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ABSTRACT

The tendency for proteins to form aggregates is an inherent part of every proteome and arises
from the self-assembly of short protein segments called aggregation-prone regions (APRs). While
post-translational modifications (PTMs) have been implicated in modulating protein aggregation,
their direct role in APRs remains poorly understood. In this study, we used a combination of
proteome-wide computational analyses and biochemical techniques to investigate the potential
involvement of PTMs in aggregation regulation. Our findings reveal that while most PTM types are
disfavored near APRs, N-glycosylation is enriched and evolutionarily selected, especially in
proteins prone to misfolding. Experimentally, we show that N-glycosylation inhibits the aggregation
of peptides in vitro through steric hindrance. Moreover, mining existing proteomics data, we find
that the loss of N-glycans at the flanks of APRs leads to specific protein aggregation in Neuro2a
cells. Our results point towards a novel intrinsic role for N-glycosylation, directly preventing protein

aggregation in eukaryotes.

ABBREVIATIONS

APR: Aggregation-prone region — PTM: Post-translational modification — GR: Gatekeeping region
— DR: Distal region — SP: Secretory pathway —  EP: Enriched position — OST:
Oligosaccharyltransferase — ER: Endoplasmic reticuum — CDG: Congenital disorders of

glycosylation
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INTRODUCTION

The conversion of soluble functional proteins into B-structured aggregates is triggered by
short, generally hydrophobic, amino acid stretches known as aggregation-prone regions (APRs)
[1]. Most proteins contain one and usually several APRs. In fact, around 20% of all residues in
globular proteins are predicted to reside within these regions [2]. APRs are mostly buried inside
the hydrophobic core of globular proteins, preventing them from initiating aggregation [3].
However, under physiological stress or during translation and translocation, APRs are exposed to
the solvent and are prone to aggregate, requiring rigorous regulation by the cellular proteostasis
machinery [4, 5]. Insoluble aggregates lead to the loss of function of the affected proteins and are
often toxic to cells. This toxicity is strongly associated with a wide range of human diseases and

ageing, including Alzheimer’s and Parkinson’s disease [6, 7].

The evolutionary persistence of APRs is a result of their necessity for protein stability, as
the forces that drive aggregation, i.e., hydrophobicity and (3-sheet propensity, are also crucial for
the folding of globular proteins [8]. Nevertheless, throughout evolution, the potency of APRs has
been minimised by the presence of adjacent residues that suppress aggregation propensity,
known as aggregation gatekeepers [9]. Specifically, charged amino acids (Arg, Lys, Asp, and Glu)
and proline (Pro) are significantly enriched in the regions immediately flanking APRs, as they
kinetically and thermodynamically disfavour aggregation [2, 10-13]. The introduction of charges
generates repulsion forces that strongly reduce aggregation propensity, while Pro is incompatible
with the B-strand conformations associated with protein aggregation. Due to their anti-aggregation
properties, gatekeepers are essential to maintain the overall fithess of cells, as they affect protein
synthesis and degradation rates and can even act as molecular signals to recruit chaperones to
non-native states [14, 15]. In fact, aggregation gatekeepers are evolutionarily conserved despite
destabilising the native structure, showing that these residues constitute a functional class
specifically devoted to proteostasis [16]. Accordingly, mutations that remove gatekeeper residues

are more often associated with human diseases than neutral polymorphisms [17].

Many proteins are modified during or shortly after translation to assist protein folding and
increase the stability of the native structure. Given this intimate connection with protein folding, it
is perhaps unsurprising that protein post-translational modifications (PTMs) are gradually
becoming associated with protein aggregation events. An increasing number of studies have
shown that PTMs can directly — or indirectly — affect the aggregation potency of proteins associated
with common aggregation diseases [18-20]. For example, phosphorylation interferes directly with
Ap fibrillary structure maturation [21], whereas in tau molecules, it reduces microtubule binding
affinity, thus increasing the concentration of soluble tau and resulting in later-stage aggregation
[22]. In recent years, the reversible O-GIlcNAc modification has been shown to directly inhibit

protein aggregation in many neurodegenerative diseases and indirectly promote cytoprotection
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68 against a wide range of cellular stresses [23, 24]. Nevertheless, it is unclear whether other PTM

69 types constitute a general mechanism of aggregation prevention across proteomes.

70 The most abundant category of PTMs involves the enzymatic addition of functional groups
71  to amino acid side chains, increasing their size and chemical complexity. Intriguingly, many PTM
72 types have chemical properties reminiscent of gatekeeper residues as they often add bulk chains
73 - likely incompatible with B-aggregation — and charges — potentially causing charge repulsion. In
74  fact, negatively charged residues (Asp and Glu) have historically been used to mimic the
75  phosphorylated state of proteins, as phosphorylation adds a negative charge to the amino acid
76  side chain [25]. Furthermore, positively charged residues (Arg and Lys) are susceptible to many
77  types of PTMs, such as acetylation or methylation. For these reasons, we hypothesise that PTMs
78  could have been selected throughout evolution to intrinsically protect against aggregation, thus
79  expanding the current repertoire of aggregation gatekeepers. In this work, we scanned the entire
80  human proteome with a widely used protein aggregation prediction algorithm, TANGO, to analyse
81  the frequency of the most abundant PTM types in APRs and their surrounding residues. Our
82  findings show that N-glycosylation is significantly enriched, conserved, and commonly replaces
83  unmodified gatekeeper residues at these positions. Using biophysical assays on N-glycosylated
84  and unmodified aggregation-prone peptides, we show that this modification mitigates aggregation
85 invitro through steric hindrance. Analysis of the structural properties of proteins with APRs flanked
86 by N-glycosylation indicates a preferential association with topologically complex domains that
87  have a high aggregation propensity. Finally, re-analysis of proteomics data that measures changes
88 in protein solubility after treatment of mouse Neuro2a cells with an N-glycosylation inhibitor shows

89  the aggregation of specific newly synthesised proteins.

90

91 RESULTS

92  While most PTM types are disfavoured around APRs, N-glycosylation is enriched

93 Unmodified aggregation gatekeepers (Arg, Lys, Asp, Glu, and Pro) are significantly
94  enriched in the positions immediately surrounding APRs. In fact, at least one of these amino acids
95 is found within the three neighbouring residues — on either side — in more than 90% of all APRs
96 identified by TANGO [1, 2], a widely used protein aggregation predictor. Therefore, to investigate
97  the potential role of the most common types of PTMs as aggregation gatekeepers, we calculated
98 their relative frequencies in and around human APRs. First, human proteins were scanned with
99  TANGO, which identified 84,537 APRs (TANGO score >10 and length 5-15 residues). The three
100  residues preceding and succeeding APRs were labelled as gatekeeping regions (GRs), and all
101  other residues as distal regions (DRs) (Figure 1A). Next, experimentally annotated human PTM
102  sites were collected from dbPTM [26] and the O-GIcNAcAtlas [27] and were mapped to the dataset.
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103 Only PTM types with sufficient data to perform accurate statistics were kept (at least 1,200 sites),

104 which resulted in 17 PTM types across 571,759 unique sites (Supplementary Table 1).

105 Our findings show that PTMs, in general, are significantly underrepresented in APRs and
106  GRs (Figures 1B and 1C), which means that most PTM types occur more frequently in residues
107  that are located far away from APRs. This is not surprising as APRs are normally partially or
108  completely buried in the folded structure, while PTM sites must be solvent accessible to be
109  recognised by their modifying enzyme [28, 29] (Supplementary Figure 1). Nevertheless,
110  restricting the analysis only to residues that are solvent accessible, and hence more readily
111  modified, did not change these observations (Supplementary Figure 2). Another protein property
112 that has been strongly associated with the occurrence of PTMs is structure disorder [29]. However,
113 APRs and their GRs are predominantly found in structured domains, which could explain why PTM
114  types that are more often observed in intrinsically disordered regions, such as phosphorylation or
115  O-glycosylation, are disfavoured (Supplementary Figures 3A and 3B). This is also the case for
116  O-GlcNAcylation, despite many reports showing that this modification dramatically slows down the
117  aggregation of specific proteins involved in neurodegeneration, which are often highly disordered
118 and polar [23]. Since disordered regions are depleted of a stable globular structure, their

119  aggregation is driven more by B-sheet propensity rather than hydrophobicity [9].

120 In contrast to all other PTM types analysed, N-glycosylation is significantly enriched in
121  APRs and GRs, especially at the N-terminal side (Figure 1C). Moreover, restraining the analysis

122 only to exposed residues further increased this enrichment (Supplementary Figure 2).
123 N-glycosites flanking APRs are evolutionarily conserved

124 N-glycosylation is one of the most common protein modifications in eukaryotic cells. It
125  occursin nearly all proteins that enter the secretory pathway (SP) and has essential roles in protein
126  folding and quality control [30, 31]. The attachment of an N-glycan to an asparagine residue
127  requires the recognition of a consensus sequence or sequon (Asn-X-Thr/Ser, where X # Pro). This
128  reaction is catalysed by an oligosaccharyltransferase (OST) on the luminal side of the endoplasmic
129  reticulum (ER).

130 Since TANGO is a sequence-based predictor, we assessed whether the enrichment
131  detected above was an artefact stemming from the Asn-X-Thr/Ser sequon being polar — and hence
132 likely to be recognised as a gatekeeper when it flanks an APR — instead of a biological signal from
133 the N-glycan. To check this, we compared the relative frequencies of sequons in proteins that have
134 been experimentally determined to undergo N-glycosylation (SP glycosylated) to sequons that are
135  either not glycosylated (SP non-glycosylated) or cannot be glycosylated due to their subcellular
136  location (non-SP). An enrichment was only observed in APRs and GRs for glycosylated sequons

137  (Figure 2A). This is highlighted in transmembrane proteins, as only those sequons in domains


https://doi.org/10.1101/2023.08.11.552904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.11.552904; this version posted August 11, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

138  predicted to be in the extracellular or the lumenal side, which can therefore get glycosylated,
139  showed an enrichment in these regions (Supplementary Figures 4A and 4B). Moreover, the
140  enrichment was lost in sequons of artificial protein sequences that were randomly generated using
141  the specific amino acid distributions of SP proteins (SP randomised), further indicating that it does
142 not arise from sequence bias (Figure 2A). Finally, we observed a similar enrichment pattern when
143 using a different aggregation predictor (CamSol [32]; Supplementary Figure 4C). Together, these
144  results indicate that the enrichment of glycosylated sequons observed in APRs and GRs neither
145  arises from a bias due to the sequon composition nor the choice of the aggregation predictor and,
146  instead, is a direct result of N-glycosylation. Calculating the ratio between the relative frequencies
147  of glycosylated sequons against the relative frequency of non-glycosylated sequons showed that
148  there are three regions under positive selective pressure to be glycosylated, which we named
149  enriched positions (EPs): GR2 N-ter, GR1 N-ter, and APR (Figure 2B). There are 1,155 N-
150  glycosylated sites in EPs distributed in 858 unique proteins (15% of all SP proteins; Figure 2C).
151  Analysis of the gene ontology terms of these proteins showed no overrepresentation of a particular
152  biological function, suggesting that N-glycosylation in APRs and GRs is a general mechanism

153  employed by a wide range of protein families (data not shown).

154 N-glycosylation efficiency is highly influenced by the primary sequence context of
155  glycosylation acceptor sites [33, 34]. Therefore, the specific sequence composition of APRs, GR2
156  N-ter and GR1 N-ter, could favour glycosylation efficiency. In other words, the strong selection
157  observed at EPs might arise from the OST binding more efficiently to them instead of pointing to
158 a shared functional role. To assess this, we predicted the glycosylation efficiency of human
159  glycosylated sites using a model developed by Huang et al. [35]. In short, the authors used site-
160  directed saturation mutagenesis to determine which residues improved or suppressed N-
161  glycosylation efficiency. Based on their model, glycosylated sites in EPs have a lower efficiency
162  compared to other glycosylated sites (Figure 2D), suggesting that the sequence composition of
163  these regions is not driving their selection, and thus, hinting at an actual functional role. To
164  corroborate this, we looked at the conservation of human sequons in a dataset of 100 mammalian
165  species from the UCSC genome browser [36], as high conservation is commonly associated with
166  an essential biological function. Indeed, N-glycosites in EPs have higher conservation compared

167  to all other glycosylated sites, as well as to non-glycosylated sequons (Figure 2E).

168 The N-glycosylation pathway in the ER is very conserved across all eukaryotes [37, 38].
169  Therefore, we next investigated whether a similar enrichment pattern was present in other
170  eukaryote model organisms. Given that the number of experimentally verified N-glycosites in other
171  species besides human is very low, we assumed all sequons in SP proteins to be glycosylated.
172 Strikingly, a similar enrichment pattern was found for sequons in SP proteins of other animals (Mus

173 musculus, Drosophila melanogaster, and Caenorhabditis elegans) and plants (Arabidopsis
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174  thaliana), clustering together with the human SP enrichment profile (Figure 2F). Similarly, in these
175  species, sequons of proteins that cannot get glycosylated (non-SP) were not enriched at EPs. For
176  yeast (Saccharomyces cerevisiae), although its SP enrichment profile clustered together with the

177  rest of the SP profiles, no enrichment was observed at these positions.

178 All of the above underlines a high selective pressure for N-glycosites in EPs to be
179  preserved in evolution, pointing to a similar functional role for N-glycosylation in these sites. Since
180  protein aggregation is generally detrimental for cells, we hypothesised that N-glycosylation is
181  selected in these positions to protect against aggregation. In other words, this modification could

182  be anovel class of aggregation gatekeeper.
183  N-glycosites flanking APRs behave as and replace aggregation gatekeeper residues

184 The presence and number of unmodified gatekeeping residues (Arg, Lys, Asp, Glu, and
185  Pro) flanking an APR correlate strongly with its aggregation propensity [39]. To investigate whether
186  N-glycosites flanking APRs act as aggregation gatekeepers, we analysed the aggregation
187  propensity (TANGO score) of APRs containing glycosylated and non-glycosylated sequons at EPs.
188  We see that APRs flanked by N-terminally glycosylated sequons at GR1 N-ter and GR2 N-ter have
189  significantly higher aggregation propensities than those flanked by non-glycosylated sequons in
190  the same positions (Figure 3A). However, despite having a higher aggregation propensity on
191  average, these APRs are flanked by fewer unmodified gatekeeping residues (Figure 3B). In fact,
192 while in non-glycosylated sequons the number of unmodified gatekeepers increases with APR
193  strength, in glycosylated sequons, the number remains low and constant across different APR
194  strength bins (Supplementary Figure 5A). Since unmodified gatekeeping residues are crucial to
195  avoid aggregation, especially for very strong APRs, this data suggests that N-glycans are replacing
196  them in these positions, thus potentially taking their function as aggregation breakers. In contrast,
197  none of the other GRs showed a significant difference in aggregation propensity or in the number
198  of flanking unmodified gatekeeping residues (Supplementary Figures 5B and 5C). Glycosylated
199  sequons in APRs did not show a difference in any of these analyses either (Figures 3A and 3B),
200  despite being under positive selective pressure. A possible explanation is that APRs comprise a

201  much larger region (5-15 aa), which adds noise to the analysis.

202 To gain more insight into the role of N-glycosites as gatekeepers of aggregation, we looked
203  atthe conservation of human glycosylated and non-glycosylated sequons throughout mammalian
204  evolution. Particularly, we focused on sequons at GR1 N-ter since this is the position that showed
205  the highest enrichment and strongest selective pressure when it is glycosylated (Figures 2A and
206  2B). Each sequon at GR1 N-ter was mapped to the multiz100way dataset [36], a dataset
207  containing multiple sequence alignments of 100 mammalian species to the human genome. We

208  then calculated separately the average number of unmodified gatekeepers in protein orthologs for
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209  which the sequon is present and orthologs for which it is absent. In agreement with our previous
210  analysis, we found that when glycosylated sequons acting as gatekeepers are present in a species,
211  these are usually flanked by only a small number of unmodified gatekeepers, even when placed
212 next to very strong APRs (Figure 3C). However, a significantly higher number of unmodified
213 gatekeepers are found flanking APRs when glycosylated sequons are not present in a species. An
214  example of this can be seen in the basal cell adhesion molecule protein (BCAM; Figure 3D). Non-
215  glycosylated sequons are already flanked by a higher number of unmodified gatekeepers,
216  particularly in the case of strong ARPs and, therefore, their absence in a species does not lead to

217  anincrease of unmodified gatekeepers (Figure 3C).

218 A similar observation was obtained when analysing protein paralogs, particularly the serpin
219  superfamily of protease inhibitors. In humans, most serpins are classified into two clades: the
220  extracellular ‘clade A’ and the intracellular ‘clade B’ [40, 41]. Interestingly, we found that many
221 extracellular serpins have a glycosylated sequon flanking a very strong APR that is conserved in
222 both clades (Figures 3E and 3F). However, in intracellular serpins, this APR is flanked instead by
223 one or more unmodified gatekeeping residues, evidencing again an analogous function for N-

224 glycans and unmodified gatekeepers (Figure 3F).
225  N-glycosylation efficiently inhibits peptide aggregation in vitro by steric hindrance

226 The bioinformatics analysis presented above hints at a protective role of N-glycosylation
227  against the aggregation of its cognate APRs. To experimentally assess this, we measured the
228  aggregation kinetics and solubility of peptides with and without an N-glycan (Figure 4A). Short
229  aggregating peptides were used instead of full proteins to mimic exposed APRs and to ensure the

230  interpretability of our findings.

231 After an N-glycan precursor (GlcsMangGIcNAC,) is transferred to a protein, it is processed
232 in the ER by removal of the glucose residues as part of the quality-control process [30]. Then, the
233 protein moves to the Golgi apparatus, where the carbohydrate is further processed into an
234 extensive array of mature and complex N-glycoforms [42]. This raises the question whether there
235  is a particular glycoform that confers protection against aggregation or, instead, if it is an intrinsic
236  effect of all glycoforms. The genomes of higher eukaryotes encode two STT3 proteins (STT3A and
237  STT3B), which are the catalytic subunits of two distinct OST complexes [37]. The STT3A complex
238 is associated with the protein translocation channel and glycosylates the majority of sites as they
239  emerge into the ER lumen while specific glycosites that are skipped by the STT3A complex are
240  modified post-translationally by the STT3B complex. In other words, the addition of most N-glycans
241  takes place while a protein is being translated and, therefore, before it folds [43]. During this time,
242  an APR is exposed and at risk of engaging in non-native interactions, such as aggregation.

243 Therefore, we reasoned that this is the most vulnerable time point in a protein lifespan — when it is
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244 most in need of anti-aggregation mechanisms — and decided to use the MangGIcNAc. (Mang)
245  glycoform since it is the minimal carbohydrate structure that is attached to the nascent polypeptide
246  before its folding.

247 We analysed ten human APRs with a flanking N-glycosite (Supplementary Table 2). In
248  order to investigate if any structural constraints explain why the enrichment in our previous analysis
249  was only observed in the N-terminal flank, we chose five APRs that were modified in the N-terminal
250  site and five in the C-terminal site. Mang variants for each APR were compared to their unmodified
251  versions. In addition, GIcNAc versions of each peptide were made to determine if shorter N-glycan
252  forms can inhibit aggregation. All peptides in a set were dissolved to a concentration in which the
253 unmodified variant displayed dye-binding aggregation kinetics with Thioflavin-T (ThT). The results
254  for the peptide set derived from SLNYLLYVSN are shown in Figures 4B-4H. ThT- and PFTAA-
255  binding experiments revealed that aggregates were formed by the non-glycosylated and GlcNAc
256  peptides, while for Mang, no fluorescent signal was observed (Figure 4B and 4C). Incubating the
257  Mang peptide with Endo H, an enzyme that catalyses the conversion of Mang into GIcNAc, resulted
258 inastrong ThT fluorescent signal (Figure 4D), suggesting that the Mang glycoform was inhibiting
259  aggregation. However, since Mang is a huge molecule, its size could hinder the binding of the
260  fluorescent dyes to a potential aggregated structure. In order to dismiss this possibility, we used
261  anorthogonal assay that measures the concentration of soluble peptide left once the aggregation
262  reaction has reached an equilibrium. In short, peptides were incubated for a week and then
263  subjected to ultracentrifugation. Endpoint solubility measurements of this peptide set showed that
264  Mang substantially improved APR solubility compared to non-glycosylated and GlcNAc peptides
265  (Figure 4E). We reached similar conclusions by TEM imaging where no aggregated species were
266  observed for the Mang peptide, while both non-glycosylated and GlcNAc peptides formed amyloid
267  fibrillar structures (Figure 4F). Together, these results indicate that Mang strongly inhibits the
268  formation of aggregates. The combined results of the ten APRs analysed confirmed the generality
269  ofthese findings (Figure 4G and Supplementary Figures 6-14). Next, we made peptides in which
270  the modified Asn residue was replaced by each of the four charged residues (D, E, R, and K) since
271  these are known to strongly oppose aggregation. For the SLNYLLYVSN peptide set, Mang was
272  more soluble than all peptide versions with charged residues, apart from Glu (Figure 4H).
273 Furthermore, in each APR set, Mang was as good or better at improving the solubility of peptides
274  compared to their charged counterparts (Supplementary Figures 6-14). This enhanced solubility
275  could partially explain why N-glycosylation is selected over unmodified gatekeeping residues in
276  some proteins. Surprisingly, while the computational analysis showed selection only for N-
277  glycosites at the N-terminal flanks of APRs, the in vitro experiments revealed that N-glycosylation

278  can inhibit aggregation in both flanks. This indicates that the preference for N-terminal flanks
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279  observed computationally does not arise from any APR-intrinsic structural constraints and,

280  therefore, other biological factors may be responsible (see Discussion).

281 While Mang showed complete or strong inhibition of aggregation in all peptide sets,
282  GlcNAc’s capability of inhibiting aggregation was significantly lower. Moreover, in some peptide
283  sets, GlcNAc actually enhanced aggregation (Figure 4 and Supplementary Figure 13). Previous
284  studies have proposed that the large size and hydrophilicity of glycans prevent the aggregation of
285 protein pharmaceutical products through steric hindrance [44, 45]. Therefore, we hypothesised
286  that the difference in size between the two glycoforms might be responsible for the degree of
287  inhibition observed. To assess this, we measured, in two of the peptide sets, the solubility of four
288  additional glycoforms: GIcNAcz, ManGlcNAc: (Man), MansGIcNAc. (Mans), and MansGIcNAc:
289  (Mane) (Figure 4l). Interestingly, GIcNAc, GIcNAc2 and Man caused a minor and similar increase
290  in solubility for the NISCLWVFK peptide compared to its unmodified version (Figure 4J), and were
291  actually found to be more insoluble for the SLNYLLYVSN peptide (Figure 4K). A possible
292 explanation could be the presence glycoform-specific interactions, leading to stacking between the
293  hydrophobic faces of sugars or between aromatic residues and sugars of different peptides [46].
294 Conversely, Mans and Mang caused a substantial and size-dependent increase in solubility in both
295  peptide sets (Figure 4J and Figure 4K), supporting that steric hindrance may be the mechanism
296  behind aggregation inhibition. These results provide direct evidence that different glycoforms
297  confer distinct levels of protection against aggregation. Moreover, the more potent inhibitory effect
298  of Mang on aggregation supports the idea that N-glycan-mediated protection against aggregation

299  occurs before protein folding in the ER.
300 N-glycosylation protects against aggregation in hard to fold proteins

301 Out of all APRs in proteins that follow the SP, only around 7% are flanked by N-glycans at
302  EPs (Figure 5A). Why do some APRs, or the proteins bearing those APRs, require the extra level
303  of protection granted by N-glycosylation? To answer this, we built a random forest classifier that
304  predicts which APRs are protected by N-glycans using different features related to structural
305 topology and aggregation, both at the APR and protein domain levels (see Methods). We decided
306 to use features of individual protein domains instead of features from full proteins, as domains are
307 independent evolutionary units that often fold independently from each other [47]. Domains were
308  extracted using CATH-Gene3D [48, 49]. Since the number of protected and unprotected APRs is
309 quite different and random forests are known to be sensitive to class imbalance, we trained two
310  different models with opposite resampling techniques. Interestingly, the relative contact order of a
311  domain was the most important feature in both models (Figure 5B and Supplementary Figure
312  15A). This is a widely used metric to describe the complexity of a polypeptide fold, which correlates
313  with folding times [50]. Indeed, when comparing domains with at least one APR, those with an N-

314  glycosite at EPs have a significantly higher relative contact order (Supplementary Figure 15B).
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315  Moreover, while high contact order domains without protected APRs generally have lower
316  aggregation propensities, the ones with N-glycosites at EPs usually contain much stronger APRs
317  (Figure 5C). Thus, N-glycosylation is placed in APRs of complex domains with overall high
318  aggregation propensities. As expected, other parameters determined to be important by both
319  models were the solvent accessibility of APRs and the number of unmodified gatekeeping residues
320  flanking them (Figure 5B and Supplementary Figures 15C and 15D). N-glycosylation constrains
321  part of the APR to be solvent accessible to avoid steric clashes, while from our previous analyses,
322 we know that N-glycosylation replaces unmodified gatekeeping residues at EPs. The oxidising
323 environment of the ER allows for the formation of disulphide bridges, which help stabilise the native
324  fold of SP proteins. Nevertheless, the number of disulphide bridges in a domain had low

325  importance in the prediction (Figure 5B).

326 The high relative contact order observed in domains bearing protected APRs could be
327 indicative of an enrichment for a specific fold topology, as most folds have lower contact orders
328 than these particular domains (Figure 5D). To investigate this, we looked at the relative
329  frequencies of protected APRs in different CATH architectures. As background, we used all SP
330 protein domains with at least one APR. Interestingly, there was an underrepresentation of
331 protected APRs in architectures of the class ‘Mainly alpha’, while architectures with more B-sheet
332  content were more abundant (Figure 5E). In particular, the ‘CATH 2.60’ architecture (B-sandwich)
333  was highly enriched and included the majority of N-glycosites at EP, which are distributed
334  throughout the entire fold (Figure 5E and 5F). The B-sandwich architecture is characterised by
335  two opposing antiparallel B-sheets and span a large number of fold superfamilies, including the
336  immunoglobulin-like fold, and it has been linked to many neurodegenerative diseases associated
337  with the formation of protein aggregates [51, 52]. Moreover, B-sandwich domains are frequently
338  organised in linear arrays within multidomain proteins, which have a higher risk of forming domain-
339  swapped misfolded species [53]. A deeper analysis of B-sandwich domains showed that those with
340  N-glycosites at EPs have a stronger and higher number of APRs than the rest of B-sandwich
341  domains, including other domains that are also N-glycosylated (Figures 5G and 5H). Furthermore,
342 B-sandwich domains containing APRs protected by N-glycans are found in larger multidomain
343 proteins, with, on average, 5 B-sandwich domains per protein (Supplementary Figures 15E and
344  15F).

345 N-glycosylation plays a crucial role in glycoprotein quality control (Figure 5l), as it acts as
346  the attachment site for the ER soluble and membrane-bound lectin chaperones calreticulin and
347  calnexin [30]. These chaperones have been shown to direct protein folding, reduce aggregation,
348  retain misfolded or immature proteins within the ER and target aberrant proteins for degradation
349  [54]. Upon release from the lectin chaperones, correctly folded proteins are transported to the Golgi

350 apparatus. However, nascent chains that are not properly folded can be recognised by the protein
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351 folding sensor UDP-glucose:glycoprotein glucosyltransferase (UGGT) and then directed for
352  rebinding to the lectin chaperones [55]. In other words, UGGT substrates are prone to misfold and
353  require multiple rounds of chaperone binding. Recently, Adams et al [56] identified 71 bona fide
354  human UGGT substrates using quantitative proteomics in HEK293 cells. Interestingly, proteins
355  containing N-glycosites in EPs are significantly enriched in UGGT substrates when compared to

356  other glycoproteins (Figure 5J).

357 Our findings show that the protection of APRs through N-glycans is linked to biophysical
358  properties that challenge protein folding, such as structural complexity, a higher number of APRs
359  and higher aggregation propensities. Moreover, this protection is enriched in UGGT substrates,
360  which require multiple rounds of chaperone association to reach their native conformations.
361  Therefore, it appears that these sites are strongly correlated with folding challenges, consistent
362  with the idea that N-glycans mitigate aggregation prior to folding. In addition, the fact that the
363  majority of domains that require this anti-aggregation mechanism have the same topology
364  suggests that their folding landscapes, populated by similar folding intermediates [57], might have

365  co-evolved together with N-glycosylation to avoid aggregation.
366 Absence of N-glycosylation in vivo specifically increases protein aggregation

367 If N-glycosylation is indeed a general evolutionary measure against protein aggregation,
368 its inhibition should affect protein solubility across proteomes. Indeed, in animal and plant cells,
369 inhibition of N-glycosylation with tunicamycin leads to misfolding and aggregation inside the ER
370  [58-60], triggering the unfolded protein response. To investigate which particular glycoproteins
371  aggregate in the absence of N-glycosylation, we reanalysed a proteomics dataset from Sui et al
372  [61]. Inshort, in this study they measured the changes in proteome solubility in the mouse Neuro2a
373  cell line after treatment with six different stresses, including tunicamycin. Our analysis found that
374  after treatment with tunicamycin, around 20% of the proteins identified with an N-glycosite at an
375  EP are more insoluble (Figure 6A and Supplementary Table 3). Interestingly, in the majority of
376  these aggregated proteins, the N-glycosite is located within a B-sandwich domain (Supplementary
377  Table 3). In contrast, just 10% of proteins identified with N-glycosites that are not in EPs are more
378 insoluble, suggesting that the absence of N-glycosylation alone has a smaller effect. However, due
379  to the small number of proteins identified by the MS/MS, this difference was not statistically
380  significant. Expectedly, an even smaller percentage of non-glycosylated proteins are found to be
381 more insoluble after tunicamycin treatment. The same analysis was performed by looking at the
382  solubility changes under the other five stresses. However, none of these affected the solubility of
383  proteins identified with an N-glycosite in an EP (Figure 6A). The same was true when analysing
384  proteins that are more soluble after each treatment (Figure 6B). Together, these results suggest
385 thatinhibiting N-glycosylation leads to a decrease in protein solubility, especially in proteins where

386  N-glycosites are acting as aggregation gatekeepers (Figure 6C).
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387 DISCUSSION

388 Our work demonstrates that N-glycans are enriched, highly conserved and commonly
389  replace unmodified gatekeeper residues in sequence segments with an intrinsic capacity to
390 aggregate, here referred to as APRs, in nearly a thousand human proteins. In addition, we show
391 that N-glycans suppress the aggregation of APRs in vitro, and that their inhibition in mouse
392  Neuro2a cells leads to a specific aggregation of newly made proteins. Together, these findings
393  suggest that, among its many molecular functions, N-glycosylation constitutes a functional

394  mechanism directly dedicated to the control of protein aggregation in higher eukaryotes.

395 Many studies have shown that N-glycosylation prevents the aggregation of glycoproteins
396 in cells through diverse indirect molecular mechanisms. For example, N-glycans can affect the
397  folding process by restricting the conformational entropy of the unfolded protein and stabilising
398  specific secondary structural elements, preventing the formation of folding intermediates prone to
399  aggregate [54, 62]. Moreover, the association of glycoproteins with ER lectin chaperones
400 increases folding efficiency while decreasing aggregation propensity [54]. Direct inhibition of
401  aggregation by N-glycans has also been described, particularly in recombinant therapeutic
402  proteins [63]. Indeed, for the production of therapeutic antibodies, such as bevacizumab, N-
403  glycosylation sites have been engineered near APRs to mitigate aggregation [64]. However, the
404  conditions in which biotherapeutics are produced are far from those found in cells, as often these
405  proteins are manufactured and stored at very high concentrations for extended periods of time.
406 Instead, our work points to a widely conserved cellular strategy in which N-glycans directly hinder

407  the formation of aggregates during folding under physiological conditions.

408 A surprising result from our computational analysis is that only N-glycans located in the N-
409  terminal flanks of APRs are under selection and share similar features to unmodified gatekeeper
410  residues (Figures 2 and 3). However, placing N-glycans on either side of APRs in vitro strongly
411  suppresses their aggregation (Figure 4). Since most N-glycans are co-translationally attached to
412  proteins by STT3A, it appears possible that the preferential addition of this modification to the N-
413  terminal flanks is coupled with translation. It has been proposed that the initiation of aggregation
414  may occur within polysomes, where identical unfolded nascent chains reach high local
415  concentrations [9, 65]. Under this framework, N-glycosylating the N-terminal side of an APR will
416  immediately shield it from potential co-translational non-native interactions, including aggregation,
417  as this side is translated before the rest of the APR sequence. Consistent with this hypothesis, the
418 analysis of previously identified human STT3B-dependent sites [66] — specifically only attached
419  post-translationally — showed a significant underrepresentation in EPs (Supplementary Figure
420  16). Moreover, overexpression of STT3B only partially rescues STT3A-deficient cells, despite
421  STT3B acting downstream of STT3A, which enables it to glycosylate sites missed by STT3A [67].

422  Eukaryotic species lacking the STT3A ortholog, such as Saccharomyces cerevisiae, can only
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423  perform N-glycosylation post-translationally [68]. Indeed, unlike the other eukaryotic species
424  analysed, the relative frequencies of glycosylated sites in EPs of yeast proteins were found to be
425  underrepresented (Figure 2F). Despite all this circumstantial evidence, future studies are required

426  to determine if N-glycosylation is specifically supressing aggregation during translation.

427 One question remains: why is N-glycosylation the only modification found to broadly act as
428  an aggregation gatekeeper? Although we do not rule out that other PTM types not investigated
429  here may act as gatekeepers, the answer probably again lies in the co-translational nature of this
430  modification. Firstly, post-translational modifications require acceptor sites to be accessible to the
431 modifying enzyme, precluding regions that are buried or structurally too rigid when the protein is
432  folded, such as APRs and their GRs. Indeed, the placement of N-glycosylation in bacteria, which
433  takes place post-translationally, is restricted only to flexible segments [69]. Therefore, coupling N-
434 glycosylation with folding increases the number of sites that can be modified. Secondly, during
435  folding, APRs are exposed and at risk of aggregation. Consequently, protein folding exerts a dual
436  selection pressure on the glycosylation process [37]. On the one hand, sites that destabilise the
437  native structure are under negative selection [70], while sites that optimise folding, in this case, by
438  reducing aggregation, are under positive selection and are likely to become essential (Figure 2E).
439  An additional consequence of this shift in the temporal sequence of maturation events has been
440  the co-evolution of N-glycans with the ER chaperone machinery, leading to a very specific QC
441  system for secretory and membrane glycoproteins [37]. Recently, a similar co-adaptation process
442  was described between chaperone specificity and protein composition to explain the preference

443  of Hsp70 for positively charged residues in bacteria [15].

444 We found a higher proportion of aggregated proteins with N-glycans acting as gatekeeper
445  residues compared to other glycoproteins after treatment of mouse Neuro2a cells with tunicamycin
446  (Figure 6A). Interestingly, tunicamycin treatment has been extensively used as a model to mimic
447  type-l congenital disorders of glycosylation (CDG-I) [71, 72]. These are a rare group of metabolic
448  diseases that affect specific sugar transferases and enzymes involved in the synthesis and transfer
449  of N-glycans, thus leading to the improper N-glycosylation of proteins, which causes various
450  symptoms potentially affecting multiple organs [73, 74]. It has been reported that several CDG-I
451 can lead to ER stress and activate the unfolded protein response due to misfolded
452  hypoglycosylated proteins unable to leave the ER [75]. Based on our findings, we hypothesize that
453  the formation of protein aggregates resulting from a loss of N-glycans may provide an additional
454  molecular cause of ER stress in CDGs and may contribute to the pathomechanism of these
455  disorders. Future efforts should be made to determine if there is a direct relationship between

456  these genetic disorders and protein aggregation.

457
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458 METHODS

459  Human proteome dataset

460  The human proteome was obtained from UniProtKB/Swiss-Prot database (reference proteome
461  UP000005640; release 2022_02). The dataset contains 19,379 proteins, after excluding
462  sequences with nonstandard amino acids (e.g., selenocysteine), sequences with <25 amino acids
463  and those with >10,000 residues and after filtering at 90% sequence identity using the CD-hit
464  algorithm [76]. Signal peptides and transmembrane domains were identified using deepTMHMM
465 [77] and removed from the analyses to avoid biases. In addition, deepTMHMM provides
466  information on the overall topology of the protein. Experimentally annotated protein PTM sites were
467  obtained from dbPTM [26] and from the GIcNAcAtlas [27], and were mapped to the proteome. Only
468  those PTM types with more than 1,200 sites were retained.

469 Information on protein subcellular location was extracted from UniProt. Proteins known to reside
470  inthe endoplasmic reticulum, Golgi apparatus, cell membrane or extracellular space were labelled
471 as part of the secretory pathway (SP). On the other hand, proteins known to reside in the
472  cytoplasm, nucleus or mitochondria were labelled as part of the non-secretory pathway (non-SP).

473  Proteins labelled both as SP and non-SP were excluded from further analyses.

474  Structural information was added to the dataset for each protein using the structures from the
475  AlphaFold database [78, 79]. Absolute solvent accessibility values were calculated with DSSP
476  based on these structures [80, 81]. Then, the relative solvent accessibility (RSA) values were
477  calculated by dividing the absolute solvent accessibility values by residue-specific maximal
478  accessibility values, as extracted from Tien et al [82]. Residues with RSA values < 0.2 were
479  labelled as buried. Intrinsically disordered regions (IDRs) were identified using the pLDDT score
480  provided in the AlphaFold models, as regions with low confidence scores have been shown to

481  overlap largely with IDRs [83]. Residues with pLDDT scores < 50 were labelled as disordered.
482  Protein aggregation prediction

483  Aggregation-prone regions (APRs) were predicted computationally using TANGO [1] at
484  physiological conditions (pH at 7.5, temperature at 298 K, protein concentration at 1 mM, and ionic
485  strength at 0.15 M). In this study, APRs are defined as segments between 5 and 15 amino acids
486 in length, each with an aggregation score of at least 10. Gatekeeping regions (GRs) are defined
487  as the three residues immediately downstream and upstream of APRs. All other residues are
488  defined as distal regions (DRs).

489  APRs were also identified with CamSol [32]. CamSol calculates an intrinsic solubility profile where
490  regions with a score higher than 1 are highly soluble, while scores smaller than -1 are poorly

491  soluble (aggregation-prone). CamSol APRs are defined as segments between 5 and 15 amino
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492  acids in length, each with a solubility score smaller than -1. GRs and DRs are defined in the same

493  way as above.
494  Identification of sequons

495  All human proteins were scanned for N-glycosylation sequons (Asn-X-Thr/Ser, where X # Pro).
496  Sequons known to be glycosylated based on dbPTM annotations were labelled as “SP
497  glycosylated”. Sequons in proteins from the secretory pathway without dbPTM annotations were
498 labelled as “SP non-glycosylated”. Sequons in proteins that do not follow the secretory pathway,

499  and thus cannot be glycosylated, were labelled as “non-SP”.
500  Relative frequency calculation

501 For all PTM types and sequons, the frequency in each region was calculated by taking all verified

502  PTMs in APRs, GRs and DRs versus all sites that could receive a PTM in each region:

Number of PTM sites in a region for a specific PTM type

503 Frequency = Number of residues that could be modified in that region

504  For example, for serine phosphorylation:

Number of phosphorylated serines in region

F =
505 requency Number of serines in that region

506  The relative frequency was obtained by dividing the frequency in each region by the overall
507  frequency of that particular PTM (background). To avoid biases, only proteins that contain PTM
508 sites are used as background.

509  Eukaryotic proteome dataset

510 The proteomes of five other eukaryotic species were analysed in the same way as the human
511 proteome and include representatives from the animal (Mus musculus (UP0O00000589), Drosophila
512 melanogaster (UP000000803) and Caenorhabditis elegans (UP000001940)), plant (Arabidopsis
513 thaliana (UP000006548)) and fungal (Saccharomyces cerevisiae (UP000002311)) kingdom.

514  As for the human dataset, the frequencies of glycosylated and non-glycosylated sequons were
515  determined for each eukaryotic species. However, since experimentally identified glycosylated
516  sites for these organisms are scarce, all sequons in SP proteins were considered glycosylated
517  (unless topological annotations by deepTMHMM [77] predicted the site to be facing the cytoplasm,
518  where glycosylation does not occur).

519  Sequon conservation analysis

520  The multiz100way [36] is a dataset containing multiple sequence alignments of 100 mammalian

521  species to the human genome (hg38). Human N-glycosites were mapped to this dataset to
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522 calculate their conservation. A sequon is considered absent in a species (not conserved) if it

523  deviates from the consensus sequence (N-X-T/S, where X = P).
524  Peptide set design

525  To construct a set of aggregating peptides with N-glycans at the flanks, APRs were selected from
526  the human proteome containing an N-glycosylation site at the N-terminal or C-terminal flank. To
527 facilitate accurate concentration determination of peptides through absorbance measurements at
528 280 nm, only APRs containing Trp and/or Tyr were considered. 20 APRs were synthesised and
529  screened for ThT-binding kinetics, from which a final set of ten APRs was selected based on their
530  kinetic profile. Five of these sequences had the N-glycosylation site in the N-terminal, while the
531  other five were in the C-terminal. Seven variants for each peptide sequence were produced: non-
532  modified (WT), GIcNAc, Man9 (MangGlIcNAc2), and each of the charged residues (D, E, K, and R).
533 For two specific peptide sets, four more variants were produced: GlcNAc,, ManGlIcNAcz (Man),
534  MansGlcNAc: (Man3), and MansGIcNAc: (Man6).

535  Peptide aggregation kinetics

536  All peptides, except the GIcNAc., Man, Man3 and Man9 variants, were synthesised in-house using
537 an Intavis Multipep RSi solid-phase peptide synthesis robot. The complex glycoform peptide
538  variants were ordered from Chemitope Glycopeptide. Stocks were then diluted to the appropriate
539  peptide concentration in PBS with a final concentration of 5% DMSO. The concentration for each
540  peptide set was selected based on their ThT-binding kinetic profile to have a lag phase shorter
541  than 72 hours. TCEP (1 mM) was included in solutions of peptides containing cysteine or
542 methionine residues to disrupt disulphide bond formation. For ThT- and pFTAA-binding kinetics,
543 10 yM ThT or 1 uM pFTAA were added to the peptide samples. Dye binding was measured over
544  time through excitation at 440 nm and emission at 480 and 520 nm, for ThT and pFTAA,
545  respectively, in a Fluostar OMEGA.

546  For Endo H treatment, endoglycosidase H (500 units, 1 ul, New England Biolabs, catalog no.
547  P0702) was added to each of the SLNYLLYVSN peptide samples. Aggregation kinetics were

548  measured over time as above.
549  Endpoint solubility

550  For endpoint solubility concentrations, peptide preparations were left at room temperature for a
551  week at an initial concentration equal to the one used in for aggregation kinetics. Peptides were
552  subsequently subjected to ultracentrifugation at 100,000 g for 1h at 4°C. Supernatant
553  concentrations were measured using RP-HPLC. Concentrations were measured with RP-HPLC
554  instead of using absorbance measurements at 280 nm since it is more accurate for low

555 concentrations.
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556 TEM imaging

557  Peptide solutions were incubated for a week at room temperature at the same concentrations of
558  previous experiments. Suspensions (5 yL) of each peptide solution were added on 400-mesh
559  carbon-coated copper grids, which were negatively stained using uranyl acetate. Grids were

560  examined with a JEM-1400 120 kV transmission electron microscope.
561  Machine learning

562  To predict which APRs are protected by N-glycans, a random forest classifier (randomForest R
563  package, number of trees = 500, mtry = 3) was trained using several features of the APRs (relative
564  solvent accessibility, length, number of unmodified gatekeepers, relative position within the
565  domain, aggregation propensity, sequence disorder and number of cysteines) and of the protein
566  domains bearing such APRs (contact order, length, number of APRs per 100 amino acids and
567  number of disulphide bonds per 100 amino acids). Domain boundaries were extracted using
568 CATH-Gene3D [48, 49]. The contact order for each domain was calculated as defined by Plaxco
569 et al. [50]. The number of disulphide bonds was extracted from UniProt. Random undersampling
570  and random oversampling (ROSE R package) were used to avoid biases due to class imbalance.
571 Feature importance was evaluated with the Mean Decrease Accuracy plot, which indicates how

572 much accuracy the model loses when excluding each variable.
573  Statistics

574  GraphPad prism or R software were used to perform the different statistical tests. The tests used
575  in each analysis are specified in the corresponding figure. P-values are represented as: * P-value
576  <0.05, ** P-value <0.01, *** P-value < 0.001.

577  Visualisations

578  Visualisations were performed with GraphPad prism or custom R scripts using the packages

579  ggplot2 [84] and ComplexHeatmap [85]. ChimeraX was used to visualize protein structures [86].
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837  Figure 1. Relative enrichment of different PTM types in APRs and GRs

838  A) Schematic representation of the dataset preparation. B) Barplot showing the frequency of all
839  PTMsites in APRs, GRs and DRs relative to background (all proteins containing the specific PTM).
840  Crosses (asterisks) at the top of the bar indicate that a region has a significantly lower (higher)
841  frequency compared to the background by Fisher exact test with FDR correction. C) Heatmap
842  showing the relative frequencies for each of the 15 types of PTMs. Columns indicate the different
843  protein regions, and rows show the PTM types. Statistics are calculated and illustrated as in B.

844  Rows are clustered based on Pearson correlation as a distance measure.
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851 Figure 2. Functional assessment of N-glycosylation in APRs and GRs

852  A) Heatmap showing the relative frequencies of having a sequon in each region (columns) for
853  different subsets of proteins (rows). Crosses (asterisks) at the top of the bar indicate that a region
854  has a significantly lower (higher) frequency compared to the background by Fisher exact test with
855  FDR correction. Rows are clustered based on Pearson correlation as a distance measure. B) Ratio
856  between the relative frequencies of glycosylated sequons vs non-glycosylated sequons. C)
857  Fraction of known secretory pathway proteins with at least one N-glycosylation site in enriched
858  positions (yellow), with N- glycosylation sites that are not in enriched positions (blue) and without
859  glycosylation sites (back). D) Boxplot showing the glycosylation efficiency of glycosylated sequons
860 in enriched positions (yellow), rest of glycosylated sequons (blue) and non-glycosylated sequons
861  (black) of human proteins. Unpaired Wilcoxon test was used to assess significance among groups
862  with Bonferroni correction for multiple comparisons. E) Boxplot showing the conservation of human

863  sequons in a set of 100 mammalian species for the same categories as D. Unpaired Wilcoxon test
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864 was used to assess significance among groups with Bonferroni correction for multiple
865  comparisons. F) Heatmap showing the relative frequencies of having a sequon in each region for
866 five different eukaryotic species. For all species, the relative frequencies of sequons in SP proteins
867  are clustered together. The same is true for sequons in non-SP proteins. Statistics are calculated

868  andillustrated as in A. Clustering is based on Pearson correlation as a distance measure.
869
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890

891  Figure 3. N-glycosites at EPs behave as aggregation gatekeepers

892  A) Boxplot showing the aggregation propensity (TANGO scores) of APRs that have glycosylated
893  sequons or non-glycosylated sequons for each of the three EPs (GR2 N-ter, GR1 N-ter and APR).
894  Unpaired Wilcoxon test was used to assess significance between the two groups (glycosylated vs
895  non-glycosylated sequons). B) Barplot indicating the distribution of the number of charged residues
896  in the three positions upstream and downstream of APRs with an aggregation propensity score >=
897  50. This threshold was used to ensure a strong evolutionary pressure to mitigate the aggregation
898  of the APRs. Unpaired Wilcoxon test was used to assess significance between the two groups. C)
899  Boxplot showing the average number of unmodified gatekeepers flanking glycosylated and non-
900 glycosylated sequons in GR1 N-ter when these are present or absent throughout mammalian
901 evolution. APRs are divided into two categories: weak if the TANGO score is < 50 or strong if the
902 TANGO score is >= 50. D) Small subset of the multiple sequence alignment for BCAM.
903  Glycosylated sequons are highlighted in yellow and unmodified gatekeepers are highlighted in
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904  green. The human APR is underscored. E) Example of a serpin structure (Alpha-1 antitrypsin;
905  A1AT) obtained from AlphaFold and with the conserved aggregation-prone region highlighted in
906 red. This particular serpin has an N-glycosylated site flanking the APR (orange). F) Multiple
907  sequence alignment showing the same region for intracellular (clade B) and extracellular (clade A)
908  serpins. The conserved APR is underscored in each protein. N-glycosylated sites or unmodified

909  gatekeepers three residues upstream of the APR are highlighted in yellow or green, respectively.
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932
933  Figure 4. In vitro analysis of N-glycosylated peptides
934  A) Schematic representation of the peptide variants and experimental design. An aggregation core is

935  flanked by either a non-glycosylated Asn (WT), GIcNAc or Mans. B,C) ThT binding (B) and pFTAA
936  binding (C) kinetics of the SLNYLLYVSN peptide set. Fluorescence over time is shown for three
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937  independent repeats. Vehicle control fluorescence is shown in purple. D) ThT binding after incubation
938  with 1 uL (500 units) of Endo H enzyme, which cleaves the bond between two N-acetylglucosamine
939  (GIcNAc) subunits directly proximal to the asparagine residue of the glycopeptide. Fluorescence over
940 time is shown for three independent repeats. Vehicle control fluorescence is shown in purple. E)
941  Percentage of the concentration of peptide in the soluble fraction after ultracentrifugation for the
942  SLNYLLYVSN peptide set (n=3). Unpaired t-test was used to assess significance. F) TEM images for
943  the SLNYLLYVSN peptide set after seven days of incubation. G) Combined results for all APRs.
944  Peptides were classified on whether they showed kinetics (ThT and pFTAA) and whether they formed
945  fibrillar aggregates detectable by TEM imaging. H) Percentage of soluble fraction for the charged
946  residue variants (D, E, K and R; n= 3). Mang values were re-used from E. Unpaired t-test was used to
947  assess significance against Man9. I) Schematic representation of the structures of the different
948  glycoforms analysed. J,K) Percentage of soluble fraction after ultracentrifugation for the non-
949  glycosylated and glycoforms versions of NISCLWVFK (J) and SLNYLLYVSN (K) peptide sets (n= 3).

950  Non-glycosylated and Mang peptides values were re-used from E and Supplementary Figure 13.
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968

969  Figure 5. N-glycosylation protects against aggregation in hard-to-fold proteins

970 A) A random forest classifier was built to classify APRs present in CATH domains as protected

971 (with N-glycosylation sites in EPs) and unprotected (all others). B) Variable importance plot for the
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972  model built using random undersampling. Mean accuracy indicates the performance of the model
973  after removing a specific variable. Higher values indicate more importance of that variable in
974  predicting protected vs unprotected APRs. Domain-specific variables are highlighted in bold, while
975  APR-specific variables are unhighlighted. C) On the right, a two-dimensional density plot showing
976  the relative contact order and the maximum aggregation propensity for domains classified in three
977  categories: with N-glycosites in EPs (yellow), with N-glycosites not EPs (blue) and without N-
978  glycosylated sites (black). On the left, a schematic representation of each domain category
979  together with their percentage in the dataset. D) Average relative contact order of domains in each
980  CATH architecture. The dotted line indicates the average relative contact order of domains
981  containing an N-glycosite in an EP. E) Relative frequencies of finding a protected APR in each
982  CATH architecture. The number of protected APRs present in each CATH architecture is shown.
983 F) Map showing the position of N-glycosylation sites at EPs in all -sandwich domains. Domains
984  are sorted by length and coloured in grey. G) Boxplot showing the number of APRs per 100 amino
985 acids in B-sandwich domains with N-glycosites in EPs (yellow), with N-glycosites not EPs (blue)
986  and without N-glycosylated sites (black). Unpaired Wilcoxon test was used to assess significance
987  among groups with Bonferroni correction for multiple comparisons. H) Boxplot showing the highest
988  APR strength (TANGO score) in B-sandwich domains for the same categories as G. Significance
989 was assessed as in G. I) Schematic model of the quality control system of glycoproteins. J)
990  Fraction of UGGT substrates that have an N- glycosite in an EP (yellow) or other N-glycosites

991  (blue), as compared to all glycoproteins.
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1001

1002  Figure 6. The absence of N-glycosylation in vivo specifically increases protein aggregation

1003 A) Percentage of SP proteins that are enriched in the insoluble fraction in each group based on all
1004  proteins that are identified in the MS for that particular group. B) Percentage of SP proteins that
1005  are enriched in the soluble fraction in each group based on all proteins that are identified in the
1006  MS for that particular group. C) During translocation, the oligosaccharyltransferase (OST) can
1007  glycosylate proteins before these are folded. When N-glycans are attached at the flanks of an APR,
1008  they shield this region from aggregation, leading to a glycosylated functional protein. However, the
1009  absence of N-glycosylation, specifically at the flanks of an APR, can lead to the misfolding and

1010  aggregation of the affected proteins.
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