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An N-glycosylation hotspot in immunoglobulin k light chains is associated with AL amyloidosis
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Abstract

Immunoglobulin light chain (AL) amyloidosis is caused by a small, minimally proliferating B
cell/plasma cell clone secreting a patient-unique, aggregation-prone, toxic light chain (LC). The
pathogenicity of LCs is encrypted in their sequence, yet molecular determinants of
amyloidogenesis are poorly understood.

Higher rates of N-glycosylation among clonal k LCs from patients with AL amyloidosis compared to
other monoclonal gammopathies indicate that this post-translational modification is associated
with a higher risk of developing AL amyloidosis.

Here, we exploited LC sequence information from previously published amyloidogenic and control
clonal LCs and from a series of 220 patients with AL amyloidosis or multiple myeloma followed at
our Institutions to define sequence and spatial features of N-glycosylation, combining
bioinformatics, biochemical, proteomics, structural and genetic analyses. We found peculiar
sequence and spatial pattern of N-glycosylation in amyloidogenic k LCs, with most of the N-
glycosylation sites laying in the framework region 3, particularly within the E strand, and consisting
mainly of the NFT sequon, setting them apart with respect to non-amyloidogenic clonal LCs.

Our data further support a potential role of N-glycosylation in determining the pathogenic
behavior of a subset of amyloidogenic LCs and may help refine current N-glycosylation-based

prognostic assessments for patients with monoclonal gammopathies.
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Main text

Introduction

Systemic immunoglobulin light chain (AL) amyloidosis, a prototypic monoclonal gammopathy of
clinical significance, is caused by a typically small, minimally proliferating, bone-marrow residing B
cell or plasma cell clone secreting a pathogenic light chain (LC), more commonly of the A isotype®.
Disease-associated, monoclonal immunoglobulin LCs are unstable, misfolds, and aggregate in the
forms of amyloid fibrils, which deposit in the extracellular space of target organs, leading to
cytotoxicity, progressive subversion of tissue architecture, and potentially fatal organ dysfunction®.
The amyloidogenicity of immunoglobulin LCs is believed to be encrypted, at least in part, in their
sequence, which is unique to each patient2'7. Yet, molecular determinants of LC misfolding and
aggregation are poorly understood.

Early anecdotal observations on individual LC sequences from patients with AL amyloidosis
displaying N-glycosylation suggested a potential role of this post-translational modification in

813 Recently, using mass spectrometry (MS) on

determining amyloidogenicity, particularly for k LCs
immunoprecipitated serum free LCs (MASS-FIX), investigators at the Mayo Clinic have
demonstrated that 16.7-33% of clonal k LCs among patients with AL amyloidosis are N-
glycosylated, as opposed to 3.7% of clonal k LCs of patients with other monoclonal

1417 Also, N-glycosylation of clonal LCs could be detected at the stage of

gammopathies
monoclonal gammopathy of undetermined significance (MGUS) or smoldering multiple myeloma
(MM), years before the subsequent diagnosis of AL amyloidosis*®. Moreover, a study based on

bulk and single-cell RNA sequencing of primary, patient-derived plasma cells has shown that

transcriptional programs related to protein N-linked glycosylation are selectively upregulated in
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ALY, Collectively, these observations point towards a potential contribution of N-glycosylation in
influencing the amyloidogenicity of a subset of patients with AL amyloidosis.

In the present study, we exploited LC sequence information from previously published
amyloidogenic and control clonal LCs, as well as from a series of 220 newly-sequenced patients
with AL amyloidosis or MM followed at our Institutions, to study sequence and spatial features of
N-glycosylation, combining bioinformatics analyses with biochemical, proteomics, structural and
genetic investigations. We found peculiar sequence and spatial features of N-glycosylation in
amyloidogenic k LCs, further supporting a potential role of N-glycosylation in determining the
pathogenic behavior of a subset of these proteins and possibly refining current N-glycosylation-

based prognostic assessments.
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Materials and methods

Ethical statements

Clinical records and biological samples were from subjects referred to the Italian Amyloid Center
or to the Department of Hematology, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy and to
the University Hospital of Navarra, Pamplona, Spain for a diagnostic workout in the suspicion of
systemic AL amyloidosis or MM. Per the Declaration of Helsinki, all patients gave their written
informed consent for the use of their clinical data and biological samples for research purposes,

and this study was approved by the local Institutional Review Board.

In silico prediction of N-glycosylation of immunoglobulin LCs

Nucleotide sequences from published literature or obtained in this study (as detailed in
Supplementary Information) were translated in silico with the Sequence Manipulation Suite (SMS)

tool (https://www.bioinformatics.org/sms2/). Aminoacidic sequences in FASTA format were then

submitted to NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/), an online tool that employs

artificial neural networks that examine the sequence context of NXS/NXT sequons to predict N-

glycosylation sites in human proteins®’. Default parameters were employed.

Deglycosylation and Western blotting analysis

Urine proteins were digested with the PNGase F enzyme (NEB) according to the manufacturer’s
instructions. The enzyme was replaced with water for undigested control samples. Proteins were
then boiled in reducing sample buffer, separated by SDS-PAGE in 4-15% Mini-protean TGX precast
gels and electrotransferred onto 0.2um PVDF membranes (Bio-Rad). Immunoblotting was

performed using polyclonal rabbit antibody anti-human kappa LCs (DAKO, 1:13000) and polyclonal


https://www.bioinformatics.org/sms2/
http://www.cbs.dtu.dk/services/NetNGlyc/
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secondary swine antibody anti-rabbit immunoglobulins HRP (DAKO, 1:10000). Blots were then

developed by Immobilon Western chemiluminescent HRP substrate (Millipore).

Mass spectrometry

Urine proteins were digested with PNGase F glycerol-free enzyme (New England Biolabs), in non-
denaturant conditions. Undigested control samples were prepared as detailed above. After
reduction  with  dithiothreitoland  alkylation with iodoacetamide, samples  were
digested with trypsin, purified on tip C18, and analyzed using a Dionex Ultimate 3000 UHPLC
system coupled with a Q Exactive mass spectrometer (Thermo Fisher Scientific)?!. Protein
identification was obtained using the Proteome Discoverer software, version 2.0 (Thermo Fisher
Scientific). The search was performed against the human proteome database (Uniprot) plus the LC
sequence of interest. Enzymatic cleavage was set as full tryptic. Carbamidomethylation of
cysteines as static modification, cyclization of N-terminal Q residues to form pyroglutamate, and
deamidation of N residues was included as a dynamic modification. The presence of N-linked
glycosylation at specific amino acid positions was evaluated indirectly, by examining the urinary

tryptic digest at baseline and after PNGase F digestion for the presence of N deamidation.

Molecular Modeling

Multiple sequence alignments between the reference structure and the patient-derived sequences
were produced using ClustalOmega with standard settings. The primary alignment was then used
as input for secondary structure annotations (residues 1-107), which were produced using ESPript
3.0 in advanced mode. Mapping of the confirmed N-glycosylation sites onto the three-dimensional

architecture of immunoglobulin k LCs was carried out using the deposited structure of a
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noncovalent Bence-Jones k LC full dimer (PDB-ID:1B6D). Structural representations were produced

using Pymol.

Genomic analyses

Mutations resulting in a predicted N-glycosylation site and their corresponding genomic regions
were analyzed individually through ENSEMBL/GnomAD to verify the presence of candidate N-
glycosylation progenitor sites as previously defined?’. The region of interest of germline IGKV4-01
gene from Pt. 73 was amplified from peripheral blood using the following primers (5’-3": Fwd
primer: GCCACCATCAACTGCAAGTC, Rev primer: ATTTCCACCTTGGTCCCTTGG) and cycling
conditions: 30 sec at 98°C; 35 cycles with 10 sec at 98°C, 30 sec at 68°C and 30 sec at 72°C; 1 min
at 72°C. The obtained amplicon was analyzed through Sanger sequencing according to standard

protocols.

Statistical analyses

Performance of predicted N-glycosylation site (any glycosylation versus FR3-DE glycosylation)
within the k LCs as a prognostic factor for risk refinement has been evaluated by mean of the
Matthew Correlation Coefficient (MCC)*? using R statistical software version 3.6.1 and the mltools

package.
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Results

Sequence-based prediction of immunoglobulin LC N-glycosylation

N-glycosylation of proteins typically occurs on N-residues within NXS/T consensus sequences
(termed sequon, where N is asparagine, X is any residue, more commonly not a proline, S is serine
and T is threonine) in the presence of appropriate sequence context®®. We used NetNGlyc to
predict potential N-glycosylation sites within the variable region of LCs from previously published

72 A total of 835 variable region sequences were analyzed,

amyloidogenic and control LCs
including 597 amyloidogenic LCs (142 k and 455 A) and 238 control clonal LCs (127 k and 111 A)
from patients with non-AL plasma cell disorders, mainly MM.

Among amyloidogenic k LCs, NetNGlyc predicted the presence of at least one N-glycosylation site
in 44 out of 142 patients (31%) (Fig. 1A, Suppl. Fig. 1). No variable region sequence presented 2 or
more predicted sites.

We then investigated the spatial distribution of the predicted N-glycosylation sites and sequon
usage. Interestingly, considering the 44 amyloidogenic k LCs predicted to be N-glycosylated within
their variable region, the putative N-glycosylation site lay within the framework region 3 (FR3) in
36 cases (82%), mostly within the E strand (57%) and, to a less extent, within the D strand (25%)
(Fig. 1A). Also, the putative N-glycosylation site was NFT in 22 (50%) of sequences. Of note, a
putative NFT site was invariably present within the E strand of FR3 (Fig. 1A).

Conversely, non-amyloidogenic, clonal k LC sequences from patients with other, non-AL plasma
cell disorders were predicted to be N-glycosylated only in 17 out of 127 cases (13%), with no
preferential spatial distribution or sequon usage (Fig. 1A, Suppl. Fig. 1).

Conversely, a predicted N-glycosylation site was seen only in 28 out of 455 (6%) amyloidogenic A

LC sequences, mainly laying within the CDR3 region and in clones derived from the IGLV2-14

8
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germline gene (Suppl. Fig 1, Suppl. Fig. 2A). A similar proportion of predicted N-glycosylation site
was present in non-amyloidogenic, clonal A LC sequences (Suppl. Fig 1, Suppl. Fig. 2A).

To validate these observations in an independent series of patients, we sequenced 220
consecutive patients with monoclonal gammopathies followed at our Institutions, including 119
patients with AL amyloidosis (n= 24 k and n= 95 A) and 101 patients with MM (n= 68 k and n= 33
A). Again, we used NetNGlyc to predict potential N-glycosylation sites within the variable region of
clonal LCs. Isotype (k versus A) restriction and germline gene usage were in line with the
expectations for AL amyloidosis and MM patients (Suppl. Fig. 3). Among patients with k-expressing
clones, NetNGlyc predicted the presence of one N-glycosylation site in 9 out of 24 patients with AL
amyloidosis (38%), in 7 cases (78%) within the E strand of FR3, and consisting of an NFT sequon in
4 (44%) cases (Fig. 1B). Conversely, a predicted N-glycosylation site was identified only in 5 out of
68 patients with MM expressing a k LC (7%), mostly outside of FR3. Among patients with A-
expressing clones, a predicted N-glycosylation site was seen only in 1 out of 95 patients with AL

amyloidosis (1%) and in 2 out of 33 patients with MM (6%) (Fig. 1B).

Biochemical and proteomics confirmation of N-glycosylation prediction

To verify the accuracy of NetNGlyc prediction, we analyzed urine samples from 95 patients
affected by AL amyloidosis or MM from our series (23 k and 72 A clones, of which 7 and 1
predicted to be N-glycosylated, respectively). Urinary proteins were digested with protein N-
glycosidase F (PNGase F), an amidase, which hydrolyses the bond between the innermost GIcNAc
and asparagine residues of glycoproteins with N-linked oligosaccharides, thus releasing the intact
oligosaccharides and leaving deamidated asparagine residues within proteins/peptideszs. Digested
urinary proteins were then analyzed by Western blotting. In this assay, unglycosylated LCs are

expected to migrate at the level corresponding to 25 kDa proteins, while N-glycosylated LCs
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migrate as a >25-KDa band. Both clonal LCs (Bence Jones proteins) and polyclonal LCs can be
detected, the latter being more abundant in patients with glomerular damage and substantial
proteinuria, as in the case of amyloid renal involvement. Therefore, in the case of patients with
substantial proteinuria and detection of multiple bands with Western blotting on urine samples at
diagnosis, we also analyzed samples at the time of achievement of a hematologic response after
chemotherapy, whenever available, to better discriminate between clonal and polyclonal LCs,
considering the therapy-induced reduction of clonal LCs. In all cases, undigested urinary protein
samples were analyzed as controls. Interestingly, a shift in electrophoretic mobility upon PNGase F
digestion, indicative of the presence of an N-linked glycan, was seen in 8 out of 8 cases (100%)
with a predicted N-glycosylation site, and in none of the 87 cases (0%) lacking a predicted N-
glycosylation site (Fig. 2A). Thus, these biochemical analyses confirmed the accuracy of NetNGlyc
prediction.

To further verify that the N-glycosylation occurred at the identified sequon within the FR3 region,
among AL patients with an N-glycosylated clonal k LC, we selected one case lacking amyloid renal
involvement and clinically significant proteinuria (patient 24), to minimize the amount of non-
clonal k LCs (and other proteins) within the urine sample. The clonal k LC sequence of this patient
displayed three asparagine residues (N34, N37, and N90, with N90 lying in the FR3 region, being
part of the NIS sequon and predicted to be glycosylated). To account for the possibility of
spontaneous deamidation of asparagine residues®’, we split the urine sample into two parts, one
undergoing PNGase F digestion, while the other being exposed to the same buffer and same
incubation conditions, yet lacking the enzyme. Urinary proteins from patient 24 with or without
enzyme were then analyzed with MS. Of note, in both samples the clonal k LC sequence was the
protein with the highest sequence coverage (99% in both cases), with multiple peptides, including

peptides spanning all three CDRs (Fig. 2B). We then compared deamidation in all three available N

10
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residues within the clonal k LC sequence in undigested and PNGase F-digested urine samples.
Interestingly, only N90 of the NIS sequon showed a substantial increase in deamidation upon
PNGase F digestion (Fig. 2B).

Collectively, these results are in agreement with the N-glycosylation occurring at the expected
sequon of the clonal LC sequence, as predicted by NetNGlyc, and corroborate the observation of
an N-glycosylation hotspot in amyloidogenic k LCs. For the subsequent analyses, we, therefore,

focused on k LCs.

Progenitor glycosylation sites, rather than genomic variants, explain the N-glycosylation hotspot
in amyloidogenic k LCs

As germline IGKV genes (and allelic variants thereof) do not encode for any sequon, it has been
suggested that the presence of a sequon in expressed k LCs be the result of somatic

%2 This process has been proposed to occur particularly at the level of specific

hypermutation
sites, termed progenitor glycosylation sites, laying mainly within the CDRs and within the DE loop,
where one single base pair substitution would suffice to introduce a putative N-glycosylation site™
22 |n this context, the potential contribution of rare, germline-encoded single-nucleotide variants
in the generation of sequons within immunoglobulin k LCs has remained unaddressed.

We first compared the 51 amyloidogenic k LC sequences predicted to be N-glycosylated with
available nucleotide sequence information (42 previously published sequences and 9 from our
series) with their corresponding germline gene/allele and verified that in 32 cases (63%) the
predicted N-glycosylation was indeed the actualization of a progenitor glycosylation site, occurring
as a result of a single nucleotide substitution®®. Two, three, or four nucleotide substitutions were

seen in 15, 2, and 2 cases, respectively. Of note, in all the 51 sequences, the observed nucleotidic

mutation(s) resulted in the acquisition of an N residue in the context of an NXS/T sequon (Fig. 3A).

11
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We then exploited the availability of genomic sequence information from the Genome
Aggregation Database (gnomAD)28 to verify the occurrence, within the general population, of
nucleotide substitutions leading to the acquisition of an N residue in the context of an NXS/T
sequon which we had identified in amyloidogenic k LC sequences.

Out of 51 sequences, there were 32 unique nucleotide substitutions. Of these, 15 were annotated
as potential single nucleotide polymorphisms (SNPs) in GnomAD, with sequence information
available from a median of 244,818 alleles (interquartile range, IQR: 196,845 - 246,071 alleles) (Fig.
3A). Ten of these SNPs were identified in only 1-3 alleles out of a median of 245,301 alleles, thus
qualifying as ultra-rare variants®.

Considering the 9 amyloidogenic k LC sequences from our series, for which we had access to
genomic DNA, only the clonal k LC sequence identified in patient 73 contained an SNP
(rs748402676, within the IGKV4-1 gene), which was observed in only 3 out of 244,651 alleles (2
from Latino/admixed American and 1 from European non-Finnish individuals) within the GnomAD
dataset. To verify if this SNP associated with the formation of the N-glycosylation site in patient 73
was present already at the genomic level, we sequenced this region of the IGKV4-1 gene in gDNA
from the peripheral blood of patient 73. Of note, Sanger sequencing confirmed the lack of this SNP
within gDNA from this patient (Fig. 3B). Overall, these data support the idea that somatic
hypermutation in the context of progenitor glycosylation sites, rather than ultra-rare genomic

variants, is responsible for the N-glycosylation hotspot in amyloidogenic k LCs.

The structural context of N-glycosylation in amyloidogenic k LCs
To gain insight into the structural context of the observed N-glycosylation of amyloidogenic k LCs,
we used the available structure of a full dimer of a Bence-Jones k LC with accession number 1B6D

in the Protein Data Bank®®. Guided by multiple primary sequence alignment between 1B6D and

12



284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

the patient-derived amyloidogenic k LC sequences confirmed, in this work, to be N-glycosylated
within the DE loop, we mapped the N-glycosylation sites onto the three-dimensional structure
(Fig. 4). The exact position of the glycosylated N residue is variable in the seven sequences: four k
LCs are N-glycosylated in position 88 (according to IMGT numbering), two in 86, and one in
position 90; in all cases, the glycosylated N is mapping on the beta-strand E. We then inspected
the other patient-derived sequences, predicted to be N-glycosylated, and mapped representative
ones onto the same structural model (Suppl. Fig. 4). In this larger set of sequences, the position of
the N-glycosylation is more variable. Overall, we observed the involvement of three different
immunoglobulin regions (FR1, CDR1, FR3), all located on the solvent-exposed surface of the
variable domain (strands B, D, E, and hypervariable loop 1), thus not directly affecting the

monomer-monomer interface in the context of the full dimeric protein.

Prognostic significance of N-glycosylation site mapping within k LCs

In light of our observations, we asked whether incorporating the knowledge of the spatial
distribution of the predicted N-glycosylation site may refine risk prediction. To this aim, we first
merged LC sequence information from patients with AL amyloidosis and non-AL, clonal plasma cell
disorders coming from published literature and the present study. We then used the presence of a
putative N-glycosylation site at any position within the clonal k LC or specifically within the FR3
region to classify the clonal k LC as potentially amyloidogenic or not. We then applied this rule to
our cohort of merged sequences, defined each sequence as true or false positive and true or false
negative based on the presence or absence of the predictor and the corresponding clinical
category, and we computed the Matthews Correlation Coefficient (MCC). Of note, incorporating
the knowledge of the spatial distribution of the putative N-glycosylation site led to an increase in

positive predictive rate from 0.71 to 0.83 and MCC from 0.25 to 0.30 (Fig. 5). Collectively, these

13
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data indicate a distinctive sequence and regional distribution of N-glycosylation site among

amyloidogenic k LCs which can be exploited to identify clonal k LCs more likely to be associated

with AL amyloidosis.
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Discussion

In this study, we identified a novel N-glycosylation hotspot in immunoglobulin k LCs that are
associated with AL amyloidosis. Our data suggest that somatic hypermutations in the context of
progenitor glycosylation sites within the FR3 region are the main determinants of k LC
glycosylation. The knowledge of the spatial distribution of the putative N-glycosylation site leads
to an increase in the positive predictive rate of the amyloidogenicity of the sequence of a clonal k
LC. This may improve the capability to detect dangerous k LCs and achieve early diagnosis that still
represents an unmet need.

The addition of N-glycans to proteins influences their folding, molecular trafficking, and binding
properties and N-glycosylated proteins are crucially involved in multiple physiological functions,
including cell adhesion, receptor activation, signal transduction, and endocytosis31' 32,

The most abundant glycoproteins in human serum are represented by immunoglobulins33. Besides
the well-characterized, germline gene-encoded N-glycosylation site within the constant region of
immunoglobulin heavy chains, which imparts effector functions like binding to Fc receptors34' >
immunoglobulin heavy and LCs can occasionally display an N-glycosylation site within their

22, 36, 37

variable region as a result of somatic hypermutation during affinity maturation . N-glycans

within the immunoglobulin variable region impact antibody stability and affinity, thus forming an
additional layer of diversification within the antibody repertoire®* *.

The acquisition of potential N-glycosylation sites in the immunoglobulin variable region through
somatic hypermutation is a distinctive feature of follicular lymphoma and has been reported also

in subsets of Burkitt’s lymphoma and diffuse large B cell lymphoma®®*?

. In this setting, it has been
proposed that N-glycans of tumor-associated surface immunoglobulins form a bridge with

microenvironmental lectins, thus providing persistent activating signals to tumor cells***. The
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potential pathogenic role of N-glycosylation in the immunoglobulin variable region in other clinical
settings is less well understood.

946 |t was

N-glycosylation has been long suspected to be a determinant of kK LC amyloidogenicity
suggested that N-glycosylation may support fibril formation by improving binding capacity at
extracellular matrix sites (therefore creating favorable fibrillogenic conditions), by altering intrinsic
protein characteristics (such as protein solvation), and posing steric hindrance or protection from

4. % The latest hypothesis is further supported by a

protease degradation during clearance
recently reported structure of a A LC ex vivo fibril®, carrying different post-translational
modifications, including N-glycosylation. In this study, it was observed that the glycosylation sites
are exposed on the surface of both the fibrillar and native form of the protein, as for our k models
for LC. It is believed that such modification, in the case of the A fibril, contributes to determining
the overall fold and fibrillar morphology, at the same time making the amyloid more resistant to
proteolytic degradation49.

Recent clinical observations have renewed the interest in N-glycosylation of monoclonal LCs,
particularly of the k type: 1) The increased prevalence of N-glycosylation among k monoclonal LCs
from patients with AL amyloidosis compared to patients with other plasma cell disorders™® ®; 2)
the notion that N-glycosylation of monoclonal LCs is an independent and potent risk factor of
MGUS progression towards a symptomatic plasma cell disorder, particularly AL amyloidosis®; 3)
the fact that N-glycosylation of monoclonal LCs predates the onset of symptomatic AL amyloidosis
by years and is present already at the stage of MGUS or smoldering MM™. Indeed, the
International Myeloma Working Group has recently warranted further investigations to clarify the
relationship and implications of N-linked glycosylation and AL amyloidosis>’.

By combining sequence information in our patient population and from previous patients’ series

with bioinformatic analyses, we have found that a substantial proportion of amyloidogenic k LC
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sequences display a predicted N-glycosylation motif (NXS/T). Moreover, and somewhat
unexpectedly, we found that such motif is mostly located within a specific region of the k LC
variable region (that is in strand E or D, within FR3) and displays an NFT motif in about half the
cases. Structural analyses confirmed that the N-glycosylation sites experimentally verified in this
work are exposed at the surface of the LC monomer and map on a region not involved in dimer
formation. This holds also for the larger set of amyloidogenic k LCs from public repositories which
were predicted to be N-glycosylated. Thus, structural analysis suggests that N-glycosylation should
not affect the formation of the dimer interface and more in general the dimer assembly.
Importantly, biochemical and proteomic analyses have confirmed the accuracy of N-glycosylation
prediction, demonstrating altered electrophoretic mobility +/- the appearance of N deamidation
upon PNGase F digestion of Bence Jones proteins from AL patients with a predicted N-glycosylated
monoclonal LC. The recognition of a specific spatial and sequence preference of the N-
glycosylation site in a significant proportion of amyloidogenic k LCs suggests a potential
pathogenic effect of this post-translational modification.

From a biochemical and biophysical point of view, a growing body of evidence indicates that LC
amyloidogenicity correlates with several biophysical properties, including reduced
thermodynamic/kinetic stability and protein dynamics. Moreover, beta strands D and E are one
hotspot for those mutations and modifications that contribute to altered protein stability and
subsequent variation of aggregation propensity”* .

The addition of a sugar moiety to the side chain of key surface residues such as asparagine could
contribute to the destabilization of the native state of the LC, therefore promoting protein
misfolding, while offering extra charged binding surfaces that would create a localized

accumulation of the modified LCs, favoring aggregation.
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On the other hand, glycans are bulky, highly flexible, and soluble molecules. Thus, compared to
the un-glycosylated counterpart, a glycosylated protein displays an increased steric hindrance and
solubility, properties that are regarded as protective against protein aggregation and/or
degradation. For example, in polymerogenic proteins such as serpins, N-glycosylation is protective

®1.82 Fyrther studies investigating the possible effect

against the formation of pathologic polymers
of the presence, sequence, and localization of an N-glycosylation site on LC pathogenicity are
warranted.

Different from amyloidogenic k LCs, monoclonal k LCs associated with other plasma cell disorders
display a lower prevalence of predicted N-glycosylation sites and lack a preferential spatial
distribution or sequon usage. Should this observation be further supported by the analysis of a
higher number of sequences, this would imply that incorporating the knowledge of the spatial

distribution of the predicted N-glycosylation site may refine risk prediction of an N-glycosylated

clonal k LC sequence towards AL.
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Figure legends

Figure 1. Sequence and spatial features of predicted N-glycosylation of amyloidogenic and non-
amyloidogenic clonal k light chains.

The pie chart shows the percentage of known amyloidogenic (AL) and non-amyloidogenic (Non-AL)
clonal « light chains predicted to be N-glycosylated by NetNGlyc (in A from published literature
and in B from this study). Numbers (N) of unglycosylated (Unglyc) and N-glycosylated (N-glyc)
sequences are indicated. The exact location of the N residue predicted to be glycosylated and the
sequon type (NXS/T) are displayed in the heatmaps (each row denotes one sequence/patient). The
corresponding germline gene is indicated with a color code. FR: framework region; CDR:

complementarity determining region; J: J region.

Figure 2. Biochemical and proteomics confirmation of N-glycosylation prediction in
amyloidogenic k light chains.

A Western blot analysis of urinary kappa light chains from AL patients (Pt.) without (top) or
without renal involvement (bottom) at diagnosis or at the time of very good partial response to
therapy (VGPR), before (-) or after (+) digestion with protein N-glycosidase F (PNGase F). Red,
yellow and blue lines indicate molecular weight markers of 25 kDa, 20 kDa, and 15 kDa,
respectively. Arrow indicates >25 kDa band. Predicted N-glycosylation status (YES/NO) according
to NetNGlyc is indicated. The heatmap below blot images indicates (in shades of blue) the
differential light chain (dFLC) concentration (in milligrams, mg, per liter, L) at the time of urine
collection. B Liquid chromatography and tandem mass spectrometry in urine from patient 24, with
a clonal amyloidogenic k light chain of the IGKV2-28 gene, before (-) or after (+) digestion with

protein PNGase F. Physical distribution and absolute number (in shades of grey) of peptide ions

27



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

mapping against the clonal light chain sequence (protein sequence predicted based on the
nucleotide sequence). A indicates a deamidated asparagine residue identified within a given

peptide at the indicated position.

Figure 3. Genomic versus somatic origin of the predicted N-glycosylation site in amyloidogenic k

light chains.

A, left: For clonal amyloidogenic k light chain sequences predicted to be N-glycosylated, the
nucleotide sequence of the three codons resulting in the NXS/T site and the resulting amino acid
residues (one-letter code) (Mutated sequence) are compared with the corresponding germline
gene (Germline sequence). Nucleotides in orange denote mutations in the clonal light chain gene
with respect to the corresponding germline gene which led to the generation of an NXS/T site
(also in orange). Nucleotides in bold or in italic denote additional non-synonymous or synonymous
mutations, respectively. The bar graph denotes the number of AL patients/sequences sharing an
identical sequence at the same location (occurrence). The location of the N-glycosylation site
within the variable region and the germline genes are indicated with a color code. A, right: For
unique nucleotide substitutions leading to the acquisition of an N residue in the context of an
NXS/T sequon within clonal amyloidogenic k light chains, the SNP ID (according to
dbSNP/GnomAD, NA if not annotated), the nucleotide change (denoted as Germ > Mut) and the
position on the chromosome (Chr.2) are indicated. The bar graph denotes the number of AL
patients with a nucleotide substitution corresponding to a specific SNP (occurrence). Germline
genes are indicated with a color code. For SNPs annotated in GhomAD, figures on the right of the
bar graph denote the number of mutant alleles out of the total number of sequenced alleles in
GnomAD. B Sequence alignment of part of IGKV4-1 gene from patient (Pt.) 73 as assessed with

Sanger sequencing (Sanger seq.) on genomic DNA (gDNA) from peripheral white blood cells (top
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sequence), and from the clonal k light chain (bottom sequence). Letters in bold indicate the region
encompassing the NFT site. The nucleotide in orange denotes mutation with respect to the

germline genes which led to the generation of the NFT site (also in orange).

Figure 4. Secondary structure analysis and structural mapping of N-glycosylation sites in

amyloidogenic k light chains.

Three-dimensional structure of model k light chain 1B6D. Single variable domain (left) and full light
chain dimer (right) are displayed in cartoon representation. The portion of FR3 interested by N-
glycosylation is highlighted in orange, and the most frequent N-glycosylation site is marked by the
asterisk. N-term and C-term indicate the N- and C- termini of the variable domain. V. and C,
denote the variable and the constant domain of each monomer of the light chain, respectively.
Only beta strands D, E, and B are labelled on the left for simplicity. The arrow refers to the 3-axis
rotation (x=-15°, y=50°, z=15°) applied to go from one view to the other. Structural representation

was produced using Pymol (Molecular Graphics System, Version 2.4.1, Schrédinger, LLC).

Figure 5. Prognostic significance of N-glycosylation site mapping within k light chains

Matthew Correlation Coefficient (MCC) considering the presence of N-glycosylation at any position
(Any N-glycosylation) or the presence of an N-glycosylation site-specifically at the D or E strand of
FR3 (FR3-DE N-Glycosylation) as a risk factor for amyloidogenicity of clonal k light chains. N-
glycosylation prediction is performed on known amyloidogenic (AL) and non-amyloidogenic (non-
AL) clonal k light chains based on NetNGlyc. True Positives (TP) were defined as AL k sequences for
which a N-glycosylation site was predicted (in any region or specifically in the FR3-DE region), False

Positives (FP) as non-AL sequences with a predicted N-glycosylation site, True Negatives (TN) and
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