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N-glycosylation as a eukaryotic protective mechanism

against protein aggregation

Ramon Duran-Romaiia'?, Bert Houben'?, Matthias De Vleeschouwer', Nikolaos Louros'?,
Matthew P. Wilson®, Gert Matthijs®, Joost Schymkowitz'>*, Frederic Rousseau

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 posttranslational modifica-
tions (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 biophysical
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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, espe-
cially 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 findings indicate that,
among its many molecular functions, N-glycosylation directly prevents protein aggregation in higher eukaryotes.

INTRODUCTION

The conversion of soluble functional proteins into structured aggre-
gates is triggered by short, generally hydrophobic, amino acid
stretches known as aggregation-prone regions (APRs) (I). Most
proteins contain one and usually several APRs. Around 20% of all
residues in globular proteins are predicted to reside within these re-
gions (2). In globular proteins, APRs are mostly buried inside the
hydrophobic core, preventing them from initiating aggregation (3).
However, under physiological stress or during translation and trans-
location, APRs are exposed to the solvent and are prone to aggre-
gate, requiring rigorous regulation by the cellular proteostasis
machinery (4, 5). Intrinsically disordered proteins have fewer and
more hydrophilic APRs as they lack the necessary hydrophobicity to
make a globular fold (6). Nevertheless, their APRs can be highly sus-
ceptible to aggregation since they are constantly exposed, which
may explain the prominent role of specific intrinsically disordered
proteins, such as tau and a-synuclein, in aggregation-related disor-
ders. Insoluble aggregates, from either globular or intrinsically dis-
ordered proteins, 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 aging, including Alzheimer’s and
Parkinson’s diseases (7, 8).

The evolutionary persistence of APRs is a result of their neces-
sity for protein stability, as the forces that drive aggregation, i.e.,
hydrophobicity and f sheet propensity, are also crucial for the fold-
ing of globular proteins (9). Nevertheless, throughout evolution,
the potency of APRs has been minimized by the presence of resi-
dues that suppress aggregation propensity, known as aggregation
gatekeepers (10). Specifically, charged amino acids (Arg, Lys, Asp,
and Glu) and proline (Pro) are enriched in the regions immedi-
ately flanking APRs, as they kinetically and thermodynamically
disfavor aggregation (2, 11-14). The introduction of charges generates
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repulsion forces that strongly reduce aggregation propensity, while
Pro is incompatible with the B strand conformations associated
with protein aggregation. Because of their antiaggregation proper-
ties, gatekeepers are essential to maintain the overall fitness of cells,
as they affect protein synthesis and degradation rates and can even
act as molecular signals to recruit chaperones to non-native states
(15, 16). Aggregation gatekeepers are evolutionarily conserved de-
spite destabilizing the native structure, showing that these residues
constitute a functional class specifically devoted to proteostasis
(17). Accordingly, mutations that remove gatekeeper residues are
more often associated with human diseases than neutral polymor-
phisms (18).

Many proteins are chemically 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 expected that protein co- and posttranslational modifi-
cations (herein referred to as PTMs) are gradually becoming associ-
ated with protein aggregation events. Several studies have shown
that PTMs can directly—or indirectly—increase or decrease the ag-
gregation potency of proteins associated with common aggregation
diseases (19-21). For example, phosphorylation interferes directly
with amyloid-p fibrillary structure maturation (22), whereas in tau
molecules, it reduces microtubule binding affinity, thus increasing
the concentration of soluble tau and resulting in later-stage aggrega-
tion (23). In recent years, the reversible O-N-acetylglucosamine
(GleNAc) modification has been shown to directly inhibit protein
aggregation in many neurodegenerative diseases and indirectly pro-
mote cytoprotection against a wide range of cellular stresses (24, 25).
Nevertheless, it is unclear whether other PTM types constitute a
general mechanism of aggregation prevention across proteomes.

The most abundant category of PTMs involves the enzymatic ad-
dition of functional groups to amino acid side chains, increasing
their size and chemical complexity. Many PTM types have chemical
properties reminiscent of gatekeeper residues as they often add bulk
chains—likely incompatible with P-aggregation—and charges—
potentially causing charge repulsion. Negatively charged residues
(Asp and Glu) have historically been used to mimic the phosphory-
lated state of proteins, as phosphorylation adds a negative charge to
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the amino acid side chain (26). Furthermore, positively charged
residues (Arg and Lys) are susceptible to many types of PTMs, such
as acetylation or methylation. For these reasons, we hypothesize that
PTMs could have been selected throughout evolution at the flanks
of APRs as an intrinsic factor to protect proteins against aggrega-
tion, thus expanding the current repertoire of aggregation gatekeep-
ers. In this work, we scanned the entire human proteome with a
widely used protein aggregation prediction algorithm, TANGO, to
analyze the frequency of the most abundant PTM types in APRs and
their surrounding residues. Our findings show that N-glycosylation
is enriched, is conserved, and commonly replaces unmodified gate-
keeper residues at these positions. Using biophysical assays on N-
glycosylated and unmodified aggregation-prone peptides, we show
that this modification mitigates aggregation in vitro through steric
hindrance. Analysis of the structural properties of proteins with
APRs flanked by N-glycosylation indicates a preferential association
with topologically complex domains that have a high aggregation
propensity. Last, reanalysis of proteomics data that measures
changes in protein solubility after treatment of mouse Neuro2a cells
with an N-glycosylation inhibitor shows the aggregation of specific
proteins.

RESULTS
While most PTM types are disfavored around APRs,
N-glycosylation is enriched
Unmodified aggregation gatekeepers (Arg, Lys, Asp, Glu, and Pro)
are enriched in the positions immediately surrounding APRs. At
least one of these amino acids is found within the three neighboring
residues—on either side—in more than 90% of all APRs identified
by TANGO (1, 2), a widely used protein aggregation predictor.
Therefore, to investigate the potential role of the most common
types of PTMs as aggregation gatekeepers, we calculated their rela-
tive enrichment in and around human APRs compared to the pro-
teome average (Fig. 1A). First, human proteins were scanned with
TANGO, which identified 84,537 APRs (TANGO score of >10 and
length of 5 to 15 residues). The three residues preceding and suc-
ceeding APRs were labeled as gatekeeping regions (GRs) and all
other residues as distal regions (DRs). GRs were further labeled as
GR1, GR2, or GR3 and as N terminus (N-ter) or C terminus (C-ter)
based on their relative position to the APRs. Next, PTM sites that
have been experimentally identified in human proteins were col-
lected from dbPTM (27) and the O-GlcNAcAtlas (28) and were
mapped to the dataset. Only PTM types with enough observations
to ensure accurate statistics were kept (at least 1200 sites), which
resulted in 17 PTM types across 571,759 unique sites (table S1).
Our findings show that PTMs, in general, are highly depleted in
APRs and GRs (Fig. 1, B and C), which means that most PTM types
occur more frequently in residues that are located far away from
APRs. This is expected as APRs are normally partially or completely
buried in the folded structure, while PTM sites must be solvent ac-
cessible to be recognized by their modifying enzyme (fig. S1) (29,
30). Another protein property that has been strongly associated with
the occurrence of PTMs is structure disorder (30). However, APRs
and their GRs are predominantly found in structured domains,
which could explain why PTM types that are often observed in
intrinsically disordered regions, such as phosphorylation or O-
glycosylation, are disfavored (fig. S2, A and B). Therefore, we re-
peated the analysis only with residues that are solvent accessible and
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hence more readily modified and/or with residues that are structur-
ally ordered. Nevertheless, similar enrichment patterns were ob-
served, suggesting that most PTM types are not intended to protect
APRs against aggregation (figs. S2C, S3, and S4). This is also the case
for O-GlcNAcylation, despite reports showing that this modifica-
tion markedly slows down the aggregation of specific proteins in-
volved in neurodegeneration, including tau and a-synuclein (24).
One reason for this is that O-GlcNAcylation protects against aggre-
gation in a limited set of proteins, so it may not be a general antiag-
gregation mechanism across proteins. In addition, most proteins in
which O-GlcNAcylation has been found to protect against aggrega-
tion are intrinsically disordered. Therefore, their aggregation is
mainly driven by hydrophilic regions with high  sheet propensity
(10), which are more difficult to identify by computational aggrega-
tion predictors (6).

In contrast to all other PTM types analyzed, N-glycosylation is
substantially enriched in APRs and GRs, especially at the N-terminal
side (Fig. 1C). Moreover, restricting the analysis only to exposed
and/or structurally ordered residues further increased this enrich-
ment (figs. S2C, S3, and S4).

N-glycosites flanking APRs are evolutionarily selected
N-glycosylation is one of the most common protein modifications
in eukaryotic cells. It occurs in nearly all proteins that enter the se-
cretory pathway (SP) and has essential roles in protein folding and
quality control (31, 32). The attachment of an N-glycan to an as-
paragine residue requires the recognition of a canonical sequence
motif or sequon (Asn-X-Thr/Ser, where X # Pro). This reaction is
catalyzed by an oligosaccharyltransferase (OST) on the luminal side
of the endoplasmic reticulum (ER), often cotranslationally.

Since TANGO is a sequence-based predictor, we assessed wheth-
er the enrichment detected above was an artifact stemming from the
Asn-X-Thr/Ser sequon being polar—and hence likely to be recog-
nized as a gatekeeper when it flanks an APR—instead of a biological
signal from the N-glycan. To check this, we compared the relative
enrichment of sequons in proteins that have been experimentally
determined to undergo N-glycosylation (SP glycosylated) to se-
quons that are either not glycosylated (SP nonglycosylated) or can-
not be glycosylated because of their subcellular location (non-SP).
An enrichment was only observed in APRs and GRs for glycosylated
sequons (Fig. 2A). This is highlighted in transmembrane proteins
from the SP, as only those sequons in domains predicted to be in the
extracellular or the lumenal side, and therefore can get glycosylated,
showed an enrichment in these regions (fig. S5, A and B). Moreover,
the enrichment was not present in sequons of artificial protein se-
quences that were randomly generated keeping the same amino acid
composition of SP proteins (SP randomized) or non-SP proteins
(non-SP randomized), further indicating that it does not arise from
sequence bias (Fig. 2A). Since the comparison between DRs, which
include the majority of residues in a protein, to GRs and APRs can
exaggerate the statistical significance of the enrichments, we repeat-
ed the analysis by focusing only on DRs that are 4 to 10 amino acids
away from the APRs. Despite this adjustment, glycosylated sequons
were still enriched N-terminally of APRs, and, overall, the enrich-
ment profiles of the different protein groups remained largely un-
changed (fig. S5C). Last, we observed similar enrichment patterns
when using a different aggregation predictor [CamSol (33); fig. S5D].
Together, these results indicate that the enrichment of glycosylated
sequons observed in APRs and GRs neither arises from a bias due to
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Fig. 1. Relative enrichment of different PTM types in APRs and GRs. (A) Flow chart illustrating the preparation of the dataset. (B) Bar plot showing the relative enrich-
ment (odds ratio) of all PTM sites in APRs, GRs, and DRs relative to the background (all protein regions). (C) Heatmap showing the relative enrichment for each of the 17
types of PTMs. Columns indicate the different protein regions, while rows show the PTM types. Rows are clustered on the basis of Pearson correlation as a distance mea-
sure. The number of observations for each PTM type can be found in table S1. Statistical significance was determined by Fisher’s exact test with false discovery rate cor-
rection [(B) and (C)]. Crosses and asterisks indicate that a region has a significantly lower (higher) frequency than the background. + and #P < 0.05, ++ and **P < 0.01, and

+++ and **#P < 0.001.

the sequon composition nor the choice of the aggregation predictor
and, instead, is a direct result of N-glycosylation. Calculating the
ratio between the relative enrichments of glycosylated sequons
against the relative enrichments of nonglycosylated sequons showed
that there are three regions under positive selective pressure to be
glycosylated, which we named enriched positions (EPs): GR2 N-ter,
GRI1 N-ter, and APR (Fig. 2B). There are 1155 N-glycosites in EPs
distributed in 858 unique proteins (14% of all SP proteins; Fig. 2C).
A list containing all human N-glycosites at EPs is provided in
table S2.

N-glycosylation efficiency is highly influenced by the primary
sequence context of glycosylation acceptor sites (34, 35). There-
fore, the specific sequence composition of APRs, GR2 N-ter, and
GR1 N-ter could favor glycosylation efficiency. That is, the strong
selection observed at EPs might arise from the OST binding pref-
erentially to them. To assess this, we predicted the glycosylation
efficiency of human N-glycosites using a model developed by
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Huang et al. (36). Briefly, the authors used site-directed saturation
mutagenesis to determine which residues improved or sup-
pressed N-glycosylation efficiency. On the basis of their model,
N-glycosites in EPs are predicted to have a slightly lower N-
glycosylation efficiency compared to other N-glycosites (Fig. 2D).
This suggests that sequence composition is not driving the over-
abundance of glycosylated sites in these regions and, thus, hints at
an actual shared functional role of N-glycosylation on these sites.
To corroborate this, we looked at the conservation of human se-
quons in a dataset of 100 mammalian species from the UCSC ge-
nome browser (37), as high conservation is commonly associated
with an essential biological function. Specifically, we analyzed
whether a canonical N-glycosylation motif was present in the dif-
ferent mammalian species at the exact positions that are aligned to
human sequons. As suspected, N-glycosites in EPs have higher
conservation compared to all other N-glycosites, as well as to non-
glycosylated sequons (Fig. 2E).
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Fig. 2. Functional assessment of N-glycosylation in APRs and GRs. (A) Heatmap showing the relative enrichment of finding a sequon in each region (columns) for different
groups of proteins (rows). Rows are clustered on the basis of Pearson correlation as a distance measure. The number of sequons observed in each group is indicated. (B) Ratio
between the relative enrichments of glycosylated sequons versus nonglycosylated sequons. (C) Fraction of known SP proteins with at least one N-glycosite in EPs (yellow), with
N-glycosites that are not in EPs (blue) or without N-glycosites (back). (D) Box plot showing the glycosylation efficiency of glycosylated sequons in EPs (yellow), rest of glycosyl-
ated sequons (blue), and nonglycosylated sequons (black) of human proteins. A.U., arbitrary units. (E) Box plot showing the conservation of human sequons in a set of 100
mammalian species for the same categories as (D). (F) Heatmap showing the relative enrichment of finding a sequon in each region (columns) for SP and non-SP proteins in five
different eukaryotic species. For all species, the enrichment profiles of SP proteins are clustered together, while the same is true for non-SP proteins. Rows are clustered on the
basis of Pearson correlation as a distance measure. The number of sequons observed in each group is indicated. Statistical significance was determined by Fisher’s exact test with
false discovery rate correction [(A) and (F)] or by unpaired Wilcoxon test with Bonferroni correction for multiple comparisons [(D) and (E)]. Crosses and asterisks in the heatmaps
indicate that a region has a significantly lower (higher) frequency than the background. + and *P < 0.05, ++ and **P < 0.01, and +++ and ***P < 0.001.

The N-glycosylation pathway in the ER is very conserved across
all eukaryotes (38, 39). Therefore, we next investigated whether a
similar enrichment pattern was present in other eukaryote model
organisms. Given that the number of experimentally verified N-
glycosites in nonhuman species is very low, we assumed all sequons
in SP proteins to be glycosylated. Notably, a similar enrichment
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pattern was found for sequons in SP proteins of other animals (Mus
musculus, Drosophila melanogaster, and Caenorhabditis elegans) and
plants (Arabidopsis thaliana), clustering together with the human SP
enrichment profile (Fig. 2F). Similarly, in these species, sequons of
proteins that cannot get glycosylated (non-SP) were not enriched at
EPs. For yeast (Saccharomyces cerevisiae), although its SP enrichment
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profile clustered together with the rest of SP profiles, no enrichment
was observed at these positions.

All of the above underlines a high selective pressure for N-
glycosites in EPs to be preserved in evolution, pointing to a similar
functional role for N-glycans in these sites in higher eukaryotes.
Since protein aggregation is generally detrimental for cells, we hy-
pothesized that N-glycosylation is selected in these positions to pro-
tect against aggregation. That is, this modification could be a previously
unrecognized class of aggregation gatekeeper.

N-glycosites flanking APRs behave as and replace
aggregation gatekeeper residues

The presence and number of unmodified gatekeeping residues (Arg,
Lys, Asp, Glu, and Pro) flanking an APR correlate strongly with its
aggregation propensity (40). To investigate whether N-glycosites
flanking APRs act as aggregation gatekeepers, we analyzed the ag-
gregation propensity (TANGO score) of APRs containing glycosyl-
ated and nonglycosylated sequons at EPs. We found that APRs
flanked by N-terminally glycosylated sequons at GR1 N-ter and
GR2 N-ter have significantly higher aggregation propensities than
those flanked by nonglycosylated sequons in the same positions
(Fig. 3A). However, despite having a higher aggregation propensity
on average, these APRs are flanked by significantly fewer unmodi-
fied gatekeeping residues (Fig. 3B). Moreover, while for nonglyco-
sylated sequons the number of unmodified gatekeepers increases
with APR strength, for glycosylated sequons the number remains
low and constant across different APR strength bins (fig. S6A). Since
unmodified gatekeeping residues are crucial to avoid aggregation,
especially for very strong APRs, these data suggest that N-glycans
are replacing them in these positions, thus potentially taking their
function as aggregation breakers. In contrast, glycosylated sequons
in GRs that are not under selective pressure (GR3 N-ter, GR1 C-ter,
GR2 C-ter, and GR3 C-ter) did not show a significant difference in
aggregation propensity or in the number of flanking unmodified
gatekeeping residues compared to nonglycosylated sequons (fig. S6,
B and C). Glycosylated sequons in APRs did not show a difference
in any of these analyses either (Fig. 3, A and B), despite being under
positive selective pressure. A possible explanation is that APRs com-
prise a much larger region (5 to 15 amino acids), which adds noise
to the analysis.

To gain more insight into the role of N-glycans as gatekeepers of
aggregation, we looked at the conservation of human glycosylated
and nonglycosylated sequons throughout mammalian evolution. In
particular, we focused on sequons at GR1 N-ter since this position
showed the highest enrichment and strongest selective pressure
when it is glycosylated (Fig. 2, A and B). Each sequon at GR1 N-ter
was mapped to the multiz100way dataset (37), a dataset containing
multiple sequence alignments of 100 mammalian species to the hu-
man genome. We then calculated the average number of unmodified
gatekeepers that are found aligned to the three residues upstream
and downstream of human APRs for orthologs in which the sequon
is present and orthologs for which it is absent. An example of this
can be seen for the N-glycosite at position 439 of the basal cell adhe-
sion molecule protein (BCAM; Fig. 3C). In agreement with our pre-
vious analyses, we found that when the sequon was conserved in
other species, it was usually flanked by only a small number of un-
modified gatekeepers (fewer than one on average; Fig. 3C). Howev-
er, the same regions had a higher number of unmodified gatekeepers
in BCAM orthologs for which the sequon was not conserved (more
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than two on average; Fig. 3C). Interestingly, this was a general obser-
vation for most N-glycosites at GR1 N-ter, even for those that were
next to very strong APRs (Fig. 3D). On the other hand, since nong-
lycosylated sequons are already protected by a high number of un-
modified gatekeepers, particularly in the case of strong APRs, their
absence in a species did not lead to a significant increase in these
residues around the APRs (Fig. 3D).

A similar observation was obtained when analyzing protein para-
logs, particularly the serpin superfamily of protease inhibitors. In hu-
mans, most serpins are classified into two clades: the extracellular
“clade A” and the intracellular “clade B” (41, 42). We found that many
extracellular serpins have a glycosylated sequon flanking a very strong
APR that is conserved in both clades (Fig. 3, E and F). However, in
intracellular serpins, this APR is flanked instead by one or more un-
modified gatekeeping residues, evidencing again an analogous func-
tion for N-glycans and unmodified gatekeepers (Fig. 3F).

N-glycosylation efficiently inhibits peptide aggregation in
vitro by steric hindrance

The bioinformatics analysis presented above hints at a protective
role of N-glycosylation against the aggregation of its cognate APRs.
To experimentally assess this, we measured the aggregation kinetics
and solubility of peptides with and without an N-glycan attached
(Fig. 4A). Short aggregating peptides were used instead of full pro-
teins to mimic exposed APRs and to ensure the interpretability of
our findings.

After an N-glycan precursor (GlcsManygGlcNAc,) is transferred
to a protein, it is processed in the ER by removal of the glucose
residues as part of the quality control process (31). Then, the protein
moves to the Golgi apparatus, where the carbohydrate is further
processed into an extensive array of mature and complex N-glycoforms
(fig. S7) (43). This raises the question whether there is a particular
glycoform that confers protection against aggregation or, instead, if
it is an intrinsic effect of all glycoforms. The genomes of higher eu-
karyotes encode two STT3 proteins (STT3A and STT3B), which
are the catalytic subunits of two distinct OST complexes (38). The
STT3A complex is associated with the protein translocation channel
and glycosylates the majority of sites as they emerge into the ER
lumen, while specific N-glycosites that are skipped by the STT3A
complex are modified posttranslationally by the STT3B complex.
That is, the addition of most N-glycans takes place, while a protein
is being translated and, therefore, before it folds (44). During this
time, an APR is exposed and at risk of engaging in non-native inter-
actions, such as aggregation. Therefore, we reasoned that this is the
most vulnerable time point in a protein lifespan—when it is most in
need of antiaggregation mechanisms—and decided to use the
ManyGIcNAc, (Mang) glycoform for our analyses, since it is the
minimal carbohydrate structure that can be found attached to na-
scent polypeptides during their folding and before they leave the ER
(fig. S7).

We analyzed 10 human APRs with a flanking N-glycosite (table
S$3). To investigate whether any structural constraints explain why
the enrichment in our previous analysis was only observed in the
N-terminal flank, we chose five APRs that were modified in the N-
terminal site and five in the C-terminal site. Mang variants for each
APR were compared to their unmodified versions. In addition,
GIcNAc versions of each peptide were made to determine whether a
much shorter N-glycan form can inhibit aggregation. All peptides in
a set were dissolved to a concentration in which the unmodified

50f 16

202 ‘60 111dy U BI080US 195 MMM,/:SANY WO | P3PE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

A B GR2N-ter | [ GRIN-ter || APR
[ GR2N-ter GR1 N-ter APR . o ns
5 100 40
< 03 6
Fnd —~ n=8 n=1 n=164
2 75 g8 3
S o
g o)
=3 ©
g_ £ 20
2 50 @
o 7}
= 10
g 25 |]
5 I
< 0 =
0{n=210 n=2m n=439 n=314 n=506 n=453 e
Number of unmodlﬁed gatekeepers ﬂankmg an APR
D Glycosylated sequon . Nonglycosylated sequon
|:| Glycosylated sequon . Nonglycosylated sequon
C APRin human BCAM protein D
(posmons 440_444) Low aggregation High aggregation
Human PVLSRTONETLLVQGSPELKT ] o propensity propensity
$ a ns *kk
Chimp PVLSRTQNETLLVQGSPELKT L < — —
: Orthologs T ¢ —_— —0s
Rhesus PVLSRTONETLLVQGLPELRA L  with g g 75 *kk * *kk ns
: r 1 r 1 r 1 r 1
Baboon PVLSRTQNETLLVQGLPELRA sequon 5 £ :
: c
Squirrel monkey ~ PVLSRTRNETLLVQGLPELKA TE 5o : . .
- Y n [
Bushbaby PLLSRTQSFELLVQGSPELRA g 5 :
aQ
Squirrel PFLSRVRSFKLLVQGSPELRA 39 -
L X .
Chinese hamster PLLSRTQSFQLLVEGPPEIKP 93
) Orthologs 2 g
Pig PLLSRTRSFKLLVQGPPELRA — without
i sequon 0.0
Sheep IVLSRTRSFRLLVQGTPELKA .
Glycosylated Non Glycosylated Non
| E Horse PLLSRTRSFKLLVEGPPEVKP
(n=181) glycosylated (n=149) glycosylated
Dog PLLSRTQSFRLLVQGBEQLRA _J (n=138) (n=59)
|:| Glycosylated sequon D Unmodified gatekeeper D Orthologs with sequon . Orthologs without sequon
E -~ F Serpin clade B Serpin clade A
N - (intracellular) (extracellular)
I A1AT SPB5_HUMAN INCKITELPFONKHLSMFILLPKDV ZPI_HUMAN  FRCHVLKLPYQGNSATMLVVIMEKM
” SPB7_HUMAN PSMKILELRYNGG-INMYVLLiPEN- SPA12_HUMAN LSCTILEIPYQKN=ITAIFILP-DE
F SPB11_HUMAN PQMQVLELPYVNNKLSMIILLPVGI ATAT_HUMAN LSSWVLLMKYLGNZATAIFFL{P-DE
N-ter /;q"‘.‘ SPB10_HUMAN PKAVGLQLYYKSRDLSLLILLPEDI ATATR_HUMAN LSSWVLAQHYVGN=ATAFFILP-DP
o~ N | /,\” SPB12_HUMAN VKAQILEMRYTKGKLSMFVLLPSHS SPA13_HUMAN LQCSVLRMDHAGN=TTTFFIFP-NR
N7
(5 B SPB3_HUMAN VQAKVLEIPYKGKDLSMIVLLPNEI SPA11_HUMAN LACTVLQIEYRGN-ALALLVLP-DP
= - SPB4_HUMAN VQAKVLEIPYKGKDLSMIVLLPNEI KAIN_HUMAN LPCSVLRMDYKGD-ATVFFILP-NQ
b SPB13_HUMAN LOAKILGIPYKNNDLSMFVLLPNDI CBG_HUMAN LPCQLVQMNYVGN=GTVFFILP-DK
a PAI2_HUMAN  LKAQILELPYAGD-VSMFLLLPDEI IPSP_HUMAN LSCRVVGVPYQGN=ATALFILP-SE
ILEU_HUMAN  LKCRVLELPYQGEELSMVILLPDDI AACT_HUMAN LSCTVVELKYTGNZASALFILP-DQ
SPB9_HUMAN VRAQLLELPYARKELSLLVLLPDDG THBG_HUMAN LNCTVLQOMDYSKN-ALALFVLP-KE
SPB6_HUMAN IFTQILVLPYVGKELNMIIMLPDET SPA9_HUMAN LNCFVLQMDYKGD-AVAFFVLP-SK
SPB8_HUMAN  VHTQVLELPYVEEELSMVILLPDDN ANGT_HUMAN DNFSVTQVPFTES-ACLLLIQPHYA
D Glycosylated sequon D Unmodified gatekeeper

Fig. 3. N-glycosites at EPs behave as aggregation gatekeepers. (A) Box plot showing the aggregation propensity (TANGO scores) of APRs that have glycosylated or
nonglycosylated sequons for each EP. (B) Distribution of the number of unmodified gatekeeper residues flanking (three positions upstream and downstream) strong APRs
that have glycosylated or nonglycosylated sequons for each EP. Strong APRs (TANGO score > 50) were used to ensure that a high evolutionary pressure is acting on the
APRs to mitigate their aggregation. (C) Subset of a multiple sequence alignment for the glycosylated site at position 439 of the BCAM protein. Glycosylated sequons and
unmodified gatekeepers that are flanking or within the aligned APR are indicated. The positions of the human APR in the alignment are colored in gray. (D) Box plot show-
ing the average number of unmodified gatekeepers flanking or within aligned APRs for all glycosylated and nonglycosylated human sequons at GR1 N-ter when these are
conserved (orthologs with sequon) or not (orthologs without sequon) in 100 mammalian species. APRs are divided into two categories: weak if the TANGO score is <50
or strong if the TANGO score is >50. Red dots indicate the values for the BCAM site shown in (C). (E) Example of a serpin structure (alpha-1 antitrypsin; A1AT) obtained from
AlphaFold. A1AT has an N-glycosite (orange) at the N-terminal flank of a very conserved APR (red). (F) Multiple sequence alignment showing the conserved APR (in gray)
for intracellular and extracellular serpins. N-glycosylated sequons or unmodified gatekeepers, three residues upstream of the APR, are highlighted. Statistical significance
was determined by unpaired Wilcoxon test with Bonferroni correction for multiple comparisons [(A) to (C)]. The number of glycosylated or nonglycosylated sequons in
each region is indicated. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant.
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Fig. 4. In vitro analysis of N-glycosylated peptides. (A) Schematic representation of the peptide variants and experimental design. An aggregation core is flanked by
either a nonglycosylated Asn (WT), GIcNAc, or Mang. (B and €) ThT binding (B) and pFTAA binding (C) kinetics of the SLNYLLYVSN peptide set (n = 3). Vehicle control fluo-
rescence is shown in purple. (D) ThT binding after incubation with 1 ul (500 U) of Endo H enzyme, which cleaves the bond between two GIcNAc subunits directly proximal
to the asparagine residue of the glycopeptide (n = 3). Vehicle control fluorescence is shown in purple. (E) Percentage of the concentration of peptide in the soluble fraction
after ultracentrifugation for the SLNYLLYVSN peptide set (n = 3). Unpaired t test was used to assess significance. (F) TEM images for the SLNYLLYVSN peptide set after q
days of incubation. (G) Combined results for all peptide sets. Peptides were classified on whether they showed or did not show kinetics based on ThT and pFTAA assays
(marked with ticks or crosses, respectively) and whether they formed or did not form fibrillar aggregates detectable by TEM imaging (marked with ticks or crosses, respec-
tively). (H) Percentage of soluble fraction for the charged residue variants [Asp (D), Glu (E), Lys (K), and Arg (R); n = 3]. Mang values were reused from (E). Unpaired t test was
used to assess significance against Man9. (1) Schematic representation of the structures of the different glycoforms analyzed. (J and K) Percentage of soluble fraction after
ultracentrifugation for the nonglycosylated and glycoforms versions of NISCLWVFK (J) and SLNYLLYVSN (K) peptide sets (n = 3). Nonglycosylated and Mang peptides
values were reused from fig. S10 and from (E). N represents biological replicates. Bars represent means and error bars SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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variant displayed dye-binding aggregation kinetics with Thioflavin-T
(ThT). The results for the peptide set derived from SLNYLLYVSN
are shown in Fig. 4, B to H. ThT-binding experiments revealed that
aggregates were formed by the nonglycosylated and GIcNAc pep-
tides, while for Mang, no fluorescent signal was observed (Fig. 4B).
Since ThT is positively charged, we also used an alternative amyloid
dye, the negatively charged pentameric formyl thiophene acetic acid
(pFTAA), to overcome cases of dye-specific failure based on charge
repulsion. Nevertheless, no pFTAA fluorescence signal was ob-
served for Many (Fig. 4C). Incubating the Mang peptide with Endo
H, an enzyme that catalyzes the conversion of Many into GIcNAc,
resulted in a strong ThT fluorescent signal (Fig. 4D), suggesting that
the Mang glycoform was inhibiting the aggregation of the peptide.
However, since Many is a huge molecule, its size could hinder the
binding of the fluorescent dyes to a potential aggregated structure.
To dismiss this possibility, we used an orthogonal assay that mea-
sures the concentration of soluble peptide left once the aggregation
reaction has reached an equilibrium. Briefly, peptides were incu-
bated for a week and then subjected to ultracentrifugation. End-
point solubility measurements of this peptide set showed that
Many substantially improved APR solubility compared to nonglyco-
sylated and GlcNAc peptides (Fig. 4E). We reached similar conclu-
sions by transmission electron microscopy (TEM) imaging where
no aggregated species were observed for the Mangy peptide, while
both nonglycosylated and GlcNAc peptides formed fibrillar aggre-
gated structures (Fig. 4F). Together, these results indicate that
Many strongly inhibits the formation of aggregates. The combined
results of the 10 APRs analyzed confirmed the generality of these
findings (Fig. 4G and figs. S8 to S16). Unexpectedly, while the com-
putational analysis showed selection only for N-glycosites at the
N-terminal flanks of APRs, the in vitro experiments revealed that
N-glycosylation can inhibit aggregation in both flanks. This indi-
cates that the preference for N-terminal flanks observed computa-
tionally does not arise from any APR-intrinsic structural constraint
and, therefore, other biological factors may be responsible (see
Discussion).

To investigate the differences between N-glycans with unmodi-
fied gatekeeper residues, we made peptides in which the modified
Asn residue was replaced by each of the four charged residues (Asp,
Glu, Arg, and Lys) since these are known to strongly oppose aggre-
gation. For the SLNYLLYVSN peptide set, Mang was more soluble
than all peptide versions with charged residues, apart from Glu
(Fig. 4H). Furthermore, in each APR set, Mang was as good or better
at improving the solubility of peptides compared to their charged
counterparts (figs. S8 to S16). This enhanced solubility could par-
tially explain why N-glycosylation is selected over unmodified gate-
keeping residues in some proteins.

While Mang showed complete or strong inhibition of aggrega-
tion in all peptide sets, GIcNAC’s capability of inhibiting aggregation
was substantially lower. Moreover, in some peptide sets, GIcNAc ac-
tually enhanced aggregation (Fig. 4 and fig. S16). Previous studies
have proposed that the large size and hydrophilicity of glycans pre-
vent the aggregation of protein pharmaceutical products through
steric hindrance (45, 46). Therefore, we hypothesized that the differ-
ence in size between the two glycoforms might be responsible for the
degree of inhibition observed. To assess this, we measured, in two of the
peptide sets, the solubility of four additional glycoforms: GlcNAc,,
ManGIcNAc, (Man), Man3GIcNAc, (Mans), and MangGIcNAc,
(Mang) (Fig. 4I). GlcNAc, GIcNAc;, and Man caused a minor and

Duran-Romana et al., Sci. Adv. 10, eadk8173 (2024) 31 January 2024

similar increase in solubility for the NISCLWVEFK peptide com-
pared to its unmodified version (Fig. 4]) and were actually found to
be more insoluble for the SLNYLLY VSN peptide (Fig. 4K). A pos-
sible explanation could be the presence of glycoform-specific inter-
actions, leading to stacking between the hydrophobic faces of sugars
or between aromatic residues and sugars of different peptides (47).
Conversely, Mane and Mang caused a substantial and size-dependent
increase in solubility in both peptide sets (Fig. 4, ] and K), support-
ing that steric hindrance may be the mechanism behind aggregation
inhibition. These results provide direct evidence that different glyco-
forms confer distinct levels of protection against aggregation. More-
over, the more potent inhibitory effect of Many on aggregation
supports the idea that N-glycan-mediated protection against aggre-
gation occurs before protein folding, since N-glycans are trimmed
in the Golgi once proteins leave the ER.

N-glycosylation protects against aggregation in

hard-to-fold proteins

Of all APRs in proteins that follow the SP, only around 7% are
flanked by N-glycans at EPs (Fig. 5A). Why do some APRs, or the
proteins bearing those APRs, require the extra level of protection
granted by N-glycosylation? To answer this, we built a random for-
est classifier that predicts which APRs are protected by N-glycans
using different features related to structural topology and aggrega-
tion, both at the APR and protein domain levels (see Methods). We
decided to use features of individual protein domains instead of fea-
tures from full proteins, as domains are independent evolutionary
units that often fold independently from each other (48). Domains
were extracted using CATH-Gene3D (49, 50). Since the number of
protected and unprotected APRs is quite different and random
forests are known to be sensitive to class imbalance, we trained two
different models with opposite resampling techniques. The relative
contact order of domains bearing the APRs was the most important
feature in both models (Fig. 5B and fig. S17A). The relative contact
order is a widely used metric to describe the complexity of a poly-
peptide fold as it measures the average sequence separation between
contacting residues in a protein structure, which has been shown to
correlate with folding times (51). When comparing domains with at
least one APR, those with an N-glycosite at EPs have a significantly
higher relative contact order (fig. S17B). Moreover, while high con-
tact order domains without protected APRs generally have lower
aggregation propensities, the ones with N-glycosites at EPs usually
contain much stronger APRs (Fig. 5C). Thus, N-glycosylation pro-
tects APRs of complex domains with overall high aggregation pro-
pensities. As expected, other parameters determined to be important
by both models were the solvent accessibility of APRs and the num-
ber of unmodified gatekeeping residues flanking them (Fig. 5B and
fig. $17, C and D). N-glycosylation constrains part of the APR to be
solvent accessible to avoid steric clashes, while from our previous
analyses, we know that N-glycosylation replaces unmodified gate-
keeping residues at EPs. The oxidizing environment of the ER allows
for the formation of disulfide bridges, which help stabilize the native
fold of SP proteins. Nevertheless, the number of disulfide bridges in
a domain had low importance in the prediction (Fig. 5B).

The high relative contact order observed in domains bearing
protected APRs could be indicative of an enrichment for a specific
fold topology, as most folds have lower contact orders than domains
with protected APRs (Fig. 5D). To investigate this, we looked at the
relative enrichment of protected APRs in different CATH domain
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Fig. 5. N-glycosylation protects against aggregation in hard-to-fold proteins. (A) A random forest classifier was built to predict which APRs in CATH domains are
protected (with an N-glycosite at an EP) or unprotected (all others). (B) Variable importance plot for the predictive model built using random undersampling. Higher val-
ues indicate that a variable is more important for the model. Domain-specific variables are highlighted in bold, while APR-specific variables are not highlighted. aa, amino
acid. (C) Left: Schematic representation and percentage of domains classified in three categories: with N-glycosites in EPs (yellow), with N-glycosites not in EPs (blue) and
without N-glycosites (black). APRs are colored in red. Right: A two-dimensional density plot showing the relative contact order and the maximum aggregation propensity
for domains in each category. (D) Average relative contact order of domains in each CATH architecture. The dotted line indicates the average value for domains containing
an N-glycosite at an EP. (E) Relative enrichment of finding a protected APR in each CATH architecture. The number of protected APRs present in each architecture is indi-
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proteins. (J) Fraction of UGGT substrates that have at least an N-glycosite in an EP compared to the same fraction in all glycoproteins. Statistical significance was deter-
mined by unpaired Wilcoxon test with Bonferroni correction for multiple comparisons (G and H). *##P < 0.001.
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architectures. As background, we used all SP protein domains with
at least one APR. There was a depletion of protected APRs in do-
main architectures of the class “Mainly alpha,” while domain archi-
tectures with more f sheet content were more abundant (Fig. 5E). In
particular, the “CATH 2.60” domain architecture, also known as p-
sandwich, was highly enriched and included the majority of N-
glycosites at EPs, which are distributed throughout the entire fold
(Fig. 5, E and F). p-sandwich domains are characterized by two op-
posing antiparallel § sheets and span a large number of fold super-
families, including the immunoglobulin-like fold, and it has been
linked to many neurodegenerative diseases associated with the for-
mation of protein aggregates (52, 53). Moreover, -sandwich domains
are frequently organized in linear arrays within multidomain pro-
teins, which have a higher risk of forming domain-swapped misfolded
species (54). A deeper analysis of B-sandwich domains showed that
those with N-glycosites at EPs have stronger and higher number of
APRs than the rest of f-sandwich domains, including other do-
mains that are also N-glycosylated (Fig. 5G and fig. S17E). Further-
more, B-sandwich domains containing APRs protected by N-glycans
are found in larger multidomain proteins, with, on average, five p-
sandwich domains per protein (Fig. 5H and fig. S17F).

N-glycosylation plays a crucial role in glycoprotein quality con-
trol (Fig. 5I), as it acts as the attachment site for the ER soluble and
membrane-bound lectin chaperones calreticulin and calnexin (31).
These chaperones have been shown to direct protein folding, reduce
aggregation, retain misfolded or immature proteins within the ER
and target aberrant proteins for degradation (55). Upon release
from the lectin chaperones, correctly folded proteins are transported
to the Golgi apparatus. However, nascent chains that are not properly
folded can be recognized by the protein folding sensor uridine
5’-diphosphate-glucose:glycoprotein glucosyltransferase (UGGT)
and then directed for rebinding to the lectin chaperones (56). That
is, UGGT substrates are prone to misfold and require multiple
rounds of chaperone binding. Recently, Adams et al. (57) identified
71 bona fide human UGGT substrates using quantitative proteomics
in human embryonic kidney-293 cells. Proteins containing N-
glycosites in EPs are significantly enriched in UGGT substrates
when compared to other glycoproteins (Fig. 5]).

Our findings show that the protection of APRs through N-
glycans is linked to biophysical properties that challenge protein
folding, such as structural complexity, a higher number of APRs,
and higher aggregation propensities. Moreover, this protection is
enriched in UGGT substrates, which require multiple rounds of
chaperone association to reach their native conformations. There-
fore, it appears that these sites are strongly correlated with folding
challenges, consistent with the idea that N-glycans mitigate aggrega-
tion before folding. In addition, the fact that most of domains that
require this antiaggregation mechanism have the same topology
suggests that their folding landscapes, populated by similar folding
intermediates (58), might have coevolved together with N-glycosylation
to avoid aggregation.

Absence of N-glycosylation Neuro2a cells specifically
increases protein aggregation

If N-glycosylation is a common mechanism against protein aggrega-
tion in eukaryotes, then its inhibition should affect protein solubility
across proteomes. Complete inhibition of N-glycosylation can be
accomplished with the small molecule tunicamycin, which blocks
the transfer of GlcNAc-phosphate to phosphorylated dolichol

Duran-Romana et al., Sci. Adv. 10, eadk8173 (2024) 31 January 2024

(Fig. 6A). In animal and plant cells, inhibition of N-glycosylation
with tunicamycin leads to misfolding and aggregation inside the ER
(59-61), triggering the unfolded protein response.

To investigate which particular glycoproteins aggregate in the
absence of N-glycosylation, we reanalyzed a proteomics dataset
from Sui et al. (62). Briefly, in this study, they measured the changes
in proteome solubility in the mouse Neuro2a cell line after treat-
ment with five different stresses, including tunicamycin. Our analy-
sis found that after treatment with tunicamycin, around 20% of the
proteins identified by tandem mass spectrometry (MS/MS) with an
N-glycosite at an EP are more insoluble (Fig. 6B and table S3). In the
majority of these aggregated proteins, the N-glycosite is located
within a f-sandwich domain (table S4). In contrast, just 10% of all
other N-glycoproteins are more insoluble. This suggests that the ab-
sence of N-glycosylation at EPs is more detrimental to protein solu-
bility compared to sites that are far from APRs. However, because of
the small number of proteins identified by MS/MS, the difference
between these two groups was not statistically significant (P = 0.31
by Fisher’s exact test). Expectedly, an even smaller percentage of
nonglycosylated ER proteins are more insoluble after tunicamycin
treatment. When looking at proteins that are more soluble after
treatment with tunicamycin, no enrichment was found for proteins
with an N-glycosite at an EP (Fig. 6B). The same analysis was per-
formed by looking at the solubility changes under the other four
stresses. However, none of these affected the solubility of proteins
identified with an N-glycosite in an EP (Fig. 6, C to F). Together,
these results suggest that inhibiting N-glycosylation leads to a de-
crease in protein solubility, especially in proteins where N-glycans
act as aggregation gatekeepers (Fig. 6G).

DISCUSSION

Our work demonstrates that N-glycans are enriched, are highly con-
served, and commonly replace unmodified gatekeeper residues in
sequence segments with an intrinsic capacity to aggregate, here re-
ferred to as APRs, in nearly a thousand human proteins. In addition,
we show that N-glycans suppress the aggregation of APRs in vitro
and that their inhibition in mouse Neuro2a cells leads to a specific
aggregation of newly made proteins. Together, these findings sug-
gest that, among its many molecular functions, N-glycosylation
constitutes a functional mechanism directly dedicated to the control
of protein aggregation in eukaryotes.

Many studies have shown that N-glycosylation prevents the ag-
gregation of glycoproteins in cells through diverse indirect molecu-
lar mechanisms. For example, N-glycans can affect the folding
process by restricting the conformational entropy of the unfolded
protein and stabilizing specific secondary structural elements, pre-
venting the formation of folding intermediates prone to aggregate
(55, 63). Moreover, the association of glycoproteins with ER lectin
chaperones increases folding efficiency while decreasing aggrega-
tion propensity (55). Direct inhibition of aggregation by N-glycans
has also been described, particularly in recombinant therapeutic
proteins (64). For the production of therapeutic antibodies, such as
bevacizumab, N-glycosylation sites have been engineered near
APRs to mitigate aggregation (65). However, the conditions in
which biotherapeutics are produced are far from those found in
cells, as often these proteins are manufactured and stored at very
high concentrations for extended periods of time. Instead, our work
points to a widely conserved cellular strategy in which N-glycans
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Fig. 6. Absence of N-glycosylation in Neuro2a cells specifically increases protein aggregation. (A) A simplified overview of the process of glycan precursor synthesis.
Tunicamycin (in red) completely blocks the enzymatic activity of UDP-N-acetylglucosamine—dolichyl-phosphate N-acetylglucosaminephosphotransferase (encoded by
ALG?7), eliminating the production of all glycan precursors and the complete inhibition of N-glycosylation. (B to F) Percentage of proteins that are enriched in the insoluble
or soluble fraction in each protein group after ER stress (B), treatment with a proteasome inhibitor (C), treatment with an HSP70 inhibitor (D), treatment with an HSP90
inhibitor (E), or oxidative stress (F) relative to the number of proteins identified by MS in each protein group (background). The total number of proteins (background) in
each group and stress is indicated. (G) During translocation, the OST can glycosylate proteins before these are folded. When N-glycans are attached at the flanks of an APR,
they shield this region from aggregation, leading to a glycosylated functional protein. However, the absence of N-glycosylation, specifically at the flanks of an APR, can
lead to misfolding and aggregation of the affected proteins. The ultrastructure of these aggregates (amorphous or fibrillar) is not yet known.
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directly hinder the formation of aggregates during folding under
physiological conditions.

An unexpected result from our computational analysis is that
only N-glycans located in the N-terminal flanks of APRs are en-
riched and under selection and share similar features to unmodified
gatekeeper residues (Figs. 2 and 3). However, placing N-glycans on
either side of APRs in vitro strongly suppresses their aggregation
(Fig. 4). Since most N-glycans are cotranslationally attached to pro-
teins by STT3A, it appears possible that the preferential addition of
this modification to the N-terminal flanks is coupled with transla-
tion. It has been proposed that the initiation of aggregation may oc-
cur within polysomes, where identical unfolded nascent chains
reach high local concentrations (10, 66). Under this framework, N-
glycosylating the N-terminal side of an APR will immediately shield
it from potential cotranslational non-native interactions, including
aggregation, as this side is translated before the rest of the APR
sequence. Consistent with this hypothesis, previously identified hu-
man STT3B-dependent N-glycosites (67), which can only be at-
tached posttranslationally, are significantly depleted at EPs (fig. S18).
Moreover, overexpression of STT3B only partially rescues STT3A-
deficient cells, despite STT3B acting downstream of STT3A, which
enables it to glycosylate sites missed by STT3A (68). Eukaryotic spe-
cies lacking the STT3A ortholog, such as S. cerevisige, can only
perform N-glycosylation posttranslationally (69). Unlike the other
eukaryotic species analyzed, N-glycosites at EPs were found to be
depleted in yeast proteins (Fig. 2F). Despite all this circumstan-
tial evidence, future studies are required to determine whether
N-glycosylation is specifically suppressing aggregation during
translation.

One question remains: Why is N-glycosylation the only modifi-
cation found to broadly act as an aggregation gatekeeper? Although
we do not rule out that other PTM types not investigated here may
act as gatekeepers, the answer probably again lies in the cotransla-
tional nature of this modification. First, PTMs require acceptor sites
to be accessible to the modifying enzyme, precluding regions that
are buried or structurally too rigid when the protein is folded, such
as APRs and their GRs. The placement of N-glycosylation in bacte-
ria, which takes place posttranslationally, is restricted only to flexi-
ble segments (70). Therefore, coupling N-glycosylation with folding
increases the number of sites that can be modified. Second, during
folding, APRs are exposed and at risk of aggregation. Consequently,
protein folding exerts a dual selection pressure on the glycosylation
process (38). On the one hand, sites that destabilize the native struc-
ture are under negative selection (71), while sites that optimize
folding, in this case, by reducing aggregation, are under positive se-
lection and are likely to become essential (Fig. 2E). An additional
consequence of this shift in the temporal sequence of maturation
events has been the coevolution of N-glycans with the ER chaperone
machinery, leading to a very specific quality control system for se-
cretory and membrane glycoproteins (38). Recently, a similar coad-
aptation process was described between chaperone specificity and
protein composition to explain the preference of heat shock 70 kDa
proteins (Hsp70s) for positively charged residues in bacteria (16).

We found a higher proportion of aggregated proteins with N-
glycans acting as gatekeeper residues compared to other glycopro-
teins after treatment of mouse Neuro2a cells with tunicamycin
(Fig. 6B). Tunicamycin treatment has been extensively used as
a model to mimic type I congenital disorders of glycosylation (CDG-I)
(72, 73). These are rare groups of metabolic diseases that affect
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specific sugar transferases and enzymes involved in the synthe-
sis and transfer of N-glycans, thus leading to the improper N-
glycosylation of proteins, which causes various symptoms potentially
affecting multiple organs (74, 75). It has been reported that sev-
eral CDG-I can lead to ER stress and activate the unfolded pro-
tein response due to misfolded hypoglycosylated proteins unable
to leave the ER (76). On the basis of our findings, we hypoth-
esize that the formation of protein aggregates resulting from a
loss of N-glycans may provide an additional molecular cause of
ER stress in CDGs and may contribute to the pathomechanism
of these disorders. Future efforts should be made to determine
whether there is a direct relationship between these genetic dis-
orders and protein aggregation.

METHODS

Human proteome dataset

The human proteome was obtained from UniProtKB/Swiss-Prot da-
tabase (reference proteome UP000005640; release 2022_02). The
dataset contains 19,379 proteins, after excluding sequences with
nonstandard amino acids (e.g., selenocysteine), sequences with <25
amino acids and those with >10,000 residues and after filtering at
90% sequence identity using the CD-hit algorithm (77). Signal pep-
tides and transmembrane domains were identified using deepTM-
HMM (78) and removed from the analyses to avoid biases. In
addition, deepTMHMM provides information about the overall to-
pology of the protein. Experimentally annotated protein PTM sites
were obtained from dbPTM (27) and from the GlcNAcAtlas (28)
and were mapped to the proteome. Only those PTM types with
more than 1200 sites were retained.

Information about protein subcellular location was extracted
from UniProt. Proteins known to reside in the ER, Golgi apparatus,
cell membrane, lysosomes, or extracellular space were labeled as
part of the SP. On the other hand, proteins known to reside in the
cytoplasm, nucleus, or mitochondria were labeled as part of the
non-SP. Proteins labeled both as SP and non-SP were excluded from
further analyses unless specified otherwise.

Structural information was added to the dataset for each protein
using the structures from the AlphaFold database (79, 80). Absolute
solvent accessibility values were calculated with DSSP based on
these structures (81, 82). Then, the relative solvent accessibility
(RSA) values were calculated by dividing the absolute solvent acces-
sibility values by residue-specific maximal accessibility values, as
extracted from Tien et al. (83). Residues with RSA values of <0.2
were labeled as buried. Disordered regions were identified using the
predicted local-distance difference test (pLDDT) score provided in
the AlphaFold models, as regions with low confidence scores have
been shown to overlap largely with intrinsically disorder regions
(84). Residues with pLDDT scores of <50 were labeled as structur-
ally disordered.

Protein aggregation prediction

APRs were predicted computationally using TANGO (I) under
physiological conditions (pH at 7.5, temperature at 298 K, protein
concentration at 1 mM, and ionic strength at 0.15 M). In this study,
APRs are defined as segments between 5 and 15 amino acids in
length, each with an aggregation score of at least 10. GRs are de-
fined as the three residues immediately downstream and upstream
of APRs. All other residues are defined as DRs. GRs were further
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labeled as GR1, GR2, or GR3 and as N-ter or C-ter based on their
position to the APR.

APRs were also identified with CamSol (33). CamSol calculates
an intrinsic solubility profile where regions with a score higher than
1 are highly soluble, while scores smaller than —1 are poorly soluble
(aggregation-prone). CamSol APRs are defined as segments between
5 and 15 amino acids in length, each with a solubility score smaller
than —1. GRs and DRs are defined in the same way as above.

Identification of sequons

All human proteins were scanned for N-glycosylation sequons
(Asn-X-Thr/Ser, where X # Pro). Sequons known to be experimen-
tally glycosylated based on dbPTM annotations were labeled as “SP
glycosylated,” regardless of their protein subcellular location. This
can include some mislabeled “non-SP” proteins. Sequons in pro-
teins from the SP without dbPTM annotations were labeled as “SP
nonglycosylated.” Sequons in proteins that do not follow the SP and
thus cannot be glycosylated were labeled as “non-SP”

Relative enrichment calculation

For all PTM types and sequons, the frequency in each region was
calculated by taking all experimentally defined PTM sites in APRs,
GRs, and DRs versus all sites that could receive a PTM in each region

E Number of PTM sites in a region for a specific PTM type
requency =
CARERY= Number of residues that could be modified in that region

For example, for serine phosphorylation

Number of phosphorylated serines in region

Frequency =
duency Number of serines in that region
The relative enrichment (odds ratio) was obtained by dividing
the frequency in each region by the frequency in the entire pro-
teome (background). To avoid biases, only proteins that contain
PTM sites are used as background.

Generation of randomized protein sequences

Two datasets with 5000 randomized protein sequences were built
with a custom R script using the amino acid sequence composition
and the average residue length as proteins from the SP (“SP random-
ized”) and proteins that do not follow the SP (“non-SP randomized”).

Eukaryotic proteome dataset
The proteomes of five other eukaryotic species were analyzed in the
same way as the human proteome and include representatives
from the animal [M. musculus (UP000000589), D. melanogaster
(UP000000803), and C. elegans (UP000001940)], plant [A. thaliana
(UP000006548)], and fungal [S. cerevisiae (UP000002311)] kingdom.
The relative enrichments of glycosylated and nonglycosylated se-
quons were determined for each eukaryotic species. However, since
experimentally identified N-glycosites for these organisms are scarce,
all sequons in SP proteins were considered glycosylated [unless to-
pological annotations by deepTMHMM (78) predicted the site to be
facing the cytoplasm, where glycosylation does not occur].

Sequon conservation analysis

The multiz100way (37) is a dataset containing multiple sequence
alignments of 100 mammalian species to the human genome (hg38).
Human N-glycosylation sequons (N-X-T/S, where X # P) were
mapped to this dataset to calculate their conservation. A human
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sequon is considered conserved in a species if in that species there is
an N-glycosylation canonical motif aligned to it.

Peptide set design

To construct a set of aggregating peptides with N-glycans at the
flanks, APRs were selected from the human proteome containing an
N-glycosylation site at the N-terminal or C-terminal flank. To fa-
cilitate accurate concentration determination of peptides through
absorbance measurements at 280 nm, only APRs containing Trp
and/or Tyr were considered. Twenty APRs were synthesized and
screened for ThT-binding kinetics, from which a final set of 10 APRs
was selected on the basis of their kinetic profile. Five of these se-
quences had the N-glycosylation site in the N-terminal, while the
other five were in the C-terminal. Seven variants for each peptide
sequence were produced: nonmodified (WT), GlcNAc, Many, and
each of the charged residues (D, E, K, and R). For two specific
peptide sets, four more variants were produced: GlcNAc,, Man,
Mans, and Mang.

Peptide aggregation kinetics

All peptides, except the GlcNAc,, Man, Mans, and Mang vari-
ants, were synthesized in-house using an Intavis Multipep RSi solid-
phase peptide synthesis robot. The complex glycoform peptide
variants were ordered from Chemitope Glycopeptide. Stocks were
then diluted to the appropriate peptide concentration in phosphate-
buffered saline with a final concentration of 5% dimethyl sulfoxide.
The concentration of each peptide set was selected on the basis of a
screening of ThT-binding kinetics to allow for a lag phase shorter
than 72 hours and longer than 2 hours. TCEP [tris(2-carboxyethyl)
phosphine, 1 mM] was included in solutions of peptides contain-
ing cysteine or methionine residues to disrupt disulfide bond for-
mation. For ThT- and pFTAA-binding kinetics, 10 pM ThT or
1 uM pFTAA was added to the peptide samples. Dye binding was
measured over time through excitation at 440 nm and emis-
sion at 480 and 520 nm, for ThT and pFTAA, respectively, in a
FLUOstar OMEGA.

For Endo H treatment, endoglycosidase H (500 U, 1 pl; New
England Biolabs, catalog no. P0702) was added to each of the
SLNYLLY VSN peptide samples. Aggregation kinetics were mea-
sured over time as above.

Endpoint solubility

For endpoint solubility concentrations, peptide preparations were
left at room temperature for a week at an initial concentration
equal to the one used in for aggregation kinetics. Peptides were sub-
sequently subjected to ultracentrifugation at 100,000g for 1 hour
at 4°C. Supernatant concentrations were measured using reversed-
phase high-performance liquid chromatography (RP-HPLC). Con-
centrations were measured with RP-HPLC instead of using
absorbance measurements at 280 nm since it is more accurate
for low concentrations.

TEM imaging

Peptide solutions were incubated for a week at room temperature at
the same concentrations of previous experiments. Suspensions
(5 pl) of each peptide solution were added on 400-mesh carbon-
coated copper grids, which were negatively stained using uranyl ac-
etate. Grids were examined with a JEM-1400 120-kV transmission
electron microscope.
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Machine learning

Allhuman APRs were classified as protected (with an N-glycosylation
site at an EP) and unprotected (all others).To predict which APRs
are protected by N-glycans, a random forest classifier (randomForest
R package, number of trees = 500, mtry = 3) was trained using
several features of the APRs (RSA, length, number of unmodified
gatekeepers, relative position within the domain, aggregation pro-
pensity, sequence disorder, and number of cysteines) and of the
protein domains bearing such APRs (contact order, length, num-
ber of APRs per 100 amino acids, and number of disulfide bonds
per 100 amino acids). Domain boundaries were extracted using
CATH-Gene3D (49, 50). Domains smaller than 25 residues, larger
than 500 residues or with transmembrane regions were filtered
out. The contact order for each domain was calculated as defined
by Plaxco et al. (51). The number of disulfide bonds was extracted
from UniProt. Since the number of observations in each class is
substantially different, random undersampling and random overs-
ampling (ROSE R package) were used to avoid biases. In random
undersampling, observations from the majority class are randomly
removed until a balanced class distribution is achieved. On the other
hand, in random oversampling using ROSE, observations from the
minority class are synthetically generated using a smoothed boot-
strap technique to match the number of instances in the majority
class. Feature importance was evaluated with the mean decrease ac-
curacy plot, which indicates how much accuracy the model loses
when excluding each variable.

Reanalysis of Neuro2a cells proteomics

Proteins that are significantly altered in solubility after treatment
with ER stress (tunicamycin), oxidative stress (arsenite), protea-
some inhibitor (MG132), HSP90 inhibitor (novobiocin), or HSP70
(Ver-155008) inhibitor were downloaded from Sui et al. (62).
The number of proteins that are more soluble or insoluble after
treatment with each stress in one of the following groups was deter-
mined: non-SP proteins (cytoplasmic proteins), SP without
N-glycosites, SP with N-glycosites not in EPs, and SP with
N-glycosites in EPs. Then, a percentage was calculated by dividing it
by the total number of proteins identified (MS/MS proteome) after
each stress in the different groups.

Statistics

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

Visualizations

Visualizations were performed with GraphPad prism or custom R
scripts using the packages ggplot2 (85) and ComplexHeatmap (86).
ChimeraX was used to visualize protein structures (87).

Supplementary Materials
This PDF file includes:

Figs.S1t0 S18

Tables S1,S3 and 54

Legend for table S2

Other Supplementary Material for this manuscript includes the following:
Table S2
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