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Light chain amyloidosis (AL) is a fatal disorder caused by extracellular aggregation of
monoclonal immunoglobulin light chains (LCs). While both A and k isotypes can be
involved, k-LCs account for only ~20% of cases, and their aggregation mechanisms
remain less understood. Recent evidence suggests that N-glycosylation influences k-
LC aggregation and is strongly linked to AL amyloidosis. To investigate this, we
examined patient-derived k-LCs in both glycosylated and unglycosylated forms. Mass
spectrometry confirmed the presence of complex-type N-glycans. Biophysical analyses
showed that glycosylation enhances structural compactness, stabilizes the native
structure, and promotes cooperative unfolding. Glycosylated k-LCs also exhibited
reduced conformational dynamics. Functionally, N-glycosylation significantly improved
LC secretion efficiency and extracellular stability. These findings suggest that N-
glycosylation acts as a protective factor against amyloid formation and enhances LC
accumulation outside the cell. Overall, our study highlights the multifaceted and
context-dependent role of N-glycosylation in modulating k-LC behaviour, with important
implications in AL pathogenesis.
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gg Summary
34 Light chain amyloidosis (AL) is a fatal disorder caused by extracellular aggregation of
22 monoclonal immunoglobulin light chains (LCs). While both A and k isotypes can be
37 involved, k-LCs account for only ~20% of cases, and their aggregation mechanisms
gg remain less understood. Recent evidence suggests that N-glycosylation influences k-
40 LC aggregation and is strongly linked to AL amyloidosis. To investigate this, we
j; examined patient-derived k-LCs in both glycosylated and unglycosylated forms. Mass
43 spectrometry confirmed the presence of complex-type N-glycans. Biophysical
44 analyses showed that glycosylation enhances structural compactness, stabilizes the
jg native structure, and promotes cooperative unfolding. Glycosylated k-LCs also
47 exhibited reduced conformational dynamics. Functionally, N-glycosylation significantly
jg improved LC secretion efficiency and extracellular stability. These findings suggest
50 that N-glycosylation acts as a protective factor against amyloid formation and
51 enhances LC accumulation outside the cell. Overall, our study highlights the
gg multifaceted and context-dependent role of N-glycosylation in modulating k-LC
54 behaviour, with important implications in AL pathogenesis.
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in the heart and kidneys.%? Prefibrillar soluble species and deposition of fibrils in the
heart significantly reduce the life span of patients; severe cardiac involvement results
in an average survival time of approximately six months. These fibrils originate from
overproduced immunoglobulin LCs secreted by a clonal plasma cell or B cell. Even
though sequence patterns determining amyloid propensity remain to be identified,
specific germline genes or gene families — particularly A6 (IGLV6), A1 (IGLV1), A3
(IGLV3), and k1 (IGKV1) — are significantly overrepresented in AL patients, suggesting
that the starting germline sequences bear an intrinsic tendency to misfold and
aggregate.>® Given that the majority of LCs responsible for AL belong to the A
isotypes, the molecular properties determining their amyloidogenicity have been
actively investigated. Amino acid sequence, structural heterogeneity, enhanced
structural dynamics, higher unfolding rates, and reduced stability are considered the
primary determinants of A-LCs' aggregation propensity and soluble toxicity.”-18

Kappa LCs (k-LCs) are typically less sensitive to aggregation due to their higher
thermodynamic stability compared to A-LCs, which may explain their under-
representation in AL patients.'20 Still, approximately 20% of AL patients are linked to
K-LC aggregation.?® The most common k-germlines associated with AL amyloidosis
are IGKV1-33 and IGKV1-39. In particular, IGKV1-33 encoded LCs show strong
cardiac and renal tropism. Mutational analysis on IGKV1-33 encoded LCs and other
amyloidogenic germlines has shown that framework region 3 (FR3) and
complementary determining region 3 (CDR3) of variable domain (VL) are most
frequently mutated, with a large number of mutations in FR3.621-23 Moreover, emerging
evidence highlights the importance of post-translational modifications, especially N-
glycosylation, in modulating k-LC aggregation behaviour in AL patients.???° Indeed, N-
glycosylation, the enzymatic addition of complex oligosaccharides to the side-chain of
asparagine residues within N-X-S/T sequon, is found in up to 40% of amyloidogenic
K-LCs in AL patients.?>?’ Nevone et al. demonstrated that N-glycosylation is
statistically overrepresented in k-LCs and that a specific glycosylation hotspot in FR3,
where somatic mutations introduce an N-glycosylation sequon (NXT), leads to the
overrepresentation of N-glycosylated k-LCs in AL patients.??

Glycosylated k-LCs are also a risk factor for Monoclonal Gammopathy of
Undetermined Significance (MGUSs) progressing to AL amyloidosis,?? highlighting a
clinical relevance and potential mechanistic role of N-glycosylation in LC aggregation
and toxicity, which is not known to date. In addition, even though N-glycosylation does
not seem to be statistically significant in A-LCs, two ex vivo fibrils (PDB IDs 7NSL and
9FAA) formed by VL domains of A-LCs display an N-glycosylation site, indicating that
N-glycosylation is not protective against amyloid aggregation.3%31 However, to date,
the molecular consequences of N-glycosylation on LC structure, stability, dynamics,
and secretion remain unexplored.

Thus, in this study, we examined the structural features, stability, and dynamics of
three patient-derived N-glycosylated LCs belonging to k1 and k4 germlines, AC-LC1,
AC-LC31, and AC-LC73, to gain insights into the role of N-glycosylation in
amyloidogenic behaviour of k-LCs associated with AL-amyloidosis. Moreover, the
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secretion of these LCs in their glycosylated and unglycosylated forms and the impact
of such secretions on cell metabolism were also assessed. The three AL patients, in
whom these proteins were identified, showed cardiac infiltration with additional
infiltration of AC-LC73 in the kidneys and liver. All three k-LCs comprise one unique
N-glycosylation sequon NFT located in the DE loop of the FR3 region, a N-
glycosylation hot spot reported by Nevone et al.?? N-glycosylated AC-LC1, AC-LC31,
and AC-LC73 were over-expressed in Human embryonic kidney (HEK) Freestyle™
293-F cells, while unglycosylated counterparts were over-expressed in E. coli. Our
findings reveal that, in contrast to “pro-AL” mutations, which generally destabilize LCs
and enhance aggregation, N-glycosylation contributes to structural compactness,
enhances thermal and chemical stability, reduces fold dynamics, and enhances
protease resistance. This is in line with the general role of N-glycosylation, which is
known to stabilize protein folds.3? Functionally, glycosylated k-LCs exhibit increased
secretion efficiency compared to their unglycosylated counterparts, a feature relevant
for LC accumulation in the extracellular matrix (ECM) and its consequent aggregation
and amyloid deposition in organs. Interestingly, in our study, this enhanced secretion
of glycosylated k-LCs was accompanied by reduced cell viability, suggesting that
glycosylation either stabilizes cytotoxic species or results in a cellular secretion
overload. Together, these results provide a comprehensive overview of how N-
glycosylation modulates the conformational and functional landscape of k-LCs,
offering mechanistic insights into how post-translational modifications can drive or
mitigate light chain pathology in AL amyloidosis.

Results
Sequence and clinical data

AC-LC1, AC-LC31, and AC-LC73 are patient-derived N-glycosylated clonal k-LCs
from three patients affected by systemic AL amyloidosis identified at the Amyloidosis
Research and Treatment Center, University of Pavia, Italy.?>33 AC-LC1 is encoded by
the IGKV1-33*-01, IGKJ1*01, and IGKC*01 gene segments, while AC-LC31 derives
from IGKV1-33*-01, IGKJ5*01, and IGKC*01. In contrast, AC-LC73 is encoded by
IGKV4-1*01, IGKJ1*01, and IGKC*01.34 In terms of organ tropism, the AC-LC1 and
AC-LC31 exhibit cardiac involvement, whereas AC-LC73 involves the heart, kidneys,
and liver. A single N-glycosylation sequon (NFT) is present in the DE loop of the FR3
region of all three proteins.?? Like all clonal LCs from patients with a monoclonal
gammopathy, they have a significantly different VL domain, while a 100% conserved
CL domain (Figure 1). To elucidate molecular determinants of amyloidogenic
behaviour in N-glycosylated models, these proteins were overexpressed in HEK
Freestyle™ 293-F cells, followed by His-tag-based affinity chromatography, thrombin-
mediated His-tag removal, and final purification using size-exclusion chromatography
(SEC). For comparison, the unglycosylated counterparts were recombinantly
expressed and purified from host E. coli, as it lacks glycosylation machinery. The
reason behind using E. coli-derived unglycosylated LCs is their sufficient yields upon
purification when compared to unglycosylated LCs with QFT mutations expressed and
secreted from HEK Freestyle™ 293-F cells. Both unglycosylated and N-glycosylated
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AC-LC1 eluted as dimers (Figure S1A). In contrast, unglycosylated AC-LC31 exists in
multiple oligomeric forms, suggesting its poor structural organization when compared
to its N-glycosylated counterpart, which eluted as a well-defined single peak in the
dimeric elution range (Figure S1B). The high degree of purity of the above variants is
shown in Figure S2. These results are also in line with the secretion efficiency and
stability of the QFT mutants of both proteins. Mutated AC-LC1 is more stable and more
efficient in secretion compared to mutated AC-LC31 when expressed in HEK
Freestyle™ 293-F cells (Figure S1 and Figures 6A and 6C), suggesting that the loss
of N-glycosylation impacted AC-LC31 more than AC-LC1 (Figure S1, Figures 6A, and
6C). Moreover, the N-glycosylated form of AC-LC73 was also successfully purified; it
exists as a stable dimer, with an SEC elution profile that overlaps with that of AC-LC1
(Figure S3). It exhibits a typical immunoglobulin fold, characterized by a far-Uv CD
minimum at 218 nm and a melting temperature of 47.5 0.6 °C, which is consistent
with the values observed for N-glycosylated AC-LC1 and AC-LC31 (Figure S4).
However, we were unable to purify unglycosylated AC-LC73 due to its poor refolding
after inclusion body solubilisation, suggesting that N-glycosylation is important for the
correct folding and stability of k-LCs and imparts a differential level of protein stability
on different LCs.

K-LCs are properly glycosylated

N-glycosylation of the three k-LCs expressed in HEK Freestyle™ 293-F cells was
verified using PNGase F digestion and mass spectrometry (Figure 2). The shift
towards a lower molecular weight band upon PNGase F digestion confirmed the
glycan removal (Figure 2A), while mass spectrometry analysis revealed the presence
of complex glycoforms decorated with N-Acetylglucosamine (GIcNAc). The single
complex glycan HexNAc(5)Hex(4)Fuc(1)NeuAc(2) was predominant with a few minor
variants in all three proteins (Figures 2B-2D). These findings align with ex vivo data,
where monoclonal antibodies, Fc fusion proteins, and k-LCs are known to carry
complex glycoforms.?2:33

Moreover, the overall yield of native unglycosylated k-LCs was significantly lower than
that of their glycosylated counterparts during protein purification; specifically,
unglycosylated AC-LC73 displayed a very poor refolding yield. Thus, further
experiments only focused on comparing the N-glycosylated and unglycosylated
variants of AC-LC1 and AC-LC31.

N-glycosylation contributes to LCs' native structures

Far-UV circular dichroism (CD) and intrinsic fluorescence spectroscopies were
employed to characterize the in-solution structural features of AC-LC1 and AC-LC31
in both their N-glycosylated and unglycosylated forms. Far-UV CD analysis revealed
a p—sheet-rich immunoglobulin fold, as evidenced by a minimum at 218 nm (Figures
3A and 3C). In AC-LC1, the overlapping CD spectra for the N-glycosylated and
unglycosylated forms (Figure 3A) indicated that the N-glycosylation does not alter the
protein secondary structure. In contrast, the pronounced difference in the CD signal at
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lower wavelengths near 200nm for AC-LC31 (Figure 3C) suggested that the
unglycosylated AC-LC31 has a slightly perturbed secondary structure.

Intrinsic fluorescence measurements of AC-LC1 demonstrated that the N-glycosylated
form exhibited a 1.6-fold higher emission intensity compared to its unglycosylated
counterpart, without any shift in the emission maximum (Amax) (Figure 3B). This is likely
due to reducing molecular rotation and non-radiative transitions in a compact
structure, thereby increasing the quantum yield. Together, these findings suggest that
N-glycosylation does not significantly alter the overall tertiary structure of AC-LC1 but
instead reduces the flexibility of the VL domains, a region that is typically flexible in
amyloidogenic light chains. In contrast, N-glycosylated AC-LC31 exhibited a 3.5-fold
reduction in emission intensity accompanied by a blue shift of 14 nm, suggesting that
its tryptophan residues are embedded in a well-folded, rigid protein core (Figure 3D).
Of note, the difference in the intrinsic fluorescence behaviour for properly folded N-
glycosylated AC-LC1 and AC-LC31 is likely due to the presence of an additional
surface-exposed tryptophan residue, W96, in AC-LC1 (Figure S5). Together, these
results highlight the crucial role of N-glycosylation in yielding the natively folded
structures of these two k-LCs.

N-glycosylation stabilises k-LCs

To investigate the impact of N- glycosylation on the chemical and thermal stability of
K- LCs, we performed guanidinium chloride (GdnHCI)-mediated chemical unfolding
and thermal denaturation experiments, respectively. First, the change in tertiary
structure at increasing concentrations of GdnHCI (0-5.0 M) was monitored by
measuring the intrinsic fluorescence emission in the range of 300 to 500 nm (Figures
S6 and S7 (top panels)). Two- state fitting of singular-value decomposition (SVD)
component (Figures S6 and S7 (bottom panels))3®3° data revealed that both N-

glycosylated AC-LC1 and AC-LC31 exhibit higher chemical stability than their
unglycosylated counterparts, as evidenced by increased [D]so» values (Figures 4A
and 4C, Table S1). In addition, the unfolding curves for the N-glycosylated proteins
showed a markedly higher resistance to denaturation at lower GdnHCI concentrations
and a sharper transition, indicative of highly cooperative unfolding. The quantitative
m-values (folding cooperativity) for N-glycosylated AC-LC1 and AC-LC31 were
determined to be 6.4+1.5 and 14.7 £5.5 kcal/mol/M, respectively, compared to
1.1£0.2 and 7.2 £ 1.5 kcal/mol/M for their unglycosylated forms (Figures 4A and 4C).
Overall folding stability of proteins is determined by both the midpoint of denaturation
(IDs o %]) and the folding cooperativity (m value); hence, the significantly higher m
values and increased ([Ds , %]) result in a higher value for the glycosylated proteins
(Table S1).

Thermal stability was assessed by monitoring the far-UV CD signal at 202 nm upon
heating from 25 to 75 °C at a rate of 1 °C/min. All thermal denaturation profiles followed
a two-state transition model. The apparent melting temperature (Tm) for N-
glycosylated AC-LC1 was 47.3+0.1°C, 2.6 °C higher than that of its unglycosylated
counterpart. Similarly, N- glycosylated AC-LC31 had a Tm of 45.0+0.4°C,



O©CoO~NOOOITA~AWNPE

approximately 6 °C higher than its unglycosylated counterpart (Figure 4B and 4D). We
also compared the extent of reversibility after complete denaturation of the
unglycosylated and N-glycosylated proteins. We found that neither the unglycosylated
nor the N-glycosylated proteins regained their native structures upon cooling,
indicating irreversible unfolding (Figure S8). Together, chemical and thermal
stabilities, and folding cooperativity indicate that N- glycosylation enhances the overall
stability of native k- LCs without affecting reversibility upon cooling.

Moreover, our data reveal a significant difference in the structural stability between the
two N- glycosylated proteins, AC-LC1 and AC-LC31, even though they originate from
the same germline gene (IGKV1-33), have an 89.3% sequence identity, share the
same glycosylation type (complex type) and site (NFT sequon at position 70/71). This
observation suggests that N-glycosylation contributes to their additional stabilization,
but the specific amino acid sequence of each k-LC remains its primary determinant.

N-glycosylation also provides rigidity to k- LCs

To unravel the impact of N-glycosylation on the structural dynamics of k-LCs, we
performed trypsin-mediated limited proteolysis and hydrogen-deuterium exchange
mass spectrometry (HDX-MS).

First, to directly compare the proteolytic sensitivity of N-glycosylated and
unglycosylated k-LCs, we subjected the two variants of both proteins (AC-LC1, AC-
LC31) to trypsin digestion at an enzyme-to-protein molar ratio of 1:100, monitoring full-
length degradation over time (0—240 min) at 37°C. Interestingly, we observed that N-
glycosylated k-LCs exhibited a significantly slower digestion rate than their
unglycosylated counterparts, indicating that N-glycosylation reduces protein flexibility,
thereby reducing susceptibility to proteolytic cleavage (Figures 5A and 5C; Figure S9).
To ensure that the enhanced sensitivity towards proteolysis was not simply due to N-
glycosylation masking trypsin cleavage sites, we mapped the locations of lysine (Lys)
and arginine (Arg) residues relative to the NFT sequon in the variable domain.
Remarkably, our analysis revealed that the N-glycosylation site was spatially distant
from trypsin cleavage sites in both LCs, confirming that the reduced proteolytic
sensitivity arises from enhanced structural compactness rather than steric protection
of the proteolytic sites by the glycosidic chain (Figure S10).

To investigate structural dynamics at the peptide level, we performed HDX-MS, a
sensitive technique that probes protein flexibility by measuring the rate and extent of
deuterium incorporation over time. To assess how N-glycosylation influences the
dynamic properties of k-LCs, we compared the HDX profiles of both unglycosylated
and N-glycosylated forms of AC-LC1 and AC-LC31. This included analyzing (i)
peptide-level relative H to D exchange within each protein (unglycosylated and
glycosylated) and (ii) the differential H to D exchange of the common peptides between
the unglycosylated LCs and their respective N-glycosylated counterparts under the
same experimental conditions and exchange times. During the on-column pepsin
digestion and subsequent data acquisition, back-exchange could occur, leading to
underestimation of the actual deuterium uptake. Such an effect was not explicitly
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corrected. Nonetheless, since all HDX-MS experiments were performed under
identical experimental conditions using a fully automated liquid handling robotics, we
focused on the relative deuterium uptakes, particularly for the pair-wise comparisons,
assuming that the common peptides would experience the same degree of back-
exchange under the same experimental conditions.

For individual protein analyses, we obtained excellent sequence coverage (>90%) for
both AC-LC1 and AC-LC31 (Table S2, Figures S11, S13, S19, S21). The relative
deuterium uptake of each protein over a time scale of 0—240 min is shown as heat
maps (Figures S12, S14, S20, S22). The extent of relative deuterium uptake ranges
from O to 30% relative to the zero-time point, and is shown on a gradient of blue to
white to red (Figures S12, S14, S20, S22). Visual inspection of relative deuterium
uptake in heat maps highlights that N-glycosylation does not reduce the deuterium
uptake in AC-LC1, while it is quite significant for AC-LC31.

For the common-peptide comparisons, unglycosylated AC-LC1 and N-glycosylated
AC-LC1 exhibited a sequence coverage of 76.3% with a redundancy of 4.04, while
unglycosylated AC-LC31 and N-glycosylated AC-LC31 achieved 77.8% sequence
coverage with a redundancy of 2.43 (Figures S15 and S23). The lower sequence
coverage for the common-peptide sets was primarily due to the loss of peptides
flanking the N-glycosylation site; the heterogeneity of glycoforms makes effective
peptide searches challenging, even when post-translational modifications are
considered. The relative deuterium uptake for the common peptides is presented as
heat maps (ranging from 0 to 30% relative to the zero-time point) (Figures S16, S24).
Details of the experiments, including the peptides identified, redundancy, peptide
lengths, and average standard deviation in deuterium uptake, are provided in Table
S2.

Pairwise comparison of deuterium uptakes using Dynamx, Deutero 2, and their
mapping on AlphaFold predicted models of AC-LC1 and AL-CL314%4! revealed that N-
glycosylation affects the structural dynamics of the two k-light chains differently. For
AC-LC1, both glycosylated and unglycosylated forms showed similar deuterium
uptake throughout protein structure (Figures S17, S18, S27A, Figure 5B, Tables S3-
S6). However, for AC-LC31, N-glycosylation led to noticeably reduced deuterium
uptake across several areas, including the VL and CL domains (Figures S25, S26,
S27B, Figure 5D, and Tables S7-S10). The most significant reduced deuterium uptake
was seen in residues 5-12, 33-48 of the VL domain and residues 164-177 of the CL
domain (Figures 5D, S25, and S26). The region specifically 33-48 for the VL-VL dimer
interface and 164-177 form the VL-CL interface are crucial for providing structural
rigidity to LCs as reported previously.!* Examples of HDX differences after 10 minutes
are shown in Figures 5B and 5D. Overall, these results show that N-glycosylation
impacts deuterium uptake to varying degrees based on the specific k-light chain.
Moreover, this reduced uptake was observed not only near the glycosylation site (VL
domain) but also farther away (CL domain), meaning that N-glycosylation stabilizes
the whole protein structure. Despite the limited sample set, our findings indicate that
N-glycosylation may generally stabilize k-light chains, and the extent of stability is
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dependent on individual LCs, as we see the most significant differences for AC-LC31
in all experiments, starting from the oligomerization states, in-solution structural
features, thermal, chemical stabilities, trypsin digestion, and HDX-MS when compared
to the AC-LC1 pair.

N-glycosylation enhances the secretion efficiency and reduces the metabolic
activity of k-LCs

In AL patients, LCs aggregation occurs in the extracellular space of multiple organs,
such as the heart and kidneys?*?, making secretion efficiency a critical step upstream
of the aggregation process. To investigate the impact of N-glycosylation on LC
extracellular secretion, we compared N-glycosylated k-LCs with their unglycosylated
counterparts (mutant with QFT sequon replacing NFT in wild-type). Both proteins (AC-
LC1 and AC-LC31) were overexpressed in HEK Freestyle™ 293-F cells, and secretion
was monitored via Western blot from day 0 to day 3 post-transfection (Figures 6A and
6C). These experiments aim to monitor the ability of unglycosylated LCs to fold in a
cellular environment and to pass the quality checkpoints along the secretion pathway.
Our results indicated that N-glycosylated LCs exhibit significantly higher secretion
efficiency than their unglycosylated counterparts. Moreover, unglycosylated secreted
proteins displayed multiple bands (Figure 6A), suggesting a higher degradation rate
upon secretion.

Furthermore, we compared the metabolic activity of cells overexpressing N-
glycosylated and unglycosylated proteins using a CellTiter-Glo luminescent cell
viability assay. Interestingly, we found that the number of cells overexpressing
glycosylated LCs is lower than that of their unglycosylated counterparts (Figures 6B
and 6D). This observation suggests that the increased secretion and stability impose
a higher cellular burden and hence impact the metabolic activity of cells. Together, our
results suggest that N-glycosylation significantly enhances the extracellular secretion
and stability of k-LCs, but concomitantly, it reduces cell viability.

Discussion

In this study, we comprehensively analyzed the biophysical and functional
consequences of N-glycosylation on two patient-derived kappa light chains (AC-LC1
and AC-LC31) associated with AL amyloidosis. Our results reveal that N-glycosylation
enhances the structural compactness, stability, and rigidity of k-LCs, thus exerting
opposite effects compared to the destabilizing mutations typically observed in
amyloidogenic LCs. A third k-LC (AC-LC73) was native and stable when N-
glycosylated, but it was excluded from the rest of this study because the
unglycosylated variant could not be successfully refolded. Thus, even without a
detailed characterisation, the different behaviour of the two AC-LC73 variants is in line
with what was found for AC-LC1 and AC-LC31.

The enhanced structural compactness of AC-LC1 and AC-LC31, as observed via far-
UV CD and intrinsic fluorescence measurements, suggests that glycan addition
promotes native-like folding and structure assembly. This is particularly evident in AC-
LC31, where unglycosylated variants exhibited altered secondary and tertiary
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structure features indicative of misfolding or conformational heterogeneity. These
observations align with the known role of glycosylation in improving folding efficiency
and reducing conformational entropy in other protein systems.*34# Increased folding
cooperativity, chemical, and thermal stabilities of glycosylated AC-LC1 and AC-LC31
further support the hypothesis that N-glycosylation contributes to conformational
integrity. The higher midpoint denaturant concentrations ([D]so%), cooperativity (m-
values), change in Gibbs free energies (AGnut?©), and melting temperatures (Tm) also
point to a stabilizing role of N-glycosylation that could maintain native conformation
under physiological conditions. However, the unfolding of both unglycosylated and N-
glycosylated LCs is irreversible, which might contribute to their aggregation once
partial/complete unfolding occurs. The reduced proteolytic susceptibility and lower
deuterium uptake in HDX-MS experiments further corroborate the idea that
glycosylation imparts reduced backbone flexibility on the whole polypeptide, exerting
short and long-range effects on the VL and CL domains, respectively. Interestingly,
the protective effect was not due to steric masking of trypsin cleavage sites, but rather
a consequence of globally reduced dynamics. All the above considerations point to a
model where glycosylation-induced molecular effects should counteract the
amyloidogenicity of AC-LC1 and AC-LC31 by favouring the native state over
aggregation-prone conformers, thus mitigating early misfolding events. This is in stark
contrast with the clinical data indicating that this N-glycosylation present in the FR3
region is significantly overrepresented in AL patients, and as such, it should be
considered a molecular property facilitating AL onset.?? Several considerations may
contribute to explaining this apparent conundrum.

Even though glycan chains typically increase protein solubility and fold stability,
glycosylation is present in several amyloid-forming proteins. In neurodegenerative
diseases, various post-translational modifications, including O-glycosylation of a-
synuclein, N-glycosylation of prion protein, and both N-glycosylation and
phosphorylation of tau, are known to enhance the conformational stability of these
proteins. Nevertheless, these modified protein species are abundantly found in the
brains of patients with Parkinson’s, Alzheimer’s, and prion diseases, respectively,
implicating these modifications in disease pathology.*>%° Studies on tau aggregates
have shown that the major fibrous components of neurofibrillary tangles, paired helical
filaments (PHFS), require N-glycosylation for their typical morphology. Deglycosylation
of tau has been reported to convert PHFs into straight filaments, which are thought to
be involved in the early stages of insoluble neurofibrillary tangle (NFT) formation,
thereby linking glycosylation status to tau filament architecture and aggregation
behaviour.*® More specifically, N-glycosylation has also been found in ex vivo amyloid
formed by fragmented VL of A-LCs, demonstrating that N-glycosylation is fully
compatible with amyloid aggregation in AL patients.30:31

Interestingly, we observed that unglycosylated AC-LC1 and AC-LC31 are poorly
secreted and are promptly degraded in the cell culture medium (Figure 6). This
indicates that glycosylation may be crucial inside the cells to assist AC-LC1 and AC-
LC31 folding and to stabilize their native state so that they can be ultimately secreted
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and populated in the extracellular space.®® Abundant and efficient secretion is
instrumental in yielding the high concentration of circulating LCs, which is a necessary
initial step for AL onset.? On the same line, N-glycosylation seems to render AC-LC1
and AC-LC31 more resilient to unspecific proteolysis, preventing immediate
degradation upon protein secretion outside cells. Overall, these biophysical properties
resemble those of stable non-amyloidogenic LCs associated with multiple myeloma,
which typically do not aggregate even at high intracellular concentrations.'1®
Nevertheless, counterintuitively, N-glycosylation of «k-LCs is selectively
overrepresented in AL patients.?? Thus, the contribution of N-glycosylation to disease
may arise not only from efficient secretion. Several other roles for N-glycosylation can
be suggested: altered interactions with extracellular matrix components, increasing
local concentration or destabilising protein molecules; altered processing of N-
glycosylated LCs in situ affecting the native fold, and such effects may result in
subsequent aggregation. However, the experimental evaluation of these hypotheses
is beyond the scope of this study: future in vivo aggregation studies, using either model
organisms or 3D organoid systems that have a well-organized extracellular matrix,
could help to fully establish the molecular roles of N-glycosylation in the aggregation
of k-LCs. A key limitation of this study is the use of E. coli-expressed, unglycosylated
proteins for comparison with N-glycosylated light chains (LCs) produced in HEK
Freestyle™ 293-F cells. Ideally, a more appropriate comparison would involve
unglycosylated mutant variants expressed and purified from the HEK Freestyle™ 293-
F cells to control for differences in post-translational processing and cellular context.
However, this was not feasible in the present study due to markedly reduced secretion
efficiency and increased susceptibility to degradation of the mutant proteins expressed
and secreted from HEK Freestyle™ 293-F cells, which prevented their purification in
sufficient quantities for comprehensive biochemical and biophysical analyses.

In summary, our data suggest that N-glycosylation, while stabilizing and protecting
against intracellular misfolding, may in fact facilitate extracellular persistence,
interactions, and accumulation, thereby contributing to disease pathology. These
insights emphasize that stabilising protein modification may contribute to misfolding
and aggregation and that post-translational modifications should be taken into account
when evaluating the aggregation potential of k-LCs. Finally, these data build a
molecular rationale to explore potential therapeutic interventions that can modulate
glycosylation pathways or counteract glycan-driven aggregation against AL
amyloidosis.

Resource availability
Lead contact

Further information and requests for resources (plasmid and proteins), protocols, and
reagents should be directed to and will be fulfilled by the lead contact Stefano Ricagno
(stefano.ricagno@unimi.it).

Material availability

This study did not generate new unique reagents.
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Data and code availability

e The NCBI accession code for AC-LC1l, AC-LC31, and AC-LC73 are
MZ595009.1 (Genebank  USH96399.1), MZzZ595034.1 (GenBank:
USH96424.1), MZ595076.1 (GenBank: USH96466.1), respectively.

e The HDX-MS data is submitted to PRIDE with an accession code PXD072495
and is publicly available as of the date of publication.

This paper does not report original code.
Other data reported in this paper will be shared by the lead contact upon
request.

e Any additional information required to reanalyse the data reported in this paper
is available from the lead contacts upon request.
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Main figure titles and legends

Figure 1. Sequence and structural features of AC-LC1, AC-LC31, and AC-LC73.
(A) Line representation of secondary structures, FRs, and CDRs, annotated with the
corresponding amino acid sequence as defined by Chothia and Lesk.3® (B) Multiple
sequence alignment of the three k-LCs, highlighting NFT sequon regions with a black
dotted square. (C) GlycoSHIELD model of the N-glycosylated k-LC. Cartoon
representation of the dimeric AC-LC1 is shown in white and magenta for chain A and
chain B, respectively. Green sticks represent the superposition of 30 frames of the 1
ps molecular dynamics simulation trajectory of a complex glycoform, Gall_Fuc1, built
in the GlycoSHIELD library®®. The Asn71 residue is shown in a space-filled model with
the carbon and nitrogen atoms colored in red and blue, respectively.

Figure 2: Characterisation of N-glycosylation of AC-LC1, AC-LC31, and AC-
LC73. (A) PNGase F digestion confirms N-glycosylation of all three proteins. The lower
bands highlighted with a star mark (*) represent the glycan-removed proteins, while
the upper bands are the uncleaved proteins. (B) Mass spectrometry-based
glycoproteomics analysis of the glycoforms in technical duplicates of AC-LC1, (C) AC-
LC31, and (D) AC-LC73. The most abundant glycoforms are illustrated in the symbol
nomenclature for glycans (SNFG).3” Each histogram shows the relative abundance of
different glycan structures detected at the N-glycosylation site for replicate 1 and
replicate 2. The glycan structures identified in both replicates don’t contain mannose
and hence show the absence of high mannose and hybrid-type glycans. Instead, the
N-glycosylation site predominantly carries complex-type glycans decorated with
GIcNAC. A single complex glycan HexNAc(5)Hex(4)Fuc(1)NeuAc(2) (magenta color
in all histograms) is predominant, with few minor variants shown with pink and dark
magenta colors. The pie charts in each panel summarize the distribution of glycans at
the N-glycosylation site within each replicate.

Figure 3: In-solution structural features of N-glycosylated and unglycosylated
K-LCs. (A-B) Far-UV CD and intrinsic fluorescence of N-glycosylated (green) and
unglycosylated AC-LC1 (blue), respectively. (C-D) Far-UV CD and intrinsic
fluorescence of N-glycosylated (green) and unglycosylated AC-LC31 (blue),
respectively.

Figure 4: Thermal and chemical stability of N-glycosylated and unglycosylated
K-LCs. (A-B) Chemical and thermal unfolding transition curves of N-glycosylated AC-
LC1 (green) and unglycosylated AC-LC1 (blue). (C-D) Chemical and thermal unfolding
transition curves of AC-LC31. The colour code in all panels is the same as in panel A.

Figure 5. Dynamics of unglycosylated and N-glycosylated k-LCs: (A) Limited
proteolysis of N-glycosylated (green) and unglycosylated AC-LC1 (blue). The relative
band intensity data are estimated from two independent replicates, and the standard
deviation among them is shown as error bars. (B) Structural mapping of differential
deuterium uptake between unglycosylated and N-glycosylated AC-LC1 after 10 min of
HDX on a gradient of salmon to blue. The pink colour indicates similar or slightly higher
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deuterium uptake in N-glycosylated proteins (-3%), and cyan indicates the same as
the unglycosylated protein (0%). The NFT sequon is shown in red colour, while the
covered region is shown in green colour. (C) Limited proteolysis of N-glycosylated
(green) and unglycosylated AC-LC31 (blue). (D) Structural mapping of differential
deuterium uptake between unglycosylated and N-glycosylated AC-LC31 after 10 min
of HDX on a gradient of salmon (-6%), pink (-3%), cyan (0%), slate (3%), to blue (6%).
N-glycosylated AC-LC31 showed overall greater protection than AC-LC1. All HDX-MS
experiments were performed in three technical replicates. Error bars represent the
standard deviation measured for each uptake time among three replicates.

Figure 6: Secretion and cell viability upon over-expression of N-glycosylated
and unglycosylated k-LCs. (A) Western blot showing secreted N-glycosylated and
unglycosylated AC-LC1 at different days (0 to 3 days) of transfection. The upper arrow
represents the full-length (FL) AC-LC1, while the lower one is the result of a partial
degradation (PR) of AC-LC1. Western blot analyses were performed on two biological
replicates, and one representative figure for each protein is shown as Panel A and
Panel C. (B) Metabolic activity measurement upon over-expression of N-glycosylated
(green) and unglycosylated (blue) AC-LC1. (C) Western blot showing secreted N-
glycosylated and unglycosylated AC-LC31 at different days (0 to 3 days) of
transfection. (D) Cell viability measurement upon over-expression of N-glycosylated
(green) and unglycosylated (blue) AC-LC31. Cell viability assays were performed in
two biological replicates, and the standard deviation between each measurement is
shown as error bars.

STAR Methods
Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-histidine tag antibodies Bio-Rad MCA1396G
anti-mouse IgG conjugated to Horseradish | Bio-Rad 1706516

Peroxidase (HRP)

Bacterial and virus strains

E. coli DH5a NEB® 5-alpha C2987H
Competent E. coli
(High Efficiency)

BL21(DE3) Competent E. coli NEB® C2527H

Chemicals, peptides, and recombinant proteins



https://www.bio-rad-antibodies.com/monoclonal/synthetic-peptide-histidine-tag-antibody-ad1-1-10-mca1396.html?f=purified
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FreeStyle 293 Expression Medium

Thermofisher
Scientific Gibco

12338026 (6*1
liter)

Gibco™ GlutaMAX™-| This paper

293fectin™ Transfection Reagent, 1 mL Thermofisher 12347019
Scientific Gibco

Opti-MEM™ | Reduced Serum Medium, 100 | Thermofisher 31985062

mL Scientific Gibco

Trypan Blue Solution, 0.4% Thermofisher 15250061
Scientific Gibco

Penicillin-Streptomycin mix Sigma aldrich PO781

Unglycosylated AC-LC1 pET21b + insert This paper N/A

coding AC-LC1

Unglycosylated AC-LC31 pET21b + insert This paper N/A

coding AC-LC1

N-glycosylated AC-LC1 pcDNA-3.1 +insert | This paper N/A

coding AC-LC1

N-glycosylated AC-LC31 pcDNA-3.1 +insert | This paper N/A

coding AC-LC31

N-glycosylated AC-LC73 pcDNA-3.1 +insert | This paper N/A

coding AC-LC73

Mutant AC-LC1 pcDNA-3.1 +insert This paper N/A

containing CAG instead of AAC at position

274-276

Mutant AC-LC31 pcDNA-3.1 +insert This paper N/A

containing CAG instead of AAT at position

280-282

Critical commercial assays

CellTiter-Glo® luminescent assay Promega 7570 (10 mL)

Deposited data

HDX-MS data This paper PXD072495

Experimental models: Cell lines
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https://www.thermofisher.com/order/catalog/product/31985062
https://www.thermofisher.com/order/catalog/product/31985062
https://www.thermofisher.com/order/catalog/product/31985062
https://www.thermofisher.com/order/catalog/product/15250061
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FreeStyle™ 293-F cells Thermo Fisher R79007
Scientific

Recombinant DNA

PET21b-AC-LC1 (Synthesized by Azenta This paper N/A

Lifesciences)

PET21b-AC-LC31 (Synthesized by Azenta | This paper N/A

Lifesciences)

pcDNA-3.1 AC-LC1 (Synthesized by Azenta | This paper N/A

Lifesciences)

pcDNA-3.1 AC-LC31 (Synthesized by This paper N/A

Azenta Lifesciences)

pcDNA-3.1 AC-LC73 (Synthesized by This paper N/A

Azenta Lifesciences)

pcDNA-3.1 AC-LC1 mutant (Synthesized by | This paper N/A

Azenta Lifesciences)

pcDNA-3.1 AC-LC31 mutant (Synthesized This paper N/A

by Azenta Lifesciences)

Software and algorithms

PyMOL Schrodinger LLC | http://www.pymo
l.org

Prism Graphpad http://www.graph
pad.com/

PLGS Waters http://lwww.water
s.com/

DynamX Waters http://www.water
s.com/

GlycoSHIELD Tsai et al.36 www.glycoshield.
eu

Others



http://www.pymol.org/
http://www.pymol.org/
http://www.graphpad.com/
http://www.graphpad.com/
http://www.waters.com/
http://www.waters.com/
http://www.waters.com/
http://www.waters.com/
http://track.editorialmanager.com/CL0/http:%2F%2Fwww.glycoshield.eu%2F/1/010f019e4efec528-5deffc7e-6e5e-4b0d-8c10-108036221b21-000000/DsMsPzE8laf-uiM0ZDHxryAlB_617WI8n8I1FmL4zpo=258
http://track.editorialmanager.com/CL0/http:%2F%2Fwww.glycoshield.eu%2F/1/010f019e4efec528-5deffc7e-6e5e-4b0d-8c10-108036221b21-000000/DsMsPzE8laf-uiM0ZDHxryAlB_617WI8n8I1FmL4zpo=258
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HiPrep Q FF 16/10 (20 mL) Cytiva 28936542

Superdex 75 10/300 Cytiva 29148721

Superdex 200 10/300 Cytiva 28990944

Experimental models and study participant details

Bacterial strains

DH5a (Cat. # C2987H) and BL21(DE3) (Cat. #C2527H) competent cells of E. coli
were purchased from New England Biolabs. These strains were transformed with
plasmid of our interests for plasmid amplification and unglycosylated LCs over-
expression, respectively. They were grown at 37 °C and 180 rpm in an incubator
shaker.

Cell lines

FreeStyle™ 293-F cells (Cat. #R79007) were purchased from Thermo Fischer
Scientific and grown at 37 °C with 5% COz for over expression and purification of N-
glycosylated AC-LC1 and AC-LC31.

Method details

AC-LC1 structure prediction using glycoshield

Glycoshield (https://dioscuri-biophysics.pages.mpcdf.de/glycoshield-md/) is a web-
based application that enables the grafting of glycan conformers onto specific amino
acid residues in protein structures. To predict the glycosylated structure of AC-LC1,
the AlphaFold-predicted model (used in the absence of an experimental structure)?°
was uploaded as the template. Both chains A and B were selected, along with residue
N70, and a complex-type glycan (Gall_Fucl) was chosen to map on the model.
Default parameters were used, including the CG grafting mode, a grafting cutoff of 3.5
A, and multiple conformers of 30.337 The resulting simulated structure was
downloaded in PDB format and visualized with PyMOL (Figure 1).52

Protein expression and purification

N-glycosylated forms of AC-LC1, AC-LC31, and AC-LC73 were transiently expressed
and secreted from HEK293 Freestyle™ cells cultured in suspension. For protein
purification, one litre of clarified culture supernatant containing secreted protein was
subjected directly to Ni-NTA affinity resin equilibrated with equilibration buffer
containing 50 mM sodium phosphate and 200 mM NaCl (pH 8.0) for affinity-based
chromatography. Eluted proteins in 300 mM imidazole-containing elution buffer were
dialyzed overnight with simultaneous removal of the His-tag by thrombin cleavage
(enzyme: protein ratio of 1:50). The tag-cleaved samples were re-applied to a Ni-NTA
column, and the flow-through and wash fractions, containing the histidine-tag cleaved
proteins, were collected. These were concentrated to 1 mL and further purified by SEC
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for final polishing using 1x phosphate buffer saline (PBS: 10 mM NazHPO4, 1.8 mM
KH2PO4, 137 mM NaCl, 2.7 mM KCI) at pH 7.4. For the unglycosylated forms, all three
proteins were expressed in E. coli and purified from inclusion bodies using a previously
published protocol.**1? The inclusion bodies were solubilized in 6 M guanidine
hydrochloride, followed by oxidative refolding using a redox buffer containing 20 mM
Tris, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl
fluoride (PMSF), 5 mM reduced glutathione and 0.5 mM oxidized glutathione (pH 8.0)
to facilitate disulfide bond formation. Refolded proteins were dialysed with 20 mM Tris
(pH 8.0) for overnight to remove the access salt. The residual aggregated protein was
removed by centrifugation followed by filtration. The filtered refolded protein was
loaded on an anion exchange chromatography column (QFF 16/10) equilibrated with
20 mM Tris (pH 8.0). The final elution was collected using a buffer containing 20 mM
Tris and 1 M NaCl (pH 8.0) gradient. The eluted peaks were collected and run on a
10% sodium-dodecyl sulphate polyacrylamide gel (SDS-PAGE). The fractions
containing protein of our interest were pooled and concentrated to 10 mg protein to
load on size-exclusion chromatography column (superdex 200 10/300) equilibrated in
1x phosphate buffer saline (PBS) buffer. The eluted proteins were again confirmed
using SDS-PAGE and peak fractions containing pure protein were pooled (Figure S1-
S2). Protein concentrations were determined by absorbance at 280 nm using the
respective  molar extinction coefficients: 28,670M~.cm™® for AC-LC1,
27,640 M~ t.cm™ ® for AC-LC31, and 28,670 M~ -cm™ * for AC-LC73. We were also
successful in purifying correctly folded N-glycosylated AC-LC73 (Figures S3-S4).
However, the refolding of unglycosylated AC-LC73 was poor, hence the low yield. For
this reason, it was not included in further experiments. AC-LC1 and AC-LC31 protein
stocks were aliquoted and stored at —20 °C for further use. Oligomerization status of
purified proteins was confirmed by comparing their size-exclusion chromatography
profiles using a superdex 200 10/300 increase column (Figures S1).

PNGase assay

The PNGase assay of the native N-glycosylated AC-LC1 and AC-LC31 proteins was
performed according to New England Biolabs protocol
(https://www.neb.com/en/protocols/pngase-f-

protocol?srsltid=AfmBOopYsTHgFE_2UtL MjywU9FzEXI9PV-
iIISSTNkcspUaCXBk1j9Q0O1). 10 ug of each protein, 2 ul of GlycoBuffer 2 (10X), and
remaining MilliQ in a total reaction volume of 20 ul were incubated with 2 pl of PNGase
F at 37 °Covernight. The reaction was terminated by incubating the reaction mixture
in SDS-PAGE loading dye and heating at 95 °C. The obtained samples were run on an
SDS-PAGE gel to compare the migration of N-glycosylated and deglycosylated
proteins.

In-solution structural features comparison between N-glycosylated and
Unglycosylated k-LCs

To assess and compare the secondary and tertiary structural features of N-
glycosylated AC-LC1 and AC-LC31 with their unglycosylated counterparts, far-Uv CD


https://www.neb.com/en/protocols/pngase-f-protocol?srsltid=AfmBOopYsTHqFE_2UtLMjywU9FzExI9PV-iISsTNkcspUaCXBk1j9QO1
https://www.neb.com/en/protocols/pngase-f-protocol?srsltid=AfmBOopYsTHqFE_2UtLMjywU9FzExI9PV-iISsTNkcspUaCXBk1j9QO1
https://www.neb.com/en/protocols/pngase-f-protocol?srsltid=AfmBOopYsTHqFE_2UtLMjywU9FzExI9PV-iISsTNkcspUaCXBk1j9QO1
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and intrinsic fluorescence measurements were performed. All experiments were
conducted at a protein concentration of 10uM in 1x PBS at pH 7.4 and at a
temperature of 25°C. Far-UV CD spectra were recorded in the wavelength range of
260—200 nm using a 1 mm path length quartz cuvette at a scan speed of 50 nm/min to
evaluate secondary structure content. Intrinsic fluorescence emission spectra were
collected upon excitation at 280 nm, with emission recorded from 300 to 500 nm. Both
excitation and emission slit widths were set to 5nm. The differences in emission
intensity and shifts in emission maxima were used to compare the tertiary structures
of the glycosylated versus unglycosylated forms of AC-LC1 and AC-LC31. The re-
arrangement of all tryptophan residues in AC-LC1 and AC-LC31 are highlighted in
AlphaFold model of both proteins with pink colour (Figure S5).

Chemical and thermal stability studies

To evaluate the impact of N-glycosylation on protein stability, the chemical and thermal
stabilities of AC-LC1 and AC-LC31 were compared with their unglycosylated
counterparts.

For chemical denaturation, purified proteins at a final concentration of 10 uM were
incubated overnight with increasing concentrations of guanidine hydrochloride
(GdnHCI), ranging from 0 to 5.0 M at 25°C, to allow equilibrium unfolding. Intrinsic
fluorescence emission spectra were recorded from 300-500 nm upon excitation at
280 nm. Both excitation and emission slit widths were set to 5nm. The resulting
spectra were analyzed using SVD followed by data normalization (Figure S6, S7).
Normalized fluorescence data were plotted as a function of GdnHCI concentration and
fitted to a two-state unfolding model to determine the midpoint of denaturation
([D]s o %), cooperativity (m-value), and change in AGnu™?° as described
previously.38:39.5354 The obtained thermodynamic parameters were used to compare
the chemical stability of glycosylated versus unglycosylated AC-LC1 and AC-LC31.

Thermal stability was assessed using far-UV CD spectroscopy. Proteins were
subjected to a temperature ramp from 25°C to 75°C at a rate of 1°C/min, and
ellipticity was monitored at 202nm and 218 nm. The resulting CD signals (in
millidegrees) were normalized and plotted against respective temperatures. The
thermal unfolding curves were fitted to a two-state model to determine the melting
temperature (T,,) as described previously,5?5 which was then compared between the
glycosylated and unglycosylated forms of both proteins. To check the reversibility of
the thermal unfolding process, the unfolding and refolding were followed by measuring
the changes in the intrinsic fluorescence detected at both wavelengths of 350/330 nm
using nano-Differential Scanning Fluorimetry (nanoDSF) (Prometheus, Nanotemper).
Temperature ramps were performed in 1x PBS (pH 7.4) from 35°C to 90°C and from
90°C to 35 °C. Each experiment was performed in triplicate. The final protein
concentration was 0.3 mg/ml. The reversibility of the thermal unfolding experiments
was also checked by denaturing the proteins at 90°C and gradually reducing the
temperature from 90 to 25°C (Figure S8).
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Protein dynamics studies using limited proteolysis and hydrogen-deuterium
exchange mass spectrometry

To compare the proteolytic susceptibility of N-glycosylated AC-LC1 and AC-LC31 with
their unglycosylated counterparts, purified proteins were incubated with bovine trypsin
at a 1:100 (enzyme: substrate) molar ratio. The reactions were carried out at a final
protein concentration of 1 mg/mL in 50 mM sodium phosphate buffer containing 50 mM
NaCl (pH 7.4), at 37 °C in a total volume of 250 pL. Aliquots of 20 pL were withdrawn
at defined time points (0, 5, 10, 30, 60, 120, and 240 minutes) and immediately mixed
with denaturing and reducing SDS-PAGE loading buffer. Samples were then heated
at 95 °C for 20 minutes to terminate the proteolysis reaction (Figure S9). Digestion
profiles were analyzed by SDS-PAGE, and the intensity of the intact (uncleaved)
protein bands was quantified using ImageJ software. Band intensities were normalized
with respect to the zero-minute time point and averaged from three independent
replicates. The obtained digestion profiles are not a result of masking of trypsin
digestion sites by N-glycosylation as they are equally accessible in N-glycosylated and
unglycosylated variants (Figure S10). The relative intensities were plotted against time
to assess and compare the kinetics of proteolytic degradation for the glycosylated and
unglycosylated forms of AC-LC1 and AC-LC31, as described previously.?

HDX-MS experiments were performed in fully automated mode using a SYNAPT G2-
HDMS mass spectrometer coupled with a LEAP robotic liquid handling system
(Waters Corporation, USA) as described previously.>*>” N-glycosylated and
unglycosylated model proteins were prepared at an initial concentration of 80 uM and
diluted 20-fold into labelling buffer (5 mM potassium phosphate, pD 7.0 in D, O) to
initiate HDX. Exchange reactions were carried out at 25 °C for 0, 0.5, 1, 10, 30, 120,
and 240 minutes in technical triplicate. At each time point, samples were quenched by
1:1 mixing with ice-cold quench buffer (50 mM potassium phosphate, pH 2.3 in H, O).
Online digestion was performed at 15 °C using an immobilized pepsin column (Waters
Enzymes BEH Pepsin, 2.1 x 30 mm), followed by peptide trapping on a C18 trapping
column (Acquity BEH VanGuard, 1.7 um, 2.1 x 5.0 mm). Peptide separation was
achieved using a linear acetonitrile gradient from 5% to 40%. Mass spectra were
acquired using lock mass calibration with (Glu?)-fibrinopeptide B (CAS No. 103213-
49-6, Merck, USA; expected m/z: 785.8426 Da). Data processing was performed
using ProteinLynx Global Server (PLGS) and DynamX software (Waters Corporation,
USA). Peptides identified at zero exchange time using PLGS were imported into
DynamX along with raw data from all time points. Peptide filtering criteria in DynamX
included: a file threshold of 3, minimum intensity of 1000, minimum product ions per
amino acid of 0.1, and a maximum MH™* error of 5 ppm. Relative deuterium uptake for
individual peptides and differential uptake between glycosylated and unglycosylated
forms were quantified. Heatmaps representing deuterium incorporation per residue
were generated and mapped onto monomeric models using PyMOL (Schrédinger,
USA) for structural visualization (Figures S11-S27).52
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In addition to Dynmayx, the statistical significance of our differential deuterium uptake
between the unglycosylated and N-glycosylated LCs was determined using an online
available software Deutero 2.4! The input files for the deuterons were HDX differential
uptake cluster data obtained from the Dynamx analysis. The software shortlists
common peptides that have accepted errors for individual exchange time points. The
obtained statistics show the estimate of differential uptake, standard error between the
estimates, t-significance, and p-values. A significant score of 298% is considered
significant (Tables S3-S10, Figures S18, S26).

Measurements of protein secretion efficiencies and metabolic activity

N-glycosylation is a well-characterized post-translational modification known to
enhance protein secretion and modulate cellular homeostasis.*®* Given that
extracellular aggregation is a hallmark of amyloidogenic light chains (LCs), efficient
secretion into the extracellular space is a prerequisite for their pathogenic behavior.
To investigate the effect of disease-associated N-glycosylation on secretion efficiency,
both N-glycosylated and unglycosylated counterparts of AC-LC1 and AC-LC31, where
the NFT sequon is mutated to QFT, were transiently overexpressed in HEK293
Freestyle™ cells at 37 °C, 5% CO2, and 150 rpm shaking. Secretion kinetics were
monitored over a 3-day time course post-transfection (days 0, 1, 2, and 3). All
experiments were performed in two biological replicates. An equal amount of
supernatant normalized with respect to the number of cells was collected at each time
point and analyzed by SDS-PAGE, followed by immunoblotting using anti-His-tag
antibodies to detect the overexpressed proteins specifically. Secretion levels were
compared by visual inspection of band intensities between the N-glycosylated and
unglycosylated proteins. Metabolic activity under each experimental condition was
also assessed using the CellTiter-Glo® luminescent assay (Promega), which
measures ATP levels as a proxy for metabolically active cells. The secretion and
viability assays were independently performed for both AC-LC1 and AC-LC31,
allowing direct comparison between their glycosylated and unglycosylated forms.

Quantification and statistical analysis

The corresponding quantification and statistics for each experiment is given in the
methods and figure legends section of each figure.
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Table S1. Thermodynamic stability parameters obtained from chemical unfolding
experiment, related to Figure 4.

Protein [D]s0% (M) m-value (kcal/ AGNUH20 (kcal/mol)
mol/M)
Unglyc AC-LC1 1.25+0.3 1.1+0.2 1.37+0.2
N-glyc ACC-LC1 1.90+0.5 6.4+1.5 12.20%1.5
Unglyc AC-LC31 0.3+0.2 7.2+1.5 2.16+0.8
N-glyc ACB-LC31 1.4+0.4 14.715.5 20.58+1.2
Table S2. HDX-MS data summary, related to Figure 5.
Datasets Unglyc N-glyc Unglyc | N-glyc AHDX= AHDX=
AC-LC1 | AC-LC1 | AC-LC31 AC- Unglyc Unglyc
Single Single LC31 ACLC1 - ACLC31 -
peptide | peptide Nglyc Nglyc
ACLC1 ACLC31
HDX reaction 5 mM KzHPOs, 5 mM KH2POs, in D20 (pD 7.0), 25°C
details
HDX time 0,0.5, 1, 10, 30, 120, and 240
course (min)
Back ND
exchange
No. of peptides 70 74 64 49 52 28
Sequence 93.5 92.5 95.4 91.6 76.3 77.8
coverage (%)
Average 14.0/3.7
peptide length/ | 13.8/5.18 | 13.5/5.44 | 13.8/4.60 '4 ' 11.7/4.04 12.6/2.31
Redundancy
Replicates
(technical) 3 3 3 3 3 3
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Repeatability
(average SD)

0.06 Da

0.09 Da

0.09 Da

0.09 Da

0.1 Da

0.2 Da

Table S3. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC1 and N-glycosylated AC-LC1 for the peptide containing residues 29-45 at different
exchange times of 0.5 to 240 min, related to Figure 5 .

Predictors Estimate SE t-statistic p-value Significance
0.5 min of 0.1621 0.1573 1.0305 0.314 NS
both states
1.0 min of 0.1463 0.1573 0.9301 0.362 NS
both states
10 min of 0.1296 0.1658 0.7817 0.443 NS
both states
30 min of -0.0588 0.1890 -0.3109 0.759 NS
both states
120 min of 0.2442 0.1890 1.2917 0.210 NS
both states
240 min of -0.0879 0.1573 -0.559 0.582 NS
both states

N —

*NS: Non-significant
The estimate here is the observed difference in deuterium uptake (AHDX) between

unglycosylated LCs and N-glycosylated LCs. Negative value of the estimate means
more deuterium uptake by unglycosylated LCs, while a positive difference means more
deuterium uptake by N-glycosylated LCs.
3. Standard error (SE): Uncertainty in the estimate. Smaller is the value, the more precise
the measurements.

s

The t-statistic shows how big the difference is relative to noise.

5. The p-value shows the significance of the measurements. Small is the value, more
significant is the data statistically.
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Table S4. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC1 and N-glycosylated AC-LC1 for the peptide containing residues 37-46 at different
exchange times of 0.5 to 240 min, related to Figure 5.

both states

Predictors Estimate SE t-statistic p-value Significance
0.5 min of 0.0623 0.1091 0.5712 0.573 NS
both states
1.0 min of 0.1955 0.1091 1.7911 0.864 NS
both states
10 min of -0.0191 0.1029 -0.1852 0.855 NS
both states
30 min of 0.0103 0.1150 0.0895 0.929 NS
both states
120 min of -0.0715 0.1091 -0.6552 0.519 NS
both states
240 min of -0.1380 0.1029 -1.3415 0.193 NS

Table S5. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC1 and N-glycosylated AC-LC1 for the peptide containing residues 119-125 at different
exchange times of 0.5 to 240 min, related to Figure 5.

both states

Predictors Estimate SE t-statistic p-value Significance
0.5 min of 0.0640 0.0674 0.9496 0.351 NS
both states

1.0 min of 0.0561 0.0635 0.8831 0.385 NS
both states

10 min of 0.1058 0.0635 1.6655 0.108 NS
both states

30 min of 0.0260 0.0674 0.3862 0.702 NS
both states

120 min of 0.1505 0.0635 2.3695 0.0255 * 295%
both states

240 min of -0.0300 0.0635 -0.4718 0.641 NS
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Table S6. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC1 and N-glycosylated AC-LC1 for the peptide containing residues 179-195 at different
exchange times of 0.5 to 240 min, related to Figure 5.

both states

Predictors Estimate SE t-statistic p-value Significance
0.5 min of -0.0304 0.0982 -0.3094 0.759 NS
both states

1.0 min of -0.0022 0.0982 -0.0219 0.983 NS
both states

10 min of -0.0555 0.0982 -0.5658 0.576 NS
both states

30 min of -0.0990 0.0982 -1.0081 0.322 NS
both states

120 min of 0.0168 0.0982 0.1713 0.865
both states NS
240 min of -0.2282 0.0982 -2.3243 0.276 * £95%

Table S7. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC31 and N-glycosylated AC-LC31 for the peptide containing residues 5-12 at different
exchange times of 0.5 to 240 min, related to Figure 5.

both states

Predictors Estimate SE t-statistic p-value Significance
0.5 min of -0.5602 0.1146 -4.888 6.15E-05 R 2099 .9%
both states

1.0 min of -0.6453 0.1080 -5.9733 4.33E-06 X 5099.9%
both states

10 min of -0.7992 0.1080 -7.3977 1.60E-07 X 5090.9%
both states

30 min of -0.7633 0.1146 -6.6610 8.53E-07 A £09.9%
both states

120 min of -0.7676 0.1146 -6.6988 7.82E-07 X 2099 .9%
both states

240 min of -0.6840 0.1208 -5.6625 9.16E-06 X 2090.9%
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Table S8. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC31 and N-glycosylated AC-LC31 for the peptide containing residues 37-48 at different
exchange times of 0.5 to 240 min, related to Figure 5.

both states

Predictors Estimate SE t-statistic p-value Significance
0.5 min of -0.1807 0.0768 -2.3534 2.61E-02 * 595%
both states

1.0 min of -0.2416 0.0768 -3.1465 4.00E-03 X 5090.9%
both states

10 min of -0.5313 0.0768 -6.9187 1.96E-07 X 500.9%
both states

30 min of -0.5008 0.0814 -6.1491 1.43E-06 X 2099 .9%
both states

120 min of -0.06244 0.0768 -8.1318 9.81E-09 XX 2099.9%
both states

240 min of -0.4950 0.0768 -6.4468 6.58E-07 X 5090.9%

Table S9. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC31 and N-glycosylated AC-LC31 for the peptide containing residues 107-118 at

different exchange times of 0.5 to 240 min, related to Figure 5.

both states

Predictors Estimate SE t-statistic p-value Significance
0.5 min of -0.1246 0.1458 -0.8547 4.00E-01 NS
both states

1.0 min of -0.1862 0.1458 -1.2775 2.12E-01 NS
both states

10 min of -0.3067 0.1458 -2.1039 4 48E-02 * 295%
both states

30 min of -0.4385 0.1458 -2.8359 8.56E-03 X 09.9%
both states

120 min of -0.4460 0.1458 -3.0595 4.96E-03 X 09.9%
both states

240 min of -0.2406 0.1458 -1.6506 1.10E-01 NS




Table S10. Peptide-wise significance score of differential uptake by unglycosylated AC-
LC31 and N-glycosylated AC-LC31 for the peptide containing residues 164-177 at
different exchange times of 0.5 to 240 min, related to Figure 5.
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Predictors Estimate SE t-statistic p-value Significance
0.5 min of -0.2833 0.1053 -2.6894 1.21E-02 ** 208.0%
both states

1.0 min of -0.3637 0.1053 -3.4525 1.85E-03 R 2099.9%
both states

10 min of -0.3017 0.1053 -2.8644 7.99E-03 X 2099 .9%
both states

30 min of -0.1908 0.1117 -1.7080 9.91E-02 * 295.0%
both states

120 min of -0.2875 0.1053 -2.7295 1.10E-02 ** 208.0%
both states

240 min of -0.0549 0.1053 -0.5214 6.06E-01 NS
both states
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Figure S1. Size-exclusion chromatography (SEC) profiles of purified AC-LC1 and AC-
LC31, related to STAR Methods. (A) SEC profiles of unglycosylated AC-LC1 (blue) and N-
glycosylated AC-LC1 (green) with an elution volume of 14.4 and 14.3 ml, respectively. (B) SEC
profiles of unglycosylated (blue) and N-glycosylated AC-LC31 (green). Unglycosylated AC-LC31
exists in multiple oligomeric forms, which include two broad peaks containing oligomeric forms
and a minor contribution from a small size peak, probably a monomeric protein, while
glycosylated AC-LC31 shows a single peak at 15.0 ml.
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Figure S2. SDS-PAGE gel showing purity levels of AC-LC1 and AL-LC31, related to STAR
Methods. (A) SDS-PAGE showing purity levels of unglyc AC-LC1, (B) N-glycosylated AC-LC1,
(C) Unglyc AC-LC31, (D) N-glyc AC-LC31.
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Figure S3. Comparison of size-exclusion chromatography (SEC) profiles of N-glyc AC-
LC1 and N-glyc AC-LC73, related to STAR Methods. SEC profiles of N-glycosylated AC-LC1
(blue) and AC-LC73 (black). The major peak at 14.4 ml elution volume shows that N-
glycosylated AC-LC73 eluted as a dimer similar to AC-LC1 and AC-LC31.
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Figure S4. Structure and stability of N-glyc AC-LC73, related to STAR methods. (A) Far-UV
CD spectrum of N-glycosylated AC-LC73, which possesses a typical immunoglobulin fold. (B)

Thermal unfolding profile of N-glycosylated AC-LC73, having a melting temperature of 47.5+0.6
°C.

Figure S5. Cartoon showing location of tryptophan (W) residues in AC-LC1 and AC-LC31,
related to Figure 3. (A) Tryptophans (W35, W96 and W148,) arrangements on AlphaFold
predicted model of AC-LC1. (B) Tryptophans (W35, and W149) arrangements on AlphaFold
predicted model of AC-LC31.
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Figure S6. Raw data of chemical unfolding studies of unglycosylated and N-glycosylated
AC-LC1, related to Figure 4. (A) The top panel shows intrinsic fluorescence spectra of
unglycosylated AC-LC1 at GdnHCI concentrations ranging from 0 to 5 M, with a color gradient
from green to yellow. The lower panel is the singular value decomposition (SVD) at different
GdnHCI concentrations. (B) The top panel shows intrinsic fluorescence spectra of N-
glycosylated AC-LC1 at GdnHCI concentrations ranging from 0 to 5 M, with a color gradient
from green to yellow. The lower panel is the singular value decomposition (SVD) at different
GdnHCI concentrations.
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Figure S7. Raw data of chemical unfolding studies of unglycosylated and N-glycosylated
AC-LC1, related to Figure 4. (A) The top panel shows intrinsic fluorescence spectra at different
GdnHCI concentrations, ranging from 0 to 5 M, in a color gradient of green to yellow for
unglycosylated AC-LC31. The lower panel is the singular value decomposition (SVD) at different
GdnHCI concentrations. (B) The top panel shows intrinsic fluorescence spectra at different
GdnHCI concentrations, ranging from 0 to 5 M, in a color gradient of green to yellow for N-
glycosylated AC-LC31. The lower panel is the singular value decomposition (SVD) at different
GdnHCI concentrations.
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Figure S8. Thermal unfolding and refolding profiles of AC-LC1 and AC-LC31 in their
uglycosylared and N-glycosylated forms, related to Figure 4. (A) Thermal unfolding (green)
and refolding (orange) profiles of unglycosylated AC-LC1. (B) Thermal unfolding (blue) and
refolding (orange) profiles of N-glycosylated AC-LC1. (C) Thermal unfolding (green) and
refolding (orange) profiles of unglycosylated AC-LC31. (D) Thermal unfolding (blue) and
refolding (orange) profiles of N-glycosylated AC-LC31. Non-overlapping profiles suggest that
thermal unfolding of both unglycosylated and N-glycosylated LCs are irreversible.
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Figure S9. Limited proteolysis assay, related to Figure 5. (A) SDS-PAGE showing limited
proteolysis of unglycosylated AC-LC1 with trypsin in a 1:50 (enzyme: protein) ratio at different
time points of 0 to 240 min. (B) Glycosylated AC-LC1 with the same enzyme concentration and
incubation conditions. (C) Unglycosylated AC-LC31. (D) Glycosylated AC-LC31.
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Figure $10. Mapping of potential trypsin digestion sites, related to Figure 5. (A) AC-LC1
model. (B) AC-LC31 model. The NFT sequon is shown in magenta, and potential trypsin
digestion sites are in cyan.

Soted 10 Feptuder, 005N Commnge, 351 Ratrniiore

Figure S$11. Coverage map, related to Figure 5 and STAR methods. Coverage map obtained
after pepsin digestion of unglycosylated AC-LC1. The total number of peptides is 70, coverage
is 93.5%, with a redundancy of 5.18. The average of all peptide lengths is 13.8 residues.
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Figure S$12. Heat map, related to Figure 5 and STAR methods. Heat map showing deuterium
uptake by different peptides of unglycosylated AC-LC1 in a gradient of blue-to-white-to-red for
lower to higher uptakes.
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coverage and a redundancy of 5.44. The average length of all peptides is 13.5.
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Figure S14. Heat map, related to Figure 5 and STAR methods. Heat map showing deuterium
uptake by different peptides of glycosylated AC-LC1 in a gradient of blue-to-white-to-red for less
to higher uptakes.
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Figure S15. Coverage map, related to Figure 5 and STAR methods. Coverage map of
common peptides between unglycosylated and glycosylated AC-LC1. The total number of
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peptides is 52, with a coverage of 76.3 and redundancy of 4.04. The average length of all

peptides is 13.8.
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Figure $17. HDX-uptake kinetics plots obtained from Dynmax, related to Figure 5. HDX-
uptake kinetics of relative deuterium uptake of the selected common peptides between N-glyc
AC-LC1 (green) and unglyc AC-LC1 (blue). The error bars represent the standard deviation with

respect to each exchange.
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Figure S18. HDX-uptake kinetics plots obtained from Deutero 2, related to Figure 5. HDX-
uptake kinetics of relative deuterium uptake of the selected common peptides between N-glyc



O©CoO~NOUAWNE

AC-LC1 (pink) and unglyc AC-LC1 (blue) by Deuteros 2.0 software. The error bars represent the
standard deviation with respect to each exchange.
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Figure S19. Coverage map, related to Figure 5 and STAR methods. Coverage map on
pepsin digestion of unglycosylated AC-LC31. The total number of peptides is 64, coverage is
95.4% with a redundancy of 4.60. The average length of all peptides is 14.0.
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Figure S20. Heat map, related to Figure 5 and STAR methods. Heat map showing deuterium
uptake by different peptides of unglycosylated AC-LC31 in a gradient of blue-to-white-to-red for
less to higher uptakes.
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Figure S21. Coverage map, related to Figure 5 and STAR methods. Coverage map on
pepsin digestion of glycosylated AC-LC31. The total number of peptides is 49, with 91.6%
coverage and a redundancy of 3.74. The average length of all peptides is 11.7



O©CoO~NOUAWNE

.99 L ¥ Q80 558 P-RA NGO BV T 17T €Q-4-%0.0-18: % ¥ L.ARNY- Q:Q'K-9
b} w 15 0 P x n o
s _—
10
120 P 1
B E-a4a P°K'Y k.39 ~ ¥ L 6 Y G VY P S R DT GG 3 E S C T HMIENTETYT LY S L Q0

[ 3]
03
0 s
10 man
P $ 0 F QL X 3 0T A S Y VCLLNNTFEY PRI AEYQWEY D NALAGQSYS &Gu

e 3 ) 130 w

03

AR, ’.‘hlﬂli
= as

03 mn
10 man
10

Feiatrw hrmtbona '.Eon

N BN

Figure S22. Heat map, related to Figure 5 and STAR methods. Heat map showing deuterium
uptake by different peptides of glycosylated AC-LC31 in a gradient of blue-to-white-to-red for
less to higher uptakes.
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Figure S23. Coverage map, related to Figure 5 and STAR methods. Coverage map of
common peptides between unglycosylated and glycosylated AC-LC31. The total nhumber of



O©CoO~NOUAWNE

peptides is 28, with a coverage of 77.8 and redundancy of 2.31. The average length of all
peptides is 12.6.
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Figure S24. Heat map, related to Figure 5 and STAR methods. Heat map showing deuterium
uptake by common peptides between unglycosylated and glycosylated AC-LC31.
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Figure $25. HDX-uptake kinetics plots obtained from Dynmax, related to Figure 5. HDX-
uptake kinetics of relative deuterium uptake of the selected common peptides between N-glyc
AC-LC31 (green) and unglyc AC-LC31 (blue). The error bars represent the standard deviation
with respect to each exchange.
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Figure S26. HDX-uptake kinetics plots obtained from Deutero 2, related to Figure 5. HDX-
uptake kinetics of relative deuterium uptake of the selected common peptides between N-glyc
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AC-LC31 (pink) and unglyc AC-LC31 (blue) by Deuteros 2.0 software. The error bars represent
the standard deviation with respect to each exchange.
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Figure S27. Structural mapping of differential deuterium uptakes between unglycosylated
and N-glycosylated LCs, related to Figure 5. Structural mapping of differential deuterium
uptake obtained after subtracting the deuterium uptake by unglycosylated proteins from their N-
glycosylated counterparts. Negative value of deuterium uptake means higher uptake of
deuterium by N-glycosylated proteins, and a positive value of deuterium uptake means lower
uptake by N-glycosylated proteins. Zero means no difference in uptake (light blue). A) Structural
mapping of differential deuterium exchange between unglycosylated and N-glycosylated AC-
LC1 at different time points of 0.5 to 240 min. The N-glycosylated AC-LC1 exhibited a similar
exchange to its unglycosylated counterpart, indicating similar dynamics for both. (B) Structural
mapping of differential deuterium uptake between unglycosylated and N-glycosylated AC-LC31.
The dark blue color indicates a lower uptake by glycosylated AC-LC31 and, therefore, less
dynamic than its unglycosylated counterpart. NFT sequon is coloured in red. The uncovered
region is shown in pale green.
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