gi|77812697 13 139 | Cytoskeleton
Transferrin receptor 2 gi|15559221 3 52 Other Organelle
Triosephosphate isomerase gi|54855 3 140 | Variable
Tropomyosin gi|74213492 22 959 | Granule Literature™
Tubulin, alpha la 2i/74202338 17 991 | Granule Proteomics
Tubulin, beta gi|74141821 21 1381 | Granule Literature®
Tumor metastatic process-associated 21387496 2 57 Secretory Pathway
protein NM23

Ubiquitin carboxy-terminal hydrolase L1 | gi|6755929 2 60 Plasma Membrane
Ubiquitin-activating enzyme E1 gi|74228573 3 62 Variable

Ubiquitin protein ligase £i/94399459 8 85 Variable

Vacuolar H+ATPase B2 £i|74195936 3 53 Granule Proteomics
VcpP97 (valosin) 21/62738728 4 94 Granule Proteomics
Y box transcription factor £i/199821 9 491 | Nucleus
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Table 4.1: List of all identified proteins. The table lists the accession number, the
number of peptides matched and the Mascot score of the protein. When the accession
number matched to an unknown protein in the database, the identity of the protein was
usually easily determined by searching, using the BLAST algorithm, the amino acid
sequence of the identified peptides in the NCBI databases. The proteins were classified
according to their major subcellular localization into the following categories:
Cytoskeleton (structure, transport, fusion), Granule Literature (proteins known from the
literature to be part of or associated to the secretory granule), Granule Proteomics
(proteins identified in one or both of the organellar proteomics studies targeting the
chromaffin or insulin-containing granules), Nucleus, Other Organelle (Endosome,
Mitochondria, Lysosome, Proteasome), Plasma Membrane, Ribosome, Secretory
Pathway, Variable (proteins having multiple major localization sites or for which not

enough information is available).
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Chapter 5

General discussion and conclusions



5.1 SUBCELLULAR PROTEOMICS

As described in the introduction, the field of subcellular proteomics has been quite
successful in decreasing the complexity of the samples and data originating from whole
cell or tissue proteomes. It is increasingly understood that the most biologically relevant
information in proteomics can be obtained if the proteins identified can interact with each
other and/or are part of the same microenviroment. Whereas this information was lacking
in the early and mostly descriptive proteomic analyzes of whole cell extracts, some of it
can now be derived from subcellular proteomics studies, highlighting the power of this
field in the study of small but complex functional structures such as organelles. The
elucidation of several genomes and the evolution of the tools and techniques employed,
especially as far as protein identification and data analysis are concerned, now allow the
researchers to obtain organellar proteomes that are probably close to completeness. One
of the obvious practical applications for this is therefore the identification of novel
biomarkers for diseases in terms of diagnosis, therapeutic and prognostic purposes. But
also, with this kind of resolution, the lists of proteins identified from the various
subcellular structures presented in section 1.3.1 of this thesis are getting increasingly
organized into integrated models. This is the case for the synaptic vesicle' and the
phagosome?. These models, upon which testable hypotheses for normal and pathological
processes can be built, will be a prerequisite tool for the next and imminent phase of
systems biology-oriented life sciences research. One of the ultimate goals resides in the
integration of the information provided by the genome, the transcriptome, the proteome
and the metabolome to define as completely as possible the composition of any cell or

organelle in the hope to derive predictions on its behaviour’. Ultimately, elaboration of a
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descriptive, static in silico whole-cell model would enable many studies including virtual
fluorescence labelling, investigations of diffusion and other cell-scale processes,
identification of contradictions and artefacts in the data or the production of approximate
physical constants®. Far from being unrealistic, available bioinformatics tools already
allow scaffolding of such models from which simulations can eventually be derived® °.
But no matter how accurately any theoretical model is defined, it will ultimately always
depend on the quality of the data used to generate it.

In this context, advances in the tools and methods employed in subcellular
proteomics (reviewed in section 1.2) have been instrumental in allowing the field to reach
its current status. Obviously the most important ones concern improvements in proteins

10, 11
. However, other

and peptides separation™ ’, peptide ionization™ ° and mass analysis
procedures have not followed these examples and still remain simply inefficient. The
work presented in this thesis describes the development and successful application of new
and innovative methods for subcellular proteomics aiming at circumventing some of the
current limitations in the field. As an alternative to detergent-based extraction of
membrane proteins, which is often incomplete and selective'?, we have synthesised a new
biotinylation reagent that can be used to label membrane-bound proteins and purify their
proteolytic fragments in order to identify them in a gel-free approach'”. After the proof of
concept, we are now applying this procedure to the study of the very dynamic membrane
of the mammalian spermatozoa. Doing so, we have already identified several interesting
and unexpected protein candidates potentially involved in capacitation and fertilization.
On another front, we have circumvented problems associated with the classical

density-based centrifugation by relying instead on fluorescence-assisted organelle sorting

to purify corticotropes dense-core secretory granules and obtain a high quality proteome
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in less than a day. The data generated highlights the importance of rapid organelle
purification and of gel-free approaches in order to obtain proteomes as representative as
possible of the in vivo state of the subcellular structure studied. More importantly, both
the novel approaches can be easily adapted to other membranes or organelles. We are
confident that the techniques we have developed will find broad applications and the
results they have each generated will contribute significantly to the knowledge in their

respective fields.

5.2 CELL SURFACE PROTEOMICS

Proteins exposed at the surface of a cell are absolutely crucial to its survival.
Structure and adhesion proteins, pores, channels, receptors and others are implicated in
the communication of the cell with its surroundings and in the response to changes that
could affect its homeostasis. For example, there could be as many as 1000 distinct

proteins playing the role of receptor at the cell surface'

. And even if the receptorome
comprises less than 5% of the human genome, it is the target of the vast majority of
approved medications today'”. Consequently, knowing which proteins are present at the
surface of a cell is of the utmost importance and interest. This is particularly true for the
mammalian spermatozoon whose membrane composition is very dynamic and is an
indicator and determinant of its fertilization potential. Sequential exposition of cell
surface proteins, either by the removal of seminal and decapacitation factors or by protein
relocalization, allows progressive capacitation of the spermatozoa'® ', binding to the
zona pellucida surrounding the oocyte'® ', digestion of the ZP, oocyte binding and

19, 20

penetration of the egg . Moreover, these proteins are not necessarily randomly free-
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floating throughout the spermatozoa’s head membrane. Some are localized to distinct
regions”', partially due to the presence of lipid rafts creating functional
microenvironments®> **. Clearly, the dynamics of cell surface exposed proteins is a
challenge to which subcellular proteomics is well suited to respond, provided that
appropriate tool for the study of membrane-bound proteins can be developed.

The avidin-biotin affinity technology has now been used for several decades™,
including for the labelling and retrieval of cell surface exposed proteins. A prototypical
example of a proteomic study using this approach on human spermatozoa was
described®. Such studies usually involve cell surface labelling, proteins extraction and
separation by gel electrophoresis, followed by MS-based protein identification. In order
to bypass the known limitations of extraction and gel electrophoresis as far as membrane
proteins are concerned, we have designed a different approach to study the membrane
proteome. Based on the design of a new biotinylation reagent, sulfo-NHS-iminobiotin,
and on the proteolytic release of water soluble fragments from membrane proteins, this
method was developed and a proof-of-concept study was presented in chapter 2'°. It was
further applied to the surface of freshly ejaculated spermatozoa with very encouraging
preliminary results, as described in chapter 3.

Several conclusions can be drawn from the results obtained in those studies.
Firstly, the biotinylation reagent we have synthesized is fully functional, water soluble
and membrane impermeable. It also exhibits fully reversible, pH-dependent binding to an
avidin support. As such, it is a new tool for protein labeling displaying a unique
combination of physicochemical properties. Secondly, this reagent can be advantageously
used as an alternative to sulfo-NHS-biotin or sulfo-NHS-SS-biotin*® for affinity

purification and complete recovery of labeled biomolecules. Indeed, the extremely strong
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affinity of the biotin moiety for avidin derivatives does not allow complete subsequent
elution of the bound material, even when harsh conditions and detergents are employed,
leading to protein loss. This is corrected in our case by the use of an iminobiotin group
allowing pH-dependent elution. On another hand, sulfo-NHS-SS-biotin allows cleavage
of the label for elution but it is vulnerable to in vivo reducing conditions and does
prevents multiple uses of the column, as opposed to our newly synthesized reagent. Also,
the concept of retrieving only labeled, surface exposed, water soluble fragments of
otherwise partially hydrophobic proteins circumvents all issues concerning partial and
differential detergent extractions. The method is especially efficient since the
technologies for peptide separation and analysis have now evolved and allow confident
identification of proteins from only a few high quality peptides.

One of the important challenges in proteomics is the development of powerful
bioinformatics tools and accurate databases. Until de novo, database-independent
sequencing by mass spectrometry is available’’, the quality of protein identification will
be directly related to that of the information present in the protein databases. This was
certainly highlighted by our results in chapter 2. Protein identification in that case was
rendered difficult because very few membrane proteins were present in the databases for
our first model, Spodoptera frugiperda and this, despite the purification of hundreds of
peptides. The quality of the purification could nevertheless be assessed by considering the
contribution of peptides derived from better known soluble proteins. Another pitfall in
proteomic analysis is not only the absence of information, but also the poor quality of the
information contained in the various databases. Partial, redundant and erroneous entries
complicate protein identification and lead to false positive results®. It is certainly worth

mentioning that several journals in the field have recently upped their criteria for protein
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identifications by mass spectrometry in order to increase the quality of the publications
and the biological relevance of the presented results. Since the deciphering of the Bos
taurus genome was well under way in 2003 and several other closely related mammalian
species were under investigation, our results on bovine spermatozoa were far superior.
Even if some candidates such as A-kinase anchoring proteins® were known and expected
to be exposed at the surface, it was not the case for all proteins. For example, the presence
of hexokinase™, subunits of the proteasome’' and others at the surface of spermatozoa
have been poorly documented and this study seems to confirm those findings. Moreover,
several of the proteins identified in our preliminary results have not yet been reported in
the spermatozoa membrane. Once the experiments are repeated, we will be more
confident about their positive identification and hence be in a position to validate their
potential role in capacitation and fertilization. Also, focusing on the proteins synthesized
as precursors and especially on those presenting a prohormone convertase-specific
cleavage motif, we will also try to identify endogenous substrates for PC4.

The implications of our findings are also interesting on a more fundamental
aspect. The use of widely accepted biological cues such as signal peptides or the presence
of hydrophobic segments is fundamental to annotate proteins as secreted and/or present at
the membrane. However, it is increasingly recognized that some proteins are present at
the surface of cell without any apparent indication on how they reach this compartment.
Among the most striking example is the finding that sex steroid nuclear receptors, long
believed to act only at the DNA level, are now known to exert non-genomic (or
epigenetic) actions from the cell membrane™. Also, many heat shock proteins, acting
intracellularly in response to stress, have recently been shown to be present at the surface

of normal cells* and even secreted from tumor cells through ill-defined non-conventional
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pathways™*. Since several of the proteins we have identified do not possess consensus
secretory signals nor can they cross membranes through known transporters, questions
arise on the mechanisms by which they reach the surface. The spermatozoon is a cell with
a unique structure, and we can not exclude the possibility that cell-specific mechanisms of
protein transport could exist to ensure proper distribution and exposition of proteins at its
surface. Moreover, because of its content and the machinery involved in its formation, the
acrosome is now more perceived as a specialized lysosome-derived rather than a
secretory vesicle-derived structure®. Future proteomic results could help confirm this
hypothesis or define it as being more of an hybrid of the two.

The work presented in chapters 3 and 4 could certainly be build upon in several
directions. Firstly, the approach itself could be modified at the cell surface limited
proteolysis step. Indeed, the parallel use of proteases other than trypsin, as long as they
exhibit restricted substrate specificity, followed by independent and/or combined analysis
of the lysate could generate more and different peptides to ultimately improve protein
identification. Also, subcellular fractionation of the spermatozoa to obtain distinct
preparations of heads and tails®® prior to labeling could result in simpler proteomes whose
analysis might provide more easily interpretable information. In this study, we have
investigated the cell surface proteome of freshly ejaculated mammalian spermatozoa.
However, it has been documented that membrane components of these cells in this state
are very different from those exposed after capacitation and after acrosome reaction.
Since both capacitation and acrosome reaction can be chemically induced in vitro®’, we
envision that our procedure could be easily applied to all three states. Subtractive analysis
of all three proteomes would then reveal proteins uniquely present in all three states,

simplifying the quest for candidates involved in each step. Such an elegant proteomic
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study on the dynamics of the spermatozoa membrane has not been reported to date, and
our new method would certainly make such study not only feasible, but much less labor-
intensive than conventional approaches. And as it is the case for both the new methods
presented in this thesis, it was designed to be widely applicable. As such, it could be
applied to several other models, for example, to study the alterations in cell surface

proteomes throughout cell differentiation or between normal and transformed cells.

5.3 SECRETORY GRANULE PROTEOMICS

Access to improved subcellular fractionation methods is rendered almost
mandatory by the fast progress in mass spectrometry-based protein identification®®.
Indeed, one of the most important objectives in sample preparation for subcellular
proteomics is to have a preparation that is as highly enriched as possible for the organelle
of interest. Only then can the identified proteins be assigned to that specific compartment
with confidence. For several decades, gradient-based fractionation has been the tool of
choice for organelle enrichment. Combined with gel-based protein separation strategies,
such studies are time- and material-consuming, although still very informative. Recent
proteomic studies frequently report proteins common to more than one subcellular
compartment (ER and Golgi’’, secretory granule and lysosome). Whereas this is
expected in some cases, it is very surprising in others. Among other solutions, the
development of novel subcellular fractionation and organelle purification strategies could
help to confirm whether those findings are real or likely due to contamination of the
preparation with other structures. On that topic, fluorescence-assisted organelle sorting

(FAOS) was suggested in the 1980s*', but technological limitations at the time prevented
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efficient application of this concept. In chapter 4 of the present thesis, we revisited this
approach using modern instrumentation and AtT-20 corticotropes cells expressing a
mGFP-tagged protein inside their secretory granules. Since this organelle had not yet
been analyzed using proteomics until a few months ago, we proposed to design, develop
and optimize a new fluorescence-assisted organelle sorting protocol as well as to apply it
to obtain the proteome of the endocrine secretory granule.

Concerning the method per se, it can be said that it compares very favorably with
the established protocols, especially considering that the latter have been under
continuous development for decades. Firstly, it is very rapid, allowing acquisition in a
single day of a proteome from cultured cells provided that the instrumentations and
facilities are available. Aside from the obvious reduction in labor and augmented
throughput, it also allows, as discussed below, the identification of transiently associated
proteins that would not necessarily remain associated with the organelle for the 24 to
more than 48 hours required by the manipulations associated with density-based
subcellular fractionation. Our purification procedure is also very efficient, allowing
purification of enough secretory granules to obtain a proteome of over 100 proteins from
less than 20x10° cells grown in a single flask. Also, our completely gel-free procedure
leads to less sample losses, including low molecular weight peptides, and higher quality
MS spectra, resulting in confident protein identification with high scores. Finally, and
importantly, this new approach is widely applicable to several intracellular compartments
using different fluorescent molecules, ranging from fluorescent fusion proteins to dyes to
conjugated antibodies. Moreover, the experimenter can easily use a combination of
different fluorescent molecules for active sorting and exclusion of organelles. Also,

organelles in different states, such as immature and mature secretory granules, could be
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separated according to their size and the presence or absence of specific markers at their
surface, such as clathrin*®. The same approach could be used to discriminate and analyze
the COPI and COPII-coated vesicles responsible for the retrograde and anterograde
transport between ER and Golgi, respectively®”. The potential of fluorescence-assisted
organelle sorting is very high, provided that the separation conditions are adjusted for
each subcellular compartment in order to preserve its integrity.

Using our method, we have obtained a proteome of over 150 proteins for the
corticotrope secretory granule. Notable improvements over recently published secretory
granule proteomes (chromaffin granules* and insulin-containing granules*®) include
higher protein and peptide scores, higher number of proteins identified, higher coverage
of several proteins and less contamination from other subcellular compartments. The
proteomic analysis of the insulin-containing granules has revealed the presence of
numerous lysosomal proteins in the sample analyzed. Furthermore, their
immunocytochemical validations showed at least partial colocalization of some identified
lysosomal proteins with insulin leading the authors to present this result as supporting
evidence of the “sorting-by-retention” model for cargo sorting to the secretory granules.
Indeed, they surmized that some of the purified granules still contained material destined
to be removed and rerouted to other compartments such as the lysosomes. However,
despite the validations proposed and the rationale presented, it is nevertheless clear that
the density centrifugation results in this case raise questions concerning the purity of the
secretory granule preparation, which certainly at least, is not exclusively composed of
mature dense-core secretory granule. Interestingly, the study of the chromaffin granules,
on the other hand, identified very few lysosomal proteins. Even if the near-simultaneous

publication of these two studies prevented them on commenting on each other, we can
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hypothesize on quite a few explanations for this. First, dealing with granules isolated
from an immortalized (transformed) cell line versus a normal tissue could account for
some of the differences observed; an argument which, in our own study, must also be
considered. Secondly, the density-based separations differed significantly, suggesting that
the second study might be more reflective of the proteome of purified mature secretory
granules. Indeed, the results agree more with the expected content for this organelle as
well as with our own corticotropes secretory granule proteomic results employing a
completely different organelle purification protocol. Finally it is not unrealistic to think
that differences in the major secretory product of a cell could alter the granule’s protein
composition significantly.

Another striking result in our study is the identification of several granule-
associated proteins involved in transport and fusion of the organelle. They are most likely
transiently associated with the organelle and are probably lost during the lengthy
centrifugation and electrophoresis steps of the traditional procedure. It is our conclusion
that our approach can provide at least complementary, if not superior proteomic
information than that obtained through classical organellar proteomic approaches. Our
results tend to confirm a model for a secretory granule core largely composed of members
of the granin family of proteins (chromogranin A, chromogranin B, secretogranin II,
secretogranin III), the major secretory product (POMC) and its biologically active
fragments and various protein processing enzymes (PC1/3, PAM). Its membrane seem to
exhibit several proteins shared with the synaptic vesicle' (V-ATPase, exchangers, Rabs,
SNARESs), consistent with their common role in intracellular cargo transport and
secretion. Of great interest in our case is the association of several cytoskeletal and

cytoskeletal-associated proteins (kalirin, myosin, actin, tubulin) with our granules
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recovered from gentle cell lysis and FAOS. It confirms that secretory granules are not
free floating in the cell, but rather strongly tethered along microtubules and within actin
filament meshes as recently evidenced using photonic force microscopy®’. Our results
might therefore be more representative of the in vivo state of the organelle. The use of
cytoskeletal disruptors and freeze-thaw cycles for cell lysis has proven, in our case, less
disruptive leading to diminished cross-contamination than standard Potter
homogenization. We suggest that use of the latter method should be revisited and might
not be optimal for the isolation of a pure preparation of intact organelles for proteomic
analysis.

Finally, several new proteins were identified whose role in secretory granule’s
biology is not clearly defined. 14-3-3, a scaffolding protein and cyclophilin A, a prolyl
cis-trans isomerase could help in cargo structure and polymerization. Other proteins, such
as M2-pyruvate kinase®®, chaperones and heat shock proteins’’ are present in the plasma
of patients with endocrine tumors, although the mechanism by which they are secreted
remains undefined. Since AtT-20 cells are immortalized, it might represent a model to
study how some of these unexpected proteins, some of them without a signal peptide, find
their way into the regulated pathway of secretion. Further wvalidation, through
immunocytochemical and stimulated secretion studies for example, will be necessary
before the role of the newly identified proteins can be further studied.

Comparison of our results with that of other proteomic studies on the endocrine
secretory granules suggests that they could contain both common and distinct proteins
depending on cell type and cargo. Granule-to-granule heterogeneity has already been
observed within a single cell®®. Whether molecular mechanisms exist to generate or

recognize these differences and use them to control regulated secretion more precisely,
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for example, by piecemeal degranulation®, is still unknown. Elucidation of proteomes of
other types of endocrine granules and secretory vesicles is certainly a valid approach to
investigate this topic.

Once again, the method presented in chapter 4 could easily be adapted to the
purification and proteomic analysis of other organelles, making it usable by any group
having access to a flow cytometer. In our case, one of the most interesting follow-up
studies would certainly be the application of our strategy to other types of endocrine
secretory granules. As mentioned in the introduction, there are several commercially
available cell lines for each cell type of the anterior pituitary>’. Transfection of those cell
lines with PHM-mGFP, purification of their granules by FAOS and analysis of their
proteomes could rapidly provide biologically relevant information. Analysis of the
proteins common to all granules could provide insights on the mechanisms of granule
biogenesis, maturation and secretion, while candidates unique to each cell type could
yield information on the sorting, processing and action of their individual major secretory
product.

Moreover, both methods presented in this thesis are not only widely applicable on
their own, but could easily be used in combination. The membrane-bound and luminal
portions of the organelles’ proteomes could then be distinguished.

The field of proteomics has progressed at a tremendous pace in the last few years.
From the simple description of the protein content of whole cells and organisms, it now
focuses on the precise and dynamic description of subcellular compartments and the
bioinformatics integration of all sources of information in the elaboration of whole-
organelle models. The new methods presented in this thesis are certainly invaluable tools

to tackle two current limitations in subcellular proteomics, namely the non-discriminatory
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identification of membrane proteins and the fast and efficient purification of intracellular
structures. Subcellular proteomics now provides more than exhaustive protein lists, it has
become a most efficient strategy to identify disease-causing targets and describe and
monitor large-scale changes at the protein level in any biological system. The
improvements in available technologies, both applied and computational, together with
the emergence of the field of systems biology allow one to predict that relatively accurate
whole-cell in-silico simulations could be available in a near future. Such tools would be

groundbreaking as far as the development of therapies is concerned.
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5.4 CLAIMS TO ORIGINALITY

Chapter 2

1.

Chemical synthesis of a novel biotinylation reagent, sulfo-NHS-iminobiotin
possessing a unique combination of physicochemical properties. They include
water-solubility, membrane-impermeability, covalent modification of primary
amines and fully reversible, pH-dependent binding to avidin derivatives under
mild conditions.

Successful application of sulfo-NHS-iminobiotin in the development of a new,
detergent-, extraction- and gel-free protocol for the acquisition and analysis of
surface-exposed, membrane associated proteins. The protocol presents a distinct
combination of cell surface labeling, cell surface limited proteolytic digestion and
membrane protein fragments recovery and purification in near-native conditions.
Identification of several Spodoptera frugiperda peptides from cell surface proteins
not previously reported in the databases.

As mentioned previously, these claims would have been substantiated through a
patent to DJ Gauthier and C Lazure if it had not been judged unsuitable due to a

simple time technicality.

Chapter 3

1.

Partial biochemical and proteomic characterization of some of the PC4-like
immunoreactive forms.

Application of our new non-discriminatory investigative approach to the study of
cell surface proteins of freshly ejaculated bovine spermatozoa.

Proteomic identification of hundreds of mammalian spermatozoa surface proteins,

many of which never previously reported in this model.
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Chapter 4

1.

Design of a new, centrifugation- and gel-free method for the purification and
proteomic analysis of corticotropes secretory granules readily applicable to other
organelles.

Optimization of the fluorescence-assisted organelle sorting protocol to the
corticotropes secretory granules and to the further analytical steps in proteomic
analysis.

FAOS of the corticotropes secretory granules and proteomic analysis of their
protein composition, thereby establishing the most complete secretory granule
proteome to date.

Identification of several new secretory granule proteins, including transiently

associated proteins not previously identified by classical protocols.
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