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Abstract	
	
	
	
	
This	 thesis	 describes	 the	 use	 of	 antibodies	 and	 immunofluorescence	 for	
subcellular	localization	of	proteins.	The	key	objective	is	the	creation	of	an	open-
source	 atlas	 with	 information	 on	 the	 subcellular	 location	 of	 every	 human	
protein.	 Knowledge	 of	 the	 spatial	 distribution	 and	 the	 precise	 location	 of	 a	
protein	 within	 a	 cell	 is	 important	 for	 its	 functional	 characterization,	 and	
describing	 the	 human	 proteome	 in	 terms	 of	 compartment	 proteomes	 is	
important	to	decipher	cellular	organization	and	function.		
	
Immunofluorescence	 and	 confocal	microscopy	 of	 cultured	 cells	were	 used	 for	
high-resolution	 detection	 of	 proteins	 on	 a	 high-throughput	 scale.	 Critical	 to	
immunofluorescence	 results	 are	 sample	 preparation	 and	 specific	 antibodies.	
Antibody	staining	of	cells	requires	fixation	and	permeabilization,	both	of	which	
can	result	in	loss	or	redistribution	of	proteins	and	masking	of	epitopes.	A	high-
throughput	approach	demands	a	standardized	protocol	suitable	for	the	majority	
of	 proteins	 across	 cellular	 compartments.	 Paper	 I	 presents	 an	 evaluation	 of	
sample	 preparation	 techniques	 from	 which	 such	 a	 single	 fixation	 and	
permeabilization	 protocol	was	 optimized.	Paper	 II	 describes	 the	 results	 from	
applying	 this	 protocol	 to	 4000	 human	 proteins	 in	 three	 cell	 lines	 of	 different	
origin.		
	
Paper	 III	 presents	 a	 strategy	 for	 application-specific	 antibody	 validation.	
Antibodies	are	the	key	reagents	in	immunofluorescence,	but	all	antibodies	have	
potential	 for	 off-target	 binding	 and	 should	 be	 validated	 thoroughly.	 Antibody	
performance	 varies	 across	 sample	 types	 and	 applications	 due	 to	 the	
competition	 present	 and	 the	 effect	 of	 the	 sample	 preparation	 on	 antigen	
accessibility.	 In	 this	 paper	 application-specific	 validation	 for	
immunofluorescence	 was	 conducted	 using	 colocalization	 with	 fluorescently	
tagged	protein	in	transgenic	cell	lines.		
	
	
	
	
Keywords:	
Human	 proteome,	 Subcellular	 localization,	 Organelles,	 Immunofluorescence,	
Fixation,	Permeabilization,	Antibody	validation	
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Sammanfattning	
	
	
	
Denna	avhandling	berör	användandet	av	antikroppar	och	immunofluorescence	
för	 lokalisationsbestämning	 av	 proteiner.	 Målet	 med	 arbetet	 har	 varit	
uppbyggnaden	av	en	webbaserad	atlas	över	den	subcellulära	lokalisationen	hos	
alla	 mänskliga	 proteiner.	 Kunskap	 om	 ett	 proteins	 lokalisation	 är	 en	 viktig	
aspekt	för	att	utröna	proteinets	funktion.	Därtill	är	kunskap	om	proteomet	hos	
enskilda	 organeller	 och	 subcellulära	 enheter	 viktigt	 för	 att	 förstå	 cellens	
organisation	och	funktion.	
	
Immunofluorescence	 och	 konfokalmikroskopi	 av	 odlade	 celler	 användes	 för	
storskalig	 lokalisationsbestämning	 av	 proteiner	 med	 hög	 precision.	 För	 att	
säkerställa	 bra	 resultat	 i	 immunofluorescence	 är	 provpreparering	 samt	
specifika	 antikroppar	 av	 högsta	 betydelse.	 Infärgning	med	 antikroppar	 kräver	
fixering	 och	 permeabilisering	 av	 cellerna	 vilket	 kan	 resultera	 i	 förlust	 eller	
omfördelning	av	proteiner	 samt	maskering	av	 epitop.	 För	 en	 storskalig	 ansats	
till	lokalisationsbestämning	av	alla	mänskliga	proteiner	krävs	en	standardiserad	
provförberedning	 lämplig	 för	 majoriteten	 av	 alla	 protein	 i	 alla	 subcellulära	
strukturer.	 I	 artikel	 I	 utvärderades	 ett	 antal	 olika	 fixerings	 och	
permeabiliseringsalternativ	från	vilka	ett	optimalt	protokoll	valdes.	I	artikel	 II	
användes	detta	protokoll	för	4000	mänskliga	proteiner	i	tre	olika	cellinjer.	
	
Artikel	 III	 presenterar	 en	 strategi	 för	 applikationsspecifik	
antikroppsvalidering.	Antikroppar	är	nyckelreagens	i	immunofluorescence,	men	
alla	antikroppar	har	potential	för	korsreaktivitet	och	måste	valideras	noggrant.	
Antikroppars	prestation	varierar	mellan	provtyper	och	applikationer	beroende	
på	förekomsten	av	konkurrerande	proteiner	och	provprepareringens	påverkan	
på	epitopet.	I	denna	artikel	användes	överlapp	med	fluorescent	taggat	protein	i	
transgena	 cellinjer	 för	 applikationsspecifik	 validering	 av	 antikroppar	 för	
immunofluorescence.	
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Introduction	
	
	
	
	
In	 the	 quest	 to	 understand	 the	 human	 body	 we	 can	 choose	 to	 study	 it	 on	
different	 levels;	organism	level,	organ	level,	 tissue	level,	cell	 level	or	molecular	
level.	This	thesis	describes	the	study	of	individual	cells	in	the	laboratory,	which	
are	 used	 as	 representatives	 of	 the	 cells	 in	 the	 body.	 Just	 like	 the	 tissues	 and	
organs	 carry	 out	 specialized	 functions	 in	 the	 body,	 cells	 are	 made	 up	 of	
organelles	 and	 specialized	 cellular	 compartments	 with	 distinct	 functions.	 The	
papers	 included	 in	 this	 thesis	were	 conducted	with	 the	 aim	 to	 determine	 the	
constituents	of	these	compartments.	Knowledge	of	the	building	blocks	of	the	cell	
will	enable	a	better	understanding	of	the	cellular	machinery	and	will	contribute	
to	the	understanding	of	the	molecular	biology	of	the	human	body.	
	
Proteins	 are	 the	building	blocks	 and	 the	machinery	of	 cells	 and	 constitute	 the	
majority	 of	 the	 cellular	 dry	 mass.	 To	 understand	 the	 cell	 it	 is	 therefore	
necessary	to	study	its	proteins.	Protein	location	is	one	important	aspect	since	it	
gives	clues	on	possible	function	and	interaction	partners.		
	
The	 studies	 in	 this	 thesis	 have	 been	 performed	within	 the	 framework	 of	 The	
Human	Protein	Atlas	project	 and	have	utilized	 the	 large	 amount	of	 antibodies	
produced	within	the	project.		Antibodies	are	proteins	produced	by	the	immune	
system	 that	 protect	 against	 infections	 by	 recognizing	 and	 binding	 pathogens.	
The	natural	binding	capacity	of	antibodies	has	made	them	an	important	tool	in	
both	 research	 and	 therapeutics.	 Within	 The	 Human	 Protein	 Atlas	 project	
antibodies	 towards	 all	 human	 proteins	 are	 produced	 and	 used	 to	 detect	 the	
target	protein	in	a	multitude	of	assays.	Localization	studies	are	performed	using	
immunofluorescence	 where	 antibodies	 coupled	 to	 fluorophores	 and	 used	 to	
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stain	cells.	When	imaged	with	confocal	microscopy	this	approach	enables	in	situ	
localization	of	proteins	with	high	resolution.	
	
In	 this	 thesis	 I	 will	 first	 describe	 the	 background	 to	 the	 research	 area;	 cell	
biology,	genes	and	proteins	before	moving	over	to	a	description	of	antibodies	and	
their	use	as	research	reagents.	I	will	then	describe	immunofluorescence	and	The	
Human	 Protein	 Atlas	 project	 and	 conclude	 with	 a	 description	 of	 the	 three	
publications	that	constitute	this	thesis	work.	
	
The	 three	papers	describe	 some	of	 the	 steps	 taken	 to	produce	 the	Subcellular	
Protein	 Atlas.	 Localizing	 the	 entire	 human	 proteome	 is	 a	 huge	 effort	 and	 to	
achieve	this	goal	a	single	standardized	sample	preparation	protocol	suitable	for	
the	 majority	 of	 proteins	 had	 to	 be	 chosen.	 The	 first	 paper	 describes	 the	
evaluation	 of	 different	 protocols	 for	 sample	 preparation	 for	
immunofluorescence.	In	the	second	paper	this	protocol	was	applied	to	∼20%	of	
the	human	proteome.	This	showed	that	the	proposed	setup	for	high-resolution,	
high-throughput	localization	using	antibodies	and	the	protocol	from	paper	one	
was	feasible	and	the	amount	of	data	produced	enabled	initial	conclusion	about	
the	organization	of	the	cellular	proteomes	to	be	drawn.		
	
The	 third	paper	deals	with	antibody	validation.	Antibodies	are	very	 important	
and	commonly	used	research	reagents	that	can	be	generated	to	bind	almost	any	
target	 protein	 of	 interest.	 However	 the	 binding	 between	 antibody	 and	 target	
protein	is	complex	and	dependent	on	assay	conditions	and	competing	proteins,	
and	therefore	antibody	performance	differs	markedly	between	applications	and	
samples.	In	this	paper	on-	and	off-target	binding	and	batch-to-batch	differences	
in	 immunofluorescence	 were	 assessed	 for	 a	 large	 number	 of	 antibodies	 by	
colocalization	with	fluorescently	tagged	protein.	
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1.	Cell	Biology	
	
	
	
	
The	cell	is	the	basic	unit	of	life	and	the	building	block	of	every	organism.	No	one	
knows	exactly	how	many	cells	the	human	body	is	made	up	of,	but	an	estimation	
from	 counting	 organ	 by	 organ	 states	 that	 there	 are	 over	 1	 000	 billions!1	
Amongst	 these	cells	 there	are	approximately	2300	different	cell	 types	 that	are	
all	specialized	for	different	functions	and	environment	2.	There	are	for	example	
short-lived	epithelial	 cells	 in	 the	colon	 that	are	 shed	after	5-7	days3	and	 there	
are	long-lived	neurons	that	are	formed	in	early	life	and	never	replaced4.	There	
are	 the	 small	 and	 motile	 sperm	 and	 the	 large	 egg	 that	 with	 its	 0.1	 mm	 can	
almost	 be	 seen	 with	 the	 naked	 eye5.	 There	 are	 osteoblasts	 that	 form	 bone6	
thereby	 providing	 structural	 support	 to	 the	 body	 and	 there	 are	 leukocytes	
(white	 blood	 cells)	 that	 circulate	 through	 the	 body	 to	 detect	 and	 destroy	
pathogens5.	
	
Several	cell	types	can	together	make	up	a	tissue	and	several	tissues	together	can	
make	an	organ.	The	pancreas	 for	 example	 is	 an	organ	with	 two	 functions;	 aid	
digestion	 of	 food	 by	 secretion	 of	 digestive	 enzymes	 into	 the	 intestine	 and	
communicate	the	nutrient	status	to	the	body	by	secretion	of	hormones	into	the	
bloodstream.	 These	 two	 functions	 are	 performed	by	 two	different	 tissues,	 the	
exocrine	 and	 the	 endocrine.	 The	 exocrine	 tissue	 consists	 of	 two	 cell	 types7;	
acinar	 cells	 that	 secrete	 digestive	 enzymes	 such	 as	 proteases,	 amylases	 and	
lipases	and	duct	cells	that	secrete	fluid	that	mix	with	the	digestive	enzymes	and	
food.	The	endocrine	tissues	consists	of	five	cell	types8;	the	most	abundant	being	
insulin-producing	 beta	 cells	 but	 also	 alpha,	 delta,	 epsilon	 and	 pancreatic	
polypeptide	cells	that	secrete	the	hormones	glucagon,	somatostatin,	ghrelin	and	
pancreatic	polypeptide	respectively.	
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The	first	description	of	the	small	room		
	
The	 knowledge	 of	 our	 microscopic	 constituents	 would	 never	 have	 been	
achieved	was	it	not	for	the	development	of	microscopes	and	sample	preparation	
techniques.	 The	 first	 microscopes	 were	 developed	 simultaneously	 by	 several	
scientists	starting	with	simple	lenses	for	magnification	and	reading.		
	
In	 the	middle	 of	 the	 17th	 century	Hooke	 used	 a	 compound	microscope	with	 a	
double	 lens	system	to	provide	the	 first	detailed	description	of	 the	microscopic	
world	in	his	Micrographia	published	in	1665.	He	coined	and	used	the	latin	word	
cell,	meaning	a	small	room,	to	describe	the	structure	of	dead	cork9	but	did	not	
know	that	he	was	actually	visualizing	the	elementary	unit	of	life.		The	self-taught	
microscopist	Leeuwenhoek	used	a	small	self-made	high-magnifying	single	 lens	
microscope	 to	 study	 and	 first	 describe	 living	 cells	 of	 a	 number	 of	
microrganisms9,	 10.	 Many	 scientist	 worked	 with	 microscopic	 examinations	 of	
cells	and	in	1838	and	1839	Schleiden	and	Schwann	formulated	what	came	to	be	
known	 as	 the	 cell	 theory;	 that	 states	 that	 both	 plants	 and	 animal	 tissues	 are	
made	up	of	 elementary	units	which	are	 cells9.	 It	was	 still	 unknown	where	 the	
cells	came	from	and	the	theory	of	spontaneous	generation	stated	that	inanimate	
matter	spontaneously	generate	organisms.	Thanks	to	many	researchers	such	as	
von	Mohl	who	discovered	cell	division	by	partitioning,	and	Remak	who	 traced	
individual	 cells	 in	 frog	 embryos11,	 Virchow	 could	 in	 1855	 postulate	 that	 cells	
come	 from	 cells.	 	 During	 the	 nineteenth	 century	 further	 improvements	 in	
microscopy	 made	 it	 possible	 to	 visualize	 smaller	 subcellular	 structures	 and	
many	of	the	larger	organelles	could	be	described.		
	
	

Cell	organization	
	
The	 cell	 is	 highly	 organized	 into	 different	 compartments	 with	 different	
functions	(Figure	1).	Compartments	that	are	enclosed	by	a	membrane	are	called	
organelles.	 The	 cell	 is	 surrounded	 by	 the	 cell	 membrane,	 also	 called	 plasma	
membrane,	 which	 shields	 the	 cell	 from	 the	 environment	 and	 preserves	 the	
intracellular	milieu.	It	is	a	lipid	bilayer	of	phospholipids	with	hydrophobic	core	
and	 hydrophilic	 surfaces.	 The	 membrane	 contains	 proteins	 involved	 in	
communication	and	transport	in	and	out	from	the	cell.	In	the	middle	of	the	cell	
is	 the	nucleus	surrounded	by	 the	nuclear	membrane.	 Inside	 the	nucleus	 is	 the	
DNA	 and	 all	 the	 regulatory	 proteins	 that	 affect	 which	 genes	will	 be	 active	 or	
silent.	Further,	the	nucleus	has	many	specialized	subdomains,	the	biggest	is	the	
nucleolus	involved	in	synthesis	and	processing	of	ribosomal	RNA12.	The	rest	of	
the	 cell	 outside	 the	 nucleus	 is	 the	 cytoplasm	 that	 contains	 the	 soluble	 cytosol	
and	 many	 organelles	 and	 compartments,	 such	 as	 the	 mitochondria	 that	
produces	 the	 majority	 of	 the	 energy	 needed	 by	 the	 cell,	 the	 membranous	
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network	of	the	endoplasmic	reticulum	where	membrane	and	secreted	proteins	
are	synthesized	and	lipids	produced,	the	Golgi	apparatus	that	modifies	proteins	
and	dispatch	them	for	vesicle	transport	to	their	final	destination.	A	network	of	
three	 different	 cytoskeletal	 filaments	 provides	 shape,	 robustness	 and	
transportation	 routes5.	 Actin	 filaments	 support	 the	 plasma	 membrane,	 forms	
protrusions	 and	 is	 involved	 in	movement.	 Intermediate	 filaments	 support	 the	
nuclear	 membrane,	 provides	 mechanical	 strength	 and	 is	 important	 for	 cells	
under	high	mechanical	stress	such	as	skin,	hair	and	nails.	Microtubule	filaments	
supports	 the	 spatial	 organization	 of	 organelles	 and	 provides	 a	 transport	
network	throughout	the	cell.	
	

	

Figure	 1.	 Schematic	 representation	 of	 a	 cell	 with	 selected	 organelles	 and	
substructures.	Adapted	from	an	illustration	by	Annica	Åberg.	

	

Cell	cultivation	
	
Normal	 cells	 in	 the	 body	 reside	 in	 a	 tissue	 context	 and	 rely	 heavily	 on	
intercellular	 communication	 to	 coordinate	 building	 and	 maintenance	 of	 that	
tissue.	A	safety	system	is	in	place	so	that	the	cells	will	only	proliferate	given	the	
appropriate	signal	and	will	commit	apoptosis	rather	than	risk	tissue	integrity.	If	
cells	 like	 this	 are	 removed	 from	 their	 context	 and	 cultivated	 in	vitro,	they	will	
not	 proliferate.	 In	 tumors,	 genetic	 aberrations	 renders	 the	 cells	 insensitive	 to	
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these	 controls	 and	 the	 cells	 proliferate	 uncontrollably	 and	 eventually	 a	
metastasis	 can	 form	 where	 the	 cell	 acquire	 the	 ability	 to	 grow	 in	 a	 different	
place	 than	 its	 intentional.	 These	 deregulated	 cells	 are	 easier	 to	 grow	 in	 the	
laboratory	 as	 they	 are	 immortal	 and	 continue	 to	 proliferate	 and	 therefore	
cancer	 cells	 were	 the	 first	 human	 cells	 to	 be	 grown	 in	 the	 laboratory	 in	 the	
1950s13.	 Cells	 can	also	be	 immortalized	 in	vitro	 by	mutations	or	 expression	of	
relevant	proteins14.	 In	vitro	 cultivated	cell	 lines	will	not	be	 identical	 to	 their	 in	
vivo	 counterpart.	 In	 general	 cells	 grown	 in	 the	 laboratory	 down	 regulate	
expression	of	tissue	specific	genes	and	genes	involved	in	adhesion	and	signaling	
while	genes	involved	in	proliferation	and	energy	metabolism	are	up	regulated15,	
16.	Cancer	cell	lines	and	in	vitro	immortalized	cell	lines	are	still	important	model	
systems	because	they	are	 from	human	origin	yet	can	be	manipulated	and	they	
can	be	expanded	to	large	numbers	and	stored	in	the	freezer	for	longer	periods.			
	
	

Visualizing	cells	
	
Cells	are	colorless	and	translucent	and	hard	to	see	under	the	microscope	due	to	
lack	 of	 contrast.	 Therefore	 cells	 are	 normally	 visualized	 with	 phase-contrast	
microscopy	 or	 after	 staining	 with	 a	 contrast-enhancing	 dye.	 There	 are	 many	
different	dyes	used	to	stain	cells	such	as	hematoxylin	that	stain	nuclei	blue	and	
eosin	 that	 stain	 cytoplasm	 and	 cell	 membrane	 pink.	 Fluorescent	 microscopy	
uses	 fluorescent	 molecules	 for	 detection.	 These	 can	 either	 be	 small-molecule	
dyes	 that	 stain	 different	 compartments	 and	 organelles	 such	 as	 DAPI	 (4’,6-
diamidino-2-phenylindole)	 that	 binds	 to	 DNA17,	 fluorescent	 proteins	 such	 as	
green	fluorescent	protein	(GFP)	or	fluorescent	probes	connected	to	an	affinity-
binding	reagent	that	binds	the	target	protein.	The	most	commonly	used	affinity-
binding	 reagents	 are	 antibodies	 discussed	 in	 chapter	 3.	 Several	 of	 the	 small	
molecule	stains	as	well	as	antibody	staining	is	 incompatible	with	 live	cells	and	
require	 sample	 preparation	 by	 fixation	 and	 permeabilization	 that	 will	 be	
discussed	in	chapter	4.	
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2.	Genes	and	proteins	
	
	
	
	
Proteins	 are	 the	 building	 blocks	 and	 the	 machinery	 of	 cells;	 they	 form	 the	
organelles,	 they	 execute	 nearly	 all	 functions,	 they	 listen	 to	 stimuli	 from	 the	
surroundings	and	they	send	signals	to	other	cells.	Genes	are	blueprints	 for	the	
production	of	proteins	and	every	cell	in	the	human	body	carries	the	same	set	of	
blueprints	in	their	DNA	(with	a	few	exceptions	like	B	cells	described	in	chapter	
3	and	the	gametes).	The	difference	observed	between	cell	types	arises	not	from	
the	genes	 itself,	but	 from	a	varying	expression	of	 the	genes.	This	results	 in	the	
production	 of	 a	 cell-type	 specific	 set	 and	 amount	 of	 proteins.	 The	 human	
genome	was	 sequenced	 in	200118,	19	 and	knowledge	of	 the	 genetic	 code	was	 a	
tremendously	 important	 step	 towards	 understanding	 of	 human	 biology.	
However	 this	was	only	 a	 first	 step	 and	we	are	 still	 struggling	 to	 answer	basic	
questions	 like	 which	 parts	 of	 the	 genome	 that	 are	 translated	 to	 proteins	 and	
exactly	how	many	functional	genes	and	proteins	we	have20.	
	
	

Genes	
		
DNA	 (deoxyribonucleic	 acid)	 is	 located	 inside	 the	 nucleus	 and	 carries	
information	from	one	generation	to	the	next.	It	consists	of	two	nucleotide	chains	
that	together	form	a	helix.	Each	nucleotide	consists	of	the	sugar	deoxyribose,	a	
phosphate	group	and	a	nitrogen-containing	base5.	The	sugar	and	the	phosphate	
form	the	backbone	of	the	DNA	chain	and	the	bases	protrude	and	base-pair	with	
bases	from	another	chain	creating	a	double	helix.	There	are	four	different	bases;	
guanine	(G),	adenine	(A),	 cytosine	(C)	and	 thymine	(T)	and	A	 is	always	paired	
with	T	and	G	with	C.	The	total	length	of	DNA	in	a	human	cell	is	about	2	m,	and	
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this	 is	 divided	 into	 46	 chromosomes	 and	 tightly	 packed	 to	 fit	 in	 the	 nucleus5.	
The	genome	is	the	entire	DNA	content	in	a	cell	and	a	gene	is	a	stretch	of	bases	
that	together	form	a	blueprint	for	the	production	of	a	protein.	The	four	different	
bases	are	read	 in	 triplets	called	a	codon.	 In	 the	blueprint	 these	codons	denote	
different	 amino	 acids	 and	 the	 order	 of	 the	 codons	 in	 a	 gene	 determines	 the	
order	 in	 which	 the	 amino	 acids	 shall	 be	 joined	 together	 to	 build	 a	 protein.	
Combining	4	different	bases	 into	 triplets	produces	64	different	 combinations5,	
some	of	these	denote	the	same	amino	acid,	and	some	are	start	and	stop	codons.	
	
The	process	of	producing	proteins	from	DNA	starts	with	DNA	being	transcribed	
into	messenger	RNA	(ribonucleic	acid).	This	is	a	molecule	closely	related	to	DNA	
but	 it	 is	 single	 stranded	 and	 contains	 the	 sugar	 ribose	 instead	 of	 deoxyribose	
and	the	base	uracil	(U)	instead	of	thymine.	RNA	is	transcribed	from	the	gene	in	
the	nucleus	and	then	transferred	to	the	cytoplasm	where	it	meets	a	ribosome,	a	
complex	 of	 RNA	 and	 protein	 that	 is	 the	 factory	 building	 proteins	 from	 the	
information	embedded	in	the	RNA	sequences.		
	
	

Proteins	
	
Proteins	are	built	up	of	a	stretch	of	amino	acids.	Each	amino	acid	consists	of	a	
central	carbon	atom,	a	carboxylic	acid	group,	an	amino	group	and	a	side	chain.		
The	carboxyl	group	bonds	with	an	amino	group	of	another	amino	acids	to	form	
the	 backbone	 of	 the	 protein	 chain.	 There	 are	 20	 different	 side	 chains5	 with	
different	chemical	properties;	hydrophobic,	polar	or	charged.	Every	protein	has	
a	 particular	 three-dimensional	 structure	 determined	 by	 the	 amino	 acid	
sequence5.	 They	 fold	 so	 that	 hydrophobic	 patches	 meet	 in	 the	 inside,	
hydrophilic	residues	are	on	the	outside	and	so	that	charged	residues	of	different	
polarity	 interact.	 The	 primary	 structure	 is	 the	 order	 of	 the	 amino	 acids,	 the	
secondary	structure	are	the	helixes	or	β-sheets	that	the	amino	acid	chain	forms	
and	the	tertiary	structure	is	the	full	three-dimensional	fold	of	the	protein.	Some	
proteins	 form	 complexes	 with	 other	 proteins	 thereby	 building	 a	 quartenary	
structure.	
	
	

How	many	genes	and	proteins	do	we	have?	
	
Only	 about	 1%	 of	 the	 genome	 codes	 for	 proteins21.	 There	 are	 also	 regulatory	
sequences	surrounding	the	genes	that	regulate	gene	expression	and	non-coding	
genes	that	are	transcribed	to	RNA	but	not	to	protein.	These	RNA	molecules	can	
have	 regulatory	 functions	 or	 carry	 out	 important	 tasks	 in	 the	 cell	 such	 as	
transfer	RNA	that	fetches	amino	acids	in	the	cytoplasm	and	guides	them	into	the	
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correct	position	 in	 the	 ribosome5.	Ensemble	version	83.38	 (www.ensembl.org,	
October	 2015)	 contains	 20	 313	 protein	 coding	 genes	 and	 25	 180	 non-coding.	
The	remaining	sequence	is	referred	to	as	“junk”	DNA	since	a	function	has	not	yet	
been	found.		
	
A	typical	gene	contains	several	coding	regions,	exons,	with	non-coding	regions,	
introns,	in	between.	The	entire	stretch	of	DNA	is	first	transcribed	from	the	start	
codon	 to	 the	 stop	 codon.	 The	 produced	 RNA	 is	 then	 processed	 to	 cut	 out	 the	
introns.	 This	 can	 be	 done	 is	 several	 ways,	 using	 different	 numbers	 of	 exons,	
resulting	 in	 different	 length	 and	 properties	 of	 the	 produced	 proteins,	 called	
splice	variants.	After	 the	protein	 is	produced	 it	 is	 subject	 to	post-translational	
modifications	 (PTMs)	 where	 different	 functional	 groups	 such	 as	 sugar	 are	
attached	at	specific	sites.	By	differential	splicing	and	PTMs	a	single	gene	can	give	
rise	to	several	protein	variants.	These	variants	may	have	common	traits	but	the	
difference	 can	 result	 in	 that	 they	 interact	 with	 different	 partners,	 perform	
slightly	different	functions	or	are	transported	to	different	locations.		
	
Due	to	the	modifications	on	RNA	and	protein	 level	 the	number	of	proteins	are	
far	greater	than	the	number	of	protein-coding	genes	and	it	is	dependent	on	the	
definition	of	what	 constitutes	a	different	protein.	To	determine	 the	number	of	
protein-coding	 genes	 predictions	 are	made	 from	 the	 gene	 sequence	 based	 on	
knowledge	of	what	a	protein-coding	gene	 should	 look	 like	with	 start	 and	stop	
codon,	regulatory	sequences	etc.	But	the	only	way	to	know	how	many	genes	are	
protein-coding	is	to	observe	the	protein	by	experimental	means.		In	the	release	
of	 neXtProt22	 3.0.28	 (www.nextprot.org,	 January	 2016)	 18%	 of	 the	 predicted	
protein-coding	genes	had	no	experimental	evidence	on	protein	level.		
	
	

Proteomics		
	
To	 truly	 understand	 cells	 we	 must	 study	 their	 proteins.	 There	 are	 many	
different	aspects	of	 importance	to	study,	such	as	expression	patterns,	 location,	
interactions,	 pathways,	 splice	 variants,	 PTMs,	 structure	 and	 biochemical	
functions23.	 Proteomics	 is	 the	 study	 of	 proteomes,	 a	 proteome	 being	 all	 the	
proteins	 in	a	complex	mixture,	often	used	to	denote	the	proteome	of	a	species	
but	 also	 to	 denote	 a	 smaller	 mixture	 such	 as	 an	 organelle	 proteome	 or	 a	
pathway	proteome.	Due	to	the	complexity	of	protein	isoforms,	the	collection	of	
proteins	in	a	cell	is	large	and	complex	and	not	easy	to	define.	Some	proteins	are	
required	 for	 general	 cell	 maintenance	 and	 survival,	 called	 housekeeping	
proteins,	and	have	a	similar	expression	levels	in	all	cells.	But	a	large	part	of	the	
proteome	is	specialized	and	is	expressed	in	certain	cell	types	or	at	a	certain	time	
points	in	a	cells	life.	Therefore	the	proteome	is	also	time-dependent.		
	

http://www.ensembl.org
http://www.nextprot.org
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Proteomics	for	subcellular	localization		
	
One	 of	 the	 protein	 attributes	 that	 should	 be	 characterized	 in	 order	 to	
understand	cell	biology	is	protein	location.	For	proteins	where	there	is	 limited	
or	 no	 information	 available,	 knowledge	 of	 its	 location	 gives	 clues	 on	 possible	
functions	 and	 interaction	 partners	 and	 constitutes	 a	 starting	 point	 for	 further	
studies.	Defining	the	proteomes	of	subcellular	structures	and	organelles	 is	one	
important	 step	 towards	 understanding	 cellular	 anatomy.	 Protein	 localization	
can	 be	 done	with	mass	 spectrometry	 (MS)	 or	 by	 the	 imaging	 based	methods	
immunofluorescence	(IF)	and	fluorescent	protein	tagging.		
	
When	using	MS	for	subcellular	localization	cells	are	traditionally	fractionated	by	
centrifugation,	 and	 the	 different	 fractions	 analyzed.	 Advantages	 of	 MS	 is	 the	
simultaneous	analysis	of	thousands	of	proteins	and	the	relative	ease	with	which	
proteins	can	be	quantified	and	dynamic	changes	followed	upon	perturbation24-
26.	Traditional	fractionation	by	centrifugation	is	limited	in	which	compartments	
can	 be	 separated,	 and	 the	 level	 of	 purity.	 But	 with	 newer	 methods	 such	 as	
Protein	 Correlation	 Profiling	 (PCP)27,	 28,	 LOPIT29	 and	 proximity	 biotinylation	
(BioID)30	 even	 some	 compartments	 that	 cannot	 easily	 be	 fractionated	 can	 be	
analyzed.	 With	 imaging	 based	 methods	 only	 one	 or	 a	 few	 proteins	 can	 be	
analyzed	 simultaneously,	 but	 a	 very	 high	 resolution	 can	 be	 achieved	 in	
deciphering	organelles	and	sub-compartments.	Whilst	MS	applications	analyzes	
an	average	across	a	bulk	of	cells,	 imaging	based	methods	detect	 the	protein	 in	
situ	 with	 single-cell	 resolution	 and	 can	 detect	 cell-to-cell	 variability,	 such	 as	
proteins	that	change	location	or	expression	level	during	the	cell	cycle.		
	
However	there	are	still	limitations	in	for	genome	wide	localizations	studies	MS	
has	 not	 been	 the	 method	 of	 choice	 due	 to	 the	 limitations	 in	 deciphering	 all	
organelles	and	sub-compartments.	In	this	regard	imaging	based	techniques	are	
better	suited.	Imaging	based	methods	detects	the	protein	in	situ	with	single-cell	
resolution	 and	 can	 reach	 high	 spatial	 resolution.	 Whilst	 MS	 applications	
analyzes	an	average	across	a	bulk	of	cells,	 imaging	based	methods	have	single-
cell	 resolution	 and	 can	 detect	 cell-to-cell	 variability,	 such	 as	 proteins	 that	
change	location	or	expression	level	during	the	cell	cycle	
	
Tagging	proteins	of	interest	with	fluorescent	proteins	such	as	GFP	is	a	common	
strategy	 for	 studying	 protein	 function	 and	 location.	 This	 has	 been	 done	
successfully	 in	 genome-wide	 studies	 in	 yeast31,	32	 and	 for	 parts	 of	 the	 human	
proteome33.	 An	 advantage	 with	 this	 method	 is	 the	 possibility	 to	 follow	 the	
protein	 over	 time	with	 live	 cell	 imaging	 to	 detect	 protein	 dynamics.	 Potential	
problems	with	 tagged	proteins	 in	 localization	 studies	 are	mislocalizations	due	
to	 the	 tag	 or	 due	 to	 overexpression34	 and	 the	 laborious	 task	 of	 creating	 cells	
expressing	the	tagged	protein.	
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IF	uses	 fluorescently	 labeled	antibodies	 for	subcellular	 localization	and	will	be	
discussed	 in	 chapter	 4.	 	 IF	 is	 a	 powerful	 tool	 for	 localization	 studies	 as	 every	
antibody	can	be	used	to	evaluate	the	endogenous	protein	location	across	many	
different	cell	and	tissue	samples.	 	
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3.	Antibodies	
	
	
	
	
Antibodies	are	a	part	of	the	 immune	system.	They	are	proteins	made	by	white	
blood	 cells	 called	 B	 cells	 and	 protect	 against	 infections	 by	 recognizing	 and	
binding	 pathogens.	 	 Every	 B	 cell	makes	 a	 unique	 antibody,	with	 affinity	 for	 a	
different	 target,	 and	 this	 large	 variety	 provides	 protection	 against	 a	 wide	
repertoire	of	pathogens.	Scientists	have	taken	advantage	of	the	natural	binding	
capacity	of	 antibodies	 and	use	 them	as	 tools	 for	 research	 and	diagnostics	 and	
for	treatment	of	disease.	We	can	now	produce	antibodies	targeting	basically	any	
protein	we	want	to	study	and	we	can	modify	the	antibody	protein	into	binding	
reagents	with	new	properties.	
	
	

Antibodies	in	the	immune	system	
	
The	history	of	our	knowledge	on	antibodies	starts	with	observation	of	immunity	
to	 the	 smallpox,	 one	 of	 the	 world’s	 most	 devastating	 illnesses	 that	 has	 on	
several	 occasions	 wiped	 out	 large	 parts	 of	 the	 population35.	 The	 observation	
that	survivors	acquired	immunity	to	the	disease	lead	to	the	widespread	practice	
of	variolation,	where	material	from	infected	individuals	were	introduced	to	non-
immune	 individuals	 for	protection36.	This	was	 a	 rather	unsafe	procedure	with	
side	 effects	 in	 the	 form	of	 acquired	 smallpox	 or	 other	 transmitted	diseases.	 It	
was	also	widely	known	folk	wisdom	that	milkmaids	after	acquiring	the	cowpox	
were	 immune	 to	 small	 pox	 and	 this	 lead	 to	 the	 procedure	 of	 vaccination	 that	
was	described	by	Jenner	in	177636.	
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It	was	at	 this	 time	unknown	how	 immunity	was	conferred	but	during	 the	 late	
19th	 century	when	Behring	 and	Kitasato	 showed	 that	 transfer	 of	 sera	 from	an	
immunized	 animal	 could	 cure	 an	 infected	 animal37	 it	 was	 apparent	 that	
immunity	resided	in	sera.	Ehrlich	hypothesized	that	blood	cells	produced	side-
chains	with	binding	sites	binding	to	toxins	and	pathogens38	and	was	the	first	to	
use	the	term	antibody39.	In	the	1920s	and	30s	Avery,	Heidelberger	and	Marrack	
showed	that	antibodies	were	proteins40,	41	and	Fagraeus	showed	that	they	were	
produced	by	B	cells42.		
	
B	cells	are	produced	in	the	bone	marrow	from	pluripotent	hematopoietic	stem	
cells	that	give	rise	to	all	blood	cells43.	In	the	bone	marrow	each	B	cell	undergoes	
gene	 rearrangements	 that	 determines	 the	 type	 of	 antibody	 that	 the	 cell	 will	
produce.	When	 the	B	 cells	 leave	 the	bone	marrow	 they	 express	 antibodies	 on	
the	outside	of	 the	cell	membrane,	B	cell	receptors,	and	circulate	the	blood	and	
lymph	system	to	detect	intruding	pathogens.		Upon	binding	of	a	target	the	cell	is	
stimulated	 to	 proliferate	 and	 start	 secreting	 soluble	 antibodies	 to	 fight	 the	
infection.		Antibodies	can	inactivate	a	pathogen	by	binding	to	it	and	covering	it	
but	 binding	 also	 attracts	 other	 immune	 system	 cells	 such	 as	 phagocytic	
macrophages	 that	 destroy	 the	 target44.	 The	 initial	 pool	 of	 antibodies	 have	 a	
flexible	 binding	 site	 with	 capacity	 to	 adapt	 to	 a	 range	 of	 similar	 targets	
enhancing	 the	 immune	 systems	 potential	 for	 detection	 of	 pathogens45.	 Upon	
infection	 several	 different	 antibodies	will	 bind	 to	 the	 intruding	 pathogen	 and	
the	cells	carrying	antibodies	with	the	strongest	binding	will	multiply	to	produce	
as	much	antibodies	as	are	needed5.	The	B	cell	will	also	make	small	adjustments	
of	the	genome	coding	for	the	binding	site	to	allow	even	better	binding.	Some	of	
these	B	cells	with	a	tailored	binding	site	will	persist	and	can	quickly	be	activated	
again	 upon	 subsequent	 encounter	 of	 the	 same	 pathogen.	 This	 provides	 long-
term	immunity	and	is	the	phenomena	used	in	vaccination.	
	
	

Antibody	structure	
	
All	 antibodies	 have	 the	 same	 basic	 Y	 shaped	 structure	 (Figure	 2)	 with	 two	
identical	arms	each	harboring	a	binding	site	and	a	 long	 leg	 that	 interacts	with	
other	 parts	 of	 the	 immune	 system.	 	 It	 is	 a	 protein	 complex	 consisting	 of	 four	
protein	chains,	two	identical	heavy	chains	and	two	identical	light	chains44.	Both	
the	 light	 chains	 and	 the	 heavy	 chains	 consist	 of	 one	 variable	 region	 and	 one	
constant	region.	The	variable	region	has	high	variability	between	antibodies	and	
encompasses	 the	 binding	 site	 whereas	 the	 constant	 region	 is	 more	 similar	
between	each	antibody46.	The	two	arms	with	the	antigen	binding	sites	are	called	
Fab	fragments	for	fragment	antigen	binding	and	the	stem	is	called	Fc	fragment	
for	fragment	crystallizable	from	the	early	studies	with	enzymes	that	cleaved	the	
antibody	 producing	 three	 fragments44.	 There	 are	 three	 distinct	 regions	 in	 the	
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variable	 chains	 that	 have	 the	 highest	 variability,	 denoted	 hypervariable	
regions44.	 The	 hypervariable	 regions	 are	 close	 together	 on	 the	 surface	 of	 the	
three-dimensional	 protein	 structure	 and	 form	 the	 complementarity-
determining	 regions,	 CDRs46,	which	 are	 responsible	 for	 binding.	One	 light	 and	
one	heavy	chain	pair	to	create	a	binding	surface	where	the	CDRs	meet,	and	two	
of	 these	 dimers	 then	 join	 together	 through	 the	 heavy	 chains	 to	 form	 the	 Y-
shaped	antibody.		
	

	

Figure	 2.	 Model	 of	 an	 antibody	 based	 on	 X-ray	 diffraction	 and	 schematic	
representation	 of	 an	 antibody	 and	 the	 nomenclature	 to	 describe	 its	 parts.	
Adapted	from	1IGT47	using	Swiss-PdbViewer	

Antibodies	are	also	referred	to	as	 immunoglobulins	(Ig)	and	humans	have	 five	
immunoglobulin	 classes,	 IgM,	 IgD,	 IgG,	 IgA	 and	 IgE	 divided	 on	 basis	 of	 the	
properties	 of	 the	 heavy	 chain	 constant	 part44	 (the	 Fc	 fragment).	 This	 part	
determines	which	Fc	receptors,	and	thereby	which	cell	types,	the	antibody	will	
interact	 with.	 IgG	 is	 the	 most	 prevalent	 antibody	 in	 blood	 and	 recruits	
phagocytic	cells.	IgA	is	more	common	in	secretions	and	their	special	Fc	portion	
is	required	for	transportation	to	these	sites.	IgM	is	the	first	antibody	to	appear	
in	 an	 immune	 response,	 typically	 has	 low	 affinity	 but	 is	 a	 potent	 complement	
activator.	IgD	is	rare	in	serum	and	mainly	bound	to	the	surface	of	B	cells	and	its	
function	is	 largely	unknown48,	 IgE	protects	against	parasites	and	is	 involved	in	
allergies.	All	classes	can	be	made	as	a	membrane-bound	and	as	a	secreted	form.	
After	 leaving	 the	 bone	 marrow	 B	 cells	 make	 membrane-bound	 IgM	 and	 IgD.	
These	first	antibodies	have	a	promiscuous	binding	and	can	bind	several	similar	
patterns	 allowing	 the	 immune	 system	 to	 recognizing	 a	 larger	 number	 of	
pathogens.	 Upon	 activation	 cells	 switch	 to	 secretion	 and	 later	 in	 the	 immune	
response	some	cells	switch	antibody	class	and	starts	producing	IgG,	IgA	or	IgE5,	
49	 that	has	a	stronger	binding	due	to	the	affinity	maturation	process	described	
below.	
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Antibody	diversity	
	
For	most	proteins	the	amino	acid	sequence	is	determined	by	the	genome	and	is	
identical	 in	 every	 cell.	 	 This	 can	 however	 not	 be	 true	 for	 antibodies	 since	 the	
human	body	contains	billions	of	B	cells	each	producing	antibodies	with	a	unique	
binding	site.	Instead	the	diversity	stems	from	rearrangements	of	DNA	during	B	
cell	 development	 in	 the	 bone	 marrow	 complemented	 by	 fine-tuning	 of	 the	
binding	by	point	mutations	that	occur	after	binding	of	antigen.	This	is	achieved	
through	four	different	processes5:	combinations	of	different	gene	segments	into	
a	 heavy	 or	 light	 chain,	 junctional	 diversity	 from	 joining	 these	 segments	 in	 an	
imprecise	way,	the	paring	of	heavy	and	light	chain	and	affinity	maturation	after	
binding	of	antigen.	
	
The	constant	parts,	C,	consist	of	one	gene	segment	and	the	variable	region,	V,	is	
a	combination	of	gene	segments:	2	for	light	chains	and	3	for	heavy	chains.	There	
are	 several	 different	 versions	 of	 the	 segments	 and	 already	 combinations	 of	
these	lead	to	a	large	diversity.	The	joining	of	these	segments	into	a	single	gene	is	
done	by	homologous	recombination	using	repetitive	flanking	sequences.	This	is	
done	 in	 an	 imprecise	 way	 with	 a	 random	 number	 of	 bases	 being	 added	 or	
removed	 which	 adds	 variations	 by	 changing	 the	 structure	 of	 the	 antibody	
protein	and	how	the	CDRs	will	be	positioned.	The	light	and	the	heavy	chains	are	
rearranged	irrespective	and	the	combination	of	these	two	is	one	more	source	of	
variation.	 These	 three	 processes	 that	 happen	 in	 the	 bone	 marrow	 under	 the	
early	 B	 cell	 development	 often	 result	 in	 failure	 to	 produce	 an	 antibody;	 for	
example	 by	 gene	 rearrangement	 that	 disrupts	 the	 regulatory	 sequences	 or	 by	
changing	the	open	reading	frame.	Also	not	all	heavy	and	light	chains	are	able	to	
bind	 each	 other	 in	 the	 correct	 way	 to	 form	 a	 functional	 entity.	 It	 is	 even	
estimated	 that	 this	procedure	 fails	more	often	 than	 it	 succeeds5,	50.	B	cells	 that	
fail	to	produce	an	antibody	are	not	given	signals	to	proliferate	and	die	through	
apoptosis43.	 It	 is	 also	 possible	 that	 the	 produced	 binding	 site	 binds	 to	 a	 self-
protein,	 a	 part	 of	 the	 organism.	 This	 is	 called	 autoimmunity	 and	 these	 cells	
would	in	a	disease	free	state	receive	signals	to	activate	apoptosis43,	50.	
	
The	fourth	process	of	diversity,	affinity	maturation,	differs	from	the	others	and	
takes	place	 after	 the	B	 cell	 receptor	has	bound	a	 target51.	 Point	mutations	are	
introduced	in	the	variable	region	of	the	antibody.	These	point	mutations	occur	
much	 more	 frequently52	 than	 spontaneous	 mutations	 and	 are	 called	 somatic	
hypermutations.	Upon	 infection	several	B	cells	will	have	antibodies	binding	 to	
the	pathogen,	but	with	different	affinities	and	the	cells	with	highest	affinity	will	
preferentially	 be	 selected	 for	 proliferation	 by	 stimulation	 from	 other	 immune	
system	cells	and	outcompete	weaker	binders5.	Point	mutations	that	improve	the	
affinity	 will	 thus	 be	 multiplied.	 This	 allows	 the	 immune	 system	 to	 tailor	 the	
original	antibody	repertoire	to	match	the	intruding	pathogen.		
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Antibodies	as	research	tools	
	
Due	to	their	ability	to	specifically	bind	the	target,	antibodies	were	soon	used	by	
researchers	as	a	tool	to	stain	tissues	and	cells.		Today	antibodies	are	extensively	
used	in	research	for	a	variety	of	applications.	Apart	from	being	used	as	reagents	
in	 imaging	 procedures	 they	 are	 used	 to	 detect	 proteins	 in	 plasma	 and	 other	
fluids	and	to	capture	the	target	from	a	complex	solution	for	subsequent	analysis.	
There	are	also	47	antibody-based	biopharmaceuticals	used	to	treat	a	variety	of	
diseases53	and	many	more	are	used	as	diagnostic	tools54.	E.g.	staining	of	tumor	
biopsies	 with	 an	 antibody	 towards	 Ki-67	 is	 a	 clinical	 routine	 to	 assess	
proliferation	status	of	different	tumors	as	a	prognostic	marker55.	
	
The	 first	 antibodies	 used	 for	 research	 were	 obtained	 by	 immunizing	 animals	
with	the	protein	of	interest,	or	a	smaller	part	of	the	protein.	The	animals	B	cells	
produce	 antibodies	 and	 after	 some	 time	 the	 serum	 can	 be	 collected.	 This	
procedure	 produces	 polyclonal	 antibodies,	 a	 mixture	 of	 antibodies	 with	
different	binding	sites	binding	to	different	parts	of	the	target.	 Immunization	of	
the	same	antigen	in	a	second	animal	will	result	in	a	different	batch	of	antibodies	
with	 potential	 differences	 in	 the	 binding	 sites	 and	 especially	 in	 the	 relative	
amounts	of	antibodies	towards	each	binding	site56.	This	means	that	if	a	valuable	
polyclonal	antibody	runs	out	 it	 is	not	always	easy	to	obtain	another	one	of	the	
same	quality.	
	
Normal	antibody	producing	B	cells	cannot	be	maintained	in	the	laboratory	but	
in	 1975	 Köhler	 and	 Milstein	 fused	 B	 cells	 with	 myeloma	 cells,	 a	 cancer	 cell	
originating	from	white	blood	cells,	creating	the	hybridoma	cell	 line	that	can	be	
propagated	in	the	laboratory	and	that	secrete	antibodies	of	the	specificity	of	the	
original	 B	 cell57.	 These	 antibodies	 with	 identical	 binding	 sites	 are	 called	
monoclonal	antibodies.	The	monoclonal	antibody	was	a	milestone	for	the	fields	
of	 therapeutics	 and	 diagnostics	 since	 it	 ensured	 unlimited	 supply	 of	
antibodies54.	A	sample	containing	a	large	number	of	B	cells	from	an	immunized	
animal	are	used	as	starting	material	and	a	large	part	of	the	work	is	screening	the	
obtained	hybridoma	clones	 for	antigen	binding	since	only	a	small	 fraction	will	
bind	 the	 protein	 of	 interest.	 Today	 there	 are	 also	 recombinant	 monoclonal	
antibodies58	 where	 the	 gene	 sequence	 can	 be	 manipulated	 by	 genetic	
engineering	 to	 combine	 different	 gene	 fragments,	 remove	 gene	 fragments	 or	
change	 amino	 acids.	 This	 enables	 creation	 of	 custom	 made	 antibodies,	 for	
example	 by	 combining	 any	 antibody	 class	 with	 any	 binding	 site,	 making	 an	
antibody	 with	 two	 different	 binding	 sites	 or	 attaching	 a	 toxin	 on	 antibodies	
targeting	 tumors59.	The	produced	gene	sequences	 can	 then	be	 introduced	 to	a	
production	system,	such	as	cell	lines,	yeast	or	bacteria60.		
	
It	 is	 also	 possible	 to	 select	 binders	 in	 vitro	 thereby	 circumventing	 the	
immunization	step.	In	phage	display59,	60	a	fab	fragment	library	is	expressed	on	
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the	surface	of	bacteriophages	and	the	target	protein	is	then	used	to	fish	out	any	
phage	that	binds	to	it.	The	library	is	created	by	amplifying	gene	segments	coding	
for	the	variable	region	of	the	heavy	and	light	chains	by	PCR	from	a	large	number	
of	B	 cells	 and	assemble	 into	 fab	 fragments61.	The	produced	 fab	 fragment	gene	
sequences	are	introduced	into	the	genome	of	bacteriophages	fused	to	the	gene	
for	a	coat	protein.	After	fishing	out	the	good	binders	the	gene	sequences	can	be	
retrieved	by	sequencing	the	bound	phages.		
	
There	 are	 several	 different	 binding	 reagents	 developed	 from	 antibodies59,	 60.	
These	 are	 often	 smaller	 parts	 of	 the	 antibody	 since	 the	 smaller	 size	 permits	
better	 tissue	penetration,	enables	production	 in	simpler	organisms	and	 loss	of	
the	Fc	part	lowers	immunogenicity.	Examples	are	the	Fab	fragment	that	can	be	
used	 alone	 or	 as	 a	 F(ab)2	 with	 two	 joined	 fragments	 	 and	 the	 single	 chain	
fragment	 variable	 (scFvs),	 that	uses	only	 the	variable	parts	of	 light	 and	heavy	
chains	 linked	 together62.	 There	 are	 also	 binding	 reagents	 based	 on	 other	
scaffolds	 than	 antibodies.	 Examples	 are	 Affibodies63	 that	 are	 based	 on	 the	
antibody-binding	 domain	 of	 bacterial	 Protein	 A	 and	 designed	 ankyrin	 repeat	
proteins	 (DARPins)64	 based	 on	 the	 ankyrin	 protein	 used	 for	 protein-protein	
interaction	in	many	organisms.	
	
	

Antibody	binding	
	
The	 natural	 binding	 capacity	 of	 antibodies	 is	 what	 makes	 them	 outstanding	
research	reagents.	But	the	natural	promiscuity	of	binding	and	the	complexity	of	
performance	 across	 samples	 and	 applications	 is	 a	 challenge	 to	 researchers.	
Proper	 use	 of	 antibodies	 as	 research	 reagents	 must	 always	 include	 suitable	
validation	of	the	antibodies	and	the	obtained	results.	
	
	
Epitopes	and	paratopes	
The	molecule	that	is	recognized	by	the	antibody	is	called	antigen	and	the	precise	
amino	 acids	 that	 is	 bound	 by	 the	 antibody	 is	 the	 antigenic	 determinant	 or	
epitope44.	 Antibodies	 can	 bind	 either	 linear	 or	 conformational	 epitopes,	 the	
linear	being	a	consecutive	stretch	of	amino	acids	directly	following	each	other	in	
the	protein	sequence	and	the	conformational	epitope	being	amino	acids	that	are	
distant	in	the	primary	amino	acid	sequence	but	brought	together	by	the	fold	of	
the	 protein44.	 A	 linear	 epitope	 is	 5-9	 amino	 acids65,	 66.	 These	 short	 epitopes	
would	theoretically	give	rise	to	much	cross-reactivity	to	other	proteins	but	it	is	
also	 a	 conformational	 component	 involved,	 and	 the	 linear	 epitope	 must	 be	
positioned	 correctly	 for	 recognition65.	 Which	 type	 of	 epitope	 is	 generated	 is	
influenced	by	the	state	of	the	antigen	used	to	immunize	the	animal.	Full-length	
proteins	 and	 longer	 antigens	 are	 more	 likely	 to	 fold	 and	 give	 rise	 to	
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conformational	epitopes	whilst	small	peptides	give	rise	 to	 linear	epitopes.	The	
epitope	 type	 have	 big	 implications	 for	 antibody	 performance,	 an	 antibody	
recognizing	a	conformational	epitope	cannot	detect	the	target	in	a	Western	blot	
with	denatured	proteins67	and	vice	versa.		
	
Some	 protein	 sequences	 seem	 to	 trigger	 the	 immune	 system	 and	 are	
immunogenic	hotspots,	and	antibodies	towards	these	will	be	observed	in	every	
batch	 of	 polyclonal	 antibodies.	 It	 is	 wise	 to	 avoid	 very	 short	 peptides	 for	
immunization	 since	 a	 short	 sequence	 may	 not	 include	 more	 than	 one	 highly	
immunogenic	 epitope.	 Polyclonal	 antibodies	 consist	 of	 a	 pool	 of	 antibodies	
binding	 different	 epitopes.	 Different	 applications	 and	 sample	 preparation	
techniques	 affects	which	epitopes	 are	 available	 and	polyclonals	work	across	 a	
broader	 range	of	 applications	due	 to	 their	 ability	 to	bind	different	 epitopes.	 If	
polyclonal	antibodies	are	separated	 into	different	batches	with	single	epitopes	
they	 are	 less	 likely	 to	 function	 across	 applications68.	 The	 binding	 site	 of	 the	
antibody	 contains	 about	 50	 amino	 acids	 but	 only	 about	 15	 are	 involved	 in	
binding	to	an	antigen,	these	are	called	the	paratope49.		
	
	
Affinity		
Affinity	is	a	measure	of	the	binding	strength.	The	binding	between	antigen	and	
antibody	 is	 achieved	 by	 noncovalent	 interactions,	 so	 called	weak	 interactions,	
which	include	hydrophobic	forces,	electrostatic	forces,	van	der	Waals	forces	and	
hydrogen	bonds44,	69.	To	achieve	a	 strong	binding	with	only	weak	 interactions,	
many	 interactions	need	 to	be	present69	and	 the	best	affinity	between	a	binder	
and	a	target	is	achieved	when	there	is	perfect	shape	complementarity	between	
the	binding	surfaces	and	perfectly	matched	charge	distribution70.	The	strength	
of	 the	 interactions	 is	 affected	 by	 ionic	 strength,	 pH	 and	 detergents44	 and	will	
therefore	 vary	 with	 sample	 type	 and	 experimental	 conditions.	 Other	 factors	
such	 as	 protein	 interactions,	 PTMs,	 and	 fixation	 affects	 which	 epitopes	 are	
exposed	and	available	for	interactions.	
	
	
On-	and	off-target	binding	
Antibodies	 can	 have	 on-target	 and	 off-target	 binding	 (Figure	 3),	 on-target	
denoting	 binding	 to	 the	 intended	 antigen	 and	 off-target	 binding	 being	
interactions	 with	 other	 proteins.	 The	 off-target	 binding	 can	 either	 be	
hydrophobic	 stickiness	 or	 electrostatic	 interactions	with	 the	 Fc	 part	 or	 cross-
reactivity	 involving	 the	 CDRs	 in	 the	 antigen	 binding	 site49,	 71.	 Cross-reactivity	
can	be	due	to	a	similar	epitope	on	another	protein	or	 the	paratope	binding	an	
unrelated	 epitope	 through	 conformational	 flexibility.	Due	 to	 that	 the	 antibody	
binding	site	consists	of	approximately	50	amino	acids	and	a	typical	paratope	of	
only	 15,	 the	 antibody	 binding	 site	 can	 contains	 several	 paratopes	 capable	 of	
binding	different	targets49.	



	

	20	

	

Figure	3.	On-	and	off-target	binding	of	antibodies.	

	
Specificity	
Specificity	 of	 an	 antibody	 is	 the	 ability	 to	 discriminate	 between	 several	
molecules	 competing	 for	 the	 binding	 site49.	 Specificity	 for	 a	 monoclonal	
antibody	depends	on	 the	affinities	of	 competing	molecules	 relative	 to	 target70.	
For	 a	 polyclonal	 antibody	 the	 specificity	 also	 depends	 on	 the	 fraction	 of	
antibodies	 that	 interact	 with	 the	 competing	 molecule72.	 When	 only	 a	 small	
subpopulation	 interacts	 with	 the	 cross-reactive	 molecule	 the	 polyclonal	
antibody	mixture	 can	 still	 be	 considered	 specific.	 The	 promiscuity	 of	 the	 low-
affinity	 IgM/IgD	 antibodies	 is	 due	 to	 a	 high	 conformational	 flexibility	 of	 the	
binding	 site45.	 A	 flexible	 binding	 surface	 that	 can	 interact	 with	 a	 variety	 of	
targets	cannot	reach	high	affinities	due	to	 the	energy	cost	of	 induced	fit70.	The	
affinity	 maturation	 process	 that	 produces	 high	 affinity	 antibodies	 leads	 to	
higher	rigidity	of	the	binding	site	and	tailoring	of	the	surface	and	its	functional	
groups	 to	 the	 target49.	 High	 affinity	 can	 be	 related	 to	 high	 specificity	 in	 that	
higher	 affinity	 involves	 a	 more	 rigid	 geometrical	 binding	 area	 that	 excludes	
most	competition70.		
	
Antibody	selectivity	is	the	ability	to	detect	selectively	only	the	target	protein	in	
an	assay73.	Selectivity	is	dependent	on	the	detection	limit	of	the	assay	as	well	as	
the	 affinity	 and	 concentration	 of	 competing	 molecules	 relative	 to	 the	 target.	
Almost	all	antibodies	have	the	capacity	to	interact	with	molecules	other	than	the	
intended	 target,	 albeit	 hopefully	 with	 much	 lower	 affinities.	 Low	 affinity	
interactions	may	 fall	under	 the	detection	 limit	of	 the	system	but	a	 low	affinity	
competitor	in	high	abundance	may	be	detected.	
	
	

Antibody	applications		
	
Protein	 research	 and	 proteomics	 need	 binders	 against	 all	 proteins	 and	 all	
possible	 protein	 variants	 and	 today	 polyclonals,	 monoclonals	 and	 different	
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fragments	are	all	extensively	used.	Polyclonals	have	the	benefit	of	quicker	and	
cheaper	generation	and	the	potential	 to	work	across	many	applications	due	to	
the	 different	 pools	 of	 included	 antibodies	 performing	 in	 different	 settings74.	
Monoclonals	will	 never	 run	 out	 and	 can	 be	 tailored	 to	 the	 specific	 needs,	 but	
takes	longer	time	to	develop	and	have	a	higher	cost	of	generation.		
Researchers	 typically	 use	 several	 different	 techniques	 to	 study	 a	 protein	 and	
can	 benefit	 from	 the	 broader	 performance	 of	 polyclonals.	 In	 therapeutics	 and	
diagnostics	 antibodies	 are	 typically	 used	 for	 one	 application	 only,	 requires	 a	
stable	 source	 of	 reproducible	 binders	 and	 cannot	 use	 polyclonals	 due	 to	
potential	immunogenicity53.	
	
Antibodies	 and	 other	 binders	 are	 used	 in	 a	 large	 number	 of	 different	
applications	 to	detect,	 capture,	measure	or	 visualize	proteins.	 In	Western	blot	
(WB)	antibodies	are	used	to	detect	proteins	in	a	membrane	after	separation	by	
size	through	electrophoresis75.	In	enzyme-linked	immunosorbent	assay	(ELISA)	
antibodies	are	used	to	detect	 target	proteins	 in	samples	such	as	plasma,	blood	
and	 urine	 by	 either	 attaching	 the	 sample	 or	 antibodies	 to	 a	 solid	 support,	
applying	 the	 other	 reagent	 (antibody	 or	 sample),	 and	detecting	 binding	 by	 an	
enzyme	reaction76,	77.	The	common	pregnancy	tests	detect	the	hormone	human	
chorionic	 gonadotropin	 in	 urine	 by	 a	 sandwich	 ELISA	 using	 two	 antibodies	
targeting	 different	 parts	 of	 the	 protein78.	 In	 immunoprecipitation79	 (IP),	
antibodies	 are	 used	 to	 capture	 proteins	 from	 a	 solution,	 and	 the	 proteins	 can	
then	be	analyzed	by	WB	or	MS80.	In	flow	cytometry,	antibodies	label	proteins	on	
the	 cell	 surface	 and	 labeled	 cells	 can	 be	 distinguished	 from	 the	 rest	 of	 the	
population81.	In	immunohistochemistry82	(IHC)	antibodies	are	used	to	stain	thin	
tissue	sections	to	examine	protein	expression	across	 tissues	and	cell	 types.	 	 In	
IF,	described	in	the	next	chapter,	antibodies	labeled	with	fluorophores	are	used	
to	stain	cells	or	tissues	to	detect	location	of	proteins.		
	
Several	of	the	applications	described	above	require	detection	of	the	antibodies	
after	 binding	 of	 the	 target.	 Visualizing	 binding	 can	 be	 done	 in	 several	 ways.	
Either	 the	 antibody	 itself	 is	 labeled	 or	 more	 commonly	 the	 target-binding	
antibody	is	detected	by	a	secondary	labeled	antibody.	In	the	secondary	antibody	
approach	the	primary	antibody	targeting	the	protein	of	interest	is	first	allowed	
to	bind.	Then	after	washing	away	unbound	antibody	the	secondary	antibody	is	
applied.	 Secondary	 antibodies	 bind	 the	 constant	 part	 of	 the	 primary	 antibody	
and	will	detect	any	antibody	from	that	species.	The	use	of	secondary	antibodies	
is	convenient	since	it	circumvents	labeling	of	every	single	antibody.	Antibodies	
are	typically	 labeled	with	enzymes	producing	a	colored	product	upon	addition	
of	 substrate	 or	 fluorophores	 but	 radioactive	 isotopes	 and	 gold	 are	 also	 used	
depending	 on	 application.	 It	 is	 often	 possible	 to	 use	 multiple	 antibodies	
simultaneously,	labeled	with	different	fluorophores	or	enzymes.	
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Antibody	validation	
	
The	 promiscuity	 of	 antibody	 binding	 combined	 with	 the	 large	 number	 of	
competing	 epitopes	 available	 in	 a	 sample	 makes	 validation	 of	 antibody	
specificity	 crucial	 to	avoid	 false	 results.	This	 involves	a	 combination	of	 careful	
antigen	 selection,	 antibody	 purification,	 validation	 of	 produced	 binders	 and	
application-specific	validation	of	results83.	
	
Antigens	must	be	 selected	 to	minimize	potential	 cross-reactivity	derived	 from	
similarity	to	other	proteins	and	one	should	consider	whether	the	antibody	will	
be	used	in	applications	with	folded	or	denatured	protein.	Short	antigens	of	10-
20	amino	acids	will	be	 less	 likely	 to	 fold	and	will	 result	 in	 linear	epitopes	and	
perform	 well	 mainly	 in	 applications	 with	 denatured	 protein	 while	 full-length	
proteins	will	lead	to	more	conformational	epitopes.	Designing	antigen	based	on	
low	 sequence	 similarity	 to	 other	 proteins	 avoids	 cross-reactivity	 of	 linear	
epitopes	 but	 not	 potentially	 similar	 conformational	 epitopes.	 Different	
strategies	 for	antibody	purification	can	be	used.	There	are	affinity	purification	
matrices	that	bind	all	IgGs	and	affinity	purification	using	the	antigen	as	ligand.	It	
is	 a	 common	 strategy	 to	 validate	 all	 produced	 antibodies	 with	 a	 standard	
method,	often	WB84.	However	the	specificity	of	the	antibody	will	depend	on	the	
concentration	 of	 off-targets	 relative	 to	 target85	 and	 the	 effect	 of	 sample	
preparation	on	availability	of	epitopes.	Therefore	it	is	important	to	validate	the	
antibodies	in	the	relevant	application	and	sample	type86.	This	can	be	included	as	
part	 of	 the	 experimental	 design	 and	 the	 strategies	 will	 vary	 for	 every	
application,	but	strategies	that	are	often	a	very	good	choice	is	the	use	of	double	
binders83	 or	 knockouts84.	 Non-specific	 off	 target	 effects	 are	 avoided	 by	 using	
blocking	agents	in	the	buffer	that	block	non-specific	binding	sites	or	controlled	
for	 by	 performing	 parallel	 control	 experiments	with	 a	 similar	 antibody	 of	 the	
same	class	and	origin.	
	
Most	 researchers	within	 biological	 fields	will	 use	 antibodies	 at	 some	 point	 in	
their	 career,	 and	 often	 they	 are	 chosen	 from	 a	 commercial	 supplier	 of	 which	
there	are	numerous.			One	of	the	websites	that	list	and	compare	antibodies	holds	
more	 than	 2	 million	 products	 from	 71	 providers	 (www.antibodypedia.com,	
2016-04-11).	 During	 the	 last	 few	 years	 there	 have	 been	 several	 stories	
highlighting	 problems	 with	 specificity	 and	 reproducibility	 of	 antibodies86,	 87	
leading	 to	 a	 discussion	 and	 increased	 awareness	 of	 the	 complexity	 of	 using	
antibodies.	 Studies	 have	 shown	 that	 many	 antibodies	 bind	 more	 than	 one	
protein88,	89	and	that	about	half	of	5000	commercially	available	antibodies	fail	a	
standardized	 IHC	 analysis90.	 There	 are	 efforts	 to	 standardize	 validation	 of	
antibodies91	 but	 a	 consensus	 has	 not	 been	 reached	 and	 may	 likely	 never	 be	
because	 of	 the	 different	 demands	 by	 different	 applications.	 However	 for	 the	
individual	 researcher	 in	 the	 quest	 for	 an	 antibody	 there	 are	 guidelines	 and	
suggestion	 to	 follow	 for	 selection	 and	 validation84,	92.	 Researchers	 need	 to	 be	
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critical	to	the	results	obtained	by	antibodies	and	realize	that	antibodies	are	only	
valuable	research	tools	if	properly	used.	
	
	

Antibody	generation	projects	
	
The	field	of	affinity	proteomics	depend	on	availability	of	binders	towards	every	
protein	and	every	protein	modification	of	interest83,	93.	Therefore	several	project	
on	large-scale	generation	of	antibodies	or	other	binders	have	emerged.		
	
The	value	 and	 importance	of	 generating	 antibodies	 towards	 the	 entire	human	
proteome	was	discussed	already	in	the	1960s	in	the	Molecular	Anatomy	(MAN)	
program94,	 95.	 The	 program	 wanted	 to	 provide	 the	 first	 detailed	 analysis	 of	
human	cells,	and	did	amongst	other	things	develop	centrifugation	technologies	
for	 cell	 fractionation.	 In	 the	 1980s	 when	 2-dimensional	 gel	 electrophoresis	
emerged,	the	ideas	from	the	MAN	project	was	recovered	in	the	Human	Protein	
Index96	 program	 that	 was	 based	 on	 2D	 gel	 electrophoresis	 and	 wanted	 to	
catalog	 all	 human	 proteins	 by	 collecting	 information	 on	 genetic	 position,	
position	 in	 2D	 gel,	 amino	 acid	 composition,	 disease	 relation	 and	 subcellular	
location95.	 	 The	 Human	 Protein	 Index	 project	 aimed	 at	 producing	 antibodies	
toward	the	tissue	specific	proteins	observed	in	2D	gel	electrophoresis97.	
	
Three	 European	 programs,	 ProteomeBinder,	 AffinityProteome	 and	 Affinomics	
have	 developed	 or	 coordinated	 development	 and	 validation	 of	 binders	 of	
different	types	towards	a	selection	of	targets98.	A	program	run	by	the	National	
Institute	of	Health	(NIH)	produces	different	antibody	types	against	transcription	
factor	 (proteincapture.org).	 A	 program	 at	 National	 Cancer	 Institute	 (NCI)	
produces	 monoclonal	 antibodies	 and	 focuses	 on	 targets	 related	 to	 cancer	
(antibodies.cancer.gov).	 The	 Human	 Proteome	 Organization	 (HUPO)	 was	
started	 in	 2001	 to	 coordinate	 researchers	 in	 proteomics	 and	 promote	
proteomics	 technology	 development93.	 Already	 from	 the	 start	 the	 need	 for	
antibodies	was	realized	and	in	2010	the	Human	Proteome	Project	was	initiated	
as	 an	 international	 collaborative	 effort	 to	 map	 the	 human	 proteome	 by	
coordinating	the	work	already	ongoing	with	the	complementary	techniques	MS	
and	affinity-based	proteomics99.	One	of	the	members	of	this	collaboration	is	The	
Human	Protein	Atlas	(HPA)	project	that	generates	antibodies	and	uses	them	in	
IHC	 to	 detect	 protein	 expression	 in	 tissues	 and	 in	 IF	 to	 detect	 protein	
subcellular	location	in	cells.	The	HPA	project	is	described	in	detail	in	chapter	5.	
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4.	Immunofluorescence	
	
	
	
	
Immunofluorescence	(IF)	is	the	use	of	fluorescently	labeled	antibodies	and	was	
first	 described	 by	 Coons	 et	 al	 in	 1941100.	 IF	 is	 used	 to	 detect	 the	 endogenous	
protein	 in	 cell	 or	 tissue	 samples	 and	 when	 combined	 with	 a	 high-resolution	
imaging	 technique	 such	 as	 confocal	microscopy	high	 spatial	 resolution	 can	 be	
obtained.	Critical	 to	 reliable	 results	 in	 IF	are	both	antibody	specificity	and	 the	
sample	preparation	procedure.	The	description	provided	here	deals	mainly	with	
cell	 samples	and	not	 tissues	 since	 cell	 lines	are	 the	model	 system	used	 in	 this	
thesis	work.	
	
	

Sample	preparation	
	
Cell	 samples	 for	 IF	 need	 to	 be	 fixed	 and	permeabilized.	 The	 cell	membrane	 is	
impermeable	 to	proteins	as	 large	as	 antibodies	 and	hence	permeabilization	of	
the	membrane	is	required	to	allow	antibody	access	to	the	cells	interior.	Fixation	
is	 required	 to	 retain	 proteins	 in	 their	 native	 location	 during	 permeabilization	
and	subsequent	sample	preparation	and	analysis.		
	
Two	major	strategies	are	commonly	used	for	sample	preparation	for	 IF,	either	
simultaneous	 fixation	 and	 permeabilization	 by	 organic	 solvents	 or	 fixation	 by	
chemical	 cross-linking	 followed	by	permeabilization	by	detergent101.	The	most	
commonly	used	solvents	are	methanol,	ethanol	or	acetone.	They	all	dehydrate	
the	 cell	 causing	 protein	 precipitation102.	 Membrane	 lipids	 are	 solubilized	 and	
extracted	 permitting	 antibody	 access	 but	 soluble	 and	 low-molecular	 weight	
antigens	may	also	be	extracted.	
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Cross-linking	 for	 IF	 is	 done	 with	 formaldehyde	 that	 forms	 bridges	 between	
proteins.	 Formaldehyde	 is	 prepared	 from	paraformaldehyde	 (PFA)	 and	 reacts	
mainly	with	nitrogens	of	proteins	and	creates	a	matrix	of	cross-links	that	traps	
also	nucleic	acids	and	carbohydrates103.	After	cross-linking	the	membrane	is	still	
intact	 and	 must	 be	 permeabilized.	 Permeabilization	 is	 commonly	 done	 with	
saponins104	 or	 non-ionic	 detergents.	 	 Saponins	 remove	 cholesterol	 from	 the	
membranes	creating	small	holes105.	The	effect	 is	 transient	and	only	present	as	
long	 as	 saponin	 is	 present	 in	 the	 buffer104	 and	 membranes	 with	 little	 or	 no	
cholesterol	 such	 as	 the	 inner	 mitochondrial	 membrane	 will	 not	 be	
permeabilized.	Nonionic	detergent	such	as	Triton	X-100,	Tween	20	and	Nonidet	
P-40	solubilize	membrane	lipids	causing	disruption	of	membrane,	a	process	that	
may	also	solubilize	and	wash	away	membrane	proteins106.	
	
All	 fixation	 and	 permeabilization	 alternatives	 will	 lead	 to	 distortion	 of	 the	
original	 cell	 architecture107,108.	 Therefore	 the	 choice	 of	 protocol	 is	 a	 balance	
between	 acquiring	 sufficient	 fixation	 to	 not	 lose	 the	 protein	 of	 interest	 and	
enough	permeabilization	 to	 allow	entrance	of	 the	 antibody	whilst	 keeping	 the	
protocol	as	mild	as	possible	to	retain	original	cell	state.	The	different	modes	of	
action	 of	 the	 two	 sample	 preparation	 strategies,	 precipitation	 versus	 cross-
linking,	 infers	 differences	 in	 epitope	 accessibility.	 Solvents	 cause	 shrinkage,	
denaturation	and	loss	of	some	soluble	proteins	but	is	quick	and	therefore	better	
for	 proteins	 that	 would	 dissociate	 during	 the	 slower	 PFA	 fixation109.	 Cross-
linking	 preserves	 the	 secondary	 structure110	 but	 epitopes	 may	 be	 masked	 by	
cross-links	and	harsh	permeabilization	allows	access	to	more	compartments	but	
may	risk	the	loss	of	more	membrane	proteins.	For	some	epitopes	a	combination	
of	 the	protocols	works	best,	 for	 example	PFA	 in	methanol111,	 PFA	 followed	by	
permeabilization	 with	 methanol112	 or	 methanol	 followed	 by	 PFA113.	 When	
analyzing	a	well-known	protein	the	choice	of	protocol	can	be	based	upon	prior	
knowledge	 of	 that	 protein,	 such	 as	 solubility	 or	 expected	 location,	 but	 when	
analyzing	 a	 protein	 with	 unknown	 location	 an	 unbiased	 approach	 should	 be	
taken	and	preferably	several	protocols	evaluated.	
	
After	 fixation	 and	 permeabilization	 the	 sample	 is	 incubated	with	 an	 antibody.	
Either	 the	 antibody	 detecting	 the	 target	 is	 fluorescently	 labeled	 or	 a	 labeled	
secondary	 antibody	 is	 used.	Markers	 are	 often	 used	 to	 control	 for	 cell	 quality	
and	 to	 relate	 the	 protein	 of	 interest	 to	 a	 reference.	 Several	 of	 the	 larger	
organelles	 such	 as	 endoplasmic	 reticulum	 and	 mitochondria	 can	 easily	 be	
distinguished	 due	 to	 their	 distinct	 structure	 and	 position	 whilst	 smaller	
structures	such	as	different	types	of	vesicles	or	different	regions	in	the	nucleus	
are	 dependent	 on	 markers	 for	 identification.	 Markers	 used	 are	 antibodies	
towards	 well-known	 proteins	 for	 different	 compartments	 or	 small	 molecule	
dyes	 such	 as	 DAPI.	 When	 several	 antibodies	 are	 used	 simultaneously	 in	 a	
sample	they	must	either	be	primary	labeled	with	different	fluorophores	or	they	
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must	 be	 raised	 in	 different	 hosts	 and	 detected	 by	 secondary	 antibodies	 with	
different	fluorophores.		
	
	

Fluorescence	microscopy	
	
After	 staining,	 the	 bound	 antibodies	 are	 detected	 by	 fluorescence	microscopy.	
The	 basis	 for	 fluorescence	 microscopy	 is	 excitation	 light	 being	 absorbed	 by	
fluorophores	that	will	emit	light	of	a	longer	wavelength	when	returned	to	their	
normal	 energy	 state114.	 Different	 fluorophores	 have	 different	 absorption	 and	
emission	 spectra.	 The	 basic	 systems	 and	 basic	 sets	 of	 fluorophores	 typically	
allow	simultaneous	use	of	four	fluorophores	per	sample	limiting	the	number	of	
markers	 in	 a	 single	 experiment.	 Typically	 the	 different	 fluorophores	 are	
detected	sequentially	to	avoid	cross	talk.	
		
The	basic	 fluorescent	microscopes	are	wide-field	epifluorescence	microscopes.	
In	 epi-illumination	 the	 objective	 is	 used	 both	 to	 focus	 excitation	 light	 on	 the	
sample	 and	 to	 collect	 the	 emitted	 light.	 Light	 from	 the	 light	 source	 passes	
through	a	 filter	 that	 selects	 the	desired	excitation	wavelength.	Emitted	 light	 is	
directed	 towards	 the	 eyepiece	 or	 a	 camera	 after	 passing	 a	 filter	 that	 removes	
light	of	undesired	wavelengths,	 for	example	reflected	excitation	 light.	 In	wide-
field	 microscopy	 the	 entire	 field-of-view	 is	 illuminated	 and	 light	 is	 collected	
from	the	entire	depth	of	the	sample.		This	produces	an	image	that	is	blurred	by	
out-of-focus	light.	Confocal	microscopy115	uses	optical	sectioning	to	analyze	only	
a	thin	focal	plane,	a	horizontal	slice	of	the	sample,	obtaining	a	sharper	image	by	
removing	 the	haze	 from	out-of-focus	 light.	The	 sample	 is	 illuminated	point	by	
point	and	a	pinhole	inserted	at	the	image	plane	of	the	lens	blocks	light	from	any	
other	 Z-level	 than	 the	 focal	 plane	 from	 reaching	 the	 detector.	 The	 two	 main	
types	 of	 confocal	 systems	 are	 the	 laser	 scanning	 confocal	microscope	 and	 the	
spinning	disc.		
	
The	 resolution	 of	 conventional	 light	 microscopy	 is	 limited	 by	 the	 physical	
properties	 of	 light.	 Resolution	 is	 the	 possibility	 to	 resolve	 two	 objects	 and	 is	
define	as	the	minimal	distance	at	which	two	points	are	dissolved	as	separate114.	
Light	rays	 from	a	point	on	the	specimen	should	 ideally	travel	 through	the	 lens	
system	 and	 produce	 a	 single	 point	 in	 the	 image	 plane,	 however	 due	 to	 the	
diffraction	 of	 light	 the	 rays	 will	 be	 affected	 by	 the	 lenses	 encountered	 and	
produce	a	blurred	spot	with	bright	disk	surrounded	by	fainter	disks	alternating	
with	dark	disks,	called	Airy	disks.	The	resolution	obtained	in	a	system	depends	
on	 the	 wavelength	 of	 light	 and	 the	 numerical	 aperture	 of	 the	 objective.	 The	
numerical	 aperture	 is	 a	 measure	 of	 the	 light	 gathering	 properties	 of	 the	
objective.	 With	 a	 high	 numerical	 aperture	 objective	 and	 visible	 light	 the	
maximum	 theoretical	 resolution	 is	 ∼200	 nm116.	 	 Resolutions	 higher	 than	 the	



	

	28	

diffraction	 limit	 can	 be	 reached	 with	 super-resolution	 microscopy116,	 a	
collection	 of	 techniques	 that	 use	 different	 strategies	 to	 enhance	 resolution.		
Stimulated	 emission	 depletion	 (STED)	 uses	 spatially	 patterned	 excitation	 to	
analyze	 the	 fluorescence	 from	 only	 a	 small	 region	 at	 a	 time.	 	 Single-molecule	
imaging	 techniques	 such	 as	 stochastic	 optical	 reconstruction	 microscopy	
(STORM)	and	photoactivated	localization	microscopy	(PALM)	image	a	subset	of	
photoswitchable	 fluorophores	 at	 a	 time,	 register	 their	 position	 and	 create	 the	
result	from	a	superposition	of	images.	
	
	

Validation	of	IF	results	
	
For	 IF	 there	 are	 a	 few	 types	 of	 application-specific	 validations	 available.	
Observed	reduction	or	disappearance	of	staining	upon	knockdown	or	knockout	
of	the	gene	of	interest	are	good	negative	controls84	that	validates	binding	of	the	
right	target	and	can	also	distinguish	between	the	intended	target	and	off-target	
binding	 if	 they	 occur	 in	 non-overlapping	 compartments.	 A	 similar	 but	 less	
precise	 strategy	 is	 analysis	 in	 samples	 with	 and	 without	 expression	 of	 the	
protein,	 estimated	 from	RNA-seq	data.	 Application-specific	 validation	 can	 also	
be	 achieved	 by	 two	 antibodies	 targeting	 different	 parts	 of	 the	 protein.	 In	 a	
simple	setup	they	would	validate	each	other	by	staining	the	same	location.	For	a	
more	 precise	 validation	 proximity	 ligation	 assay117	 can	 be	 used	 where	 a	
fluorescent	signal	is	obtained	only	when	the	two	antibodies	are	binding	in	very	
close	proximity.	Here	it	is	assumed	that	the	probability	is	low	that	a	competing	
binding	site	should	be	available	for	both	antibodies	close	together.	Detection	of	
fluorescently	tagged	protein	can	be	used	to	validate	that	the	antibody	is	capable	
of	 detecting	 the	 target	 protein	using	 the	 current	 sample	preparation	protocol.	
Cells	 expressing	 tagged	protein	 are	 also	 useful	 as	 a	 validation	 of	 the	 obtained	
locations.	 If	 the	 tagged	 protein	 is	 not	mislocalized	 and	 the	 antibody	 does	 not	
show	 cross-reactivity	 than	 the	 tagged	 protein	 and	 the	 endogenous	 protein	 in	
control	 cells	 should	 show	 the	 same	 result.	 Tagged	 protein	 for	 antibody	
validation	is	evaluated	in	Paper	ΙΙΙ.	
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5.	Human	Protein	Atlas	
	
	
	
	
The	HPA	project	started	in	2003	at	the	Royal	Institute	of	Technology	(KTH)118.		
The	aim	was	to	expand	the	knowledge	of	the	human	proteome	using	antibody-
based	methods.	This	gene-centric	project	has	now	generated	rabbit	polyclonal	
antibodies	 targeting	 the	 majority	 of	 all	 human	 protein-coding	 genes.	 The	
antibodies	are	used	in	IHC	for	detection	of	proteins	across	a	multitude	of	human	
tissues	and	in	IF	for	subcellular	localization	of	proteins	in	cell	lines.		The	results	
are	 publically	 available	 in	 the	 online	 Human	 Protein	 Atlas	 database	
(www.proteinatlas.org).	 The	 tissue	 section	 of	 the	 atlas	 provides	 detailed	
information	on	protein	 expression	 across	healthy	 and	malignant	 tissues	while	
the	 subcellular	 atlas	 provides	 high-resolution	 subcellular	 details	 of	 protein	
location	 in	 cell	 lines.	 All	 information	 on	 antigen	 sequence,	 validation	 and	 all	
images	are	available	in	an	open-source	database.		
	
A	milestone	in	the	project	was	achieved	in	November	2014	with	the	publication	
of	the	first	draft	of	the	human	tissue	specific	proteome	in	the	form	of	a	tissue-
based	 map	 of	 the	 human	 proteome	 integrating	 data	 from	 transcriptomics	
analysis	and	 IHC	affinity	proteomics119.	The	different	 tissue	proteomes	as	well	
as	 genes	 with	 elevated	 expression	 in	 each	 tissue	 were	 presented	 along	 with	
tissue	profiles	 for	each	gene.	 In	December	2016	a	similar	goal	will	be	reached	
for	the	subcellular	atlas	describing	the	organelle	and	compartment	proteomes.		
	
	
	
	

http://www.proteinatlas.org
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HPA	antibodies		
	
Bioinformatics	 selection	 of	 a	 suitable	 antigen	 is	 of	 highest	 importance	 to	
generate	 antibodies	 with	 minimized	 cross-reactivity83.	 	 HPA	 antibodies	 are	
produced	 towards	 antigens	 of	 16-202	 amino	 acids,	 called	 Protein	 Epitope	
Signature	 Tags	 (PrESTs)	 with	 low	 similarity	 to	 other	 proteins120.	
Transmembrane	regions	are	avoided	and	when	possible	the	antigen	is	chosen	to	
cover	all	isoforms.	Epitope	mapping	of	HPA	antibodies	have	shown	that	PrESTs	
produce	on	average	three	linear	epitopes121	of	5-7	amino	acids65	and	a	smaller	
portion	of	conformation	epitopes	(less	than	25%)67.	
	
PrEST	 sequences	 are	 cloned	 into	 a	 bacterial	 expression	 vector	 together	 with	
albumin	binding	protein	 and	 a	hexahistidine	 tag	 and	 sequence	 verified	before	
production	 in	 E.Coli.	 	 The	 produced	 protein	 fragments	 are	 purified	 using	 the	
hexahistidine	tag	and	analyzed	by	electrospray	MS	for	correct	molecular	weight	
before	immunization.		Antibodies	are	purified	from	serum	by	a	two-step	affinity	
purification	 process122.	 First	 the	 sample	 is	 depleted	 from	 antibodies	 targeting	
the	 tag,	 and	 then	 the	 antigen	 is	 used	 as	 affinity	 ligand	 to	 purify	monospecific	
polyclonal	 antibodies.	 The	 purified	 antibodies	 are	 quality	 controlled	 using	 a	
protein	array	of	PrESTs,	where	a	selective	binding	of	the	target	is	required	over	
a	large	number	of	other	PrESTs122.		
	
Antibodies	 approved	 in	 PrEST	 array	 are	 used	 for	 WB,	 IHC	 and	 IF.	 	 WB	 is	
performed	 using	 a	 standardized	 high-throughput	 setup	 with	 five	 different	
samples.	 IHC	is	done	on	tissue	microarrays	with	48	normal	tissues	comprising	
the	major	organs	from	three	individuals	and	20	cancers	in	different	stages	from	
216	tumors123.	
	
	

Subcellular	Protein	Atlas	
	
The	 subcellular	 atlas124	 aims	 to	 provide	 detailed	 spatial	 information	 on	 every	
proteins	subcellular	 location	and	define	the	proteomes	of	the	major	organelles	
and	compartments.	The	techniques	used	are	IF	and	confocal	microscopy	of	cell	
lines.	 Confocal	 microscopy	 provides	 high-resolution	 images	 and	 the	 sample	
preparation	as	well	as	image	acquisition	is	automation	compatible.	Cell	lines	are	
a	 good	 model	 system	 as	 they	 are	 easy	 to	 proliferate	 and	 can	 generate	 an	
unlimited	number	of	cells.	The	release	of	version	14	in	October	2015	contained	
subcellular	location	data	for	10	003	genes.		
	
Every	antibody	is	analyzed	in	three	different	cell	lines	chosen	from	a	panel	of	18	
cell	 lines	of	different	 tissue	origin.	All	cell	 lines	have	been	RNA	sequenced	and	
these	values	are	used	as	a	guide	to	choose	cell	lines	where	the	protein	is	likely	
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to	be	expressed.	To	 reach	a	 complete	 coverage	of	 the	proteome	new	cell	 lines	
are	continuously	added	to	the	panel.		
	
Sample	preparation	is	done	in	96-well	glass	bottom	plates	 in	a	pipetting	robot	
to	aid	 throughput	and	 reproducibility.	Cells	 are	 fixed	and	permeabilized	using	
PFA	and	Triton	X-100	based	on	a	protocol-evaluation	project	discussed	in	Paper	
Ι.	Three	markers	are	used	in	addition	to	the	HPA	antibody	in	every	sample;	DAPI	
staining	of	nucleus,	an	antibody	 towards	calreticulin	or	KDEL	 for	endoplasmic	
reticulum	and	an	antibody	 towards	α-tubulin	 for	microtubules	(Figure	4).	The	
primary	 antibodies	 are	 detected	 with	 fluorescently	 labeled	 secondary	
antibodies.	 Any	 off-target	 binding	 from	 the	 secondary	 antibody	 is	 monitored	
through	 a	 control	 well	 in	 every	 sample	 plate,	 where	 the	 primary	 antibody	 is	
omitted.	
	
	

	

Figure	 4.	 Typical	 IF	 staining	 from	 the	 subcellular	 atlas	 showing	 the	 four	
individual	 channels	 and	 the	 merged	 image.	 Antibody	 HPA005785	 targeting	
CD44	antigen	in	green	show	staining	of	the	plasma	membrane,	DAPI	staining	
of	DNA	 in	blue,	 endoplasmic	 reticulum	 (calreticulin)	 in	 yellow,	microtubules	
(α-tubulin)	in	red.		

	
Image	acquisition	is	currently	done	manually	to	ensure	the	best	possible	image	
quality	 and	 representative	 images.	 A	minimum	 of	 two	 images	 is	 acquired	 for	
each	 sample,	more	 if	 a	varied	pattern	of	 expression	 is	observed.	The	obtained	
images	are	manually	annotated	by	an	operator	with	no	information	on	protein	
identity.	In	the	following	step	a	second	operator	curates	the	results	based	on	all	
antibodies	 for	 a	 gene	 in	 all	 stained	 cell	 lines	 taking	 into	 account	 all	 validation	
data	and	published	literature.		Today	19	locations	are	annotated	(Table	1).	The	
standard	set	of	reference	markers	 limits	which	 locations	can	be	differentiated,	
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resulting	 in	 grouping	 of	 locations,	 for	 example	 all	 vesicle-like	 patterns	 are	
annotated	 as	 vesicles	 although	 they	 are	 comprised	 of	 endosomes,	 lysosomes,	
peroxisomes	etc.		
	
Table	1.		 Annotated	locations	
	 Nucleus	
	 Nucleus	without	nucleoli	
	 Nucleoli	
	 Nuclear	membrane	
	 Cytoplasm	
	 Mitochondria	
	 Endoplasmic	reticulum	
	 The	Golgi	apparatus	
	 Vesicles	
	 Centrosome	
	 Microtubule	organizing	center	
	 Cytoskeleton	(Microtubules)	
	 Cytoskeleton	(Actin	filaments)	
	 Cytoskeleton	(Intermediate	filaments)	
	 Cytoskeleton	(Cytokinetic	bridge)	
	 Plasma	membrane	
	 Focal	adhesions	
	 Cell	junctions	
	 Aggresome	
	
	

Validation	strategies	in	the	Subcellular	Protein	Atlas	
	
Several	different	strategies	are	used	to	validate	the	results	obtained,	as	different	
strategies	are	suitable	for	different	genes	(Table	2).		If	the	intended	target	is	not	
present	 a	 low-affinity	 off-target	 binding	 can	 result	 in	 a	 false	 localization	 and	
using	RNA-seq	values	as	a	guide	to	select	cell	lines	for	each	gene	minimizes	such	
false	positives.	For	well-known	and	extensively	studied	genes	compliance	with	
published	literature	may	be	enough,	and	all	results	are	compared	to	information	
in	UniProt	on	subcellular	location	based	on	experimental	data.	For	genes	where	
there	 is	 no	 available	 data	 or	 contradictory	 information	 on	 location	 in	 the	
literature	 additional	 validation	 is	 needed.	 HPA	 aims	 to	 use	 paired	 antibodies,	
where	 two	 or	more	 antibodies	 generated	 towards	 different	 parts	 of	 the	 same	
protein	should	give	 the	same	result123.	 In	 the	case	 that	 two	antibodies	are	not	
available,	 other	 application-specific	 approaches	 such	 as	 siRNA	 and	
colocalization	with	tagged	protein	are	also	used.	
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siRNA	knockdown	validation	has	 been	performed	 for	 a	 subset	 of	 the	 genes	 in	
the	atlas125	and	the	current	version	contain	250	siRNA	validated	genes.	When	no	
down	regulation	is	observed	upon	siRNA	transfection	it	is	unclear	whether	this	
reflect	 a	 non-specific	 staining,	 or	 an	 inefficient	 knockdown.	 For	 stainings	 of	
multiple	 locations	 it	may	 be	 difficult	 to	 decipher	 if	 all	 locations	 have	 reduced	
intensity.	 Staining	 in	 a	 cell	 line	 expressing	 the	 tagged	 target	 protein	 is	 a	
promising	 strategy	 for	 antibody	 validation	 and	 this	 strategy	was	 evaluated	 in	
Paper	 ΙΙΙ	 and	 the	 current	 version	 of	 the	 atlas	 contain	 94	 genes	 with	 this	
validation	type.	This	strategy	is	dependent	on	the	availability	of	transgenic	cell	
lines	expressing	the	tagged	target	protein.	
	
After	completed	analysis	the	operator	making	the	final	curation	takes	all	 these	
data	 into	 consideration	 and	 a	 validation	 score	 is	 given	 to	 each	 antibody	
reflecting	the	amount	of	validation	data	available	to	support	the	result	from	that	
antibody.			
	
	
Table	2.		 Validation	strategies	in	the	subcellular	protein	atlas	
	 1.	RNA-seq	data	
	 2.	Compare	with	literature	
	 3.	Multiple	antibodies	
	 4.	Knockdown	of	target	protein	
	 5.	Co-localization	with	fluorescently	tagged	protein	
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6.	Present	investigation	
	
	
	
	
This	chapter	describes	the	papers	included	in	this	thesis.	The	full-length	articles	
with	all	details	are	included	as	appendices.	The	work	presented	is	a	part	of	the	
Subcellular	 Protein	 Atlas	 project	 and	 describes	 some	 of	 the	 steps	 towards	 a	
subcellular	 atlas	 based	 on	 IF	 and	 confocal	 microscopy.	 The	 projects	 involve	
sample	 preparation	 optimization,	 a	 description	 of	 the	 human	 subcellular	
proteome	 for	 the	 first	 fifth	 of	 the	 analyzed	 protein-coding	 genes	 and	 a	 new	
validation	strategy.	The	projects	all	involve	the	use	of	HPA	antibodies	and	would	
not	have	been	possible	without	the	collective	work	of	the	HPA	team	that	design	
and	produce	the	antigens	and	purify	and	validate	the	antibodies.	
	
	

Paper	Ι 	
	
In	 order	 to	 create	 a	 subcellular	 atlas	 featuring	 the	 location	 of	 every	 single	
protein	 a	 high	 throughput	 pipeline	 for	 sample	 preparation	 and	 subsequent	
immunofluorescence	 microscopy	 was	 needed.	 Since	 proteome	 wide	 studies	
cannot	afford	tailoring	the	assay	to	every	individual	protein,	compromises	have	
to	be	made	and	the	best	suitable	protocol	for	a	majority	of	the	proteins	selected.	
Different	 proteins	 will	 have	 different	 optimal	 fixation	 and	 permeabilization	
protocols,	 but	 in	 order	 to	 localize	 proteins	 in	 a	 high	 throughput	 fashion	 we	
wanted	to	choose	one	single	protocol	suitable	for	the	majority	of	all	proteins	in	
all	the	major	compartments	in	the	cell.		
	
Six	different	protocols	were	tested,	three	based	on	dehydration	by	alcohols	and	
three	based	on	cross-linking	by	PFA	followed	by	permeabilization	by	detergent.	
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The	cross-linking	protocols	were	4%	PFA	with	0.1%	saponin	for	15	minutes	or	
4%	PFA	for	15	minutes	followed	by	0.1%	Triton	X-100	for	3x5	min	or	0.05%	for	
2x3.	 The	 protocols	 based	 on	 dehydration	 were	 methanol,	 ethanol	 or	 iso-
propanol	for	5	min.	These	protocols	were	evaluated	in	three	different	cell	lines	
using	 18	 antibodies	 targeting	 18	 proteins	 localizing	 to	 11	 cellular	
compartments;	nucleus,	nucleolus,	nuclear	membrane,	cytoplasm,	mitochondria	
(inner	 and	 outer	 membrane),	 the	 Golgi	 apparatus,	 endoplasmic	 reticulum	
(lumen	 and	 membrane),	 vesicles,	 cell	 membrane	 and	 cytoskeleton	 (actin	
filaments	and	microtubules).	Over	300	samples	were	stained	and	imaged.	
	
There	were	marked	differences	in	the	outcome	of	the	different	protocols	across	
cellular	locations.	Cytoskeleton,	endoplasmic	reticulum	and	the	Golgi	apparatus	
were	 well	 preserved	 by	 all	 protocols	 and	 all	 protocols	 allowed	 access	 to	
nucleoli.	Dehydration	protocols	resulted	in	more	shrinking	of	the	cells	and	failed	
to	detect	soluble	cytoplasmic	proteins,	mitochondria	and	most	of	the	proteins	in	
the	cell	membrane	but	showed	less	background	making	cytoskeletal	fibers	more	
pronounced.	 Cross-linking	worked	well	 for	 the	majority	 of	 compartments	 and	
preserved	soluble	proteins	better	but	showed	a	higher	background	staining.	The	
two	 concentrations	 of	 Triton-X-100	 showed	 similar	 results	 but	 as	 previously	
known	 saponin	 could	 not	 permeabilize	 the	 inner	 mitochondrial	 membrane	
making	Triton	X-100	better	suited	for	genome-wide	localization.	
		
The	 results	 showed	 that	 cross-linking	 is	 essential	 to	 maximize	 coverage	 of	
proteins	in	all	compartments.	PFA	followed	by	the	lower	concentration	of	Triton	
X-100	was	chosen	as	the	standard	protocol	for	the	subcellular	atlas.		
	
	

Paper	ΙΙ 	
	
This	 paper	 presents	 the	 results	 obtained	 in	 the	 subcellular	 atlas	 project	 after	
applying	the	protocol	from	Paper	Ι	to	19%	of	the	human	protein-coding	genes.	
This	first	compilation	of	results	demonstrated	the	feasibility	and	potential	of	the	
established	 pipeline	 for	 high-throughput	 localization	 of	 proteins	 using	 IF	 and	
confocal	microscopy	and	encompassed	enough	data	to	draw	conclusions	about	
the	organization	of	the	proteome.	A	total	of	4005	antibodies	targeting	proteins	
from	 4005	 genes	were	 analyzed	 in	 three	 cell	 lines.	 The	 cell	 lines	were	 A-431	
(epidermoid	carcinoma),	U-2	OS	(osteosarcoma)	and	U-251	MG	(glioblastoma),	
chosen	to	be	functionally	different	with	different	origin	thereby	maximizing	the	
total	number	of	expressed	genes.	The	produced	images	were	annotated	to	one	
or	several	of	16	compartments:	cytoplasm,	nucleus,	nuclear	membrane,	nucleoli,	
mitochondria,	 endoplasmic	 reticulum,	 the	Golgi	 apparatus,	 plasma	membrane,	
focal	 adhesions,	 cell	 junctions,	 centrosome,	 aggresome,	 microtubules,	 actin	
filaments,	intermediate	filaments	and	vesicles.	
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89%	 of	 the	 proteins	 were	 detected	 in	 at	 least	 one	 cell	 line,	 corresponding	 to	
more	 than	 3500	 proteins.	 	 The	 majority	 of	 proteins	 showed	 ubiquitous	
expression	 and	 were	 detected	 in	 all	 three	 cell	 lines.	 A	 hierarchical	 clustering	
showed	 that	 the	 organelle	 proteomes	of	 the	 three	 cell	 lines	were	 very	 similar	
because	 they	 cluster	 together	 for	 every	 organelle.	 In	 addition	 organelles	with	
similar	function	cluster	together,	such	as	the	Golgi	apparatus	and	vesicles.	
	
Enrichment	analysis	of	Gene	Ontology	terms	for	the	genes	that	were	expressed	
in	 one	 cell	 line	 only	 showed	 enrichment	 of	 biological	 processes	 related	 to	
central	nervous	system	development	for	U-251	MG	in	accordance	with	its	brain	
origin.	 For	 A-431	 and	 U-2	 OS	 terms	 such	 as	 receptor	 activity	 and	 signal	
transduction	 related	 to	 the	 plasma	 membrane	 were	 enriched.	 This	 complies	
with	 the	 hypothesis	 that	 states	 that	 ubiquitously	 expressed	 genes	 are	 often	
intracellular	and	cell	type	or	tissue	specific	genes	are	often	secreted	or	present	
on	the	cell	membrane126.	
	
The	 most	 commonly	 observed	 compartments	 were	 cytoplasm	 and	 nucleus	
followed	 by	mitochondria,	 plasma	membrane,	 vesicles,	 nucleoli	 and	 the	 Golgi	
apparatus.	The	majority	of	proteins	localized	to	one	compartment	(55%),	but	a	
large	fraction	showed	two	(38%)	or	more	than	two	(7%)	locations.	The	fraction	
of	 proteins	 with	multiple	 locations	 was	 surprisingly	 high.	 This	may	 partly	 be	
explained	by	that	previous	definitions	of	organelle	proteomes	based	on	MS	and	
fractionated	 samples	 may	 not	 have	 had	 the	 resolution	 or	 the	 experimental	
design	 to	 detect	 multiple	 locations	 due	 to	 focusing	 on	 a	 single	 compartment.	
This	number	may	also	be	influenced	by	non-specific	binding	or	cross-reactivity	
by	the	antibodies	and	more	validation	of	the	results	is	needed.	
	
	

Paper	ΙΙΙ 	
	
Currently,	there	is	no	consensus	on	the	single	best	way	to	validate	antibodies	for	
IF.	 An	 appealing	 approach	 that	 was	 assessed	 in	 this	 study	 is	 overlap	 with	
fluorescently	 tagged	 target	 protein	 in	 transgenic	 cell	 lines.	 Antibodies	 that	
colocalize	with	the	tagged	protein	are	validated	as	capable	of	binding	the	target	
protein	 using	 the	 current	 fixation	 and	 permeabilization	 protocol	 and	 sample	
type.	Additional	benefits	of	this	validation	approach	is	that	when	the	location	of	
the	 tagged	protein	 and	 that	 of	 endogenous	protein	 stained	by	 the	 antibody	 in	
control	cells	are	identical	the	location	of	that	protein	has	been	validated	by	two	
different	methods.		
	
In	this	study	108	transgenic	cell	lines	expressing	different	GFP	tagged	proteins	
were	 stained	 by	 1-3	 antibodies,	 in	 total	 197	 antibodies.	 All	 cell	 lines	 were	
generated	 by	 the	 group	 of	 Anthony	 Hyman	 at	Max	 Planck	 Institute	 and	were	
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HeLa	 cells	 transfected	 by	 bacterial	 artificial	 chromosomes	 (BAC).	 The	 use	 of	
BAC	 allows	 large	 transgenic	 inserts	 containing	 the	 gene	 in	 its	 native	 context	
with	 native	 promotor	 and	 regulatory	 elements.	 This	 leads	 to	 close	 to	
endogenous	 expression	 levels	 and	 avoids	 overexpression	 artifacts	 commonly	
observed	 with	 standard	 methods	 based	 on	 cDNA	 and	 standard	 promotors.	
However	also	at	endogenous	levels	mislocalizations	may	be	observed	due	to	the	
tag,	and	in	this	study	only	cell	 lines	expressing	the	tagged	protein	in	a	location	
supported	by	experimental	subcellular	location	data	from	UniProt	were	used.	
	
136	of	197	tested	antibodies	were	successfully	validated	as	capable	of	binding	
the	 tagged	 protein.	 These	 antibodies	 were	 further	 used	 to	 stain	 endogenous	
protein	 in	 untransfected	 cells.	 For	 these	 antibodies	 the	 locations	 obtained	 for	
tagged	 protein	 and	 endogenous	 protein	 in	 control	 cells	 where	 further	
compared.		For	39%	of	the	antibodies	the	protein	location	was	identical	and	for	
an	additional	43%	there	were	at	least	one	common	location.	For	the	remaining	
antibodies	either	 the	endogenous	protein	could	not	be	detected	or	 there	were	
no	locations	in	common.	Differences	in	obtained	locations	can	either	be	due	to	
interference	 of	 the	 tag	 or	 cross-reactivity	 of	 the	 antibody.	 	 The	 only	 way	 to	
assess	 this	 is	 to	perform	additional	experiments,	 for	example	by	siRNA,	which	
was	used	in	this	study	for	two	interesting	genes.	
	
The	antibodies	have	also	been	evaluated	by	WB	as	a	part	of	 the	HPA	pipeline.	
There	 was	 no	 strong	 correlation	 between	 the	 performances	 in	 the	 two	
applications	 showing	 that	 an	 application-specific	 validation	 is	 important.	 We	
believe	 that	 the	notion	of	 good	versus	bad	 antibodies	 as	well	 as	 the	notion	of	
validated	 antibodies	 should	be	 abandoned	 in	 favor	of	 validation	of	 the	 results	
obtained	 in	 the	 specific	 assay.	 An	 antibody	 with	 off-target	 effects	 in	 one	
application	might	perform	well	 in	another.	Likewise	an	antibody	accompanied	
by	 extensive	 validation	 data	 may	 give	 false	 positives	 in	 a	 sample	 lacking	 the	
target.	
	
As	 a	 result	 the	 next	 version	 of	 the	 subcellular	 atlas	 will	 give	 scores	 for	 each	
location	instead	of	as	previously	for	each	antibody	or	each	gene.	The	validation	
score	 will	 reflects	 the	 amount	 of	 data	 available	 to	 support	 that	 location.	 To	
obtain	 a	 high	 validation	 score	 a	 location	 must	 either	 be	 detected	 by	 two	
independent	 antibodies,	 by	 one	 antibody	 and	 a	 corresponding	 tagged	protein,	
by	one	antibody	and	validated	by	siRNA	or	by	one	antibody	where	the	location	
is	supported	by	published	literature	from	experimental	data.	
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Future	perspectives	
	
The	 subcellular	 atlas	 has	 been	 released	 yearly	 since	 2007	 and	 now	 contains	
location	 data	 for	 10	 003	 genes.	 However	 only	 half	 of	 these	 genes	 (48%)	 are	
accompanied	 by	 sufficient	 validation	 and	 the	 work	 continue	 to	 increase	 this	
number.	 Since	 no	 validation	 strategy	 is	 perfect	 for	 all	 genes	 a	 combination	 of	
multiple	 antibodies,	 siRNA	 and	 gene	 tagging	 is	 currently	 used	 and	 more	
techniques	such	CRISPR	knockout	cell	lines	might	be	adopted	in	the	future.		
	
We	showed	that	the	protocol	from	Paper	Ι	could	be	used	successfully	in	a	high-
throughput	setup	to	localize	proteins	with	IF.	However	we	also	showed	that	for	
some	antibodies	other	protocols	might	perform	better.	Therefore	we	will	now	
include	 a	 second	 protocol	 in	 the	 subcellular	 atlas,	 using	 dehydration	 by	
methanol.	 Antibodies	 that	 have	 failed	 the	 cross-linking	 protocol	 but	 where	
additional	 data	 is	 needed	 for	 validation	of	 location	will	 now	be	 analyzed	with	
this	protocol	to	increase	coverage	and	improve	validation	in	the	atlas.			
	
The	 majority	 of	 the	 confocal	 images	 in	 the	 atlas	 have	 so	 far	 been	 acquired	
manually	but	an	automated	acquisition	is	currently	under	pilot	testing.	Likewise	
automated	 image	 annotation	 using	 pattern	 recognition	 is	 desired,	 both	 to	
increase	throughput,	improve	accuracy	of	annotations	and	to	add	more	detailed	
annotations	 by	 subdividing	 categories.	 Training	 of	 classifiers	 and	 hierarchical	
clustering	has	been	used	to	 identify	misannotated	 images	 from	the	subcellular	
atlas127	and	work	in	this	area	continues.		
	
In	 Paper	 ΙΙ	 we	 compiled	 the	 subcellular	 location	 data	 for	 19%	 of	 the	 human	
proteome.	Since	 then	more	data	has	been	generated	and	 in	December	of	2016	
approximately	80%	of	the	non-secreted	human	protein	coding	genes	will	have	
been	analyzed	and	annotated	for	subcellular	location.	This	large	amount	of	data	
will	enable	detailed	description	of	compartment	proteomes	for	all	the	annotated	
compartments,	as	well	as	a	thorough	description	of	the	fraction	of	proteins	with	
multiple	 locations	 and	 differences	 in	 location	 across	 cell	 lines.	 It	 will	 also	 be	
valuable	to	compare	the	data	to	other	techniques	used	for	localization,	such	as	
MS	and	BioID.	
	
In	life	science	research	there	is	now	an	increasing	awareness	of	the	complexity	
of	antibody	performance.	Several	 journals	have	 taken	action	and	now	demand	
more	 information	 and	 validation	 before	 publication128,	 129.	 Since	 this	 is	 now	
gaining	 more	 attention	 it	 will	 hopefully	 lead	 to	 that	 every	 researcher	 using	
antibodies	notice	these	issues	and	take	appropriate	action,	which	will	 improve	
both	 research	 quality	 and	 reproducibility.	 If	 researchers	 demand	 more	
information	 from	 the	 companies	 before	 purchase	 then	 companies	 will	 be	
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“forced”	 to	produce	more	validation	data	and	 to	disclose	more	 information	on	
the	validation	experiments.	Researchers	also	need	to	have	sensible	expectations	
on	 antibodies	 as	 reagents	 and	 realize	 that	 while	 companies	 can	 validate	 the	
antibodies,	 the	 validation	 of	 obtained	 results	 lies	 with	 the	 end	 user.	 There	 is	
already	 a	 vast	 resource	 of	 antibodies	 available	 and	 the	 most	 reasonable	 way	
forward	is	to	mine	this	resource	for	the	ones	that	are	best	suited	for	the	specific	
application	and	sample.	
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