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The	human	body	 is	 composed	of	many	 types	 of	 cell	 that	 together	 form	 tissues	 and	
organs.	 Many	 systems,	 including	 the	 circulatory,	 digestive,	 nervous,	 skeletal	 and	
muscular	 systems,	 interact	 in	 order	 to	 maintain	 homeostasis	 and	 the	 viability	 of	 the	
human	 body.	 The	 circulatory	 system	 consists	 of	 the	 heart,	 blood	 vessels	 and	
approximately	 five	 liters	 of	 blood,	 which	 circulates	 through	 the	 vessels	 transporting	
nutrients	and	oxygen	to	and	 from	cells.	 It	also	 transports	hormones	and	blood	cells	 to	
help	fight	diseases,	stabilise	temperature	and	pH,	and	maintain	cell	homeostasis.	Indeed,	
the	 circulatory	 system	 plays	 a	 fundamental	 role	 in	 embryo	 development,	 when	
vasculogenesis	and	angiogenesis	start.	In	this	regard,	the	growth	of	the	new	vasculature	
is	 conferred	 by	 the	 expression	 and	 recruitment	 of	 growth	 factors	 and	 extracellular	
matrixes.	

Blood	vessels	are	 formed	by	endothelial	cells	and	connective	tissue,	which	provides	
them	 with	 the	 structure	 and	 function	 to	 circulate	 the	 blood	 throughout	 the	 body.	
However,	 not	 all	 the	 blood	 vessels	 are	 formed	 by	 the	 same	 type	 of	 cells	 nor	 are	 they	
connected	 in	 the	 same	way.	 For	 example,	 the	 endothelial	 cells	 of	 the	 brain	 capillaries	
form	tight	junctions	between	them,	hampering	the	paracellular	entry	of	large	molecules,	
while	 in	 the	 rest	 of	 the	 body	 the	 passage	 between	 cells	 is	 easier.	 Therefore,	 when	 a	
therapeutic	agent	enters	circulating	blood,	 it	will	not	distribute	equally	to	all	the	body,	
and	entry	into	the	brain	will	be	hampered.	

	

Therapeutic	agents	are	 traditionally	 small	molecules,	 and	 they	are	 characterised	by	
lower	 production	 costs,	 oral	 dosing,	 ease	 of	 synthesis	 and	 often	 inherent	membrane-
penetrating	ability.	However,	they	are	not	effective	in	all	biological	systems,	and	larger	
or	 more	 flexible	 entities	 may	 be	 required.	 Thus,	 biological	 agents	 have	 also	 been	
successfully	developed	to	target	relevant	therapeutic	molecules.	Antibodies,	nanobodies	
and	proteins	have	a	defined	three-dimensional	structure	but	they	are	large	enough	to	be	
able	 to	adapt	 their	conformations	 in	order	 to	 interact	with	 their	 intended	 target	more	
efficiently.	 However,	 the	 preparation	 and	 characterisation	 of	 these	molecules	 is	more	
complex	than	for	small	organic	molecules.	

The	 first	 peptide	 discovered,	 isolated	 and	 used	 as	 a	 therapeutic	 drug	 was	 the	 51	
amino	acid	hormone	insulin.	Considered	a	“miracle	drug”,	insulin	was	exemplary	of	the	
power	and	social	value	of	peptide	research.	However,	peptides	are	rarely	considered	for	
the	development	of	new	drugs.	Experienced	“drug	hunters”	opt	 for	small	molecules	or	
recombinant	biological	therapeutics	to	begin	a	drug	discovery	program.1	

Peptides	 (2-50	 amino	 acid	 long)	 play	 a	 critical	 role	 in	 human	physiology,	 acting	 as	
hormones,	 neurotransmitters,	 growth	 factors	 and	 antibacterial	 agents,	 among	 other	
functions.	The	omnipresence	of	peptides	in	biological	systems	brings	both	opportunities	
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and	 pitfalls	 in	 the	 development	 of	 new	 therapeutics	 (Table	 1).	 While	 it	 is	 true	 that	
peptides	 present	 several	 disadvantages,	 such	 as	 low	 stability,	 rapid	 removal	 from	
circulation,	poor	ability	to	cross	biological	barriers	and	potential	immunogenicity,	their	
strengths,	such	as	backbone	flexibility,	easy	modularity	and	biocompatibility,	outweigh	
their	weaknesses.		

Table	1.	SWOT	analysis	of	naturally	occurring	peptides	in	their	use	as	therapeutics.	From	Fosgerau	
et	al.2	

Strengths	 Weaknesses	
• Good	efficacy,	safety	and	
tolerability	

• High	selectivity	and	potency	
• Predictable	metabolism	
• Shorter	time	to	market	
• Lower	attrition	rates	
• Standard	synthetic	protocols	

• Chemically	and	physically	instable	
• Prone	to	hydrolysis	and	oxidation	
• Tendency	to	aggregate	
• Short	half-life	and	fast	elimination	
• Usually	not	orally	available	
• Low	membrane	permeability	

Opportunities	 Threats	
• Discovery	of	new	peptides,	
including	protein	fragmentation	

• Focussed	libraries	and	optimised	
designed	sequences	

• Formulation	development	
• Alternative	delivery	routes	besides	
parental	

• Multifunctional	peptides	and	
conjugates	

• Immunogenicity	
• New	advancements	in	genomics,	
proteomics	and	personalised	
medicine	

• Significant	number	of	patent	
expiries	

• Price	and	reimbursement	system	
• Increasing	safety	and	efficacy	
requirements	for	novel	drugs	

	

There	are	now	approximately	60	peptide	drugs	on	the	market	with	combined	sales	of	
US$	14.1	billion	in	2011.	The	global	peptide	market	has	been	predicted	to	increase	to	an	
estimated	 US$25.4	 billion	 in	 2018,	 with	 140	 new	 therapeutic	 peptides	 undergoing	
clinical	studies	and	more	than	500	therapeutic	peptides	in	preclinical	development.2	
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Angiogenesis	as	a	hallmark	of	disease	
Angiogenesis,	the	process	by	which	new	blood	vessels	form	from	pre-existing	ones,	is	

essential	 for	 growth	 and	 development,	 as	 well	 as	 for	 wound	 healing	 (Figure	 1).3–5	
Angiogenesis	is	highly	regulated	in	cells.	In	normal	conditions,	there	is	a	delicate	balance	
between	pro-	and	anti-angiogenic	molecules,	so	angiogenesis	does	not	occur.	However,	
sustained	angiogenesis	 is	one	of	 the	main	hallmarks	of	 tumour	development,	 allowing	
the	transition	of	a	tumour	from	a	dormant	to	a	malignant	state.6,7	Called	the	angiogenic	
switch,	 this	 transition	activates	 the	expression	of	high	 levels	of	pro-angiogenic	 factors	
(Figure	2).3,8	Also,	abnormal	cancer	cell	growth	can	 invade	or	spread	 to	other	parts	of	
the	body,	causing	a	more	severe	tumour.	In	2007,	the	overall	cost	of	cancer	treatment	in	
the	US,	including	direct	and	indirect	costs,	was	estimated	to	be	US$	226.8	billion.9	

	
Figure	 1.	 The	 angiogenic	 cascade.	 During	 angiogenesis,	 stable	 vessels	 (a)	 release	 pro-angiogenic	
factors,	 such	 as	 VEGF,	 EGF	 and	 FGF.	 (b)	 Degradation	 of	 the	 basement	 membrane	 by	 matrix	
metalloproteinases	(MMP)	(c)	induces	specialised	endothelial	cells	–	tip	cells	–	to	migrate	along	the	
angiogenic	 factor	 gradient.	 (d)	 Endothelial	 cells	 are	 differentiated	 into	 highly	 proliferative	 stalk	
cells,	which	make	up	the	main	body	of	the	new	vessels.	

Aberrant	 angiogenesis	 is	 also	 involved	 in	 other	 diseases	 such	 as	 arthritis,	 obesity,	
pulmonary	 hypertension,	 diabetic	 retinopathy	 and	 age-related	 macular	 degeneration	
(AMD).	AMD	affects	over	30	million	people	worldwide	and	it	is	the	main	cause	of	legal	
blindness	in	the	industrialised	world.	This	condition	has	an	estimated	global	cost	of	US$	
343	 billion.10	 The	main	 characteristic	 of	 AMD	 is	 the	 loss	 of	 central	 vision	 due	 to	 the	
gradual	 deterioration	 of	 the	 macula,	 a	 structure	 responsible	 for	 the	 central,	 high-
resolution,	 colour	 vision.	 Wet	 AMD	 is	 characterised	 by	 the	 formation	 of	 choroidal	
neovascularisation,	 which	 can	 lead	 to	 fluid	 leakage,	 haemorrhage	 and	 scarring	 of	 the	
macula.11		
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Stimulation	of	angiogenesis	can	also	be	therapeutic	in	some	diseases	associated	with	
decreased	 angiogenesis,	 such	 as	 ischemic	 heart	 disease	 or	 peripheral	 arterial	 disease,	
and	wound	healing.	Pro-angiogenic	peptides	have	also	been	described,	such	as	QK12	and	
IQ,13	which	stimulate	endothelial	cell	proliferation	both	in	vitro	and	in	vivo.	

	
Figure	 2.	 Angiogenic	 switch	 in	 tumour	 development.	 Pre-angiogenic	 state	 in	 early	 tumour	
development	 is	marked	by	 the	preponderance	of	angiogenic	 inhibitors	 (TSP-1,	PEDF,	PEX),	which	
override	 the	 effects	 of	 angiogenic	 stimulators	 (VEGF)	 expressed	 at	 low	 levels.	 Aggressive	 tumour	
growth	 is	 triggered	by	 the	 change	 in	balance	between	 these	 factors,	 leading	 to	 an	 increase	 in	net	
stimulatory	 activity	 and	 the	 onset	 of	 angiogenesis.	 Abbreviations:	 PEDF,	 pigment	 epithelium-
derived	 factor;	 TSP-1,	 thrombospondin	 1;	 PEX,	 non-catalytic	 fragment	 of	 MMP;	 VEGF,	 vascular	
endothelial	growth	factor;	FGF,	fibroblast	growth	factor;	and	IL-8,	interleukin	8.	

In	 1971,	 Judah	 Folkman	 published	 the	 hypothesis	 that	 tumour	 growth	 is	
angiogenesis-dependent	 and	 that	 the	 inhibition	of	 angiogenesis	may	be	 therapeutic.	 It	
has	since	been	discovered	that	angiogenesis	requires	the	cooperation	of	several	growth	
factor	families,	their	receptors	and	the	presence	of	certain	conditions,	such	as	hypoxia.	
Growth	factor	families	include	the	following:	vascular	endothelial	growth	factor	(VEGF),	
epidermal	growth	factor	(EGF),	platelet-derived	growth	factor	(PDGF),	fibroblast	growth	
factor	 (FGF),	 tyrosine	 kinase	 (TIE),	 cadherin,	 notch-	 and	 delta-like	 ligand	 4	 (DLL4)	
signalling,	and	ephrin	(EPH).14–16		

VEGF-A,	the	main	member	of	the	VEGF	family,	is	the	principal	player	in	angiogenesis	
and	it	exerts	its	action	by	the	binding	to	its	receptor	(VEGFR).17	VEGFR	is	located	at	the	
surface	of	endothelial	cells	and	helps	new	vasculature	establish,	grow	and	survive.	It	is	
continuously	expressed	 in	cells	and	genetically	 stable.	VEGF	presents	 several	 isoforms	
that	result	from	different	splicing	events.18	After	VEGF	binds	to	its	receptor,	intracellular	
tyrosine	 kinases	 (TKs)	 are	 activated,	 triggering	 multiple	 downstream	 signals	 that	
promote	angiogenesis.	Also,	this	binding	can	stimulate	the	production	of	anti-apoptotic	
proteins,	cell	adhesion	molecules	and	metalloproteinases	(MMPs).	

The	VEGF-VEGFR	system	has	been	extensively	studied	in	the	fight	against	cancer,	and	
there	 are	 several	 drugs	 on	 the	market	 for	 this	 system.14,17	 Bevacizumab,	 a	 humanised	
anti-VEGF-A	monoclonal	 antibody,	 is	 approved	 for	 first-	 and	 second-line	 treatment	 of	
metastatic	colorectal	cancer	(mCRC)	in	conjunction	with	chemotherapy,	and	as	a	single	
agent	 in	 adult	 patients	with	 recurrent	 glioblastoma	multiforme.19	Aflibercept,	 a	 fusion	
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protein	of	VEGFR	ligand-binding	domain	with	the	fragment	crystallisable	(Fc)	portion	of	
human	 immunoglobulin	 G1,	 is	 approved	 for	 second-line	 treatment	 of	 mCRC.	 Several	
multi-target	 tyrosine	 kinase	 inhibitors	 (TKIs),	 including	 Sorafenib	 and	 Sunitinib,	 have	
been	 approved	 as	 first-line	 treatments	 of	metastatic	 renal	 cell	 carcinoma	 (RCC).	 Also,	
three	anti-VEGF	drugs,	namely	Pegaptanib,	Ranibizumab	and	Aflibertcept,	are	available	
for	the	treatment	of	wet	AMD.		

Despite	the	large	number	of	targets	related	to	angiogenesis	and	the	multiple	reported	
compounds	 with	 antiangiogenic	 activity,	 the	 vast	 majority	 have	 failed.15,20	 Also,	
angiogenic	 inhibitors	 are	 not	 effective	 for	 all	 kinds	 of	 cancers	 since	 tumours	 increase	
their	 blood	 supply	 via	 distinct	 mechanisms,	 and	 tumours	 have	 developed	
resistance.4,15,21,22	In	fact,	some	cancer	cells	adapt	by	migrating	into	normal	tissue	after	
VEGF	 blockade.	 This	 observation	 has	 opened	 up	 debate	 on	 whether	 antiangiogenic	
treatment	leads	to	more	invasive	and	metastatic	tumours.23	Also,	the	complexity	of	the	
molecular	 pathways,	 with	 substantial	 redundancy	 and	 crosstalk	 between	 signalling	
pathways,	suggests	the	need	to	combine	agents	with	distinct	mechanisms	of	action	and	
simultaneously	target	different	signal	transduction	pathways.	

Epidermal	growth	factor	

The	EGF-EGFR	pathway	is	also	involved	in	angiogenesis.	EGF	is	a	common	mitogenic	
factor	 that	 stimulates	 the	 proliferation,	 migration,	 differentiation	 and	 survival	 of	
different	 types	 of	 cell,	 especially	 fibroblasts	 and	 epithelial	 cells.24	 EGFR	 is	 widely	
expressed	across	 tissues	and	 from	embryogenesis,	 throughout	brain	development	and	
into	adulthood.25		

Moreover,	 several	 types	 of	 solid	 tumour,	 such	 as	 head	 and	 neck,	 breast,	 colorectal	
cancer	 (CRC),	 glioblastoma	 and	 non-small-cell	 lung	 cancer	 (NSCLC),	 present	
overexpression	 of	 EGF	 and/or	 EGFR.26,27	 This	 triggers	 the	 uncontrolled	 cell	 growth	 of	
the	tumour	cells,	which	can	lead	to	tumour	invasion	and	metastasis.22	

Like	 VEGF-VEGFR,	 EGF	 function	 is	 initiated	 by	 the	 binding	 of	 the	 EGF	 ligand	 to	 its	
membrane	 receptor	 (EGFR),	 with	 a	 high	 affinity	 (KD	 =	 1.9	 nM).28	 EGFR	 is	 a	 170-kDa	
membrane-spanning	 protein	 containing	 approximately	 20%	 of	 its	 molecular	 mass	 of	
carbohydrate	and	it	is	heavily	N-glycosylated.29	EGFR	is	the	prototypical	member	of	the	
ErbB	 family	of	 receptors,	which	has	 four	members	 in	mammals:	EGFR	(also	known	as	
ErbB1	or	HER1),	ErbB2/HER2,	ErbB3/HER3	and	ErbB4/HER4.	They	share	an	analogous	
structure	 composed	 of	 the	 following	 domains:	 extracellular	 domain,	 hydrophobic	
transmembrane	 domain,	 intracellular	 catalytic	 tyrosine	 kinase	 domain	 and	 several	
intracellular	tyrosine	residues.	The	binding	of	EGF	to	the	extracellular	domain	stabilises	
the	 receptor	 in	 an	 extended	 conformation	 and	makes	 it	 capable	 of	 dimerisation.	 This	
promotes	 receptor	 autophosphorylation	 on	 its	 tyrosine	 residues.	 The	 phosphorylated	
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tyrosine	 residues	 trigger	 the	 secondary	 signalling	 molecules.	 These	 downstream	
effectors	include	RAS-RAF-MEK-ERK-MAPK	and	P13K-AKT-mTOR	(Figure	3).22,24,30	The	
activated	receptor	is	internalised	through	clathrin-mediated	endocytosis.	After	this,	the	
receptor	 can	 be	 either	 recycled,	 which	 favours	 cell	 proliferation,	 or	 degraded,	 which	
correlates	with	normal	cellular	homeostasis.	

Furthermore,	the	signalling	pathway	of	EGFR	family	is	described	to	have	a	bow-tie	or	
hourglass	structure.30	The	several	inputs	(growth	factors)	and	outputs	(cell	proliferation	
and	 survival)	 are	 related	 through	 a	 conserved	 processing	 core,	 namely	 the	 four	 ErbB	
receptors.	

In	addition	 to	EGF,	 the	most	 representative	 ligands	of	 the	ErbB	receptor	 family	are	
TGF-α,	 amphiregulin,	 epiregulin	 and	 epigen.	 These	 growth	 factors	 are	 expressed	 as	
membrane	 proteins	 and	 are	 cleaved	 to	 release	 the	 soluble	 mature	 ligands	 into	 the	
extracellular	 space.	 They	 all	 share	 the	 same	 conserved	 amino	 acid	 sequence	 CX7CX4-
5CX10CXCX8C,	where	X	is	any	amino	acid.25	The	disulphide	bridges	formed	between	the	
Cys	residues	provide	EGF	and	related	growth	factors	with	a	globular	structure,	exposing	
three	structural	loops	that	are	essential	for	binding	to	receptors.		

	
Figure	 3.	 A)	 Structure	 of	 ErbB	 receptors.	 Linear	 representation	 of	 ErbB	 receptor	 domains.	 The	
extracellular	N-terminal	domain	contains	four	subdomains.	The	leucine-rich	subdomains	L1	and	L2	
interact	 directly	 with	 the	 ligand.	 The	 Cys-rich	 subdomain	 CR1	 contains	 the	 dimerisation	 loop	
responsible	for	receptor-receptor	interaction.	A	short	transmembrane	and	juxtamembrane	domain	
links	the	extracellular	domain	to	the	tyrosine	kinase	domain	and	the	C-terminal	 tail.	B)	Schematic	
overview	of	the	structural	basis	for	ErbB	receptor	dimerisation	and	activation.	(i)	In	the	ligand-free	
state,	EGFR,	ErbB3,	 and	ErbB4	have	a	 tethered	conformation	 stabilised	by	 interaction	between	of	
CR1	 and	CR2.	 (ii)	Binding	of	 ligand	between	L1	 and	L2	 creates	 an	 extended	 conformation,	which	
exposes	the	dimerisation	loop	of	CR1,	thus	allowing	for	receptor	homo-	and	heterodimerisation.	(iii)	
Receptor	 dimerisation	 opposes	 the	 tyrosine	 kinase	 N-lobe	 of	 one	 receptor	 with	 the	 C-lobe	 of	 its	
partner,	leading	to	C-terminal	tyrosine	phosphorylation,	creating	phosphotyrosine	binding	sites	for	
the	 binding	 of	 adaptors,	 signalling	molecules	 and	 regulatory	 proteins.	 From	Wieduwilt	 et	 al.31	 C)	
EGFR	 signalling	 pathways.	 Activation	 of	 EGFR	 leads	 to	 downstream	 signalling	 pathways	 that	
ultimately	drive	cell	growth	and	survival.	Adapted	from	Chong	et	al.22	
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The	EGF-EGFR	pathway	has	also	been	explored	to	reduce	the	progression	of	several	
types	of	cancer.	There	are	several	drugs	on	the	market	that	inhibit	EGFR.	In	this	regard,	
two	 monoclonal	 antibodies	 that	 target	 the	 extracellular	 part	 of	 the	 receptor	 are	
available.32	Cetuximab	is	a	chimeric	antibody	that	was	approved	by	the	FDA	in	2004	for	
the	treatment	of	mCRC	and	head	and	neck	cancer.	It	has	been	used	in	combination	with	
chemotherapy	 and	 shows	 good	 efficacy,	 although	 for	 a	 subset	 of	 patients	 with	 a	
mutation	on	EGFR	(S492R)	its	binding	is	abrogated	and	this	leads	to	clinical	resistance.	
Panitumumab	 is	 a	 fully	 humanised	 antibody	 approved	 by	 the	 FDA	 in	 2006	 for	 the	
treatment	 of	 renal	 carcinoma	 and	mCRC.	Unlike	 Cetuximab,	 the	 S492R	mutation	 does	
not	affect	binding	and	patients	still	respond	to	the	treatment.	

Small-molecule	 TKIs	 have	 also	 been	 approved	 for	 the	 treatment	 of	 cancer.33,34	
Gefitinib	 was	 approved	 in	 2003	 for	 the	 treatment	 of	 patients	 with	 advanced	 NSCLC.	
More	potent	TKIs	have	also	been	developed	such	as	Erlotinib	and	related	drugs.	These	
inhibitors	 exert	 their	 action	 by	 binding	 to	 the	 intracellular	 domain	 of	 EGFR	 and	
competing	with	the	ATP	binding	site,	thereby	blocking	the	EGFR	downstream	signalling	
pathway.		

However,	 and	despite	 the	 initial	 success	of	 these	drugs	 for	 the	 treatment	of	 cancer,	
EGFR	mutations	greatly	affect	the	efficacy	of	these	treatments.22	Hence,	the	EGF	ligand	
emerges	as	a	good	candidate	to	be	targeted	for	 inhibition.	However,	and	in	contrast	to	
VEGF	 inhibitors,	 only	 a	 limited	 number	 of	 anti-EGF	 drugs	 have	 been	 reported	 in	 the	
literature.	This	scarcity	may	be	explained	by	the	fact	that	EGF	is	a	small	globular-shaped	
protein,	a	feature	that	hinders	the	identification	of	binders.		

Suramin	is	a	polysulfonated	naphtylurea	that	shows	anti-proliferative	activity	against	
cancer	cells	by	 inhibiting	 the	binding	of	growth	 factors	 to	 their	 receptors.35	 It	was	 the	
first	EGF	binder	reported,	although	it	binds	to	EGF	with	low	affinity	and	selectivity.36	In	
clinical	trials,	it	showed	modest	results,	resulting	in	FDA	denial	of	approval	due	to	safety	
concerns	 and	 lack	 of	 long-term	 efficacy.	 Recently,	 a	 peptide	 binder	 for	 EGF	 has	 been	
reported,	namely	cp23G,	which	is	able	to	disrupt	the	EGF-EGFR	interaction	in	vitro.37	

A	 vaccine	 against	 EGF-EGFR	 has	 recently	 been	 used	 to	 treat	 patients	 with	 NSCLC.	
CIMAvax-EGF	 is	 a	 therapeutic	 cancer	 vaccine	 composed	 of	 human	 recombinant	 EGF	
conjugated	to	a	carrier	protein	and	Montanide	ISA51	as	adjuvant.	This	vaccine	induces	
antibodies	 against	 self	 EGFs	 that	 block	 the	 interaction	 of	 EGFs	 with	 their	 receptor.38	
CIMAvax-EGF	has	given	promising	results	in	Phase	III	clinical	trials.	

These	results	indirectly	validate	the	therapeutic	effect	of	targeting	EGF.	In	this	regard,	
there	 is	 a	 need	 to	 discover	more	 effective	 inhibitors	 of	 EGF	 to	 prevent	 its	 interaction	
with	its	receptor	and,	consequently,	the	proliferation	of	tumours.	
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Phage	display	as	a	source	of	peptides	
Most	of	 the	drugs	on	 the	market	have	been	 identified	by	 screening	 large	 substance	

libraries	 against	 a	 therapeutic	 target.	 For	 small	 organic	 ligands,	 high-throughput	
screening	 (HTS)	 against	 receptors,	 enzymes,	 proteins	 or	 nucleic	 acids	 is	 a	 popular	
strategy.	 A	 large	 number	 of	 compounds	 can	 be	 screened	per	 day,	 but	 the	 hits	 usually	
require	further	optimisation	to	improve	binding	affinity	and	target	specificity.39	

For	drugs	based	on	nucleic	 acids,	 peptides	 or	 proteins,	 display	 technologies	 offer	 a	
promising	 alternative	 strategy.	 They	 include	 mRNA	 display,	 RNA/DNA	 aptamer	
technologies,	 ribosome	 display	 and	 phage	 display,	 among	 others	 (Figure	 4).	 The	
principles	 behind	 the	 display	 technologies	 are	 (a)	 the	 ability	 to	 physically	 link	
phenotypes	(binding	to	the	target)	of	polypeptide	displayed	in	a	certain	platform	to	their	
corresponding	 genotype	 (DNA	 or	 RNA),	 and	 (b)	 the	 iterative	 cycle	 in	 which	 library	
members	are	selected	for	binding	to	a	target	and	then	amplified.40	

	
Figure	4.	Different	selection	platforms.	Adapted	from	Hoogenboom	et	al.41	

Phage	display	was	introduced	by	G.P.	Smith	in	1985	and	has	become	one	of	the	most	
popular	 techniques	 for	screening	peptides	against	a	given	 target,	without	 the	need	 for	
detailed	 knowledge	 of	 the	 properties	 of	 the	 target	molecule.42,43	 A	 phage	 –	 virus	 that	
infects	 bacterial	 cells	 –,	 can	 be	 engineered	 to	 accommodate	 segments	 of	 foreign	DNA,	
which	will	be	expressed	as	a	fusion	protein	with	one	of	the	coat	proteins	of	the	phage.	
The	 strength	 of	 this	 technique	 lies	 in	 the	 generation	 of	 an	 enormous	 diversity	 of	
exogenous	peptides	or	proteins	displayed	on	the	surface	of	the	phage	using	standard	yet	
rapid	molecular	biology	methods.	

Since	its	development,	phage	display	has	been	used	to	build	libraries	of	peptides	and	
proteins	 to	 identify	 ligands	 for	 receptors,	 enzyme	 blockers,	 to	 study	 protein-protein	
interactions,	 to	map	 the	 epitopes	 of	 antibodies,	 and	 to	 identify	 peptides	 that	 home	 to	
specific	organs	or	tissues,	among	others.44–48	



Introduction		

	 11	

Filamentous	phage	biology	

A	 number	 of	 filamentous	 bacteriophage	 (most	 commonly	 known	 as	 phage)	 able	 to	
infect	F	plasmid-containing	gram-negative	bacteria,	such	as	E.	coli,	have	been	identified.	
They	contain	a	single-stranded,	covalently	closed	DNA	genome	that	is	encased	in	a	long	
cylinder.	 The	 best	 characterised	 phage	 are	members	 of	 the	 family	 Inoviridae,	 such	 as	
M13,	f1	and	fd,	which	share	98%	homology	and	are	collectively	referred	to	as	Ff	phage.	
These	phage	are	not	lytic	and	so	strains	of	phage-infected	E.	coli	can	release	new	phage	
particles	without	bacterial	lysis.		

The	wild-type	Ff	phage	particle	 is	approximately	6.5	nm	in	diameter	and	930	nm	in	
length	and	has	a	mass	of	16.3·106	Da.	The	DNA,	single-stranded	circular	DNA	(ssDNA)	
that	comprises	about	6400	nucleotides,	is	encapsulated	in	a	somewhat	flexible	cylinder	
composed	of	approximately	2700	pVIII	monomer	units.	At	one	end	of	the	particle,	there	
are	five	molecules	of	the	minor	pIII	coat	protein,	which,	along	with	five	copies	of	pVI,	are	
involved	 in	 bacterial	 cell	 binding	 and	 in	 the	 termination	 of	 phage	 particle	 assembly	
during	morphogenesis.	The	other	end	is	capped	by	five	molecules	each	of	pVIII	and	pIX,	
which	 are	 required	 for	 the	 initiation	 and	maintenance	 of	 phage	 assembly	 in	 the	 host	
bacteria	(Figure	5).49	

	
Figure	5.	Life	cycle	of	filamentous	phage.	Filamentous	phage	binds	to	the	F	pilus	of	a	host	E.	coli	cell	
through	 pIII.	 Then	 the	 host	 TolA	 protein	 starts	 to	 depolymerise	 the	 phage	 coat	 proteins,	 which	
remain	in	the	inner	membrane	for	recycling.	The	single-stranded	DNA	(ssDNA)	of	the	phage	enters	
the	cytoplasm,	converts	 into	double-stranded	DNA	(dsDNA),	and	starts	replication	and	expression	
using	host	enzymes.	ssDNA	and	coated	pV	protein	dimers	form	the	precursors	of	the	phage.	Then	pV	
is	 replaced	by	pVIII	 in	 the	channel	 formed	by	pI,	pXI,	pIV,	and	host	 thioredoxin;	 in	 the	meantime,	
mature	phage	particles	are	assembled	and	released.	From	Huang,	J.X.	el	al.50 
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Display	of	peptides	and	proteins	on	phage	particles	

Two	 types	 of	 coat	 protein	 are	 mainly	 used	 for	 phage	 display,	 namely	 pIII	 (406	
residues	long),	where	3-5	copies	of	the	foreign	sequence	can	be	displayed,	and	pVIII	(50	
residues	long),	where	about	2700	copies	can	be	displayed.	However,	most	phage	display	
libraries	 use	 the	 former	 as	 it	 tends	 to	 produce	 binders	 with	 higher	 affinities.	 The	
difference	between	 the	use	of	pIII	and	pVIII	 is	 the	avidity	effect	 caused	by	 the	display	
valency,	leading	to	significant	changes	in	the	affinity	of	the	proteins	or	peptides	that	can	
be	 selected	 for	 the	 same	 target.	 As	 a	 result,	 relatively	 high	 affinity	 peptides	 can	 be	
isolated	 with	 dissociation	 constants	 of	 1-10	 μM	 for	 pIII	 display,	 whereas	 pVIII-fused	
peptides	 tend	 to	 have	 lower	 affinity	 (10-100	 μM)	 because	 of	 the	 higher	 number	 of	
peptides	displayed.		

A	phage	display	 library	 is	a	heterogeneous	mixture	of	phage	clones,	each	carrying	a	
different	foreign	DNA	insert	and	therefore	displaying	a	different	peptide	on	the	surface.	
Because	of	the	accessibility	of	the	peptide	to	the	solvent,	it	often	behaves	as	if	it	were	not	
attached	 to	 the	virion	surface.	The	peptides	 in	a	phage-displayed	 library	have	 the	 two	
key	characteristics	required	for	chemical	evolution,	namely	replicability	and	mutability.	
Each	peptide	 in	 the	 library	can	replicate,	 since	when	the	phage	 to	which	 it	 is	attached	
infects	 a	 bacterial	 host	 cell,	 it	multiplies	 to	 produce	 an	 identical	 phage	 displaying	 the	
same	 peptide.	 And	 if	 the	 DNA	 of	 the	 phage	 undergoes	 a	 mutation	 in	 the	 peptide-
encoding	sequence,	the	mutation	is	passed	onto	the	phage’s	progeny	and	can	affect	the	
structure	of	the	peptide.	

A	large	number	of	peptide	libraries	encoding	peptide	chain	lengths	varying	from	3	to	
43	 amino	 acids	 have	 been	 produced.	 These	 libraries	 have	 been	 created	 either	 from	
degenerated	 oligonucleotides	 or	 by	 the	 use	 of	 peptide	 scaffolds,	 where	 only	 some	
positions	 are	 randomised.	To	 increase	 the	number	of	 amino	acids	displayed,	 antibody	
fragments	were	 the	 first	proteins	 to	be	clones	 for	phage	display.	Phage	antibodies	are	
generally	cloned	as	single-chain	variable	fragments	(scFv)	or	fragment	antigen-binding	
(Fab)	 fragments.	 The	 genetic	 material	 is	 obtained	 either	 by	 cloning	 the	 repertoire	 of	
antibody	V	genes	expressed	in	the	B	cells	of	a	donor	or	by	engineering	random	peptide	
sequences	 into	 the	 antibody	 complementarity-determining	 regions.	 Several	 phage	
display-derived	antibodies	are	being	evaluated	in	clinical	trials	and	some	of	them	have	
been	approved	by	the	FDA,	such	as	Ranibizumab	or	Necitumumab	for	VEGF-A	and	EGFR,	
respectively.51,52	
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Affinity	selection	

Biopanning	is	the	method	of	choice	for	in	vitro	screening	of	phage	display	libraries	for	
identifying	and	 isolating	 ligands	 that	bind	to	 the	 target	of	 interest.	Most	phage	display	
strategies	are	based	on	selection	for	ligands	that	bind	to	a	given	target	with	the	highest	
affinity,	 known	 as	 affinity	 selection.	 However,	 the	 selection	 can	 be	 based	 on	 other	
parameters	such	as	function,	proximity,	receptor	internalisation	or	gene	delivery.53	

A	 typical	 biopanning	 experiment	 has	 the	 following	 five	 main	 steps	 (Figure	 6):	 (a)	
incubation	of	 the	phage	 library	with	 the	 target,	 immobilised	on	a	polystyrene	 surface;	
(b)	washing	of	the	unbound	phage;	(c)	recovery	of	the	bound	phage;	(d)	amplification	of	
the	recovered	phage	through	infecting	the	bacterial	host;	and	(e)	plating	of	the	retrieved	
phage	 onto	 isolate	 plaques	 for	 DNA	 sequencing.	 This	 process	 is	 repeated	with	 higher	
stringency	by	incubating	the	suspension	of	recovered	phage	with	the	target,	usually	2	to	
4	times.	This	process	leads	to	the	enrichment	of	a	small	number	of	peptide	motifs	with	
specific	binding	affinity	for	the	target.		

	
Figure	 6.	 Schematic	 representation	 of	 the	 biopanning	 of	 a	 phage	 display	 library	 against	 an	
immobilised	target.	(a)	Addition	of	the	phage	library	to	the	immobilised	target	and	incubation	for	1	
h,	(b)	wash	of	the	unbound	phage,	(c)	recovery	and	amplification	of	the	bound	phage,	(d)	repetition	
2-4	times,	and	(e)	phage	isolation	and	DNA	sequencing.	

Biopanning	 consists	 of	 selecting	 a	 subpopulation	 of	 phage-borne	 peptides	 with	
increased	 fitness,	 as	 determined	 by	 user-defined	 criteria.	 The	 initial	 input	 is	 a	 large	
number	of	virions	(typically	109	clones,	each	represented	by	100	particles	on	average)	
and	the	selected	subpopulation	is	a	tiny	fraction	of	the	initial	population	(106	particles	
for	example),	with	fitter	clones	being	overrepresented.		

This	selection	is	based	on	two	pivotal	parameters,	which	can	be	manipulated	to	some	
extent	 in	order	to	enhance	the	efficacy	of	the	selection	process:	stringency	–	degree	to	
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which	peptides	with	higher	 fitness	are	 favoured	over	peptides	with	 lower	 fitness;	and	
yield	–	fraction	of	peptides	with	a	given	fitness	that	survive	selection.42	

When	choosing	a	panning	experiment	one	should	decide	whether	to	maximise	phage	
capture	 (yield)	or	affinity	discrimination	 (stringency).	 Stringency	requirements	can	be	
modified	 through	 the	 panning	 rounds.	 In	 the	 first	 round	 of	 selection,	 the	 goal	 is	 to	
capture	 the	 highest	 number	 of	 positive	 variants	 while	 removing	 non-binders.	 In	 the	
subsequent	 rounds,	 as	 enrichment	 increases,	 stringency	 should	 be	 increased	 with	 a	
variety	of	techniques	to	select	the	candidates	with	the	highest	affinity.54	

Thus,	 the	 design	 and	 the	 quality	 of	 a	 phage	 display	 library	 will	 influence	 the	 final	
result	of	 the	biopanning	experiments.	Despite	 this,	 the	 initial	diversity	of	 the	 library	 is	
compromised	latter	on	due	to	the	non-linear	propagation	rates	of	individual	clones	–	as	
peptides	 are	 displayed	 on	 the	 pIII	 protein,	which	 is	 involved	 in	 phage	 infectivity.	 The	
amplification	 performed	 after	 each	 binding	 step	 can	 bias	 the	 library	 to	 phage	 with	
higher	propagation	rates	but	not	greater	binding	affinity	 for	 the	 target,	 thus	excluding	
other	good	binders	from	the	library	(Figure	7).	The	clones	that	have	a	high	propagation	
rate	 but	 no	 specificity	 for	 the	 target	 are	 called	 target-unrelated	 peptides	 (TUPs),	 and	
they	can	have	high	prevalence	in	some	libraries.55	

	
Figure	 7.	 Graphical	 representation	 of	 the	 binders	 lost	 in	 the	 amplification	 step.	 Presenting	 the	
library	as	a	circle	in	the	(binding	vs.	growth)-phase	diagram	allows	the	description	of	A)	selection	
(R1S)	as	a	collapse	to	the	upper	part	of	the	circle	and	B)	amplification	(R1A)	as	further	collapse	to	
the	right	part	of	the	phase	diagram.	C)	The	decrease	in	diversity	in	subsequent	rounds	of	screening	
and	 amplification	 leads	 to	 the	 collapse	 of	 the	 sub-population	 to	 the	 upper-right	 portion.	D)	After	
three	 rounds	 of	 selection,	 the	 screen	 identifies	 binding	 ligands.	 The	number	 of	 identified	 ligands,	
however,	 is	much	 smaller	 than	 the	number	of	 binders	 that	were	originally	present	 in	 the	 library.	
Adapted	from	Derda	et	al.56	

Another	important	consideration	is	the	target	presentation	for	phage	selection.	There	
are	 two	 general	 approaches:	 immobilisation	 of	 the	 target	 on	 a	 solid	 support	 (direct	
immobilisation)	or	binding	in	solution	followed	by	capture	of	the	soluble	target	(affinity	
bead	 capture).	 Solution	 binding	 has	 the	 advantage	 that	 less	 target	 per	 experiment	 is	
required	 and	 it	 improves	 the	 accessibility	 of	 the	 ligand-binding	 site.	 With	 both	

				A)																																						B)																																				C)																																D)	
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methodologies,	 there	are	several	supports	 for	target	 immobilisation,	as	summarised	 in	
Table	2.57	

The	 target	 can	be	 immobilised	 in	a	number	of	ways.58,59	Direct	 immobilisation	–	by	
non-specific	hydrophobic	and	electrostatic	interactions	–	and	biotin/streptavidin	are	the	
most	widely	used	methods	to	coat	the	protein	of	interest	onto	the	plate	surface.	Direct	
coating	has	the	advantage	of	being	relatively	simple;	however,	the	target	is	immobilised	
randomly	 and	 some	 proteins	 can	 be	 denatured	 and/or	 immobilised	 in	 a	 certain	
preferred	 orientation,	 thereby	 rendering	 a	 subset	 of	 protein	 surfaces	 exposed	 to	 the	
solvent.	 On	 the	 other	 hand,	 with	 immobilisation	 via	 biotin/streptavidin,	 all	 the	
molecules	are	exposed	to	the	phage	in	the	same	configuration,	but	the	process	requires	a	
further	step	of	protein	modification	–	 random	or	site-specific	–	which	can	also	modify	
the	properties	of	the	target.		

Table	2.	Examples	of	matrices	for	phage	display	binding	selection.57	

Capture	
matrix	

Immobilisation	
mechanism	

Caveats	

Maxisorp	
(Nunc)	

Non-specific	adhesion	to	
polystyrene	

Selection	of	matrix	binders	

Covalink	
(Costar)	

Crosslinking	of	–NH2,	-SH	
or	–CHO	to	an	activated	
plate	

Selection	of	matrix	binders;	covalent	
modifications	of	the	target	may	
interfere	with	target	
binding/activity	

Avidin-coated	
plates/beads	
(Promega)	

Capture	of	biotinylated	
target	via	avidin,	
streptavidin	or	neutravidin	
(Pierce)	

Selection	of	biotin	mimics;	covalent	
modifications	of	the	target	may	
interfere	with	target	
binding/activity	

Anti-Fc	
antibody	
plates	/beads	
(Pierce)	

Capture	of	IgG-Fc	fusion	via	
anti-Fc	antibody	

Selection	of	Fc-binders;	target	is	
fused	to	Fc	which	may	interfere	
with	target	binding/activity	

Ni2+	or	
antibody	
plates	/beads	
(Qiagen)	

(His)6	fusion	coordination	
with	antibody	or	Ni2+	

Selection	of	Ni2+	or	antibody	
binders;	target	with	(His)6	fusion	
may	interfere	with	target	
binding/activity	

	

To	overcome	the	disadvantages	of	these	two	immobilisation	methods,	Cunningham	et	
al.60	combined	both	 techniques	 to	perform	phage	display	binding	experiments	 against	
immobilised	 VEGF.	 In	 the	 first	 two	 rounds,	 the	 protein	was	modified	with	 biotin	 and	
coated	onto	NeutrAvidin	plates;	while	in	the	third	and	fourth	rounds,	VEGF	was	coated	
directly	onto	plates	to	avoid	selection	for	NeutrAvidin	binders.	
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Finally,	 another	 parameter	 to	 consider	 when	 performing	 biopanning	 is	 the	 elution	
method.	Due	 to	 the	high	 stability	of	 the	 filamentous	phage,	 a	wide	variety	of	methods	
can	be	applied	to	elute	the	bound	phage.	Common	methods	include	the	disruption	of	the	
interaction	between	 the	displayed	 ligand	and	 the	 target	by	 changing	 the	pH	 (with	10-
100	mM	HCl	or	0.2	M	glycine,	 pH	2;	neutralised	by	1	M	Tris-HCl,	 pH	9.1)	or	 adding	 a	
competing	ligand	(high	concentration	of	ligand	to	saturate	any	free	sites),	a	denaturant	
or	a	protease	(e.g.	when	a	protease-cleavage	site	has	been	engineered	in	the	phage).43	

In	fact,	it	is	not	necessary	to	elute	the	captured	phage.	The	addition	of	fresh	bacterial	
host	cells	to	the	solid	support	allows	the	captured	phage	to	infect	cells	and	to	propagate.	
One	of	the	disadvantages	is	the	low	yield,	1-10%	of	the	yield	by	elution.	However,	in	all	
but	 the	 first	 round	of	 selection,	 this	 yield	 is	 probably	 sufficient	 to	 ensure	 retention	of	
binding	clones.		

Selections	from	display	libraries	have	been	carried	out	using	several	methods	(or	any	
combination	 of	 them)	 (Figure	 8).	 Phage	 display	 has	 been	 extensively	 used	 to	 screen	
peptide	 or	 antibody	 libraries	 for	 ligands	 on	 purified	 and	 immobilised	 molecules	 in	
vitro.61	Several	of	these	projects	sought	to	identify	protein-protein	interaction	pairs	and	
map	 their	 interaction	 domains.53	 However,	 these	 studies	 require	 a	 purified	 target	
protein,	which	is	not	always	available.		

The	 selection	 can	 also	 be	 performed	 on	 adherent	 cultured	 cells62	 or	 on	 cells	 in	
suspension.	 One	 of	 the	 methods	 that	 enables	 quick	 and	 effective	 isolation	 of	 specific	
ligands	 from	a	 small	 number	of	 cells	 is	 the	biopanning	 and	 rapid	 analysis	 of	 selective	
interactive	 ligands	(BRASIL)	developed	by	Giordano	el	al.63	This	method	 is	based	on	a	
differential	centrifugation	step	that	drives	the	cells	from	a	hydrophilic	environment	into	
a	 non-miscible	 organic	 phase.	 The	 phage	 bound	 to	 the	 cells	 are	 recovered	 from	 the	
pellet,	 while	 the	 unbound	 phage	 remain	 soluble	 in	 the	 upper	 aqueous	 phase.	 This	
methodology	has	been	applied	in	the	discovery	of	ligands	for	VEGFR63	and	cell-surface-
binding	antibodies	against	thyroid	tissues.64	

Apart	from	in	vitro	biopanning,	in	vivo	screening	of	phage	libraries	has	also	been	used	
to	 identify	phage	homing	 to	 specific	organs	or	 tissues.48,65,66	 In	 these	experiments,	 the	
phage	 are	 administered	 by	 intravenous	 injection	 in	 anesthetised	 mice	 (right	 or	 left	
lateral	 tail	vein).	The	unbound	phage	are	 then	removed	by	whole-body	perfusion	with	
PBS,	 to	 reduce	 the	phage	background	 in	highly	vascularised	 tissue.	And	 the	phage	are	
recovered	by	harvesting,	weighing	and	grinding	the	selected	organs	or	tissues.	Finally,	E.	
coli	 is	 infected	with	the	homogenates	and	plated	to	determine	the	phage	sequences	by	
PCR	 sequencing.	 The	 selected	 clones	 are	 amplified	 and	 used	 in	 the	 following	 panning	
rounds.		
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Figure	 8.	 Selections	 methods.	 A)	 Antigen	 (Ag)	 immobilised	 on	 solid	 supports,	 columns,	 pins	 or	
cellulose	membranes	or	immobilised	indirectly	via	capture;	B)	fixed	prokaryotic	cells	displaying	the	
(recombinant)	antigen;	C)	enriched	subcellular	fractions	or	membrane	fractions;	D)	transfected	or	
tumour	cells	to	select	for	binding	or	internalisation;	E)	enrichment	on	tissues	(e.g.	on	appropriately	
prepared	 tissue	 slides);	 F)	 injection	 into	 living	animals	 and	 recovery	of	 the	 relevant	 cells/tissues.	
Modified	from	Hoogenboom	et	al.41	

Moreover,	 in	 vivo	 selection	 in	 humans	 is	 a	 promising	 approach	 through	 which	 to	
identify	vascular	targets	and	to	facilitate	the	development	of	targeted	delivery	of	agents	
to	 the	 human	 vasculature.	 In	 2002,	 Pasqualini	 and	 co-workers	 injected	 a	 phage-
displayed	 random	 peptide	 library	 intravenously	 into	 a	 patient,	 following	 ethics	
guidelines.	They	 then	 evaluated	 this	 library	by	 analysing	peptide	motif	 distribution	 in	
several	organs	using	high-throughput	analysis.67	Of	the	25	peptides	identified,	11	were	
enriched	 in	a	single	organ,	which	 is	consistent	with	 the	working	hypothesis	 that	some	
peptides	bind	to	tissue-specific	endothelial	markers.68		

There	are	 several	 examples	of	drugs	developed	using	phage	display	 that	have	been	
approved	for	use	in	the	clinic	or	clinical	trials,	as	summarised	in	Table	3.	For	example,	
Ecallantide,	a	highly	potent	inhibitor	of	human	plasma	kallikrein,	is	approved	by	the	FDA	
for	the	treatment	of	acute	hereditary	angioedema;	and	Romiplostim,	a	peptide-Fc	fusion	
protein,	 is	 approved	 for	 the	 treatment	 of	 thrombocytopenia	 in	 patients	with	 immune	
thrombocytopenia	 purpura.	 However,	 in	 order	 to	 reach	 the	market,	most	 of	 peptides	
discovered	by	phage	display	were	conjugated	to	Fc	fragments	to	prolong	their	half-lives.		
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Table	 3.	 Peptides	 or	 peptide-based	 therapeutics	 approved	 or	 under	 clinical	 development	 and	
diagnostic	 agents	 developed	 using	 phage	 display.	 Adapted	 from	 Hamzeh-Mivehroud	 et	 al.44	 and	
Omidfar	et	al.69	

Product	 Manufactured	 Function	 Indication(s)	 Phase	
Kalbitor®	
(Ecallantide)	

Dyax	 Plasma	kallikrein	
inhibitor	

Acute	hereditary	
angioedema	

Approved	

Nplate®	
(Romiplostim)	

Amgen	 Ligand	for	
thrombopoietin	
receptor	

Idiopathic	(immune)	
thrombocytopenic	
purpura	

Approved		

OMONTYS®	
(Peginesatide)	

Affymax,	
Takeda	

Erythropoiein	
mimetic	

Chronic	kidney	
disease	associated	
anemia	

Approved	

DX-890	 Dyax/	
Debiopharm	

Human	neutrophil	
elastase	inhibitor	

Cystic	fibrosis,	
chronic	obstructive	
pulmonary	disease	

II	

AMG	386	
(Trebananib)	

Amgen	 Inhibitor	of	the	
binding	of	
angiopoietin-1	and	
angiopoietin-2	to	
Tie2	

Anti-angiogenic	
(oncology)	

III	

AMG	819	 Amgen	 Nerve	growth	factor	
antagonist	

Pain	 Terminated-
Phase	I	

CNTO	530/	
CNTO	528	

Ortho	Biotech	 Erythropoiein	
mimetic	

Chronic	kidney	
disease	associated	
anemia	

I	

	

Modification	 of	 phage	 display	 libraries	 to	 expand	 the	
chemical	space	

As	seen	before,	phage	display	has	huge	potential	in	the	discovery	of	new	ligands	for	a	
variety	of	molecular	 targets;	however,	 it	presents	 two	 intrinsic	 limitations,	namely	 the	
rotational	 flexibility	of	 the	peptide	backbone	and	the	 limited	number	of	natural	amino	
acids.		

Peptide-based	ligands,	composed	of	natural	L-amino	acids,	can	be	hindered	by	poor	
pharmacokinetic	 properties,	 such	 as	 short	 half-lives	 (especially	 after	 oral	
administration),	 rapid	 enzymatic	 degradation,	 poor	 penetration	 through	 the	 intestinal	
membrane,	and/or	rapid	excretion	–	all	of	which	contribute	to	low	bioavailability.70,71	

The	 pharmacokinetics	 of	 peptides	 can	 be	 enhanced	 via	 several	 strategies.72	
PEGylation	is	often	used	to	generate	peptidomimetics,	but	the	degree	of	PEGylation	may	
lead	to	polydispersity	in	the	final	product.	Cyclisation	to	constrain	conformation	or	the	
use	 of	 D-	 and	 non-proteinogenic	 amino	 acids,	 N-methylation	 or	 the	 retro-enantio	
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approach	have	also	been	used	to	increase	peptide	stability.73	Finally,	the	development	of	
a	prodrug	to	protect	the	peptide	from	premature	proteolysis	has	also	been	explored.	

In	 another	 direction,	 to	 limit	 the	 rotational	 flexibility	 and,	 to	 some	 extent,	 the	
degradation	of	 the	displayed	peptides,	 several	 strategies	have	been	employed	 for	 “on-
phage”	chemical	modification,	 such	as	 the	cyclisation	of	 the	displayed	peptide	 thought	
the	 linkage	 of	 two	 Cys	 or	 more	 complex	 systems,	 summarised	 in	 Table	 4.	 Although	
cyclisation	can	be	accomplished	by	oxidation	of	two	Cys,	these	bonds	are	susceptible	to	
reduction	and	to	disulphide	exchange	reactions,	hence	the	need	to	develop	more	stable	
bonds,	 such	 as	 amide,	 thioesters	 or	 thioethers.	 For	 example,	 Suga’s	 group	 developed	
modified	 amino	 acids	 with	 a	 chloroacetamide	 functional	 group,	 which	 spontaneously	
reacts	with	the	sulfhydryl	group	of	a	Cys	in	the	same	peptide	to	form	a	stable	thioether	
(Table	4,	entry	3).74	

In	 addition	 to	 cyclic	 peptides,	 Heinis	 el	 al.75	 developed	 a	 phage	 display-based	
methodology	 for	 encoding	 and	 screening	 combinatorial	 libraries	 of	 bicyclic	 peptides.	
The	peptides	have	the	general	motif	ACX6CX6CG	and	the	Cys	residues	are	linked	together	
with	the	chemical	reagent	1,3,5-tris(bromomethyl)-benzene	(TBMB).	With	this	strategy,	
the	 resulting	 peptides	 have	 a	more	 constrained	 conformation	 and	 yield	 peptides	with	
higher	affinity	for	their	targets	(Table	4,	entry	5).		

The	genetic	code	of	all	organisms	has	20	amino	acid	building	blocks.	Some	methods	
have	been	developed	 to	 expand	 the	genetic	 code	 to	 allow	 for	 the	 codification	of	more	
amino	 acids.76,77	 The	 translation	 machinery	 is	 relatively	 amenable	 to	 manipulation,	
which	 allows	 the	 incorporation	 of	 non-proteinogenic	 amino	 acids.	 For	 this	 to	 be	
possible,	 some	 codons	must	 be	 vacated	 to	 avoid	 competition	 with	 the	 natural	 amino	
acids,	and	the	non-proteinogeneic	amino	acids	must	be	attached	to	transfer	RNAs	with	
the	corresponding	anticodon.	This	expanding	of	the	genetic	code	has	also	been	used	in	
the	 phage	 display	 biological	 system.78,79	 In	 this	 way,	 more	 functional	 groups	 can	 be	
explored,	which	allows	the	cyclisation	of	the	peptides	or	the	prevention	of	degradation	
from	proteases.	

Finally,	 other	modifications	 can	 be	 introduced	 in	 the	 phage	 before	 performing	 the	
panning.	 These	 include	 the	 introduction	 of	 fluorescent	 reporters,80	 a	 known	
pharmacophore	 to	 guide	 the	 selection,81	 chemically	 synthesised	 peptides	 linked	 by	
native	 chemical	 ligation82	 or	 a	 photoswitchable	 ligand	 to	 control	 the	 peptide	 function	
spatially	 and	 temporally.83	 Furthermore,	 phage	 particles	 have	 emerged	 as	 attractive	
bionanomaterials.	 In	 this	 regard,	 several	 chemical	modifications	 of	 coat	 proteins	 have	
been	developed	to	extend	the	scope	of	phage	applications.84–86	
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Table	4.	 Summary	 of	 encoded	phage	 display	 libraries	 of	 cyclic	 peptides.	 Adapted	 from	Winter	et	
al.87	

	 Cyclization	by	 Example	

1	
Oxidation	of	two	Cys	to	form	a	
disulphide	bond	

	

2	
Chemically	linking	the	amino	groups	
of	the	N-terminus	and	a	Lys	with	
disuccinimidyl	glutarate	

	

3	

Spontaneous	reaction	of	a	
chloroacetamide	group	of	an	
unnatural	amino	acid	with	a	Cys	to	
form	a	thioether	bond	

	

4	

Michael	addition	of	a	Cys	side-chain	
to	dehydrobutyrine,	obtained	by	
heat-induced	isomerisation	of	
vinylglycine	

	

5	
Linking	three	Cys	with	the	thiol-
reactive	reagent	1,3,5-
tris(bromomethyl)-benzene	(TBMB)	

	
	

Mirror	image	phage	display	

All	of	the	above	techniques	rely	on	the	modification	of	the	amino	acids	displayed	on	
the	 surface	 of	 the	 phage	 to	 expand	 the	 chemical	 groups	 panned	 or	 to	 prevent	 their	
degradation	by	proteases.	Another	approach	is	not	to	modify	the	phage	display	system	
but	rather	the	target	itself.	

Mirror	 image	 phage	 display	 takes	 advantage	 of	 the	 chirality	 of	 amino	 acids	 and	
consequently	of	the	peptides	and	proteins	that	they	form	(Figure	9A).	The	two	all-L-	and	
all-D-enantiomeric	 forms	 of	 a	 peptide	 or	 a	 protein	 are	 not	 identical	 but	 relate	 to	 one	
another	 like	 an	 object	 and	 its	 mirror	 image.	 Following	 this	 principle,	 if	 we	 have	 two	
peptides	or	proteins,	A	and	B,	that	tightly	bind	together,	they	will	do	so	only	when	the	
right	enantiomers	are	present.	Therefore,	 if	 the	enantiomer	of	A	(A’)	 is	present,	 it	will	
not	bind	to	B,	but	it	will	bind	to	the	enantiomer	of	B	(B’)	with	the	same	affinity	as	A	to	B	
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(Figure	 9B).	 This	 principle	 has	 been	 demonstrated	 for	 the	 HIV	 protease	 and	 its	
substrate.88	

	
Figure	9.	A)	All	amino	acids	have	 two	enantiomeric	 forms,	L-	and	D-,	which	are	mirror	 images	of	
each	 other.	 B)	 The	 binding	 of	 two	 proteins	 occurs	 only	 when	 the	 right	 enantiomer	 is	 present,	
otherwise	the	proteins	cannot	interact.		

This	 is	 the	 idea	 behind	 mirror	 image	 phage	 display,89,90	 in	 which	 the	 biopanning	
experiments	are	carried	out	against	the	mirror	image	of	the	target	protein	(Figure	10).	
Thus,	 from	the	phage	display	 library,	L-peptides	(i.e.	all-L-peptides)	are	 identified	 that	
bind	 to	 the	 enantiomer	 of	 the	 target.	 If	 the	 selected	 peptide	 ligands	 are	 chemically	
synthesised	 as	mirror	 image	 D-peptides	 (i.e.	 all-D-peptides),	 then	 these	will	 have	 the	
same	 specificity	 and	 affinity	 for	 the	 natural	 target	 protein	 as	 L-ligands	 for	 the	
enantiomer	of	the	target	protein.	

Mirror	 image	 phage	 display	 also	 has	 some	 disadvantages.	 False	 positives	 can	 be	
selected	 if	 the	 selection	 conditions	 are	 not	 perfectly	 suited	 to	 the	 target	 protein	 and	
library;	however,	this	issue	is	also	encountered	in	phage	display.	Moreover,	in	contrast	
to	chemical	 libraries,	 in	 this	process	only	 full	D-enantiomeric	peptides	can	be	selected	
and	not	combinations	of	both	configurations.	Another	limiting	step	is	that	it	requires	the	
generation	 of	 the	mirror	 image	 of	 the	 target	 protein,	 which	 can	 be	 obtained	 only	 by	
chemical	synthesis.91	

	
Figure	10.	Principles	of	mirror	image	phage	display.	
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So	 far,	 a	 few	 examples	 of	 mirror	 image	 phage	 display	 have	 been	 described.89,92	
Schumacher	 et	 al.90	 used	 the	mirror	 image	 of	 the	 c-Src	 homology	 3	 (SH3)	 domain	 of	
chicken	 Src	 kinase	 to	 screen	 for	 phage	 display	 L-peptides	 that	 bind	 to	 D-Src-SH3.	 By	
discovering	 D-cyclic	 peptides	 that	 bind	 to	 L-Src-SH3,	 they	 proved	 that	 the	 principle	
behind	mirror	 image	phage	display	was	correct.	The	same	group	synthesised	a	part	of	
the	 human	 immunodeficiency	 virus	 type-1	 (HIV-1)	 gp41	 protein	 in	 its	 D-amino	 acids	
form	and	used	 it	as	bait	 for	phage	display	screening.93	The	D-peptides	 identified	were	
shown	to	be	biologically	active	in	HIV	infection	assays.		

Also,	 mirror	 image	 phage	 display	 has	 been	 used	 to	 identify	 peptides	 that	 bind	 to	
amyloid	peptide	Aβ(1-42).	Van	Groen	et	al.94	identified	a	novel	D-enantiomeric	peptide	
(D3)	 that	 is	able	 to	precipitate	 toxic	Aβ	oligomers	 into	 large	non-toxic	aggregates	 that	
fail	 to	act	as	 seeds	 in	Aβ	 fibril	 formation.	Finally,	mirror	 image	phage	display	has	also	
been	 used	 in	 the	 discovery	 of	 new	 ligands	 for	 VEGF	 with	 the	 screening	 of	 designed	
libraries	 based	 on	 the	 B1	 domain	 of	 streptococcal	 protein	 G	 scaffold	 against	 the	
immobilised	D-protein.	After	 another	 round	of	 affinity	maturation,	mutants	with	 good	
affinity	were	identified.	Chemical	synthesis	of	the	mirror	image	form	of	the	point	mutant	
with	 the	 highest	 affinity,	 gave	 a	D-protein	 ligand	 that	 bound	 to	VEGF	with	 a	KD	 of	 85	
nM.95	
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Synthesis	of	peptides	and	proteins	
The	understanding	of	protein	structure	and	function	is	a	key	step	in	the	discovery	of	

new	 therapeutics.	 To	 this	 end,	 it	 is	 often	 necessary	 to	 have	 the	 protein	 of	 interest	 in	
hand.	 Nowadays,	 there	 are	 three	 main	 pipelines	 for	 the	 production	 of	 peptides	 and	
proteins:	 (a)	 extraction	 from	 natural	 sources,	 (b)	 recombinant	 techniques	 and	 (c)	
synthetic	procedures.	Each	approach	has	its	pros	and	cons,	but	synthetic	methods	have	
clear	 advantages,	 such	 as	 large-scale	 preparation,	 incorporation	 of	 unnatural	 amino	
acids	and	peptide	bond	surrogates,	 limitless	sequence	variety	and	efficient	purification	
techniques.96,97	

The	publication	of	the	preparation	of	the	dipeptide	glycylglycine	by	hydrolysis	of	the	
diketopiperazine	of	glycine	in	1901	by	E.	Fisher	is	considered	to	mark	the	beginning	of	
peptide	chemistry.98	Another	breakthrough	was	achieved	by	Merrifield	el	al.99	 in	1963	
with	the	discovery	of	solid-phase	peptide	synthesis	(SPPS).	 In	contrast	to	the	solution-
phase	 methodology,	 where	 the	 product	 has	 to	 be	 isolated	 and	 purified	 after	 each	
reaction	and	deprotection,	the	growing	peptide	in	the	solid-phase	approach	is	linked	to	
an	insoluble	support	and,	after	each	reaction	step,	the	by-products	are	simply	removed	
by	filtration	and	washing.	This	methodology	provides	a	fast,	simple,	and	effective	way	to	
prepare	peptides	and	small	proteins	without	intermediate	purifications.	

	
Scheme	1.	Representation	of	the	principles	of	SPPS.	

The	principles	of	SPPS	are	illustrated	in	Scheme	1.	The	N-protected	C-terminus	amino	
acid	residue	is	attached	via	its	carboxyl	group	to	a	hydroxyl	or	amino	group	of	the	resin	
linker	to	yield	an	ester	or	amide	bond,	respectively.	After	the	loading	of	the	first	amino	
acid,	the	desired	sequence	is	assembled	in	a	stepwise	manner	from	the	C-terminus	to	the	
N-terminus	by	repeating	the	cycle	of	N-terminus	deprotection	and	coupling	of	the	next	
activated	 amino	 acid	 as	 many	 times	 as	 required.	 After	 the	 final	 deprotection	 of	 the	
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temporary	 group,	 the	 peptide	 is	 cleaved	 from	 the	 resin	with	 concomitant	 removal	 of	
side-chain	protecting	groups.100–102	

Two	 strategies,	 namely	 Boc/Bzl	 and	 Fmoc/tBu	 chemistry,	 are	 used	 for	 protecting	
reactive	functional	groups.	While	the	former	uses	strong	acidic	conditions	(TFA	and	HF	
anh)	 for	 the	 removal	 of	 the	 temporary	 (T)	 and	 permanent	 (P)	 protecting	 groups,	
respectively,	the	latter	allows	the	use	of	milder	conditions	(piperidine	and	TFA)	for	the	
deprotection	steps	and,	additionally,	Fmoc	removal	can	be	monitor	by	UV.	Fmoc-based	
SPPS	is	now	the	method	of	choice	for	the	routine	synthesis	of	peptides,	and	it	has	been	
used	 for	 the	 synthesis	 of	most	 of	 the	 peptides	 in	 this	 thesis.	 For	 those	 peptides	with	
special	 requirements,	 such	 as	 the	 introduction	 of	 a	 thioester	 moiety,	 the	 in	 situ	
neutralisation	Boc/Bzl	strategy	has	been	chosen.103	This	strategy	has	 the	advantage	of	
being	 more	 rapid	 and	 having	 higher	 coupling	 and	 removal	 efficiencies,	 as	 the	
deprotection	of	the	amino	group	with	TFA	is	always	quantitative.	

SPPS	 is	 widely	 used	 due	 to	 the	 availability	 of	 a	 wide	 variety	 of	 excellent	 coupling	
reagents,	 resins	 with	 improved	 physical	 properties,	 novel	 linkers	 and	 orthogonal	
protecting	 groups.	 The	 improvement	 of	 chromatographic	 methods	 and	 analytic	
instrumentation	 for	 purification	 and	 characterisation	 has	 also	 simplified	 peptide	
synthesis.	

However,	 there	 are	 several	 limitations	 to	 the	 SPPS:	 (a)	 incomplete	 coupling	 and	
deprotection	 reactions	 lead	 to	 truncated	 and	 deletion	 sequences;	 (b)	 accumulation	 of	
by-products	arising	 from	 incomplete	 reactions,	 impurities	 from	reagents,	 solvents	and	
protected	amino	acids;	and	(c)	aggregation	of	growing	peptides.	These	limit	the	range	of	
achievable	lengths	for	the	peptides	synthesised	to	around	55-60	residues.		

These	limitations	stimulated	the	development	of	protein	synthetic	methods	based	on	
the	ligation	of	peptide	segments,	which	are	not	protected,	minimally	or	fully	protected.	

Ligation	techniques	

Ligation	 techniques	 have	 the	 potential	 to	 overcome	 the	 inadequacies	 of	 both	 solid-	
and	 solution-phase	 protocols	 for	 the	 synthesis	 of	 proteins.104–106	 In	 these	 techniques,	
previously	assembled	peptide	 fragments	are	 joined	 together	chemoselectively	 through	
the	 formation	of	an	amide	or	non-amide	 linkage.	Large	proteins	 that	otherwise	would	
have	 not	 been	 possible	 to	 synthesise	 have	 been	 obtained	 using	 these	methodologies.	
Also,	ligation	protocols	facilitate	the	synthesis	of	analogous	proteins	since	they	eliminate	
the	redundancy	of	repeated	synthesis	of	unaltered	parts	in	a	protein.	

Ligation	 techniques	 are	 based	 on	 three	 processes:	 an	 initial	 capture	 step,	 acyl	
migration	and	release	of	the	captured	moiety	(Scheme	2).	Such	chemoselective	ligations	
are	often	based	on	employing	 thiol	 and	 imine	groups	as	 reactive	units	 to	 join	 the	 two	
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fragments	 either	 through	 amidic	 (peptide	 bond)	 or	 non-amidic	 linkages,	 such	 as	
hydrazine,	oxime,	thioester	and	thioether.	

	
Scheme	2.	An	outline	of	the	general	approach	for	chemical	ligation	of	peptides.105	

In	 1981,	 Kemp’s	 group	 published	 a	 seminal	 contribution	 to	 the	 concept	 of	 peptide	
ligation	techniques.107	Their	methodology	was	 far	 from	the	conventional	synthetic	and	
semisynthetic	methods	because	it	did	not	involve	enthalpic	agents,	enzymes,	biologicals	
or	 protecting	 groups.	 In	 this	 regard,	 they	 used	 a	 rigid	 template,	 4-hydroxy-6-
mercaptodibenzofuran,	 as	 the	 capturing	moiety	 to	 bring	 into	 close	 proximity	 the	 two	
peptides	 to	 react	 via	 a	 thiol-disulphide	 exchange	 reaction	 followed	 by	 acyl	 transfer,	
forming	a	new	amide	bond	between	the	two	segments	(Scheme	3).	

	
Scheme	3.	Template-based	thiol-capture	ligation	chemistry.	From	Kemp	et	al.107	

With	the	success	of	this	technique,	several	peptide	ligation	strategies	were	developed,	
which	 are	 summarised	 in	 Table	 5.	 Most	 of	 them	 form	 non-amidic	 linkages,	 such	 as	
thioester,	 oxime,	 thioether,	 disulphide	 and	 thiazolidine	 bonds,	 between	 the	 peptide	
segments.	
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Table	5.	Selected	ligation	techniques.	Adapted	from	Hemantha	et	al.105	

Non-amide	bond	yielding	ligations	
Robey	et	al.	Anal.	Biochem.	1989,	177,	

373-377	
Tam	et	al.	J.	Am.	Chem.	Soc.	2000,	122,	4253-4260	

	

	
Monaci	et	al.	Bioconjugate	Chem.	

2003,	14,	276-281	
Tam	et	al.	J.	Am.	Chem.	Soc.	1994,	116,	4149-4153	

	

	
Kent	et	al.	Science	1992,	256,	221-

225	
Tam	et	al.	Tetrahedron	Lett.	1996,	37,	933-936	

	
	

Amide	bond	yielding	ligations	
Kent	et	al.	Science,	1994,	266,	776-

779.	
Danishefsky	et	al.	J.	Am.	Chem.	Soc.	2008,	130,	

15814-15816.	

	 	
Raines	et	al.	Bioconjugate	Chem.	

2007,	18,	1064-1069.	
Levacher	et	al.	J.	Am.	Chem.	Soc.	2005,	127,	

15668-15669.	

	
	

Native	chemical	ligation	

In	1994,	Kent’s	 group	 first	 reported	 the	 reaction	known	as	native	 chemical	 ligation	
(NCL).108	 This	 reaction	 is	 a	 highly	 robust	methodology	 that	 allows	 the	 ligation	 of	 two	
large	polypeptides	fragments	under	neutral	or	slightly	basic	pH	to	form	an	amide	bond.	
In	this	way,	all	the	amino	acids	are	linked	together	by	amide	bonds,	and	proteins	can	be	
synthesised	with	the	same	structures	as	those	of	natural	ones.	

NCL	is	based	on	the	reaction	of	two	unprotected	peptide	segments,	one	containing	a	
thioester	 at	 the	 C-terminus	 and	 the	 other	 a	 Cys	 residue	 at	 the	 N-terminus.	 These	
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functional	groups	will	react	to	form	an	intermediate	thioester,	which	will	spontaneously	
rearrange	to	form	a	stable	peptide	bond	(Scheme	4).	The	first	step	is	reversible	and	rate-
determining,	and	it	depends	on	the	amino	acid	preceding	the	thioester.	Also,	other	Cys	of	
the	 chain	 do	 not	 interfere	with	 the	 reaction,	 because,	 although	 the	 first	 step	 can	 take	
place,	 the	 reaction	 proceeds	 only	 when	 an	 amino	 group	 is	 close	 to	 the	 thiol.	
Furthermore,	other	 functional	groups	of	other	amino	acids	do	not	react,	 thus	allowing	
the	use	of	unprotected	peptides,	which	are	more	soluble	than	protected	ones.		

	
Scheme	4.	 Native	 chemical	 ligation	mechanism.	 First,	 a	 thiol-thioester	 exchange	 takes	 place	with	
the	 addition	 of	 a	 thiol	 catalyst.	 Then,	 a	 transthioesterification	with	 the	 side-chain	 thiol	 of	 the	N-
terminus	 Cys	 of	 Peptide-2	 creates	 a	 thioester-linked	 intermediate	 ligation	 product.	 Finally,	 the	
thioester-linked	 intermediate	 undergoes	 spontaneous	 intramolecular	 nucleophilic	 rearrangement	
to	 form	an	amide	bond	at	 the	 ligation	site.	The	 first	and	second	steps	are	 reversible,	whereas	 the	
third	 is	 irreversible,	 under	 the	 conditions	 used	 (aqueous	 solution,	 pH	 7,	 thiol	 catalyst).	 Adapted	
from	Johnson	et	al.109	

Usually,	a	thiol	additive	is	introduced	in	the	NCL	to	accelerate	the	rate	of	the	reaction	
by	a	 thiol-thioester	exchange.110	There	 is	a	 linear	 relationship	between	 the	 rate	of	 the	
thiol-thioester	 exchange	 and	 the	 pKa	 of	 the	 leaving	 thiol.	 In	 this	 regard,	mildly	 acidic	
thiols,	 such	 as	 arylthiols,	 react	 faster	 than	 basic	 thiols,	 such	 as	 alkylthioesters.111	
However,	peptide	alkylthioesters	are	frequently	used	because	they	are	easy	to	prepare.	
Hence,	an	arylthiol,	such	as	thiophenol110	or	4-(carboxymethyl)thiophenol	(MPAA),109	is	
needed	as	a	catalyst	to	generate	the	arylthioester	in	situ	by	thiol-thioester	exchange.	In	
addition,	 arylthiols	 maintain	 Cys	 thiols	 in	 a	 reduced	 form	 and	 prevent	 their	
desulphurisation	with	TCEP.	

A	key	step	in	NCL	is	the	synthesis	of	the	peptide-α-thioester.	Conventional	protocols	
are	based	on	Boc/Bzl	SPPS	chemistry,	which	allows	the	straightforward	introduction	of	
the	 thioester	moiety	 into	 the	 resin.	 Zhang	 and	 coworkers	 first	 reported	 the	 use	 of	 3-
mercaptopropionyl	p-MBHA	resin	for	the	preparation	of	thioesters	by	SPPS,	which	after	
the	HF	cleavage	gives	an	unprotected	peptide	thioester	(Scheme	5).112		
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Scheme	5.	Synthetic	strategy	for	Boc-SPPS	of	thioester	peptides.112	

The	harsh	conditions	required	for	the	removal	of	the	Boc	group	or	the	cleavage	from	
the	resin	have	inherent	limitations,	especially	when	acid-sensitive	groups,	such	as	glycol	
or	 phosphono	 groups,	 are	 present.	 Peptide-thioesters	 cannot	 be	 synthesised	 directly	
using	 Fmoc/tBu	 chemistry,	 as	 they	 are	 labile	 to	 piperidine.	 Several	 strategies	 were	
developed	 to	 address	 this	 challenge,	 including	 optimised	 Fmoc	deprotection	 cocktails,	
oxoesters,	crypto-thioesters,	thiol	labile	safety-catch	linkers	and	selenoesters.113	

Dawson	 and	 Blanco-Canosa	 developed	 a	 strategy	 using	 3,4-diaminobenzoic	 acid	
(Dbz)	linker.114	In	this	approach,	the	peptide	chain	is	prepared	with	Dbz	functionality	at	
the	C-terminus	followed,	upon	completion	of	peptide	elongation,	by	cyclisation	of	Dbz	to	
give	peptide-containing	N-acyl-benzimidazolinone	(Nbz)	bound	to	the	resin.	Subsequent	
acidolytic	cleavage	affords	the	Nbz	peptide,	which	in	the	presence	of	a	nucleophile	such	
as	aryl	or	alkyl	thiol	reacts	to	form	the	corresponding	thioester	(Scheme	6).	

Moreover,	 the	 assembly	 of	 more	 than	 two	 peptide	 segments	 requires	 choosing	 a	
direction	of	synthesis,	i.e.	which	segment	is	the	starting	point	of	the	elongation	process:	
C-to-N	 or	 N-to-C	 (Figure	 11).115	 The	 main	 concern	 in	 these	 strategies	 is	 the	 middle	
fragment,	which	will	have	a	Cys	and	a	thioester,	giving	rise	to	undesired	by-products.	To	
avoid	this,	one	of	the	functional	groups	should	be	temporarily	protected.	The	assembly	
of	 the	 several	 peptide	 segments	 is	 usually	 achieved	 in	 the	 C-to-N	 direction,	 which	
requires	an	internal	peptide-thioester	featuring	a	protected	Cys	at	the	N-terminus.	This	
Cys-protected	derivative	 is	easy	 to	 introduce	with	 the	use	of	 thiazolidine	 (Thz),	which	
can	 be	 converted	 to	 Cys	 under	 mildly	 acidic	 conditions.	 After	 this	 conversion,	 the	
peptide	 does	 not	 need	 to	 be	purified,	 thereby	 allowing	 the	 formation	 of	 the	 following	
ligation	in	the	same	reaction	media.	Called	‘one-pot’	NCL,	this	strategy	was	used	for	the	
synthesis	of	several	proteins,	including	hVEGF.116		
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Scheme	6.	Synthetic	strategy	for	Fmoc-SPPS	of	thioester	peptides.	Following	SPPS,	aminoanilide	1	
undergoes	specific	acylation	and	cyclization	to	yield	the	resin-bound	acylurea	peptide	2.	Following	
cleavage	and	deprotection,	peptide-Nbz	3	can	undergo	thiolysis	to	yield	peptide	thioester	4	or	direct	
ligation	to	yield	the	native	peptide	5.114	

The	other	assembly	approach	 is	 the	N-to-C	 ligation,	which	requires	an	 internal	Cys-
peptide	with	 a	masked	 thioester	 functionality.	 The	 intermediate	 peptide	must	 have	 a	
masked	 thioester	 group	 that	 is	 significantly	 less	 reactive	 and	 ideally	 inert	 during	 the	
first	 ligation	 but	 that	 can	 be	 activated	 for	 the	 subsequent	 reaction.	 The	 difference	 in	
reactivity	 between	 thioalkyl	 and	 thiophenyl	 thioesters	 has	 been	 used	 in	 kinetically	
controlled	ligations	(KCLs)	to	control	the	reactivity	of	the	segments,	first	used	by	Kent’s	
group	in	the	synthesis	of	crambin.117		

	
Figure	11.	 Proteins	 can	be	 synthesised	by	 sequential	 assembly	of	 unprotected	peptide	 segments.	
The	elongation	can	be	carried	out	in	the	C-to-N	or	N-to-C	direction.	NPL=Native	peptide	ligation.	
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Peptide	alkylthioesters	are	relatively	unreactive	and	only	the	addition	of	a	thiophenol	
as	 catalyst	 increases	 their	 reactivity.	 In	 this	 regard,	 in	 an	 uncatalysed	 competitive	
reaction	between	a	peptide	thioalkyl	ester	and	a	peptide	thiophenyl	ester,	the	latter	will	
react	faster	with	a	Cys-peptide.	However,	the	yield	of	the	chain	assembly	will	depend	on	
the	 accessibility	 of	 the	 reactive	 ends	 and	 the	 good	 balance	 between	 the	 fast	 and	 low	
reactive	thioesters,	which	will	have	to	be	optimised	for	each	protein.		

An	alternative	is	the	use	of	blocked	thioester	surrogates	that	will	be	converted	to	the	
reactive	 thioester	 by	 a	N,S-acyl	 shift.	 The	 bis(2-sulfanylethyl)amino	 (SEA)	moiety	 is	 a	
masked	thioester	during	the	first	 ligation	step,	and	it	 is	 then	activated	through	an	N,S-
acyl	shift	and	 the	second	reaction	can	be	performed	 in	 the	same	pot.118,119	 It	has	good	
reactivity	at	neutral	pH,	it	is	resistant	to	hydrolysis,	and	it	has	specific	redox	properties.	
The	cyclic	disulphide	is	called	SEAoff	and	it	is	not	reactive,	but	it	can	be	reduced	to	form	
the	SEAon.	The	reactivity	of	SEAon	arises	from	an	in	situ	formation	of	a	transient	thioester	
intermediate	 that	 can	 react	 with	 another	 Cys-peptide	 to	 form	 the	 ligated	 product	
(Scheme	7).	

	
Scheme	7.	Bis(2-sulfanylethyl)amino	native	peptide	ligation	(SEA	ligation)	and	SEAon/off	concept.118	

An	 extension	 of	 NCL	 is	 expressed	 protein	 ligation	 (EPL),	 which	 uses	 recombinant	
protein	 thioesters.	 EPL	 is	 a	 semisynthetic	 technique	 in	 which	 a	 recombinant	 protein	
thioester,	 which	 is	 generated	 by	 thiolysis	 of	 an	 intein	 fusion	 protein,	 reacts	 with	 a	
synthetic	 or	 recombinant	peptide	with	 an	N-terminal	 Cys	 to	produce	 a	 native	peptide	
bond.	This	approach	has	proved	useful	in	the	synthesis	of	phosphoproteins,	ion	channel	
proteins,	histones	and	lipoproteins.120	
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Alternatives	to	NCL	

To	 perform	 NCL,	 a	 Cys	 should	 be	 present	 at	 the	 ligation	 site,	 which	 is	 not	 always	
possible,	 as	Cys	 is	 a	 less-common	amino	acid	 in	peptides	 and	proteins,	 accounting	 for	
only	 1.7%	 of	 the	 total	 count.	 Furthermore,	 the	 position	 of	 a	 Cys	 residue	 in	 a	 peptide	
sequence	 is	 often	 not	 compatible	 with	 an	 efficient	 and	 facile	 retrosynthetic	
disconnection.	One	way	to	circumvent	this	is	by	performing	desulphurisation	of	the	Cys	
residue	 after	 the	 ligation	 to	obtain	Ala121	 or	using	 removable	 thiol	 auxiliaries,	 such	as	
ethanethiol	 and	 oxyethanethiol.122	 Li’s	 group	 introduced	 a	 different	 approach	 for	 Cys-
free	 chemoselective	 ligation,	 in	 which	 a	 Ser/Thr	 can	 be	 incorporated	 at	 the	 ligation	
junction.123	 In	 this	 approach,	 a	peptide	bearing	a	C-terminal	O-salicylaldehyde	ester	 is	
reacted	with	a	peptide	with	an	N-terminal	Ser/Thr	(Scheme	8).	

	
Scheme	 8.	 Proposed	 Ser/Thr-based	 chemical	 ligation	 resulting	 in	 a	 natural	 peptide	 bond	 at	 the	
ligation	site.	Adapted	from	Li	et	al.124	

Despite	 the	 proven	 utility	 of	 NCL	 in	 chemical	 protein	 synthesis,	 it	 has	 several	
limitations:	 the	 requirement	 for	 thiol-modified	 amino	 acids,	 side	 reactions	 such	 as	
thioester	 hydrolysis,	 and	 the	 slower	 rates	 of	 ligation	 in	 some	 amino	 acids.	 These	
limitations	 have	 motivated	 other	 groups	 to	 search	 for	 complementary	 approaches	 to	
ligate	two	segments	with	the	formation	of	an	amide	bond	(Table	5).	Danishefsky’s	group	
developed	the	oxoester-mediated	NCL,	in	which	the	SàS	acyl	transfer	is	replaced	by	the	
more	favourable	OàS	acyl	transfer.	This	idea	was	demonstrated	through	the	ligation	of	
a	 model	 p-nitrophenyl	 ester-peptide	 with	 an	 N-terminus	 Cys-peptide.125	 Traceless	
Staudinger	 ligation	 also	 provides	 an	 amide	 bond	 between	 two	 peptide	 segments.	
Similarly	to	NCL,	one	of	 the	coupling	partners	 is	a	peptide-α-thioester,	while	 the	other	
peptide	 has	 an	 azide	 at	 the	 N-terminus.126	 Another	 approach	 was	 developed	 by	
Levacher’s	 group,	 which	 relies	 on	 conjugated	 addition	 to	 quinolinium	 salts,	 which	
facilitate	amine	capture	and	result	in	the	formation	of	a	new	peptide	bond.127	
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Ways	to	cross	the	blood-brain	barrier	
Central	 nervous	 system	 (CNS)	disorders	have	 a	 high	prevalence	 in	modern	 society,	

mainly	 due	 to	 an	 ageing	 population.	 These	 disorders	 include	 Alzheimer’s	 and	
Parkinson’s	 diseases,	 depression,	 epilepsy,	 and	 brain	 cancers,	 among	 others.	 Not	 only	
are	CNS	disorders	significant	in	themselves,	but	other	short-	or	long-term	impairments	
or	disabilities	 that	 they	cause	can	 lead	 to	an	emotional,	 social	and	 financial	burden	on	
patients,	 families	 and	 society.	 The	 total	 cost	 of	 brain	 disorders	 in	 Europe	 in	 2010	
amounted	to	€798	billion,	37%	of	which	was	direct	health	care	costs,	23%	direct	non-
medical	costs	and	4%	indirect	costs.	This	 figure	represented	a	mean	cost	per	capita	 in	
Europe	of	€1550	that	year.128	

Therefore,	 there	 is	a	need	 to	develop	new	therapeutics	 to	 treat	 the	aforementioned	
disorders,	 thus	 improving	 the	well-being	of	 the	patients,	 as	well	 as	 reducing	 the	 costs	
that	brain	pathologies	entail.	However,	these	drugs	are	not	as	effective	as	desired	due	to	
their	 inability	 to	 enter	 the	 brain	 and	 hence	 reach	 their	 therapeutic	 target.129	 Indeed,	
more	 than	 98%	 of	 low	 molecular	 weight	 candidate	 drugs	 and	 almost	 100%	 of	 large	
therapeutic	 candidate	drugs	 cannot	 reach	 the	brain	due	 to	 the	presence	of	 the	blood-
brain	barrier	(BBB).130,131	

The	blood-brain	barrier	

The	CNS	is	protected	by	the	following	three	barriers:	the	blood-brain	barrier	(BBB);	
the	 blood-cerebrospinal	 fluid	 barrier	 (BCSFB),	 located	 in	 the	 choroidal	 plexus	
epithelium;	 and	 the	 ependyma,	 a	non-vascularised	arachnoid	 epithelium.	Of	 these,	 the	
BBB,	which	is	formed	of	600	km	of	brain	capillaries	with	an	approximate	surface	of	20	
m2,	 attracts	 the	 most	 attention	 because	 it	 is	 considered	 the	 most	 important	 influx	
barrier.132	As	 its	name	 indicates,	 the	BBB	 regulates	 the	 transfer	of	molecules	between	
the	blood	and	the	brain	parenchyma.		

The	BBB	is	a	physiological	and	metabolic	barrier	resulting	from	a	complex	interaction	
between	endothelial	cells	and	several	other	cell	types,	such	as	pericytes	and	astrocytes	
(Figure	 12A).	 The	 latter	 are	 embedded	 in	 microvessel	 walls	 by	 their	 endfeet,	 and	 in	
conjunction	with	 pericytes,	 are	 crucial	 in	 inducing	 the	physiology	 and	 integrity	 of	 the	
BBB.133,134	

The	 BBB	 regulates	 brain	 homeostasis	 and	 the	 transport	 of	 endogenous	 and	
exogenous	compounds	by	controlling	their	uptake,	efflux	and	metabolism	in	the	brain.135	
Thus,	 it	 serves	as	a	protection	against	 toxins	but	hinders	 the	entry	of	most	drugs.	The	
protection	of	the	BBB	is	conferred	mainly	by	the	cellular	architecture	of	brain	capillary	
endothelial	 cells	 (BCECs),	 which	 form	 restrictive	 cell-to-cell	 connections	 called	 tight	
junctions	 (TJs)	 (Figure	 12A).	 These	 TJs	 constitute	 a	 continuous	 intricate	 network	 of	
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transmembrane	 and	 cytoplasmic	 proteins,	 such	 as	 occludin	 and	 claudin,	 which	 are	
arranged	as	a	series	of	multiple	barriers.	Also,	the	BBB	is	characterised	by	having	a	100-
fold	 lower	 vesicular	 transport	 than	 non-cerebral	 endothelium,	 a	 higher	 presence	 of	
efflux	 pumps	 and	 greater	 proteolytic	 activity,	 which	 hampers	 the	 entrance	 of	
molecules.131	

Pathways	across	the	BBB	

Several	 strategies,	 including	 invasive	 and	 non-invasive	 techniques,	 can	 be	 used	 to	
deliver	 therapeutic	 agents	 to	 the	 CNS.136	 The	 invasive	 category	 involves	 the	
administration	 of	 drugs	 directly	 into	 brain	 tissue	 via	 intracerebral	 injections	 or	
implants,	intrathecal	delivery	or	BBB	temporal	disruption,	among	others.137	

Non-invasive	 treatments,	 such	 as	 the	 delivery	 of	 the	 therapeutic	 agents	 via	
intravenous,	 transdermal	 or	 oral	 routes,	 are	 preferred	 as	 they	 present	 lower	 risks	 of	
brain	damage	or	infection.	In	this	regard,	the	mechanisms	by	which	nutrients,	ions	and	
hormones	 enter	 the	 brain	 could	 be	 exploited	 for	 drug	 delivery	 purposes.	 Small	
molecules	 can	 cross	 the	 BBB	 by	 lipid-mediated	 passive	 diffusion,	 while	 other	 polar	
molecules,	such	as	glucose,	amino	acids	and	several	peptides,	have	specific	transporters.	

In	general,	the	transport	across	the	BBB	is	classified	into:	(a)	paracellular	trafficking	
of	 small	 hydrophilic	 compounds;	 (b)	 transcellular	 lipophilic	 diffusion;	 (c)	 carrier-
mediated	 transport	 through	 transporters;	 (d)	 receptor-mediated	
endocytosis/transcytosis;	and	(e)	adsorptive	transcytosis	(Figure	12B).	

	
Figure	12.	A)	Schematic	diagram	of	the	endothelial	cells	that	 form	the	BBB	and	their	associations	
with	the	perivascular	endfeet	of	astrocytes.	B)	Pathways	across	 the	blood-brain	barrier.	The	main	
routes	for	molecular	traffic	across	the	BBB	are	shown.	Adapted	from	Abbott	el	al.138	
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The	 first	 two	 mechanisms	 are	 considered	 passive	 diffusion,	 while	 the	 other	 three	
involve	active	transcytosis.	Free	diffusion	is	the	main	passive	pathway	and	it	 is	 largely	
dependent	upon	the	physicochemical	properties	of	a	compound.	 In	general,	only	 lipid-
soluble	molecules	with	a	molecular	weight	(MW)	under	400-600	Da	can	go	through	the	
cells.	 It	 is	 relatively	 easy	 to	 tune	 the	 properties	 of	 small	molecules	 so	 they	 are	more	
lipophilic	 and	have	a	 greater	permeation	 through	 the	BBB.	However,	 for	peptides	and	
proteins	this	is	not	possible	due	to	their	inherent	hydrophilicity	and	large	size.		

Carrier-mediated	 transport	 is	 used	 for	 nutrients,	 such	 as	 glucose,	 nucleosides	 and	
amino	 acids.	 This	mode	 of	 transport	 can	 be	 exploited	 to	 transport	molecules	 into	 the	
brain.	This	mechanism	 is	 characterised	by	being	 competitive	 and	 saturable,	 therefore,	
the	drug	will	compete	with	the	nutrient	for	the	services	of	the	carrier	and	drug	transport	
will	 be	 diminished.	 By	 contrast,	 in	 adsorptive-mediated	 transcytosis,	 molecules	 are	
transported	 by	 electrostatic	 interaction	 with	 endothelial	 membranes;	 however,	 this	
mechanism	 is	 not	 selective	 for	 the	 brain	 and	 consequently	 drugs	 can	 also	 penetrate	
other	tissues.		

On	the	other	hand,	receptor-mediated	transport	can	be	more	selective	for	the	brain	if	
the	overexpressed	receptors	in	the	brain	are	targeted.	This	mode	of	transport	involves	
specific	binding	of	 the	 ligand	to	a	membrane	receptor,	 followed	by	 internalisation	and	
release	into	the	brain.	The	main	targeted	receptors	are	those	for	insulin,	transferrin	and	
low-density	lipoproteins.	For	instance,	the	transferrin	receptor	(TfR),	a	transmembrane	
glycoprotein	that	binds	transferrin	molecules	(Tf)	and	regulates	the	level	of	free	iron	in	
biological	 fluids,	 is	 overexpressed	 in	 brain	 capillaries,139	 thus	 making	 this	 receptor	
widely	studied	for	drug	targeting.	

Accordingly,	 for	 peptides,	 proteins	 and	 other	 large	 drugs,	 the	 alternative	 is	 to	
conjugate	them	to	molecules	that	have	the	ability	to	penetrate	the	brain	through	any	of	
the	 routes	mentioned	previously,	 and	 in	 this	way	 reach	 the	brain.	This	 is	 the	 strategy	
known	 as	molecular	 Trojan	 horses	 or	 BBB-shuttles.140	 BBB-shuttles	 –	 peptide	 entities	
that	 have	 the	 capacity	 to	 carry	 a	 cargo	 across	 the	 BBB	 via	 either	 active	 or	 passive	
transport	–	have	been	extensively	used	to	overcome	the	BBB.141,142	
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Assessing	BBB	transport	in	cellular	models	

The	 transport	 across	 the	 BBB	 can	 be	 evaluated	 using	 in	 silico,	 in	 vitro	 or	 in	 vivo	
models	 of	 the	 blood-brain	 barrier.136	 Several	 in	 silico	 models	 for	 passive	 diffusion	 of	
small	molecules	have	been	described,	although	they	lack	reliability.143		

In	vivo	models	are	considered	the	best	approach	to	assess	whether	a	drug	reaches	the	
brain.	These	data	are	obtained	mostly	by	in	situ	brain	perfusion	and	brain	microdialysis.	
However,	 there	 are	 some	 concerns	 about	 its	 cost,	 technical	 complexity	 and	 ethics	
protocols.	 Also,	 the	 difference	 in	 transporters	 and	 enzymes	 between	 species	makes	 it	
difficult	to	latter	correlate	the	data	obtained	from	rodent	or	even	primates	to	humans.144	

Therefore,	in	vitro	models	emerge	as	the	methodology	between	in	silico	and	in	vivo.	In	
this	regard,	there	are	three	main	models:	passive	diffusion	BBB	models,	cell-based	BBB	
models	and	cell	uptake	studies.	The	PAMPA	(Parallel	Artificial	Membrane	Permeability	
Assay)	 model	 is	 the	 reference	 test	 to	 study	 passive	 diffusion	 across	 the	 BBB.145	 It	
consists	 of	 a	 multilayer	 of	 phospholipids	 on	 a	 membrane	 that	 separates	 two	
compartments,	 and	 the	 compound	 to	 be	 assayed	 has	 to	 cross	 from	 the	 donor	 to	 the	
acceptor	compartment.	

Cell	uptake	–	endocytosis	studies	

Cultured	cells	are	not	usually	used	as	BBB	models,	as	they	cannot	accurately	predict	
the	permeability	of	compounds.	They	are	simpler	models	 that	mimic	only	some	of	 the	
properties	of	the	BBB	and	can	be	used	in	the	first	screening	analysis	or	to	elucidate	the	
mechanism	 of	 transcytosis.	 In	 this	 way,	 the	 most	 common	 experiments	 consist	 of	
incubating	the	cells	with	the	molecule	of	interest	and	after	a	certain	time	measuring	the	
amount	of	compound	that	has	entered	the	cell.	This	uptake	can	be	measured	using	flow	
cytometry	or	confocal	microscopy,	for	example.	

Additionally,	mechanistic	experiments	can	be	performed	to	elucidate	the	pathway	of	
endocytosis.	 There	 are	 several	 endocytic	mechanisms,	 which	 are	 shown	 in	 Figure	 13.	
They	 are	 classified	mainly	 as	 clathrin-dependent	 and	 -independent.	 Clathrin-mediated	
endocytosis	 is	 characteristic	 of	 receptor-mediated	 endocytosis,	 such	 as	 transferrin,	
EGFR	 and	 low-density	 lipoproteins	 (LDLR).	 The	 other	 mechanisms	 independent	 of	
clathrin	 include	 caveolae-mediated,	 macropinocytosis	 and	 phagocytosis,	 which	 are	
mediated	by	caveolin	or	actin,	respectively.		

First,	 to	assess	whether	the	mechanism	is	active	or	passive,	 the	temperature	can	be	
reduced	 to	 4oC	 or	 inhibitors	 of	 the	 respiratory	 chain	 such	 as	 sodium	 azide	 can	 be	
introduced.	Second,	with	the	aim	to	clarify	the	contribution	of	each	type	of	mechanism,	
inhibitors	of	macropinocytosis	and	clathrin-	and	caveolin-mediated	endocytosis	can	be	
used.146,147	 However,	 the	 results	 from	 the	 inhibition	 experiments	 have	 to	 be	 analysed	
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carefully,	as	the	inhibitors	not	only	affect	one	endocytic	pathway	but	may	interfere	with	
alternative	internalisation	modes.	Finally,	to	determine	whether	a	receptor	is	involved,	
competition	experiments	can	be	performed	with	known	ligands	of	the	receptor.	

Immortalised	cell	lines	are	preferred	to	primary	cultures,	as	they	can	maintain	their	
phenotype	 without	 the	 need	 of	 co-culture	 with	 other	 cell	 lines.	 bEnd.3	 cells	 are	 an	
immortalised	mouse	 brain	 endothelial	 cell	 line	 that	 has	 been	 extensively	 used	 in	 this	
kind	of	experiments.148	Also,	hCMEC/D3	has	been	used	 in	 internalisation	experiments,	
but	more	importantly	as	an	in	vitro	BBB	cellular	model.149	

In	vitro	BBB	cellular	models	–	transcytosis	studies	

Isolated	cell	lines	cannot	mimic	all	the	characteristics	of	the	BBB,	therefore	cell-based	
BBB	models	were	developed	to	cover	the	gap	between	cultured	cells	and	in	vivo	models.	
In	vitro	BBB	models	are	relatively	high-throughput	and	are	suitable	for	optimising	BBB	
permeability.	 A	 range	 of	 in	 vitro	 BBB	 cellular	 models	 have	 been	 developed	 that	 can	
incorporate	 cells	 of	 non-cerebral	 origin	 or	 cerebral	 endothelial	 cells	 from	 primary	
cultures.150	 In	 general,	 the	 cells	 are	 seeded	 as	 a	 monolayer	 on	 a	 membrane	 that	
separates	 two	 compartments,	 named	 transwell.	 These	 cells	 can	 be	 configured	 as	
monocultures,	 co-cultures	 or	 triple	 co-cultures	 with	 other	 cells	 of	 the	 neurovascular	
unit,	 such	as	 astrocytes	or	pericytes,	which	are	placed	either	on	 the	 lower	part	 of	 the	
transwell	or	on	the	bottom	of	the	well.151	

Among	 the	 several	 BBB	 cellular	 models,	 a	 model	 recently	 developed	 in	 Prof.	
Cecchelli’s	laboratory	that	has	shown	good	correlation	with	human	clinical	data,152	has	
been	 used	 in	 the	 present	 thesis.	 This	 model	 consists	 of	 a	 co-culture	 of	 human	 brain	
capillary	endothelial	cells	derived	 from	pluripotent	stem	cells	and	bovine	pericytes	on	
semi-permeable	membranes	of	a	transwell.	Under	highly	specific	culture	conditions,	the	
endothelial	 cells	 of	 this	 model	 show	 TJs	 between	 them,	 become	 polarised,	 have	
proteolytic	 activity,	 and	 express	 efflux	 pumps,	 thus	 resembling	 the	 BBB	 as	 a	 whole	
(Figure	14).	Once	the	endothelial	cells	are	differentiated,	these	are	placed	in	new	wells,	
without	the	pericytes,	to	perform	the	transport	assay.		
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Figure	13.	Pathways	of	entry	 into	cells. Large	particles	can	be	taken	up	by	phagocytosis,	whereas	
fluid	uptake	occurs	by	macropinocytosis.	Numerous	cargos	can	be	endocytosed	by	mechanisms	that	
are	 independent	 of	 the	 coat	 protein	 clathrin	 and	 the	 fission	 GTPase	 dynamin.	 Most	 internalised	
cargos	are	delivered	 to	 the	early	endosome	via	vesicular	 (clathrin-	or	caveolin-coated	vesicles)	or	
tubular	 intermediates	 known	 as	 clathrin-	 and	 dynamin-independent	 carriers	 (CLICs),	 which	 are	
derived	 from	 the	 plasma	 membrane.	 Some	 pathways	 may	 first	 traffic	 to	 intermediate	
compartments,	such	as	the	caveosome	or	glycosyl	phosphatidylinositol-anchored	protein-enriched	
early	 endosomal	 compartments	 (GEEC),	 en	 route	 to	 the	 early	 endosome.	 Adapted	 from	Mayor	 et	
al.153	

	

	

	
Figure	 14.	 A)	 In	 vitro	 BBB	 cellular	 model	 representation.	 B)	 Expression	 of	 BBB	 markers	 in	
endothelial	cells	as	obtained	by	immunofluorescence.	Adapted	from	Cecchelli	et	al.152	
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In	a	transport	assay,	the	compound	to	be	assayed	is	placed	in	the	donor	compartment	
–	representing	the	blood;	and	after	a	given	time	the	amount	of	compound	in	the	acceptor	
compartment	is	analysed	–	representing	the	amount	that	reaches	the	brain	parenchyma.	
This	quantification	 can	be	performed	 in	 several	ways,	 depending	on	 the	nature	of	 the	
compound	 or	 the	 detection	 limit.	 For	 peptides,	 quantification	 by	 UPLC,	 UPLC-MS	 or	
fluorescence	intensity	is	usually	performed,	while	proteins	can	be	quantified	by	ELISA,	
fluorescence	 intensity	 or	 a	 gamma	 counter	 (if	 they	 are	 previously	 radiolabelled).	 The	
permeability	 of	 the	 peptides	 is	 calculated	 using	 the	 following	 formulas.	 Apparent	
permeability	 (Papp)	 is	 preferred	 to	 transport	 percentages	 (T)	 because	 it	 takes	 into	
account	 the	 initial	 concentration	 of	 compound	 and	 is	 normalised	 by	 the	 length	 of	 the	
assay	and	area	of	the	filter.	In	this	way,	the	Papp	of	various	compounds	can	be	compared	
even	when	the	experimental	conditions	are	not	the	same.	

Papp:	

𝑃𝑎𝑝𝑝 =  
𝑑𝑄!(𝑡)
𝑑𝑡 ·

1
𝐴 ·

𝑉!
𝑄!(𝑡!)

	

where	Papp	is	obtained	in	cm/s,	t	is	the	length	of	the	assay	in	seconds,	A	is	the	area	of	
the	 membrane	 in	 cm2,	 VD	 is	 the	 volume	 in	 the	 donor	 well,	 QA(t)	 is	 the	 amount	 of	
compound	 at	 time	 t	 in	 the	 acceptor	 wells,	 QD(t0)	 is	 the	 amount	 of	 compound	 at	 the	
beginning	of	the	experiment	in	the	donor	wells.	

Transport:	

𝑇,% =  
𝑄!(𝑡)
𝑄!(𝑡!)

· 100	

where	QA(t)	 is	the	amount	of	compound	at	time	t	 in	the	acceptor	wells,	QD(t0)	 is	the	
amount	of	compound	at	the	beginning	of	the	experiment	in	the	donor	wells.	

In	order	to	control	the	tightness	of	the	cell	monolayer,	an	internal	control	is	usually	
examined	 at	 the	 same	 time,	 such	 as	 Lucifer	 Yellow	 (LY)	 or	 14C-sucrose.	 Also,	 the	
measurement	of	the	transendothelial	electrical	resistance	(TEER)	has	also	been	used	to	
assess	the	correct	formation	of	the	TJs	between	the	cells.		

This	BBB	model	was	used	in	the	validation	of	several	BBB-shuttles,	such	as	THRre154	
and	MiniAp-4,155	 thus	 it	 was	 further	 used	 in	 the	 discovery	 and	 validation	 of	 the	 new	
BBB-shuttles	described	in	the	present	thesis.	
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In	the	introduction	we	have	seen	two	of	the	main	challenges	of	molecular	medicine,	
the	inhibition	of	growth	factors	and	reaching	the	brain	to	treat	CNS	disorders.	Also,	we	
have	described	that	peptide	and	protein	synthesis	and	phage	display	are	becoming	the	
tools	to	tackle	these	challenges.	In	this	context,	this	PhD	thesis	is	structured	around	the	
following	objectives:	

	

1.- Discovery	of	new	peptide	ligands	for	the	epidermal	growth	factor	(EGF)	through	the	
use	of	mirror	image	phage	display.	

To	accomplish	the	first	objective,	the	following	secondary	aims	were	established:	

1. To	set	up	a	methodology	for	the	synthesis	of	the	enantiomer	of	EGF	(D-EGF).	
2. To	apply	the	phage	display	technology	against	D-EGF	to	discover	binders.	
3. To	evaluate	the	binding	affinity	of	the	enantiomers	of	the	selected	sequences	for	

EGF.	

	

2.- Design,	synthesis	and	validation	of	new	BBB-shuttle	peptides.	

The	following	secondary	aims	were	proposed	to	reach	the	second	objective:	

1. To	 set	 up	 a	 methodology	 for	 the	 discovery	 of	 new	 BBB-shuttles	 from	 phage	
display	peptide	libraries	using	an	in	vitro	BBB	cellular	model.		

2. To	assess	the	BBB	properties	and	ability	to	carry	large	cargoes	across	an	in	vitro	
BBB	cellular	model	of	the	selected	peptides.	

3. To	 study	whether	multivalent	 BBB-shuttles,	with	 two	 copies	 of	 a	 BBB-shuttle,	
are	able	to	improve	the	translocation	of	proteins	across	an	in	vitro	BBB	cellular	
model,	with	respect	to	one	copy	of	the	BBB-shuttle.	

4. To	 design	 and	 synthesise	minimised	 versions	 of	 chlorotoxin	 (CTX)	 to	make	 it	
more	synthetically	accessible	while	preserving	protease-resistance.		

5. To	evaluate	whether	these	minimised	CTX	have	better	BBB	properties	than	CTX,	
in	terms	of	stability,	uptake	and	permeability	in	cell-based	models	of	the	BBB.	
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Protein-protein	 interactions	(PPIs)	play	a	central	role	 in	all	 cellular	processes,	 from	
structural	and	mechanical	to	biochemical	or	cell	signalling	functions.156	In	human	cells,	
there	 are	 estimated	 to	 be	 around	 650.000	PPI,	 of	which	 only	~15%	are	 known.	With	
such	a	complex	system,	 it	 is	not	unusual	 that	many	diseases	occur	because	some	PPIs	
malfunction	by	either	creating	or	destroying	interactions.	Therefore,	modulators	of	PPIs	
are	 being	 developed	 to	 recover	 the	 normal	 functioning	 of	 the	 system.	 There	 are	 few	
examples	of	inhibitors	of	PPIs,	mainly	due	to	the	large	contact	surface	area	between	the	
two	proteins	interacting.	Also,	these	surfaces	are	mostly	flat,	lacking	grooves	or	cavities.	
From	 all	 the	 organic	molecules,	 peptides	 emerge	 as	 good	modulators	 of	 PPIs,	 as	 they	
have	 a	 higher	 degree	 of	 flexibility,	 adapting	 better	 to	 the	 protein	 surface.157	 We	 are	
interested	 in	 two	 PPIs,	 VEGF-VEGFR	 and	 EGF-EGFR,	 for	 their	 involvement	 in	 the	
development	and	progression	of	some	types	of	cancer	and	several	ocular	diseases.	

There	 are	 some	 peptides	 described	 to	 inhibit	 the	 interactions	 between	 vascular	
endothelial	 growth	 factor	 (VEGF)	 and	 its	 receptor	 (VEGFR).	 v107,	 a	 19-mer	 peptide	
discovered	by	phage	display,	is	the	main	peptide	described	to	bind	with	high	affinity	to	
the	 same	 region	of	VEGF	 that	 interacts	with	VEGFR.158	Also,	 an	extensive	 study	of	 the	
druggability	of	VEGF	was	undertaken	by	our	group.159	Several	experimental	approaches,	
such	 as	 NMR-spectroscopy-based	 screening	 of	 small	 organic	 fragments,	 peptide	
libraries,	 and	medicinal	 plant	 extracts,	were	 used	 to	 find	 ligands	 for	 VEGF.	 The	 VEGF	
ligands	 described	 are	 conformationally	 restrained	 cyclic	 peptides	 that	 present	 weak	
affinities	 for	 the	 target.	 Recently,	 phage	 display	 has	 been	 used	 to	 identify	 novel	 34-
residue	two-helix	and	59-residue	three-helix	domain	peptides	based	on	the	Z-domain	of	
protein	A	that	bind	to	VEGF.160	

On	 the	other	hand,	pro-angiogenic	 ligands	have	also	been	pursued	 to	 treat	diseases	
associated	 with	 decreased	 angiogenesis.	 Based	 on	 VEGF’s	 structure	 bound	 to	 the	
receptor,	D’Andrea	et	al.12	designed	a	peptide	 (QK),	using	a	 structure-based	approach,	
reproducing	a	region	of	VEGF	binding	interface.	In	in	vitro	studies,	this	peptide	promotes	
endothelial	cell	proliferation	and	capillary	formation.	Moreover,	another	set	of	peptides	
were	 designed	 and	 synthesised	 by	 covalently	 linking	 two	 VEGF	 segments	 involved	 in	
receptor	 recognition.	 These	 peptides	 also	 show	 VEGF-like	 activity,	 promoting	
angiogenesis	and	neovascularisation	in	vivo.161	

To	inhibit	the	interaction	between	the	epidermal	growth	factor	(EGF)	and	its	receptor	
(EGFR)	 there	are	very	 few	examples	of	peptides	reported	to	bind	to	EGF.	Through	the	
screening	of	a	random	phage	library	displaying	the	general	cyclic	peptide	arrangement	
CX7C	 on	 three	 representative	 EGFR	 ligands,	 namely	 EGF,	 TGFα	 and	 Cetuximab,	 and	
further	 structure-function	 analysis	 of	 binding	 peptides,	 Cardó-Vila	 et	 al.162	 identified	
CVRAC	 as	 the	 necessary	 and	 sufficient	motif	 for	 specific	 EGF	 binding.	 To	 improve	 its	
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stability,	 a	 retro-enantio	 version	was	 synthesised,	 D(CARVC),	which	 acted	as	 a	 specific	
inhibitor	of	tumour	cell	proliferation	in	vitro,	in	cells	and	in	vivo.		

Furthermore,	 using	 docking	 and	 receptor	 hotspot	 mimicry,	 Guardiola	 et	 al.163	
designed	 novel	 peptides	 directed	 at	 EGF.	 The	 capacity	 of	 cp28,	 a	 cyclic	 peptide	
mimicking	a	subdomain	of	EGFR,	to	inhibit	the	interaction	between	EGF	and	EGFR	was	
demonstrated	 using	 biophysical	 in	 vitro	 assays.	 This	 peptide	was	 further	 improved	 in	
terms	of	solubility,	biological	stability	and	activity,	obtaining	cp23G	with	a	mid-µM	IC50	
for	EGF.37		

In	conclusion,	there	are	several	strategies	to	find	new	ligands	for	a	given	target,	such	
as	 the	 use	 of	 computational	 methods	 to	 elucidate	 the	 structure	 of	 the	 best	 binding	
partners,	 the	 screen	 of	 small	 libraries	 by	 NMR	 or	 the	 use	 of	 chemical	 and	 biological	
libraries.	

In	 the	 present	 thesis,	 we	 have	 used	 the	mirror	 image	 phage	 display	 technology	 to	
obtain	 new	 ligands	 for	 EGF.	 In	 particular,	 we	 have	 taken	 advantage	 of	 the	 chemical	
synthesis	 of	 proteins	 to	 obtain	 the	 enantiomer	 of	 EGF,	 and	 then	 screen	 two	 phage	
display	peptide	 libraries	against	 this	 target.	 Synthesising	again	 the	enantiomers	of	 the	
recovered	sequences	we	have	obtained	protease-resistant	ligands	for	EGF	(Figure	15).	

	

	
Figure	15.	Mirror	 image	phage	display	technology	applied	to	the	discovery	of	new	ligands	for	the	
epidermal	growth	factor	(EGF).	Structure	of	EGF	from	PDB	file	2KV4.	
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This	first	chapter	is	devoted	to	the	synthesis	of	two	D-proteins:	vascular	endothelial	
growth	 factor	 (VEGF)	 and	 epidermal	 growth	 factor	 (EGF).	 The	 synthesis	 of	 these	
proteins	was	performed	using	solid-phase	peptide	synthesis	(SPPS)	and	native	chemical	
ligation	(NCL).	The	synthesis	of	D-VEGF	was	not	completely	successful,	but	set	the	basis	
for	the	design	and	synthesis	of	D-EGF,	which	was	obtained	and	characterised.	
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Proteins	 cannot	 be	 synthesised	 by	 conventional	 SPPS	methods	 because	 after	~	 50	
amino	 acids	 the	 reaction	 yields	 decrease	 exponentially.	 Therefore,	 new	 methods	 for	
their	chemical	synthesis	were	developed,	the	most	widely	used	being	the	combination	of	
solid-phase	 peptide	 synthesis	 (SPPS)	 and	 native	 chemical	 ligation	 (NCL)	 (Figure	 16).	
This	 methodology	 has	 the	 following	 three	 characteristics:	 (a)	 convergent	 synthesis,	
where	 all	 starting	 materials	 are	 the	 same	 number	 of	 synthetic	 steps	 from	 the	 final	
product;	 (b)	unprotected	peptides,	 efficiently	produced	using	SPPS	and	soluble	at	mM	
concentrations	 in	 solvents	 containing	 chaotrops,	 such	 as	 aqueous	 guanidinum	
hydrochloride;	 and	 (c)	 purification	 and	 characterisation	 of	 the	 intermediates,	 as	 the	
intermediates	 are	 unprotected	 peptides,	 they	 should	 be	 readily	 purified	 and	
characterised	 in	 the	 same	 way	 as	 the	 starting	 peptide	 segments.	 The	 combination	 of	
moderate	 size	 unprotected	 peptides	 with	 convergent	 chemical	 ligation	 provides	 the	
highest	 purity	 product.	 Also,	 this	 strategy	 should	 overcome	 the	 handling,	 solubility,	
purification	and	characterisation	issues	that	affected	classical	solution	synthesis	of	fully-
protected	peptide	segments.	

	
Figure	16.	A)	Modern	chemical	protein	synthesis.	Unprotected	peptide	segment	building	blocks	are	
covalently	 joined	 to	 one	 another	 in	 a	 convergent	 strategy	 by	 chemoselective	 “chemical	 ligation”	
reaction(s).	The	full-length	polypeptide	target	is	obtained	directly	in	final	form	and	is	folded	to	give	
the	functional	protein	molecule.	B)	Key	technologies	involved.	Adapted	from	Kent.97	
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In	this	chapter	we	cover	the	synthesis	of	two	D-proteins,	namely	D-VEGF	and	D-EGF,	
as	 the	 first	 step	 in	 the	 mirror	 image	 phage	 display	 technology.	 VEGF	 and	 EGF	 were	
selected	 as	 targets	 for	 being	 the	 main	 promoters	 of	 angiogenesis	 and	 being	
overexpressed	in	several	types	of	cancer.	Hence,	these	two	proteins	were	obtained	using	
the	aforementioned	methodology	following	the	next	workflow.	

	
Workflow	of	Chapter	1	 	

D-VEGF	
D-EGF	

Oxida/on	
and	

folding	of	
proteins	
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Synthesis	of	D-VEGF	

Vascular	 endothelial	 growth	 factor	 (VEGF)	 is	 involved	 in	 the	 development	 and	
permeability	 of	 blood	 vessels.	 It	 helps	 new	 vasculature	 establish,	 grow	 and	 survive.17	
VEGF	 is	 a	 member	 of	 the	 cysteine	 knot	 family,	 characterised	 by	 the	 presence	 of	 two	
disulphide	bridges	 connecting	 the	backbone	 to	 form	a	 ring	 structure	 through	which	 a	
third	 disulphide	 bond	 interpenetrates.	 VEGF	 also	 forms	 homodimers,	 with	 two	 more	
disulphide	bridges	interconnecting	the	two	monomers.18,164	

The	receptor	binding	domain	of	human	VEGF	consists	of	residues	8-109.	This	VEGF	
sequence	has	been	extensively	studied	both	structurally	and	biophysically,	including	the	
determination	of	its	X-ray	structure	(PDB:	1VFP).158,18	

Previously	 in	 our	 laboratory,	we	 had	 attempted	 the	 synthesis	 of	 VEGF	 by	 stepwise	
chemical	 synthesis	 in	 a	 microwave-assisted	 peptide	 synthesiser	 (Liberty-12-channel	
synthesiser,	 CEM).	 The	 102	 amino	 acids	 were	 coupled	 one	 after	 another	 on	 the	 4-
(hydroxymethyl-3-methoxyphenoxy)butanoic	 acid	 (HMPB)	 ChemMatrix®	 resin	 using	
microwave-assisted	 Fmoc/tBu	 chemistry.	 And,	 after	 the	 sequence	 was	 elongated,	 the	
peptide	 was	 cleaved	 form	 the	 resin	 and	 analysed.	 Although	 the	 product	 could	 be	
identified	it	could	not	be	isolated.	

Therefore,	we	decided	to	change	from	a	stepwise	synthesis	to	a	combination	of	SPPS	
of	 peptide	 segments	 and	 the	 subsequent	 ligation	 of	 them.	 In	 2011,	 Kent	 et	 al.116	
published	a	highly	optimised	total	synthesis	of	human	VEGF	by	a	one-pot,	three-segment	
NCL	strategy.	This	was	followed	by	the	folding	of	 the	synthetic	polypeptide	chain	with	
concomitant	 disulphide	 bond	 formation	 and	 gave	 a	 VEGF	 protein	 molecule	 with	 full	
biological	 activity.	 The	 next	 year,	 Kent	 et	 al.95	 also	 published	 the	 synthesis	 of	 the	
enantiomeric	version	of	VEGF,	from	now	on	called	D-VEGF,	which	inspired	the	synthesis	
of	our	D-protein.	

Synthesis	of	D-VEGF	in	three	segments	

The	 synthesis	 of	D-VEGF	 is	 based	on	 the	 individual	 synthesis	 of	 three	 segments	 by	
SPPS	and	their	ligation	using	one-pot	NCL,	as	seen	in	Figure	17.	The	polypeptide	chain	of	
VEGF	contains	eight	Cys	 residues	 that	 could	be	used	 to	break	 the	 chain	and,	 as	 in	 the	
previous	paper,116	we	selected	Tyr18-Cys19	and	Arg49-Cys50	as	the	cutting	points.	To	
avoid	excessive	product	losses	from	multiple	intermediate	purification	steps,	a	one-pot	
sequential	NCLs	and	a	single	final	purification	of	the	full-length	peptide	was	planned.	For	
this,	 the	 Cys	 of	 the	middle	 segment	 had	 to	 be	 protected	with	 the	 1,3-thiazolidine-4R-
carboxylic	acid	moiety	(Thz)	to	avoid	reaction	with	the	thioester	of	the	same	peptide.	
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Figure	17.	Total	chemical	synthesis	of	D-VEGF.	A)	Target	amino	acid	sequence,	 indicating	 in	bold	
the	retrosynthetic	disconnection.	B)	Synthetic	strategy	 for	 the	 total	chemical	synthesis	of	D-VEGF.	
R1	=	-CH2CH2-CO-Ala-OH,	R2	=	-CH2CH2-CO-(Arg)4Ala-OH	and	R3	=	-CH2CH2SO3H.	Crystal	structure	of	
VEGF	(PDB:	2VPF).	Adapted	from	Kent	et	al.116	

Therefore,	 these	are	 the	 three	segments:	peptide-thioester	D-VEGF	S1,	Thz-peptide-
thioester	 D-VEGF	 S2	 and	 Cys-peptide	 D-VEGF	 S3.	 They	 were	 initially	 prepared	 by	
Boc/Bzl	SPPS	using	 the	 in	 situ	neutralisation	protocol,103	as	described	 in	 the	 following	
sections.	 Although	 D-VEGF	 S3	 did	 not	 require	 the	 incorporation	 of	 a	 thioester,	 its	
synthesis	was	 initially	attempted	using	 the	 same	methodology,	 as	 it	 is	 supposed	 to	be	
faster	and	more	efficient.		
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Segment	1:	H-Gqnhhevvkfmdvyqrsy-COSR	

D-VEGF	S1	was	synthesised	on	Boc-Ala-PAM	PS	resin,	polystyrene	support	with	the	4-
hydroxymethyl-phenylacetamidomethyl	 (PAM)	 linker,	 using	 in	 situ	 neutralisation	
Boc/Bzl	 chemistry	 (Materials	 and	 methods,	 Coupling	 methods).	 This	 first	 alanine	 was	
used	as	a	 spacer	between	 the	 resin	and	 the	 thioester.	This	 thioester	 functionality	was	
introduced	 by	 the	 incorporation	 of	 3-mercaptopropionic	 acid	 (MPA)	 protected	with	 a	
trityl	(Trt)	moiety	at	the	sulphur	group	(3-MPA(Trt)).	Once	this	linker	was	incorporated,	
the	Trt	protecting	group	was	removed	and	the	chain	was	elongated	by	incorporating	the	
18	 amino	 acids	 (AA)	 that	 form	 this	 segment.	 We	 performed	 the	 couplings	 using	
TBTU/DIEA	for	10	min;	and	the	deprotections	with	TFA	for	2	min.	Finally,	the	peptide	
was	cleaved	from	the	resin	using	HF	anh/p-cresol	(9:1).	This	cleavage	removed	all	 the	
protecting	 groups	 except	 for	 dinitrophenyl	 (Dnp)	 group	 protecting	 the	 histidine	
residues	(Scheme	9).	Dnp	has	to	be	removed	using	thiols,	which	is	not	compatible	with	
the	presence	of	other	thioesters	and	will	be	removed	latter.165	

	
Scheme	9.	Synthetic	scheme	for	the	synthesis	of	D-VEGF	S1.	

The	 crude	 obtained	 was	 relatively	 good	 (25%	 purity)	 and	 the	 peptide	 could	 be	
identified	 as	 the	 main	 product	 D-VEGF	 S1’	 (Figure	 18A).	 Before	 moving	 onto	 the	
purification,	a	transthioesterification	step	was	required	to	exchange	the	thioester	for	a	
more	reactive	one	and	also	remove	the	Dnp	protecting	group.	For	this,	the	peptide	was	
treated	 with	 a	 sodium	 2-mercaptoethanesulfonate	 (MESNa)	 and	 guanidine	
hydrochloride	 (GuHCl)	 buffer.	 In	 this	 reaction,	 the	 thiol	 of	 MESNa	 reacts	 with	 the	
thioester	 and	 is	 introduced	 as	 the	 new	 leaving	 group.	 After	 2	 hours	 we	 observed	 a	
change	in	the	retention	time	and	a	reduction	in	the	molecular	weight	(MW)	of	368	Da.	
(Figure	18B)	
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Figure	18.	HPLC	and	HPLC-MS	characterisation	of	 crude	A)	before	 (D-VEGF	S1’)	 and	B)	after	 (D-
VEGF	S1)	the	transthioesterification.	The	chromatograms	were	obtained	in	a	22-min	linear	gradient	
from	10	to	54	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	in	a	C3	column	at	40oC.	Mass	spectra	
of	the	desired	products:	MW	(D-VEGF	S1’)	=	2728.05	Da	and	MW	(D-VEGF	S1)	=	2360.8	Da.	

Finally,	the	peptide	was	purified	and	10	mg	of	D-VEGF	S1	were	obtained	(Figure	19).	

	
Figure	 19.	 HPLC	 and	 HPLC-MS	 characterisation	 of	 purified	 D-VEGF	 S1.	 The	 chromatogram	 was	
obtained	in	a	22-min	linear	gradient	from	10	to	54	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	
in	a	C3	column	at	40oC.	Mass	spectrum	of	the	main	peak:	MWcalc	=	2360.01;	MWfound	=	2360.89.	
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Segment	2:	H-Thz-hpietlvdifqeypdeieyifkpscvplmr-COSR	

The	 firsts	 attempts	 to	 synthesise	 D-VEGF	 S2	 were	 performed	 on	 Boc-Ala-PAM	 PS	
resin	 using	 the	 standard	 Boc/Bzl	 chemistry.	 The	 synthesis	 was	 performed	 using	 the	
same	methodology	 as	 for	 D-VEGF	 S1’,	 incorporating	 the	 MPA	 group	 and	 then	 the	 31	
amino	acids	in	a	stepwise	manner.	Arg4-Ala	was	chosen	as	the	linker	between	the	resin	
and	the	thioester	group	to	provide	more	positive	charges	and	increase	the	solubility	of	
the	 final	peptide.	Also,	Boc-Thz-OH	was	 introduced	as	 the	 last	amino	acid	 to	mask	 the	
Cys	residue	during	the	first	NCL	(Scheme	10).	

	
Scheme	10.	Synthetic	scheme	for	the	synthesis	of	D-VEGF	S2.	

On	this	occasion,	although	the	peptide	was	identified	the	purity	was	lower	than	for	D-
VEGF	S1’.	With	half	of	 the	crude,	we	performed	the	transthioesterification	 in	 the	same	
way	as	before,	but	we	could	only	identify	higher	MW	peaks	than	expected	(Figure	20B).	
We	suspect	 that	 the	high	concentration	conditions	and	the	presence	of	other	Cys,	may	
have	favoured	intermolecular	reactions	rather	than	the	reaction	with	the	thiol	catalyst.	
With	the	other	half	of	the	crude,	we	decided	to	purify	it	directly.	

For	the	next	syntheses,	we	decided	not	to	perform	the	transthioesterification	because	
this	intermediate	step	was	only	introduced	to	obtain	a	peptide	more	reactive	in	the	NCL;	
but	as	the	previous	results	were	not	good,	we	decided	to	omit	this	step.	Also,	the	initial	
thioester	makes	the	peptide	more	soluble,	due	to	the	presence	of	4	Arg,	than	the	latter	
linker.	Furthermore,	in	the	NCL	conditions,	the	thioester	is	also	exchanged	for	the	thiol	
catalyst,	so	 it	will	be	more	reactive.	Also,	 the	presence	of	 thiols	will	deprotect	the	Dnp	
groups	from	the	histidines.166	

To	 improve	 the	 yield	 of	 this	 peptide,	 we	 decided	 to	 change	 the	 resin	 for	 the	 4-
methylbenzydrylamine	resin	(p-MBHA)	PS	with	1%	divinylbenzene	(DVB).167	The	same	
Boc/Bzl	 methodology	 was	 used	 but	 improving	 the	 washing	 step	 between	 the	
deprotection	and	coupling	step,	to	allow	a	better	removal	of	the	TFA.	For	this	synthesis,	
the	crude	was	of	higher	purity	than	before	and	could	be	easily	purified,	obtaining	20	mg	
of	D-VEGF	S2,	combining	the	amounts	from	the	three	syntheses	(Figure	21).		
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Figure	20.	HPLC	and	HPLC-MS	characterisation	of	 crude	A)	before	 (D-VEGF	S2’)	 and	B)	after	 (D-
VEGF	S2)	the	transthioesterification.	The	chromatograms	were	obtained	in	a	22-min	linear	gradient	
from	10	to	54	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	in	a	C3	column	at	40oC.	Mass	spectra	
of	the	desired	products:	MW	(D-VEGF	S2’)	=	4687.7	Da	and	MW	(D-VEGF	S2)	=	3862.8	Da.	

				 	
Figure	 21.	 HPLC	 and	 HPLC-MS	 characterisation	 of	 purified	 D-VEGF	 S2.	 The	 chromatogram	 was	
obtained	in	a	22-min	linear	gradient	from	10	to	54	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	
in	a	C3	column	at	40oC.	Mass	spectrum	of	the	main	peak:	MWcalc	=	4685.2	;	MWfound	=	4687.0.	

During	the	purification	and	handling	of	the	peptide,	we	observed	some	degradation	of	
the	thioester,	mainly	its	hydrolysis.	To	try	to	avoid	this,	the	thioester	peptides	need	to	be	
always	stored	at	basic	pHs,	around	8.111	
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Segment	3:	H-cGGccndeGlecvpteesnitmqimrikphqGqhiGemsflqhnkcecrpkkd-OH	

The	 synthesis	of	D-VEGF	S3	was	 first	 attempted	using	Boc-SPPS,	 like	 the	other	 two	
segments.	The	 solid	 support	was	Boc-D-Asp(Bzl)-PAM	PS	 resin,	which	has	 an	 aspartic	
acid	already	loaded	as	the	first	amino	acid	and	provides	a	carboxylic	acid	moiety	at	the	
C-terminus	upon	cleavage.	After	the	cleavage	of	the	peptide,	a	very	complex	crude	was	
obtained	and	the	fraction	corresponding	to	the	peptide	represented	only	5%	(Figure	22).	
After	 some	 purification	 trials,	 we	 decided	 to	 re-synthesise	 the	 peptide	 using	
ChemMatrix®	resin	(PEG	based	resin)	and	changing	to	Fmoc-SPPS,	as	this	segment	does	
not	contain	a	thioester	at	the	C-terminus.	

				 	
Figure	22.	HPLC	and	MALDI	characterisation	of	crude	D-VEGF	S3.	The	chromatogram	was	obtained	
in	a	22-min	linear	gradient	from	10	to	54	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	in	a	C3	
column	at	40oC.	MALDI-TOF	spectrum:	MW	=	6029.3	Da.	

The	 first	 of	 these	 syntheses	 was	 performed	 on	 a	 microwave-assisted	 peptide	
synthesiser	 (Liberty	 Blue,	 CEM).	 The	 3-(4-hydroxymethylphenoxy)propionic	 acid	
(HMPP)	linker	was	incorporated	into	the	resin	to	provide	a	carboxylic	acid	moiety	at	the	
C-terminus	upon	cleavage.	Then,	the	chain	was	elongated	using	the	peptide	synthesiser	
methods,	 using	 DIC/Oxyma	 as	 the	 coupling	 reagents	 and	 10%	 piperazine	 for	 the	
deprotection	 steps	 (Materials	 and	 methods,	 Coupling	 methods).	 And	 the	 peptide	 was	
cleaved	from	the	resin	using	a	TFA/EDT/H2O/TIS	cleavage	cocktail.	Unfortunately,	after	
analysing	the	crude,	we	could	not	detect	the	mass	of	the	peptide	in	any	of	the	peaks	of	
the	HPLC	chromatogram.	Although	the	advantage	of	this	synthesiser	is	the	low	amount	
of	reagents	and	time	that	it	uses,	we	though	that	for	D-VEGF	S3	those	were	not	the	best	
conditions.	 Also,	 being	 a	 long	 peptide,	 the	 temperature	 of	 the	 resin	 was	 higher	 than	
desired	due	to	the	continuous	use	of	microwave.	

Having	obtained	the	two	other	segments	(D-VEGF	S1	and	D-VEGF	S2)	using	Boc/Bzl	
chemistry,	we	wanted	to	further	explore	this	methodology	for	D-VEGF	S3	with	the	use	of	
ChemMatrix®	 resin	 incorporating	 the	 PAM	 linker.	 In	 this	 way,	 the	 amino	 acids	 were	
added	 to	 the	 resin	 in	 a	 stepwise	manner	and	 the	peptide	was	 cleaved.	The	 crude	was	
again	extensively	analysed,	but	the	peptide	could	not	be	identified	in	any	of	the	fractions	
of	 the	 chromatogram.	 The	 synthesis	 was	 unsuccessful	 mainly	 due	 to	 the	 use	 of	
ChemMatrix®	as	the	resin.	Although	it	had	been	reported	the	use	of	ChemMatrix®	resin	



Results	and	discussion	

	 60	

for	 the	 Boc/Bzl	 chemistry,168	 the	 swelling	 of	 the	 resin	 while	 performing	 the	 TFA	
treatment	 was	 not	 always	 complete.	 Also,	 when	 performing	 the	 cleavage	 some	
disintegration	of	the	resin	beads	could	be	observed.	

In	 the	 meantime,	 we	 had	 the	 opportunity	 to	 try	 this	 synthesis	 in	 another	 peptide	
synthesiser	located	at	the	University	Pompeu	Fabra	(Dr.	David	Andreu’s	lab).	This	was	a	
PRELUDE	 non	 microwave-assisted	 peptide	 synthesiser,	 from	 Gyros	 Protein	
Technologies.	The	same	resin	and	 initial	conditions	as	 for	 the	Liberty	Blue	synthesiser	
were	 used,	while	 the	 coupling	 reagents	 and	 times	were	modified,	 as	 explained	 in	 the	
Materials	 and	 methods,	 Coupling	 methods.	 In	 brief,	 the	 coupling	 reagents	 were	
HBTU/DIEA	while	the	deprotection	of	the	Fmoc	group	was	performed	using	piperidine	
(Scheme	11).	

	
Scheme	11.	Synthetic	scheme	for	the	synthesis	of	D-VEGF	S3.	

After	the	elongation	of	the	sequence,	small	amounts	of	the	resin	were	cleaved	using	
several	cocktail	cleavages,	to	find	the	best	conditions	to	obtain	the	peptide:	

Cocktail	1:	TFA/TIS/H2O	(95/2.5/2.5)	2h,	standard	

Cocktail	2:	TFA/TA/EDT/A	(90/5/3/2)	2h,	for	peptides	containing	Arg,	reagent	R.	

Cocktail	 3:	 TFA/Phenol/H2O/TIS	 (88/5/5/2)	 4h,	 to	 avoid	 Tyr	 and	 Met	 oxidation,	
reagent	B.	

After	 the	 analysis	 of	 the	 crudes,	 the	 cleavage	 cocktail	 2	 was	 the	 one	 giving	 better	
results.	Therefore,	this	cocktail	was	used	for	the	total	cleavage	of	the	peptide.	After	the	
purification,	 the	 peptide	was	 characterised	 by	HPLC	 and	HPLC-MS,	 obtaining	 3	mg	 of	
around	85%	purity	(Figure	23).	

				 	
Figure	 23.	 HPLC	 and	 HPLC-MS	 characterisation	 of	 purified	 D-VEGF	 S3.	 The	 chromatogram	 was	
obtained	in	a	22-min	linear	gradient	from	10	to	54	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	
in	a	C3	column	at	40oC.	Mass	spectrum	of	the	main	peak:	MWcalc	=	6000.6	;	MWfound	=	6003.9.	
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Ligation	of	the	segments	to	form	D-VEGF	

Once	 we	 had	 the	 three	 segments	 synthesised,	 purified	 and	 characterised,	 we	
proceeded	to	the	next	step,	the	ligation	between	them.	For	this,	a	one-pot	three-segment	
NCL	was	design	as	shown	in	Figure	17.	The	reaction	buffer	contained	aqueous	guanidine	
hydrochloride	 (GuHCl,	 6M),	 Na2HPO4	 (0.1M),	 4-carboxymethylthiophenol	 (MPAA,	 100	
mM)	 and	 tris(2-carboxyethyl)phosphine	 (TCEP·HCl,	 50	 mM),	 at	 pH	 7.0.	 High	
concentration	of	GuHCl	and	TCEP	were	used	to	keep	the	peptide	unfolded	and	reduced.	
MPAA	acted	as	catalyst	favouring	the	formation	of	the	first	intermediate	(Scheme	4).	

In	 this	 regard,	D-VEGF	S3	and	D-VEGF	S2	were	dissolved	 in	 the	NCL	buffer	and	 the	
reaction	was	followed	by	UPLC-MS.	After	2h,	the	MW	of	D-VEGF	S3	could	no	longer	be	
detected	while	 D-VEGF	 S2	was	 still	 present	 in	 similar	 amounts.	 However,	 the	 ligated	
product	could	not	be	detected	(D-VEGF	S2-S3).	The	reaction	was	left	for	another	4h,	but	
still	D-VEGF	S2-S3	could	not	be	detected.	Despite	this,	we	considered	that	maybe	it	was	a	
problem	of	the	detection	and	not	of	the	formation	of	the	product,	as	we	were	observing	a	
lot	of	noise.	Thus,	the	Thz	group	of	D-VEGF	S2-S3	was	converted	to	a	Cys	by	the	addition	
of	methoxylamine·HCl	(MeONH2)	for	16h.169,170	Then,	D-VEGF	S1	was	added	and	the	pH	
was	adjusted	to	6.8.	After	2h,	only	D-VEGF	S1	could	be	detected	in	the	HPLC-MS,	and	not	
any	of	the	other	segments	or	the	ligated	products	(D-VEGF	S1-S2-S3).		

After	 analysing	 the	 ligation,	 we	 think	 that	 the	 first	 ligation	 did	 not	 work	 for	 two	
reasons.	The	main	one	was	the	low	purity	of	D-VEGF	S3.	Although	it	was	detected	and	
purified,	 the	 amount	 obtained	 and	 its	 purity	were	 very	 low,	 and	not	 sufficient	 for	 the	
correct	formation	of	the	ligated	product.	The	other	problem	was	the	detection	method.	
The	HPLC-MS	that	we	were	using	at	the	time	was	giving	low	signal-to-noise	ratios,	and	
the	identification	of	the	products	was	bad.	Switching	to	a	new	UPLS-MS,	the	detection	of	
the	ligated	products	was	much	improved.	

As	we	did	not	have	more	D-VEGF	S3,	we	decided	 to	use	 an	unprotected	Cys	 as	 the	
third	segment	and	assess	if	the	ligation	conditions	were	appropriates	for	these	ligations	
(Figure	24).	Therefore,	the	same	scheme	as	before	was	followed	but	first	introducing	D-
VEGF	S2	and	Cys	 in	 the	mixture	 (NCL	1).	After	4h	of	 ligation,	 the	 ligated	product	was	
observed.	MeONH2	was	 then	 added	 overnight	 and	 the	 Thz	 group	was	 transformed	 to	
Cys.	 Finally,	 D-VEGF	 S1	 was	 added	 and	 the	 pH	 adjusted	 to	 7.0	 (NCL	 2).	 After	 2	 h	 of	
reaction,	the	final	ligated	product	was	observed	(Figure	25).	
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Figure	24.	Synthetic	strategy	for	the	synthesis	of	D-VEGF	S1-S2-Cys.	R1	=	-CH2CH2-CO-Ala-OH,	R2	=	-
CH2CH2-CO-(Arg)4Ala-OH	and	R3	=	-CH2CH2SO3H.	

	

	
Figure	25.	UPLC-MS	characterisation	of	the	ligation	of	D-VEGF	S1-S2-C.	Mass	spectra	of	the	desired	
products:	A)	NCL	1	 t0;	MW	(D-VEGF	S2	with	Dnp	removed)	=	4518.7.	B)	NCL	1	 t4;	MW	((Thz)S2-
Cys)	=	3840.4.	C)	NCL	2	t0;	MW	((Cys)S2-Cys)	=	3827.8.	D)	NCL	2	t2;	MW	(S1-S2-Cys)	=	6047.5.	

	

These	 results	 show	 that,	 in	 our	 hands,	 the	 ligation	 conditions	 are	 optimal	 for	 the	
ligation	of	these	peptides.	Despite	not	having	been	able	to	obtain	the	desired	protein,	we	
have	 set	 up	 a	methodology	 to	 prepare	 thioester	 peptides	 using	 Boc/Bzl	 chemistry	 as	
well	as	established	the	ligation	conditions.		
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Synthesis	of	D-EGF	

Human	epidermal	growth	 factor	(EGF)	 induces	the	proliferation,	differentiation	and	
survival	 of	 cells	 including	 tumour-derived	 cell	 lines.24	 EGF	 is	 a	 53	 amino	 acid	 long,	
single-chain	protein.	Its	structure	consists	of	three	distinct	loops	that	are	connected	by	
three	disulphide	bridges	(Cys6-Cys20,	Cys14-Cys31,	Cys33-Cys42).	Loop	A	(residues	6-
19)	 contains	 an	 α-helix,	 loop	 B	 (residues	 20-31)	 has	 two	 antiparallel	 β-strands	
connected	by	a	β-turn	and	 loop	C	(residues	33-42)	 forms	another	short	antiparallel	β-
sheet	(Figure	26).36	Its	structure	has	been	difficult	to	elucidate	due	to	the	poor	quality	of	
the	crystals	obtained	with	EGF	not	in	complex	with	the	receptor.	Thus,	EGF’s	structure	
has	 been	mostly	 characterised	 by	NMR.	 In	 2010,	 the	NMR	 structure	 of	 the	 full-length	
human	EGF	under	physiological	conditions	was	published	(PDB:	2KV4).36	

	
Figure	26.	A)	Amino	acid	sequence	of	EGF.	B)	Tertiary	structure	of	EGF,	representing	the	disulphide	
bridges	as	lines	(PDB:	2KV4).	

In	 cells,	 EGF	 is	 synthesised	 as	 type	 I	 transmembrane	 protein	 that	 comprises	 an	N-
terminal	 extension,	 the	 EGF	 module,	 a	 short	 juxtamembrane	 stalk,	 a	 hydrophobic	
transmembrane	 domain	 and	 a	 carboxy-terminal	 fragment,	 known	 as	 cytoplasmic	 tail.	
Then,	 after	 proteolytic	 cleavage,	 the	 soluble	 growth	 factor	 is	 released	 into	 the	
extracellular	milieu.25	

The	 major	 physicochemical	 properties	 of	 EGF	 were	 reported	 by	 Cohen’s	 group	 in	
1972.171	They	isolated	EGF	from	homogenates	of	the	submaxillary	glands	of	adult,	male,	
albino	 mice.	 Other	 groups	 have	 obtained	 EGF	 either	 by	 isolation	 or	 bacteria	
expression.172	 Also,	 our	 group	 has	 established	 a	 robust	 expression	 system	 to	 produce	
recombinant	human	EGF,	both	natural	and	isotopically	labelled	with	15N.	
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The	 first	chemical	synthesis	of	EGF	was	described	 in	1984	by	Moriga’s	group.173	 Its	
synthesis	 was	 accomplished	 by	 assembling	 15	 peptide	 fragments	 by	 azide-mediated	
condensation	 followed	by	 air	 oxidation.	 8	 years	 later,	Munekata	 group	 also	 presented	
the	total	synthesis	of	EGF	in	solution	by	the	assembly	of	nine	building	blocks.174–176	The	
fragments	were	linked	together	using	carbodiimide	in	the	presence	of	HOBt.	A	stepwise	
SPPS	for	EGF	was	also	described	in	1995	by	the	same	group,	where	they	synthesised	N-
truncated	versions	of	EGF	by	Fmoc-SPPS.177	Although	these	syntheses	were	effective	in	
obtaining	EGF,	they	involve	a	huge	synthetic	effort,	a	lot	of	time	and	are	not	synthetically	
efficient.	 Since	 the	 introduction	 of	 NCL,	 the	 synthesis	 of	 long	 proteins	 has	 been	
revolutionised,	 providing	 a	 better	 strategy	 to	 tackle	 this	 challenge.	 In	 this	 regard,	we	
searched	for	alternative	ways	to	obtain	this	protein.	In	all	cases,	we	directly	attempted	
the	synthesis	of	the	enantiomer	of	EGF,	namely	D-EGF,	as	will	be	the	one	used	in	the	next	
step	of	phage	display	panning.		

Stepwise	synthesis	of	D-EGF	

When	first	attempting	the	synthesis	of	a	small	protein,	such	as	EGF	(53	amino	acids),	
one	can	expect	that	the	stepwise	synthesis	will	provide	good	results.	We	have	available	a	
wide	 range	 of	 synthetic	 methodologies	 for	 the	 synthesis	 of	 peptides	 which	 could	 be	
applied	to	 this	protein.	The	stepwise	synthesis	will	allow	a	 faster	production	of	D-EGF	
and,	if	it	cannot	be	obtained,	we	will	be	able	to	identify	those	residues	that	give	rise	to	
secondary	reactions	and	try	to	minimise	them.	

Boc/Bzl	synthesis	

The	first	attempt	to	synthesise	D-EGF	was	performed	using	the	Boc/Bzl	methodology	
on	 the	Boc-D-Arg(Tos)-PAM	PS	 resin.	 The	 amino	 acids	were	 coupled	 and	deprotected	
following	 the	 in	 situ	 neutralisation	protocol.	 Small	 aliquots	of	 resin	 after	Gly15,	Glu30	
and	Asp43	were	taken	to	perform	mini-cleavages.	After	the	sequence	was	elongated,	the	
removal	of	 the	Dnp	groups	of	His,	 the	 final	Boc	group	and	the	For	groups	of	Trp	were	
performed	as	indicated	in	Materials	and	methods,	Side-chain	deprotections	(Scheme	12).	
Finally,	the	peptide	was	cleaved	from	the	resin	by	anhydrous	HF	and	lyophilised.	

	
Scheme	12.	Synthetic	scheme	for	the	synthesis	of	D-EGF	by	Boc-SPPS.	
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The	 analysis	 of	 the	 crudes	 indicate	 that	 after	 15	 and	 30	 amino	 acids,	 the	 peptidic	
sequence	was	obtained	and	could	be	 identified	as	 the	main	product.	 In	 the	analysis	of	
the	 crudes	 at	 43	 and	 53	 amino	 acids	 we	 were	 not	 able	 to	 identify	 the	 mass	 of	 the	
peptides	in	any	of	the	several	peaks	present.	In	conclusion,	the	synthesis	was	successful	
until	the	30th	amino	acid,	but	from	this	point	on	the	peptide	could	not	be	obtained.		

Fmoc/tBu	automated	synthesis	using	PRELUDE	synthesiser	

We	also	explored	the	feasibility	of	the	stepwise	synthesis	using	an	automated	peptide	
synthesiser	(PRELUDE	synthesiser,	Gyros	Protein	Technologies).	Similar	conditions	than	
for	 D-VEGF	 S3,	 HBTU/DIEA	 as	 coupling	 reagents	 (10	 min)	 and	 20%	 piperidine	 as	
deprotection	 (5	min),	were	used.	When	 the	 synthesis	was	 completed,	 the	peptide	was	
cleaved	 form	 the	 resin	 and	 analysed	 by	 UPLC	 and	 UPLC-MS.	 The	 UV	 profile	 showed	
several	peaks	with	similar	retention	times	and	the	MW	of	the	peptide	could	be	identified	
in	one	of	them.	Finally,	D-EGF	was	purified	and	characterised	(Figure	27).	

			 	
Figure	 27.	 UPLC	 and	 UPLC-MS	 characterisation	 of	 purified	 D-EGF.	 The	 chromatograms	 were	
obtained	in	a	2-min	linear	gradient	from	0	to	100	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	
in	a	C18	column	at	40oC.	Mass	spectrum	of	the	main	peak:	MW	=	6221.1.	

Although	 these	 were	 promising	 results,	 the	 amount	 of	 peptide	 obtained	 was	 not	
enough	to	continue	by	this	route.		

Fmoc/tBu	 automated	 microwave-assisted	 synthesis	 using	 Liberty	 Blue	
synthesiser	

In	 parallel,	 we	 decided	 to	 further	 explore	 the	 stepwise	 synthesis	 of	 D-EGF	 using	
microwaves	 to	 accelerate	 the	 reaction	 time.	 For	 this,	 the	 synthesis	 of	D-EGF	was	 also	
attempted	 using	 the	 Liberty	 Blue	 synthesiser	 (CEM),	 employing	 microwave	 in	 each	
deprotection	and	coupling	step.		

As	 in	previous	syntheses,	 small	aliquots	of	 resin	were	separated	after	Gly36,	Gly42,	
Cys48	 and	 Asn53.	 Mini-cleavages	 were	 performed	 and	 the	 results	 are	 presented	 in	
Figure	28.	
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Figure	28.	Mini-cleavages	of	D-EGF,	UPLC-MS	characterisation.	Mass	spectra	of	the	main	peaks:	A)	
36	AA;	MW	=	4348	Da.	B)	42	AA;	MW	=	5036	Da.	C)	48	AA;	MW	=	5689	Da.	D)	53	AA;	MW	=	6222	Da.	

These	 results	 show	 a	 similar	 trend	 than	 in	 the	 other	 synthesis.	 Until	 35-40	AA	 the	
peptide	could	be	identified	in	the	mist	of	all	the	peaks,	but	from	this	point	forward,	the	
crude	 increases	 its	 complexity	 exponentially	 and	 the	MW	of	 the	 peptide	 could	 not	 be	
found.		

After	 seeing	 these	 results,	 we	 started	 to	 suspect	 that	 aspartimide	 formation	 was	
occurring,	 as	 the	 sequence	 presented	 three	 aspartic	 acids	 and	 this	 is	 a	 frequently	
encountered	side	reaction.	Aspartimide	formation	(Asi)	can	be	spontaneously	generated	
during	the	elongation	of	Asp-containing	peptides	as	a	result	of	a	nucleophilic	attack	from	
the	amide	nitrogen	of	the	preceding	residue	to	the	β-carboxyl	moiety	of	Asp,	as	shown	in	
Scheme	13.178,179	Aspartimide	and	 its	derivatives	 remain	attached	 to	 the	peptidic	 core,	
thereby	hindering	their	removal,	especially	during	the	assembly	of	 long	peptides.	Also,	
the	two	products	formed	when	the	cycle	is	opened	have	the	same	MW	and	could	not	be	
distinguished.	

	
Scheme	13.	Base-promoted	formation	of	aspartimide	and	its	hydrolysis	during	Fmoc-based	SPPS.	
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This	 by-product	 has	 been	 encountered	 in	 neutral,	 strongly	 acidic	 and	 basic	media,	
either	in	solution	or	using	SPPS.	The	amino	acid	preceding	Asp	has	a	strong	influence	in	
the	formation	of	Asi,	and	Gly,	Asn,	Ser	and	Thr	show	the	highest	tendency	towards	this	
unwanted	cyclisation.	Also,	the	protecting	groups	of	Asp	highly	influence	the	prevalence	
of	 this	side	reaction,	as	 they	act	as	 leaving	groups.	Asp(OMpe)	and	Asp(Ochx)	are	 less	
sensitive	to	Asi	formation.	Finally,	the	continuous	basic	treatments	to	remove	the	Fmoc	
group	 are	 the	 main	 cause	 of	 this	 side	 reaction,	 which	 can	 be	 minimised	 if	 HOBt	 is	
introduced	in	the	deprotection	solution.179	

Design	and	synthesis	of	D-EGF	in	two	segments	

Having	seen	the	previous	results	and	suspecting	that	Asi	formation	was	prevalent	and	
hindering	the	formation	of	the	peptidic	chain,	we	decided	to	move	to	a	similar	approach	
than	the	one	used	for	D-VEGF.	In	this	way,	the	sequence	of	EGF	was	divided	in	two	parts	
that	will	be	synthesised	separately	and	latter	ligated	using	NCL.	Following	this	strategy,	
the	synthesis	of	both	peptide	 fragments	will	be	more	efficient	and	 the	presence	of	Asi	
will	be	reduced,	as	the	chains	will	be	shorter.	Also,	once	established,	the	synthetic	access	
to	 EGF	 can	 be	 used	 to	 create	 chemically	 modified	 variants	 without	 the	 need	 to	 re-
synthesise	the	entire	protein.	

For	this	purpose,	we	evaluated	the	suitability	of	the	several	Cys	for	the	retrosynthetic	
disconnection.	Some	amino	acid	side-chains	can	 facilitate	 the	 ligation	reaction,	such	as	
Cys	or	His,	while	other	are	less	favourable	choices	such	as	Val,	Asp,	Ile,	Thr,	Pro,	Glu	or	
Lys.165,180	 The	 amino	 acid	 sequence	 of	 EGF	 with	 the	 possible	 retrosynthetic	
disconnections	is	presented	below,	the	arrows	indicate	a	favourable	(↑)	or	not	(↓)	NCL:	

	

nsdse	↓	c6plshdGy	↑	c14lhdGv	↓	c20myiealdkya	↑	c31n	↑	c33vvGyiGer	↑	c42qyrdlkwwelr	

	

Taking	into	account	that	up	to	35-40	amino	acids	the	peptide	is	obtained	as	the	main	
product,	 Cys31,	 Cys33	 and	 Cys42	were	 not	 considered	 suitable.	 Also,	 Cys6	 and	 Cys20	
present	unfavourable	NCL.	Therefore,	 the	 chain	was	divided	between	 the	 amino	acids	
Tyr13-Cys14.	The	NCL	between	these	two	residues	is	supposed	to	be	completed	in	less	
than	9h.165	

In	 this	 way,	 the	 synthetic	 approach	 is	 summarised	 in	 Figure	 29.	 First,	 the	 two	
segments	 are	 separately	 synthesised	 using	 SPPS,	 incorporating	 a	 thioester	 or	 a	 Cys,	
respectively.	 Then,	 they	 are	 ligated	 together	 using	 NCL	 and	 finally	 the	 folding	 is	
performed	to	obtain	the	enantiomer	of	EGF.	In	this	strategy,	and	considering	the	results	
obtained	 for	D-VEGF,	we	did	not	plan	 to	perform	a	 transthioesterification	previous	 to	
the	NCL.	
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Figure	29.	Schematic	representation	of	the	synthesis	of	D-EGF.	

Segment	1:	H-nsdsecplsh(Dnp)dGy-COS-CH2-CH2-CO-Ala-NH2	

D-EGF	 S1	 was	 synthesised	 on	 p-MBHA	 resin	 LL	 (low	 loading)	 using	 in	 situ	
neutralisation	Boc/Bzl	chemistry.	In	a	similar	way	than	D-VEGF	S1,	the	first	amino	acid	
incorporated	onto	 the	resin	was	Ala	 that	served	as	a	 linker	between	the	resin	and	the	
thioester	moiety.	The	thioester	was	introduced	into	the	resin	in	the	form	of	3-MPA(Trt)	
and	 the	 rest	 of	 the	 amino	 acid	 sequence	 was	 elongated	 in	 a	 stepwise	 manner	 using	
HBTU/DIEA	with	double	couplings.	Also,	Asp	was	introduced	with	the	OcHx	protecting	
group	 to	 prevent,	 as	 much	 as	 possible,	 the	 formation	 of	 Asi.178	 The	 cleavage	 was	
performed	using	anhydrous	HF	with	2%	p-cresol	and	10%	anisole	during	2h.	The	Dnp	
groups	 were	 not	 removed,	 as	 they	 require	 thiols	 for	 their	 cleavage,	 which	 is	 not	
compatible	with	the	presence	of	thioesters.	The	analysis	of	the	crude	confirmed	that	the	
mass	of	the	main	peak	corresponded	to	the	expected	MW.		

After	 purifying	 the	 D-EGF	 S1	 crude,	 still	 two	 peaks	 were	 observed	 when	 running	
longer	HPLC	 chromatograms	 (Figure	 30).	 As	 explained	 before,	 the	 formation	 of	 Asi	 is	
highly	 frequent	 with	 the	 sequence	 Gly-Asp,	 and	 it	 was	 not	 possible	 to	 discriminate	
between	 the	 open	 and	 closed	 ring.	 Despite	 this,	 after	 the	 ligation	 there	 is	 another	
purification	step	that	will	allow	a	better	isolation	of	the	desired	product.		
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In	 summary,	 in	 the	 first	Boc-SPPS	we	have	obtained	 the	peptide	 in	with	good	yield	
(25%)	and	purity,	obtaining	59	mg	of	pure	D-EGF	S1,	to	be	able	to	move	on	to	the	next	
step	of	ligation	with	D-EGF	S2.		

	
Figure	30.	HPLC	and	UPLC-MS	(insert)	characterisation	of	crude	(left)	and	purified	(right)	D-EGF	
S1.	The	chromatograms	were	obtained	in	a	22-min	linear	gradient	from	10	to	54	%	of	MeCN	(0.036	
%	TFA)	in	H2O	(0.045	%	TFA),	in	a	C3	column	at	40oC.	Mass	spectrum	of	the	main	peak:	MWcalc	=	
1748.7	;	MWfound	=	1747.5.	

Segment	2:	H-clhdGvcmyiealdkyacncvvGyigercqyrdlkwwelr-COOH	

D-EGF	S2	was	synthesised	following	a	similar	protocol	than	for	the	synthesis	of	D-EGF	
S1.	 Aminomethyl	 ChemMatrix®	 (AM	ChemMatrix®)	 resin	was	 used,	 in	which	 the	 PAM	
linker	 was	 incorporated	 at	 the	 same	 time	 that	 the	 functionalisation	 of	 the	 resin	 was	
reduced	 to	 allow	 a	 better	 accommodation	 of	 the	 growing	 peptide	 chain	 on	 the	 resin	
beads.	 The	 amino	 acid	 sequence	 was	 stepwise	 incorporated	 and	 prior	 to	 the	 resin	
cleavage,	 the	For	groups	protecting	 the	 tryptophans	 side-chains	were	 removed	with	a	
solution	 of	 piperidine.	 Again,	when	 performing	 the	 treatment	with	 anhydrous	HF,	we	
could	observed	some	melting	of	the	ChemMatrix®	resin.	And	when	analysing	the	peptide	
crude,	the	expected	MW	was	not	seen	in	any	of	the	peaks.	

Due	to	the	bad	results	obtained	using	Boc/Bzl,	we	decided	to	change	methodologies.	
Thus,	 the	 HMPP	 linker	 was	 incorporated	 on	 the	 AM	 ChemMatrix®	 resin	 to	 provide	 a	
carboxylic	acid	at	the	C-terminus	upon	cleavage	and	the	amino	acids	were	incorporated	
onto	the	chain	with	HBTU/DIEA	for	2	x	15	min.	 In	the	 last	steps	of	Fmoc	deprotection	
HOBt	 (0.1	 M)	 was	 incorporated	 to	 the	 piperidine	 solution	 to	 prevent,	 as	 much	 as	
possible,	the	formation	of	Asi.179	

Controls	 at	 10,	 20,	 30	 and	 40	 amino	 acids	 were	 performed	 to	 assess	 the	 correct	
formation	of	the	polypeptide	chain.	The	results	are	shown	in	Figure	31.	

As	the	results	were	good,	the	peptide	was	cleaved	from	the	resin	using	the	following	
cleavage	 cocktail:	 TFA/TA/EDT/A	 (90/5/3/2)	 for	 3	 hours.	 Then,	 the	 peptide	 was	
precipitated	 with	 Et2O,	 dissolved	 in	 H2O/MeCN	 (1/1)	 and	 lyophilised.	 Finally,	 the	
peptide	was	purified	to	obtain	52	mg	of	D-EGF	S2	(Figure	32).		
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Figure	31.	Mini-cleavage	of	D-EGF	S2,	UPLC-MS	characterisation.	The	mini-cleavages	were	 left	 for	
30	min	and	some	Pbf	groups	are	still	present	in	the	crude.	Mass	spectra	of	the	main	peaks:	A)	10	AA;	
MW	=	1464	Da.	B)	20	AA;	MW	=	2569	Da.	C)	30	AA;	MW	(+3Pbf)	=	4405	Da.	D)	40	AA;	MW	=	4815	
Da.	

			 	
Figure	 32.	 HPLC	 and	 UPLC-MS	 characterisation	 of	 purified	 D-EGF	 S2.	 The	 chromatograms	 were	
obtained	in	a	22-min	linear	gradient	from	10	to	54	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	
in	a	C3	column	at	40oC.	Mass	spectrum	of	the	main	peak:	MWcalc	=	4815.2	;	MWfound	=	4815.9.	

Ligation	of	the	two	segments	to	form	D-EGF	

The	next	step	 in	the	synthesis	of	D-EGF	was	the	 ligation	between	the	two	segments	
synthesised	by	SPPS.	For	this,	D-EGF	S1	(6	mM)	and	D-EGF	S2	(5	mM)	were	dissolved	in	
the	ligation	buffer	–	6	M	GuHCl,	100	mM	Na2HPO4,	100	mM	MPAA	and	50	mM	TCEP.	The	
pH	of	the	solution	was	adjusted	to	8	and	degassed	with	N2.	At	different	time	points,	the	
reaction	 was	 analysed	 by	 UPLC-MS.	 After	 1h,	 D-EGF	 S1	 starts	 to	 react	 with	 the	 thiol	
catalyst	 (MPAA)	 to	 form	the	 intermediate	 thioester	(Figure	33B).	Also,	 the	presence	of	
this	 thiol	 cleaves	 the	protecting	group	of	His	 (Dnp).	This	 intermediate	 thioester	 is	 the	
one	that	will	react	with	the	Cys	of	D-EGF	S2	to	form	the	final	product.		
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After	 6h,	 all	 D-EGF	 S2	 and	 almost	 all	 D-EGF	 S1	 were	 consumed,	 and	 the	 ligated	
protein	(D-EGF	reduced)	was	formed	as	the	main	product	(Figure	33C).	Thus,	the	ligated	
protein	was	diluted	6	times,	to	an	approximately	1	M	GuHCl,	and	purified	immediately.		

	
Figure	33.	 A)	UPLC-MS	UV	 trace:	 gradient	 20-60%	over	 2	min	 on	 a	 C18	 column	at	 40oC.	 B)	Mass	
spectrum	of	D-EGF	S1	intermediate	thioester	(S1-MPAA):	H-nsdsecplshdGy-COS-Ph-CH2-COOH;	MW	
=	1574.	C)	Mass	spectrum	of	D-EGF	red;	MW	=	6222.	The	chromatograms	were	obtained	in	a	2-min	
linear	gradient	from	20	to	60	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	in	a	C18	column	at	
40oC.	

Oxidation	and	folding	of	D-EGF	

The	 last	 step	 in	 the	 synthesis	 of	 D-EGF	 is	 the	 oxidation	 of	 the	 six	 Cys	 and	 the	
subsequent	 folding	 of	 the	 protein.	 A	 protein	 containing	 3	 disulphide	 bridges	 can	
potentially	generate	15	different	 isomers,	but	only	one	 is	the	natural	regioisomer	with	
the	following	disulphide	bridges:	Cys6-Cys20,	Cys14-Cys31	and	Cys33-Cys42.	Based	on	
previous	 reports,181,182	 the	 oxidation	 and	 folding	 of	 EGF	 can	 be	 achieved	 easily	 by	 air	
oxidation	with	the	help	of	reduced/oxidised	pairs	of	catalysts,	such	as	glutathione	(GSH)	
or	Cys.	Without	the	presence	of	GSH	about	50%	of	EGF	is	trapped	as	scrambled	species,	
while	with	GSH	the	yield	of	native	EGF	 is	nearly	quantitative	after	24h.	The	peptide	 is	
left	 to	 oxidase	 for	 a	 long	 time,	 ensuring	 that	 the	 reaction	 is	 under	 thermodynamic	
control,	which	also	helps	to	form	the	correct	disulphide	pairing.	

In	this	way,	the	oxidation	of	D-EGF	reduced	was	performed	by	dissolving	the	protein	
in	Tris	buffer	(0.1	M)	containing	glutathione	reduced	(GSH)	and	oxidised	(GSSG)	at	pH	8.	
The	concentration	of	the	protein	was	adjusted	to	0.5	mg/mL	to	prevent	the	formation	of	
intermolecular	 disulphides.	 The	 reaction	 was	 monitored	 using	 UPLC-MS	 and	 HPLC	
(Figure	34).		
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After	 3	 days,	 the	 retention	 time	 of	 the	 protein	 was	 considerable	 reduced	 in	 a	 C3	
column	due	to	the	folding	of	the	protein	hiding	the	hydrophobic	residues.	Also,	the	MW	
was	 reduced	 by	 6	 units	 due	 to	 the	 loss	 of	 6	 protons.	 At	 the	 end	 of	 the	 reaction,	 the	
protein	was	purified	and	characterised.	

	
Figure	 34.	 HPLC	 and	 UPLC-MS	 characterisation	 of	 D-EGF	 red	 and	 ox,	 after	 purification.	 A)	 The	
chromatograms	were	obtained	in	a	22-min	linear	gradient	from	10	to	54	%	of	MeCN	(0.036	%	TFA)	
in	H2O	(0.045	%	TFA),	in	a	C3	column	at	40oC.	B)	Mass	spectrum	of	the	main	peaks:	MW	(D-EGF	red)	
=	6221.4;	MW	(D-EGF	ox)	=	6214.2.	

We	 further	 evaluated	 the	 folding	 of	 the	 protein	 by	 1H-NMR,	 with	 the	 help	 of	 Dr.	
Monica	Varese.	For	this,	the	spectrum	of	our	synthetic	protein	was	compared	to	the	one	
of	 EGF,	 expressed	 by	 Dr.	 Salvador	 Guardiola.	 EGF	 presents	 the	 same	 amino	 acid	
sequence	 than	D-EGF,	 but	 incorporating	 to	 extra	 amino	 acids	 (Gly	 and	 Pro)	 at	 the	N-
terminus	of	the	chain.	For	the	expression	of	EGF,	SHuffle	T7	E.	coli	cells	are	transfected	
with	the	SUMO-EGF	plasmid,	which	readily	provides,	upon	purification,	the	folded	EGF	
protein.		

As	can	be	seen	in	Figure	35,	the	1H	NMR	spectra	of	both	EGF	and	D-EGF	proteins	are	
almost	 identical.	 The	 high	 chemical	 shift	 dispersion	 of	 the	 1H	 resonances	 in	 both	
proteins	is	characteristic	of	a	well-folded	protein.	Thus,	D-EGF	was	successfully	oxidised	
to	form	the	mirror	image	of	the	folded	protein.	
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Figure	35.	1H-NMR	spectrum	of	D-EGF	(black)	and	EGF	(grey).	Spectra	were	acquired	at	298	K	in	20	
mM	NaPi,	50	mM	NaCl,	and	0.1%	NaN3	(pH	6.8).	
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Summary	and	perspectives	

In	 this	 first	 chapter	 we	 have	 described	 the	 synthesis	 of	 D-VEGF	 and	 D-EGF.	 The	
synthesis	 of	 D-VEGF	 was	 attempted	 using	 a	 three-segment	 NCL	 reaction.	 Despite	 the	
good	 results	 obtained	 in	 the	 synthesis	 of	 two	 of	 the	 segments,	 the	 low	 quantity	
recovered	 from	 the	 synthesis	 of	 the	 third	 segment	 made	 it	 not	 possible	 to	 proceed	
successfully	to	the	NCL	step.		

The	methodology	established	in	the	previous	syntheses	was	applied	to	the	synthesis	
of	D-EGF.	The	first	attempts	to	synthesise	D-EGF	in	a	stepwise	manner	failed	due	to	the	
formation	of	Asi	at	the	N-terminus	of	the	sequence.	Synthesising	D-EGF	in	two	segments	
and	 ligating	 them	by	NCL,	minimised	 the	 formation	of	Asi	 and	provided	higher	yields.	
The	subsequent	oxidation	and	folding	produced	the	enantiomer	of	EGF.	

In	 the	previous	 syntheses,	we	have	used	3	methodologies,	 namely	Boc/Bzl,	manual	
Fmoc/tBu	and	automated	Fmoc/tBu,	for	the	synthesis	of	two	challenging	proteins.	From	
this	 experience	 we	 can	 extract	 the	 following	 conclusions.	 The	 Boc-SPPS	 is	 a	 fast	 and	
efficient	 methodology,	 especially	 for	 the	 synthesis	 of	 thioester	 peptides.	 However,	 it	
requires	 strong	 acidic	 conditions	 for	 the	 deprotection	 and	 cleavage	 steps,	 which	
demands	 more	 specialised	 equipment	 and	 synthetic	 skills.	 Also,	 if	 the	 sequence	 has	
difficult	 couplings	 or	 secondary	 reactions,	 they	 could	 be	 as	 difficult	 to	 avoid	 as	 with	
Fmoc-SPPS.	On	the	other	hand,	the	Fmoc-SPPS	methodology	uses	milder	conditions	but	
requires	longer	times	for	the	synthesis	of	the	same	peptide.	In	the	manual	methodology,	
a	 higher	 control	 of	 the	 coupling	 reactions	 can	 be	 achieved	 through	 the	 use	 of	
colorimetric	tests,	recoupling	steps	and	change	of	reagents.	While	the	use	of	automated	
peptide	 synthesisers	 can	 be	 faster,	 it	 requires	 an	 optimisation	 of	 the	 synthetic	
parameters	 for	 each	 synthesis	 in	 order	 to	 be	 efficient.	 The	 optimisation	 of	 these	
parameters	is	even	more	necessary	for	long	sequences.	Therefore,	if	a	peptide	sequence	
needs	 to	 be	 synthesised	 several	 times,	 it	 is	 worthwhile	 to	 optimise	 the	 synthetic	
conditions	in	an	automated	peptide	synthesiser,	but	if	it	is	only	a	one-time	synthesis,	the	
best	results	will	probably	be	obtained	using	manual	synthesis.	

Moreover,	D-EGF	needs	to	be	further	characterised	to	assess	the	correct	formation	of	
the	disulphide	bridges.	One	way	to	assess	this	is	by	selective	reduction	and	alkylation	of	
the	Cys	in	the	protein,	and	then	analysing	the	several	species	by	mass	spectrometry.	In	
this	 regard,	 only	 some	 disulphides	 will	 be	 broken,	 where	 the	 Cys	 will	 be	 alkylated,	
providing	 information	 on	 the	 Cys	 connectivity.	 Also,	 further	 NMR	 studies	 can	 be	
undertaken	 to	 provide	 a	 more	 accurate	 characterisation,	 but	 the	 protein	 is	 not	
isotopically	labelled,	which	will	make	the	analysis	more	difficult.		

In	 conclusion,	 we	 have	 obtained	 the	 targeted	 protein	 D-EGF	 to	 be	 used	 in	 the	
following	phage	display	experiments	in	order	to	discover	new	ligands.	
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This	 second	 chapter	 is	 devoted	 to	 discover	 new	 ligands	 for	 the	 epidermal	 growth	
factor	(EGF).	To	do	so,	phage	display	methodology	was	applied	against	both	EGF	and	the	
enantiomer	of	EGF	(D-EGF).	After	the	panning	experiments,	several	clones	were	selected	
as	possible	binders	of	EGF.	Then,	 the	 synthesis	of	 the	enantiomers	of	 the	binders	was	
performed	using	SPPS,	and	 they	were	evaluated	against	EGF.	 In	 this	way,	we	obtained	
novel	binders	of	EGF	composed	of	D-amino	acids.	
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Phage	peptide	 libraries	 can	be	 created	 from	several	 starting	materials,	 producing	 a	
variety	 of	 phage	 display	 systems.	 For	 example,	 the	 RNA	 of	 a	 selected	 sample	 can	 be	
extracted	 and	 the	 corresponding	 complementary	 DNA	 (cDNA)	 candidate	 pool	 can	 be	
synthesised.	Then,	the	phage-based	cDNA	library	can	be	generated	and	screened	against	
the	target	of	 interest.	Alternatively,	synthetic	 libraries	can	be	constructed.	 In	 this	case,	
the	library	is	designed,	synthesised,	cloned	and	screened.	

Random	 peptide	 libraries	 can	 be	 constructed	 using	 degenerate	 oligonucleotides	
introduced	 into	 the	 phage	 genome,	 such	 as	 (NNK)n	 codon	 degeneracy	 where	N	 is	 an	
equimolar	mixture	of	all	four	nucleotides	(adenine,	guanine,	cytosine	and	thymine)	and	
K	 is	 a	 1:1	 mixture	 of	 guanine	 and	 thymine.	 Degeneracy	 at	 the	 level	 of	 whole	 codon,	
rather	than	single	nucleotides,	can	give	a	less	biased	representation	of	the	amino	acids	
in	 the	 random	 peptide	 sequence.	 Each	 NNK	 is	 a	 mixture	 of	 the	 32	 possible	 codon	
sequences	 that	 encode	 for	 the	 20	 amino	 acids	 (plus	 a	 stop	 codon).	 The	 number	 of	
possible	 n-mer	 peptide	 sequences	 is	 given	 by	 20n,	 where	 20	 is	 the	 number	 of	
proteinogenic	 amino	 acids	 (L-amino	 acids)	 and	 n	 is	 the	 length	 of	 the	 peptide.	 For	
example,	for	a	7-mer	peptide	library,	there	are	207	(1.3·109)	possibilities.	However,	the	
representation	 of	 amino	 acids	 in	 a	 biological	 library	 encoded	 by	 a	 degenerated	
oligonucleotide	 is	 restricted	by	several	biological	exigencies.	The	codon	degeneracy	or	
the	 encoding	 of	 some	 amino	 acids	will	 not	 follow	 an	 even,	 random	distribution.	 Also,	
some	peptides	may	prove	toxic	to	the	cell	and	others	may	be	expressed	by	the	cell	less	
efficiently.	 This	 sets	 the	 upper	 limit	 of	 the	 final	 diversity	 at	 approximately	 109	 phage	
particles.183		

Moreover,	 libraries	 can	 be	 generated	 from	 protein	 scaffolds.	 In	 these	 cases,	 some	
amino	 acid	 positions	 are	 fixed,	 which	 confer	 the	 three-dimensional	 structure	 to	 the	
protein,	and	other	positions	are	randomised.	There	are	several	examples	of	this	strategy,	
such	as	the	use	of	the	Sso7d	scaffold.184		
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In	this	first	block,	the	mirror	image	phage	display	technology	is	being	applied	to	the	
discovery	of	new	ligands	for	EGF	(Figure	15).	The	first	step	was	explained	in	Chapter	1,	
where	we	have	synthesised	the	enantiomer	of	EGF.	Now	that	we	have	D-EGF,	 the	next	
step	is	to	discover	ligands	for	this	protein	using	phage	display	peptide	libraries.	Once	the	
ligands	 are	 obtained,	 these	 need	 to	 be	 synthesised	 using	 D-amino	 acids	 in	 order	 to	
produce	 their	 enantiomeric	 version	 that	 will	 bind	 to	 EGF.	 This	 is	 summarised	 in	 the	
following	workflow.	

	
Workflow	of	Chapter	2	
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Phage	display	against	the	immobilised	protein	

Once	we	had	 in	hand	 the	enantiomer	of	 the	epidermal	 growth	 factor,	 the	next	 step	
was	to	discover	ligands	that	will	bind	to	this	protein	with	high	affinity.	For	this,	affinity	
selection	was	performed	against	the	immobilised	protein,	as	summarised	in	Figure	6.	

Experimental	considerations	

There	 are	 several	 parameters	 to	 select,	 control	 and	 optimise	 in	 order	 to	 obtain	
reliable	results.	This	can	be	a	difficult	task	with	no	previous	experience	in	phage	display.	
Thus,	in	order	to	gain	said	experience	in	the	field	of	phage	display,	I	performed	a	short	
stay	in	the	laboratory	of	Dr.	Renata	Pasqualini	and	Dr.	Wadih	Arap,	at	the	University	of	
New	Mexico	(Albuquerque,	NM)	from	February	to	May	2015.	The	summary	of	this	short	
stay	is	presented	as	an	appendix	to	the	present	thesis	(Appendix).	

To	 start	 a	 phage	 display	 project,	 one	 must	 consider	 the	 target	 against	 which	 the	
panning	will	take	place	and	design	the	library	in	accordance.	In	our	case,	we	wanted	to	
discover	ligands	for	EGF,	a	small	protein	of	53	amino	acids.	There	is	no	described	ligand	
that	binds	to	EGF	with	high	affinity,	hence	we	do	not	have	any	indication	of	the	type	of	
molecules	that	will	bind	to	this	protein.	Therefore,	we	decided	to	start	the	project	using	
a	randomised	phage	peptide	library,	specifically	a	commercially	available	library.	

New	 England	 Biolabs	 (NEB)	 provide	 three	 types	 of	 libraries:	 Ph.D.-12,	 Ph.D.-7	 and	
Ph.D.-C7C	(Figure	36A).	The	number	indicates	the	length	of	the	peptide	chain	displayed	
and	the	last	library	incorporates	two	extra	Cys	flanking	the	peptide	sequence	so	it	forms	
a	 disulphide	 bridge.	 Between	 these	 libraries	we	 selected	 Ph.D.-12	 and	 Ph.D.-C7C.	 The	
displayed	peptide	in	the	Ph.D.-C7C	library	is	being	presented	to	the	target	as	loops	with	
a	complexity	of	the	order	of	109	independent	clones,	which	is	sufficient	to	encode	most,	
if	not	all,	of	 the	possible	7-mer	peptides.	While	 for	 the	Ph.D.-12,	only	a	 tiny	 fraction	of	
the	 4.1	 x	 1015	 possible	 12-mer	 sequences	 are	 present.	 So,	 the	 Ph.D.-12	 library	 can	 be	
thought	 of	 having	 the	 equivalent	 diversity	 of	 the	 Ph.D.-C7C,	 but	 spread	 out	 over	 12	
residues.	 In	 this	 regard,	we	will	 cover	more	 chemical	 space	 and	 hopefully	 find	 better	
ligands.		

Ph.D.TM	 system	 is	 based	 on	 a	 simple	 M13	 phage	 vector,	 modified	 for	 pentavalent	
display	 of	 peptides	 as	N-terminal	 fusions	 to	 the	 minor	 coat	 protein	 pIII.	 The	 cloning	
vector,	M13KE,	is	derived	from	M13mp19,	allowing	construction	and	rapid	propagation	
of	 phage	 display	 libraries	 using	 standard	 M13	 techniques,	 without	 the	 need	 for	
antibiotic	selection	or	helper	phage	superinfection	(Figure	36B).	
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Figure	 36.	 A)	 Phage	 peptide	 libraries	 available	 from	 NEB.	 Randomised	 segments	 and	 linker	
sequences	are	indicated.	B)	Phage	vector	M13KE	from	New	England	Biolabs,	Inc.	

Another	 important	 factor	 to	 consider	 is	 the	 immobilisation	method	 for	 the	 protein	
and	the	support	where	it	would	be	immobilised.	As	described	in	the	introduction,	there	
is	 a	 wide	 range	 of	 immobilisation	 matrixes,	 ranging	 from	 direct	 immobilisation	 to	
covalent	 attachment	 to	 functional	 groups	on	 the	plate	 surface.57	From	 them,	 the	more	
straightforward	 is	 the	 coating	 of	 a	 plastic	 surface	 with	 the	 target	 by	 nonspecific	
hydrophobic	 and	electrostatic	 interactions.	 For	 its	 simplicity	 is	usually	 selected	as	 the	
starting	point	and	if	no	clear	consensus	binding	sequence	emerges,	then	it	is	changed	to	
other	 more	 specific	 immobilisation	 method.	 In	 this	 way,	 the	 96	 well	 EIA/RIA	 plates	
(enzyme	 immunoassay/radioimmunoassay	 plates,	 Corning)	 were	 used	 to	 immobilise	
the	EGF	and	D-EGF	protein	in	the	biopanning	experiments.	

Finally,	 another	 point	 to	 take	 into	 account	 is	 the	 elution	 method,	 i.e.	 the	 way	 the	
phage	are	collected	after	their	binding	to	the	target,	step	c)	in	Figure	6.	As	explained	in	
the	introduction,	this	can	affect	the	yield	of	the	phage	recovered	and	hence	the	diversity	
of	subsequent	round.	As	there	is	no	described	ligand	for	EGF,	a	nonspecific	disruption	by	
an	 acid	 pH	 buffer	 was	 chosen	 as	 the	 method	 of	 elution.	 Elution	 by	 infection	 was	
discarded	for	two	reasons:	it	gives	low	elution	yields	and	does	not	allow	the	storage	of	
unamplified	eluted	phage,	as	all	the	phage	is	directly	amplified.	

Phage	display	against	EGF	

To	set	up	the	methodology,	we	decided	to	first	perform	the	biopanning	experiments	
against	 EGF,	 expressed	 in	E.	 coli	 and	 composed	 of	 L-amino	 acids.	 At	 the	 end	 of	 these	
biopanning	 experiments	 we	 will	 obtain	 L-amino	 acid	 peptides	 that	 will	 bind	 to	 EGF.	
These	peptides	may	not	be	resistant	to	proteases,	but	if	they	have	high	binding	affinities	
for	 EGF,	 they	 could	 be	 modified	 to	 improve	 their	 stability	 while	 maintaining	 their	
binding	ability.	
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Following	the	scheme	described	in	Figure	6,	the	protein	was	immobilised	overnight	at	
50	μg/mL	(7.6	μM)	on	a	microtiter	plate.	Then,	 the	 remaining	 reactive	positions	were	
blocked	using	 the	 blocking	 buffer:	NaHCO3	 (pH	8.6;	 0.1	M),	 5	mg/mL	BSA.	 The	phage	
were	 added,	 1011	pfu	 for	 each	 library	 (Ph.D.-12	 and	Ph.D.-C7C)	 in	different	wells;	 and	
incubated	for	1h	at	RT.	The	unbound	phage	were	washed	with	TBST	(TBS	+	0.1	%	[v/v]	
Tween-20)	and	the	phage	were	eluted	with	the	elution	buffer:	Glycine·HCl	(pH	2.2;	0.2	
M),	1	mg/mL	BSA.	Three	elutions	of	10	min	were	performed	and	after	 that	 the	phage	
were	neutralised	with	the	neutralisation	buffer:	Trizma	base	(pH	9.1;	1	M).		

Phage	 were	 amplified	 and	 titered	 as	 described	 in	 Materials	 and	 methods,	 Phage	
titering	and	Phage	amplification.	Two	more	round	of	panning	were	performed	using	1011	
pfu	 as	 the	 initial	 input	 phage.	 After	 each	 round,	 the	 amount	 of	 phage	 recovered	 was	
quantified	as	plaque	forming	units	(pfu)	(Figure	37).	An	increase	in	the	amount	of	phage	
recovered	after	each	round	can	be	seen,	 indicating	that	the	library	have	been	enriched	
for	binders	to	our	protein.	

	
Figure	37.	Plaque	forming	units	(pfu)	after	each	round	of	panning	against	immobilised	EGF	for	the	
Ph.D.-12	library	and	the	Ph.D.-C7C	library.		

Finally,	 after	 the	 third	 round,	19	 colonies	 for	 each	 library	were	 selected,	 processed	
and	send	for	sequencing.	The	resulting	sequences	are	presented	in	Table	6.	

One	sequence	per	library	was	repeated	more	than	once,	and	some	homology	could	be	
observed	between	several	 sequences,	which	are	highlighted	 in	Figure	38.	Despite	 this,	
there	is	no	clear	consensus	among	the	sequences	recovered.	This	could	be	expected	for	a	
random	immobilisation	of	the	protein	and	for	a	small	target.	

At	 this	point,	we	decided	to	select	 those	clones	that	had	more	homology	with	other	
sequences	to	be	further	studied.	They	are	highlighted	in	Table	6,	and	are	EGF_12_08	and	
EGF_12_18	 for	 the	 first	 library	 and	 EGF_C7C_01,	 EGF_C7C_02	 and	 EGF_C7C_18	 for	 the	
second	library.	We	are	planning	to	synthesise	these	peptides	and	evaluate	their	binding	
affinity	for	EGF.	However,	this	step	has	not	been	performed	yet,	since	we	gave	priority	to	
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obtaining	 protease-resistant	 peptides	 through	 the	 panning	 against	 the	 enantiomer	 of	
EGF,	explained	in	the	following	section.	

Table	6.	Sequences	of	individual	phage	clones	recovered	after	3	rounds	of	panning	for	the	Ph.D.-12	
and	Ph.D.-C7C	phage	library.	In	bold	are	the	sequences	selected.	

Ph.D.-12	 	 Ph.D.-C7C	
Phage	clone	 Sequence	 Frequency	 	 Phage	clone	 Sequence	 Frequency	
EGF_12_01	 TLHQPPSSANWI 1/19	 	 EGF_C7C_01	 VRGTSEM 1/19	
EGF_12_02	 HWFRYPLMPYPN 1/19	 	 EGF_C7C_02	 LSELGQW 1/19	
EGF_12_03	 HFGKWYWYGSSS 1/19	 	 EGF_C7C_03	 NAGHLSQ 3/19	
EGF_12_04	 NNLPTSRTLAHN 1/19	 	 EGF_C7C_04	 TTKLPNS 1/19	
EGF_12_05	 DYHDPSLPTLRK 1/19	 	 EGF_C7C_05	 DFRLMGN 1/19	
EGF_12_06	 QXNGLGERSQQM 1/19	 	 EGF_C7C_06	 NNSLTMH 1/19	
EGF_12_07	 HWWHSYSRGSLP 1/19	 	 EGF_C7C_07	 KLTMSPN 1/19	
EGF_12_08	 WHWNYWQPNVSA 2/19	 	 EGF_C7C_08	 GPTAKYI 1/19	
EGF_12_09	 HWWAFVGKPLDP 1/19	 	 EGF_C7C_09	 DLWRHQE 1/19	
EGF_12_10	 SWSPASNQSSWS 1/19	 	 EGF_C7C_10	 WWGHPWH 1/19	
EGF_12_11	 IGVPKKPIVVER 1/19	 	 EGF_C7C_11	 KYSHSSS 1/19	
EGF_12_12	 HFWYKVEPAATE 1/19	 	 EGF_C7C_12	 NAGHLSQ 3/19	
EGF_12_13	 SLLTLFTGPGLS 1/19	 	 EGF_C7C_13	 PTGLHHA 1/19	
EGF_12_14	 HSWFRFQTYADL 1/19	 	 EGF_C7C_14	 GLSSKPR 1/19	
EGF_12_15	 HWWPVSYTQTVA 1/19	 	 EGF_C7C_15	 ALDLGNE 1/19	
EGF_12_16	 QTLDRMYSVNAM 1/19	 	 EGF_C7C_16	 NLDTSEE 1/19	
EGF_12_17	 WHWNYWQPNVSA 2/19	 	 EGF_C7C_17	 NAGHLSQ 3/19	
EGF_12_18	 FPGLRGDSPQLQ 1/19	 	 EGF_C7C_18	 KAFGQAM 1/19	
EGF_12_19	 HLFSFLNRSDGP 1/19	 	 EGF_C7C_19	 IMHHPVV 1/19	
	

	
Figure	 38.	 Clustal	 Omega	 analysis	 of	 the	 sequences	 recovered.	 In	 boxes	 are	 the	 sequences	 with	
higher	homology.	In	bold	are	the	sequences	selected.		
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Phage	display	against	D-EGF	

The	 panning	 against	 D-EGF	was	 performed	 in	 a	 similar	way	 than	 against	 EGF.	 The	
protein	was	 immobilised	 on	 the	well	 surface	 at	 a	 50	 μg/mL	 (8	 μM)	 and	 the	 panning	
experiments	were	performed	with	 the	 two	aforementioned	 libraries	 for	3	rounds.	The	
amount	of	phage	was	quantified	after	each	round,	obtaining	an	increase	of	the	amount	
recovered	between	round	1	and	2,	but	more	or	 less	 the	 same	between	round	2	and	3	
(Figure	39).	

	
Figure	39.	Plaque	forming	units	(pfu)	after	each	round	of	panning	against	immobilised	EGF	for	the	
Ph.D.-12	library	and	the	Ph.D.-C7C	library.		

	

Table	7.	Sequences	of	individual	phage	clones	recovered	after	2	rounds	of	panning	for	the	Ph.D.-12	
and	Ph.D.-C7C	phage	library.	In	bold	are	the	sequences	selected.	

Ph.D.-12	 	 Ph.D.-C7C	
Phage	clone	 Sequence	 Frequency	 	 Phage	clone	 Sequence	 Frequency	
D-EGF_12_01	 HGWATWRSLPQI 1/17	 	 D-EGF_C7C_01	 WSASKNY 1/13	
D-EGF_12_02	 NPHRIAWSMVLK 1/17	 	 D-EGF_C7C_02	 PLRDAKI 1/13	
D-EGF_12_03	 HNWPWLWDLRPM 1/17	 	 D-EGF_C7C_03	 ALHSGQK 1/13	
D-EGF_12_04	 HVLWFMKPSTER 1/17	 	 D-EGF_C7C_04	 YPSKILN 1/13	
D-EGF_12_05	 HSWFPWLGLYTR 1/17	 	 D-EGF_C7C_05	 TESPNPL 1/13	
D-EGF_12_06	 GAHQGYPKSQFR 1/17	 	 D-EGF_C7C_06	 LWRPAAD 2/13	
D-EGF_12_07	 HMGKTYPVETNK 1/17	 	 D-EGF_C7C_07	 PGLSLFG 1/13	
D-EGF_12_08	 HWFSWARQTPDF 1/17	 	 D-EGF_C7C_08	 TLSSTAF 1/13	
D-EGF_12_09	 HWWKPHMSIPKG 1/17	 	 D-EGF_C7C_09	 FPTGTYW 2/13	
D-EGF_12_10	 GFQHPFPGSVSS 1/17	 	 D-EGF_C7C_10	 TASHERG 1/13	
D-EGF_12_11	 SFPGPPLAWVAA 1/17	 	 D-EGF_C7C_11	 FPTGTYW 2/13	
D-EGF_12_12	 GVHSXFAPLTPN 1/17	 	 D-EGF_C7C_12	 LWRPAAD 2/13	
D-EGF_12_13	 YMPSLDLDERQR 1/17	 	 D-EGF_C7C_13	 CGMLPTH 1/13	
D-EGF_12_14	 HFLWPWPTDVLL 1/17	 	 	  	
D-EGF_12_15	 HNIWWMRGYLSY 1/17	 	 	  	
D-EGF_12_16	 NAPDESLLGQKG 1/17	 	 	  	
D-EGF_12_17	 TGAFSALTRAPT 1/17	 	 	  	



Results	and	discussion	

	 84	

After	completing	the	3rd	round	of	panning	we	sequenced	13-17	clones	per	library,	as	
shown	in	Table	8.	When	analysing	the	sequences,	we	saw	that	for	the	Ph.D.-C7C	library	
we	had	a	high	representation	of	the	clone	NAGHLSQ	(15/21),	which	was	also	present	in	
the	 panning	 against	 EGF	 (3/19).	 We	 did	 not	 consider	 that	 a	 clone	 present	 in	 both	
panning	 experiments	 could	be	binding	 to	 the	protein,	 because	 the	proteins	 secondary	
structure	are	not	 the	same,	being	one	mirror	 image	 to	 the	other.	Therefore,	 this	 clone	
was	classified	as	a	target-unrelated	peptide	(TUP),	which	are	peptides	that	either	bind	to	
the	 polystyrene	 surface	 or	 have	 some	 propagation	 advantage	 so	 they	 are	
overrepresented	after	the	amplification	steps.55	For	the	Ph.D.-12,	one	of	the	clones	was	
present	three	times,	and	other	sequences	were	very	similar	between	them.		

To	 obtain	 more	 information	 about	 the	 better	 clones	 that	 bind	 D-EGF,	 we	 also	
sequenced	the	2nd	round,	recovering	the	sequences	shown	in	Table	7.	

Table	8.	Sequences	of	individual	phage	clones	recovered	after	3	rounds	of	panning	for	the	Ph.D.-12	
and	Ph.D.-C7C	phage	library.	In	bold	are	the	sequences	selected.	

Ph.D.-12	 	 Ph.D.-C7C	
Phage	clone	 Sequence	 Frequency	 	 Phage	clone	 Sequence	 Frequency	
D-EGF_12_18	 YIGSSYVHAYAT 1/22	 	 D-EGF_C7C_14	 KHSGAWS 1/21	
D-EGF_12_19	 HWYDWVSVLNPA 1/22	 	 D-EGF_C7C_15	 IHSPTAL 1/21	
D-EGF_12_20	 HWWGPLRVPLST 1/22	 	 D-EGF_C7C_16	 VPSKPGL 1/21	
D-EGF_12_21	 HWWNIWGSTDLQ 1/22	 	 D-EGF_C7C_17	 NAGHLSQ 15/21	
D-EGF_12_22	 HLWRPHYWMPMG 1/22	 	 D-EGF_C7C_18	 EGNGNRS 1/21	
D-EGF_12_23	 NNLPTSRTLAGN 1/22	 	 D-EGF_C7C_19	 NAGHLSQ 15/21	
D-EGF_12_24	 DYHDPSLPTLRK 1/22	 	 D-EGF_C7C_20	 NAGHLSQ 15/21	
D-EGF_12_25	 HLPFSNSWFWVR 3/22	 	 D-EGF_C7C_21	 NAGHLSQ 15/21	
D-EGF_12_26	 FHRWVPNWSRIN 1/22	 	 D-EGF_C7C_22	 NAGHLSQ 15/21	
D-EGF_12_27	 HLTAWFSLLNRL 1/22	 	 D-EGF_C7C_23	 WKSTIKD 1/21	
D-EGF_12_28	 HFGKWYWYGSSS 1/22	 	 D-EGF_C7C_24	 NAGHLSQ 15/21	
D-EGF_12_29	 HDWRWWPPTMGL 1/22	 	 D-EGF_C7C_25	 MEENSRY 1/21	
D-EGF_12_30	 HLPFSNSWFWVR 3/22	 	 D-EGF_C7C_26	 NAGHLSQ 15/21	
D-EGF_12_31	 EGAKHGLTFSGG 1/22	 	 D-EGF_C7C_27	 NAGHLSQ 15/21	
D-EGF_12_32	 HVWWPFNSYKTS 1/22	 	 D-EGF_C7C_28	 NAGHLSQ 15/21	
D-EGF_12_33	 QVHDPGERTQQK 1/22	 	 D-EGF_C7C_29	 NAGHLSQ 15/21	
D-EGF_12_34	 HATWFSNWTQIL 1/22	 	 D-EGF_C7C_30	 NAGHLSQ 15/21	
D-EGF_12_35	 HFSLTSWWLPQL 1/22	 	 D-EGF_C7C_31	 NAGHLSQ 15/21	
D-EGF_12_36	 AANADHPSHPRH 1/22	 	 D-EGF_C7C_32	 NAGHLSQ 15/21	
D-EGF_12_37	 HLPFSNSWFWVR 3/22	 	 D-EGF_C7C_33	 NAGHLSQ 15/21	
D-EGF_12_38	 HNTYWGWWRGLN 1/22	 	 D-EGF_C7C_34	 NAGHLSQ 15/21	
D-EGF_12_39	 HDWWWINRYGKT 1/22	 	 	  	
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In	the	2nd	round,	no	TUP	peptide	was	found	and	the	sequences	were	compared	with	
the	ones	 from	the	3rd	round,	as	shown	in	Figure	40.	For	the	 first	 library,	no	sequences	
were	repeated	in	the	2nd	and	3rd	round,	although	some	clones	presented	similar	amino	
acids.	The	 clones	 selected	 for	 the	Ph.D.-12	 library	where	 from	 the	3rd	 round	and	have	
high	homology	with	one	or	two	other	sequences.	For	the	Ph.D.-C7C	library,	again,	there	
were	 no	 clones	 repeated	 between	 rounds,	 but	 a	 few	 sequences	 presented	 high	
homology.	All	 the	sequences	 that	were	selected	are	summarised	 in	Table	9	 in	 the	next	
section.	

	
Figure	40.	Clustal	Omega	analysis	of	the	sequences	recovered,	both	for	round	2	and	3.	In	boxes	are	
the	sequences	with	higher	homology.	In	bold	are	the	selected	sequences.		



Results	and	discussion	

	 86	

Synthesis	and	binding	assessment	of	new	ligands	for	EGF	

Synthesis	and	characterisation	of	the	selected	peptide	sequences	

Once	we	 had	 identified	 L-peptide	 sequences	with	 the	 ability	 to	 bind	 to	 D-EGF,	 the	
next	step	was	 to	synthesise	 these	peptides	with	D-amino	acids.	As	explained	 in	Figure	
15,	by	doing	again	the	mirror	image	of	the	L-ligands,	we	will	readily	obtain	D-ligands	for	
our	L-EGF,	which	will	be	resistant	to	proteases.	

	When	designing	a	synthetic	peptide	from	a	selected	phage,	it	is	important	to	realise	
that	 the	N-terminus	of	 the	displayed	sequence	 is	 free	during	 the	panning	while	 the	C-
terminus	is	fused	to	the	phage.	The	C-terminus	did	not	present	a	free	negatively	charged	
carboxylate	group	during	panning,	 thus,	 the	peptide	should	be	C-terminal	amidated	 to	
avoid	possible	negative	effects	of	the	negative	charge	of	the	carboxylic	moiety.		

In	 this	 regard,	 the	peptide	sequences	were	elongated	on	RinkAmide	AM	resin	 (0.74	
mmol/g)	using	an	automated	microwave-assisted	synthesiser	(Liberty	Blue,	CEM).	The	
coupling	 reagents	 were	 DIC/Oxyma,	 and	 20%	 piperidine	 in	 DMF	 was	 used	 as	 the	
deprotecting	 solution.	 The	 9	 sequences	 were	 elongated	 and,	 after	 the	 cleavage,	 the	
crudes	presented	the	desired	peptide	in	80-90%	purity.	For	the	peptides	from	the	Ph.D.-
C7C	 library,	 an	 oxidation	 step	was	 performed	 by	 dissolving	 the	 peptides	 in	 NH4HCO3	
buffer	opened	to	the	air	for	16	h.	Finally,	the	peptides	were	purified	and	characterised.	
The	sequences	are	presented	in	Table	9,	with	the	corresponding	molecular	weight	and	
retention	time	in	UPLC.		

Table	9.	Amino	acid	sequence,	MW	and	tR	of	the	selected	peptides	as	binders	of	EGF.	

Library	 Phage	clone	 Peptide		 Sequence	 MW,	
Da	

tR	UPLC,	
min	

Ph.D.-12	 D-EGF_12_19	 D-EGF_1	 H-hwydwvsvlnpa-NH2	 1485.7	 1.44	
	 D-EGF_12_24	 D-EGF_2	 H-dyhdpslptlrk-NH2	 1440.6	 1.16	
	 D-EGF_12_25	 D-EGF_3	 H-hlpfsnswfwvr-NH2	 1574.8	 1.40	
	 D-EGF_12_39	 D-EGF_4	 H-hdwwwinryGkt-NH2	 1660.9	 1.28	

Ph.D.-C7C	 D-EGF_C7C_06	 D-EGF_5	 H-c(&)lwrpaadc(&)-NH2	 1033.2	 1.27	
	 D-EGF_C7C_09	 D-EGF_6	 H-c(&)fptGtywc(&)-NH2	 1076.3	 1.41	
	 D-EGF_C7C_14	 D-EGF_7	 H-c(&)khsGawsc(&)-NH2	 975.1	 1.09	
	 D-EGF_C7C_15	 D-EGF_8	 H-c(&)ihsptalc(&)-NH2	 941.1	 1.15	
	 D-EGF_C7C_16	 D-EGF_9	 H-c(&)vpskpGlc(&)-NH2	 900.1	 1.09	
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Assessment	of	the	binding	to	EGF	

With	the	peptides	in	hand,	we	needed	to	decide	how	to	evaluate	their	binding	affinity	
for	 EGF.	 For	 this,	 a	 biophysical	 method	 was	 preferred	 because	 the	 evaluation	 of	 the	
ligands	 will	 be	 faster	 in	 comparison	 to	 in	 vitro	 assays,	 and	 will	 provide	 quantitative	
information	 about	 their	 target	 affinity.	 The	 main	 methods	 available	 were	 isothermal	
titration	 calorimetry	 (ITC),	 nuclear	 magnetic	 resonance	 (NMR)	 and	 surface	 acoustic	
wave	(SAW)	screening.	We	used	SAW	technology	because	a	SAW	biosensor	was	recently	
purchased	 by	 IRB	Barcelona	Mass	 Spectroscopy	 and	Proteomics	 Core	 Facility	 and	 the	
conditions	for	the	EGF	screening	were	already	set	up	by	Dr.	Salvador	Guardiola.163	

SAW	biosensors	are	formed	of	two	elements:	an	immobilised	biomolecule,	which	acts	
as	 the	 recognition	 element	 of	 a	 specific	 analyte;	 and	 a	 transduction	 element,	 which	
converts	the	molecular	events	into	electrical	outputs,	in	this	particular	case,	through	the	
use	of	acoustic	waves	(Figure	41).	The	two	elements	of	the	interaction	to	be	studied	are	
either	 immobilised	on	 the	biosensor’s	 chip	or	dissolved	 in	buffer	 and	 flowed	over	 the	
sensor	surface.	 In	our	case,	 the	protein	 (EGF)	was	covalently	 immobilised	 through	 the	
side-chains	 of	 Lys	 residues	 that	 reacted	with	 activated	 carboxylic	 acids	 placed	 on	 the	
gold	 surface	 of	 the	 chip.	 The	peptides	were	dissolved	 at	 several	 concentrations	 (0.1	–	
300	μM)	in	PBS	and	flown	over	immobilised	EGF.	

Changes	 in	 the	 amplitude	 and	 the	 phase	 of	 the	 acoustic	wave	 reports	 on	 the	mass	
loading	of	the	chip,	allowing	the	quantification	of	the	binding	events.	 In	this	way,	after	
the	changes	in	the	amplitude	of	the	SAW	wave	are	computed,	the	dissociation	constant	
(KD)	 can	 be	 calculated	 by	 non-linear	 regressions	 (Materials	 and	 methods,	 SAW	
experiments).	

	
Figure	41.	Schematic	representation	of	A)	a	SAW	biosensor	and	B)	a	sensogram	of	the	association	
and	dissociation	events.	

Thus,	 the	 9	 selected	 peptides	 from	 the	 panning	 of	 the	 two	 phage	 display	 libraries	
against	 D-EGF	 and	 synthesised	 in	 its	 D-form,	were	 evaluated	 against	 the	 immobilised	
EGF	on	the	SAW	biosensor.	The	first	screening	was	performed	by	injecting	the	peptides	
at	three	concentrations	(100	nM,	5	μM	and	100	μM)	and	recording	the	SAW	sensograms.	
For	peptides	D-EGF_1,	D-EGF_3,	D-EGF_4	and	D-EGF_7	a	strong	signal	could	be	detected	
that	augmented	with	the	concentration;	while	the	other	peptides	gave	negligible	signals	
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at	 all	 concentrations	 assayed.	 Thus,	 a	 second	 evaluation	 was	 performed	 for	 the	 4	
peptides,	 with	 an	 increased	 number	 of	 points	 (0.5	 to	 300	 μM).	 An	 example	 of	 a	
sensogram	is	presented	in	Figure	42.	

	
Figure	42.	A)	SAW	sensogram	of	D-EGF_4	injected	at	various	concentrations.	B)	Non-linear	fitting	of	
the	association	equilibrium	(Aeq)	with	the	concentration	to	obtain	the	KD.	

From	 the	 fitting	of	 the	 curves	 and	using	 a	non-linear	 regression,	 the	KD	 of	 the	 four	
peptides	 was	 calculated	 and	 is	 presented	 in	 Table	 10.	 All	 of	 them	 are	 in	 the	 low	µM	
range.	These	values	are	of	the	same	order	than	the	other	known	peptide	binding	to	EGF,	
cp23G.37	

Table	10.	Affinity	values	obtained	by	SAW	for	the	selected	peptides	as	binders	of	EGF.	

Peptide		 Sequence	 Interaction	 KD,	μM	

D-EGF_1	 H-hwydwvsvlnpa-NH2	 Yes	 115	+/-	12	
D-EGF_2	 H-dyhdpslptlrk-NH2	 No	 -	
D-EGF_3	 H-hlpfsnswfwvr-NH2	 Yes	 217	+/-	13	
D-EGF_4	 H-hdwwwinryGkt-NH2	 Yes	 54	+/-	2	
D-EGF_5	 H-c(&)lwrpaadc(&)-NH2	 No	 -	
D-EGF_6	 H-c(&)fptGtywc(&)-NH2	 No	 -	
D-EGF_7	 H-c(&)khsGawsc(&)-NH2	 Yes	 310	+/-	20	
D-EGF_8	 H-c(&)ihsptalc(&)-NH2	 No	 -	
D-EGF_9	 H-c(&)vpskpGlc(&)-NH2	 No	 -	

	

Although	 these	 peptide	 sequences	 are	 promising	 binders	 of	 EGF,	 they	 contain	 an	
elevated	 number	 of	 Trp.	 It,	 being	 a	 hydrophobic	 amino	 acid,	 prefers	 to	 be	 buried	 in	
protein	hydrophobic	cores.	Also,	as	 it	contains	an	aromatic	side-chain,	 it	 is	 involved	 in	
stacking	 interactions	 with	 other	 aromatic	 side-chains.	 Therefore,	 this	 amino	 acid	 has	
more	tendency	to	interact	unspecifically	with	other	peptide	chains	than	the	other	amino	
acids.	 Binding	 experiments	 with	 other	 proteins	 should	 be	 performed	 to	 confirm	 that	
these	peptides	are	selective	for	EGF.		
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Moreover,	the	presence	of	D-amino	acids	confers	more	stability	in	front	of	proteases,	
as	 enzymes	 cannot	 break	 the	 peptide	 bonds	 because	 of	 the	 difference	 in	 spatial	
configuration	in	L-	and	D-amino	acid	peptide	bonds.	However,	this	needs	to	be	assessed	
because	the	peptide	can	be	degraded	by	other	mechanisms,	such	as	the	opening	of	the	
disulphide	bridges	or	the	oxidation	of	Met.	

Stability	in	front	of	proteases	

The	 main	 advantage	 of	 the	 mirror	 image	 phage	 display	 methodology	 is	 that	 the	
peptides	discovered	will	be	more	stable	in	front	of	proteases	because	they	are	formed	of	
D-amino	acids.	This	will	confer	them	with	longer	biological	activity	and	thus	make	them	
more	useful.	

In	order	to	prove	that	indeed	we	have	achieved	this,	the	selected	peptides	(D-EGF_1,	
D-EGF_3,	D-EGF_4	and	D-EGF_7)	were	 incubated	 in	human	serum/HBSS	 (9/1)	 for	24h	
and	aliquots	were	extracted	at	different	time	points	and	analysed	by	UPLC,	after	sample	
processing.	Figure	43,	shows	the	results	from	these	studies.	Peptides	D-EGF_1,	D-EGF_4	
and	 D-EGF_7	 have	 a	 half-life	 of	 more	 than	 24	 h,	 remaining	 77	 %,	 48	 %	 and	 60	 %,	
respectively,	at	this	time	point.		

On	 the	other	hand,	D-EGF_3	presents	a	half-life	of	around	4	h.	However,	 the	results	
obtained	 with	 this	 peptide	 are	 not	 very	 reliable,	 as	 we	 had	 observed	 a	 tendency	 to	
aggregate	and	precipitate	when	 the	peptide	was	 in	 solution.	During	 the	 centrifugation	
step	in	the	processing	of	the	sample,	it	is	likely	that	the	peptide	precipitates	along	with	
the	proteins,	and	therefore	it	is	not	detected.	In	this	way,	the	amount	of	peptide	detected	
does	not	correspond	to	the	total	amount	of	peptide.	However,	and	even	if	the	peptide	is	
stable	 after	24	h,	D-EGF_3	has	 a	 tendency	 to	precipitate	 that	prevents	 it	 from	being	 a	
good	binder	of	EGF.	

	
Figure	 43.	 Graphic	 representation	 of	 the	 percentage	 of	 intact	 peptide	 vs.	 time	 incubating	 with	
human	serum	at	37oC.	Data	are	expressed	as	the	mean	±	SD.	THRretro	was	used	as	positive	control.	
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The	samples	were	also	analysed	by	UPLC-MS	to	detect	the	species	that	were	formed	
after	the	incubation	with	the	human	serum.	In	all	the	samples,	we	could	only	detect	the	
intact	 peptide	 and	 no	 sequences	 with	 deletions	 were	 found.	 Hence,	 the	 peptides	 are	
stable	for	more	than	24	h.		

In	 conclusion,	 we	 have	 seen	 that	 these	 peptides	 are	 stable	 in	 front	 of	 proteases,	
because	unlike	L-amino	acids,	D-amino	acids	rarely	act	as	the	substrates	of	endogenous	
proteases,	resulting	in	their	resistance	towards	proteolysis.		
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Summary	and	perspectives	

In	 this	 chapter	 we	 have	 seen	 the	 panning	 of	 two	 unbiased	 phage	 display	 peptide	
libraries	 against	 EGF	 and	D-EGF.	 From	 the	 panning	 experiments	 against	 EGF,	 peptide	
sequences	were	identified	but	no	validation	of	these	sequences	has	been	performed	yet.		

Several	sequences	were	identified	in	the	panning	against	D-EGF	as	possible	binders.	
The	more	representative	ones	were	selected	and	synthesised	in	their	corresponding	D-
amino	 acids	 as	 the	 final	 step	 in	 the	 mirror	 image	 phage	 display	 methodology.	 Nine	
peptides	were	evaluated	against	EGF	using	a	SAW	biosensor.	With	 this	 first	screening,	
four	 peptides	 had	 good	 binding	 for	 the	 protein	 in	 the	 low	 µM	 range.	 Further	
experiments	 to	 validate	 that	 these	 peptides	 are	 selective	 for	 EGF	 will	 be	 performed	
using	 the	 SAW	 biosensor	 and	 immobilising	 VEGF	 or	 other	 related	 proteins.	 Stability	
studies	were	also	performed	in	human	serum,	which	demonstrated	that	these	peptides	
are	 relatively	 stable	 in	 front	of	proteases.	Three	of	 these	peptides	presented	half-lives	
over	24	h.	

With	 these	 3	 peptides	 as	 good	 binders	 for	 EGF,	 further	 experiments	 should	 be	
performed	 to	 assess	 the	 capacity	 that	 each	 of	 these	 peptides	 has	 to	 disrupt	 the	 PPI	
between	EGF	and	EGFR.	To	study	this,	 there	are	several	approaches	such	as	the	use	of	
biophysical	methods	or	 in	vitro	studies.	The	fluorescence-based	AlphaScreen	assay	is	a	
robust	 system	 that	 can	 reproduce	natural	 interactions,	without	 the	 heterogeneity	 and	
complexity	 of	 a	 cell	 environment.	 Each	 of	 the	 interacting	 partners	 is	 attached	 to	 a	
different	bead.	Upon	binding	of	 the	 two	proteins,	 the	beads	will	emit	 light	 that	can	be	
detected	and	quantified.	With	this	technique	a	screening	of	the	peptide	ligands	could	be	
performed	in	a	relatively	small	time.	

On	the	other	hand,	 there	are	some	cell	 lines	that	overexpress	EGFR	such	as	A431,	a	
skin	carcinoma	cell	line.	If	our	peptides	are	able	to	inhibit	the	EGF-EGFR	interaction,	the	
receptor	will	not	be	activated	and	the	cells	will	starve	and	die.	This	cell	line	requires	an	
extra	supply	of	EGF	to	grow,	but	 if	 the	cells	were	supplied	with	EGF	and	our	peptides,	
EGF	would	not	be	allowed	to	interact	with	EGFR.	Without	EGF,	cells	will	not	survive	and	
this	can	be	measured	with	cell	viability	assays.	In-cell	western	assays	can	also	be	used	to	
measure	the	effect	of	the	several	peptides	on	the	phosphorylation	of	EGFR.	

In	conclusion,	we	have	used	the	mirror	 image	phage	display	 technology	 to	discover	
protease-resistant	peptides	that	bind	to	EGF,	but	further	validation	studies	are	required.		
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The	 delivery	 of	 therapeutics	 to	 the	 brain	 to	 treat	 central	 nervous	 system	 (CNS)	
disorders	is	an	unmet	challenge	in	drug	development.	The	main	obstacle	is	the	presence	
of	the	blood-brain	barrier	(BBB)	between	the	circulating	blood	and	the	brain.	Delivery	
agents	have	been	developed	to	circumvent	this	hurdle,	such	as	BBB-shuttles.	These	are	
entities	that	have	the	capacity	to	carry	a	cargo	across	the	BBB	through	either	active	or	
passive	transport.141,142	In	this	way,	a	wide	range	of	therapeutic	molecules	can	reach	the	
brain	 through	 binding,	 either	 covalently	 or	 not,	 to	 a	 BBB-shuttle.	 Endogenous	
proteins,185	 peptides155	 and	 antibodies140	 have	 been	 used	 as	 BBB-shuttles.	 In	 recent	
decades,	 several	 peptides	have	been	 reported	 to	 cross	 the	BBB	and	 transport	 cargoes	
into	the	brain.155,186	

We	 are	 mainly	 interested	 in	 the	 use	 of	 peptides	 as	 BBB-shuttles.187	 We	 have	
developed	 BBB-shuttle	 peptides	 that	 reach	 the	 brain	 by	 passive	 diffusion,	 like	 the	
families	of	diketopiperazines	(DKPs),188	N-MePhe,189	or	(PhPro)4	peptides.190	Receptor-
mediated	 transport	 has	 also	 been	 a	 major	 focus	 in	 the	 development	 of	 BBB-shuttles,	
such	 is	 the	 case	 of	 THRre154	 or	 MiniAp-4,191	 which	 will	 be	 further	 discussed	 in	 the	
following	chapters.	

The	 sources	 of	 BBB-shuttle	 peptides	 are	 diverse,	 ranging	 from	 the	 mimicry	 of	
endogenous	proteins	 to	 the	use	of	phage	display.	A	 strategy	widely	used	 to	 find	BBB-
shuttles	 is	 to	 start	 from	 neurotropic	 proteins	 and	 identify	 the	moiety	 responsible	 for	
transport	through	sequence	alignment,	screening	of	synthesised	overlapping	fragments,	
or	 structural	 studies	 involving	 X-ray	 and	 NMR.192	 These	 approaches	 allow	 the	
identification	 of	 peptides	 that	 cross	 the	 BBB	 by	 an	 active	 mechanism.	 Angiopep-2	
(TFFYGGSRGKRNNFKTEEY),	 one	 of	 the	 first	 peptides	 reported	 and	 one	 of	 those	most	
advanced	 in	 clinical	 trials,	 was	 identified	 from	 sequence	 alignment	 of	 aprotinin	 with	
other	human	proteins	with	a	Kunitz	domain.193,194	A	small	library	was	generated	and	its	
transport	was	 evaluated	 using	 an	 in	 vitro	 BBB	model	 and	 in	 situ	 brain	 perfusion.	 The	
results	indicated	that	Angiopep-2	has	a	higher	capacity	to	accumulate	in	the	brain	than	
other	proteins.	Furthermore,	this	peptide	has	been	conjugated	to	a	multitude	of	cargoes,	
including	dendrimers.195	ApoE	((LRKLRKRLL)2),	a	peptide	derived	 from	apoliproteinE,	
also	 shows	high	 efficiency	 in	 transporting	 other	proteins	 into	 the	CNS.196	 In	 this	 case,	
several	 sequences	 of	 the	 protein	were	 expressed	 as	 fusion	 proteins	with	 a	 lysosomal	
enzyme	 after	 transient	 hepatic	 expression	 in	 mice,	 and	 their	 capacity	 to	 direct	 this	
enzyme	to	the	brain	was	proven.		

A	similar	strategy	consist	 in	starting	from	known	peptides	that	have	some	ability	to	
cross	the	BBB,	such	as	those	found	in	venoms	that	affect	the	CNS,	and	develop	them	to	
improve	this	characteristic	while	minimizing	toxic	effects.197	Other	sources	of	peptides	
are	chemical	or	biological	libraries	that	are	screened	against	receptors	or	cellular	lines	
related	 to	 the	 BBB	 to	 find	 new	molecules	 with	 the	 ability	 to	 enter	 the	 brain.	 Finally,	
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although	 these	 techniques	 provide	 new	BBB-shuttles,	 it	may	 be	 necessary	 to	 improve	
them	in	terms	of	stability,	effectiveness	or	selectivity.	
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This	third	chapter	is	devoted	to	the	use	of	phage	display	against	a	human	BBB	cellular	
model	to	discover	new	BBB-shuttle	peptides.	From	the	panning	experiment	of	a	12-mer	
library,	the	SGVYKVAYDWQH	(SGV)	peptide	sequence	was	selected	and	its	permeability	
validated	in	the	aforementioned	model.	Furthermore,	 internalisation	studies	suggested	
that	SGV	internalises	through	a	clathrin-mediated	mechanism	and	that	 it	 increases	the	
uptake	of	a	cargo	 in	endothelial	 cells.	These	results	highlight	 the	usefulness	of	 in	vitro	
BBB	models	for	the	discovery	of	BBB-shuttle	peptides	through	phage	display	libraries.	

	

The	work	of	this	chapter	led	to	the	following	publication:	

-	Díaz-Perlas,	C.;	Sánchez-Navarro,	M.;	Oller-Salvia,	B.;	Moreno,	M.;	Teixidó,	M.;	Giralt,	
E.	Biopol.	Pept.	Sci.,	2017,	108:e22928.	
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Extensive	knowledge	of	the	BBB,	such	as	receptors	and	proteins	present,	are	required	
to	design	specific	peptides	that	will	target	the	brain	selectively.	A	promising	alternative	
is	 to	 use	 unbiased	 libraries	 of	 peptides	 as	 the	 starting	 population	 of	 molecules	 and	
screen	 for	 those	 structures	 with	 high	 binding	 and/or	 transport	 capacity.	 Several	
methods	 can	 be	 used	 to	 obtain	 libraries	 of	 peptides,	 including	 one-bead-one-
compound198,199	and	phage	display.42	

Some	of	the	most	used	BBB-shuttle	peptides	come	from	phage	display,	as	is	a	fast	way	
to	screen	a	huge	library	of	peptides	against	the	target	of	interest.	In	the	context	of	BBB-
shuttle	discovery,	these	panning	experiments,	which	cover	a	variety	of	techniques,	have	
been	 performed	 in	 vitro	 on	 isolated	 cell	 lines	 and	 immobilised	 receptors	 and	 in	 vivo	
(Table	11).	

The	 most	 straightforward	 experiment	 involves	 panning	 against	 an	 immobilised	
receptor	 that	 is	relevant	 for	 the	 transport	of	molecules	 in	 the	BBB.	For	 instance,	a	12-
mer	peptide	library	was	panned	against	immobilised	GM1	as	target.	The	G23	sequence,	
when	coupled	to	polymeric	vesicles,	was	observed	to	mediate	transport	across	the	BBB	
both	in	vitro	and	in	vivo.200	Other	examples	are	peptide	B6,	which	was	found	by	panning	
for	motifs	that	bind	to	human	transferrin	receptor	(hTfR),201	and	peptide-22,	where	the	
panning	 was	 directed	 to	 the	 extracellular	 domain	 of	 human	 low	 density	 lipoprotein	
receptor	(LDLR).202	

Moreover,	 in	 vivo	 phage	 display	 has	 been	 reported	 to	 provide	 phage-displayed	
peptides	able	to	cross	the	BBB	from	systemic	circulation.203,204	In	these	experiments,	the	
phage	library	is	injected	into	mice	and	left	to	circulate	for	24	h	to	minimise	the	presence	
of	high	background	phage	 in	the	circulation.	The	brain	 is	 then	removed,	 the	phage	are	
recovered,	and	the	DNA	sequences	obtained.	For	example,	an	in	vivo	screening	of	a	12-
mer	 phage	 library	 was	 shown	 to	 yield	 a	 peptide	 specific	 to	 the	 brain,	 called	 TGN.	
Nanoparticles	 displaying	 TGN	 exhibit	 significantly	 higher	 efficiency	 in	 brain	 transport 

when	compared	with	native	phage.205	Similar	examples	are	the	discovery	of	CRT206	and	
PepC7.66	 The	 phage	 library	 can	 also	 be	 perfused	 in	 mice	 to	 enrich	 for	 peptides	
recognising	brain	capillary	endothelial	cells.	This	approach	was	used	in	the	discovery	of	
GLA	and	GYR	peptides	from	a	15-mer	peptide	library.207	In	another	example,	a	family	of	
peptides	homing	to	the	brain	was	discovered	by	intravascular	administration	of	a	cyclic	
7-mer	library	to	rats.208	

However,	 in	 vivo	 models	 are	 technically	 challenging,	 skill-demanding,	 and	 time-
consuming	 and	 they	 also	 require	 higher	 amounts	 of	 compounds.	 In	 contrast,	 panning	
against	isolated	cell	lines	is	easier	to	handle	and	has	a	greater	throughput	capacity	and	a	
lower	 cost.	A	 relevant	example	 is	 the	discovery	of	THR	and	HAI	peptides,	which	were	
found	by	selection	on	chicken	embryo	fibroblast	cells	expressing	hTfR	(CEF	+	hTfR).209	
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Table	11.	BBB-shuttle	peptides	discovered	by	phage	display	

Peptide	 Sequence	 Biopanning	method	 Phage	library	 Ref		
B6	 G-GHKAKGPRK-LGS	 Screening	 against	 the	 purified	

extracellular	domain	of	hTfR	
Custom	 9-mer	
peptide	 phage	
library	

201	

	 	 	 	 	

Peptide-22	 Ac-C(&)MPRLRGC(&)-
NH2	

Biopanning	 directed	 to	 the	
extracellular	 domain	 of	 the	 human	
low	 density	 lipoprotein	 receptor	
(LDLR)	

Random	 cyclic	
15-mer	
peptide	 phage	
library	

202	

	 	 	 	 	

G23	 HLNILSTLWKYRC	 Selection	 on	 immobilised	
monosialotetrahexosylganglioside	
(GM1)		

Ph.D.-12	 phage	
display	peptide	
library	(NEB)	

200	

	 	 	 	 	

THR	
HAI	

THRPPMWSPVWP	
HAIYPRH	

Alternating	 rounds	 of	 negative	
selection	 on	 chicken	 embryo	
fibroblast	cells	lacking	hTfR	(CEF)	and	
positive	 selection	 on	 chicken	 embryo	
fibroblast	 cells	 expressing	 hTfR	
(CEF+hTfR)	

Ph.D.-12	 and	
Ph.D.-7	 phage	
display	peptide	
library	(NEB)	

209	

	 	 	 	 	

-SxTSSTx-	 AC-SYTSSTM-CGGGS	 Intravascular	 administration	 in	 rats	
and	 separate	 harvesting	 of	 brain	
microvascular	 capillaries	 and	 brain	
parenchyma	 after	 vascular	 surface	
washing	

Ph.D.-C7C	
phage	 display	
peptide	 library	
(NEB)		

208	

	 	 	 	 	

CRT	 CRTIGPSVC	 Administration	 of	 the	 phage	 library	
i.v.	to	normal	mice	and	recovery	of	the	
enriched	 population	 of	 brain-homing	
phage	after	3	selection	rounds	

Random	 cyclic	
7-mer	 peptide	
phage	library	

206	

	 	 	 	 	

PepC7	 CTSTSAPYC	 Phage	 were	 recovered	 from	 mouse	
brain	 parenchyma	 after	 i.v.	
administration	

Ph.D.-C7C	
phage	 display	
peptide	 library	
(NEB)	

66	

	 	 	 	 	

TGN	 TGNYKALHPHNG	 Mice	 were	 injected	 in	 the	 tail	 vein	
with	 the	 phage	 and	 after	 a	 period	 of	
circulation,	 the	 blood	 was	 collected	
and	the	brain	was	removed	

Ph.D.-12	 phage	
display	peptide	
library	(NEB)	

205	

	 	 	 	 	

GLA	
GYR	

GLAHSFSDFARDFVA	
GYRPVHNIRGHWAPG	

Screening	 was	 performed	 by	
perfusion	 via	 the	 heart	 of	 a	 phage	
library	 through	 the	 murine	 brain	 in	
situ	

Random	 15-
mer	 peptide	
phage	library	

207	
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Moreover,	isolated	cell	lines	cannot	mimic	all	the	characteristics	of	the	BBB,	and	cell-
based	BBB	models	were	developed	to	cover	the	gap	between	cultured	cells	and	 in	vivo	
models.	We	have	established	 in	our	 laboratory	 a	BBB	 cellular	model	based	on	 the	 co-
culture	 of	 human	 brain	 endothelial	 cells	 and	 bovine	 pericytes	 developed	 by	 Prof.	
Cecchelli	(Figure	14).152		

	

In	this	project	we	want	to	identify	peptide	sequences	that	translocate	across	the	BBB.	
For	 this,	 we	 used	 the	 in	 vitro	 BBB	 model	 to	 screen	 two	 phage	 libraries	 containing	
random	7-	and	12-amino	acid	sequences.	This	methodology	is	a	new	tool	through	which	
identify	BBB-shuttle	peptides.	The	outline	of	 this	chapter	 is	presented	 in	 the	 following	
workflow.	

	
Workflow	of	Chapter	3	
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cargo	uptake	

Transport	
mechanism	of	
SGV	pep/de	

Synthesis	and	
valida/on	of	
the	pep/de	
candidate	

Biopanning	
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Panning	against	the	human	BBB	cellular	model	

To	perform	the	panning	experiments,	the	Ph.D.TM-C7C	and	Ph.D.TM-12	Phage	Display	
Peptide	Library	(New	England	Biolabs,	Hitchin,	UK)	were	selected	as	the	starting	phage	
pool.	 It	 is	 impossible	 to	 predict	 in	 advance	 which	 type	 of	 library	 will	 yield	 the	 most	
productive	ligands.	As	explained	in	Chapter	2,	both	libraries	present	several	advantages	
and	 disadvantages,	 and	 by	 using	 both	 of	 them,	we	 are	 covering	more	 chemical	 space.	
These	experiments	were	performed	against	the	in	vitro	BBB	cellular	model	(Figure	14),	
which	mimics	the	characteristics	of	the	BBB	as	a	whole.	

These	 experiments	were	performed	with	 the	help	 of	Dr.	Miguel	Moreno.	 For	 these,	
5·1010	 pfu	 of	 the	 phage	 display	 peptide	 library	was	 added	 to	 the	 donor	 compartment	
and	 incubated	 for	 2	 h	 (Figure	 44).	 After	 this	 incubation	 time,	 the	 acceptor	 and	 donor	
compartments	were	recovered.	The	phage	from	the	former	was	amplified	in	E.	coli	and	
used	 as	 the	 initial	 pool	 for	 the	 second	 round	of	 panning.	 This	 cycle	was	 carried	 out	 a	
second	 time,	 and	 the	 DNA	 of	 30-35	 individual	 phage	 clones	 was	 sequenced	 for	 each	
library.	Also,	as	an	internal	control	of	barrier	integrity,	Lucifer	Yellow	was	added	to	the	
well	 with	 the	 phage	 library.	 The	 permeability	 (Papp)	 values	 of	 this	 molecule	 were	
around	12·10-6	cm/s	–	a	value	below	the	acceptable	maximum	limit	of	15·10-6	cm/s.	

	
Figure	44.	Schematic	representation	of	the	biopanning	of	a	phage	display	library	against	a	human	
BBB	 cellular	 model.	 (a)	 Addition	 of	 the	 phage	 library	 to	 the	 human	 BBB	 cellular	 model,	 (b)	
incubation	 for	2	h,	 (c)	recovery	and	amplification	of	 the	acceptor	compartment,	 (d)	repetition	2-4	
times,	and	(e)	phage	isolation	and	DNA	sequencing.	

A	 broad	 range	 of	 peptide	 sequences	were	 obtained	 from	 the	 recovered	phage	with	
little	 consensus	between	 them.	 In	order	 to	minimise	 the	 risk	of	 false	hit	 identification	
due	 to	 residual	 leakage	 of	 phage	 into	 the	 acceptor	 compartment,	 the	 biopanning	
experiments	were	repeated.	The	unbiased	 library	was	used	as	 the	starting	phage	pool	
and	the	biopanning	cycle	was	performed	three	times	and	30-35	new	phage	clones	were	
sequenced.		
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Results	for	the	Ph.D.-C7C	phage	library	

When	analysing	the	peptides	recovered	for	the	Ph.D.-C7C	phage	library,	we	obtained	
very	few	sequences,	because	some	were	not	readable	and	some	had	no	insert	in	the	pIII	
region.	Also,	the	ones	obtained	presented	low	consensus	between	them	(Table	12).	

Table	12.	 Sequences	 of	 individual	 phage	 clones	 recovered	 after	 panning	 for	 the	 Ph.D.-C7C	phage	
library.	

Biopanning	1	 	 Biopanning	2	
Phage	clone	 Sequence	 Frequency	 	 Phage	clone	 Sequence	 Frequency	

1.1	 TLTSTLA 1/1	 	 2.1	 ELQDAAT 1/3	
	 	 	 	 2.2	 YTRNMNQ 1/3	
	 	 	 	 2.3	 PTRVSKD 1/3	

	

Due	to	the	 low	amount	of	recovered	sequences,	and	the	impossibility	to	extract	any	
conclusion	 from	 them,	 we	 decided	 to	 focus	 our	 attention	 to	 the	 other	 phage	 display	
library.	 Hence,	 the	 Ph.D.-C7C	 library	 was	 not	 useful,	 in	 our	 experimental	 settings,	 to	
identify	new	BBB-shuttles.	

	

Results	for	the	Ph.D.-12	phage	library	

The	results	from	the	Ph.D.-12	phage	library	were	better	than	for	the	Ph.D.-C7C.	In	this	
case,	 all	 the	 clones	 could	 be	 read	 and	 the	 sequences	 are	 shown	 in	 Table	 13.	 As	 said	
before,	 in	 the	 first	biopanning	experiment	 little	consensus	was	obtained,	 the	 following	
sequences	being	repeated	more	than	once:	QTFSRPDWTMYL	(2/34);	SGVYKVAYDWQH	
(5/34);	and	SSLELSRSSAAS	(2/34).	 In	 the	second	experiments	 the	translocation	of	 the	
sequence	SGVYKVAYDWQH	(2/31)	was	again	 found	to	be	 favoured,	as	shown	in	Table	
13.		

Little	sequence	consensus	was	obtained	which	could	be	due	to	several	factors.	On	one	
hand,	there	is	an	inherent	noise	in	the	panning	experiments	that	could	be	produced	by	
differences	in	infectivity	or	replication	rates.	On	the	other	hand,	the	BBB	cellular	model	
is	formed	by	endothelial	cells	that	present	many	receptors	capable	of	pulling	a	specific	
ligand	out	of	the	library	and	translocating	the	phage	to	the	acceptor	compartment.	This	
diversity	 can	 yield	 a	 complex	 mixture	 of	 peptides	 with	 no	 clear	 consensus,	 as	 seen	
before.207	The	results	of	these	two	independent	experiments	revealed	this	tendency	but	
also	a	sequence	repeated	in	both	experiments	and	more	than	once	(SGVYKVAYDWQH).		

We	therefore	selected	this	peptide	as	a	candidate	for	a	new	BBB-shuttle	and	continue	
its	evaluation	to	elucidate	its	capacities	to	enter	the	brain.	
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Table	 13.	 Sequences	 of	 individual	 phage	 clones	 recovered	 after	 panning	 for	 the	 Ph.D.-12	 phage	
library.	Phage-displayed	selected	sequence	is	shown	in	bold.	

Biopanning	1	 	 Biopanning	2	
Phage	
clone	

Sequence	 Frequency	 	 Phage	
clone	

Sequence	 Frequency	

1.1	 DPDDTHIMRLLY 1/34	 	 2.1	 KLNSLDSGMRLV 1/31	
1.2	 XKSTASMFTTAR 1/34	 	 2.2	 AFNPSTPHLRLI 1/31	
1.3	 GSAARWPFSVTL 1/34	 	 2.3	 GLTGDLSLNTAT 1/31	
1.4	 LTNTSQLQTRIG 1/34	 	 2.4	 ETLSSYVKKPGH 1/31	
1.5	 QTFSRPDWTMYL 2/34	 	 2.5	 SGVYKVAYDWQH 2/31	
1.6	 QTFSRPDWTMYL 2/34	 	 2.6	 AIYMDTGPLAGR 1/31	
1.7	 SQDIRTWNGTRS 1/34	 	 2.7	 SLPVGSSSDGWV 1/31	
1.8	 IEINATRAGTNL 1/34	 	 2.8	 LPLSYNDKARAE 1/31	
1.9	 SGVYKVAYDWQH 5/34	 	 2.9	 RVSIESHHLDHY 1/31	
1.10	 SMRASYPMPTFI 1/34	 	 2.10	 DGAVSYLQLRVT 1/31	
1.11	 GLHTSATNLYLH 1/34	 	 2.11	 GLHTSATNLYLH 1/31	
1.12	 FPGLFEMVESLN 1/34	 	 2.12	 FIPFDPMSMRWE 1/31	
1.13	 VNMVPLGKNVVQ 1/34	 	 2.13	 LDQLPCCWSKTG 1/31	
1.14	 IDAHFGLRLVND 1/34	 	 2.14	 WVNDTNSPLVPR 1/31	
1.15	 GSGASYQVWRPM 1/34	 	 2.15	 MLAPRQTEHGRI 1/31	
1.16	 SGVYKVAYDWQH 5/34	 	 2.16	 LMKSPQPLHSSR 1/31	
1.17	 MHYGTYTVGYKQ 1/34	 	 2.17	 MHPNAGHGSLMR 1/31	
1.18	 VLKEASHLPYSG 1/34	 	 2.18	 GQAPSVPFFASI 1/31	
1.19	 SGVYKVAYDWQH 5/34	 	 2.19	 NERNHEIMMAQA 1/31	
1.20	 GDYGDGFRLLYI 1/34	 	 2.20	 SGVYKVAYDWQH 2/31	
1.21	 VAGLKEQAELDY 1/34	 	 2.21	 HEMYSSFGALTV 1/31	
1.22	 TSWNMGLTYAGQ 1/34	 	 2.22	 NMANYSAISSRW 1/31	
1.23	 VLTNIARGEYMR 1/34	 	 2.23	 STPIFAEATARS 1/31	
1.24	 SSLELSRSSAAS 2/34	 	 2.24	 HSADINVGSRTR 1/31	
1.25	 GQAGGEWILHPL 1/34	 	 2.25	 DEAAYGLKLPGK 1/31	
1.26	 SSLELSRSSAAS 2/34	 	 2.26	 DLGRASSILPSG 1/31	
1.27	 SGVYKVAYDWQH 5/34	 	 2.27	 GLFGNEARTAST 1/31	
1.28	 AASSGVTVTLPT 1/34	 	 2.28	 YTNDHSRPKLVP 1/31	
1.29	 GESVSRIDVGSA 1/34	 	 2.29	 SVNSDHTSMRSH 1/31	
1.30	 TTVTGASFSAAY 1/34	 	 2.30	 AVMPRDHVLNAT 1/31	
1.31	 IEASFYDAPRGG 1/34	 	 2.31	 LHRQDNYLAASX 1/31	
1.32	 KASGSPSGFWPS 1/34	 	 	  	
1.33	 GSWGLNDSHSYR 1/34	 	 	 	 	
1.34	 SGVYKVAYDWQH 5/34	 	 	 	 	
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Synthesis	and	validation	of	the	selected	candidate	

To	validate	the	capacity	of	SGV	as	a	BBB-shuttle,	we	decided	to	move	from	the	phage	
display	to	the	peptide	platform.	Our	interest	was	to	develop	SGV	as	a	peptide	to	be	able	
to	transport	cargoes	such	as	molecules	or	proteins,	but	not	bacteriophage.	

In	 this	 way,	 SGV	 (H-SGVYKVAYDWQH-NH2)	 was	 synthesised	 using	 standard	
Fmoc/tBu	 solid-phase	peptide	 synthesis	 on	 an	 automatic	 peptide	 synthesiser	 (Liberty	
Blue	 synthesiser,	 CEM).	 The	 RinkAmide	 ChemMatrix®	 resin	 was	 used	 to	 provide	 an	
amide	at	the	C-terminus	of	the	peptide	to	avoid	the	presence	of	a	free	negatively	charged	
carboxylate,	as	the	peptide	was	fused	through	this	part	to	the	phage	and	did	not	present	
this	charge.	

Several	 versions	 of	 the	 peptide	were	 synthesised:	 the	 naked	peptide,	 to	 be	 used	 in	
toxicity	assays	and	the	validation	in	the	BBB	cellular	model	(SGV);	with	a	rhodamine	at	
the	N-terminus,	to	be	used	in	the	study	of	the	internalisation	mechanism	(Rh-SGV);	and	
with	a	maleimide	at	the	N-terminus,	to	be	used	in	the	conjugation	to	a	model	cargo	(Mal-
SGV).		

Cytotoxicity	assessment	

An	 XTT	 cell	 proliferation	 assay	 was	 performed	 to	 ensure	 that	 SGV	 presented	 low	
cytotoxicity	 in	 the	 range	 of	 concentrations	 used	 in	 the	 following	 assays.	 The	 assay	 is	
based	on	the	cleavage	of	the	tetrazolium	salt	XTT	in	the	presence	of	an	electron-coupling	
reagent,	producing	a	soluble	formazan	salt.	This	conversion	only	occurs	in	viable	cells.	 

In	 this	regard,	 the	peptide	was	 incubated	at	several	concentrations	(100	to	0.4	µM)	
with	HeLa	and	bEnd.3	cells	for	24	h.	Cell	viability	was	assessed	after	the	addition	of	the	
XTT	 reagent	 for	 4	 h.	 As	 predicted,	 this	 peptide	 had	 low	 toxicity,	 as	 reflected	 by	 cell	
viability	 above	 90%	 at	 all	 concentrations	 (Figure	 45).	 DDP	 (cis-
Diamminedichloridoplatinum(II))	was	added	as	a	positive	control,	which	is	toxic	at	high	
concentrations. 

	
Figure	45.	Cell	viability	 in	the	presence	of	SGV	or	DDP,	assessed	by	XTT	assay	after	24	h.	 In	(left)	
HeLa	and	(right)	bEnd.3	cells.	All	values	are	reported	as	the	mean	±	SD.	
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Permeability	in	the	BBB	cellular	model	

The	next	step	was	the	assessment	of	the	permeability	of	SGV	through	the	BBB	using	
the	 in	 vitro	BBB	 cellular	model	 to	 confirm,	 or	 not,	 the	 good	 permeability	 values.	 The	
peptide	was	added	to	the	donor	compartment	(apical)	at	50	µM,	and	its	recovery	in	the	
acceptor	compartment	(basal)	was	quantified	by	UPLC.	The	permeability	obtained	was	
(4.4±0.6)·10-6	 cm/s,	 which	 is	 of	 the	 same	 order	 of	 magnitude	 as	 other	 known	 BBB-
shuttles,	such	as	MiniAp-4	with	a	value	of	(6.7±0.6)·10-6	cm/s.191	When	performing	the	
assay	 at	 4oC,	 the	 permeability	 was	 reduced	 by	 40%,	 implying	 that	 the	 peptide	
internalised	 through	 an	 active	 mechanism.	 In	 another	 experiment,	 the	 peptide	 was	
added	to	the	basal	compartment	and	the	amount	transported	to	the	apical	compartment	
was	also	reduced	by	40%.	These	results	provide	the	first	indication	that	SGV	transport	
may	be	receptor-mediated	as	the	apical	and	basal	part	of	the	barrier	do	not	express	the	
same	receptors	or	the	same	levels	of	them	(Figure	46).	

	
Figure	46.	 Permeability	 of	 SGV	 in	 the	 in	 vitro	 BBB	 cellular	model.	 All	 values	 are	 reported	 as	 the	
mean	±	SEM	(n=3,	**P<0.01;	t-test).	

Transport	mechanism	of	SGV	peptide	

To	 gain	 further	 insight	 into	 the	 internalisation	 mechanism	 of	 SGV,	 we	 performed	
internalisation	 assays	 in	 bEnd.3	 cells.148	 As	 explained	 in	 the	 introduction,	 this	 is	 an	
immortalised	mouse	 brain	 endothelial	 cell	 line	 that	 displays	 similar	 characteristics	 to	
the	BBB.	It	is	a	simpler	model	than	the	in	vitro	BBB	cellular	model,	but	can	give	us	more	
insight	into	the	mechanisms	involved	in	the	endocytosis	of	the	peptides.		

For	 these	experiments,	SGV	was	synthesised	with	 the	rhodamine	 fluorescent	dye	at	
the	N-terminus.	This	fluorophore	gives	red	fluorescence	and	is	widely	used	for	labelling	
peptides.210	 The	 internalisation	 experiments	 were	 performed	 by	 incubating	 the	
rhodamine-labelled	peptide	 (Rh-SGV)	with	bEnd.3	 cells,	washing	 the	 cells	 of	 excess	of	
peptide	 and	 then	 evaluating	 peptide	 uptake	 using	 flow	 cytometry.	 First,	 the	 time	 of	
incubation	and	the	buffer	for	washing	the	cells	were	optimised.	A	30	min	incubation	was	
selected	 because	 an	 increase	 in	 the	 incubation	 time	 did	 not	 produce	 significant	
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differences.	Between	washing	the	cells	with	Ringer	HEPES	(RH,	pH	7.4)	or	Glycine	buffer	
(Gly,	pH	3)211	–	to	remove	the	peptide	in	the	cell	surface	–,	we	selected	RH	because	no	
significant	difference	was	observed	and	it	was	a	milder	buffer	for	the	cells	(Figure	47).	

	
Figure	47.	Uptake	of	Rh-SGV	by	bEnd.3	cells.	(left)	Experiments	to	set	up	the	conditions	and	(right)	
effect	 of	 selected	 inhibitors.	 All	 values	 are	 reported	 as	 the	 mean	 ±	 SEM	 (n=2-8,	 ****P<0.0001,	
***P<0.001,	**P<0.01,	t-test).	AU	=	arbitrary	units.	

Once	 the	 conditions	 were	 established,	 selected	 inhibitors	 were	 added	 for	 15	 min	
prior	 to	 the	 incorporation	 of	 the	 peptide	 in	 order	 to	 gather	 information	 on	 the	
mechanism	 of	 endocytosis	 (Figure	 13).	 To	 test	 whether	 the	 internalisation	 of	 SGV	 is	
through	an	active	mechanism,	bEnd.3	cells	were	incubated	with	sodium	azide	to	reduce	
ATP	production	or	kept	at	4oC	during	 the	experiment	 to	 reduce	cell	metabolism.	Both	
sodium	azide	(uptake	of	57%	with	respect	to	Rh-SGV)	and	temperature	(17%)	affected	
endocytosis,	 thereby	 suggesting	 an	 active	 uptake	 mechanism.	 We	 then	 added	
chlorpromazine,	a	cationic	amphipathic	drug	that	inhibits	clathrin-mediated	endocytosis	
of	 various	plasma	membrane	proteins,	 and	 fillipin	 III,	 a	 polyene	 antibiotic	 involved	 in	
the	inhibition	of	caveolae-mediated	endocytosis,	to	the	cells	prior	to	the	peptide.	On	this	
occasion,	 only	 chlorpromazine	 (70%)	produced	 a	 decrease	 in	Rh-SGV	uptake,	 thereby	
implying	the	involvement	of	a	clathrin-mediated	mechanism.	

Confocal	microscopy	analysis	

Moreover,	 the	 internalisation	 of	 SGV	 in	 two	 cell	 lines	 (bEnd.3	 cells	 and	 human	
endothelial	 cells	 used	 in	 the	 in	 vitro	 BBB	 cellular	 model)	 was	 confirmed	 by	 confocal	
microscopy.	 The	 rhodamine-labelled	 peptide	was	 incubated	with	 the	 cells	 on	MatTek	
plates	 and	 imaged	 after	 30	 min.	 Hoechst	 was	 used	 as	 a	 marker	 for	 cell	 nuclei	 and	
AlexaFluor	488-labeled	transferrin	(AF-Tf)	for	early	endosomes.	Transferrin	is	known	to	
internalise	through	a	clathrin-mediated	mechanism,212	which	first	step	is	the	formation	
of	 early	 endosomes,	 and	was	 used	 to	 confirm	 the	mechanism	of	 entry	 of	 SGV.	 And	 as	
seen	in	Figure	48,	Rh-SGV	co-localised	with	AF-Tf	while	rhodamine	alone	did	not	enter	
the	cells.	
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Figure	 48.	 Confocal	 fluorescent	 microscopy	 images	 of	 endothelial	 cells	 after	 30	 min	 of	 co-
incubation	at	37oC	with	Rh	or	Rh-SGV	and	AF-Tf.	Rh	or	Rh-SGV	is	shown	in	red,	AF-Tf	in	green,	cell	
nuclei	(Hoechst	staining)	in	blue,	and	co-localisation	in	yellow.	The	scale	bar	represents	15	µm.	

All	 this	 data	 confirms	 that	 SGV	 internalises	 both	 in	murine	 and	 human	 endothelial	
cells.	Also,	this	evidence,	together	with	the	inhibition	by	chlorpromazine,	suggests	that	
the	 internalisation	 mechanism	 involved	 in	 SGV	 uptake	 is	 clathrin-mediated,	 as	 Tf	
internalises	 also	 by	 this	 mechanism.	 Given	 that	 this	 endocytic	 mechanism	 is	 used	 by	
most	receptors	of	the	BBB,	such	as	the	receptors	of	transferrin,	epidermal	growth	factor,	
and	low-density	lipoprotein,	SGV	emerges	as	a	potentially	useful	BBB-shuttle.213	

Ability	to	improve	cargo	uptake	

For	 a	 peptide	 to	 be	 considered	 a	 BBB-shuttle,	 it	 must	 be	 able	 to	 improve	 the	
permeability	of	a	 cargo	 that	 is	not	able	 to	enter	 the	brain	unaided.	Among	 the	several	
drugs	 that	 do	not	 enter	 the	 brain,	we	 are	 interested	 in	 delivering	 challenging	 cargoes	
such	 as	 proteins.	 In	 this	 context,	 Green	 Fluorescent	 Protein	 (GFP)	 is	 used	 as	 a	model	
protein	 for	 others	 that	 would	 be	 interesting	 to	 deliver	 to	 the	 brain	 for	 protein	
replacement	therapy,	such	as	Frataxin214	or	α-N-acetylglucosaminidase	(NAGLU).215	GFP	
is	 a	 natural	 protein	 of	 238	 amino	 acids	 that	 emits	 green	 light	 with	 a	 fluorescence	
emission	peak	at	509	nm.	The	intrinsic	fluorescence	of	the	protein	is	due	to	a	covalently	
attached	 chromophore,	 which	 is	 formed	 post-translationally	 upon	 cyclisation	 and	
oxidation	of	Ser65,	Tyr66	and	Gly67.216	

In	this	context,	proteins	need	to	be	modified	to	be	conjugated	to	the	BBB-shuttle.	The	
field	of	protein	modification	has	been	growing	in	the	recent	years	to	create	therapeutic	
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conjugates	 and	 generate	 novel	 protein	 constructs.	 The	 ideal	 modifications	 are	
performed	at	<37oC	in	aqueous	solvent	(pH	6-8)	to	avoid	the	disruption	of	the	protein	
architecture	and/or	function.	The	most	commonly	modified	amino	acids	are	Lys,	Tyr	or	
Cys,	 in	 its	 free	 form	or	 forming	a	disulphide	bridge.	Lys	 is	 the	most	popular	choice	 for	
modification	 through	 amide	 formation,	 urea	 formation	 or	 reductive	 amination.	 More	
recently,	 unnatural	 amino	 acids	 have	 also	 been	 incorporated	 into	proteins,	 containing	
azide	 or	 alkyne	 groups,	 to	 perform	 Staudinger	 or	 1,3-dipolar	 cycloaddition	
reactions.217,218	

For	 these	 experiments,	 SGV	 was	 covalently	 attached	 to	 GFP	 in	 the	 following	 way	
(Figure	49A).	First,	GFP	was	modified	with	2-iminothiolane	to	incorporate	a	thiol	at	the	
Lys	residues.	The	maleimido-version	of	the	peptide	then	reacted	with	this	 free	thiol	to	
form	 a	 stable	 thioether.	 With	 this	 reaction,	 up	 to	 three	 copies	 of	 the	 peptide	 can	 be	
introduced	into	the	protein.	In	this	case,	the	reaction	of	GFP	with	Mal-SGV	yielded	43%	
as	 unreacted	 protein,	 43%	 incorporating	 one	 copy	 of	 the	 peptide	 and	 14%	with	 two	
copies	(Figure	49B).	

	
Figure	 49.	 Conjugation	 of	 SGV	 to	 GFP	 A)	 Scheme	 of	 the	 conjugation	 of	 Mal-SGV	 to	 GFP	 and	 B)	
characterisation	of	GFP-SGV	conjugate	with	Coomassie-stained	SDS-PAGE.	

The	capacity	of	SGV	to	improve	the	uptake	of	GFP	in	bEnd.3	cells	and	in	the	 in	vitro	
BBB	cellular	model	was	evaluated,	with	 the	help	of	Dr.	Macarena	Sánchez-Navarro.	To	
perform	 the	 internalisation	 experiments,	 the	 conjugates	 were	 labelled	 with	 125I,	 and	
uptake	was	measured	using	a	gamma	counter.	Radioactive	labelling	was	used	to	detect	
the	 protein	 at	 the	 concentration	 of	 the	 assay	 (100	 nM).	 Using	 this	 low	 concentration,	
macromolecular	 effects	 are	 reduced	and	 the	 conditions	 are	 similar	 to	 those	of	 in	 vivo.	
The	uptake	of	GFP	(632	±	43	fmol	GFP/mg	protein)	increased	2-fold	when	conjugated	to	
SGV	(1374	±	145	fmol	GFP/mg	protein)	(Figure	50).	Also,	by	lowering	the	temperature	
to	4oC,	the	uptake	of	GFP-SGV	remained	at	the	same	levels	as	GFP	alone	(731	±	108	fmol	
GFP/mg	 protein).	 When	 comparing	 with	 other	 BBB-shuttles,	 such	 as	 MiniAp-4,	 the	
increase	in	protein	uptake	is	of	the	same	order	of	magnitude.191	
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This	conjugate	was	also	assessed	 in	 the	 in	vitro	BBB	cellular	model,	using	 the	same	
concentration	and	mode	of	detection.	On	this	occasion,	the	permeability	of	the	conjugate	
(2.4	 ±	 0.2·10-6	 cm/s)	 and	 the	 protein	 alone	 (3.0	 ±	 0.1·10-6	 cm/s)	 were	 very	 similar	
(Figure	50).	These	results	are	not	very	promising,	but	as	seen	in	other	examples,219	each	
BBB-shuttle	may	be	specific	 for	a	 type	of	cargo.	Therefore,	we	need	 to	 further	explore	
the	use	of	other	cargoes	to	be	transported	into	the	brain	by	SGV.	

	
Figure	50.	Difference	between	GFP	and	GFP-SGV	in	(left)	internalisation	studies	in	bEnd.3	cells	and	
(right)	 the	 in	 vitro	 BBB	 cellular	 model.	 All	 values	 are	 reported	 as	 the	 mean	 ±	 SEM	 (n=3-8,	
***P<0.001,	**P<0.01;	t-test).	
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Summary	and	perspectives	

In	 this	 third	 chapter,	we	have	demonstrated	 that	phage	display	 can	be	applied	 to	a	
BBB	cellular	model	to	identify	peptide	sequences	that	translocate	across	the	BBB.	Using	
this	 approach,	 we	 discovered	 the	 SGV	 sequence	 from	 a	 12-mer	 library,	 which	 has	 a	
moderate	to	high	permeability	in	the	BBB	cellular	model.	We	have	also	shown	that	this	
peptide	 is	 able	 to	 enter	 endothelial	 cells,	 probably	 through	 clathrin-mediated	
endocytosis.	 SGV	 also	 facilitates	 the	 internalisation	 of	 GFP	 in	 bEnd.3	 cells,	 thereby	
opening	the	door	to	the	transport	of	other	cargoes.	However,	we	still	need	to	work	on	
the	ability	of	this	BBB-shuttle	to	transport	more	relevant	cargoes	into	the	brain,	such	as	
proteins	for	protein	replacement	therapy.	

But	 more	 importantly,	 we	 have	 shown	 the	 usefulness	 of	 the	 human	 in	 vitro	 BBB	
model	for	the	discovery	of	new	BBB-shuttles	with	the	use	of	phage	display.	However,	the	
initial	phage	display	library	used	in	this	proof-of-concept	may	not	be	the	ideal	starting	
point	for	such	a	complex	system	as	the	in	vitro	BBB	cellular	model.	With	the	use	of	other	
peptide	libraries,	with	more	constrained	conformations	or	less	randomised	amino	acid	
positions,	 we	 would	 probably	 have	 obtain	 better	 peptide	 sequences	 as	 novel	 BBB-
shuttles.		

In	 conclusion,	 a	 new	 BBB-shuttle	 has	 been	 discovered	 through	 the	 combination	 of	
phage	display	and	an	in	vitro	BBB	cellular	model.	
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In	this	fourth	chapter	the	branched	dimerisation	of	a	known	BBB-shuttles	is	explored	
to	enhance	BBB	permeability.	Branched	versions	of	THRre	were	synthesised,	exploring	
several	 approaches.	 Also,	 they	 were	 conjugated	 to	 model	 proteins	 to	 evaluate	 their	
ability	 to	 translocate	 those	 proteins	 in	 BBB	 cellular	 models.	 The	 results	 show	 an	
improvement	of	the	BBB	properties	of	the	constructs	containing	two	copies	of	the	BBB-
shuttle.	However,	the	required	synthetic	effort	is	translated	into	a	mild	enhancement	of	
their	BBB	properties.	
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BBB-shuttles	have	been	proven	effective	in	the	delivery	of	cargoes,	such	as	proteins	
and	nanoparticles,	into	the	brain	when	those	cargoes	were	unable	to	enter	the	brain	by	
themselves.	However,	the	vast	majority	of	BBB-shuttles	are	linear	sequences	of	L-amino	
acids,	which	make	them	susceptible	to	protease	degradation	and,	therefore,	reduces	its	
efficiency	 in	vivo.	There	are	several	strategies	to	make	a	peptide	more	stable.72	Among	
them,	the	retro-enantio	approach	–	synthesising	the	sequence	of	the	peptide	but	with	D-
amino	 acids	 and	 in	 the	 reverse	 order	 –	 has	 proven	useful	 in	 the	 field	 of	 BBB-shuttles	
peptides,	with	several	examples	such	as	THRre,154	DAngiopep-2220	and	DCDX.221	

THR	 (THRPPMWSPVWP)	 is	 a	 12-mer	 peptide	 discovered	 by	 phage	 display	 which	
interacts	with	hTfR	but	in	a	region	that	does	not	overlap	with	the	native	binding	site	of	
transferrin	(Tf).209	Although	 its	BBB-shuttle	capacities	have	been	demonstrated	by	 the	
delivery	of	gold	NPs	 in	vitro	and	 in	vivo,222	 it	has	 low	stability	 in	serum	proteases.	The	
retro-enantio	version	of	THR	(THRre,	pwvpswmpprht)	is	stable	in	serum	proteases	and	
is	able	to	transport	a	variety	of	cargoes,	with	higher	efficiency	than	the	parent	peptide,	
in	an	in	vitro	BBB	cellular	model	and	in	vivo	in	mice	(Figure	51).154	

	
Figure	 51.	 Comparison	 between	 THR	 (parent)	 and	 THRre	 (retro-enantio)	 peptides.	 Their	 A)	
protease	 resistance	 and	B)	 brain	 transport	 are	 represented.	 A)	 The	 percentage	 of	 peptide	 versus	
incubation	 time	 in	 human	 serum	 is	 represented	 for	 the	 parent	 peptide	 and	 its	 protease-resistant	
analogues:	 N-methylated,	 enantio,	 and	 retro-enantio	 versions.	 Experiments	 were	 performed	 in	
triplicate,	and	error	bars	 represent	SD.	B)	 In	vivo	 fluorescence	quantification	measured	 in	an	 IVIS	
spectrum	pre-clinical	in	vivo	imaging	system	(IVIS-200)	at	0.5,	1,	2,	4,	and	8	h	after	injection.	Three	
groups	 of	 mice	 (n=4)	 were	 injected	 with:	 cyanine5.5-parent	 peptide,	 cyanine5.5-retro-enantio	
peptide,	 and	 vehicle	 (sterile	 water).	 The	 graph	 plots	 the	 mean	 fluorescence	 of	 each	 group	
subtracting	 that	 of	 the	 vehicle	 at	 each	 time	 point,	 deviation	 is	 represented	 as	 SEM.	 Unpaired	 t	
student	test:	**P<0.01,	***P<0.001.	From	Prades	et	al.154	

Another	 way	 to	 improve	 the	 efficiency	 of	 a	 BBB-shuttle	 is	 by	 introducing	 it	 in	 a	
multivalent	platform,	so	several	copies	of	the	peptide	are	present,	which	will	enhance	its	
properties.	When	a	BBB-shuttle	is	conjugated	to	a	cargo,	the	ratio	BBB-shuttle:cargo	can	
range	from	1:1	to	400:1.	This	depends	on	the	chosen	cargo.	For	example,	small	organic	
molecules,	peptides	or	some	proteins	are	modified	selectively	at	one	position	with	one	
BBB-shuttle.	 On	 the	 other	 hand,	 nanoparticles,	 quantum	 dots	 and	 some	 proteins	 are	
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modified	by	coating	its	entire	surface	or	at	more	than	one	position.	However,	there	are	
cases	 where	 the	 modification	 of	 the	 cargo	 with	 one	 copy	 of	 the	 BBB-shuttle	 is	 not	
sufficient	 to	promote	 its	passage	through	the	BBB.	More	copies	can	be	 introduced,	but	
then	we	may	 lose	 the	 selective	modification	of	 the	protein,	 giving	 rise	 to	 a	mixture	of	
BBB-shuttle-cargo	conjugates	with	1,	2	or	more	copies	of	 the	shuttle.	 In	 those	cases,	 it	
may	be	 interesting	 to	use	multivalent	BBB-shuttles,	where	more	 than	one	 copy	of	 the	
shuttle	 is	 attached	 to	a	 core,	which	 is	 linked	 to	 the	 cargo	at	one	position.	Nature	uses	
multivalency	 to	 achieve	 tight	 binding	 in	 situations	 where	 univalent	 protein-ligand	
binding	is	weak,	achieving	increases	in	affinity	at	much	lower	concentrations.	That	is	the	
case	 of	 the	 binding	 of	 carbohydrates	 to	 their	 complementary	 proteins,	 where	
multivalency	leads	to	high	affinity	values.223	In	this	regard,	we	could	achieve	a	selective	
modification	of	the	protein,	obtaining	a	homogeneous	population,	and	an	enhancement	
of	the	BBB	capacities	with	the	use	of	multivalent	BBB-shuttles.	

Therefore,	 in	 this	 project	we	wanted	 to	 explore	 the	 feasibility	 of	 the	 synthesis	 of	 a	
multivalent	BBB-shuttle	platform	and	 its	application	 in	 the	delivery	of	proteic	 cargoes	
across	the	BBB,	implementing	the	following	workflow.	

	
Workflow	of	Chapter	4	
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Synthesis	of	branched	THRre	peptides	

Peptide	molecules	can	be	conjugates	covalently	in	different	ways	to	create	a	branched	
structure	 having	 a	 dendrimeric	 or	 other	 multimeric	 forms.	 The	 multiple	 antigenic	
peptides	(MAPs)	are	the	most	common	form	of	peptide	dendrimer.	They	are	formed	of	a	
core	matrix	forming	the	central	component	from	which	the	branches	emerge.224	Several	
amino	 acids	 have	 been	 used	 for	 core	 formation,	 being	 Lys	 the	 preferred	 one.	 Lys	
presents	 two	 amino	 functions,	 at	 the	 α-	 and	 ε-position,	 which	 provides	 the	 two	
anchoring	 points.	 These	 Lys	 can	 either	 be	 intercalated	 in	 the	 main	 chain	 to	 create	 a	
decorated	peptide225	or	be	placed	at	the	C-terminus	to	form	tree-like	constructs,	where	a	
single	sequence	forks	out	into	2n	branches.226,227		

Multivalent	peptides	can	be	synthesised	using	two	methodologies:	stepwise	SPPS	or	
conjugation	of	two	peptidic	sequences	forming	the	core	and	branches.	There	are	several	
methodologies	 to	 link	 two	 segments	 together,	 as	 seen	 in	 the	 introduction.	 Thioether,	
oxyma	and	hydrazine	ligation	are	the	most	common	linkages.	This	second	approach	has	
the	advantage	of	the	pre-purification	and	characterisation	of	the	separate	peptides,	but	
the	 introduction	 of	 several	 chains	 to	 the	 core	 may	 be	 hampered	 by	 hydrophobic	
interactions.227	Therefore,	a	stepwise	SPPS	method	was	designed	for	the	construction	of	
our	branched	BBB-shuttles.		

Before	 the	 incorporation	 of	 the	 branching	 amino	 acid,	 a	 small	 sequence	 was	
introduced	to	separate	it	from	the	resin.	Two	Lys	were	incorporated	in	order	to	improve	
the	 solubility	 of	 the	 final	 peptide.	 The	 synthesis	 of	 these	 branched	 peptides	was	 also	
performed	in	two	versions,	the	second	one	incorporating	an	orthogonally	protected	Lys	
to	allow	the	introduction	of	other	functionalities,	such	as	a	maleimide	or	a	fluorophore.		

In	this	regard,	two	types	of	constructs	were	designed,	with	one	or	two	copies	of	the	
THRre	sequence	(Table	14).	

Table	 14.	 Sequence,	 chemical	 formula	 and	 molecular	 weight	 (MW)	 of	 branched	 THRre.	 Mal	 =	
maleimide,	CF	=	carboxyfluorescein	and	O2Oc	=	3,6-dioxaoctanoic	acid.	

Peptide	 Sequence	 Chemical	formula	 MW,	g/mol	
THRre_1k	 pwvpswmpprhtkk	 C83H124N24O16S	 1746.09	
THRre_1c	 pwvpswmpprhtkkc	 C86H129N25O17S2	 1849.23	
THRre_1m	 pwvpswmpprhtKGK(Mal)G	 C97H141N27O21S	 2053.42	
THRre_1f	 pwvpswmpprhtKGK(CF)G	 C108H140N26O24S	 2218.53	
THRre_2k	 (pwvpswmpprht-O2Oc)2kkk	 C172H255N47O37S2	 3637.29	
THRre_2c	 (pwvpswmpprht-O2Oc)2kkkc	 C175H260N48O38S3	 3740.43	
THRre_2m	 (pwvpswmpprht)2KKGK(Mal)G	 C174H250N48O36S2	 3654.33	
THRre_2f	 (pwvpswmpprht)2KKGK(CF)G	 C185H249N47O39S2	 3819.44	
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First	syntheses	

In	 the	 first	 version,	 the	 synthesis	 was	 performed	 using	 standard	 manual	 SPPS	 on	
RinkAmide	 ChemMatrix®	 resin.	 D-amino	 acids	 were	 incorporated	 into	 the	 resin	 to	
complete	the	sequence	and	Fmoc-D-Lys(Fmoc)-OH	was	used	as	the	branching	unit,	with	
the	 Fmoc	protecting	 groups	 that	 allows	 the	deprotection	 of	 both	 amino	 groups	 at	 the	
same	time.	Also,	the	spacer	3,6-dioxaoctanoic	acid	(O2Oc)	was	incorporated	between	the	
branching	Lys	and	the	rest	of	the	chain	to	improve	the	flexibility	and	the	solubility	of	the	
construct.	Two	batches	were	prepared,	with	and	without	a	C-terminus	Cys.	This	Cys	was	
introduced	 to	 allow	 the	 conjugation	 to	 a	 cargo	 by	 a	 disulphide	 bridge.	 Yet,	 the	 thiol	
groups	 are	 potent	 nucleophiles	 and	 are	 easily	 oxidised	 with	 the	 atmospheric	 air.	
Consequently,	 during	 the	 performance	 of	 biological	 assays,	 they	 can	 react	 with	
membrane	 proteins	 and	 hamper	 the	 assay.	 Hence,	 the	 second	 batch	 was	 synthesised	
without	this	C-terminus	Cys.		

The	 synthesis	of	 the	peptides	 incorporating	only	one	 copy	of	 the	BBB-shuttle,	 from	
now	 on	 THRre_1k	 (without	 Cys,	 C-terminus	 Lys)	 or	 THRre_1c	 (with	 Cys),	 proceeded	
smoothly	obtaining	an	overall	yield	of	synthesis	and	purification	of	32%	for	THRre_1c	
and	20%	for	THRre_1k.	

For	the	synthesis	of	the	branched	BBB-shuttles,	THRre_2k	(with	2	copies	of	the	BBB-
shuttle	and	without	Cys,	C-terminus	Lys)	or	THRre_2c	(with	2	copies	and	with	Cys),	the	
loading	 of	 the	 resin	 was	 reduced	 by	 the	 capping	 of	 unreacted	 positions	 after	 the	
introduction	of	the	first	amino	acid	in	defect.	Most	of	the	amino	acids	were	introduced	
with	double	coupling.	After	purification,	both	peptides	were	obtained	with	high	purity	
with	 an	 overall	 yield	 of	 synthesis	 and	 purification	 of	 2%	 for	 THRre_2c	 and	 3%	 for	
THRre_2k	(Scheme	14).	

	
Scheme	14.	Synthetic	scheme	of	the	synthesis	of	THRre_2c.	

Moreover,	the	synthesis	of	a	4-branched	BBB-shuttles	was	also	attempted.	Although	
the	initial	steps	of	the	synthesis	produced	the	intended	product,	the	introduction	of	the	
last	amino	acids	onto	the	peptide	chain,	at	 four	positions	at	 the	same	time,	resulted	 in	
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very	 low	yields.	Consequently,	 the	peptide	 could	not	be	obtained,	probably	due	 to	 the	
steric	hindrance,	and	no	further	attempts	to	synthesise	it	were	made.	

Second	syntheses	

It	was	also	necessary	to	generate	multivalent	constructs	that	will	be	easily	conjugated	
with	 the	 desired	 cargoes	 in	 a	 specific	 manner.	 For	 this,	 these	 constructs	 were	 re-
synthesised	 with	 the	 incorporation	 of	 an	 orthogonally-protected	 amino	 acid,	 Fmoc-
Lys(Alloc)-OH,	which	offers	a	third	degree	of	protecting	group	orthogonality.	The	Alloc	
group	can	be	removed	with	the	addition	of	palladium	while	the	other	protecting	groups	
are	not	affected.	

The	 synthetic	 scheme	 is	 shown	 in	 Scheme	 15.	 The	 synthesis	 was	 performed	 on	
RinkAmide	AM	resin	using	an	automated	microwave	peptide	synthesiser	(Liberty	Blue,	
CEM).	 The	 amino	 acids	 corresponding	 to	 the	 core	 of	 the	 peptide	 were	 introduced	
manually	 using	 standard	 SPPS	 methodology.	 Two	 Gly	 were	 placed	 flanking	 the	
Lys(Alloc)	 to	 serve	 as	 spacers.	 Then,	 a	 Lys(Boc)	 was	 introduced	 and	 a	 final	 Lys	 was	
incorporated	in	the	form	of	Fmoc-Lys(Fmoc)-OH	to	allow	the	branching	of	the	chain.	The	
rest	of	the	chain	was	elongated	with	double	coupling	in	all	the	amino	acids.		

At	the	end	of	the	synthesis,	the	Alloc	group	was	selectively	removed	using	palladium,	
and	either	6-maleimidohexanoic	acid	(Mal)	or	carboxyfluorescein	(CF)	was	 introduced	
at	 the	deprotected	amine.	Finally	 the	peptides	were	cleaved	and	purified,	obtaining	an	
overall	yield	of	synthesis	and	purification	of	7%	for	THRre_2m	(with	Mal)	and	10%	for	
THRre_2f	(with	CF).	

	
Scheme	15.	Synthetic	scheme	of	the	syntheses	of	THRre_2m	(X	=	Mal)	or	THRre_2f	(X	=	CF).	

Similar	 to	 the	 synthesis	 the	 branched	 BBB-shuttles,	 linear	 versions	 were	 also	
synthesised	without	the	incorporation	of	the	branching	unit.	Thus	obtaining	an	overall	
yield	 of	 synthesis	 and	 purification	 of	 18%	 for	 THRre_1m	 (with	 Mal)	 and	 25%	 for	
THRre_1f	(with	CF).	
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Preliminary	evaluation	of	their	BBB	properties	

In	order	to	assess	if	the	branched	peptide	represents	an	improvement	of	the	known	
BBB-shuttle,	 we	 first	 evaluated	 its	 uptake	 in	 bEnd.3	 cells.	 In	 these	 experiments,	 the	
peptides	presenting	a	CF	(THRre_1f	and	THRre_2f)	were	used	so	 they	can	be	detected	
using	 flow	cytometry.	However,	when	we	 tried	 to	dissolve	THRre_2f	 in	 the	 incubation	
buffer	(RH	at	pH	7.4),	this	peptide	aggregated.	Changing	the	concentration	or	dissolving	
it	in	DMSO	did	not	improve	the	solubility.	Only	when	the	pH	was	adjusted	below	5	the	
peptide	was	well	dissolved.		

Therefore,	 we	 decided	 to	 use	 pH	 4.5	 for	 the	 cell	 experiments.	 Preliminary	
experiments	showed	no	increase	in	cell	death	because	the	incubation	time	was	short	(30	
min).	 The	 results	 are	 presented	 in	 Figure	 52.	 Clear	 internalisation	 improvement	 is	
observed	 for	 the	 THRre_2f	 peptide	 when	 compared	 with	 THRre_1f,	 with	 a	 20-fold	
increase.	

	
Figure	52.	Uptake	of	THRre_1f	and	THRre_2f	by	bEnd.3	cells,	analysed	by	flow	cytometry.	All	values	
are	reported	as	the	mean	±	SEM	(n=3,	****P<0.0001;	t-test).	

Finally,	to	assess	that	the	cells	were	indeed	alive	after	the	30	min	incubation	and	that	
no	damaging	effect	was	caused	to	them,	we	performed	the	same	internalisation	studies,	
but	looking	at	the	cells	by	confocal	microscopy.	In	these	experiments	we	could	see	that	
the	cells	have	their	usual	morphology	after	the	incubation	at	pH	7.4	or	pH	4.5,	with	and	
without	 the	 peptides.	 Also,	 the	 amount	 of	 peptide	 that	 is	 internalised	 differs	 from	
THRre_1f	and	THRre_2f,	being	more	intense	in	the	second	case	(Figure	53).	
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Figure	53.	Confocal	fluorescent	microscopy	images	of	bEnd.3	cells	after	30	min	of	incubation	with	
THRre_2f	or	THRre_1f	(at	37oC	in	RH	pH	4.5).	CF-labeled	peptides	are	shown	in	green	and	cell	nuclei	
(Hoechst	staining)	in	blue.	The	scale	bar	represents	15	µm.	

Despite	 these	 promising	 results,	 one	 must	 consider	 that	 the	 experiments	 were	
performed	 at	 pH	 4.5,	 which	 is	 not	 ideal	 for	 the	 cells.	 At	 this	 lower	 pH,	 the	 cell	
mechanisms	may	be	modified	and	 the	behaviour	of	 the	peptides	may	be	affected.	The	
presence	 of	 a	 fluorophore	 can	 also	 influence	 the	 internalisation	 of	 these	 peptides.	
However,	when	the	two	peptides	are	compared	in	the	same	experimental	conditions,	we	
see	a	clear	increase	in	the	uptake	of	THRre_2f	with	respect	to	THRre_1f.	

Conjugation	to	model	proteins	

As	 said	 before,	 one	 of	 the	 main	 characteristics	 of	 a	 BBB-shuttle,	 is	 its	 ability	 to	
transport	 cargoes	 across	 the	 BBB.	 Once	 we	 have	 seen	 that	 these	 peptides	 have	 the	
ability	to	internalise	in	bEnd.3	cells	and	that	the	branched	THRre	internalise	better.	We	
wanted	 to	 evaluate	 its	 ability	 to	 translocate	 a	 model	 protein	 across	 the	 BBB.	 Green	
Fluorescent	Protein	(GFP)	was	selected	as	a	model	protein	because	it	 is	easy	to	obtain	
and	 has	 fluorescent	 properties,	 while	 Frataxin	 (FXN)	 was	 selected	 because	 of	 its	
involvement	 in	 Friedreich’s	 Ataxia,	 one	 of	 the	 neurodegenerative	 diseases	 selected	 as	
proof-of-concept	of	the	BBB-shuttle	technology	in	our	group.		

Apart	 from	 enhancing	 the	 BBB	 properties	 of	 the	 BBB-shuttle,	 for	 a	 multivalent	
platform,	we	 also	want	 to	 achieve	 a	 controlled	modification	 of	 the	 cargo,	 i.e	 the	 new	
entity	formed	has	a	defined	structure.	For	this,	the	protein	has	to	be	selectively	modified	
at	 a	defined	position.	 In	 this	 regard,	 these	 two	proteins	were	expressed	with	an	extra	
Cys,	which	will	allow	a	selective	conjugation	with	the	BBB-shuttle	without	modifying	the	
folding	of	the	protein.	Two	types	of	conjugates	were	envisages,	with	a	disulphide	bridge	
or	a	thioether	linkage.	The	disulphide	bridge	constructs	will	be	easier	to	synthesise	but	
may	not	be	stable	in	a	cellular	environment,	while	the	thioether	will	be	more	stable	but	
the	synthesis	of	the	peptide	construct	is	more	complex.		
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Conjugation	via	a	disulphide	bridge	

The	 formation	 of	 the	 disulphide	 bridge	 was	 performed	 using	 the	 Cys-containing	
peptides,	 THRre_1c	 or	 THRre_2c,	 following	 Scheme	 16.	 In	 brief,	 the	 proteins	 were	
reduced	 and	 reacted	 with	 Ellman’s	 reagent	 to	 provide	 a	 more	 reactive	 intermediate	
thioester	that	reacted	with	the	Cys-peptide	to	afford	the	final	conjugation	product.		

	
Scheme	16.	Conjugation	of	linear	(THRre_1c)	or	branched	(THRre_2c)	peptides	to	Cys-GFP	via	the	
formation	of	a	disulphide	bridge.		

In	this	way,	the	peptides	were	conjugated	with	both	proteins	(GFP	or	FXN)	to	give	the	
following	 constructs	 (Table	 15).	 For	 the	 constructs	with	THRre_2c,	 not	 all	 the	 protein	
reacted	with	 the	peptide	due	 to	 the	bulkiness	of	 this	peptide	 construct	 in	 comparison	
with	 THRre_1c.	 Although	 the	 time	 of	 reaction	 and/or	 the	 amount	 of	 peptide	 were	
increased,	 the	 reaction	 did	 not	 proceed	 to	 completion,	 as	 we	 were	 always	 detecting	
some	amount	of	unreacted	protein	(Figure	54).	

Table	15.	Characterisation	of	THRre	conjugates	via	the	formation	of	a	disulphide	bridge	with	FXN	
and	GFP.	

Construct	 Calc	MW,	Da	 Found	MW,	Da	 Conjugate/Protein,	%	
FXN	 16992	 16991.40	 -	
FXN-THRre_1c	 18837	 18840.45	 100	
FXN-THRre_2c	 20729	 20718.86	 80	
GFP	 28760	 28768.20	 -	
GFP-THRre_1c	 30627	 30607.46	 100	
GFP-THRre_2c	 32528	 32518.32	 80	

	
Figure	 54.	 UPLC-MS	 spectra	 of	 some	 of	 the	 constructs.	 Mass	 spectra	 of	 the	main	 peak:	 A)	 GFP-
THRre_1c	and	B)	GFP-THRre_2c.		
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Both	proteins	were	also	reacted	with	iodoacetamide	to	alkylate	the	sulfhydryl	group	
of	 Cys	 and	 prevent	 that	 this	moiety	 reacts	 in	 the	 cellular	 environment	when	 used	 as	
controls.	 Therefore,	 the	 FXN	 and	 GFP	 used	 in	 the	 following	 experiments	 have	 this	
unreactive	extra	Cys.	

Conjugation	via	a	thioether	bridge	

Maleimide	 containing	peptides,	THRre_1m	and	THRre_2m,	were	 conjugated	 to	GFP.	
For	this	conjugation,	FXN	was	not	used,	as	 in	previous	experiments	FXN	had	relatively	
good	uptake	in	the	BBB	cellular	model,	and	did	not	represent	a	good	negative	control.	

The	conjugation	was	performed	as	described	in	Scheme	17.	In	brief,	GFP	was	reduced	
and	conjugated	in	the	same	pot	with	the	maleimido-peptide	to	afford	a	thioether	linkage	
between	the	maleimide	and	the	Cys	of	the	protein.		

	
Scheme	17.	Conjugation	of	branched	THRre	to	Cys-GFP	via	the	formation	of	a	thioether	bridge.		

In	this	regard,	the	peptides	were	conjugated	to	give	the	constructs	shown	in	Table	16.	
As	seen,	 the	conjugation	of	THRre_2m	with	the	protein	did	not	proceed	to	completion.	
Several	 trials	 were	 performed	 to	 increase	 the	 amount	 of	 conjugated	 protein,	 such	 as	
increasing	the	incubation	time,	the	temperature	and	the	equivalents	of	the	peptide	with	
respect	 to	 the	 protein.	 With	 these,	 we	 only	 managed	 to	 obtain	 a	 70%	 of	 conjugated	
protein,	based	on	gel	electrophoresis.		

Table	16.	 Characterisation	of	THRre	 conjugates	via	 the	 formation	of	 a	 thioether	bridge	with	FXN	
and	GFP.	

Construct	 Calc	MW,	Da	 Found	MW,	Da	 Conjugate/Protein,	%	
GFP	 28760	 28760.00	 -	
GFP-THRre_1m	 30814	 30814.00	 100	
GFP-THRre_2m	 32415	 32414.00	 70	

	

As	 in	 the	previous	conjugations,	 the	sulfhydryl	groups	of	GFP	were	conjugated	with	
iodoacetamide	to	prevent	the	reaction	in	the	cellular	environment.	
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Evaluation	of	the	conjugates	capacity	to	cross	the	BBB	

With	the	conjugates	in	hand,	the	next	step	was	to	evaluate	their	capacity	to	enhance	
the	uptake	of	the	proteins	in	models	of	the	BBB.	As	seen	previously,	two	cellular	models	
are	set	up	in	our	laboratory,	an	internalisation	experiment	in	bEnd.3	cells	and	an	in	vitro	
BBB	cellular	model.	These	experiments	were	performed	with	the	help	of	Dr.	Macarena	
Sánchez-Navarro.	

Internalisation	experiments	in	bEnd.3	cells	

The	internalisation	experiments	were	performed	by	incubating	bEnd.3	cells	with	the	
125I-radiolabelled	proteins	for	30	min	and	then	analysing	the	amount	of	protein	using	a	
gamma	 counter	 and	BSA	 analysis.	 The	 chosen	 conjugates	 for	 these	 analyses	were	 the	
ones	with	a	thioether	linkage,	as	this	is	more	stable	in	the	cell	environment.	

These	experiments	were	repeated	3	independent	times	with	2-3	replicates	each	time.	
The	uptake	of	GFP	increased	2.6-fold	when	conjugated	to	THRre_2m	while	no	increase	
was	detected	when	conjugated	to	THRre_1m.	ApoE	((LRKLRKRLL)2),	peptide	with	high	
efficiency	 in	 transporting	 other	 proteins	 into	 the	 brain,196	 was	 used	 as	 a	 control	
conjugated	 to	GFP	 in	 the	 same	way	 as	 the	 other	 peptides,	 through	 the	 formation	 of	 a	
thioether	bridge.	The	results	are	summarised	in	Figure	55.	

	
Figure	 55.	 Uptake	 of	 GFP	 conjugates	 by	 bEnd.3	 cells,	 analysed	 by	 flow	 cytometry.	 All	 values	 are	
reported	as	the	mean	±	SEM	(n=10,	****P<0.0001,	***P<0.001;	t-test).	

Permeability	experiments	in	the	BBB	cellular	model	

The	 in	 vitro	 BBB	 cellular	 model	 was	 used	 to	 further	 assess	 the	 BBB	 properties	 of	
these	 conjugates.	 The	 proteins	 were	 again	 labelled	 with	 125I	 and	 the	 amount	 was	
assessed	with	a	gamma	counter.	These	experiments	were	performed	with	both	types	of	
protein	conjugates.	

The	results	from	the	disulphide	bridge	constructs	are	presented	in	Figure	56.	We	see	
that	 the	 conjugates	 with	 THRre_2c	 have	 a	 higher	 increase	 in	 Papp	 than	 the	
corresponding	 protein	 or	 conjugate	 with	 THRre_1c.	 Despite	 the	 increase	 being	
significant,	it	is	not	so	pronounced	as	in	the	internalisation	experiment.		
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Moreover,	the	analysis	of	the	Papp	was	also	performed	by	precipitating	the	proteins	
by	 means	 of	 trichloroacetic	 acid	 (TCA).	 When	 TCA	 is	 introduced	 in	 the	 sample,	 the	
proteins	 precipitate	 while	 any	 undesired	 remaining	 125I	 from	 the	 iodination	 reaction	
remains	in	solution.	The	results	from	the	TCA	precipitation	show	a	higher	increase	in	the	
Papp	of	FXN-THRre_2c	which	respect	to	FXN.	However,	the	precipitation	of	the	proteins	
may	 not	 be	 lineal	with	 the	 concentration	 and	 not	 all	 the	 constructs	 precipitate	 in	 the	
same	way.		

	
Figure	56.	 Permeability	 in	 the	 in	vitro	 BBB	 cellular	model	 of	 disulphide	 bridge	 conjugates.	 (left)	
GFP	conjugates.	(middle)	FXN	conjugates.	(right)	FXN	conjugates	after	TCA	precipitation.	All	values	
are	reported	as	the	mean	±	SD	(n=3,	**P<0.01,	*P<0.1;	t-test).	

Also,	 as	 commented	 before,	 these	 conjugates	 were	 suspected	 to	 be	 not	 stable	 in	
physiological	conditions,	as	the	disulphide	bridge	can	be	broken	with	the	proteins	of	the	
media.	For	this,	the	stability	of	these	constructs	was	analysed	by	incubating	them	at	37oC	
for	2	h	and	then	analysing	the	amount	of	remaining	conjugate	by	mass	spectrometry.	As	
seen	in	Figure	57,	before	the	treatment,	almost	nothing	of	unreacted	GFP	is	seen,	while	
after	the	2	h	treatment,	a	small	amount	of	GFP	is	present	(25	%).	This	supports	the	idea	
that	 this	 constructs	 are	 not	 much	 stable.	 Further	 stability	 experiments	 in	 cells	 were	
performed,	but	 the	amount	of	protein	was	not	sufficient	 to	be	detected	before	or	after	
the	experiment.	Despite	this,	the	incubation	time	is	only	of	2	h,	time	that	we	estimate	is	
short	enough	for	the	conjugates	to	still	be	present.	

	
Figure	 57.	 Deconvoluted	mass	 spectra	 of	 the	 constructs	 before	 and	 after	 the	 incubation	 at	 37oC.	
This	 assay	 was	 performed	 with	 GFP-THRre_1c.	 MW	 (GFP)	 =	 28760	 Da;	 MW	 (GFP-THRre_1c)	 =	
30606	Da.		
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Having	seen	the	results	 from	these	constructs,	we	decided	to	evaluate	the	thioether	
linkage	with	GFP	using	 the	 same	 conditions	 as	 before.	 The	 results	 are	 summarised	 in	
Figure	 58.	 Again,	 the	 Papp	 of	 GFP-THRre_2m	was	 compared	with	 GFP-THRre_1m	 and	
GFP	alone.	On	this	occasion,	the	Papp	of	GFP	alone	was	higher	than	expected,	maybe	due	
to	 the	presence	of	 the	alkylated	Cys.	The	divalent	 conjugate	had	higher	Papp	 than	 the	
monovalent,	in	a	similar	trend	than	with	the	disulphide	conjugates.	Again,	these	proteins	
were	precipitated	with	TCA	and	the	amount	analysed.	The	results	are	very	similar,	but	
as	remarked	before	the	precipitation	may	not	be	equal	for	all	the	proteins.			

	
Figure	58.	 Permeability	of	 the	GFP	 conjugates	via	 a	 thioether	 linkage	 in	 the	 in	vitro	BBB	cellular	
model.	(left)	Before	TCA	precipitation	(right)	After	TCA	precipitation.	All	values	are	reported	as	the	
mean	±	SD	(n=3,	**P<0.01,	*P<0.1;	t-test).	

Although	 the	 difference	 in	 Papp	 is	 significant	 for	 THRre_2m	 with	 respect	 to	 the	
protein	 alone	or	 conjugated	 to	THRre_1m,	 the	 increase	 is	 not	 the	 one	 expected.	 For	 a	
multivalent	platform	to	be	useful,	it	requires	that	the	increase	in	Papp	is	more	than	the	
one	 obtained	 with	 two	 separate	 copies	 of	 the	 peptide.	 A	 higher	 increase	 means	 a	
synergistically	enhanced	effect	between	the	two	chains	of	the	peptide	that	increases	its	
interaction	with	the	cells.	As	this	is	not	the	case,	the	mild	improvement	in	Papp	does	not	
compensate	for	the	increased	synthetic	effort	required.	
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Summary	and	perspectives	

In	 this	 chapter,	we	have	described	 the	 synthesis	 of	multivalent	 peptides	 displaying	
one	 or	 two	 copies	 of	 a	 known	 BBB-shuttle	 (THRre).	 Their	 preliminary	 evaluation	
suggested	that	the	presence	of	two	chains	of	the	shuttle	greatly	improved	the	uptake	by	
endothelial	cells.		

Also,	 these	 branched	 peptides	 were	 conjugated	 to	 two	 model	 proteins	 and	 the	
constructs	characterised.	The	conjugation	was	performed	via	a	disulphide	or	a	thioether	
bond	 yielding	 two	 different	 types	 of	 constructs.	 Their	 uptake	 and	 permeability	 were	
evaluated	on	two	models	of	 the	BBB,	where	we	found	a	mild	 improvement	of	 the	BBB	
properties	of	the	branched	constructs.		

The	 aim	 of	 this	 project	 was	 to	 explore	 the	 feasibility	 of	 the	 synthesis	 of	 branched	
BBB-shuttles	and	its	ability	to	translocate	the	BBB.	The	results	presented	here	suggest	
that	 the	 mild	 improvement	 in	 Papp	 may	 not	 compensate	 for	 the	 increased	 synthetic	
effort	required.	However,	recent	studies	undertaken	by	our	group	suggest	that	the	BBB	
capacities	of	THRre	are	not	extensible	to	all	systems	or	cargoes	to	be	transported,	so	the	
results	 obtained	 here	 may	 not	 be	 representative	 for	 all	 BBB-shuttles.	 Also,	 and	 as	
pointed	 out	 before,	 not	 all	 the	 cargoes	 behave	 in	 the	 same	way	with	 all	 the	 shuttles,	
suggesting	again	that	the	explored	system	may	not	be	representative.	

Moreover,	another	goal	was	to	achieve	a	selective	modification	of	the	model	proteins	
with	the	BBB-shuttle,	obtaining	a	1:1	ratio.	In	this	case,	the	specific	modification	of	the	
proteins	was	achieved,	 introducing,	 in	both	 types	of	 conjugation,	only	one	 copy	of	 the	
BBB-shuttle.	

In	 conclusion,	 further	 studies	 are	 required	 in	 order	 to	 explore	 the	 full	 and	 real	
potential	of	multivalency	in	the	field	of	BBB-shuttles.	
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This	fifth	chapter	is	devoted	to	the	study	of	a	peptide	derived	from	a	scorpion	venom,	
chlorotoxin	 (CTX),	 and	minimised	 versions	 of	 it	 as	 novel	 BBB-shuttle	 peptides.	 Their	
BBB	 properties,	 as	 well	 as	 their	 toxicity	 and	 stability	 were	 assayed.	 MiniCTX3b	 and	
MiniCTX4	 emerge	 as	 promising	 new	 BBB-shuttle	 peptides	 to	 deliver	 cargoes	 to	 the	
brain,	as	they	have	the	highest	values	of	BBB	permeability	and	stability.	
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Another	 recently	 explored	 source	 of	 new	 BBB-shuttles	 are	 peptides	 derived	 from	
animal	 venoms.	 Venoms	 are	 a	 complex	 mixture	 of	 toxic	 substances,	 mainly	 small	
proteins	 and	 peptides,	which	 have	 evolved	 to	 attain	 high	 affinity	 and	 selectivity	 for	 a	
wide	 range	 of	 biological	 targets.228,229	 The	 exposure	 of	 an	 envenomed	 organism	 to	 a	
toxin	 leads	 to	 significant	 dysfunction	 of	 the	 nervous,	 cardiovascular	 and	 muscular	
systems.	Hence,	some	venoms	that	affect	the	nervous	system	have	the	capacity	to	reach	
the	CNS,	and	some	of	them	can	also	cross	the	BBB.230	

The	 best	 known	 venoms	 are	 from	 snakes,	 scorpions	 and	 spiders,	 although	 many	
venoms	 from	 other	 animals	 have	 been	 studied.	 However,	 only	 a	 small	 number	 of	 the	
known	 venom	 components	 are	 suspected	 to	 reach	 the	 brain	 by	 crossing	 the	 BBB	
transcellularly,	without	damaging	it.231	Among	the	few	peptidic	animal	toxins	that	have	
been	reported,	apamin	and	chlorotoxin	are	the	most	widely	studied.		

Apamin	is	a	18-mer	peptide	derived	from	bee	venom	and	it	is	known	to	cross	the	BBB	
and	block	the	calcium-mediated	potassium	channels.232	This	peptide	 is	neurotoxic,	but	
as	 has	 been	 demonstrated	 by	 our	 group,	 some	 non-toxic	 analogues	 and	 minimised	
versions	of	apamin	have	even	better	 transport	capacities	across	 the	BBB	than	apamin,	
while	preserving	brain	targeting,	active	transport	and	protease	resistance.191,197	Among	
the	 minimised	 versions	 of	 apamin,	 MiniAp-4,	 a	 monocyclic	 lactam-bridge	
peptidomimetic,	 presented	 the	 higher	 permeability	 and	 was	 also	 able	 to	 translocate	
proteins	 and	nanoparticles	 in	 a	human	BBB	cellular	model,	 as	well	 as,	 deliver	 a	 cargo	
into	the	brain	parenchyma	of	mice	(Figure	59).	

	
Figure	 59.	 Main	 features	 of	 apamin	 and	MiniAp-4.	 Representation	 of	 the	 secondary	 structure	 of	
apamin,	the	amino	acid	sequence	of	MiniAp-4,	the	stability	of	the	peptides	in	human	serum	and	the	
fluorescence	intensity	of	brain	ex	vivo	in	mice.	From	Oller-Salvia	et	al.155	

Chlorotoxin	(CTX)	is	a	small	neurotoxin	isolated	from	the	venom	of	the	Giant	Yellow	
Israeli	scorpion	Leiurus	Quinquestriatus.233,234	CTX	is	the	main	representative	of	the	CTX-
like	family,	composed	of	more	than	15	peptides,	all	displaying	the	same	3D	structure	and	
similar	sequence	homology.235	
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There	are	several	reports	describing	CTX	preferential	binding	to	cancer	cells,	while	it	
is	 unable	 to	 bind	 to	 normal	 cell	 lines.236–238	 Preclinical	 and	 clinical	 studies	 have	 been	
completed	on	 the	use	of	CTX	as	an	antitumoral	 therapy	 to	glioma,	a	 type	of	malignant	
brain	 tumour.239	 It	 has	 also	 been	 shown	 that	 CTX	 presents	 antiangiogenic	 effects,	
inhibiting	the	migration	and	invasion	of	glioma	cells.240		

Although	CTX	was	 first	described	to	be	a	strong	chloride	channel	 inhibitor,241	as	 its	
name	 suggests,	 latter	 reports	hint	 that	CTX	 is	not	 a	 general	 inhibitor	but	 acts	 only	on	
specific	 sub-types	 of	 chloride	 channels.242,243	 Annexin	 A2,	 overexpressed	 at	 the	 cell	
surface	 in	 many	 human	 cancers,	 has	 also	 been	 proposed	 as	 a	 molecular	 target	 for	
CTX.244,245	 However,	 matrix	 metalloproteinase-2	 (MMP-2),	 a	 zinc-dependent	 enzyme	
able	to	degrade	structural	proteins	of	the	extracellular	matrix,	has	been	reported	several	
times	 as	 the	 molecular	 receptor	 of	 CTX	 on	 glioma	 cells.	 CTX	 inhibits	 the	 enzymatic	
activity	of	MMP-2	in	a	dose-dependent	manner	and	reduce	its	surface	expression.246–248	
However,	the	mechanism	of	action	of	CTX	is	not	entirely	clear.234,235	

CTX	 was	 initially	 developed	 as	 a	 targeting	 agent	 for	 the	 delivery	 of	 therapeutic	
payloads.239,247	 Also,	 it	 has	 been	 used	 in	 many	 applications	 such	 as	 imaging,	
nanotechnology	 and	 radiotherapy.	 It	 has	 been	 conjugated	 to	 several	 nanoparticles	 to	
deliver	MRI	 contrast	 agents	 and	nanoprobes	 to	 tumorigenic	 tissue.249,250	But	 the	most	
promising	application	is	in	optical	imaging	as	a	“tumour	paint”	–	a	fluorescent	molecular	
probe,	where	CTX	 is	conjugated	to	a	dye.251–254	CTX	conjugates	were	used	to	delineate	
tumours	and	distinguish	them	from	non-tumorous	cells,	and	were	able	to	enter	the	brain	
with	no	damage	to	the	BBB.251,255	In	these	studies,	CTX	was	injected	in	tumour-bearing	
mice	and	it	was	detected	in	the	brain.	Even	if	CTX	is	present	in	the	brain,	it	is	not	clear	
that	CTX	can	really	cross	the	BBB.	Implanting	a	tumour	may	disrupt	the	characteristics	
of	 the	 BBB	 and	 the	 tumour	 microenvironment	 can	 also	 cause	 modifications	 on	 the	
barrier	integrity.		

Moreover,	 CTX	 has	 completed	 Phase	 I	 clinical	 trials.	 The	 safety,	 tolerability,	
biodistribution	 and	 dosimetry	 of	 intracavitary	 131I-TM-601	 (a	 synthesised	 CTX)	 was	
evaluated.254	The	compound	was	 injected	 into	 the	 resection	cavity	of	18	patients	with	
recurrent	high-grade	glioma	via	an	Ommaya	reservoir	2	weeks	after	surgery.	The	results	
indicate	that	131I-TM-601	localised	to	the	patient’s	surgical	cavity.	
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In	this	way,	CTX	presents	itself	as	a	good	candidate	for	a	new	BBB-shuttle	because	it	
presents	 low	 systemic	 and	 local	 toxicity	 and	 can	be	 synthesised	 and	modified.	Having	
seen	 the	good	results	obtained	 for	apamin	and	MiniAp-4,	we	 thought	 that	CTX	was	an	
ideal	 candidate	 to	 further	 explore	 the	 use	 of	 venoms	 as	 a	 source	 of	 new	 BBB-shuttle	
peptides,	with	the	use	of	the	following	workflow. 

	
Workflow	of	Chapter	5	
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Synthesis	of	chlorotoxin	

CTX	 is	 a	 36	 amino	 acid	 peptide	 containing	 four	 disulphide	 bonds,	 which	 yields	 a	
tightly	 folded	 tertiary	 structure	 (Figure	 60).	 Its	 structure	 consists	 of	 a	 small	 three-
stranded	antiparallel	β-sheet	packed	against	an	α-helix.	Three	disulphide	bonds	of	CTX	
cross-link	the	α-helix	to	the	β-sheet;	and	the	fourth	links	the	small	N-terminus	β-strand	
to	the	rest	of	the	molecule.256	The	connectivity	of	the	Cys	is	as	follow:	Cys2-Cys19,	Cys5-
Cys28,	Cys16-Cys33	and	Cys20-Cys35.256,257	

CTX	was	first	 isolated	from	the	crude	scorpion	venom	using	reverse-phase	HPLC.256	
Nowadays,	CTX	can	be	recombinantly	expressed	in	E.	coli	strain	BL21	StarTM	as	a	His-tag	
protein,	particularly	useful	for	large-scale	production.258	It	can	also	be	synthesised	using	
standard	 SPPS.239,248,253,259	 For	 example,	 TM-601	 (the	 commercial	 name	 for	 CTX,	
Transmolecular,	 Inc.)	was	 synthesised	using	 stepwise	Fmoc-SPPS,	 oxidised	 in	 solution	
and	purified.		

	
Figure	60.	 A)	 Amino	 acid	 sequence.	 B)	 Tertiary	 structure	 of	 chlorotoxin	 (CTX),	 α-helix	 (red),	 β-
strand	(blue)	and	disulphide	bridges	(yellow)	(PDB:	1CHL).	

Synthesis	of	the	linear	sequence	

The	 synthesis	of	CTX	was	performed	 following	 several	 strategies	 to	 try	 to	optimise	
the	synthetic	conditions	and	increase	the	final	yield.	These	strategies	involve	the	use	of	
manual	and	automated	microwave	assisted	Fmoc/tBu	SPPS.		

The	 first	 synthesis	 was	 performed	 using	 standard	 manual	 SPPS	 on	 a	 RinkAmide	
ChemMatrix®	resin	at	a	250	μmols	scale,	using	TBTU/DIEA	as	coupling	reagents.	Despite	
being	 a	 long	 sequence,	 the	 intermediate	 controls	 (mini-cleavages)	 indicated	 that	 the	
main	 product	 was	 being	 obtained.	 The	 last	 mini-cleavage	 confirmed	 that	 the	 main	
product	was	CTX	(Figure	61).	Being	a	mini-cleavage,	consisting	only	in	treating	the	resin	
with	TFA/H2O/TIS	(95/2.5/2.5)	for	30	min;	Pbf	protecting	groups	(m/z	252)	from	Arg	
are	still	present	in	a	significant	extent	in	the	crude	and	seen	in	the	mass	spectrum.	This	
protecting	group	is,	to	some	extent,	acid-stable	in	peptides	with	multiple	Arg,	and	long	
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reaction	times	are	required	for	 its	complete	removal.260	Furthermore,	as	Pbf-protected	
peptides	have	a	better	ionisation	than	the	deprotected	ones,	the	intensity	of	the	signals	
is	not	proportional	to	the	amount	of	each	of	them.	

	
Figure	61.	HPLC	and	MALDI-TOF	MS	profile	of	the	synthetic	crude	of	CTX.	The	chromatogram	was	
obtained	in	an	8-min	linear	gradient	from	0	to	100	%	of	MeCN	(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	
in	a	C18	column.	MALDI-TOF	MS:	[M+Na]+=4023,	[M+Pbf+Na]+=4278	and	[M+2Pbf+Na]+=4532.	

For	 the	 second	 synthesis,	 an	 automated	 microwave	 peptide	 synthesiser	 was	 used	
(Liberty	 Blue,	 CEM).	 Again,	 RinkAmide	 ChemMatrix®	 resin	 was	 selected	 (100	 μmols	
scale)	using	DIC/Oxyma	as	coupling	reagents.	Three	mini-cleavages	were	performed	at	
position	Arg12,	Ala24	and	Met36,	which	gave	the	expected	MW	(Figure	62).		

	
Figure	62.	Mini-cleavage	at	A)	12	AA,	B)	24	AA	and	C)	cleavage	of	CTX.	UPLC-MS	mass	spectra	of	the	
main	peak:	A)	MW	=	1381	Da,	B)	MW	=	2575	Da	and	C)	MW	=	4000	Da.	

Both	 synthetic	methodologies	 produced	 the	 peptide	 in	 similar	 yields.	However,	 the	
synthesis	using	the	Liberty	Blue	synthesiser	gave	slightly	better	crudes	and	the	time	for	
the	 synthesis	 was	 reduced	 from	 6-8	 days	 to	 1-2	 days.	 Thus,	 we	 decided	 to	 use	 this	
strategy	for	future	synthesis.		

The	final	cleavage	of	the	peptide	was	performed	using	the	following	cleavage	cocktail:	
TFA/TA/H2O/EDT/p-cresol	(92:2.5:2.5:2.5:0.5),	previously	described	for	the	cleavage	of	
this	peptide,	for	4	hours.248	

In	an	aliquot	of	the	resin,	carboxyfluorescein	(CF)	was	incorporated	at	the	N-terminus	
(CF-CTX)	to	be	used	in	endocytosis	studies.		
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Oxidation	of	chlorotoxin	

Before	 purification,	 the	 peptide	 needs	 to	 be	 oxidised.	 As	 shown	 in	 Figure	 60,	 the	
disulphide	 bridges	 are	 formed	 between	 Cys2-Cys19,	 Cys5-Cys28,	 Cys16-Cys33	 and	
Cys20-Cys35.	If	the	Cys	are	oxidised	in	an	uncontrolled	manner,	there	are	more	than	100	
possible	 disulphide	 bridge	 connectivities.	 To	 form	 the	 ones	 from	 CTX,	 which	 are	 the	
more	 stables,	 a	 mixture	 of	 glutathione	 reduced	 (GSH)	 and	 oxidised	 (GSSG)	 were	
incorporated	in	the	oxidation	buffer.	In	this	way,	the	oxidation	was	performed	with	the	
O2	 in	 the	air	 in	a	buffer	containing	NH4HCO3	 (0.1M),	GSH	(5	mM)	and	GSSG	(2.5	mM).	
The	peptide	was	dissolved	at	0.5	mg/mL	and	left	to	react	open	to	the	atmosphere	for	4	
days.	GuHCl	had	to	be	incorporated	in	the	buffer	for	the	oxidation	of	CF-CTX	to	solubilise	
the	peptide,	because	without	it	CF-CTX	aggregated	and	precipitated.	

After	the	4-day	incubation,	a	change	of	8	units	in	the	MW	was	observed,	although	the	
oxidation	was	performed	with	the	crude	of	the	peptide	and	a	clean	chromatogram	could	
not	be	seen	(Figure	63).	After	this,	the	peptide	was	purified	and	further	characterised.	

	
Figure	63.	Mass	spectra	 (UPLC-MS)	of	 the	main	peak	of	CTX	A)	reduced	(MW	=	4002	Da)	and	B)	
oxidised	(MW	=	3994	Da).	

Before	moving	onto	the	biological	assays,	we	wanted	to	confirm	that	the	regioisomer	
formed	in	the	oxidation	corresponded	to	the	one	found	in	nature.	For	this,	 the	peptide	
was	co-injected	with	a	natural	standard	(from	Smartox	Biotechnology)	in	a	C12	column	
using	a	linear	gradient	of	0	to	50%	over	40	min.	

Figure	 64	 shows	 the	 chromatograms	 of	 the	 natural	 standard	 (A),	 the	 synthesised	
chlorotoxin	(B)	and	the	coelution	of	both	products	(C).	This	confirms	that	the	synthetic	
CTX	 has	 the	 same	 folding	 as	 the	 natural	 standard	 and	 that	 the	 oxidizing	 conditions	
effectively	yields	the	desired	peptide.	
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Figure	 64.	 HPLC	 profile	 of	 A)	 natural	 standard,	 B)	 synthetic	 CTX	 and	 C)	 coelution	 of	 the	 two	
products.	The	chromatograms	were	obtained	in	a	40-min	linear	gradient	 from	0	to	50	%	of	MeCN	
(0.036	%	TFA)	in	H2O	(0.045	%	TFA),	in	a	C12	column	at	40oC.	

Design	and	synthesis	of	MiniCTXs	

Chlorotoxin	 is	 a	 relatively	 large	 peptide,	 of	 36	 amino	 acids,	 but	 its	 synthesis	 is	
relatively	straightforward.	However,	to	be	used	as	a	BBB-shuttle,	it	is	still	too	long.	BBB-
shuttles	 usually	 have	 between	 8-12	 amino	 acids,	 which	 are	more	 amenable	 for	 SPPS,	
scale-up	and	chemical	modifications.	In	this	regard,	we	designed	minimised	versions	of	
CTX,	which	will	be	easier	to	synthesise	but	still	maintain	the	BBB	properties	of	CTX.		

Design	of	minimised	versions	of	CTX	

CTX	has	a	tightly	folded	structure	due	to	the	presence	of	4	disulphide	bridges.	As	seen	
before,	 it	presents	several	structural	motifs,	an	α-helix	and	two	β-sheet	regions.	There	
are	 several	 papers	 reporting	 on	 key	 amino	 acids	 involved	 in	 the	 activity	 of	 CTX,	
inhibiting	 either	 cell	 migration	 or	 the	 binding	 to	 cells.259,261,262	 These	 residues	 are	
highlighted	in	Figure	65	and	are	the	following:	His10,	Arg14,	Lys15,	Asp17	and	Lys	23.	
All	of	these	residues	are	located	in	the	α-helix,	strongly	suggesting	that	this	region	is	the	
one	involved	in	the	surface	recognition	of	CTX	by	the	cells.		

With	the	precedent	of	MiniAp-4	derived	from	bee	venom,191	our	hypothesis	is	that	the	
region	 involved	 in	 the	activity	 is	not	 the	region	with	 the	BBB-translocating	properties.	
Therefore,	 two	 sequences	may	be	mainly	 responsible	 for	 the	 transport,	 namely	 the	C-
terminus	 (of	 13	 amino	 acids)	 or	 the	N-terminus	 (of	 8	 amino	 acids).	 Taking	 again	 into	
account	 the	secondary	structure,	 the	C-terminus	 forms	a	β-sheet	with	 two	antiparallel	
strands	 that	 present	 two	 Cys	 in	 very	 close	 proximity,	 which	 could	 form	 a	 disulphide	
bridge	and	stabilise	 this	secondary	motif.	On	 the	other	hand,	at	 the	N-terminus	region	
there	is	not	such	structure	and	also	the	amino	acid	sequence	is	much	shorter	reducing	
the	possible	modifications.	Therefore,	the	C-terminus	was	selected.	
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Figure	 65.	 A)	 Tertiary	 structure	 of	 CTX	 highlighting	 the	 amino	 acids	 involved	 in	 CTX’s	 activity,	
either	inhibiting	cell	migration	or	the	binding	to	cells	(green)	(PDB:	1CHL).	

This	sequence,	of	11	amino	acids,	has	3	Cys.	Although	there	 is	no	disulphide	bridge	
between	them	in	the	original	CTX	structure,	two	of	them	(Cys28	and	Cys33)	are	close	in	
space,	so	a	disulphide	bridge	was	devised	between	them.	The	other	Cys	was	mutated	to	
an	 Ala	 to	 avoid	 the	 formation	 of	 dimers	 and	 other	 undesired	 side	 reactions.	 This	
structure	corresponds	to	MiniCTX1.	Additionally,	to	increase	the	stability	of	this	peptide,	
composed	of	L-amino	acids	and	without	a	constrained	structure,	we	decided	to	mutate	
the	disulphide	bridge	to	a	lactam	bridge	by	the	introduction	of	a	diaminopropionic	acid	
(Dap)	 and	 an	 Asp	 instead	 of	 the	 two	 Cys,	 producing	MiniCTX2.	 This	 lactam	 bridge	 is	
homologous	to	the	disulphide	bridge	in	that	the	number	of	atoms	forming	the	bridge	is	
the	same.	

Synthesis	of	MiniCTXs	

These	two	peptides	were	synthesised	using	standard	SPPS,	both	manually	and	using	
an	 automated	 microwave-assisted	 peptide	 synthesiser	 (Liberty	 Blue,	 CEM).	 Their	
synthesis	proceeded	smoothly	obtaining	the	two	desired	peptides	in	good	yields.	Also,	a	
version	 with	 a	 CF	 at	 the	 N-terminus	 was	 synthesised	 to	 be	 used	 in	 internalisation	
experiments.	The	synthesised	peptides	are	summarised	on	Table	17.	

Table	17.	Name,	sequence	and	molecular	weight	(MW)	of	the	MiniCTXs.	

Peptide	 Sequence	 MW,	Da	
MiniCTX1		 H-GKC(&)YGPQC(&)LAR-NH2	 1192.6	
CF-MiniCTX1		 CF-GKC(&)YGPQC(&)LAR-NH2	 1550.6	
MiniCTX2	 H-GK[Dap](&)YGPQD(&)LAR-NH2	 1171.6	
CF-MiniCTX2	 CF-GK[Dap](&)YGPQD(&)LAR-NH2	 1529.8	
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For	MiniCTX1,	 an	 air	 oxidation	was	 performed	 before	 the	 purification	 to	 allow	 the	
formation	 of	 the	 disulphide	 bridge.	 The	 peptide	 was	 dissolved	 in	 ammonium	
bicarbonate	 and	 left	 to	 react	with	 the	 oxygen	 in	 the	 air	 for	 24	 h.	 After	 this	 time,	 the	
reaction	was	completed	and	the	oxidised	peptide	was	obtained.	

For	MiniCTX2,	Dap(Alloc)	and	Asp(OAll)	were	introduced	into	the	peptide	sequence.	
After	 the	elongation	of	 the	sequence,	Alloc	and	Allyl	groups	were	removed	with	Pd(0)	
and	 the	 lactam	 bridge	 was	 formed	 overnight,	 in	 solid-phase,	 by	 the	 addition	 of	
PyBOP/HOAt	 coupling	 reagents.	 After	 this	 time,	 the	 correct	 formation	 of	 the	 lactam	
bridge	was	assessed	by	a	mini-cleavage	and	 the	cyclisation	was	 repeated	 if	necessary.	
Finally,	the	peptide	was	further	modified	and	cleaved	(Scheme	18).		

	
Scheme	18.	Synthetic	scheme	for	the	synthesis	of	MiniCTX2.		

Evaluation	of	CTX	and	two	minimised	versions	

Once	the	peptides	were	synthesised,	we	evaluated	their	permeability	across	the	BBB.	
For	this,	several	experiments	were	performed	such	as	the	evaluation	in	the	in	vitro	BBB	
cellular	model	and	internalisation	experiments	in	bEnd.3	cells.	Also,	the	cytotoxicity	and	
serum	stability	were	assessed.	

In	vitro	BBB	cellular	model	

The	ability	of	 these	peptides	 to	 translocate	across	 the	BBB	was	 first	assessed	using	
the	 in	 vitro	 BBB	 cellular	 model	 established	 in	 our	 laboratory	 and	 used	 in	 previous	
chapters.152	In	this	regard,	the	peptides	were	added	to	the	donor	compartment	at	a	25	
µM	 concentration,	 and	 incubated	 for	 2	 h.	 After	 this	 time,	 the	 amount	 of	 peptide	 that	
translocated	 the	 BBB	 was	 assessed	 using	 UPLC-MS	 and/or	 a	 fluorescence	 detector.	
Lucifer	Yellow	(LY)	was	used	as	an	internal	control	to	assess	the	correct	tightness	and	
formation	 of	 the	BBB.	 In	 all	 the	wells	 the	 values	were	 below	 the	maximum	 threshold	
(15·10-6	cm/s),	except	for	the	ones	were	CTX	were	assayed.	In	these	wells,	the	Papp	of	
LY	was	slightly	over	(15-17·10-6	cm/s),	resulting	in	a	slight	toxicity	of	this	peptide	in	this	
BBB	cellular	model.		

The	results	 from	two	independent	experiments	are	summarised	 in	Figure	66.	 In	the	
second	experiments	the	peptides	were	labelled	with	carboxyfluorescein	(CF),	as	a	model	
cargo	and	to	be	easily	detected	by	a	fluorimeter.	CTX	presents	a	Papp	of	around	4.4·10-6	
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cm/s	while	MiniCTX1	 and	MiniCTX2	 have	 a	 very	 similar	 Papp	 of	 around	 8·10-6	 cm/s.	
This	 confirms	 that	 CTX	 has	 a	 relatively	 good	 Papp	 in	 the	 BBB	 cellular	model,	 as	was	
described	in	the	literature.	Also,	as	hypothesised	the	minimised	versions	of	CTX	present	
a	higher	permeability	than	the	parent	peptide.	This	could	be	due	to	the	smaller	size	of	
the	peptides	and/or	the	elimination	of	the	toxic/active	residues.	

	
Figure	66.	Permeability	 in	 the	 in	vitro	BBB	cellular	model	 for	CTX	and	MiniCTXs	A)	with	no	 label	
and	B)	labelled	with	CF.	All	values	are	reported	as	the	mean	±	SD	(n=3,	****P<0.0001,	***P<0.001,	
**P<0.01,	*P<0.1;	t-test).	

Cytotoxicity	studies	

Before	continuing	with	further	experiments,	we	wanted	to	assess	the	cytotoxicity	of	
CTX	 and	 their	minimised	 versions.	 Although	 CTX	 is	 not	 reported	 to	 be	 cytotoxic,	 it	 is	
derived	 from	 a	 scorpion	 venom.263	 In	 this	 regard,	 an	 XTT	 cell	 proliferation	 assay	was	
performed,	incubating	the	peptides	in	the	bEnd.3	cells	at	a	100-0.4	µM	concentration	for	
24	h.	As	seen	in	Figure	67,	none	of	the	peptides	is	toxic	at	these	concentrations.	

	
Figure	67.	Cell	viability	in	the	presence	of	CTX	or	MiniCTXs,	assessed	by	XTT	assay	after	24	h.	
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Endocytosis	experiments	

As	 a	 complementary	 approach	 to	 the	 BBB	 cellular	 model,	 we	 also	 performed	
preliminary	 internalisation	 studies	 in	bEnd.3	 cells.	 In	 these	 studies,	 the	peptides	were	
incubated	with	the	cells	for	30	min	at	a	concentration	of	50	µM.	After	this	time,	the	cells	
were	 extensively	 washed	 with	 Gly	 buffer	 (pH	 3.0),211	 detached	 by	 tripsinisation	 and	
analysed	using	flow	cytometry.	The	incubation	was	performed	at	37oC	and	4oC.	As	seen	
in	Figure	68,	the	internalisation	of	all	of	these	peptides	at	37oC	is	very	similar,	even	when	
compared	 to	 MiniAp-4	 –	 known	 BBB-shuttle.	 Also,	 at	 4oC	 we	 see	 a	 reduction	 in	 the	
internalisation	of	all	the	peptides,	although	is	not	as	pronounced	as	with	MiniAp-4.	This	
may	 hint	 that	 the	 mechanism	 of	 internalisation	 is	 not	 fully	 active	 and	 that	 some	
internalisation	 is	 due	 to	 passive	 diffusion,	 although	 further	 experiments	 need	 to	 be	
performed.		

	
Figure	68.	Internalisation	in	bEnd.3	cells	of	CTX	and	MiniCTXs	after	30	min	and	at	50	µM.	All	values	
are	reported	as	the	mean	±	SD.	AU	=	Arbitrary	Units	

Stability	studies	

After	seeing	these	good	results,	we	wanted	to	assess	the	stability	of	CTX	and	its	two	
minimised	versions.	CTX	is	reported	to	be	stable	in	cellular	environments,	but	although	
our	versions	derived	from	it,	they	do	not	possess	the	tightly	folded	structure	of	CTX.	In	
this	way,	the	peptides	were	incubated	in	human	serum/HBSS	(9/1)	for	24	h	and	aliquots	
were	extracted	at	different	time	points	and	analysed	by	UPLC,	after	sample	processing.	
Figure	69	shows	the	amount	of	peptide	remaining	at	the	selected	times.	CTX	has	a	half-
live	of	more	than	24	h.	However,	MiniCTXs	are	not	as	stable	as	CTX,	presenting	a	half-life	
of	 1.0	 and	 4.0	 h	 for	MiniCTX1	 and	MiniCTX2,	 respectively.	 This	 is	 to	 be	 expected	 for	
peptides	composed	of	L-amino	acids,	although	they	have	a	bridge,	disulphide	or	lactam,	
which	 confers	 them	with	 a	 little	more	 stability	 than	 a	 linear	 L-peptide.	 As	 a	 positive	
control,	THRretro	was	used,	formed	of	L-amino	acids.	
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Figure	 69.	 Graphic	 representation	 of	 the	 percentage	 of	 intact	 peptide	 vs.	 time	 incubating	 with	
human	serum	at	37oC.	Data	are	expressed	as	the	mean	±	SD.	THRretro	was	used	as	positive	control.	

Selected	time	points	were	analysed	by	UPLC-MS	to	elucidate	the	cleavage	sites,	which	
are	highlighted	by	arrows	in	Figure	70.	

	
Figure	70.	Cleavage	points	of	CTX	(arrows	representing	the	cleavable	sites).	

The	 detected	 cleavage	 most	 probably	 corresponds	 to	 trypsin	 and	 proteinase	 K,	 as	
they	cleave	at	Lys	and	Arg	sites.	The	disulphide	bridge	of	MiniCTX1	also	seems	unstable	
under	 these	 conditions,	 although	 a	 2	Da	 difference	 is	 sometimes	 difficult	 to	 assess	 by	
UPLC-MS.	 On	 the	 other	 hand,	 the	 lactam	 bridge	 seems	 to	 be	 stable,	 explaining	 the	
difference	in	stability	between	these	two	MiniCTX	peptides.		

Synthesis	of	new	MiniCTXs	

Having	seen	that	MiniCTX1	and	MiniCTX2	are	not	very	stable	in	human	serum	while	
CTX	is	stable,	we	decided	to	synthesise	a	second	generation	of	MiniCTXs	that	should	be	
more	 resistant	 to	 proteolytic	 cleavage.	 These	 are	 MiniCTX3	 and	 MiniCTX4,	 whose	
sequences	 are	 presented	 in	 Table	 19.	 They	 either	 incorporate	 D-amino	 acids	 at	 the	
cleavable	positions	seen	in	the	stability	test	or	the	regions	flanking	the	lactam	bridge	are	
removed	altogether.		
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Synthetic	challenges	

The	synthesis	of	 these	peptides	was	performed	 in	a	similar	way	 than	MiniCTX2.	An	
automated	 microwave-assisted	 peptide	 synthesiser	 (Liberty	 Blue,	 CEM)	 was	 used	 to	
elongate	 the	 sequence	 of	 the	 peptides	 and	 after	 this,	 the	 lactam	 bridge	 was	 formed	
following	the	same	protocol	as	before.		

However,	when	analysing	the	mini-cleavages	of	MiniCTX3	at	several	steps	along	the	
sequence,	we	 observed	 that	 the	MW	was	not	 corresponding	 to	 the	 theoretical	 one,	 as	
explained	in	Table	18.	After	analysing	the	sequence	and	the	MW	observed,	we	realised	
that	aspartimide	(Asi)	formation	was	occurring	due	to	the	lability	of	the	allyl	group.	In	
this	regard,	after	the	removal	of	the	Fmoc	group	protecting	Asp(OAll),	the	amine	of	the	
precedent	 amino	 acid	 reacts	 with	 the	 carboxyl	 group	 producing	 a	 ring	 (Scheme	 13),	
giving	a	difference	 in	MW	of	58	Da.	Then,	after	 the	supposed	removal	of	 the	Allyl	and	
Alloc	groups,	we	still	observe	the	formation	of	the	Asi	cycle,	giving	an	18	Da	difference.	
When	the	lactam	bridge	is	formed,	the	theoretical	peptide	has	the	same	MW	than	before,	
a	reduction	of	18	Da,	as	shown	in	Table	18.	Finally,	when	CF	is	reacted,	two	copies	of	the	
fluorophore	are	 introduced,	due	 to	 the	presence	of	 two	amino	groups,	 the	N-terminus	
and	the	side-chain	of	Dap,	which	has	not	reacted	with	the	side-chain	of	Asp.	

Table	18.	Summary	of	MiniCTX3	mini-cleavages.	

Peptide	sequence	
Calc	MW,	

Da	
Found	MW,	

Da	
Difference	
in	MW,	Da	

H-PQD(OAll)LAr-NH2	 737	 679	 -58	
Fmoc-Gk[Dap](Alloc)YGPQD(OAll)LAr-NH2	 1535	 1477	 -58	
Fmoc-Gk[Dap]YGPQDLAr-NH2	 1411	 1393	 -18	
Fmoc-Gk[Dap](&)YGPQD(&)LAr-NH2	 1393	 1393	 0	
CF-Gk[Dap](&)YGPQD(&)LAr-NH2	 1529	 1888	 +359	

	

Therefore,	 if	 no	 intermediate	 controls	 are	 performed,	 we	 cannot	 realise	 this	
secondary	reaction	happening,	as	the	MW	is	the	same	in	both	cases.	The	Asi	formation	
with	 Asp(OAll)	 had	 already	 been	 reported,264	 although	 with	 the	 presence	 of	 a	 more	
labile	H	atom	of	the	preceding	amino	acid.		

At	 this	 point,	 we	 decided	 to	 revisit	 the	 synthesis	 of	 MiniCTX2,	 as	 we	 had	 also	
observed	some	deviation	from	the	expected	MW	in	intermediate	steps	of	the	synthesis.	
And	indeed	the	same	problem	was	present,	although	it	seems	that	in	a	lower	extend,	and	
the	desired	product	could	be	isolated.		

Therefore,	the	synthesis	of	MiniCTX3	was	not	possible	following	this	strategy.	Hence,	
we	decided	 to	mutate	 the	Asp	 to	Glu,	as	 the	Asi	 formation	was	only	residual	with	 this	
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amino	 acid.	 This	 peptide	 (MiniCTX3b)	 was	 synthesised	 and	 no	 Asi	 formation	 was	
detected.		

For	MiniCTX4,	 Asi	 formation	was	 not	 possible	 as	 there	 is	 no	 preceding	 amino	 acid	
and,	hence,	no	amino	group	can	react.	This	synthesis	was	also	completed	without	further	
difficulty.	

Table	19.	Name,	sequence	and	molecular	weight	(MW)	of	the	second	generation	of	MiniCTXs.	

Peptide	 Sequence	 MW,	Da	
MiniCTX3	 H-Gk[Dap](&)YGPQD(&)LAr-NH2	 1171.6	
MiniCTX3b	 H-Gk[Dap](&)YGPQE(&)LAr-NH2	 1185.4	
CF-MiniCTX3b	 CF-Gk[Dap](&)YGPQE(&)LAr-NH2	 1543.7	
MiniCTX4	 H-[Dap](&)YGPQD(&)-NH2	 646.3	
CF-MiniCTX4	 CF-[Dap](&)YGPQD(&)-NH2	 1004.3	

	

Evaluation	of	CTX	and	MiniCTXs	

Stability	studies	

First,	 the	 stability	of	 these	new	shorter	versions	of	CTX	was	assessed.	The	protocol	
was	 the	same	as	before	and	the	results	are	shown	in	Figure	71.	On	this	occasion,	both	
MiniCTX3b	and	MiniCTX4	were	stable	for	more	than	24	hours	in	human	serum.		

	
Figure	 71.	 Graphic	 representation	 of	 the	 percentage	 of	 intact	 peptide	 vs.	 time	 incubating	 with	
human	serum	at	37oC.	Data	are	expressed	as	the	mean	±	SD.	THRretro	was	used	as	positive	control.	

Endocytosis	experiments	

Before	proceeding	to	the	more	complex	analysis	using	the	in	vitro	BBB	cellular	model,	
we	wanted	 to	 assess	 the	 internalisation	 abilities	 of	 all	 the	minimised	versions	of	CTX.	
For	this,	the	same	experiments	as	the	ones	described	before	were	performed.		
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As	seen	in	Figure	72,	the	internalisation	of	MiniCTX3b	was	much	higher	than	the	rest	
of	them,	while	the	other	minimised	versions	of	CTX	had	a	similar	uptake	than	that	of	the	
parent	 peptide.	 When	 the	 temperature	 was	 reduced	 to	 4oC,	 the	 internalisation	 was	
reduced	by	30-70%	depending	on	the	peptide.		

These	results	highlight	MiniCTX3b	as	a	good	candidate	to	further	explore	its	potential	
as	a	BBB-shuttle.	

	
Figure	72.	Internalisation	in	bEnd.3	cells	of	CTX	and	MiniCTXs	for	30	min.	A)	Comparison	between	
all	the	peptides.	B)	Comparison	between	37oC	and	4oC.	All	values	are	reported	as	the	mean	±	SEM	
(n=4-8,	****P<0.0001,	***P<0.001,	*P<0.1;	t-test).	

In	vitro	BBB	cellular	model	

After	seeing	 the	results	 from	the	endocytosis	experiments,	we	wanted	to	assess	 the	
permeability	in	the	in	vitro	BBB	cellular	model	to	confirm	the	good	uptake	of	MiniCTX3b.	
In	this	regard,	the	same	experimental	conditions	as	for	CTX	and	the	first	generation	of	
MiniCTXs	were	used	and	the	results	are	presented	in	Figure	73.	

	
Figure	 73.	 Permeability	 in	 the	 in	 vitro	 BBB	 cellular	model	 for	 CTX	 and	MiniCTXs.	 All	 values	 are	
reported	as	the	mean	±	SD	(n=3,	****P<0.0001;	t-test).	
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MiniCTX3b	has	higher	Papp	than	CTX,	with	or	without	fluorophore,	as	was	expected	
from	 the	 internalisation	 experiments	 in	 bEnd.3	 cells.	 These	 results	 confirm	 that	
MiniCTX3b	is	both	able	to	enter	and	escape	the	cells	in	an	efficient	manner.		

MiniCTX4	also	presents	higher	Papp	values	than	the	rest	of	these	peptides,	with	the	
same	Papp	than	MiniAp-4.	However,	in	the	internalisation	studies,	its	uptake	was	not	as	
high	as	MiniCTX3b	and	 the	 inhibition	at	4oC	was	not	significant.	These	results	 suggest	
that	 MiniCTX3b	 and	 MiniCTX4	 use	 different	 mechanisms	 for	 translocating	 the	 BBB,	
which	may	be	due	to	the	different	polarity	and	size	of	these	peptides.		

In	summary,	both	MiniCTX3b	and	MiniCTX4	emerge	as	good	candidates	for	new	BBB-
shuttles.	
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Summary	and	perspectives	

In	this	chapter,	we	have	described	the	design,	synthesis	and	evaluation	of	novel	BBB-
shuttles	from	a	peptide	found	in	a	scorpion	venom	named	chlorotoxin	(CTX).	The	initial	
minimised	 versions	 of	 CTX,	 although	 had	 better	 BBB	 properties	 than	 CTX,	 were	 not	
highly	stable	 in	 front	of	proteases.	A	second	generation	of	MiniCTXs	were	synthesised,	
encountering	some	problems	of	aspartimide	formation.		

The	BBB	properties	of	these	peptides	were	evaluated	in	our	two	BBB	cellular	models.	
The	results	 from	these	experiments	produced	MiniCTX3b	and	MiniCTX4	as	good	BBB-
shuttles,	with	similar	stability,	cellular	uptake	and	BBB	permeability	than	the	best	BBB-
shuttle	in	our	laboratory,	MiniAp-4.	Further	studies	of	endocytosis	and	transcytosis	are	
planned	 to	 be	 performed	 to	 understand	 which	 is	 the	 mechanism	 that	 allows	 these	
peptides	to	enter	the	brain,	and	which	receptors	may	be	involved.		

Once	we	have	established	that	MiniCTX3b	and	MiniCTX4	are	able	to	translocate	the	
BBB	in	vitro,	further	experiments	are	needed	to	assess	their	ability	to	transport	cargoes	
into	 the	brain.	CTX	has	been	conjugated	 to	several	nanomaterials	 to	deliver	 it	 into	 the	
brain	as	a	glioma	targeting	probe.250	Gold	nanoparticles	(AuNP)	have	huge	potential	as	
therapeutic	agents	but	are	not	able	to	enter	the	brain	unaided.222,265,266	CTX	conjugated	
to	 AuNP	 has	 not	 yet	 been	 reported.	 In	 this	 regard,	 we	 are	 planning	 to	 evaluate	 the	
capacity	 of	 CTX,	 and	 in	 particular	 of	 the	 two	 best	 MiniCTXs,	 to	 translocate	 this	
interesting	cargo	into	the	brain.		
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Conclusions	from	the	first	objective:	discovery	of	new	peptide	ligands	for	the	epidermal	
growth	factor	(EGF)	through	the	use	of	mirror	image	phage	display.	

1. EGF	 could	 not	 be	 synthesised	 in	 a	 stepwise	 manner	 due	 to	 the	 formation	 of	
aspartimides	at	 the	N-terminus.	Therefore,	 the	sequence	of	EGF	was	divided	in	
two	 segments,	 which	 were	 separately	 synthesised	 and	 functionalised	 with	 a	
thioester	 or	 a	 cysteine,	 respectively.	 These	 two	 segments	 were	 ligated	 using	
native	chemical	 ligation	and	 the	 final	protein	was	obtained	after	oxidation	and	
folding.	 The	 correct	 structure	 of	 D-EGF	was	 assessed	 by	 the	 combined	 use	 of	
mass	spectroscopy	and	NMR.	

2. Through	 the	 screening	 of	 two	 phage	 display	 peptide	 libraries	 against	 D-EGF,	
several	 peptide	 sequences	 were	 recovered	 as	 potential	 protein	 binders.	 The	
analysis	of	those	sequences	revealed	several	repetitive	motifs	that	were	selected	
to	be	evaluated.	

3. Nine	peptide	sequences	were	synthesised	 in	 their	all-D	 form	and	 their	binding	
affinity	for	EGF	was	evaluated	using	the	SAW	biosensor,	as	was	their	stability	in	
human	serum.	Four	sequences	have	low	µM	affinities	for	EGF	and	three	of	them	
present	high	stability	in	serum.	Therefore,	we	have	identified	protease-resistant	
peptides	able	to	bind	with	good	affinity	to	EGF.	

	

Conclusions	 from	 the	 second	 objective:	 design,	 synthesis	 and	 validation	 of	 new	 BBB-
shuttle	peptides.	

1. A	methodology	for	the	identification	of	phage	display	peptide	sequences	that	are	
able	 to	 translocate	the	 in	vitro	BBB	cellular	model	was	established.	From	a	12-
mer	library,	several	peptide	sequences	were	identified	to	translocate	the	BBB.	

2. SGV	 sequence	 was	 identified	 as	 the	 best	 peptide,	 with	 a	 moderate	 to	 high	
permeability	across	the	BBB.	SGV	facilitates	the	internalisation	of	proteins,	such	
as	GFP,	in	bEnd.3	cells,	although	it	is	not	able	to	transport	it	in	the	in	vitro	BBB	
cellular	model.	

3. Multivalent	 versions	 of	 THRre,	 a	 known	 BBB-shuttle,	 displaying	 one	 or	 two	
copies	 of	 THRre	 were	 synthesised	 incorporating	 several	 modifications	 to	 aid	
either	 detection	 or	 modification.	 The	 peptide	 with	 two	 copies	 of	 THRre	
presented	 a	 20	 fold	 increase	 in	 internalisation	 with	 respect	 to	 one	 copy	 of	
THRre.	The	conjugation	to	GFP	or	FXN,	as	model	proteins,	was	accomplished	via	
a	disulphide	or	a	thioether	linker.	The	presence	of	two	copies	of	the	BBB-shuttle	
facilitated	the	translocation	of	proteins	across	the	BBB	with	respect	to	one	copy.	
However,	 the	mild	 improvement	 in	 permeability	 may	 not	 compensate	 for	 the	
increased	synthetic	effort	required.	
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4. Chlorotoxin	 (CTX),	 a	 peptide	 derived	 from	 a	 scorpion	 venom,	 and	 minimised	
versions	of	CTX	(MiniCTXs)	were	synthesised.	Their	 toxicity	and	stability	were	
evaluated,	 resulting	 in	 the	 synthesis	 of	 a	 second	 generation	 of	 peptides	 to	
improve	their	serum	stability.	These	MiniCTXs	presented	a	half-life	of	>24	h.	

5. The	uptake	and	transport	of	these	peptides	in	both	cell-based	cellular	models	of	
the	BBB	were	evaluated.	MiniCTXs	demonstrate	improved	BBB	properties	with	
respect	 to	CTX,	with	 two	of	 them	possessing	 similar	Papp	values	 compared	 to	
the	best	BBB-shuttle.	
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Solvents,	reagents	and	basic	instruments	
Solvents	and	reagents	were	obtained	from	commercial	suppliers	such	as	Iris	Biotech	

(Marktredwitz,	Germany),	Aldrich	(Milwaukee,	WI),	GL	Biochem	Shangai	Ltd.	(Shangai,	
China)	 and	 Fluka	 Chemika	 (Buchs,	 Switzerland),	 and	 were	 of	 the	 highest	 purity	
commercially	available.		

Protected	 amino	 acids	 were	 supplied	 by	 Iris	 Biotech	 and	 SDS	 (Barcelona,	 Spain).	
RinkAmide	 ChemMatrix®	 resin	 was	 purchased	 from	 PCAS	 BioMatrix	 Inc.	 (Quebec,	
Canada).	 Syringes,	 eppendorfs	 and	 falcons	 were	 acquired	 from	 Scharlau	 (Barcelona,	
Spain)	 and	 Deltalab.	 Synthetic	 chlorotoxin	 was	 acquired	 from	 Smartox	 Biotechnology	
(La	Tronche,	France).		

The	Ph.D.TM	Phage	Display	Peptide	Library,	E.	coli	ER2738	host	strain	and	the	-96	gIII	
sequencing	 primer	 5’d(CCCTCATAGTTAGCGTAACG)	 were	 supplied	 by	 New	 England	
Biolabs,	 Inc.	 (Ipswich,	 MA).	 Xgal	 (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside)	
and	IPTG	(isopropyl-	β-D-thiogalactopyranoside)	were	from	American	Bioanalytical,	Inc.	
(Natick,	MA).		

Cell	 culture-treated	 plates	 and	 flasks	were	 purchased	 from	Corning	 Costar.	 Culture	
medium	 was	 acquired	 from	 Lonza.	 XTT	 cell	 proliferation	 kit	 was	 purchased	 from	
Biological	 Industries	 (Cromwell,	 CT).	 Pierce®	 iodination	 beads	 were	 obtained	 from	
Pierce.	 Desalting	 columns	 (MiniTrap	 and	 MidiTrap	 G-25)	 were	 obtained	 from	 GE-
Healtcare.	

Small	 instruments	 were:	 Lyophiliser	 (Virtis,	 Freezemobile	 25	 EL),	 MilliQ	 system	
(Millipore,	Milli-Q	A10),	Oven	(Selecta,	Digitronic),	pH	meter	(Crison,	GLP21	with	Crison	
52-01	 electrode),	 Vortex	 (Merk	 Eurolab,	MELB1719	 (EU)),	Magnetic	 stirrer	 (IKA,	 RCT	
basic),	 Centrifuge	 (Eppendorf,	 5415	 R),	 Pipettes	 (Gilson,	 Pipetman	 P2,	 P20,	 P200,	
P1000)	and	Spectrophotometer	Shimadzu	UV-2501	PC	UV-Vis.	

Peptide	synthesis	and	characterisation	

Solid-phase	peptide	synthesis	

Peptides	were	assembled	using	Fmoc/tBu	or	Boc/Bzl	 solid-phase	peptide	 synthesis	
(SPPS),	manually,	with	an	automated	microwave-assisted	peptide	 synthesiser	 (Liberty	
Blue	 synthesiser,	 CEM)	 or	 with	 an	 automated	 peptide	 synthesiser	 (PRELUDE	
synthesiser,	Gyros	Protein	Technologies).	The	peptides	were	synthesised	in	a	250	μmols	
scale	 using	 several	 solid	 supports	 depending	 on	 the	 requirements	 of	 the	 synthesis.	
Manual	 synthesis	 was	 performed	 on	 polypropylene	 syringes	 with	 a	 polypropylene	
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porous	filter.	The	stirring	was	done	manually,	intermittently,	with	a	Teflon	stirring	bar	
and	reagents	and	solvents	were	eliminated	under	vacuum	filtration.		

Protected	amino	acids	used	for	the	Fmoc/tBu	chemistry	were	the	following,	as	their	
L-	 or	 D-enantiomers,	 unless	 otherwise	 specified:	 Fmoc-Ala-OH,	 Fmoc-Cys(Trt)-OH,	
Fmoc-Asp(tBu)-OH,	Fmoc-Glu(tBu)-OH,	Fmoc-Phe-OH,	Fmoc-Gly-OH,	Fmoc-His(Trt)-OH,	
Fmoc-Ile-OH,	 Fmoc-Lys(Boc)-OH,	 Fmoc-Leu-OH,	 Fmoc-Met-OH,	 Fmoc-Asn(Trt)-OH,	
Fmoc-Pro-OH,	 Fmoc-Gln(Trt)-OH,	 Fmoc-Arg(Pbf)-OH,	 Fmoc-Ser(tBu)-OH,	 Fmoc-
Thr(tBu)-OH,	Fmoc-Val-OH,	Fmoc-Tyr(tBu)-OH,	Fmoc-Trp(Boc)-OH.		

And	 the	 following	 amino	 acids	 were	 used	 for	 the	 Boc/Bzl	 chemistry,	 as	 D-
enantiomers:	Boc-Ala-OH,	Boc-Cys(4Me-Bzl)-OH,	Boc-Asp(OcHx)-OH,	Boc-Glu(OBzl)-OH,	
Boc-Phe-OH,	 Boc-Gly-OH,	 Boc-His(Dnp)-OH,	 Boc-Ile-OH,	 Boc-Lys(2Cl-Z)-OH,	 Boc-Leu-
OH,	 Boc-Met-OH,	 Boc-Asn(Xan)-OH,	 Boc-Pro-OH,	 Boc-Gln-OH,	 Boc-Arg(Tos)-OH,	 Boc-
Ser(Bzl)-OH,	Boc-Thr(Bzl)-OH,	Boc-Val-OH,	Boc-Tyr(2Br-Z)-OH,	Boc-Trp(For)-OH,	Boc-
Thz-OH.	

Solid	supports	

Several	resins	were	used	depending	on	the	chemistry	and	the	peptide:	

Fmoc/tBu	chemistry	

RinkAmide	ChemMatrix®	resin	(substitution	of	0.52	mmol/g):	manual	SPPS	

RinkAmide	AM	resin	(0.74	mmol/g):	automated	SPPS	

Aminomethyl	ChemMatrix®	resin	(0.56	mmol/g):	manual	SPPS	

Boc/Bzl	chemistry	

Pam	PS	resin	(0.8	mmol/g)	

Aminomethyl	ChemMatrix®	resin	(0.52	mmol/g)	

p-MBHA	PS	resin	(0.67	mmol/g)	

General	protocol	for	peptide	chain	elongation	

Amino	acids	were	coupled	to	the	growing	chain	following	the	methodology	described	
below	 (Table	 20).	 Briefly,	 the	 resin	 was	 washed	 several	 times	 and	 the	 temporary	
protecting	group	was	removed	using	a	solution	of	piperidine	or	TFA.	After	washing	the	
resin	again,	the	amino	acid	and	coupling	reagents	were	added	and	left	to	react	for	20-60	
min.	 Finally,	 after	 the	 washings	 of	 the	 resin	 from	 the	 reagents	 and	 by-products,	 the	
coupling	control	was	carried	out	by	the	ninhydrin	or	chloranil	test.	
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Table	20.	General	protocol	for	peptide	chain	elongation.	

Operation	 Reagents	 No	treatments	 Time,	min	

Washing	
DMF	
DCM	
DMF	

3	
3	
3	

0.5	
0.5	
0.5	

Deprotection	
20%	piperidine/DMF	(Fmoc)	

or		
100%	TFA	(Boc)	

2	
	
2	

10	
	
1	

Coupling	
control	 Ninhydrin	or	chloranil	test	 1	 3	or	5	

Washing	
DMF	
DCM	
DMF	

3	
3	
3	

0.5	
0.5	
0.5	

Coupling	 Fmoc-AA-OH	
Coupling	reagents	and	DMF	 1	 20	to	60	

Washing	
DMF	
DCM	
DMF	

3	
3	
3	

0.5	
0.5	
0.5	

Coupling	
control	 Ninhydrin	or	chloranil	test	 1	 3	or	5	

Temporary	protecting	group	removal	

The	Fmoc	group	was	removed	by	treating	the	resin	with	a	solution	of	20%	piperidine	
in	DMF	(1	x	1	min	and	2	x	10	min).267	

The	 Boc	 group	 was	 removed	 using	 a	 100%	 TFA	 solution	 (2	 x	 1min)	 and	 stirring	
periodically.	

Fmoc	group	quantification/resin	loading	capacity	

In	 order	 to	 know	 the	 degree	 of	 functionalisation,	 the	 Fmoc	 adduct,	 formed	 during	
removal	of	the	Fmoc	group	with	piperidine,	can	be	quantified	with	UV-Vis	spectroscopy.	
The	Fmoc	removal	and	washing	steps	solution	were	collected	in	a	volumetric	flask	and	
diluted	with	DMF.	Part	of	this	solution	was	used	to	measure	the	absorption	at	300	nm,	
and	knowing	the	amount	of	resin	and	the	volume	of	the	flask,	the	resin	functionalisation	
was	calculated	using	the	following	formula:	

𝑓 =
𝐴!"" · 𝑉
ε · 𝑙 ·𝑚 	

where	A300	is	the	measured	absorbance	at	300	nm,	V	the	volume	of	the	flask,	ε	is	the	
molar	extinction	coefficient	of	Fmoc	at	300	nm	(7800	M-1cm-1),	l	is	the	path	length	of	the	
cuvette	and	m	the	weight	of	the	resin.		
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Coupling	methods	

Manual	synthesis	

Several	coupling	methods	were	used	depending	on	the	amino	acids	involved.	Method	
1	 was	 used	 as	 the	 default	 method,	 while	 Method	 2	 was	 used	 for	 milder	 couplings.	
Method	 3	 was	 used	 for	 long	 couplings,	 cyclisations	 and	 for	 the	 incorporation	 of	
fluorophores.	Method	4	was	used	for	the	incorporation	of	the	first	amino	acid	after	the	
incorporation	of	the	HMPP	linker	(through	a	Steglich	esterification).	

Method	1	–	HBTU/DIEA	

4	eq	Fmoc-AA-OH,	4	eq	HBTU,	8	eq	DIEA,	DMF	(20-40	min)	

Method	2	–	DIC/Oxyma	

4	eq	Fmoc-AA-OH,	4	eq	DIC,	4	eq	Oxyma,	DMF	(30-45	min)	

Method	3	–	PyBOP/HOAt	

4	eq	Fmoc-AA-OH,	4	eq	PyBOP,	12	eq	HOAt,	12	eq	DIEA,	DMF	(45-60	min	or	o/n)	

Method	4	–	DIC/DMAP	

5	eq	Fmoc-AA-OH,	5	eq	DIC,	0.5	eq	DMAP,	DCM	(2	x	60	min)	

For	the	Boc/Bzl	chemistry,	Method	1	was	used	increasing	the	amount	of	DIEA	to	12	
eq	 to	neutralise	 the	remaining	TFA	of	 the	resin.	 In	 the	 first	syntheses,	TBTU	was	used	
instead	of	HBTU.	

Automated	microwave-assisted	peptide	synthesiser	–	Liberty	Blue		

The	protected	amino	acid	(0.2	M	in	DMF),	DIC	(0.5	M	in	DMF),	Oxyma	(1	M	in	DMF)	
and	HOBt	(1M	in	DMF)	were	added	to	the	reaction	vessel.	The	mixture	was	allowed	to	
react	for	2	min	with	a	microwave	potency	of	170	V	(90oC).	The	solvents	were	removed	
by	 filtration,	 and	 the	 resin	 was	 washed	 with	 DMF	 (3	 x	 30	 s).	 For	 His	 the	 maximum	
temperature	was	reduced	to	50oC.	The	removal	of	the	Fmoc	group	was	performed	with	
piperidine	(20%	in	DMF)	or	piperazine	(10%	in	NMP/EtOH	[9/1])	for	1	min.	

Automated	peptide	synthesiser	–	PRELUDE		

The	protected	amino	acid	 (0.2	M	 in	DMF),	HBTU	 (0.5	M	 in	DMF)	and	DIEA	 (1	M	 in	
DMF)	were	added	to	the	reaction	vessel.	The	mixture	was	allowed	to	react	for	2	x	5	min	
with	 nitrogen	 bubbling.	 The	 solvents	 were	 removed	 by	 filtration,	 and	 the	 resin	 was	
washed	with	 DMF	 (3	 x	 1	min).	 The	 removal	 of	 the	 Fmoc	 group	was	 performed	with	
piperidine	(20%	in	DMF)	for	2	x	2.5	min.	
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Monitoring	of	coupling	and	deprotection	

To	monitor	the	progress	of	the	reactions	two	colorimetric	tests	were	used	as	well	as	
cleavages	of	small	quantities	of	the	resin	(mini-cleavages).	Colorimetric	tests	were	used	
after	each	deprotection	and	coupling	step	to	assess	if	the	Fmoc	group	was	successfully	
removed	 and	 if	 the	 amino	 acid	 was	 incorporated	 into	 the	 chain,	 respectively.	 Mini-
cleavages	were	performed	every	4-6	amino	acids.		

Kaiser	or	ninhydrin	test	

The	ninhydrin	test	is	based	on	the	specific	colour	of	ninhydrin	upon	reaction	with	a	
primary	 aliphatic	 amino	 acid.268	 To	 perform	 this	 test,	 an	 aliquot	 of	 dried	 but	 DCM	
solvated	 resin	was	 placed	 in	 a	 glass	 tube.	 Then,	 6	 drops	 of	 reagent	 A	 and	 2	 drops	 of	
reagent	 B	were	 added	 and	 the	 tube	was	 heated	 at	 110oC	 for	 3	min.	 A	 yellow/orange	
colour	 indicates	 a	 negative	 test,	 i.e.	 the	 absence	 of	 primary	 amines,	 whereas	 a	
blue/purple	 coloration	 of	 solution	 and/or	 beads	 indicates	 a	 positive	 result,	 thereby	
indicative	that	a	second	coupling	is	needed.	

Preparation	of	reagents:		

Reagent	A:	Two	solutions	are	needed.	First	solution:	40	g	of	phenol	are	dissolved	in	
10	 mL	 of	 absolute	 ethanol.	 Second	 solution:	 65	 mg	 of	 KCN	 in	 100	 mL	 of	 water	 is	
prepared	and	mixed	with	100	mL	of	 freshly	distilled	pyridine.	Each	solution	 is	 stirred	
with	4	g	of	Amberlite	MB-3	resin	for	45	minutes	and	filtered.	Finally	the	two	solutions	
are	mixed.	

Reagent	B:	2.5	g	of	ninhydrin	are	dissolved	in	50	mL	of	absolute	ethanol.	This	solution	
must	be	protected	from	the	light.	

Chloranil	test	

The	presence	of	the	secondary	amino	group	of	Pro	can	be	detected	using	the	chloranil	
test.	An	aliquot	of	dried	but	DCM	solvated	resin	was	placed	in	a	glass	tube.	Then,	20	μL	
of	the	chloranil	solution	and	200	μL	of	acetone	were	added	and	after	5	min	at	RT	the	test	
was	 completed.	 A	 yellow/orange	 colour	 indicates	 that	 the	 test	 is	 negative	 whereas	 a	
blue/green	colour	of	 the	 solution	and/or	 the	beads	 reveals	 the	presence	of	 secondary	
amines	and	that	the	coupling	was	not	quantitative.		

Mini-cleavage	of	the	resin	

Few	beads	of	dried	but	DCM	solvated	resin	were	transferred	into	an	eppendorf.	The	
procedure	was	 the	same	as	 for	 the	cleavage	described	 in	Cleavage	 from	the	resin/side-
chain	 deprotection,	 using	 95%	 of	 TFA,	 2.5%	H2O	 and	 2.5%	 of	 TIS,	 for	 15-30	minutes.	
Then	the	peptide	was	washed	with	diethyl	ether	and	dissolved	in	H2O/ACN	(1:1).	
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Lactam	bridge	formation	

The	peptides	were	synthesised	with	Fmoc/tBu	SPPS	using	Fmoc-Dap(Alloc)-OH	and	
Fmoc-Asp(OAll)-OH	(or	Fmoc-Glu(OAll)-OH)	as	the	amino	acids	at	the	cyclisation	points.	
Before	 the	deprotection	of	 the	 final	Fmoc	group,	Allyl	and	Alloc	groups	were	removed	
using	 tetrakis(triphenylphosphine)palladium(0)	 (0.2	 eq)	 and	 phenylsilane	 (10	 eq)	 in	
DCM,	 in	 Ar	 atmosphere.	 Three	 treatments	 for	 15	 min	 were	 performed	 and	 the	
deprotection	 was	 assessed	 by	 the	 ninhydrin	 test	 and	 mini-cleavage	 with	 UPLC-MS	
analysis.		

Cyclisation	was	achieved	with	two	reactions	(2h	and	overnight)	with	PyBOP	(4	eq),	
HOAt	(12	eq)	and	DIEA	(12	eq).	The	completion	of	the	reaction	was	assessed	through	a	
mini-cleavage	and	UPLC-MS	analysis.	Finally	 the	Fmoc	group	was	removed	using	20%	
piperidine	in	DMF.	

Incorporation	of	fluorophores	and	functional	groups	

In	 some	 peptides	 and	 before	 the	 final	 cleavage,	 fluorophores	 or	 other	 functional	
groups	were	incorporated	using	the	following	methodology.	

Rhodamine	 (lissamine	 rhodamine	 B	 sulfonyl	 chloride,	 Rh):	 100	 µmol	 of	 resin	 was	
added	to	a	glass	vial	in	a	sand	bath	at	45°C,	and	Rh	(2	eq)	and	DIEA	(4	eq)	in	DMF	were	
introduced.	The	reaction	was	left	to	react	overnight.	A	recoupling	was	usually	needed.	

Carboxyfluorescein	(5(6)-Carboxyfluorescein,	CF):	CF	(3	eq),	HOBt	(3	eq)	and	DIC	(3	
eq)	in	DMF	were	added	to	100	µmol	of	resin	and	left	to	react	for	2-16	h.	The	resin	was	
washed	with	DCM	(3	x	1	min)	and	DMF	(3	x	1	min)	and	treated	with	20%	piperidine	in	
DMF	(1h).	

Maleimide	(6-maleimidohexanoic	acid,	Mal):	Mal	(4	eq),	HBTU	(4	eq)	and	DIEA	(8	eq)	
in	DMF	were	added	to	100	µmol	of	resin	and	left	to	react	for	2	x	30	min.	

Side-chain	deprotections	

Dnp	from	His	

A	 solution	 of	 20%	 2-mercaptoethanol/10%	 DIEA	 in	 DMF	 was	 added	 to	 the	 resin.	
Several	treatments	were	performed	for	20	min	until	the	solution	was	colourless,	up	to	5-
7	 treatments.	 Then,	 the	 resin	 was	 washed	 several	 times	 with	 DMF	 to	 eliminate	 the	
excess	of	reagent.	

For	from	Trp	

A	solution	of	30%	ethanolamine	 in	DMF	with	5%	H2O	was	added	 to	 the	resin.	Two	
treatments	of	30	min	were	performed	and	the	resin	was	washed	extensively	with	DMF.	
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Alternatively,	a	solution	of	10%	of	piperidine	in	DMF	was	added	to	the	resin	at	0oC.	
Two	 treatments	 of	 1	 and	1.5	 h	were	performed	 and	 the	 resin	was	washed	with	DMF,	
DCM/MeOH	(1:1)	and	DCM.	

Allyl	and	Alloc	

These	groups	were	removed	using	tetrakis(triphenylphosphine)palladium(0)	(0.2	eq)	
and	phenylsilane	(10	eq)	in	DCM	under	argon	atmosphere.	Three	treatments	for	15	min	
were	 performed	 and	 the	 deprotection	 was	 assessed	 by	 the	 ninhydrin	 test	 and	 mini-
cleavage.	

Cleavage	from	the	resin/side-chain	deprotection	

After	the	deprotection	of	the	N-terminus	of	the	last	amino	acid,	the	resin	was	washed	
several	times	with	DMF	and	DCM	and	dried	by	suction	for	15	minutes.	The	dried	resin	
was	transferred	to	a	50	mL	falcon	and	the	peptides	were	cleaved	from	the	resin	using	
the	appropriate	cleavage	mixture.	The	peptide	was	left	to	react	for	2-4	h	using	enough	
solvent	 to	 allow	 a	 good	 swelling	 of	 the	 resin.	 All	 the	 cocktails	 incorporated	 a	 high	
percentage	 of	 TFA	with	 the	 presence	 of	 scavengers	 to	 capture	 the	 cleaved	 protecting	
groups	 and	 avoid	 side	 reactions,	 such	 as	 H2O,	 TIS,	 TA	 and	 EDT.	 After	 cleavage	 of	 the	
peptides,	 the	 solvent	 was	 evaporated	 applying	 a	 N2	 current.	 The	 following	 are	 the	
cleavage	cocktails	used:	

Cocktail	A:	TFA/H2O/TIS	(95:2.5:2.5)	[Standard	cocktail]	

Cocktail	B:	TFA/H2O/EDT/TIS	(94:2.5:2.5:1)	[For	peptides	containing	Cys]	

Cocktail	C:	TFA/TA/H2O/EDT/p-cresol	(92:2.5:2.5:2.5:0.5)	[for	CTX]	

Cocktail	D:	TFA/TA/EDT/A	(90:5:3:2)	[for	D-VEGF,	D-EGF	and	segments]	

For	the	Boc/Bzl	methodology,	the	dried	resin	was	transferred	to	a	Teflon	vessel	and	
anisole	(0-10%)	and	p-cresol	(2-10%)	were	incorporated.	The	resin	with	the	scavengers	
was	 frozen	with	 liquid	N2	and	connected	 to	 the	HF	cleavage	apparatus.	HF	anhydrous	
(10	mL)	was	transferred	to	the	reaction	vessel	and	left	to	react	with	stirring	for	1-2h	in	a	
water-ice	bath.	Then,	the	HF	was	evaporated	remaining	a	small	amount	of	liquid	form	by	
a	mixture	of	peptide,	scavengers	and	traces	of	HF.269	

tert-Butyl	 methyl	 ether	 was	 added	 at	 0oC	 to	 precipitate	 the	 peptide	 and	 eliminate	
non-peptidic	impurities,	and	the	mixture	was	centrifuged	(4oC,	3500	rpm,	10	min).	The	
supernatant	 liquid	was	decanted	and	the	process	was	repeated	three	times.	After	that,	
the	 cleaved	 peptides	 were	 dissolved	 in	 H2O/MeCN	 (1:1)	 and	 filtered	 off	 the	 resin.	
Finally,	peptides	were	lyophilised.		
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Native	chemical	ligation	

Conditions	for	D-VEGF		

Native	chemical	ligation	was	performed	by	dissolving	D-VEGF	S3	or	L-Cys	(1.2	mg	or	
4	 µg,	 2	mM)	 and	D-VEGF	 S2	 (1	mg,	 2	mM)	 in	 ligation	buffer	 (0.1	mL)	 containing	6	M	
GuHCl,	100	mM	Na2HPO4,	100	mM	MPAA	and	50	mM	TCEP	hydrochloride	at	pH	7	to	give	
the	 ligation	product	after	4	h.	Then,	conversion	of	 the	Thz-peptide	product	 to	the	Cys-
peptide	was	obtained	by	addition	of	60	mM	methoxylamine	hydrochloride	at	pH	4.0	for	
16	 h.	 D-VEGF	 S1	 (0.5	 mg,	 2	 mM)	 was	 added	 to	 the	 same	 reaction	 mixture	 and	 the	
solution	adjusted	 to	pH	6.8	and	 left	 to	react	 for	2	h.	The	reactions	were	monitored	by	
UPLC-MS.	

Transthioesterification	of	D-VEGF	S1	and	D-VEGF	S2	

The	 crude	 peptides	 (10	 mM)	 were	 treated	 with	 200	 mM	 sodium	 2-
mercaptoethanesulfonate	 (MESNa)	 at	 pH	 7	 in	 0.1	 M	 Na2HPO4	 containing	 6	 M	 GuHCl.	
After	 a	 2	 h	 reaction,	 the	 peptide	was	 dialysed	 against	 600	mM	GuHCl	 (o/n)	 and	H2O	
(o/n),	and	lyophilised.	

Conditions	for	D-EGF	

Native	chemical	 ligation	was	performed	by	dissolving	D-EGF	S1	(5.2	mg,	6	mM)	and	
D-EGF	 S2	 (12	 mg,	 5	 mM)	 in	 ligation	 buffer	 (0.5	 mL)	 containing	 6	 M	 guanidine	
hydrochloride	 (GuHCl),	 100	 mM	 Na2HPO4,	 100	 mM	 MPAA	 and	 50	 mM	 TCEP	
hydrochloride	 at	 pH	8.	 The	 solution	was	 degassed	with	N2	 current	 and	maintained	 in	
this	atmosphere	during	the	reaction.	The	conversion	was	followed	by	UPLC-MS	and	after	
6	 h	 all	 D-EGF	 S2	 had	 reacted.	 The	 ligated	 protein	 was	 diluted	 to	 approximately	 1	 M	
GuHCl	and	was	purified	immediately.			

Disulphide	bridge	formation	

For	 those	peptides	 containing	 free	 thiols	 from	Cys,	 the	oxidation	was	performed	at	
room	temperature	under	air	oxygen	for	1	to	5	days.	A	1	L	round-bottom	container	with	a	
large	 aperture	was	 used	 to	 allow	 a	 better	 oxidation.	High	 dilution	 conditions	 (0.5	 –	 1	
mg/mL)	 were	 required	 to	 favour	 the	 formation	 of	 intramolecular	 disulphide	 bridges	
over	intermolecular	bonds.	The	peptide	was	dissolved	in	NH4HCO3	buffer	(0.1	M,	pH	8.0)	
or	 in	 Tris	 buffer	 (0.1	 M,	 pH	 8.0).	 For	 those	 peptides	 that	 contained	 more	 than	 one	
disulphide	 bridge,	 reduced/oxidised	 glutathione	 (1	 μM	 and	 0.5	 μM)	 were	 added	 to	
favour	 the	 formation	 of	 the	 more	 stable	 disulphide	 bridges.	 The	 reactions	 were	
monitored	 by	HPLC	 and	UPLC-MS.	 After	 the	 oxidation	was	 completed,	 the	 buffer	was	
acidified	with	TFA	to	pH	3-4	and	the	peptide	lyophilised.		
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Purification	of	peptides	

Peptides	were	 dissolved	 in	 H2O/MeCN	 (the	 percentage	 depending	 on	 the	 peptide),	
filtered	through	0.45	μm	filters	and	purified	by	semi-preparative	RP-HPLC.	The	fractions	
containing	 the	 peptide	 were	 analysed	 by	 UPLC	 or	 UPLC-MS,	 pooled	 together	 and	
lyophilised.	

Two	 semi-preparative	 RP-HPLC	 systems	 were	 used.	 The	 first	 instrument	 was	 a	
Waters	 system	 with	 MassLynx	 4.1	 software,	 a	 2545	 binary	 gradient	 module,	 a	 2767	
manager	 collector,	 a	 SFO	 system	 fluid	 organiser,	 a	 3100	 mass	 detector,	 a	 2998	
photodiode	array	detector,	and	a	515	HPLC	pump.	A	SunFire	C18	column	(150	x	10	mm	x	
3.5	 μm,	 100	 Å,	 Waters)	 was	 used,	 with	 MeCN	 (0.1%	 TFA)	 and	 H2O	 (0.1%	 TFA)	 as	
solvents	 and	 a	 flow	 rate	 of	 6.6	mL/min.	 The	 second	 instrument	was	 a	Waters	 system	
with	 ChromScope	 software,	 a	 2707	 Autosampler,	 a	 Prep	 Degasser,	 a	 2545	 binary	
gradient	module,	a	2489	UV/Visible	Detector,	and	a	Fraction	Collector	III.	A	XBridge	C18	
column	(150	x	19	mm	x	5	μm,	Waters)	or	a	Aeris	Peptide	XB	C18	column	(250	x	21.1	mm	
x	5	μm,	Phenomenex)	was	used,	with	MeCN	(0.1%	TFA)	and	H2O	(0.1%	TFA)	as	solvents	
and	a	flow	rate	of	15-20	mL/min.	

Identification	of	peptides	

HPLC-MS	

Chromatograms	 and	 spectra	 were	 recorded	 on	 a	 Waters	 system	 Alliance	 2695,	
photodiode	 detector	 Waters	 2998,	 ESI-MS	 model	 Micromass	 ZQ	 and	 MassLynx	 4.1	
software	(Waters,	Milford,	MA).	Using	a	SunFire	C18	column	(100	x	2.1	mm	x	3.5	μm,	100	
Å,	 Waters).	 Using	 the	 following	 solvents:	 MeCN	 (0.07%	 formic	 acid)	 and	 H2O	 (0.1%	
formic	acid),	with	a	flow	rate	of	1mL/min.	

UPLC-MS	

Chromatograms	 and	 spectra	 were	 recorded	 on	 a	Waters	 high	 class	 (PDA	 detector,	
sample	manager	FNT	and	Quaternary	solvent	manager)	coupled	to	an	electrospray	ion	
source	 ESI-MS	Micromass	 ZQ	 and	 using	 the	 MassLynx	 4.1	 software	 (Waters,	 Milford,	
MA).	Using	 a	BEH	C18	 column	 (50	x	2.1	mm	x	1.7	µm,	Waters).	The	 flow	 rate	was	0.6	
mL/min,	 and	 MeCN	 (0.07%	 formic	 acid)	 and	 H2O	 (0.1%	 formic	 acid)	 were	 used	 as	
solvents.	

MALDI-TOF	MS	

For	 some	 peptides,	 the	 molecular	 weight	 was	 also	 analysed	 using	 a	 MALDI-TOF	
Applied	 Biosystem	 4700.	 α-Cyano-4-hydroxycinnamic	 acid	 (ACH)	 was	 used	 as	 the	
matrix:	10	mg/mL	solution	of	matrix	was	prepared	in	MeCN/H2O	(1:1)	with	0.1%	TFA.	
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For	the	sample	preparation,	1	μL	of	peptide	solution	was	mixed	with	1	μL	of	matrix	on	
the	MALDI-TOF	plate	and	was	air-dried.	

LTQ-FT	MS	

A	 high-resolution	mass	 spectrometer	was	 used	 to	 determine	 the	 exact	mass	 of	 the	
peptides.	 The	 samples	 were	 diluted	 in	 H2O/MeCN	 (1:1)	 with	 1%	 formic	 acid	 and	
analysed	with	an	LTQ-FT	Ultra	(Thermo	Scientific).	They	were	introduced	by	automated	
nanoelectrospray.	 A	 NanoMate	 (Advion	 BioSciences,	 Ithaca,	 NY)	 infused	 the	 samples	
through	the	nanoESI	Chip	(which	consisted	of	400	nozzles	in	a	20	x	20	array).	The	spray	
voltage	 was	 1.70	 kV,	 and	 the	 delivery	 pressure	 was	 0.5	 psi.	 MS	 conditions	 were	 as	
follows:	Nano-ESI,	positive	ionisation,	capillary	temperature	200oC,	tube	lens	100	V,	ion	
spray	voltage	2	kV,	and	m/z	200–2000	a.m.u.	

Purity	assessment	

UPLC-PDA	

UPLC	chromatograms	were	obtained	on	an	Acquity	high	class	(PDA	detector,	sample	
manager	FNT	and	Quaternary	solvent	manager),	using	an	Acquity	BEH	C18	(50	x	2.1	mm	
x	1.7	µm)	 column.	The	 flow	 rate	was	0.61	mL/min	 and	MeCN	 (0.036%	TFA)	 and	H2O	
(0.045%	 TFA)	 were	 used	 as	 solvents.	 2-min	 linear	 gradients	 were	 used	 in	 all	 cases.	
Detection	was	performed	at	220	nm.	

HPLC-PDA	

HPLC	 chromatograms	were	 obtained	 on	 a	Waters	Alliance	 2695	with	 an	 automatic	
injector	 and	 a	 photodiode	 array	 detector	 2998	Waters	 (Waters,	 Milford,	 MA)	 using	 a	
SunFire	C18	column	(100	x	4.6	mm	x	5	μm,	100	Å,	Waters)	and	software	EmpowerPro	2,	
solvents	MeCN	(0.036%	TFA)	and	H2O	(0.045%	TFA),	flow	rate:	1	mL/min.	8-min	linear	
gradients	were	used.	Detection	was	performed	at	220	nm.	

Also,	 the	 following	 HPLC	 columns	 were	 used	 for	 further	 analysis	 of	 the	 peptides:	
Jupiter	Proteo	C12	column	(250	x	4.6	mm	x	4	μm,	90	Å,	Phenomenex),	linear	gradients	of	
40	min;	 and	Zorbax	C3	 column	 (4.6	 x	 150	mm	x	3.5	 μm,	Agilent),	 gradient	 of	 10-54%	
over	22	min	at	40oC.	Detection	was	performed	at	214	nm.	

Amino	acid	analysis	

Amino	acid	analysis	was	performed	to	assess	the	amino	acids	present	and	the	amount	
obtained	 for	 each	 peptide.	 For	 this	 purpose,	 ion	 exchange	 chromatographic	 analysis	
after	 acid	 hydrolysis	 was	 performed.	 The	 samples	 were	 hydrolysed	 with	 6	 M	 HCl	 at	
110oC	 for	 16	 h.	 They	 were	 then	 evaporated	 to	 dryness	 at	 reduced	 pressure	 and	
dissolved	in	20	mM	of	aqueous	HCl.	Finally,	the	amino	acids	were	derivatised	using	the	
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AccQ	 Tag	 protocol	 from	 Waters,	 which	 uses	 6-aminoquinolyl-N-hydroxysuccinimidyl	
carbamate	as	a	derivatisation	reagent,	and	analysed	by	ion	exchange	HPLC.		

Stability	in	human	serum	

Peptides	were	dissolved	in	HBSS/human	serum	(1/9)	at	a	final	concentration	of	150	
µM.	The	incubation	was	performed	at	37oC	for	24	h,	taking	aliquots	of	50	µL	at	several	
time	points.	These	samples	were	treated	with	200	µL	of	MeOH	to	precipitate	the	serum	
proteins	and	centrifuged	for	30	min	at	4oC.	The	supernatant	was	filtered	and	analysed	
by	UPLC	to	calculate	the	percentage	of	intact	peptide	in	the	sample.	

Nuclear	magnetic	resonance	

Monodimensional	1H	NMR	experiments	were	carried	out	at	25oC	on	a	Bruker	Avance	
III	 600	MHz	 spectrometer	 equipped	with	 a	 TCI	 cryoprobe.	 The	 samples	 (final	 protein	
concentration	50	µM)	were	dissolved	in	NaPi	(20	mM),	NaCl	(50	mM)	and	NaN3	(0.01%	
w/v)	 at	 pH	 6.8,	 supplemented	with	 10%	D2O.	 A	 total	 of	 200	 scans	were	 used.	Water	
suppression	 was	 achieved	 using	 the	 Watergate	 method.270	 Data	 processing	 was	
performed	using	TopSpin	3.0.	

Protein	conjugation	and	characterisation	

Expression	of	GFP	and	FXN	

20	 µL	 of	 E.	 coli	 B834	 cells	 were	 transfected	 by	 heat	 shock	 with	 pOPINF	 plasmid	
carrying	the	gene	for	the	desired	protein	and	plated	onto	carbenicilin	containing	plates	
(50	 µg/mL).	 After	 an	 overnight	 incubation,	 one	 single	 colony	 was	 used	 to	 inoculate	
starter	 culture	 of	 LB	media	 (10	mL),	 containing	 carbenicilin	 (50	 μg/mL).	 The	 starter	
culture	 was	 grown	 overnight	 and	 then	 used	 to	 inoculate	 autoinduction	 media	 (1L),	
containing	carbenicilin	(50	μg/mL).	The	cells	were	incubated	at	37°C	for	6	h,	and	grown	
overnight	at	25oC.	The	cells	were	 then	harvested	by	centrifugation	 (JLA	9.10	rotor,	10	
min,	8000	rpm,	4°C),	were	collected	and	stored	at	-20°C.	

The	cell	pellet	was	thawed	in	binding	buffer	(50	mM	NaPi,	15	mM	imidazole,	300	mM	
NaCl,	 pH	 8	 and	 10%	 glycerol,	 10	 mL).	 On	 thawing	 the	 cell	 suspension,	 they	 were	
incubated	 on	 ice	 with	 stirring	 for	 an	 hour	 with	 additional	 protease	 inhibitor	 cocktail	
(EDTA	 free),	 DNase	 and	 lysozyme.	 The	 cell	 suspension	 was	 then	 sonicated	 (Recall	 9	
function,	 30	 s	 on,	 60	 s	 off,	 5	 times).	 The	 resulting	 cell	 debris	 was	 removed	 from	 the	
lysate	by	centrifugation	 (JA	25.5	rotor,	30	min,	20000	rpm)	and	 the	 lysate	purified	by	
FPLC	using	a	HisTrap	HP	column	(5	mL).	The	resin	was	washed	with	binding	buffer	(5	
column	volumes	(CV))	and	the	protein	then	eluted	with	elution	buffer	(50	mM	NaPi,	500	
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mM	imidazole,	300	mM	NaCl,	pH	8	and	10%	glycerol,	3	CV)	and	the	fractions	collected	
analysed	by	SDS-PAGE.	Fractions	containing	protein	were	combined	and	the	 imidazole	
removed	 using	 a	 PD	 miditrap	 column	 (GE	 healthcare)	 following	 manufacturer	
instructions.	The	resulting	protein	solution	was	analysed	by	LCT-MS	and	stored	at	-20°C	
until	used.	

The	amino	acid	sequences	of	the	proteins	were	the	following.	

GFP	sequence:	
GPMVSKGEEL FTGVVPILVE LDGDVNGHKF SVSGEGEGDA TYGKLTLKFI 
CTTGKLPVPW PTLVTTLTYG VQCFSRYPDH MKQHDFFKSA MPEGYVQERT 
IFFKDDGNYK TRAEVKFEGD TLVNRIELKG IDFKEDGNIL GHKLEYNYNS 
HNVYIMADKQ KNGIKVNFKI RHNIEDGSVQ LADHYQQNTP IGDGPVLLPD 
NHYLSTQSAL SKDPNEKRDH MVLLEFVTAA GITLGMDELY K 
Cys-GFP	sequence:	

AHHHHHHSSG GLCTPSRMVS KGEELFTGVV PILVELDGDV NGHKFSVSGE 
GEGDATYGKL TLKFICTTGK LPVPWPTLVT TLTYGVQCFS RYPDHMKQHD 
FFKSAMPEGY VQERTIFFKD DGNYKTRAEV KFEGDTLVNR IELKGIDFKE 
DGNILGHKLE YNYNSHNVYI MADKQKNGIK VNFKIRHNIE DGSVQLADHY 
QQNTPIGDGP VLLPDNHYLS TQSALSKDPN EKRDHMVLLE FVTAAGITLG MDELYK 

Cys-FXN	sequence:	
AHHHHHHSSG LEVLFQGPGL CTPSRSGTLG HPGSLDETTY ERLAEETLDS 

LAEFFEDLAD KPYTFEDYDV SFGSGVLTVK LGGDLGTYVI NKQTPNKQIW 

LSSPSSGPKR YDWTGKNWVY SHDGVSLHEL LAAELTKALK TKLDLSSLAY SGKDA 

GFP	and	FXN	conjugation	to	peptides	

Maleimide-peptides	

Modification	of	Lys	

2-iminothiolane	(15	eq,	2	mg/mL	in	H2O)	was	added	to	a	solution	of	GFP	(1	mg/mL)	
in	 sodium	 phosphate	 buffer	 (NaPi)	 (50	 mM,	 pH	 8,	 150	 mM	 NaCl,	 1	 mM	 EDTA).	 The	
reaction	proceeded	for	1	h	at	RT,	and	excess	reagent	was	removed	by	SEC	following	the	
manufacturer’s	 instructions	 (PDminitrap,	 for	 volumes	 up	 to	 0.5	 mL,	 PDmiditrap	 for	
volumes	up	to	1	mL	or	PD10	for	volumes	up	to	2.5	mL,	GE	Healthcare).	The	maleimide-
peptide	(10	eq)	was	added	for	1	h	at	RT	to	alkylate	the	activated	protein.	The	resulting	
protein	was	purified	by	SEC	and	stored	at	4oC	in	PBS.		

Modification	of	a	single	Cys	

Cys-GFP	(2	mg/mL)	was	reduced	by	adding	TCEP	(1.1	eq)	in	NaPi	(50	mM,	pH	8,	150	
mM	NaCl,	1	mM	EDTA)	for	30	min	at	37oC.	The	maleimido-peptide	(1.1	eq)	was	added	
directly	and	left	to	react	for	1-2	h	at	RT.	The	resulting	protein	was	purified	by	SEC	and	
stored	at	4oC	in	NaPi	buffer	with	10%	glycerol.		
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Cysteine-peptides	

Disulphide	formation	

Cys-GFP	 or	 Cys-FXN	 (1	mg/mL)	was	 reduced	 by	 adding	 1.1	 eq	 of	 TCEP	 in	 sodium	
borate	buffer	(25	mM,	pH	8,	25	mM	NaCl,	1	mM	EDTA,	pH	8)	for	1	h	at	37oC.	The	excess	
of	reagent	was	removed	using	a	SEC	column	(PDminitrap	or	PDmiditrap,	GE	Healthcare).	
Then,	Ellman’s	reagent	(1.1	eq)	was	added	for	15-30	min	at	RT	and	the	Cys-peptides	(1.1	
eq)	 were	 added	 directly	 for	 1-2	 h.	 Finally,	 the	 conjugates	 were	 purified	 by	 SEC	 and	
stored	at	4oC	in	NaPi	buffer	with	10%	glycerol.		

Protein	characterisation	

SDS-PAGE	

SDS-PAGE	electrophoresis	was	carried	out	using	BioRad	system	(Miniprotean	cell)	in	
a	15%	Tris	gel	using	the	following	running	buffer:	1.92	M	Gly,	0.25	M	Tris,	1%	SDS,	pH	
8.3-8.8.	 The	 gel	 run	 at	 140	V	 until	 the	marker	 reached	 the	 bottom	of	 the	 gel.	 Protein	
molecular	 weights	 were	 approximated	 by	 comparison	 to	 a	 protein	 marker	 (Perfect	
Protein	 Markers	 15-150	 kDa	 from	 Novagen).	 Proteins	 were	 visualised	 by	 coomassie	
staining	(staining	solution:	10%	AcOH,	0.25	g	brilliant	blue;	discoloration	solution:	20%	
MeOH,	3%	AcOH	in	water).	Image	Studio	Software	was	used	for	densitometric	analysis.	

LC-MS	

The	 characterisation	 of	 the	 protein	 conjugates	 was	 performed	 using	 LCT-Premier	
(Waters).	Samples	were	injected	automatically	to	a	BioSuite	pPhenyl	1000	(Waters,	10	
µm	RPC	2.0x75mm)	column	at	a	flow	rate	of	100	µL/min	using	an	Acquity	UPLC	System	
(Waters).	Intact	protein	was	eluted	using	a	linear	gradient	from	5%	to	80%	B	in	60	min	
(A	=	0.1%	 formic	acid	 in	H2O,	B	=	0.1%	 formic	acid	 in	MeCN).	The	 column	outlet	was	
directly	 introduced	 into	the	electrospray	 ionisation	(ESI)	source	of	an	LCT-Premier	XE	
mass	spectrometer	(TOF)	(Waters).	Capillary	and	cone	voltage	were	set	to	3000	V	and	
100	V,	respectively.	Desolvation	and	source	temperature	were	set	to	350oC	and	120oC.	
Cone	gas	and	desolvation	gas	flow	were	set	to	50	and	600	L/h.	The	mass	spectrometer	
acquired	 full	 MS	 scans	 (400-4000	m/z)	 working	 in	 positive	 polarity	 mode.	 Data	 was	
acquired	with	MassLynx	software.	

125I	protein	labelling	and	quantification	

PierceTM	 Iodination	 Beads	 (Life	 Technologies)	 were	 used	 to	 radiolabel	 the	 protein	
conjugates.	Briefly,	two	beads	per	protein	were	washed	with	500	µL	of	reaction	buffer	
(50	mM	NaPi,	pH	6.5)	 and	dried	on	 filter	paper.	 In	a	 glass	vial,	 the	beads	were	added	
with	 the	 sufficient	 amount	 of	 carrier-free	 Na125I	 (1	 mCi/mg	 protein)	 in	 200	 µL	 of	
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reaction	buffer.	The	reaction	was	incubated	for	5	min.	The	proteins	were	then	added	and	
the	 reaction	 was	 carried	 out	 for	 15	 min	 with	 occasional	 mixing.	 The	 reaction	 was	
stopped	by	removing	the	solution	from	the	reaction	vessel	and	adding	it	to	a	MiniTrap	
G-25	 column	 (GE	 Healtcare)	 previously	 equilibrated	 with	 PBS.	 The	 iodinated	 protein	
was	dialysed	(Slide-A-Lyzer®	minidialysis	devices,	20	K,	0.5	mL)	overnight	against	PBS	
to	 further	 remove	 the	 unincorporated	 125I.	 The	 radioactivity	 of	 10-µL	 fractions	 was	
measured	 for	 2	 min	 using	 a	 Packard	 Cobra	 II	 Gamma	 Counter,	 and	 the	 protein	
concentration	was	determined	using	BCA	analysis	(Piercenet®).		

Cell-based	assays	

Cell	culture	conditions	

bEnd.3	 cells	 for	 internalisation	 and	 XTT	 experiments	 were	 cultured	 in	 DMEM	
complete	 medium	 (glucose	 4.5	 g/L,	 2	 mM	 glutamine,	 10%	 FBS	 and	 0.5%	 Pen/Strep)	
(Sigma).	Medium	was	changed	3	times	per	week	and	cells	were	detached	using	0.05%	
trypsin/EDTA.	For	the	in	vitro	BBB	cellular	model,	pericytes	were	cultured	in	DMEM	pH	
6.8	 while	 endothelial	 cells	 were	 cultured	 in	 supplemented	 endothelial	 cell	 growth	
medium	(Sciencells).	

Internalisation	experiments	

Analysis	using	flow	cytometry	

Two	days	before	the	experiment,	100.000	bEnd.3	cells/well	were	seeded	in	24-well	
plates.	On	 the	day	of	 the	assay,	 the	cells	were	washed	with	Ringer	HEPES	(RH)	 for	15	
min	and	then	treated	for	another	15	min	with	selected	inhibitors,	namely	sodium	azide	
(10	mM),	 filipin	 III	 (10	 µg/mL),	 chlorpromazine	 hydrochloride	 (10	 µg/mL)	 or	 vehicle	
(RH).	After	this	preincubation,	enough	Rh-	or	CF-labelled	peptide	was	added	to	reach	a	
final	concentration	of	50	µM.	After	30	min	of	 incubation	at	37oC	or	4oC,	 the	cells	were	
washed	5	times	with	Ringer	HEPES	or	Gly	buffer	at	4oC,	trypsinised	and	kept	on	ice.	Cells	
were	immediately	analysed	using	a	FACSAria	Fusion	flow	cytometer	with	a	582	nm	laser	
or	a	Beckman	Coulter	CyAn	flow	cytometer	with	a	488nm	laser	(Beckman	Coulter).		

Analysis	using	radioactivity	

The	same	methodology	as	before	was	used	adding	125I-labelled	GFP	or	FXN	conjugate	
at	a	concentration	of	100	nM.	The	amount	of	protein	internalised	was	measured	using	a	
Packard	 Cobra	 II	 Gamma	 Counter	 and	 the	 total	 amount	 of	 proteins	 was	 determined	
using	the	BCA	kit.	The	protein	uptake	was	calculated	using	the	following	formula:	
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𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑎𝑏𝑒𝑙𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑓𝑚𝑜𝑙

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑐𝑒𝑙𝑙𝑠 (𝑚𝑔)	

Analysis	using	confocal	microscopy	

For	 confocal	 microscopy	 experiments,	 the	 cells	 (5.000	 cells/dish)	 were	 seeded	 on	
collagen	precoated	MatTek	glass-bottom	culture	dishes	 (MatTek	Corporation,	Ashland,	
MA)	and	incubated	for	48	h	at	37oC.	They	were	given	a	complete	media	change	before	
being	treated	with	the	labelled	peptide	in	reduced	1%	serum	media.	After	30	min,	cells	
were	washed	3	times	with	1	mL	of	media	and	immediately	imaged.		

Fluorescence	was	 detected	 on	 a	 Zeiss	 LSM	780	 laser	 scanning	 confocal	microscope	
equipped	 with	 temperature-controlled	 environmental	 chamber	 and	 CO2	 for	 live-cell	
imaging.	 Images	 were	 taken	 with	 a	 Zeiss	 Plan-Apochromat	 63x/1.40	 oil	 DIC	 M27	
objective.	 Rhodamine	 was	 excited	 with	 a	 HeNe	 laser	 at	 543	 nm	 and	 emission	 was	
detected	 at	 560	 nm.	 Carboxyfluorescein	 or	AlexaFluor	 488,	 and	Hoechst	were	 excited	
with	 an	Ar	 laser	 at	 488	 and	405	nm,	 and	 emission	was	 recorded	 at	 546	 and	458	nm,	
respectively.	 Pinholes	 were	 set	 to	 equate	 optical	 slice	 thicknesses.	 The	 images	 were	
processed	using	the	ImageJ	1.49b	software.		

XTT	cell	proliferation	assay	

Cells	(bEnd.3	or	HeLa)	were	seeded	on	96-well	plates	(5.000	cells/well).	After	24	h,	
the	 peptide	 was	 added	 at	 several	 concentrations	 (100	 to	 0.4	 µM)	 to	 the	 wells	 and	
incubated	for	another	24	h.	The	Activated-XTT	solution	was	prepared	by	adding	0.1	mL	
of	the	activation	reagent	(PMS:	N-methyl	dibenzopyrazine	methyl	sulphate)	to	5	mL	of	
the	XTT	reagent.	50	µL	of	this	solution	was	then	added	to	each	well	and	incubated	for	4	
h.	Absorbance	was	measured	at	a	wavelength	of	475	nm	using	a	microtiter	plate	reader.		

Cell	viability	was	calculated	using	the	following	formula:	

% 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 100− 100 ·
𝐴!"# − 𝐴

𝐴!"# − 𝐵𝑙𝑎𝑛𝑘
	

where	Amax	is	the	absorbance	of	the	cells	without	peptide,	Blank	is	the	absorbance	of	
the	 medium	 alone,	 and	 A	 is	 the	 absorbance	 of	 the	 sample.	 Measurements	 were	
performed	in	triplicate.	As	a	positive	control,	cells	were	incubated	with	DMSO.	

Permeability	assays	in	the	in	vitro	BBB	cellular	model	

These	experiments	were	performed	using	the	model	developed	in	Prof.	R.	Cecchelli’s	
laboratory.152	In	brief,	endothelial	cells	derived	from	pluripotent	stem	cells	and	bovine	
pericytes	were	defrosted	in	gelatin-coated	Petri	dishes	(Corning).	After	48	h,	endothelial	
cells	 were	 seeded	 in	 12-well	 Transwell	 inserts	 (8000	 cell/well)	 and	 pericytes	 were	
plated	in	12-well	plates	(50000	cells/well)	previously	coated	with	Matrigel	and	gelatin,	
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respectively.	The	medium	was	changed	every	2-3	days	and	the	assays	were	performed	
7-8	days	after	seeding.		

The	following	concentrations	of	compounds	were	used:	5·1010	pfu	as	the	initial	pool	
in	the	phage	display	experiment,	50	µM	for	peptides	and	100	nM	for	125I	labelled	protein	
conjugates.	Lucifer	Yellow	(50	µM)	was	added	as	a	control	of	barrier	integrity	(Papp	<	
15·10-6	 cm/s).	 To	 perform	 the	 assay,	 500	 µL	 of	 the	 compound	 in	 Ringer	 HEPES	 was	
added	to	the	donor	compartment	and	1500	µL	of	Ringer	HEPES	was	introduced	into	the	
acceptor	 compartment.	 The	 plates	 were	 incubated	 for	 2	 h	 at	 37oC,	 and	 the	 solutions	
from	both	compartments	were	recovered	and	analysed.	The	samples	were	evaluated	in	
triplicates.	The	phage	was	amplified	and	the	DNA	sequenced;	the	amount	of	peptide	was	
quantified	 using	 UPLC	 or	 UPLC-MS;	 and	 a	 gamma	 counter	 was	 used	 for	 125I	 labelled	
conjugates.	

Apparent	permeability:	

𝑃𝑎𝑝𝑝 =  
𝑄! 𝑡 · 𝑉!
𝑡 · 𝐴 · 𝑄! 𝑡!

	

where	Papp	is	obtained	in	cm/s,	QA(t)	is	the	amount	of	compound	at	the	time	t	in	the	
acceptor	well,	VD	is	the	volume	in	the	donor	well,	t	is	time	in	seconds,	A	is	the	area	of	the	
membrane	in	cm	and	QD(t0)	is	the	amount	of	compound	in	the	donor	compartment	at	the	
beginning	of	the	experiment.	

Protein	 samples	 were	 also	 precipitated	 after	 the	 assay.	 TCA	 precipitation	 was	
performed	by	adding	 ice-cold	100	%	TCA	 to	 the	protein	 sample	 to	 reach	a	20	%	 final	
concentration.	After	2	h	incubation	on	ice,	the	samples	were	centrifuged	at	10.000	rpm	
for	 30	 min.	 The	 supernatant	 was	 removed	 from	 the	 pellet	 and	 both	 samples	 were	
analysed	by	gamma	counter.		

Phage	display	
All	methodologies	for	the	use	of	phage	display	libraries	were	performed	as	described	

in	the	Ph.D.TM	Phage	Display	Libraries	Instructions	Manual,	with	some	modifications.	

Media	and	solutions	

IPTG/Xgal	stock	solution:	1.25	g	IPTG	and	1	g	Xgal	in	25	mL	DMF.	Tetracycline	stock	
suspension:	 20	mg/mL	 tetracycline	 in	 1:1	 ethanol:water.	 LB/IPTG/Xgal	 plates:	 1L	 LB	
medium,	15	g/L	agar	and	1	mL	IPTG/Xgal	stock	solution.	LB/Tet	plates:	1L	LB	medium,	
15	g/L	agar	and	1	mL	tetracycline	stock	suspension.	PEG/NaCl:	20%	(w/v)	PEG,	2.5	M	
NaCl.	Iodide	buffer:	10	mM	Tris-HCl	(pH	8.0),	1	mM	EDTA	and	4	M	NaI.	TE	buffer:	10	mM	
Tris,	1	mM	EDTA.	
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Strain	maintenance	

ER2738	host	 strain	 (F	́	proA+B+	 lacIq	Δ(lacZ)M15	 zzf::Tn10(TetR)/fhuA2	glnV	Δ(lac-
proAB)	 thi-1	 Δ(hsdS-mcrB)5)	 was	 plated	 onto	 tetracycline-containing	 plates	 (LB/Tet	
plates)	and	incubated	at	37oC	overnight	and	stored	at	4oC	in	the	dark	for	up	to	1	month.	

Phage	titering	

Serial	dilutions	of	phage	were	prepared	 in	LB:	107-1011	 for	amplified	phage	culture	
supernatants	and	101-104	for	unamplified	panning	eluates.	20	µL	of	each	phage	dilution	
was	added	to	200	µL	of	mid-log	phase	(OD600	~	0.5)	of	ER2738	and	incubated	for	5	min.	
The	infected	bacteria	were	transferred	to	LB/IPTG/Xgal	plates	(2	x	100	µL).	The	plates	
were	 incubated	overnight	at	37oC,	and	the	plaques	were	counted	 to	obtain	 the	 titer	 in	
plaque	forming	units	(pfu)/μL:		

𝑇𝑖𝑡𝑒𝑟 (𝑝𝑓𝑢 𝜇𝐿) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 · 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

10 (µ𝐿) 	

Phage	amplification	

The	phage	recovered	was	amplified	by	adding	200	µL	of	the	phage	to	20	mL	of	mid-
log	 phase	 (OD600	~	 0.5)	 of	 ER2738	 and	 incubated	 for	 4-4.5	 h	 at	 37oC	 with	 vigorous	
shaking.	Next,	 the	culture	was	 transferred	to	a	centrifuge	 tube	and	spun	 for	15	min	at	
5000	rpm	at	4oC.	The	supernatant	was	transferred	to	a	fresh	centrifuge	tube	and	4	mL	of	
20%	PEG/2.5	M	NaCl	was	added.	The	phage	was	allowed	to	precipitate	overnight	at	4oC.	
The	 following	day,	 the	phage	was	precipitated	by	 spinning	 for	25	min	at	5000	rpm	at	
4oC.	The	supernatant	was	discarded	and	the	pellet	was	resuspended	in	1	mL	of	PBS	and	
transferred	 to	 a	 new	 micro-centrifuge	 tube.	 The	 residual	 cells	 were	 discarded	 by	
spinning	 for	5	min	at	14000	rpm	at	4oC,	 and	 the	supernatant	was	 recovered	 in	a	new	
tube.	A	second	precipitation	was	performed	with	200	µL	of	20%	PEG/2.5	M	NaCl	for	1	h	
on	 ice.	Finally,	 the	phage	was	recovered	by	spinning	 for	15	min	at	14,000	rpm	at	4oC.	
The	supernatant	was	then	discarded,	and	the	pellet	was	dissolved	in	200	µL	of	PBS.		

Purification	 of	 single-stranded	 M13	 viral	 DNA	 for	
sequencing	

ER2738	 was	 infected	 with	 the	 selected	 phage	 colony,	 which	 was	 picked	 from	 the	
titration	plates,	and	the	phage	was	amplified	following	the	procedure	described	before	
in	1mL	of	culture.	In	the	final	step,	the	phage	was	suspended	in	100	µL	of	iodide	buffer	
by	vigorously	tapping	the	tube.	250	µL	of	ethanol	was	added	and	incubated	for	20	min	at	
room	 temperature.	 The	 single-stranded	phage	DNA	was	 recovered	by	 spinning	 for	 10	
min	at	14,000	rpm	at	4oC,	 and	 the	 supernatant	was	discarded.	The	pellet	was	washed	
with	0.5	mL	of	 70%	cold	 ethanol	 and	 re-spinned,	 and	 the	 supernatant	was	discarded.	
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The	pellet	was	 briefly	 dried	 under	 vacuum	and	 suspended	 in	 30	 µL	 of	 TE	buffer.	 The	
peptide-encoding	nucleotide	 sequences	were	determined	with	 the	 -96	 gIII	 sequencing	
primer	5’d(CCCTCATAGTTAGCGTAACG)	included	in	Phage	Display	Peptide	Library	kit.	

Panning	against	immobilised	EGF	and	D-EGF	

The	 protein,	 EGF	 or	 D-EGF,	 were	 coated	 onto	 microtiter	 wells.	 7.5	 µg	 of	 protein	
dissolved	in	150	µL	of	sodium	bicarbonate	(0.1	M	NaHCO3,	pH	6)	were	immobilised	on	
96-well	microtiter	plates	(96	well	EIA/RIA	plates,	Corning)	overnight	at	4oC	with	gentle	
agitation	 in	 a	 humidified	 container.	 Wells	 were	 blocked	 with	 blocking	 buffer	 (0.1	 M	
NaHCO3,	5	mg/mL	BSA,	pH	8.6)	for	1	h	at	RT	and	washed	6	times	with	TBST	(TBS	+	0.1	
%	[v/v]	Tween-20).	

	Two	 phage	 libraries	 (Ph.D.TM-C7C	 and	 Ph.D.TM-12	 Phage	 Display	 Peptide	 Library)	
were	 incubated	with	 the	 immobilised	 target	 in	100	µL	of	TBST,	phage	 input	was	1011	
pfu.	After	1	h	at	RT,	wells	were	washed	10	times	with	TBST.	Phage	were	eluted	with	100	
µL	of	elution	buffer	 (0.2	M	Glycine·HCl,	1	mg/mL	BSA,	pH	2.2)	 for	10	min	with	gentle	
agitation	and	neutralised	with	15	µL	of	neutralisation	buffer	(1	M	Trizma	base,	pH	9.1).	
The	elution	and	neutralisation	step	were	repeated	three	times.	200	µL	of	the	recovered	
phage	were	amplified	as	described	before.		

The	second	and	third	round	of	panning	were	carried	out	in	a	similar	way.	The	phage	
input	was	maintained	at	1011	pfu	and	the	percentage	of	Tween	in	TBST	was	raised	to	0.3	
%	 [v/v].	 Purification	of	 phage	particles	 and	 sequencing	of	 phage	 single-stranded	DNA	
were	performed	as	described	before.		

Panning	in	the	human	BBB	cellular	model	

The	 assays	 in	 the	 human	 BBB	 cellular	 model	 were	 performed	 as	 described	 in	
Permeability	assays	 in	 the	 in	 vitro	BBB	 cellular	model.	A	100-fold	dilution	of	 the	 initial	
Phage	Display	Peptide	Library	was	used	as	the	initial	phage	pool:	5	µL	of	phage	and	10.5	
µL	 of	 Lucifer	 Yellow	 (1	mg/mL)	 in	 500	 µL	 of	 Ringer	 HEPES.	 After	 the	 2	 h	 assay,	 the	
phage	were	recovered	from	the	donor	and	acceptor	compartment,	and	200	µL	from	the	
acceptor	compartment	was	amplified	as	described	before.	10	µL	of	the	amplified	phage	
was	diluted	in	500	µL	of	Ringer	HEPES	and	used	in	the	second	round	of	panning.	After	
the	 final	 round,	 the	 phage	 was	 recovered	 and	 titered.	 Around	 31-34	 bacteriophage	
clones	from	the	last	round	were	randomly	picked	out	and	subjected	to	DNA	sequencing.	
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Biophysical	methods	

SAW	experiments	

Sam5	Blue	biosensor	 (SAW-Instruments,	Bonn,	Germany)	was	used	 to	measure	 the	
sensograms.	It	is	composed	of	a	biosensor	unit,	an	autosampler	and	a	microchip	module	
with	 a	 gold	 layer	 sensing	 surface	 on	 a	 quartz	 chip.	 The	 chip	 was	 cleaned	 and	
functionalised	 with	 16-mercaptohexanoidecanoic	 acid	 to	 form	 a	 self-assembled	
monolayer	(COOH-SAM).	EGF	was	immobilised	by	carboxyl-group	activation	with	a	1:1	
mixture	 (v/v)	 of	 (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide	 (EDC)	 (200	 mM)	
and	N-hydroxysuccinimide	(NHS)	(50	mM).	Then,	a	solution	of	EGF	(15	µM)	in	150	µL	of	
PBS	 was	 added	 to	 the	 chip.	 Finally,	 the	 capping	 of	 the	 unreacted	 positions	 was	
performed	 with	 a	 solution	 of	 ethanolamine	 (1	 M,	 pH	 8.5).	 Peptides	 affinities	 were	
calculated	with	several	 injections	of	a	 range	of	 concentrations	(0.1	–	300	µM)	at	25oC.	
Between	injections	HCl	(0.1	M,	pH	1)	was	added	to	regenerate	the	chip.	The	Origin	Pro	
7.5	software	was	used	to	calculate	the	binding	curves.	And	the	Fit	Master	software	was	
used	to	calculate	the	KD	through	a	non-linear	fit	of	the	data	using	the	following	formula:	

𝐴!" =  
𝑐

𝑐 + 𝐾!
	

where	Aeq	is	the	association	equilibrium	and	c	the	concentration	of	the	ligand.		
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Peptides	
	

Yields	were	calculated	after	purification	and	quantification	by	amino	acid	analysis	or	
UPLC-PDA.		

All	the	chromatograms	are	recorded	at	220	nm	in	a	UPLC	with	a	2-min	linear	gradient	
from	0	 to	100%	of	MeCN	 (0.036%	TFA)	 in	H2O	 (0.045%	TFA),	unless	 specified	 in	 the	
following	manner:	

*	tR	HPLC	C18,	min	(over	8	min),	0	to	100%	of	MeCN	(0.036%	TFA)	in	H2O	(0.045%	
TFA)	

**	 tR	 HPLC	 C3,	 min	 (over	 22	 min),	 10	 to	 54%	 of	 MeCN	 (0.036%	 TFA)	 in	 H2O	
(0.045%	TFA)	

Chromatograms	and	mass	spectra	are	shown	for	each	synthesised	peptide.	
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Chromatogram	 Spectrum	
D-VEGF	S1	 MW	=	2361.0	

	 	
D-VEGF	S2	 MW	=	4684.2	

	 	
D-VEGF	S3	 MW	=	6000.7	

	 	
D-EGF	S1	 MW	=	1746.5	
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Chromatogram	 Spectrum	
D-EGF	S2	 MW	=	4813.2	

	 	
D-EGF	Red	 MW	=	6222.0	

	 	
D-EGF	Ox	 MW	=	6211.7	

	 	
D-EGF_1	 MW	=	1485.7	
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Chromatogram	 Spectrum	
D-EGF_2	 MW	=	1440.6	

	 	
D-EGF_3	 MW	=	1574.8	

	 	
D-EGF_4	 MW	=	1660.9	

	 	
D-EGF_5	 MW	=	1031.2	

	 	
D-EGF_6	 MW	=	1074.9	
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Chromatogram	 Spectrum	
D-EGF_7	 MW	=	975.1	

	 	
D-EGF_8	 MW	=	941.1	

	 	
D-EGF_9	 MW	=	900.1	

	 	
SGV	 MW	=	1450.7	
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Chromatogram	 Spectrum	
Rh-SGV	 MW	=	1990.8	

	 	
Mal-SGV	 MW	=	1643.8	

	 	
THRre_1k	 MW	=	1746.1	

	 	
THRre_1c	 MW	=	1849.2	
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Chromatogram	 Spectrum	
THRre_1m	 MW	=	2053.4	

	 	
THRre_1f	 MW	=	2218.5	

	 	
THRre_2k	 MW	=	3637.3	

	 	
THRre_2c	 MW	=	3740.4	
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Chromatogram	 Spectrum	
THRre_2m	 MW	=	3654.3	

	 	
THRre_2f	 MW	=	3819.4	

	 	
Chlorotoxin	(CTX)	 MW	=	3995.7	

	 	
CF-CTX	 MW	=	4351.6	
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Chromatogram	 Spectrum	
MiniCTX1	 MW	=	1992.5	

	 	
CF-MiniCTX1	 MW	=	1550.6	

	 	
MiniCTX2	 MW	=	1171.6	

	 	
CF-MiniCTX2	 MW	=	1529.6	
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Chromatogram	 Spectrum	
MiniCTX3b	 MW	=	1185.3	

	 	
CF-MiniCTX3b	 MW	=	1543.6	

	 	
MiniCTX4	 MW	=	646.3	

	 	
CF-MiniCTX4	 MW	=	1004.3	
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This	 work	 was	 performed	 in	 my	 research	 stage	 at	 Dr.	 Renata	 Pasqualini	 and	 Dr.	
Wadih	 Arap’s	 laboratory	 at	 University	 of	 New	 Mexico	 (Albuquerque,	 NM),	 from	
February	to	May	2015.	
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One	 of	 the	 main	 techniques	 used	 in	 the	 present	 thesis	 is	 the	 phage	 display	
methodology,	however,	at	the	beginning	of	these	projects,	I	had	no	previous	experience	
with	 this	 technique.	 In	order	 to	gain	such	experience,	a	 short	 stage	 in	a	phage	display	
laboratory	was	conducted.	Drs.	Pasqualini	and	Arap	have	been	extensively	working	in	all	
aspects	of	 the	phage	display	methodology,	publishing	over	180	original	peer-reviewed	
research	 manuscripts.	 Their	 research	 program	 uses	 combinatorial	 peptide-	 and	
antibody-based	 library	 selection	 to	 discover,	 validate	 and	 exploit	 the	 biochemical	
diversity	 of	 endothelial	 cell	 surface	 receptors	 to	 generate	 novel	 vascular-targeted	
pharmacologies.	

During	my	stage	at	their	laboratory,	I	was	mainly	involved	in	two	projects:	identifying	
peptide	 sequences	 that	 bind	 to	 KRAS	 and	 identifying	 phage	 that	 home	 to	 muscular	
tissue.	 The	 aim	 of	 these	 projects	 and	 the	 experiments	 conducted	 are	 explained	 in	 the	
following	section.	This	was	a	small	contribution	to	the	main	projects,	and	consequently,	
the	experiments	described	here	are	partial	and	preliminary.	
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Identifying	peptide	sequences	that	bind	to	KRAS	
The	aim	of	the	first	project	was	to	identify	peptide	sequences	that	bind	to	the	KRAS	

protein	 starting	 from	 an	 unbiased	 phage	 display	 peptide	 library.	 In	 particular,	 we	
wanted	to	discover	peptide	sequences	that	selectively	bind	to	each	of	the	mutated	KRAS	
expressed	in	several	tumour	cell	lines.	

The	Kristen	Ras	protein	

Colorectal	 cancer	 (CRC)	 remains	 largely	 an	 incurable	 disease	 due	 to	 the	 resistance	
that	some	patients	present	to	EGFR-targeted	therapies,	such	as	cetuximab.	Mutations	in	
the	 EGFR	 downstream	 effectors,	 such	 as	 KRAS,	 NRAS,	 BRAF	 or	 P13K,	 lead	 to	 a	
constitutive	 activation	 of	 the	 signalling	 pathway.	 In	 normal	 cells,	 Kirsten	 rat	 sarcoma	
(KRAS)	acts	 as	 a	molecular	on/off	 switch,	 linking	extracellular	 signals	 initiated	by	 cell	
surface	receptors	and	transmitting	them	downstream	to	the	nucleus	of	the	cell	(Figure	
I).	

	
Figure	I.	Oncogenic	signalling	pathways	involving	EGFR	and	KRAS	genes.	From	Benesova	et	al.1		

The	presence	of	a	mutant	KRAS	in	the	tumour	is	now	a	clinically	approved	criterion	of	
exclusion	 for	 EGFR-targeted	 regimens.	 A	 single	 amino	 acid	 substitution,	 and	 in	
particular	 a	 single	 nucleotide	 substitution,	 produces	 the	 continuous	 activation	 of	 the	
EGFR	signalling	pathway.	These	mutations	most	commonly	occur	in	codons	12,	13	and	
61,	 and	 they	 either	 destroy	 GTPase	 activity	 (the	 enzyme	 that	 removes	 a	 phosphate	
molecule	and	turns	KRAS	from	on	to	off)	or	prevent	GTPase-associated	protein	binding,	
which	induces	the	hydrolysis	of	GTP	(on)	to	GDP	(off).	Thus,	the	mutated	KRAS	becomes	
locked	in	an	on	state	permanently.		

																																																								
1	Benesova,	 L.;	Minarik,	M.;	 Jancarikova,	D.;	Belsanova,	B.;	 Pesek,	M.	Multiplicity	 of	EGFR	and	KRAS	

Mutations	 in	Non-Small	 Cell	 Lung	 Cancer	 (NSCLC)	 Patients	 Treated	with	 Tyrosine	 Kinase	 Inhibitors.	
Anticancer	Res.	2010,	30,	1667–1671.	
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Phage	binding	to	cell	lines	expressing	mutated	KRAS	

KRAS	is	an	oncogene	relevant	in	the	undesired	activation	of	the	EGFR	pathway.	KRAS	
can	 present	 several	 mutations,	 which	 results	 in	 different	 proteins	 and	 thus	 several	
behaviours.	Therefore,	the	identification	of	ligands	that	bind	to	the	several	mutations	of	
the	 KRAS	 protein,	 allowing	 the	 selective	 targeting	 of	 these	mutated	KRAS,	may	 prove	
useful	in	the	fight	against	cancer.		

In	 Dr.	 Pasqualini’s	 lab,	 we	 had	 available	 a	 collection	 of	 cell	 lines	 that	 overexpress	
KRAS,	 each	 one	 of	 them	 with	 a	 particular	 mutation	 on	 the	 KRAS	 gene	 (Table	 I).	 We	
screened	 an	 unbiased	 peptide	 phage	 display	 library	 against	 these	 cells	 lines	 for	 the	
identification	 of	 ligands.	 The	 phage	 library	 had	 7	 randomised	 positions	 with	 two	
flanking	Cys	that	form	a	disulphide	bridge.	This	phage	display	system	is	based	on	the	fd-
tet	phage,	which	contains	a	tetracycline	resistant	gene.	Also,	the	phage	are	amplified	in	
E.	coli	(K91kan),	resistant	to	kanamycin.		

Table	I.	Cell	lines	containing	mutated	KRAS.	The	cell	lines	presenting	the	same	mutation	are	in	bold	
or	underlined.	The	G12D	mutation	results	in	an	amino	acid	substitution	at	position	12,	from	Gly	to	
Asp.	The	other	mutations	follow	the	same	nomenclature.	

	 Cell	line	 KRAS	mutation	
1	 AsPC1	 G12D	
2	 A549	 G12S	
3	 CCRF-CEM	 G12D	
4	 H23	 G12C	
5	 H460	 Q61H	
6	 HCT-15	 G13D	
7	 HCT-116	 G13D	
8	 MDA-MB-231	 G13D	
9	 SW	620	 G12V	
10	 RPMI	8226	 G12A	

	

For	 these	 screenings,	 the	 phage	 display	 library	 is	 added	 to	 the	 cells	 and,	 after	 an	
incubation	period,	 the	phage	 that	 interact	with	 the	cells	are	recovered.	To	recover	 the	
phage,	 we	 used	 the	 biopanning	 and	 rapid	 analysis	 of	 selective	 interactive	 ligands	
(BRASIL)	methodology,	developed	by	their	group	(Figure	II).2	This	methodology	is	based	
on	a	differential	centrifugation	step	that	drives	the	cells	from	a	hydrophilic	environment	
into	a	non-miscible	organic	phase.	The	phage	bound	to	the	cells	are	recovered	from	the	
pellet	 while	 the	 unbound	 phage	 remains	 soluble	 in	 the	 upper	 aqueous	 phase.	 This	
single-step	 organic	 phase	 separation	 is	 faster,	 more	 sensitive	 and	more	 specific	 than	
current	methods	that	rely	on	washing	steps	or	limiting	dilutions.		

																																																								
2	 Giordano,	 R.	 J.;	 Cardó-Vila,	 M.;	 Lahdenranta,	 J.;	 Pasqualini,	 R.;	 Arap,	 W.	 Biopanning	 and	 Rapid	

Analysis	of	Selective	Interactive	Ligands.	Nat.	Med.	2001,	7	(11),	1249–1253.	
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Figure	 II.	 Biopanning	 and	 rapid	 analysis	 of	 selective	 interactive	 ligands	 (BRASIL)	 methodology.	
Cells	 were	 incubated	 with	 the	 peptide	 phage	 library.	 Cells	 and	 bound	 phage	 were	 separated	 by	
centrifugation	 through	 the	 organic	 phase.	 The	 cell-bound	 phage	 in	 the	 pellet	 were	 rescued	 by	
infection,	amplified	and	used	for	another	round	of	biopanning.	Adapted	from	Giordano	et	al.63	

In	 this	way,	biopanning	experiments,	with	 the	unbiased	CX7C	phage	display	peptide	
library,	were	 performed	 against	 the	 10	 cell	 lines	 described	 in	Table	 I.	 The	 incubation	
was	performed	at	4ºC	to	avoid	the	internalisation	of	the	phage,	as	we	were	interested	in	
the	phage	 that	were	bound	 to	 the	KRAS	protein	 at	 the	 cell	 surface.	 Four	 rounds	were	
performed	and	after	 each	 round	 the	amount	of	phage	 recovered	was	measured	 in	 the	
form	 of	 transducing	 units	 (TU)	 (Figure	 III).	 The	 TU	 are	 the	 number	 of	 functional	
particles	 in	a	solution	 that	are	capable	of	 transducing	a	cell	and	expressing	 the	phage,	
and	are	used	to	quantify	the	amount	of	phage	particles.	

	
Figure	III.	Transducing	units	(TU)	after	each	round	of	panning	against	the	10	cell	lines	presenting	
mutated	KRAS.	R1:	round	1,	R2:	round	2,	R3:	round	3	and	R4:	round	4.	

96	individual	clones	from	the	phage	recovered	from	the	3rd	and	4th	round	of	panning	
and	 for	 each	 cell	 line,	 were	 send	 for	 sequencing.	 These	 recovered	 sequences	 were	
analysed	 and	 compared	 between	 them	using	 ClustalW2.	 Among	 all	 the	 sequences,	we	
found	that	peptide	motifs	and	whole	sequences	were	repeated	more	than	once	for	every	
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cell	line.	After	this	screening,	we	selected	2	or	3	phage	from	each	cell	line	to	be	further	
analysed	individually.		

In	 this	 way,	 the	 BRASIL	 protocol	 was	 repeated,	 but	 on	 this	 occasion	 we	 panned	
individual	 phage	 instead	 of	 the	 whole	 library.	 The	 results	 from	 all	 the	 cell	 lines	 are	
presented	 in	Figure	IV.	These	results	 indicate	that	most	of	 the	 individual	phage	have	a	
higher	 binding	 than	 the	 insertless	 phage	 (fd-tet),	 pointing	 out	 that	 the	 process	 of	
selection	 was	 successful.	 There	 are	 some	 clones	 that	 present	 high	 values	 of	 binding,	
namely	1	A8,	8	A10	and	10	B10.		

In	 order	 to	 see	 if	 they	were	 selective	 for	 their	 specific	 cell	 line	 or	 not,	 the	 BRASIL	
experiments	 were	 repeated,	 panning	 these	 three	 individual	 phage	 against	 all	 the	 cell	
lines	(Figure	V).	The	results	show	that	the	selected	phage	bind	to	more	than	one	cell	line	
and	 that	 they	do	not	 show	 the	highest	binding	 for	 the	 cell	 line	 from	where	 they	were	
selected.	Despite	this,	they	mainly	bind	to	two	or	three	cell	lines,	which	shows	some	kind	
of	selectivity.	These	results	are	from	a	single	biopanning	experiment,	which	may	not	be	
representative,	thus	more	replicates	are	necessary.	

	
Figure	IV.	Binding	of	the	several	individual	phage	against	their	corresponding	cell	line,	expressed	as	
TU.	All	values	are	reported	as	the	mean	±	SD.	Fd-tet:	insertless	phage.	
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Figure	V.	Binding	of	three	individual	phage	against	all	the	cell	lines,	expressed	as	TU.	All	values	are	
reported	as	the	mean	±	SD.	Fd-tet:	insertless	phage.	

These	 are	 preliminary	 results	 that	 indicate	 that	 phage	 with	 selectivity	 for	 several	
mutations	of	KRAS	can	be	found	by	panning	phage	display	libraries.	After	four	round	of	
panning,	 we	 have	 identified	 several	 sequences	 that	 bind	 to	 KRAS	 and	 have	 validated	
three.	However,	further	experiments	are	required	to	assess	the	binding	affinity	of	these	
peptides	and	the	selectivity	for	the	several	mutated	KRAS.		
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Identifying	phage	that	home	to	muscular	tissue	
The	 aim	 of	 this	 second	 project	 was	 to	 identify	 peptide	 sequences	 that	 home	 to	

muscular	 tissues	when	 performing	 distribution	 studies	 in	 vivo.	 In	 particular,	we	were	
interested	in	finding	phage	displaying	a	peptide	sequence	able	to	bind	to	DMD	diseased	
muscle	fibers	but	not	to	healthy	tissue.		

Duchenne	muscular	dystrophy	(DMD)	

Duchenne	 muscular	 dystrophy	 (DMD)	 is	 an	 inherent	 disorder	 that	 causes	 the	
progressive	degeneration	and	weakness	of	skeletal	muscles.	It	primarily	affects	boys	and	
occurs	in	approximately	1	in	every	3500	live	male	births.	The	symptoms	usually	begin	
around	the	age	of	3-6	years	and	worsen	quickly.	It	is	caused	by	a	single	gene	defect	that	
provokes	the	expression	of	a	truncated	dystrophin	in	these	patients,	making	dystrophin	
not	 functional.	 Dystrophin	 is	 a	 rod-shaped	 cytoplasmic	 protein	 that	 connects	 the	
cytoskeleton	of	a	muscle	 fibre	 to	 the	surrounding	extracellular	matrix	 through	the	cell	
membrane.	The	DMD	pathological	symptoms	are	the	absence	of	dystrophin,	where	the	
spaces	around	the	muscle	cells	are	filled	with	fat	or	fiber-like	cartilaginous	tissue	and	a	
high	number	of	cell	death	(Figure	VI).		

	
Figure	 VI.	 A)	 Schematic	 representation	 of	 dystrophin	 in	 muscle	 fibers.	 B)	 Cross	 section	 of	 the	
muscle	of	a	wild	type	and	a	DMD	mice.	
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In	 vivo	 distribution	 of	 muscle	 targeting	 phage	 in	 DMDMDX	
mice	

The	complexity	of	the	muscle	architecture	limits	drug	delivery	to	myofibers,	requiring	
higher	 doses	 to	 reach	 it,	 thus	 resulting	 in	 low	 (or	 no)	 therapeutic	 index.	 One	way	 to	
improve	 the	delivery	of	 therapeutics	 to	 the	muscle	 is	by	conjugating	 them	to	peptides	
that	are	able	to	reach	said	muscle.	In	this	way,	the	therapeutic	will	be	directed	to	the	site	
of	action	and	be	more	effective.	Also,	if	we	want	to	target	muscle	that	is	affected	by	DMD,	
we	would	need	to	find	peptide	sequences	that	are	able	to	home	to	this	diseased	tissue	
and	differentiate	it	from	healthy	muscle.	

In	Pasqualini’s	lab,	they	have	established	a	methodology	for	identifying	peptides	that	
target	 several	 organs	 using	 in	 human	 phage	 display.	 For	 this,	 a	 naïve	 phage	 display	
peptide	library	was	injected	to	a	brain	dead	patient,	and	after	a	circulation	time,	biopsies	
and	 autopsies	were	 taken	 and	 the	 phage	 in	 them	 recovered,	 analysed	 and	 sequenced.	
From	this	huge	amount	of	data,	and	by	employing	computational	and	statistical	analysis,	
they	 selected	 homing	 peptide	 sequences	 to	 several	 organs	 and	 tissues.	 The	 peptide	
motifs	 that	home	 to	muscle	were	 further	analysed	and	a	 small	 subset	was	 selected	as	
potential	 candidates	 to	home	to	muscle	 tissues.	These	sequences	were	cloned	 into	 the	
phage	plasmid	and	the	corresponding	phage	were	produced.	At	the	start	of	my	research	
stage,	 they	already	had	performed	an	 initial	screening	of	 these	phage	and	8	 individual	
phage	were	selected	for	the	following	steps.		

Biodistribution	studies	in	mice	were	performed	to	analyse	the	amount	of	phage	that	
reached	each	organ	or	tissue.	Two	families	of	mice	were	used,	namely	wild	type	(wt)	and	
X	chromosome-linked	muscular	dystrophy	(mdx)	model.	The	mdx	mouse,	while	is	not	a	
precise	model	of	human	disease,	is	widely	used	for	understanding	muscle	degeneration	
and	regeneration	 in	DMD.3	The	dystrophic	mdx	mouse	has	a	point	mutation	within	 its	
dystrophin	gene.	This	mutation	has	changed	a	codon	encoding	for	Glu	to	one	encoding	
for	Thr.	This	single	amino	acid	change	causes	the	cell	machinery	to	stop	the	synthesis	of	
dystrophin	 prematurely.	 As	 a	 result,	 the	 mouse	 has	 no	 functional	 dystrophin	 in	 its	
muscles	and	presents	a	reduction	in	its	mobility.	

The	 biodistribution	 studies	 were	 performed	 by	 injecting	 the	 mice	 with	 individual	
phage,	the	8	phage	selected	from	the	in	human	studies	or	insertless	phage	(fd-tet),	and	
then	analysing	the	amount	of	phage	recovered	in	some	organs	and	tissues	after	24	h	of	
circulation.	 qPCR	 was	 performed	 to	 obtain	 the	 biodistribution	 of	 the	 several	 phage	
(Figure	VII).	

																																																								
3	Bulfield,	G.;	Siller,	W.	G.;	Wight,	P.	A.;	Moore,	K.	J.	X	Chromosome-Linked	Muscular	Dystrophy	(Mdx)	

in	the	Mouse.	Proc.	Natl.	Acad.	Sci.	U.	S.	A.	1984,	81	(4),	1189–1192.	
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In	 control	 organs	 (liver,	 brain	 and	 heart),	 the	 amount	 of	 recovered	 phage	 is	
comparable	 for	 the	wt	and	DMDmdx	mice,	 as	 these	organs	are	not	 affected	by	DMD.	 In	
muscle	 tissues,	 such	 as	 hind	 limbs	 and	 back	 muscles,	 the	 amount	 of	 phage	 is	 quite	
similar	 for	 most	 of	 the	 peptides,	 being	 these	 not	 selective	 for	 DMD	 tissue.	 However,	
phage	#7	and	#8	have	a	 significant	 increase	 in	 these	 tissues	 in	 the	DMDmdx	mice	with	
respect	to	the	wt.	Therefore,	 these	phage	present	themselves	as	good	candidates	to	be	
explored	as	homing	peptides	to	DMD	affected	tissue.	

	
Figure	VII.	 Biodistribution	 in	DMDmdx	 and	 control	mice	 of	 the	 selected	phage,	 amount	 of	 peptide	
analysed	by	qPCR.	TU	=	transforming	units.	
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At	 the	 same	 time,	 we	 were	 also	 interested	 in	 seeing	 if	 these	 phage	 were	 able	 to	
discriminate	these	two	tissues,	namely	diseased	or	healthy,	using	cell	lines.	For	this,	we	
performed	binding	studies	in	two	cell	lines,	one	as	a	cellular	model	of	DMD	and	the	other	
as	control.	BRASIL	protocol	was	again	selected	and	the	experiments	were	performed	at	
4ºC	against	these	two	cell	lines	with	the	8	peptides	plus	the	insetless	phage	(Figure	VIII).	

These	results	also	show	higher	binding	of	phage	#8	for	the	DMD	cells	than	the	control	
cell	line,	while	it	is	not	the	case	for	phage	#7.	However,	there	are	other	phage	that	show	
promise	such	as	phage	#1	or	#5,	being	able	 to	discriminate	between	both	cell	 lines	 in	
favour	of	the	DMD.	

	
Figure	VIII.	Binding	of	the	selected	phage	against	DMD	and	control	(wt)	cell	lines,	expressed	as	TU.	
All	values	are	reported	as	the	mean	±	SD.	Fd-tet:	insertless	phage.	

In	 conclusion,	 we	 have	 found	 2	 or	 3	 phage	 that	 selectively	 home	 to	 DMD	 affected	
tissue,	 using	 either	 in	 vivo	 or	 in	 vitro	 models	 of	 the	 DMD	 disease.	 Further	 in	 vivo	
biodistribution	 studies	were	performed,	 after	 I	 left	 the	 lab,	 to	 select	1	 or	2	 sequences	
that	home	to	DMD	diseased	tissue.	
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Materials	and	methods	

BRASIL	protocol	

Cells	 were	 detached	 with	 cold	 EDTA,	 centrifuged	 and	 re-suspended	 in	 RPMI	
containing	1%	BSA.	The	 cell	 suspension	was	 incubated	with	 the	 corresponding	phage	
library,	individual	phage	or	a	control	phage	with	no	peptide	insert	(fd-tet	phage),	usually	
109	TU.	The	cells	were	mixed	with	the	phage	carefully	and	incubated	on	ice	for	2	h.	Cells	
were	then	separated	by	centrifugation	(10.000	g	for	10	min	at	4ºC)	through	the	organic	
phase	 (45	mL	dibutyl	phtalate	and	5	mL	cyclohexane	 in	a	50	mL	Falcon).	Phage	were	
recovered	from	the	pellet	by	infection	of	log	phase	E.	coli	K91kan.	

In	vivo	panning	protocol	

C57Bl/6	 female	 mice	 were	 injected	 intravenously	 (i.v.)	 with	 109	 TU	 of	 individual	
phage.	For	each	round,	phage	were	allowed	to	circulate	for	24	h	prior	to	organ	recovery	
(without	 heart	 perfusion).	 Phage	 peptide-coding	 inserts	 were	 sequenced	 and	 the	
amount	of	phage	recovered	was	analysed	by	qPCR.	
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