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ABSTRACT:	We	report	on	the	supramolecular	self-as-
sembly	 of	 tripeptides	 and	 their	 O-glycosylated	 ana-
logues,	in	which	the	carbohydrate	moiety	is	coupled	to	
a	central	serine	or	threonine	flanked	by	phenylalanine	
residues.	The	substitution	of	serine	with	threonine	in-
troduces	differential	side-chain	interactions,	which	re-
sults	 in	 the	 formation	 of	 aggregates	 with	 different	
morphology.	 O-glycosylation	 decreases	 the	 aggrega-
tion	 propensity	 due	 to	 rebalancing	 of	 the	π	 interac-
tions.	 The	 glycopeptides	 form	 aggregates	 with	 re-
duced	stiffness	but	increased	thermal	stability.	Our	re-
sults	demonstrate	that	the	designed	minimalistic	gly-
copeptides	retain	critical	functional	features	of	glyco-
proteins	and	therefore	are	promising	tools	toward	elu-
cidation	of	molecular	mechanisms	 involved	 in	glyco-
proteins	interactome.	They	can	also	serve	as	an	inspi-
ration	for	the	design	of	functional	glycopeptide-based	
biomaterials.	

INTRODUCTION 

Protein	aggregation	is	a	supramolecular	process	of-
ten	 associated	 with	 pathological	 conditions.1-2	 The	
propensity	of	a	protein	to	aggregate	is	primarily	coded	
by	 the	 intrinsic	 properties	 of	 the	 amino	 acids	 se-
quence	but	also	depends	on	multiple	contributing	fac-
tors	from	the	crowded	cellular	milieu	and	post-trans-
lational	modifications,	e.g.	glycosylation.1,	3-4	Because	
even	 the	 simplest	 protein	 is	 typically	 composed	 of	
hundreds	of	amino	acids,	the	experimental	study	and	
computational	modelling	of	this	process	is	challenging	
due	to	the	associated	combinatorial	complexity.5		

Some	 years	 ago,	 Gazit	 proposed	 a	 reductionist	 bi-
odesign,	which	 uses	 intermolecular	 self-assembly	 of	
minimalistic	 (less	 than	 five	amino	acids)	peptide	se-
quences	that	can	code	specific	protein	bioinformation	
and	transfer	it	to	the	assembled	system	(Chart	1A).6-7	
Such	molecular	biomimetics	are	simpler	in	composi-
tion,	 thus,	 allowing	 rational	 and	 systematic	 experi-
mental	 and	 computational	 studies	 to	 establish	 con-
nections	between	the	peptide	sequence	and	supramo-
lecular	 functionality.5,	 8-9	 Moreover,	 their	 simplicity	
makes	 them	attractive	candidates	as	building	blocks	
for	supramolecular	materials	with	designed	functions,	
which	may	be	useful	 for	a	variety	of	biomedical	and	
technological	applications.9-11	
The	main	rationale	of	 this	study	 is	 to	demonstrate	

that	the	reductionist	approach	proposed	for	proteins	
is	 extendable	 to	 glycoproteins	 (Chart	 1B),	 i.e.	 that	
short	glycotripeptides	can	be	used	as	simplified	ana-
logues	of	complex	O-glycoproteins	to	study	and	model	
molecular	 mechanisms	 of	 fundamental	 properties	
such	as	conformational	changes	and	aggregation,	and	
the	obtained	insights	can	be	applied	to	rationally	mod-
ify	properties	 of	 supramolecular	materials	 based	on	
these	motifs.		
Glycosylation	is	a	common	post-translational	modi-

fication	that	effectively	enriches	the	protein	repertoire	
beyond	the	bioactivities	coded	by	the	amino	acids	se-
quence	and	alter	the	energy	landscape	associated	with	
the	 protein	 aggregation.4,	 12-15	 However,	 the	 exact	
mechanism	of	this	process	 is	poorly	understood	and	
mainly	based	on	in	silico	models.4	In	eukaryotic	cells,	
O-glycosylation	takes	place	at	the	endoplasmic	reticu-
lum	 or	 Golgi,	 where	 a	 monosaccharide	 (usually	 N-



 

acetylgalactosamine	 but	 also	 fucose	 and	 glucose)	 is	
coupled	to	the	hydroxyl	of	serine	(S)	or	threonine	(T)	
of	 newly	 synthesized	 polypeptides.4,	 13,	 15	 Previous	
studies	have	demonstrated	that	the	torsion	angle	(Y)	
of	 the	 glycosidic	 linkage	 that	 determines	 the	

orientation	of	the	carbohydrate	chain	is	different	for	S	
and	T	glycopeptides	but	the	consequence	of	this	dif-
ference	for	distinct	biological	functions	is	not	clear.16-
17	In	here,	we	applied	a	reductionist	approach	to	study	
the	 effect	 of	 S	 vs	 T	 and	 their	 glycosylation	 on	 con-
former	selection	and	molecular	aggregation.

Chart	1.	Schematic	presentation	of	(A)	the	reductionist	approach	using	short	peptides	as	analogues	of	proteins	in	
aggregation	studies	and	(B)	the	herein	proposed	approach	that	uses	minimalistic	glycopeptide	motifs;	(C)	chemical	
structure	of	the	peptides	and	glycopeptides	used	in	this	study.*	

*orange:	amino	acids	involved	in	the	aggregation,	green:	other	amino	acids;	blue:	carbohydrates,	red:	glycosyl-
ated	amino	acid

RESULTS AND DISCUSSION 

Our	design	of	minimalistic	O-glycoproteins	mimics	
is	based	on	the	simplest	O-glycoprotein	motif16	-	S	or	
T,	which	are	functionalized	with	glucose	(Glc).	While	
our	 study	 is	 focused	on	a	deliberately	 simple	model	
system,	O-glucosylation	 is	 biologically	 relevant:	 it	 is	
essential	for	Notch	trafficking/signaling	and	has	been	
associated	with	defects	in	neurogenesis,	cardiovascu-
lar	remodeling,	somitogenesis,	and	aberrant	gastrula-
tion.18-19	To	promote	the	aggregation	of	this	motif,	we	

have	also	included	phenylalanine	(F)	in	the	peptide	se-
quence	(Chart	1C)	because	previous	experimental	and	
computational	approaches	have	shown	that	the	pres-
ence	of	aromatic	amino	acids	enhances	 the	aggrega-
tion	 propensity	 of	 short	 sequences	 (i.e.	 sequences	
with	limited	number	of	H-bonding	between	backbone	
elements).5,	9,	20-21	
F	has	an	ability	to	aggregate	alone	or	when	inserted	

into	short	(di-	and	tri-)	peptides.22-24	Tripeptides	with	
flanked	 aromatic	 amino	 acids,	e.g.	 FXF,	where	X	 is	 a	
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hydrophilic	amino	acid,	adopt	conformations	that	al-
low	intramolecular	stacking	of	the	two	aromatic	rings	
thus,	exposing	the	central	amino	acid	to	water.25	Such	
sequences	self-assemble	in	water	due	to	formation	of	
aromatic	zippers	and	a	hydrophobic	collapse.23-24,	26	In	
our	 molecular	 design	 the	 hydrophilic	 amino	 acid	 is	
also	introduced	in	the	middle	of	the	peptide	sequence	
and	 thus,	 the	 O-glycosylation	 of	 the	 short	 peptide	
chains	 at	 S	 or	 T	 generates	minimalistic	O-glycopep-
tides,	which	differ	from	previously	described	self-as-
sembling	 glycopeptides	 that	 are	 end-on	 glycosyl-
ated.27-29	
We	used	all-atom	molecular	dynamics	 simulations	

(MDS)	with	explicit	water	to	investigate	the	conforma-
tional	space	of	the	designed	peptides	and	their	glyco-
sylated	 analogs.	 In	 agreement	with	previous	 studies	
that	 include	 the	 Aromatic-X-Aromatic	 motif,24-26	 we	
found	that	 in	the	predominant	conformations	of	FSF	
and	FTF	the	aromatic	amino	acids	adopt	arrangement	
that	allow	their	intramolecular	stacking	(Fig.	1A).		

	

Figure	 1.	Molecular	 dynamics	 analyses	 showing	 (A,	 B)	
the	representative	central	structures	of	the	largest	clus-
ters	obtained	for	(A)	model	tripeptides	and	(B)	their	O-
glycosylated	analogues	(the	pie-charts	and	percentages	
show	the	fraction	of	5000	structures	adopting	these	con-
formations;	a	root	mean	square	deviation	(RMSD)	link-
age	 cutoff	 of	 0.1	 nm	 was	 used	 for	 the	 analyses;	

supplementary	 data	 are	 provided	 in	 Fig.	 S17);	 (C,	 D)	
Comparative	 dihedral	 analysis	 (CZ(F)-CA(F)-CA(F)-
CZ(F))	of	single	molecule	and	50	molecules	simulations	
of	(C)	tripeptides	and	(D)	glycotripeptides.	Data	for	the	
alpha	anomers	are	presented	in	Fig.	S28.	

The	F/F	dihedral	distribution	showed	similar	peaks	
in	the	90º	region	for	FSF	and	FTF	corresponding	to	in-
tramolecular	stacking	interactions	and	was	suggestive	
of	molecular	reorganization	 for	supramolecular	self-
assembly	(Fig.	1C,	black).	When	MDS	was	applied	to	
50	molecules	instead	of	one,	we	observed	a	small	shift	
in	the	dihedrals'	distribution	to	lower	angles	for	both	
peptides	(Fig.	1C,	red	vs	black).	This	shift	is	indicative	
of	reorganization	of	the	F/F	intramolecular	stacks	to	
allow	 formation	 of	 intermolecular	 aromatic	 zippers	
(Fig.	2A	vs	2B),	i.e.	the	stacking	of	interdigitated	F	side	
chains	 from	cross	strand	peptides	 leading	to	self-as-
sembly.	
MDS	of	the	glycopeptides	revealed	that	the	glycosyl-

ation	widens	the	conformational	landscape	(Figs.	1B,	
S25,	 S26	 and	 S27).	 The	 flexibility	 of	 the	 glycosidic	
bond	provides	additional	modes	of	 interactions	with	
contributions	from	H-bonding,	CH-π	and	electrostatic	
salt-bridge	 type	 interactions30,	 leading	 to	 different	
conformer	distributions.	A	comparison	of	the	F/F	di-
hedral	distributions	in	the	tripeptides	and	the	glyco-
peptides	(Fig.	1D)	reveals	a	reduction	in	the	mean	di-
hedral	angle,	indicating	a	wider	distribution	of	glyco-
peptides	conformations	that	are	stabilized	by	non	π-π	
type	interactions.	Of	note,	the	data	obtained	for	the	al-
pha	and	beta	anomers	were	very	similar	(Fig.	S28).	Ra-
machandran	plots	of	these	(glyco)peptides	(Fig.	S27)	
showed	that	the	backbone	conformations	are	similar	
to	 the	 reported	 for	 FXF	 peptides26	 and	 a	 conforma-
tional	diversity	arises	from	side-chains	and	their	gly-
cosylation.	 Additionally,	 MDS	 showed	 that	 Glc	
anomers	 are	 involved	 in	 different	 intramolecular	H-
bonding,	e.g.	the	alpha	anomer	forms	H-bond	with	the	
carboxylate	oxygen,	whereas	in	beta	stereochemistry	
the	Glc	 interacts	with	 the	 amide	 oxygen	 in	 FS(Glc)F	
(Fig.	S28),	thus,	influencing	the	glycopeptides	confor-
mation.	
The	computational	results	were	verified	experimen-

tally.	The	aggregation	of	the	tripeptides	and	their	gly-
cosylated	analogs	was	studied	in	water	at	40	mM,	i.e.	
above	 the	 critical	 aggregation	 concentration,	 giving	
rise	to	transparent	viscous	liquids.	The	S	to	T	exchange	
in	these	peptides	introduces	a	methyl	group	into	the	
structure,	which	affects	the	morphology	of	the	gener-
ated	 assemblies:	 FSF	 forms	 nano-tapes	 while	 nano-
fibrils	 are	observed	 for	FTF	 (Figs.	3,	 S33).	These	 re-
sults	are	consistent	with	previous	observations	on	S/T	
substitution	 in	 self-assembling	 Fmoc-dipeptides,	
where	planar	structures	were	observed	for	Fmoc-SF-
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OMe	and	an	extended	network	of	twisted	fibers	was	
obtained	for	Fmoc-TF-OMe.31	
The	MDS	data	provided	insights	in	the	supramolec-

ular	 interactions	 dictating	 the	 organization	 within	
these	structures.	A	substantial	decrease	of	the	solvent-
accessible	 surface	 area	 (SASA)	 for	 the	 aromatic	 F	
groups	over	time	(Fig.	2E,	black)	was	observed,	indi-
cating	 that,	 as	 expected,	 these	 groups	 participate	 in	
the	self-assembly	and	are	mostly	buried	in	the	core	of	
the	assembled	structures	(Fig.	2D,	SI	movies	1,2).	We	

also	observed	a	change	in	SASA	for	the	amino	acid	res-
idues	during	the	self-assembly	process:	SASA	reduced	
less	for	S	and	T	compared	to	F	(Fig.	2E,	red),	confirm-
ing	greater	exposure	of	these	amino	acids	on	the	sur-
face	 of	 the	 peptides'	 assemblies	 (Fig.	 2D,	 SI	 movies	
1,2).	A	comparison	between	S	and	T	revealed	differ-
ences:	 S	 has	 higher	 propensity	 to	 form	 hydrogen	
bonds	with	water	(Table	1,	Fig.	S30A),	while	T	has	a	
higher	tendency	to	interact	with	phenyl	rings	via	CH-
π	interactions	(Table	1,	Figs.	2B,	S31A	radial	distribu-
tion	peak	at	4.5	Ac ).		



 

	

Figure	2.	Schematic	presentation	of	 (A)	predominant	conformations	of	single	(glyco)tripeptides	based	on	computa-
tional	modeling	and	(B)	the	CH-π	interactions	(black	dotted	lines)	involved	in	the	formation	of	aggregates	as	shown	by	
the	calculated	probability	g(r);	F	are	shown	in	black,	S/T	in	red	(the	red	circles	represent	the	methyl	group	of	T)	and	
glucose	in	blue.	(C)	Representative	van	der	Waals	structures	of	the	(glyco)peptide	aggregates	observed	during	MDS:	F	
forms	the	core	of	the	aggregates	with	the	backbone	shown	in	grey	while	the	polar	amino	acid	(S/T)	and	glucose	are	
primarily	water	exposed	with	some	incorporation	into	aggregates	due	to	(D)	CH-p	interactions	(black	dotted	lines).	(E)	
Solvent-accessible	surface	area	(SASA)	analysis.	More	details	are	provided	in	Table	1	and	the	SI.		
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Figure	3.	Transmission	electron	microscopy	 (TEM)	 im-
ages	of	(A)	FSF,	(B)	FTF,	(C)	FS(Glc)F,	and	(D)	FT(Glc)F	
assemblies	formed	in	water	(40	mM,	room	temperature,	
24	hrs).	

Despite	 the	 greater	 hydrophobicity	 of	 FTF	 com-
pared	to	FSF	due	to	the	additional	methyl	group,	the	
MDS	showed	a	counterintuitive	reduction	in	aggrega-
tion	propensity	for	FTF.	This	result	indicates	possible	
disruption	of	the	primarily	π-π	driven	aggregation	by	
formation	of	CH-π	interactions	in	FTF	aggregates	(Fig.	
2D),	 i.e.	 the	methyl	 groups	protruding	 from	 the	FTF	
peptide	chains	disturb	 the	assembly	of	 the	aromatic	
zippers	(Fig.	2B,	FSF	vs	FTF)	and	can	explain	the	dif-
ferent	morphology	of	FSF	and	FTF	assemblies.		
Table	1.	Computational	data	for	aggregation	propensity	
(50	 molecules	 simulations,	 average	 of	 three	 500	 ns	
runs),	number	of	hydrogen	bonds	formed	between	the	
aggregates	and	the	solvent,	the	probability	(g(r))	of	CH-
π	interactions	between	the	aromatic	F	and	S,	T,	and	Glc	
and	β-sheet	like	H-bonds	in	the	aggregates	of	the	stud-
ied	(glyco)peptides.	

	 Aggrega-
tion	 pro-
pensity*	

H-
bonds	
with	
water	

CH-π	in-
terac-
tions	
(g(r))**	

β-
sheet	
like	
H-
bonds	

FSF	 2.23±0.26	 313±22	 2.8±0.3	 28±2	
FTF	 2.18±0.05	 277±20	 4.8±1.7	 22±6	
FS(bGlc)F	 1.90±0.14	 776±37	 3.5±0.3	 10±4	

FS(aGlc)F	 1.82±0.17	 740±38	 4.1±0.2	 14±7	

FT(bGlc)F	 1.62±0.08	 784±37	 5.6±1.1	 4±2	

FT(aGlc)F	 1.76±0.06	 797±30	 6.6±0.4	 8±1	

*SASAinitial/SASAfinal;	**peak	g(r)	was	measured	be-
tween	heavy	atoms	of	the	polar	amino	acid	and	the	aro-
matic	side	chain.	

Circular	dichroism	(CD)	data	further	supported	the	
MDS	data.	The	CD	spectra	of	the	peptides	have	an	in-
tensive,	positive	signal	at	~220	nm	for	the	n-π*	transi-
tion	(Fig.	4B).32-33	In	the	FTF	spectrum	there	is	an	ad-
ditional	positive	peak	at	~200	nm	that	was	assigned	to	
π-π*	transition	and	confirms	that	the	methyl	group	of	
T	affects	the	relative	spatial	orientation	of	F	and	thus,	
the	supramolecular	 interactions	and	the	aggregation	
process.	

	

Figure	4.	Effect	of	glycosylation	on	the	aggregation:	(A)	
Young's	modulus	of	the	aggregates	determined	by	atomic	
force	microscopy	(***p<0.0005);	(B)	circular	dichroism	
(CD)	 spectra;	 (C)	 X-ray	 diffraction	 patterns;	 and	 (D)	
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thermal	 stability	 of	 the	 generated	 aggregates	 obtained	
from	the	CD	spectra	at	different	temperatures.	

The	in	silico	models	showed	lower	aggregation	pro-
pensity	 for	O-glycotripeptides	 (Table	1).	 Experimen-
tally,	we	used	mixtures	of	alpha	and	beta	anomers	(al-
pha:beta	was	58:42	for	FS(Glc)F	and	47:53	FT(Glc)F,	
Figs.	S10	and	S18).	We	observed	that	the	glycosylation	
affected	the	fiber	diameter	as	observed	by	TEM	(Fig.	
3),	as	well	as	the	mechanical	properties	of	the	aggre-
gates	 (Fig.	 4A),	 while	 the	 overall	 morphologies	 be-
tween	peptides	and	 the	 respective	glycosylated	ana-
logues	appeared	similar.		
Native	O-glycoproteins	have	a	high	capacity	to	cap-

ture	 water,	 which	 is	 essential	 for	 their	 viscoelastic	
properties	and	physiological	functions.	At	the	molecu-
lar	 level,	 protein	 glycosylation	usually	 causes	higher	
hydration	that	can	lead	to	enhanced	steric	bulk,	i.e.	ste-
ric	hindrance	around	the	protein	backbone,	which	can	
prevent	 aggregation,	 including	 b-sheet	 formation.34	
Thus,	the	decreased	Young’s	modulus	of	O-glycopep-
tides	(Fig.	4A,	2-fold	as	compared	with	the	non-glyco-
sylated	tripeptides)	is	likely	due	to	the	increased	hy-
dration	capacity	and/or	structural	changes	caused	by	
the	 conformational	 distortions	 and	 supramolecular	
forces,	 such	 as	 H-bonding	 and	 π-interactions,	 im-
paired	 by	 the	 introduced	 Glc.30,	 35	 As	 discussed,	 the	
carbohydrate	moiety	is	predominantly	exposed	on	the	
surface	 of	 the	 assemblies	 contributing	 to	 their	 in-
creased	hydration	when	compared	with	the	respective	
tripeptides.	The	MDS	showed	that	as	expected,	the	gly-
cosylated	 peptides	 have	 higher	 SASA	 (Fig.	 2E)	 com-
bined	with	an	enhanced	propensity	to	form	hydrogen	
bonding	with	water	 (Table	1,	 Fig.	 S29B,C).	However,	
the	 results	 also	 indicated	 the	 presence	 of	 carbohy-
drate	moieties	in	the	core	of	the	aggregates	(Fig.	2C-D,	
SI	movies	3,4),	suggesting	their	involvement	in	the	ag-
gregation	process	(Fig.	2B),	beyond	simple	hydration.	
Indeed,	the	glycosylation	led	to	a	~1.2-fold	increase	of	
the	 propensity	 to	 form	 CH-π	 interactions	 (Table	 1),	
which	in	turn	affects	the	n-π	and	π-π	interactions.	This	
rebalancing	 of	 the	 π-interactions	 was	 confirmed	 by	
the	CD	spectra	(Fig.	4B),	where	a	decrease	of	the	220	
nm	 signal	 intensity	 for	 both	 glycopeptides	 was	 ob-
served.	The	introduction	of	the	carbohydrate	group	at	
S	has	a	similar	stereochemical	effect	as	the	T’s	methyl	
group	(Fig.	2B,	FS(Glc)F	vs	FTF)	shown	by	the	appear-
ance	of	the	π-π*	signal	in	the	FS(Glc)F	spectrum	(FSF	
vs	FS(Glc)F	in	Fig.	4B).	
X-ray	diffraction	(XRD,	Fig.	4C)	corroborated	the	re-

balance	 of	 the	 supramolecular	 interactions	 upon	O-
glycosylation	of	the	tripeptides	that	was	observed	by	
CD:	in	the	case	of	FSF	the	peak	associated	with	ß-sheet	
formation	(4.6	Ac )	vanishes	for	the	respective	glycosyl-
ated	analogues	and	this	change	can	be	explained	with	
the	above-mentioned	steric	bulk,	while	in	the	case	of	

FTF,	 the	 peak	 associated	with	 aromatic	 interactions	
(3.5	Ac )	 disappears	upon	glycosylation.	MDS	analysis	
showed	a	reduction	of	H-bonds	between	the	peptide	
backbones	 (β-sheet	 like	 interactions,	 Table	 1)	 upon	
glycosylation.	Moreover,	a	significant	decrease	of	the	
FT(Glc)F	vs	FTF	aggregation	propensity	was	also	ob-
served.	
Together	these	data	confirm	the	disruption	of	the	ar-

omatic	zippers	in	the	glycotripeptides	due	to	the	for-
mation	of	stronger	CH-π	interactions	and	explain	the	
disappearance	 of	 the	 aromatic	 peak.	 In	 case	 of	
FS(Glc)F,	 the	 aromatic	 interactions	 are	 preserved	 as	
evidenced	by	the	smaller	decrease	in	the	aggregation	
propensity	but	 the	significant	reduction	 in	 the	back-
bone	H-bonds	explains	the	disappearance	of	the	beta-
sheet	peak	upon	glycosylation.	
The	 performed	 O-glycosylation	 also	 affected	 the	

thermal	stability	of	the	aggregates	(Fig.	4D,	Table	2).36	
Upon	 heating,	 the	 aggregates	 of	 the	 glycosylated	
FS(Glc)F	were	more	stable	with	a	melting	temperature	
that	was	27	°C	higher	compared	to	that	of	FSF.	The	dif-
ference	 was	 less	 pronounced	 for	 the	 FT(Glc)F/FTF	
couple	 (~10	 °C).	 These	 results	 agree	 with	 previous	
studies	with	glycoproteins	showing	that	the	glycosyl-
ation	generally	 improves	 the	 thermal	stability	of	 the	
proteins	and	the	magnitude	of	this	effect	depends	on	
the	size	of	the	carbohydrate	chain,	the	position	of	gly-
cosylation	and	the	protein	crystallinity.37-39	
Table	 2.	 Midpoint	 transition	 (TM),	 enthalpy	 (DH)	 and	
heat	 capacity	 change	 (DCp)	 of	 the	 disassembly	 calcu-
lated	from	the	CD	spectra	(signal	at	~220nm)	at	differ-
ent	temperatures.	

	 TM,	°C	 DH,	kJ	mol-1	 DCp,	J	°C-1	
FSF	 52.1±3.1	 18.7±2.3	 84.9±22.9	
FTF	 57.2±3.1	 16.7±2.9	 100.5±32.3	
FS(Glc)F	 70.0±3.6	 28.3±3.5	 165.3±28.2	
FT(Glc)F	 66.2±3.0	 20.8±2.8	 122.2±29.1	
Finally,	we	also	studied	the	aggregation	of	mixtures	

of	peptides	and	the	respective	glycosylated	analogues	
at	 different	 molar	 ratios	 to	 simulate	 a	 scenario	 in	
which	proteins	and	glycoproteins	 co-exist.	The	mor-
phology	of	the	assemblies	obtained	from	the	mixtures	
was	different	from	the	single-component	systems	and	
we	 observed	 the	 formation	 of	 entangled	 nanofibers	
for	 all	 mixtures	 (Fig.	 5A,	 B).	 The	 Young’s	 modulus	
gradually	 decreased	 upon	 addition	 of	 the	 glycopep-
tides,	reached	a	minimum	at	ratio	1:1	and	further	en-
richment	of	the	mixtures	with	O-glycopeptides	did	not	
affect	the	modulus	significantly	(Fig.	5C,	D).	These	re-
sults	 are	 consistent	 with	 co-assembly	 and	 indicate	
that	 in	 a	 crowded	 environment	 glycosylation	 affects	
not	only	 the	aggregation	of	 the	protein	 to	which	 the	



 

carbohydrate	unit	is	bound	but	also	to	the	close	neigh-
bors.	

	

Figure	5.	Aggregation	of	peptide/glycopeptide	mixtures	at	different	ratios:	(A,	B)	Atomic	force	microscopy	(AFM)	im-
ages	of	the	assemblies	obtained	from	mixtures	at	different	ratios	and	(C,	D)	Young’s	modulus	for	these	assemblies	meas-
ured	 by	 AFM.	 FXF100	 (FXF:FX(Glc)F=1:0);	 FXF75	 (FXF:FX(Glc)F=3:1);	 FXF50	 (FXF:FX(Glc)F=1:1);	 FXF25	
(FXF:FX(Glc)F=1:3);	FXF0	(FXF:FX(Glc)F=0:1).	Scale	bares:	1	µm.	

CONCLUSIONS 

In	summary,	we	showed	a	distinct	role	of	F,	S/T,	and	
Glc	in	the	glycopeptides	supramolecular	interactome	
and	consequently	in	the	characteristics	of	the	gener-
ated	aggregates.	The	introduced	glycosylation	clearly	
influenced	 the	 aggregation,	 giving	 rise	 to	 enhanced	
disorder	 and	 dynamics	 in	 the	 assembled	 structures,	
due	to	the	introduction	of	CH-p	interactions.	Such	in-
teractions	 are	 often	 challenging	 to	 quantify	 because	
they	 are	 usually	 inaccessible	 in	 native	 glycoproteins	
but	they	are	crucial	for	protein	synthesis,	trafficking,	
and	function.	
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