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machinery, and mitochondrial
metabolism in a mouse model of type 2
diabetes.
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SUMMARY

Pancreatic islets, in which g cells constitute 50%-80% of the endocrine mass, are the body’s site for glucose-
regulated insulin secretion. Pancreatic islet dysfunction is a hallmark of type 2 diabetes. Nevertheless, the
molecular changes that impair their function remain insufficiently understood. To determine how islet cellular
organization supports function and how it deteriorates in disease, we used machine learning-based organelle
proteomics to build an organelle atlas of pancreatic islets from mice, humans, and pig neonatal islet-like cells.
This cross-species resource maps localization of ~8,000 proteins, revealing conserved organelle organiza-
tion and identifying previously unrecognized components of insulin granules. Applying our organelle prote-
omics workflow to db/db mice, a T2D model uncovered disease-associated changes affecting vesicular
trafficking and mitochondrial amino acid metabolism. Additionally, we found a disassembly of the insulin-
granule acidification machinery. Our atlas provides insights into islet subcellular organization and identifies

processes whose disruption may drive pancreatic islet failure in T2D.

INTRODUCTION

Pancreatic islets are the main regulators of whole-body
glucose balance, and their impairment is a hallmark of type
2 diabetes (T2D). In mammals, p cells make up 50%-80% of
the islet tissue mass. These cells detect circulating glucose
and nutrient levels and respond with tightly regulated insulin
secretion to keep blood glucose within a narrow range. The
p cells work together with glucagon-producing o cells and so-
matostatin-producing & cells to fine-tune glycemic control,’
with glucagon stimulating insulin secretion and somatostatin
suppressing it.?

The endocrine cell types of pancreatic islets, their roles, and
regulatory pathways are conserved across mammals. Howev-
er, mice and pigs, two species commonly used for research
and xenotransplantation, display species-specific differences
in islet structure and function compared with humans. In both
pigs and humans, fetal islets first form a mantle-core structure
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but undergo gestational remodeling into an intermingled
a-/p-cell arrangement.> Mice are reported to retain the
mantle-core architecture throughout life.** Still, some studies
indicate that this canonical core-mantle structure is most
evident in young lean animals but can become disrupted with
aging or metabolic stress, such as high-fat diet-induced
obesity, leading to greater mixing of « and & cells into the
p-cell core.®” Mouse islets also show a higher proportion of p
cells, distinct paracrine regulation, and two insulin isoforms.*®
In contrast, pigs exhibit a more dispersed endocrine cell orga-
nization, stronger islet vascularization, and glucose responsive-
ness, insulin secretion dynamics, and gene expression patterns
more similar to those of human islets.*®

Despite these differences, the core p-cell machinery for insu-
lin secretion is conserved across species. Glucose uptake and
oxidative metabolism raise the cytosolic ATP/ADP ratio, closing
ATP-sensitive K* (KATP) channels,® depolarizing the mem-
brane, and activating voltage-dependent Ca®* channels

Cell Reports 45, 117751, August 25, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
mailto:natalie.krahmer@helmholtz-munich.de
https://doi.org/10.1016/j.celrep.2026.117751
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2026.117751&domain=pdf

¢? CellPress

OPEN ACCESS

(VDCCs). The resulting Ca®* influx triggers exocytosis of insu-
lin-containing granules in two phases, a rapid first phase fol-
lowed by a longer second one, acting on distinct vesicle
pools.'® This specialized endocrine function of p cells depends
on their highly organized subcellular structure. Each cell con-
tains about 10,000 insulin granules'' and a network of organ-
elles specialized to support insulin synthesis, storage, and
secretion.'? The endoplasmic reticulum (ER) and Golgi appa-
ratus are optimized for producing, folding, and packaging
bulk cargo into secretory vesicles,'® while mitochondria have
a particularly high capacity for ATP generation to fuel
glucose-stimulated insulin secretion.' The specialized cyto-
skeleton coordinates the movement of insulin granules to spe-
cific microdomains at the plasma membrane (PM),'® where
KATP and VDCC channels are densely located for glucose
sensing and insulin release.'® At the same time, lysosomes
and autophagosomes coordinate proteostasis by degrading
misfolded insulin and recycling granule components.’” This
coordination among specialized organelles and the dynamic
subcellular organization of f cells allows the maintenance of
glucose homeostasis under changing physiological conditions.

Failure of B cells is a defining feature of pancreatic islet
dysfunction in T2D,'® whose prevalence has reached
epidemic levels.'® In the early stages of T2D, p cells initially in-
crease insulin secretion to compensate for systemic insulin
resistance, the reduced ability of tissues to respond to insulin
under conditions of overnutrition and obesity.20 However,
this compensatory response cannot be sustained in the long
term, eventually leading to impaired insulin release, fB-cell
apoptosis, and chronic hyperglycemia.”’’ Despite extensive
research on pancreatic dysfunction, including identification
of defects in p-cell glucose sensing,” insulin secretion path-
ways,”® ER stress responses,”"?° and mitochondrial dysfunc-
tion,?® the underlying molecular processes remain only partly
understood.

Single-cell transcriptomics and proteomics allow high-
throughput characterization and provide information on the
states of individual cell types; however, they do not resolve sub-
cellular organization. Organelle proteomics can address this by
capturing subcellular architecture, but it requires large amounts
of fresh material and has therefore been applied mainly to highly
proliferative cell lines®” > or to tissues with large biomass, such
as liver."”*! These material constraints have limited its use for or-
gans, tissues, or sorted cell populations where only small input
amounts are available. Here, we apply organelle proteomics to
analyze pancreatic islets, a relatively low-abundance tissue,
using a protein correlation profiling (PCP) workflow optimized
for reduced protein input at the whole-tissue level. With this
approach, we generated a proteomic atlas of pancreatic islet or-
ganelles containing localization information for more than 8,000
proteins.

By comparing islet organization across mice, pigs, and hu-
mans, and by examining alterations in a T2D mouse model, we
characterize pancreatic islet cellular organization and identify
disease-related changes in organelle proteomes. Together, this
resource provides a cross-species atlas for studying pancreatic
islet cell organization and offers insight into the molecular alter-
ations underlying islet dysfunction in T2D.
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RESULTS

A cross-species cellular atlas of pancreatic islets
Preclinical endocrine research predominantly uses rodent models
due to limited access to human pancreatic tissue. However, the
anatomical and physiological differences between rodents and
humans can reduce the translational relevance of findings. Pigs
provide an alternative, as their pancreatic islet tissue organization
and function more closely resemble humans, making them partic-
ularly interesting for islet xenotransplantation research.*® To
enable cross-species comparisons of islet cellular organization
across the three species, we generated a proteomic cellular atlas
of pancreatic islets from healthy young human donors and mice
and compared it with a subcellular map of in vitro matured pig
neonatal islet-like cells (NICCs or NPIs). NICCs were selected
rather than adult pig islets because they are easier to isolate, yield
substantially more material, and typically show superior survival
and functional performance, including robust insulin secre-
tion.**** Our NICC preparations, isolated at postnatal day 3-5
and matured for 8-13 days, showed robust insulin secretion after
forskolin stimulation, similar to previously reported NICC respon-
siveness® (Figure S1A), confirming their functionality. As ex-
pected from their higher proportions of ductal and progenitor
cells, NICCs contained a lower f-cell fraction (~30%) compared
with human and mouse islets, which typically contain 50%-70%
and 70%-90% p cells, respectively” (Figure S1B). To establish a
basis for interpreting cross-species differences in subcellular pro-
tein localization, we systematically quantified cell composition
and maturation markers in the total proteomes (Table S1). Using
cell type-specific marker panels,’® we confirmed that pig NICCs
exhibit higher levels of immature p-cell markers compared with
mouse islets (Figure S1C). As expected, classical p-cell marker
proteins were most abundant in mice, intermediate in humans,
and lowest in pig NICCs (Figure S1D), whereas o-cell marker
levels were reduced in mice relative to the other species
(Figure S1E). Somatostatin levels indicated comparable 3-cell
abundance across all three species (Figure S1F). Although the dif-
ferences in cell-type marker abundance were modest, the
comparatively low f-cell content of pig NICCs, and the highest
levels observed in mice, should be considered when evaluating
cross-species proteomic differences. Some of the observed var-
iations may reflect underlying differences in islet cellular composi-
tion rather than exclusively species-specific proteomic features.
Using sucrose density gradients, we separated organelles
from the three pancreatic islet models. For mice, islets from
five wild type (WT, C57BLKS/J) male mice were pooled per
gradient, yielding ~150-200 islet equivalents (IEQs) (~200 pg
protein), so the mouse atlas generated from three replicates re-
flects material from 15 animals. For pig NICCs, we used 20%
from each of four independent isolations (two male and two fe-
male donors), resulting in ~500 pg protein and ~1,000-1,200
IEQs per gradient; the pig atlas therefore represents tissue
from 16 pigs. Human islets from young healthy male donors pro-
vided 8,000-12,000 IEQs and 200-500 pg protein per gradient
(see Methods for donor characteristics), and due to limited avail-
ability of fresh human material in these quantities, the human
atlas reflects material from only three donors. The gradients,
divided into 24 fractions per sample, were analyzed via liquid
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chromatography-tandem mass spectrometry (LC-MS/MS) to
generate protein abundance profiles for PCP (Figure 1A). PCP
enables the systematic mapping of protein localizations without
the need for purified organelles, as localizations are inferred by
comparing protein fractionation profiles with established organ-
elle markers. First, resolvable compartments were determined
through unsupervised hierarchical clustering and enrichment
analysis of validated organelle markers derived from the HelLa
cell proteomic map?® and Protein Atlas,*” which led to the iden-
tification of nine compartments with distinct profiles (Figures 1B
and 1C; Figure S2A), including major membrane bound compart-
ments and additionally a compartment we named “protein syn-
thesis”, which fractionated separately and contained ribosomes
and proteins involved in translation. Peroxisomal markers were
omitted, and several secretory pathway compartments, such
as endosomes or vesicles, were grouped into a single “vesicular
transport” category due to resolution limits. Our recently imple-
mented computational tool, C-COM PASS,*® a machine-learning
software using a neural network-based regression model, was
then trained on a set of organelle markers for these nine com-
partments to predict spatial protein distributions of the entire da-
taset (Table S2).

The organelle maps yielded between 2,023 and 7,748 proteins
per fraction (Figure S2B), leading to 7,938 different proteins in to-
tal for human islets, 6,857 for pig NICCs, and 5,741 for murine is-
lets. 4,469 proteins were commonly detected across all species
(Figure 1D; Table S2). Principal component analysis of all frac-
tions indicated similar separation patterns across species
(Figure S2C). The number of organelle classifications and pro-
teins with single and multiple localizations was similar across
species (Figures 1E and 1F; Table S3). The accuracy of
C-COMPASS assignments exceeded 90% for all compart-
ments; only vesicular trafficking markers displayed lower preci-
sion (83.5% for human, 87.5% for pig, and 54.5% for mouse)
(Figure S2D). Importantly, while marker profiles for the same
compartments were generally very similar across species, minor
differences in gradient behavior (Figure S2E) did not compro-
mise the accuracy of C-COMPASS, as the predictions rely on in-
ternal comparisons with species-specific markers. Finally, we
compared our localization predictions with data from the Human
Protein Atlas,*® which provides immunofluorescence-based
localization information from human cell lines. Agreement was
high for several organelles such as mitochondria and the nu-
cleus, whereas the overlap in the protein’s primary subcellular
location was lower for compartments involved in vesicular trans-
port or for the ER. This reduced overlap likely reflects p-cell-spe-
cific organizations that are not captured in conventional cell-line
models such as U20S or Hela cells (Figure S2F).

Cell Reports

Species-specific organelle organization and subcellular
localization
To assess organelle abundance in pancreatic islets, we integrated
the total tissue proteomes with PCP-derived protein localization
profiles. Summing the intensities of validated organelle marker
proteins across human and mouse islets and pig NICCs enabled
estimation of relative organelle abundance and comparison of
species-specific cellular organization (Figure S3A). The secretory
apparatus components were most abundant in pig NICCs, fol-
lowed by human islets, whereas mouse islets showed lower levels
of involved proteins. This is consistent with the rapid granule turn-
over and high insulin synthesis rates characteristic of rodent f
cells, which maintain smaller storage pools but a highly dynamic
secretory apparatus.®® Mitochondrial proteins were reduced in
pig NICCs relative to both mature islet types, aligning with the
immature oxidative metabolism reported for NICCs.®" In contrast,
mouse islets had the highest abundance of mitochondrial and pro-
tein synthesis machinery, consistent with their high metabolic ac-
tivity.>® Lysosomal markers were most abundant in human islets,
exceeding levels in both pig NICCs and mouse islets. Together,
this indicates distinct organelle profiles across species aligning
with their reported metabolic activities and maturation states.
Our pancreatic islet subcellular atlas identified 4,469 proteins
shared among islet cells across all three species (Figure 1D),
with 2,222 proteins displaying consistent subcellular localization
(Figure 1G; Table S4). This subset represents a conserved core
proteome, essential for pancreatic islet function, and is enriched
in ribosomal proteins, chromatin modifiers, cell cycle regulators,
and proteins of essential metabolic pathways. Moreover, we
found an enrichment in proteins of compartments requiring spe-
cific targeting sequences, particularly those localized to the mito-
chondria and nucleus (Figure S3B). To explore species-specific
differences, we identified proteins with conserved localization in
two species but divergent localization in the third. Mouse pancre-
atic islets exhibited the highest proportion of uniquely localized
proteins, with 17.7% showing distinct main organelle classifica-
tion, compared to 9.2% in pigs and 9.6% in humans
(Figure 1H). While some of these variations may stem from spe-
cies differences, others may reflect differences in isolation proto-
cols, sample handling, maturation state, or cell composition. For
example, the distinct localization of developmental regulators,
such as the cell-cell adhesion protein and central canonical Wnt
signaling transducer p-catenin/CTNNB1 and the Nodal/TGFf@
transcription factor SMAD2 in pig NICCs may indicate incomplete
maturation (Figures S3C-S3E). Conversely, human islets showed
shifts in autophagy related protein profiles compared to mouse
and pig and increased co-localization and membrane compart-
ment recruitment of autophagy-related proteins (e.g., ANXA2,

Figure 1. A cross-species proteomic organelle atlas of pancreatic islets

(A) Schematic of organelle proteome mapping by density fractionation, LC-MS/MS, and C-COMPASS neural network-based compartment prediction.

(B) Unsupervised hierarchical clustering of median 0-1 scaled profiles of common proteins across species; enriched organelle markers indicated. (n = 3 human,
n = 4 pig, each replicate pooled from two male and two female pigs, n = 3 mouse; each mouse replicate pooled from five male mice).

(C) Median abundance profiles of organelle markers.

(D) Venn diagram of proteins identified per species.

(E) Number of proteins assigned per compartment.

(F) Percentage of proteins with single or multiple compartment assignments.
(G) Venn diagram of overlapping main protein localizations across species.

(H) Proportion of proteins with divergent main organelle assignments between species.
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ATGS5, ATG12, EPG5, VMP1) (Figures S3F-S3H), suggesting
active autophagosome formation and possibly increased auto-
phagic activity, potentially due to longer intervals between isola-
tion and fractionation.

Overall, despite the difference in cell composition and matura-
tion state of NICCs compared to human and murine islets, hu-
man islets and pig NICCs had greater architectural similarity in
localization, consistent with their closer evolutionary relation-
ship.”® In contrast, mouse islets displayed the most pronounced
divergences, particularly affecting pathways critical for p-cell
function and insulin secretion. These included components of
vesicular trafficking, as well as key regulatory signaling pathways
such as cAMP (GNA11), calcium signaling, and cGMP synthesis
(GUCY1A1) (Figures S31-S3K), indicating species-specific differ-
ences in the organization of key functional processes.

An organelle map of T2D mice
To investigate alterations in pancreatic islet cellular organization
associated with T2D, we used the db/db mouse model, which
carries a nonfunctional leptin receptor and consequently develops
obesity-induced insulin resistance, islet dysfunction, and hyper-
glycemia.>* T2D progression has been well characterized in this
model over time: it begins with compensatory hyperinsulinemia
driven by p-cell hyperplasia, followed by p-cell failure and overt hy-
perglycemia.”>*® Based on detailed phenotyping data (see
8-week phenotyping of JAX stock®’°), we selected 8-week-old
db/db mice for our analysis. At this age, db/db mice are already
obese, have elevated serum lipids (including cholesterol and
triglycerides), impaired glucose tolerance, systemic insulin resis-
tance, hyperinsulinemia, and hyperleptinemia. p cells are hypertro-
phic and under functional stress yet remain largely viable.®
Consistent with this established phenotype, the mice exhibited
elevated blood glucose levels (Figure S4A), in line with a diabetic
state at this stage of disease progression. We therefore selected
this stage that represents the transitional phase from p-cell
compensation to dysfunction to capture cellular changes occur-
ring before widespread p-cell apoptosis to detect early subcellular
reorganization. To assess the influence of changes in cell-type
abundance on our subcellular map, we quantified cell type
markers*® at the proteome level (Figures S4B-S4D), which re-
vealed a minor decline in - and §-cell markers but no evidence
of major restructuring of islet cell composition at this time point.
Using PCP on islets isolated from db/db mice, we identified
5,585 proteins shared with our previously generated organelle
map from WT islets (Figure 2A). Experimental quality parameters,
including the number of proteins detected per fraction, organelle
marker profiles, protein distributions across organelles, and the
accuracy of localization assignments, were consistent across dia-
betic and control samples (Figures S4E-S4J). To assess quantita-

Cell Reports

tive changes in organelle abundance, we applied the same
approach used previously for comparing organelle abundance
across species and summed the intensities of organelle marker
proteins (Figure 2B). In db/db islets, we observed an increase in
abundance of the protein synthesis machinery, Golgi apparatus,
and vesicular trafficking pathways, while protein content from
mitochondrial, lysosomal, and nuclear compartments was
reduced. These shifts are consistent with prior reports showing
upregulation of secretory machinery in response to increased insu-
lin demand,’’ as well as mitochondrial loss under chronic
glucolipotoxicity.?’

Despite broadly conserved organelle organization and similar
gradient separation behavior between WT and T2D islets
(Figure 2C), PCP analysis revealed widespread protein relocaliza-
tion. To quantify these changes, we used the Relocalization Score
(RLS) calculated by C-COMPASS, which measures the degree of
compartmental redistribution between conditions. An RLS of zero
reflects identical localization, while a score of two indicates com-
plete relocalization. Among all proteins analyzed, 1,573 (~27%)
had an RLS >1, indicating that a substantial fraction of the prote-
ome underwent subcellular redistribution in T2D (Figures 2D and
2E). To validate our approach, we examined pathways known to
be affected in T2D or under glucolipotoxicity conditions.®*%® Pro-
teins associated with stress granules (e.g., SMG, ELAVLA4,
CNOT2, ATXN2, DDX6), were enriched among re-localized pro-
teins and showed increased profile overlap, suggesting enhanced
stress granule formation in diabetic islets (Figures S4K-S4L). In
addition, several stress-activated kinases linked to apoptosis,
inflammation, and cytoskeletal remodeling, including STK24 and
MAP3K7, showed altered localization (Figures S4M and S4N),
indicative of signaling changes, as kinase activity is closely tied
to subcellular localization.®*°°

Finally, we integrated our dataset with human genetic data from
the HUGeAMP Type 2 Diabetes Knowledge Portal (T2DKP),%°
which aggregates results from over 350 genetic studies on glyce-
mic traits. Among the proteins showing relocalization in db/db is-
lets, we identified 420 proteins with moderate genetic associa-
tions (HUGE score >3) and 329 proteins with strong or very
strong associations (HUGE score >10) to T2D and p-cell dysfunc-
tion (Figure 2F; Table S5 for genetic traits explanation). Notably,
among the relocalized proteins with high HUGE scores were es-
tablished regulators of insulin secretion and known therapeutic
targets, including the insulin granule-localized zinc transporter
SLC30A8 and the KATP channel subunit ABCC8 (Figures 2G
and 2H). ABCC8 is a known maturity-onset diabetes of the young
(MODY) gene and a clinically validated target of sulfonylureas,
which enhances insulin secretion by closing the KATP channel.
Overall, protein dynamics and genetic associations point to
several candidates as potential drivers of islet dysfunction.

Figure 2. Protein relocalization in T2D model mouse islets
(A) Venn diagram of proteins identified in db/db and WT islets organelle map.

(B) Organelle abundance in WT vs. db/db based on summed marker protein intensities (n = 3 WT, n = 4 db/db; each replicate pooled from five mice, two-sided
student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001, individual data points represent biological replicates. Bars indicate the median, and error bars represent +SD).
(C) Hierarchical clustering of median 0-1 scaled profiles of common proteins in WT and db/db.

(D) Pie chart of relocalization scores (RLS; 0-2).
(E) Sankey diagram of relocalization events (RLS >1).

(F) Manhattan plot of HUGE scores from T2DKP®° for relocalized proteins (RLS >1) across glycemic traits.
(G and H) PCP profiles of SLC30A8 and ABCC8 with C-COMPASS compartment predictions.
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Figure 3. Mitochondrial reprogramming in T2D

I downregulated in db/db Ml upregulated in db/db

(A) Hierarchical clustering of Z scored levels of mitochondria-assigned proteins with significantly altered levels in db/db islets (two-sided student’s t test, FDR

<0.05, n = 4 db/db, n = 3 WT, each replicate pooled from five mice).

(B) GO/KEGG enrichment bubble plot for up- and down-regulated mitochondrial protein clusters (Fisher’s exact test, FDR <0.15).

(C) Levels of mitochondrial proline metabolism proteins in WT and db/db islets (two-sided student’s t test, *FDR <0.05, **FDR <0.01; bars indicate median +SD).
(D) Schema of mitochondrial proline metabolism with T2D-associated protein level changes indicated.

(E and F) Proline concentrations per 100 islets (ng/100 islets; E) and normalized to protein content (ug/pg protein; F) in WT (n = 7) and db/db (n = 12) mice. (Boxes
show IQR with median; whiskers extend to 1.5x IQR. Mann-Whitney U test; *p < 0.05, **p < 0.01, ***p < 0.001).

Mitochondrial remodeling in T2D

First, given the well-established link between mitochondrial
dysfunction and p-cell failure in T2D, and the pronounced
decrease in mitochondrial protein abundance observed in our
data, we leveraged our organelle proteomics dataset to investi-
gate whether this dysfunction reflects not only a general loss of
mitochondrial function and mass, but also remodeling of the
mitochondrial proteome and changes of mitochondrial meta-
bolism. To investigate this, we filtered all proteins annotated as
mitochondrial in either WT or db/db mice and overlaid these
with changes in protein abundance from the total islet proteome.
Unsupervised hierarchical clustering of proteins that (i) localized
to mitochondria in either condition and (i) were significantly
altered in the total proteome revealed distinct groups of upregu-
lated and downregulated mitochondrial proteins (Figure 3A).

Similar results were obtained when proteins were additionally
filtered for conserved localization across species (Figures S5A
and S5B). Consistent with previous reports of impaired ATP pro-
duction,®”°® we observed a downregulation of key metabolic
pathways supporting ATP synthesis (Cluster I), including en-
zymes of the TCA cycle, electron transport chain, and
B-oxidation (Figure 3B). Interestingly, despite this overall decline
in mitochondrial metabolic activity, we detected a coordinated
upregulation of enzymes involved in proline biosynthesis from
either glutamine or ornithine in mitochondria (Cluster II)
(Figure 3B). Enzymes mediating the conversion of glutamine to
proline, such as GLS1 (glutaminase) and P5CS (ALDH18A1,
pyrroline-5-carboxylate synthase), were elevated. Similarly,
levels of OAT (ornithine aminotransferase) and SLC25A29, a
mitochondrial ornithine transporter, increased. Enzymes
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catalyzing the final step of proline synthesis, PYCR1 and PYCR2
(pyrroline-5-carboxylate reductase 1 and 2), which convert pyr-
roline-5-carboxylate (P5C) to proline, also showed elevated
levels, while P5CDH (ALDH4A1, pyrroline-5-carboxylate
dehydrogenase), responsible for proline degradation, was
downregulated (Figure 3C). Together, these changes indicate a
metabolic shift toward proline accumulation (Figure 3D). As
determined by LC-MS, proline levels were significantly elevated
in islets isolated from db/db mice compared with WT controls
(Table S6). When expressed per islet number, proline concentra-
tions were 3.15-fold higher in db/db islets than in WT islets
(Figure 3E). This increase remained statistically significant after
normalization to total protein content to account for potential dif-
ferences in islet mass (Figure 3F). Proline synthesis has been
shown to mitigate mitochondrial oxidative stress by regenerating
NAD* and supporting redox homeostasis under conditions of
electron transport chain dysfunction.®® While this may represent
an adaptive response to redox stress, elevated proline levels
may have detrimental effects. Proline serves as a precursor for
collagen synthesis, and its accumulation may promote extracel-
lular matrix (ECM) production and islet fibrosis, a pathological
feature of T2D.%® Furthermore, excessive proline has been impli-
cated in pancreatic islet dysfunction via amino acid toxicity, im-
pairing insulin secretion and exacerbating p-cell failure.”®

To test whether these changes are conserved in humans, we
first performed 1D annotation enrichment on the published total
tissue proteome comparing healthy and T2D from the Human
Islet platform,”""? currently the largest resource for proteomic
profiling of human islets, including datasets from individuals
with T2D (Figure S5C). This method ranks proteins by their fold
change and identifies functional categories that shift along this
gradient, thereby highlighting pathways that are systematically
up- or down-regulated. At the total proteome level, we observed
downregulation of TCA cycle components, electron transport
chain complexes, and ATP synthesis machinery. In parallel, we
applied a complementary workflow in which we first filtered pro-
teins assigned to mitochondria based on our PCP localization
approach and then overlaid these with changes reported in the
Human Islet platform”’:" T2D dataset. This revealed an upregu-
lated mitochondrial cluster enriched for proline and arginine
biosynthesis pathways, whereas TCA cycle and pyruvate meta-
bolism were consistently downregulated (Figures S5D and S5E).
Together, these findings indicate that a loss of mitochondrial en-
ergy metabolism and a shift toward altered amino acid meta-
bolism, particularly increased proline synthesis, are conserved
features across species.

Altered vesicular trafficking and phosphoinositide
metabolism in T2D

Next, to investigate subcellular changes in a systematic unbi-
ased manner and identify the most dysregulated pathways, we
performed enrichment analysis on relocalized proteins
(Figure 4A). In T2D islets, these proteins were significantly en-
riched in vesicular transport pathways, including components
involved in vesicle fusion, priming, and docking, suggesting
widespread restructuring or dysfunction of the insulin secretory
machinery. This aligns with the previously reported impairment
of glucose-stimulated insulin secretion in T2D with early loss of
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first-phase secretion as a hallmark.”® Moreover, previous studies
have reported reduced numbers of docked insulin granules, dis-
rupted spatial organization at the plasma membrane, and defec-
tive signaling pathways regulating granule docking in pcells from
T2D donors.”*"®

Using PCP-based localization profiling, we characterized
molecular alterations underlying these defects. Focusing on
proteins assigned to the vesicular trafficking compartment,
we modeled compositional changes using whole-islet prote-
omics, analogous to our mitochondrial analysis. Specifically,
we performed unsupervised hierarchical clustering on proteins
annotated with vesicular transport localization in either WT or
db/db mice and applied an additional filter for those showing
significant changes in the total islet proteome (with conserved
localization across species, as added criteria shown in
Figures S6A and S6B). This analysis revealed upregulation of
proteins involved in vesicle formation and cargo selection,
including clathrin, COPI, COPIIl, and AP adapter complexes
(Figures 4B and 4C), likely reflecting the increased basal secre-
tion and compensatory response to increased secretory de-
mands in T2D.”® However, the subcellular localizations of
many of those upregulated key vesicular trafficking proteins,
including entire protein complexes essential for this process,
were altered, questioning their proper functionality in T2D. For
instance, proteins critical for insulin granule fusion such as
the core SNARE machinery components (e.g., STXBP1,
STXBP2) had changed localizations (Figure 4D; Figure S6C).
Similarly, proteins required for vesicle priming and docking,
including VAMP4,”” were relocalized (Figure S6D). Additionally,
endosomes, particularly recycling endosomes, were enriched
among relocalized proteins. These compartments are critical
for recycling insulin granule components and membrane recep-
tors such as glucagon-like peptide 1 receptor (GLP1R), gastric
inhibitory polypeptide receptor (GIPR), and insulin receptor
(INSR), which play important roles in regulating insulin
secretion and p-cell function and are major drug targets.”® We
identified widespread reorganization and downregulation
within the endosomal recycling machinery, including the small
GTPases (RAB8B, RAB10, RAB22A) and EHD-family ATPases
(EHD2-4), which mediate membrane remodeling and endo-
some formation’® (Figure 4E; Figure S6E). Components of the
retromer complex (e.g., SNX1, SNX2, VPS29, VPS35), respon-
sible for retrieving cargo from endosomes to the Golgi appa-
ratus or plasma membrane,®° also showed altered localization
with a shift to cytosolic fractions, indicating complex disas-
sembly (Figures S6F-S6G).

In parallel, pathway enrichment analysis (Figure 4A) revealed
alterations in phosphoinositide (Pl) signaling, a pathway closely
linked with vesicular trafficking. Pl-metabolizing enzymes
generate spatial lipid gradients that define membrane identity,
recruit effector proteins, and thereby regulate granule forma-
tion, maturation, trafficking, and fusion.?"**> Accordingly, dis-
ruptions in Pl metabolism can lead to the mislocalization of
key trafficking components and functional impairment of the
secretory pathway. Numerous Pl metabolizing enzymes and
Pl-binding proteins showed altered localization in T2D,
including Pl4KA, PI4K2A, PIK3C3, PIK3C2A, PIP4P1, PTEN,
PIK3R1, PI4K2B, PIKFYVE, PLEKHA1, and PIP5K1C. For
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Figure 4. Altered vesicular trafficking and phosphoinositide metabolism in T2D
(A) GO/KEGG enrichment bubble plot of relocalized proteins (one-sided Fisher’s exact test, FDR <0.15).
(B) Hierarchical clustering of Z scored levels of vesicular transport proteins significantly altered in db/db islets (two-sided student’s t test, FDR <0.05, n = 4 db/db,

n=3WT).
(C) GO/KEGG enrichment bubble plot for up- and down-regulated clusters.

(D-G) PCP profiles of indicated proteins with C-COMPASS compartment predictions represented as bars (median profiles, n = 4 db/db, n = 3 WT, each replicate

represents pooled islets from five mice).

example, PIP5K1C and PTEN, which regulate PI(4,5)P, and
PI(3,4,5)P5 at the plasma membrane,®*>®* respectively, showed
increased recruitment to vesicular and plasma membrane
fractions (Figure 4F; Figure S6H). This was accompanied
by enhanced membrane association of PI(4,5)P,-binding
proteins such as PLEKHA1 (Figure 4G). Many of these
proteins are associated with glycemic traits in the T2DKP,®°

highlighting their relevance for insulin secretion and p-cell func-
tion (Figure S6l).

To test for the conservation of this regulation in the human islet
proteome in T2D, we next analyzed the levels of vesicular traf-
ficking proteins in the human total islet proteome comparing
T2D donors and healthy donors from the Human Islet plat-
form,”"*"? 1D annotation enrichment and pathway analysis of
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(A) Hierarchical clustering of C-COMPASS compartment classifiers for all detected V-type ATPase subunits in WT and db/db.

(B and C) PCP profiles of indicated subunits with C-COMPASS predictions (median, n = 4 db/db, n = 3 WT).

(D) Immunofluorescence of ATP6V1C in EndoC-BH5 cells under normal and glucolipotoxic conditions (DAPI, blue; insulin, green; ATP6V1C, magenta; scale bars,
10 pm; n = 3 experiments) with fluorescence intensity line plots across the indicated lines.

up- and down-regulated vesicular trafficking proteins revealed
broad downregulation of pathways involved in exocytosis and
vesicular trafficking (Figures S6J-S6L). Downregulated cate-
gories included regulation of synaptic vesicle exocytosis and
endocytosis, components of the endomembrane system,
SNARE complex proteins, syntaxins, clathrin-mediated pro-
cesses, and factors required for vesicle docking and priming.
Taken together, these findings indicate a profound reorganiza-
tion of the vesicular trafficking machinery in T2D islets in mouse
and human, indicating remodeling of the secretory apparatus
underlying defective insulin secretion in the disease.

Impairment of the insulin granule acidification
machinery

An additional key finding from our enrichment analysis was the
altered localization of proteins comprising the V1 subunit of the
V-type ATPase complex in mice (Figure 4A) and humans
(Figures S6J-S6L). This proton pump is essential for lysosomal

10 Cell Reports 45, 117751, August 25, 2026

and insulin granule acidification. This acidification is crucial for
insulin processing and granule maturation, as the enzymes
involved require an acidic environment to function.®>° The func-
tional V-type ATPase consists of a membrane-anchored VO sub-
unit and an attached cytosolic catalytic V1 subunit.” In diabetic
mice, we observed a shift of most V1 subunits from membrane-
bound to cytosolic and vesicular fractions of lower density, while
in the healthy state, the V1 subunits floated at fractions of high
density where lysosomes and insulin granules sediment
(Figures 5A-5C). This V-type ATPase disassembly could be
recapitulated in EndoC-fH5, a human pancreatic islet model.
Glucolipotoxicity treatment for 48 h was sufficient to induce
dissociation of the V-type ATPase complex, as confirmed by
immunofluorescence for ATP6V1C. Compared to untreated
cells, a more diffuse cytosolic staining and less colocalization
with insulin was observed (Figure 5D). This dissociation is a
conserved regulatory mechanism that typically suppresses
ATPase activity,®® thereby suggesting a decrease in V-type
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Figure 6. Mapping the insulin granule proteome

(A) Median and range of insulin granule marker profiles and granule-assigned proteins per species.

(B) Venn diagram of insulin granule proteins across species.

(C) GO/KEGG enrichment of granule proteins conserved in >2 species (one-sided Fisher’s exact test, FDR <0.15).

(legend continued on next page)

Cell Reports 45, 117751, August 25, 2026 11



¢? CellPress

OPEN ACCESS

ATPase activity. Concurrently, our proteomic analysis revealed a
downregulation of the complex, implying that disassembly could
be followed by protein degradation (Figures S6M-S6N). A signif-
icant downregulation of several V-type ATPase V1 subunits was
also detected in the proteome of human T2D islets from the
Human Islet platform”""? (Figure S60). The combined disas-
sembly and subsequent reduction in the protein levels of the
V1 subunit suggest a compromised V-type ATPase function.
This likely leads to diminished acidification of insulin granules,
thereby impairing insulin processing which might contribute to
pancreatic islet dysfunction in T2D.

Insulin granule composition and its T2D alterations
Several studies have aimed to define the insulin granule prote-
ome, primarily using p-cell lines such as Min6 and INS-1
cells.®*" However, to our knowledge, no in vivo proteomic
study has characterized the insulin granule proteome from iso-
lated pancreatic islets. Given the limited number of well-defined
markers that localize exclusively to insulin granules, directly
applying the C-COMPASS pipeline for this purpose was not
feasible. Therefore, we developed an alternative strategy to
identify insulin granule proteins within our PCP dataset. Specif-
ically, we selected protein profiles with high similarity to canon-
ical insulin granule markers, calculating Euclidean distances
between each protein and a median profile derived from 19
well-established granule marker proteins (Figure S7A). To ensure
robustness, we selected proteins within the 95™ percentile of
marker similarity for each species (Figure 6A). This approach
yielded 162 proteins shared by at least two species, and 56 pro-
teins common to all three species (Figure 6B; Figure S7B).
Enrichment analysis of the cross-species hits revealed functional
categories characteristic of the insulin granule proteome,
including secreted proteins, granule lumen components, ER-
associated folding machinery, lysosomal proteins (frequently
co-localized with granules®), and Rab GTPases essential for
granule trafficking (Figure 6C).

To identify novel insulin granule components, we compared
our candidate list with previously published state-of-the-art pro-
teomes.®*°? Out of 509 candidates identified in any of the spe-
cies, 173 overlapped with known insulin granule proteins, while
336 were unique to our study (Figure 6D). Among these novel
candidates, 69 were conserved across at least two species
and 109 showed genetic associations with glycemic traits
(Figure S7C). Immunofluorescence microscopy in EndoC-pH5
cells confirmed the co-localization of several candidate proteins
such as P4HB and PGRMC1 with insulin granules (Figure S7D).
Among these, we identified NHLRCS as a previously uncharac-
terized granule-associated protein that is conserved across spe-
cies. NHLRC3 is of unknown function, with predicted secreted
and intracellular isoforms, and exhibits moderate genetic associ-
ations with HOMA-B®° (homeostatic model assessment of -cell
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function), a trait that reflects p-cell function and insulin sensitivity
based on fasting glucose and insulin levels (Figures 6E and 6F;
Figure S7C). These findings suggest that NHLRC3 may repre-
sent a yet unknown component of the insulin granule proteome.

Finally, we investigated changes in insulin granule composi-
tion under T2D conditions. Proteomic analysis of total islet ly-
sates from db/db mice revealed a downregulation of granule
lumen proteins, including INS1, INS2, SCG2, SCGS3, and CPE,
as well as reduced levels of Rab proteins involved in granule traf-
ficking (Figures 6G and 6H). In contrast, proteins associated with
ER-mediated protein folding and quality control were upregu-
lated, likely to reflect a compensatory response to increased
secretory stress in § cells. In human islets, assessments of the in-
sulin granule proteome in T2D from the Human Islet platform” "2
revealed fewer significant alterations. Insulin abundance itself
was unchanged, and only a subset of granule-associated pro-
teins showed differential expression, including reduced levels
of insulin-processing enzymes such as PCSK1 and the granule
protein CHGA (Figure S7E). Overall, we show that our atlas can
be used to identify previously unrecognized granule components
conserved across species and assess insulin granule remodel-
ing during islet dysfunction in T2D.

DISCUSSION

By integrating PCP with neural network-based compartment
classification, we generated an organelle atlas of pancreatic is-
lets across humans, mice, and pig NICCs. The atlas resolves
nine major cellular compartments and provides information
about localization for more than 8,000 proteins. It also provides
the first in vivo proteomic map of insulin secretory granules,
offering a resource for dissecting granule biology and its pertur-
bation in T2D. The resulting organelle maps reflect mixed islet
cell-type signatures, with a strong f-cell contribution in mice
and humans, consistent with their high endocrine abundance,
and a comparatively lower p-cell influence in pig NICCs.
Although individual proteins integrate contributions from
different cell types to their localization profiles, current methods
do not yet allow deconvolution of these effects. To demonstrate
the utility of the atlas for hypothesis generation, we confirmed the
presence of previously unrecognized insulin granule proteins
and validated the disassembly of the V-type ATPase in T2D-mir-
roring conditions using EndoC-fH5 cells, a human p-cell model.
These findings exemplify how the atlas can guide cell type-spe-
cific downstream experiments.

Focusing on molecular remodeling in pancreatic islets during
T2D, in the db/db mouse model, we observed substantial
changes of organelle abundance and relocalization of approxi-
mately 30% of the entire proteome. Specifically, we saw a
compensatory upregulation of vesicular trafficking, the Golgi
apparatus, and the protein synthesis machinery, likely triggered

(D) Overlap of insulin granule proteome of this study with four published granule proteomes (Li et al.,”* Brunner et al; ,°° Neukam et al;*° and Norris et al;’") and

genetic associations (HUGE >3 in T2DKP®°).

(E) NHLRC3 protein profile across species with insulin granule average profiles from the three species.

(F) Immunofluorescence of NHLRC3 in EndoC-BHS5 (insulin, yellow; NHLRC3, magenta; scale bars, 10 um; n = 2-3).

(G) Hierarchical clustering of Z scored levels of significantly changed granule proteins in db/db (two-sided student’s t test, FDR <0.05).
(H) GO/KEGG enrichment for up- (cluster I) and down-regulated (cluster Il) granule proteins in db/db.
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by the activation of the unfolded protein response (UPR)-medi-
ated stress response.’® However, many of the upregulated
factors in vesicular transport, including crucial insulin granule
docking and fusion complexes, were mislocalized. This misloc-
alization suggests that merely increasing the abundance of these
components may not rectify the underlying dysfunction and
might explain the persistent defects in the secretory function in
T2D.”* We identified previously unknown processes underlying
pancreatic islet failure in T2D including (1) changes in mitochon-
drial amino acid metabolism potentially promoting proline
accumulation, (2) the reorganization of the vesicular trafficking
machinery, (3) the spatial reorganization of the Pl signaling
cascade, and (4) the dissociation and downregulation of V-type
ATPase V1 subunit.

Upregulation of mitochondrial proline synthesis
machinery

We identified mitochondrial reprogramming in pancreatic islets
as a potential contributor to T2D progression. While core mito-
chondrial functions, particularly those essential for ATP synthe-
sis, insulin secretion, and glucose responsiveness, were
impaired, there was a concurrent upregulation of the mitochon-
drial proline synthesis pathway. This shift, mediated by P5CS
and PYCR enzymes, promotes NAD* regeneration and supports
redox homeostasis under conditions of respiratory impairment
and oxidative stress, both of which are hallmarks of T2D § cells.*
These findings suggest a compensatory response aimed at
counteracting redox imbalance. However, chronic proline accu-
mulation has been associated with f-cell dysfunction and
impaired insulin secretion.”® In addition, elevated proline levels
stimulate collagen production, contributing to ECM buildup.®®
We hypothesize that this metabolic shift may exacerbate islet
fibrosis, a hallmark of T2D,° through increased proline availabil-
ity in the tissue, potentially fueling ECM deposition by pancreatic
stellate cells and fibroblasts. Fibrosis disrupts the islet microen-
vironment, impairing p-cell plasticity, motility, and functional
adaptability, thereby further compromising insulin secretion
and promoting disease progression.®

Vesicular trafficking and Pl metabolism

An unresolved question emerging from our data is the causal
relationship between vesicular trafficking reorganization and dis-
rupted PI signaling. Specifically, it remains unclear whether the
observed changes in vesicular trafficking are a consequence of
altered PI signaling, or if they actively drive the PI signaling
disruptions. Regardless of directionality, it is evident that these
alterations have profound implications for insulin secretion. The
relocalization of Pl-synthesizing and turnover enzymes likely dis-
rupts PI gradients, which are essential for maintaining organelle
identity and regulating vesicle dynamics.®” For example, misloc-
alization of PIP5K1C and PTEN could impair vesicle exocytosis
at the plasma membrane. PTEN dephosphorylates PI(3,4,5)P3,
reducing its levels,’® while PIPSK1C phosphorylates PI4P to
generate PI(4,5)P,.°° Disruption of this balance alters the re-
cruitment of PI-binding proteins, including PH- and C2-
domain-containing effectors, which are critical for exocytosis
and cytoskeletal regulation.’°° Such imbalances may lead to un-
coordinated granule docking, premature exocytosis, and
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impaired granule recycling. Moreover, elevated PI(4,5)P, levels
have been shown to activate KATP channels,'®" resulting in
membrane hyperpolarization and a subsequent reduction in
insulin secretion. Together, these findings highlight a severe dys-
regulation of pancreatic islet function, where disrupted PI
signaling and vesicle mislocalization together compromise the
physiological insulin response.

V-type ATPase disassembly

Our subcellular atlas revealed a previously unknown mechanism
underlying pancreatic islet dysfunction in T2D: the dissociation
of the V1 subunit of V-type ATPase. This dissociation is a known
conserved mechanism to regulate the complex’s activity. It is
tightly regulated by signaling pathways such as PKA and
AMPK, which modulate its function to conserve energy by
reducing ATP hydrolysis and proton pumping during periods of
low metabolic demand.’®>'%® However, in T2D, the ongoing
dissociation, along with the downregulation of the V1 subunit,
suggests a maladaptive response, leading to the cellular failure
to maintain proper V-type ATPase activity. Strikingly, a signifi-
cant downregulation of V1 ATPase subunits was also detectable
in the human pancreatic islet proteome derived from the Human
Islet platform,”""? indicating that this mechanism also underlies
p-cell dysfunction in human T2D. V-type ATPase acidifies insulin
granules necessary to activate prohormone convertases that
process proinsulin into insulin and C-peptide.®>° Impaired
V-type ATPase function leads to incomplete proinsulin process-
ing, accumulation of improperly processed insulin, and the pro-
duction of defective granules that cannot efficiently release insu-
lin.'* Additionally, V-type ATPase is functioning in lysosomal
acidification and therefore important for lysosomal activity. Ly-
sosomes degrade and recycle misfolded or aggregated insulin,
thereby impacting p-cell proteostasis.'®® Over time, these de-
fects in insulin processing, secretion, and proteostasis will result
in chronic p-cell stress, reduced insulin secretion capacity, and
ultimately p-cell failure. This raises the possibility that V-type
ATPase dysfunction could be a key contributor to p-cell failure,
disease progression and a potential target for therapeutic inter-
vention to preserve pancreatic islet function.

Limitations of the study

A primary limitation of our study is the resolution of subcellular
compartments. Due to overlapping sedimentation profiles,
certain organelles, such as peroxisomes, could not be distinctly
resolved, and endosomes and transport vesicles were grouped
under a broad “vesicular trafficking” category. Furthermore,
our approach does not differentiate between readily releasable
and reserve insulin granule pools, limiting the ability to capture
the full spectrum of insulin granule dynamics. Another major lim-
itation is the large material requirement for organelle proteomics,
which constrains throughput. As a result, we could only include a
small number of human and pig samples and cannot systemat-
ically explore sex differences or include more human donors.
Consequently, our data do not sufficiently capture human vari-
ability. Moreover, the human, pig, and mouse samples analyzed
represent different developmental stages, older humans,
neonatal in vivo-matured pigs, and young mice. Age- and matu-
ration-related effects may therefore contribute to the observed
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differences in organelle organization. Additionally, organelle
mapping was performed on whole islets rather than sorted cell
populations, due to limited material availability. The resulting
profiles may be dominated by p cells in mouse islets, where
Becells comprise 70%-80% of islet cells, but they also include
signals from other endocrine cell types. This limitation is more
pronounced in human islets, where p-cell representation is lower
(~50%-60%)° and especially in pig NICCs where the p cells
make 30% of all cells in the tissue. Unfortunately, it is currently
not possible to deconvolute the contribution of single cell types
to the localization profiles. Importantly, differences in cell type
composition between species, or between healthy and T2D is-
lets (e.g., p-cell loss and o/8-cell expansion), could also influence
the observed localization profiles, confounding direct cross-spe-
cies and disease-state comparisons. Furthermore, species-spe-
cific differences in islet isolation and handling protocols, as well
as differences in islet architecture, which likely support more het-
erotypic cell-cell interactions and could affect subcellular organi-
zation and signaling networks may influence proteomic out-
comes. Finally, due to the limited availability of fresh human
T2D islets in large quantities, we relied on a murine model to
examine disease-associated remodeling. While we could
confirm key findings in human EndoC-pH5 cells in glucolipotox-
icity, the species-specific differences in p-cell physiology map-
ped in this and other studies, underscore the need for future
studies leveraging human islets to extend these findings.
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Antibodies

ATP6V1C1 Atlas antibodies, Sweden HPA023943; RRID:AB_1845197
NHLRC3 Bioss - Thermo Fisher Scientific, USA bs-9333R

P4HB Atlas antibodies, Sweden HPAO018884; RRID:AB_1854896
PGRMCH1 Atlas antibodies, Sweden HPA064724

Goat anti-Mouse IgG (H+L) Cross- Invitrogen, Thermo Fisher Scientific, USA A10521

Adsorbed Secondary Antibody, Cyanine3

Goat anti-Rabbit IgG (Heavy chain)
Superclonal™ Secondary Antibody, Alexa
Fluor™ 647

FITC Mouse Anti-Glucagon
Alexa Fluor 647 Mouse Anti-Insulin

Invitrogen, Thermo Fisher Scientific, USA

Novus Biologicals, USA
BD Bioscience, Germany

A27040; RRID:AB_2536101

NBP2-21803F; RRID:AB_3266065
565689; RRID:AB_2739331

Biological samples

Human Islets

Prodo Laboratories, USA

Human Islets for Research (HIR), Prodo

Labs

Chemicals, peptides, and recombinant proteins
DMEM GlutaMAX Thermo Fisher Scientific, USA 31966021
0.5 M EDTA (pH 8.0) Invitrogen, Thermo Fisher Scientific, USA 15575-038
2-Chloroacetamide Sigma-Aldrich, Merck, Germany C0267-100g
2-Propanol HPLC Grade 99,7+% VWR, Germany 22906.K2
4,6-diamidino-2-phenylindole (DAPI; blue) Thermo Fisher Scientific, USA D1306
Acetonitril Hipersolv Chroma VWR, Germany 20048320
Ammonia (NH4OH) solution 25% Fluka, Sigma-Aldrich, Merck, Germany 44273
Amphotericin Thermo Fisher/Gibco 15290-026
Aprotinin Sigma-Aldrich, Merck, Germany A3428
BD Horizon™ Fixable Viability Stain 780 BD Pharmingen, Germany 565388
Bicinchoninic acid (BCA) assay Thermo Fisher Scientific, USA 23225
BME vitamins Sigma-Aldrich, Merck, Germany B6891
Bond-Breaker TCEP Solution Life Technologies, Thermo Fisher Scientific 77720

(USA)
Bovine serum albumin Sigma-Aldrich, Merck, Germany A9418
BSA Sigma-Aldrich, Merck, Germany A1470
CaCl, Sigma-Aldrich, Merck, Germany C7902
Cell culture H20 BioWest, France L0970-1000
Collagenase IV Thermo Fisher Scientific, USA 17104019
Collagenase IV Sigma-Aldrich, Merck, Germany C9263
Collagenase P Roche, Switzerland 11213865001
Collagenase V Sigma-Aldrich, Merck, Germany C9263
dPBS Gibco, Thermo Fisher Scientific, USA 14190-094
Empore™ SDB-RPS Solid Phase 3M, USA 2241
Extraction Disks
Ethyl acetate (EtOACc) Merck, Germany 141-78-6
Fatty acid free BSA Sigma-Aldrich, Merck, Germany A8806
FBS Thermo Fischer Scientific, USA 10270
Fixable Viability Stain 780 BD Bioscience, Germany 565388
Forskolin Sigma-Aldrich, Merck, Germany F3917

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Glucose Sigma-Aldrich, Merck, Germany G7021
Glutathione Sigma-Aldrich, Merck, Germany G6013
Ham’s F10 Sigma-Aldrich, Merck, Germany N6908
Ham’s F12 Sigma-Aldrich, Merck, Germany N3520

Hanks’ balanced salt solution (HBSS)

Heparin

HEPES

ibidi Mounting Medium
IBMX

ITS supplement

Insulin

L-glutamine

Liraglutide

Lysyl EndopeptidaseR (Lys-C)
Magnesium chloride (MgCly)
Medium 199

Methanol ROTISOLV®
Nicotinamide

Optiprep

Paraformaldehyd

PBS

Pefabloc

Pen Strep

Permeabilization Buffer 10X
Phosphatase inhibitor
PIM(3X)

PIM(ABS)

PIM(G)

PIM(S) Prodo islet media
Potassium chloride (KCI)
Potassium hydroxide (KOH)
Potassium phosphate monobasic (KH2POy,)
Protease inhibitor

Retinoic acid

RPMI 1640

Sodium deoxycholate (SDC)
Sodium palmitate

Sucrose

T3 analog

Trifluoroacetic acid for synthesis
Tris-HCI

Trolox TM

TrypLE™ Express Enzym
Trypsin from porcine pancreas
ULTIB1®

ULTIp1-BF®

Zinc sulfate

B Mercaptoethanol

Sigma-Aldrich, Merck, Germany; BioWest,
France; Gibco, Thermo Fisher Scientific,
USA

Sigma-Aldrich, Merck, Germany
Gibco, Thermo Fisher Scientific, USA
Ibidi, Germany

Sigma-Aldrich, Merck, Germany
Gibco, Thermo Fisher Scientific, USA
Sigma Aldrich, USA

Sigma-Aldrich, Merck, Germany
Novo Nordisk, Germany

Wako, Japan

Sigma-Aldrich, Merck, Germany
Sigma-Aldrich, Merck, Germany
Roth, Germany

Sigma-Aldrich, Merck, Germany
Sigma-Aldrich, Merck, Germany
Sigma-Aldrich, Merck, Germany
Thermo Fisher Scientific, USA

Serva, Germany

Gibco, Thermo Fisher Scientific, USA
ThermoFisher, Invitrogen, Germany
Thermo Fischer Scientific, USA
Prodo Laboratories Inc, USA

Prodo Laboratories Inc, USA

Prodo Laboratories Inc, USA

Prodo Laboratories Inc, USA
Sigma-Aldrich, Merck, Germany
Hach, USA

Sigma-Aldrich, Merck, Germany
Thermo Fisher Scientific, USA
Tocris, Germany

Thermo Fisher Scientific, USA
Sigma-Aldrich, Merck, Germany
Sigma-Aldrich, Merck, Germany
Sigma-Aldrich, Merck, Germany
Tocris, Germany

Merck Millipore, Germany

Roth, Germany

Sigma-Aldrich, Merck, Germany
Gibco, Thermo Fisher Scientific, USA
Sigma-Aldrich, Merck, Germany
Human Cell Design, France

Human Cell Design, France
Sigma-Aldrich, Merck, Germany
Gibco, Thermo Fisher Scientific, USA
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H6648, L0612-500, 14175-053

H3149
15630-056
50001

15879
41400-045
12018

G8540

Victoza 6 mg/mL
129-02541
M8266

M4530

HN41.1

N0636

D1556

P6148
10010056
31682.02
15140-122
00-8333-56
A32957
PIM-3X001 GMP
PIM-ABS001 GMP
PIM-G001 GMP
PIM-S001 GMP
P9333

31425

P5379

A32955

695

21875034
30970

P9767

S9378

5552
8082600026
9090.3

238813
12604013
T6567
UB1-100-BSA
UB1-100-NO_BSA
20251
21985-023
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REAGENT or RESOURCE SOURCE IDENTIFIER
BCOAT® Human Cell Design, France BC-120
Deposited data

Proteomic raw data PRIDE, Perez-Riverol et al.'” PXD064528
Experimental models: Cell lines

EndoC-pH5® Human Cell Design, France BH5-WT-100

EndoC-pH5® GLTx

Human Cell Design, France

BH5-GLTx-350

Experimental models: Organisms/strains

C57BLKS/J
C57BLKS/J db/db
German Landrace piglets

Jackson Lab, USA
Jackson Lab, USA

000662
000642

Software and algorithms

GraphPad Prism

GraphPad Software, USA

Version v.9.5.1

C-COMPASS Haas et al.*® Version 1

Fiji software Schindelin et al.,'®® N/A

Perseus Tyanova et al.'® Version 1.6.15.0
R statistical computing environment R. Core Team''” Version 4.0.2.R

Spectronaut Biognosys AG, Schlieren, Switzerland'"" Version 15.7.220308.50606

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mice

Experiments were performed in accordance with the Animal Protection Law of the European Union after permission by the Govern-
ment of Upper Bavaria, Germany (License number TVA 23-173). Male C57BLKS/J and C57BLKS/J db/db mice were obtained from
Jackson Laboratory, USA. They were housed in Helmholtz Zentrum Miinchen Animal Facility till the age of 8 weeks. Animals were
housed in virus-antibody-free (VAF) facilities and kept in micro-isolated cages (3 mice per cage) with unrestricted access to auto-
claved food and water. Mice were genotyped and body weight, and blood glucose was measured before islet isolation. Only
male mice were used in this study; the influence of sex on the reported findings was not assessed. Each biological replicate repre-
sents a pool of islets from 5 male mice (n = 3 WT and n = 4 db/db for organelle proteomics; n = 7 WT and n = 12 db/db for
metabolomics).

Human pancreatic islets

Human pancreatic islets were sourced from Prodo Laboratories following their published protocol.”'? Experiments were performed
using islet preparations from non-diabetic cadaveric donors (Caucasian males). All samples tested negative for Gram stain and HIV.
The islets were washed twice and resuspended with PIM(S) medium (Prodo laboratories PIM-S001GMP), supplemented with PIM(G)
(Prodo laboratories, PIM-G001GMP), PIM(3X), and PIM(ABS) (PIM-ABS001GMP). After overnight incubation at 37°C, the islets were
used for further experiments. No experimental groups were defined. Only pancreatic islets from male donors were used in this study;
the influence of sex on the reported findings was not assessed. Each biological replicate represents islets from 1 donor (n = 3 for
organelle proteomics; n = 7 for tissue proteomics, one sample was excluded due to technical problems).

Ethics statement

Human pancreatic islets were purchased from Prodo Laboratories, Inc. (Irvine, CA, USA). According to the supplier, donor pancreata
were procured through authorized Organ Procurement Organizations under Institutional Review Board (IRB)-supervised protocols.
Written informed consent for organ and tissue donation and research use was obtained from the donor or the donor’s legally autho-
rized representative prior to procurement. All samples were de-identified before receipt by the investigators. Prodo Laboratories
complies with applicable U.S. regulations governing human tissue procurement and privacy protection (including HIPAA require-
ments) and states adherence to internationally recognized ethical principles, including the Declaration of Helsinki and the Convention
on Human Rights and Biomedicine.

Pigs

Danish Large White x Pietrain cross piglets were housed in a farrowing pen together with the mother sow, and a heated nest were
offered to the piglets. Sows had free access to water and were fed commercial feed. 3- to 5-day-old neonatal pigs were used as
donors for islet isolation. For each replicate pancreatic islet material from 2 male and 2 females was pooled to leverage sex-specific
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Sex Age (years) BMI Reason of death HbA1c (%) Total proteome Organelle profiling
male 32 26.9 Anoxic event 4.9 Yes Yes

male 47 23.2 Head trauma 5.2 Yes Yes

male 58 29.0 Stroke 5.0 Yes Yes

male 41 28.5 Motor vehicle accident 5.3 Yes No

male 35 24.25 Motor vehicle accident 5.4 Yes No

male 37 25.38 Natural causes 5.5 Yes No

male 47 33.24 Motor vehicle accident B2 Yes No

male 25 26.6 Alleged Homicide 5.8 Yes No

effects. With a total of n = 4 for organelle proteomics and n = 8 for tissue proteomics. All procedures were approved by the local au-
thority of Upper Bavaria, Germany and were conducted in accordance with the German Animal Welfare Act, following the ARRIVE
guidelines and Directive 2010/63/EU.

EndoC cells
EndoC-pH5 and EndoC-pH5 GLTx were directly obtained from Human Cell Design, France and not propagated. Authentication and
mycoplasm testing were certified with delivery.

METHOD DETAILS

Pancreatic islet isolations

Mouse islet isolation

Islet isolation followed the protocol by Bastidas-Ponce et al."'® The entire islet isolation was carried out on ice, unless otherwise
stated. For each isolation from one animal, 8 mL of 15% Optiprep solution, 3 mL of G-Solution (HBSS, 1% (v/v) P/S, 1%(w/v)
BSA, filtered), a syringe containing 2 mL Collagenase P, and an additional 15 mL Falcon tube with 1 mL Collagenase P were prepared
onice. The animal was exsanguinated via cervical dislocation, and the common bile duct near its junction with the small intestine was
clamped. Collagenase P (G-Solution containing 0.1% (w/v) Collagenase P) was injected into the common bile duct at the duodenum
(1-2 mL), after which the pancreas was transferred to the 15 mL Falcon tube containing 1 mL Collagenase P solution. The pancreas
was digested at 37°C in a thermo-shaker (1,000 rpm, 7 min), followed by vigorous shaking for 5 s and incubation for another 7-8 min.
The tubes were shaken again for 10 s and placed on ice. Digestion was halted by adding ice-cold G-Solution up to a final volume of
15 mL. The suspension was centrifuged at 1,000 rpm (214 G in an Eppendorf 5910R, S-4x Universal rotor) for 2 min, and the super-
natant was discarded. The pellet was resuspended in 5 mL G-solution, centrifuged again under identical conditions, and this washing
step was repeated once more. The final supernatant was removed, and the open tube was placed upside down on a paper towel for
2 s to remove excess liquid without drying the pellet. A discontinuous density gradient was created using different concentrations of
Optiprep. Using a pipette boy set to minimal speed, 5.5 mL of 15% Optiprep (in RPMI) was gently added to each tube, and the pellet
was resuspended carefully to avoid bubble formation. These 5.5 mL were transferred into a second Falcon tube containing 2.5 mL of
pure 15% Optiprep (in RPMI) carefully to avoid disturbing the layer border. The original tube was washed with 6 mL G-solution, and
the wash was gently layered to form the third phase. Three phases were clearly visible for all samples. The gradient was left at room
temperature for 10 min to allow larger tissue fragments to settle before centrifugation at 1,700 rpm (617 G in an Eppendorf 5910R,
S-4x Universal rotor) with acceleration set to 3 and deceleration set to 0. Cell strainers (70 pm, pre-wetted with G-solution) were
placed on new 50 mL Falcon tubes. Islets were located in the fluffy interphase between the upper and middle layers. Approximately
5 mL of the upper layer was removed, and the interphase was aspirated with a 1 mL pipette and transferred onto the pre-wetted
strainer. Islets were washed twice with 5 mL G-solution, then released by inverting the strainer over a suspension dish and rinsing
with 5 mL G-solution. Islets were hand-picked under a light microscope using a pre-wetted 200-uL pipette and transferred into
5 cm suspension dishes, with around 100 islets per dish. The brown, round islets were inspected for morphology, washed with
PBS, and lysed in lysis buffer (20% sucrose (w/v), 20 mM Tris-HCL pH 7.4, 0.5 mM EDTA pH 8.0, 5 mM KCI, 3 mM MgCl,, protease
and phosphatase inhibitors) using a glass homogenizer. For each organelle gradient, 150-200 islets from 5 mice were pooled yielding
approximately 200 pg of protein per gradient. In the WT condition, three replicates corresponded to a total of 15 mice, whereas the
db/db condition represented a total of 20 mice.

Pig islet isolation, maturation and characterization

3- to 5-day-old neonatal pigs were used as donors for islet isolation. Neonatal pig islet (NICC) isolation and culture was carried out as
described previously.' ' Briefly, porcine pancreata were minced in Hanks’ balanced salt solution (HBSS) supplemented with 0.25%
BSA, 10 mmol/L HEPES, 100 U/ml penicillin and 0.1 mg/mL streptomycin, transferred to HBSS containing 2.5 mg/mL collagenase V,
and incubated at 37°C for 16-18 min under gentle agitation. The digest was filtered, washed, and cultured in petri dishes containing
recovery medium (1:1 mixture of Ham’s F12 and medium 199, 0.5% BSA, 10 mmol/L glucose, 10 mmol/L L-glutamine, 10 mmol/L
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HEPES, 10 mmol/L nicotinamide, 0.062% glutathione, 100 U/mL penicillin, 0.1 mg/mL streptomycin, 2.5 pg/mL amphotericin, 25 U/
mL heparin, 0.5 mmol/L Pefabloc, 100 KIU aprotinin, 10 pmol/L Trolox, 1x BME vitamins, 15.2 pmol/L zinc sulfate, 1 pmol/L liraglutide,
1x ITS supplement) for two days, with full media change at day 1 after isolation. From day 3 ongoing, NICCs were cultured after full
media change in Ham’s F10 medium containing 10 mmol/L glucose, 0.5% BSA, 10 pmol/L IBMX, 10 mmol/L L-glutamine, 10 mmol/L
nicotinamide, 1 pmol/L liraglutide, 100 U/ml penicillin and 0.1 mg/mL streptomycin, followed by half media change every other day.
NICC cultures were done at 37°C in humidified air with 5% CO,. Dynamic glucose-stimulated insulin secretion (dGSIS) of NICCs was
performed at culture day 10 using the PERI4 perfusion system (Biorep Technologies). Prior dGSIS, NICCs were equilibrated in 3 mM
glucose Krebs-Ringer-buffer-HEPES (KRBH; 137 mM NacCl, 5.36 mM KCl, 0.34 mM NaoHPO,, 0.81 mM MgSQy4, 4.17 mM NaHCO3,
1.26 mM CaCl,, 0.44 mM KH,PO,4, 10 mM HEPES, 0.1% BSA, 3 mM glucose pH 7.35) at 37°C. After transferring NICCs into perfu-
sion columns according to the manufacture’s instruction, a 60-min flushing step with 3 mM glucose KRBH at a flow rate of
30 pL min—1 was performed. Subsequently, the perfusion protocols of 20 min KRBH 3 mM glucose, 20 min KRBH 16.7 mM glucose
with 10 uM forskolin, 15 min KRBH 3 mM glucose, 20 min KRBH 16.7 mM glucose with 59.56 mM KCI and final 12 min KRBH 3 mM
glucose were applied using a flow rate of 100 pL min—1 and sample collection in 96-well plates at 1-min intervals. After perfusion,
NICCs were recovered from the columns and lysed for total insulin content measurement using 250 pL acid-ethanol (1.4% HCI
(85%, vol/vol) in absolute ethanol), respectively. All samples were kept at —20°C until measured with an Insulin Ultrasensitive
HTRF Assay Kit (62IN2PE, Cisbio/revvity). Secreted Beta cell and alpha cell contents in NICCs were evaluated by flow cytometry.
Therefore, NICCs were first washed with PBS and then dissociated into single cells with TrypLE Express for 10-15 minutes at
37°C. After incubation with BD HorizonTM Fixable Viability Stain 780 for 30 min at 4°C and washing with PBS, cells were fixed in
4% PFA for 20 min at 4°C. After cell counting, 2 x 10° cells/sample were permeabilized and blocked using 100 pL of 5% serum
in 1x permeabilization buffer and then incubated with primary antibodies at the appropriate concentration in the same buffer over-
night at 4°C. Data were acquired using BD FACSAria Il and analyzed using the FlowJo software. For organelle gradients 20% of in-
dividual preparations yielding ~14,000 IEQ each were mixed from 4 animals (2 males and 2 females) resulting in 10,000-12,000 IEQ
and 500 pg of protein. The pig organelle map was generated from 16 animals.

Cell culture

EndoC-pH5 or EndoC-pH5 GLTx cells (for glucolipotoxicity treatment) were cultured on freshly coated 8-well Ibidi chambers using
pCoat (B-cell Biology Consortium, USA). pCoat aliquots were thawed on ice and diluted in cold DMEM (4.5 g/L glucose) supple-
mented with 1% Penicillin-Streptomycin. The coating solution was added to the wells, evenly distributed, and incubated at 37°C
for 1 h. Just before seeding, the coating solution was removed, and 100,000 cells per well were seeded in Ulti31 medium. After 4
h, the medium was replaced with fresh Ultif1, and cell adhesion and morphology were monitored by microscopy. Plates were main-
tained at 37°C with 5% CO, in a humidified incubator. After 2 days of incubation, GLTx cell medium was replaced for 2 days with
medium supplemented with 1.5 mM palmitate (fatty acid-free BSA conjugated, Palmitate:BSA molar ratio 5:1) and 30 mM glucose
for glucolipotoxicity treatment. Control group (vehicle/BSA) medium was supplemented with fatty acid-free BSA solution.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature in a fume hood, then washed three times with PBS.
Permeabilization was performed using 0.1% Triton X-100 in PBS for 10 min. Cells were blocked for 1 h at room temperature in block-
ing buffer (4% FBS in PBS or 5% BSA in PBS, depending on the primary antibody), followed by three PBS washes. Primary anti-
bodies, diluted in 1% BSA in PBS buffer, were applied and incubated overnight at 4°C. The next day, cells were washed three times
with PBS, and secondary antibodies (also diluted in 1% BSA in PBS buffer) were added for 1 h at room temperature. After a final
series of three PBS washes (5 min each), cells were stored in Ibidi mounting medium at 4°C until imaging. Images were acquired
with a confocal microscope (SP8, LEICA, Wetzler, Germany) with x40 and x63 objectives. Fiji software''® was used for image anal-
ysis, with images being median projections of three confocal sections after background subtraction.

Organelle separation

Sucrose gradients were prepared following Krahmer et al. (2018).%° Ultracentrifuge tubes (14 x 89 mm) were marked for volume, then
filled with 6-7 mL of 20% sucrose solution (20% sucrose (w/v), 20 mM Tris-HCI (pH 7.4), 0.5 mM EDTA (pH = 8.0), 5 mM KCI, 3 mM
MgCl,), followed by the careful addition of 50% sucrose solution (50% sucrose (w/v), 20 mM Tris-HCI (pH 7.4), 0.5 mM EDTA (pH =
8.0), 5 mM KCI, 3 mM MgCl,), beneath it using a syringe. The gradients were sealed, mixed using the BioComp Gradient Master 108,
and stored at 4°C until use. For ultracentrifugation, gradient tubes and equipment were pre-cooled to 4°C. After removing 200 pL from
the upper layer of the gradient, an equal volume of islet lysate was added along the tube wall. Centrifugation was performed at
100,000 g for 3 h at 4°C (Beckman Optima L-70, SW41 rotor). Post-centrifugation, 24 fractions were collected from each tube in
0.5 mL increments. Fractions 12-24 were diluted 1:1 with MilliQ water, followed by the addition of ethanol precipitation buffer
(ethanol, 50 mM sodium acetate) (4:1 ratio) and storage at —20°C overnight.
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Proteomics

Proteomics sample preparation

Proteomic sample preparation for LC-MS/MS analysis was performed as described previously''® with minor adjustments. Proteins
were precipitated with ethanol precipitation solution after overnight incubation, via centrifugation at 15,000 g for 15 min. The super-
natant was discarded, and the remaining solvent was evaporated. Pellets were dissolved and lysed in SDC lysis buffer (2% SDC,
100 mM Tris-HCI pH 8.5) at 95°C for 10 min at 1,000 rpm, sonicated in high mode (30 s OFF, 30 s ON) for 10 cycles (Bioruptor
Plus; Diagenode), protein concentration was determined by bicinchoninic acid (BCA) assay, and 25 pg of protein were collected
for further analysis. Samples were incubated with TCEP and CAA (final concentrations of 10 mM and 40 mM, respectively) at
45°C for 10 min with 1,000-rpm shake without light exposure, and overnight digested (minimum 17 h) with trypsin and LysC (1:40,
protease:protein ratio) at 37°C, 1,000 rpm shake. Subsequently, 2% TFA including MS grade isopropanol was added to samples
with 1:1 volume-to-volume ratio to acidify the samples. Three layers of styrene divinylbenzene reversed-phase sulfonate (SDB-
RPS; 3 M Empore) membranes were stacked to prepare custom-made StageTips which were used for desalting and purification
of the acidified samples. StageTips membranes were activated with SDB-RPS pre-wash buffers (100% ACN, 1% TFA in 30% Meth-
anol, 0.2% TFA, respectively) that were run through the membranes (centrifugation at 1,000 rpm for 5 min) subsequently. Following
that, acidified samples were loaded on them, and the samples were centrifuged till dryness through the SDB-RPS membranes and
washed by SDB-RPS wash buffers: EtOAc including 1% TFA, isopropanol including 1% TFA, and 0.2% TFA, respectively. Peptides
elution from the membrane was done with 60-pL elution buffer (80% ACN, 1.25% NH4OH) into PCR tubes and the buffer was evap-
orated by vacuum centrifuge (45 min at 45°C). Dried peptides were reconstituted in 6 pL of loading buffer (2% ACN, 0.1% TFA) and
peptide concentration was estimated via optical measurement at 280 nm (Nanodrop 2000; Thermo Scientific). 500 ng of the samples
were loaded onto 50 cm in-house packed HPLC column for LC-MS/MS analysis.

LC-MS/MS measurement and DIA settings

Peptide samples (0.5 pg) were analyzed using an EASY-nLC 1200 system connected to an Orbitrap Exploris 480 Mass Spectrometer
with a nano-electrospray ion source. Peptides were separated on a 50 cm, 75 pm ID HPLC column packed with 1.9 ym C18 Reprosil
particles at 60°C. FAIMS Pro was used with compensation voltages of —50 V and —70 V. A binary buffer system (buffer A: 0.1% formic
acid; buffer B: 80% ACN in 0.1% formic acid) ran at 300 nL/min over a 60-min gradient (5-95% buffer B). Data-independent acqui-
sition (DIA) mode was employed with a 2-s cycle time. Full MS scans covered a 300-1650 m/z range at 120,000 resolution, 45 ms
injection time, and 3x10° target ions. MS/MS scans, using HCD (30 NCE), achieved 15,000 resolution with 22 ms injection time
and 1,000 target ions.

Human total tissue samples were measured on a TimsTOF HT mass spectrometer (Bruker) equipped with a CaptiveSpray 2 source
online coupled to a Vanquish Neo HPLC (Thermo Scientific). Peptides were trapped on a nano-trap column (300-pum inner diameter
(ID) x 5 mm, packed with Acclaim PepMap100 C18, 5um, 100 A from LC Packings) before separation by reversed-phase chroma-
tography on the C18 analytical column (PepSep Advanced, 75um ID x 250 mm, 1.5um from Bruker) at 40°C. Peptides were eluted
from the column at a flow of 250 nL/min using a nonlinear 45 min acetonitrile gradient from 3 to 40% in 0.1% formic acid. The DIA-
Pasef method covered a mass range from 350 to 1,250 m/z and a mobility range from 0.65 to 1.35 1/ko, with aramp and accumulation
time of each 100ms. Precursor peptides were isolated using 34 variable MS/MS windows and 17 MS/MS ramps, resulting in an esti-
mated cycle time of 1.91 s. Collision energy for 0.6 1/ko was set to 20 and for 1.6 1/ko to 59.

Metabolomics

Free amino acid profiling of isolated pancreatic islets was performed by Metabolon, Inc. (Durham, NC, USA) using a targeted liquid
chromatography-tandem mass spectrometry (LC-MS/MS) platform.''”''® Samples were prepared as dry pellets washed in PBS
from isolated mouse pancreatic islets (approximately 160 islets per sample) and submitted to Metabolon for analysis. Following
reconstitution, samples were analyzed for a panel of 22 amino acids and related metabolites. Analyte concentrations were deter-
mined against authenticated reference standards and reported in pg/mL, with corrected results expressed as pg per hundred islets
based on sample-specific dilution factors (ranging from 0.087 to 0.286) and islet number. The lower limit of quantification (LLOQ) was
analyte-dependent, with 0.25-1.0 pg/mL for amino acids; the upper limit of quantification (ULOQ) was 10-200 pg/mL. Analytes falling
below the LLOQ were excluded from analysis (reported as BLOQ). Values flagged as above the limit of quantification (ALOQ) were
retained as extrapolated estimates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics analysis

Randomization, blinding during data collection and analysis was not performed. For statistical analysis of all cellular experiments,
normality and equal variances were formally tested using the D’Agostino-Pearson omnibus test. If the data did not follow normal
(Gaussian) distribution, nonparametric analysis was performed as identified in the relevant Methods section. Analysis of the assays
was performed using Microsoft Excel 2016, Perseus (version 1.6.15.0) and Prism (GraphPad Software, v.9.5.1). Enrichment analyses
and Manhattan plots were visualized using ggplot package in the R statistical computing environment v.4.0.2.R. Figures were created
with Adobe lllustrator and BioRender. For integration of genetic associations, HUGE scores from T2DKP®® (23.11.2025) were used.
Where statistical significance is presented as asterisks in figures, the following convention applies for FDR or p value: *<0.05, **<0.01;
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<0.001. The specific statistical test used is indicated in each relevant figure legend. Statistical details of experiments, including
sample sizes (n), definitions of center and dispersion measures, and exact test used, are reported in the figure legends.

Proteome raw data processing

DIA raw files were processed using Spectronaut software (versions 18.6231227.55695 for gradients and mouse total proteome, and
19.0240606.62635 for human and pig total proteome, Copernicus, developed by Biognosys), employing directDIA analysis. The data
was searched against the Uniprot human (homo sapiens) databases UP000005640_9606_2020 and UP000005640_9606_addi-
tional_2020, the Uniprot pig (sus scrofa) database UP000008227_9823, the Uniprot mouse (mus musculus) databases
UP000000589_10090_2020 and UP000000589_10090_additional_2020. The standard processing parameters used were trypsin
cleavage, allowing for a peptide length of 7-52 amino acids and up to two missed cleavages. Carbamidomethylation was set as a
fixed modification, while methionine oxidation and N-terminal acetylation were set as variable modifications. Protein Quantification
was performed by applying the MaxLFQ algorithm.

Proteome analysis

Perseus (version 1.6.15.0) was used for bioinformatics analysis, applying default settings unless specified otherwise. Prior to the
analysis, filters were applied to remove common contaminants. Columns were annotated for GOBP, GOMF, GOCC, KEGG pathway,
KEGG disease, and Corum names, Keywords, Uniprot function, Uniprot tissue specificity, Uniprot subcellular location, and for Uni-
prot disease terms by using Uniprot annotations mainAnnot.homo_sapiens_2021. LFQ values were converted to logarithmic scale
(log2) and proteins were filtered for at least two valid measurements across biological replicates for any condition. Missing values
were imputed using a normal distribution model (Gaussian normal distribution with a width of 0.3 and a downshift of 1.8). Differences
in protein abundance between conditions were assessed using a two-sided student’s t test. Significance was defined using a per-
mutation-based false discovery rate (FDR <0.05) which estimates the empirical null distribution by random labeling of samples. The
Sg-parameter controlling variance stabilization was set to 0, corresponding to an unmodified student’s t test. Following normalization
of median protein abundances from biological replicates using Z score, significant proteins were hierarchically clustered, employing
Euclidean distance as a measure for row clustering. One-sided Fisher’s exact tests utilized annotations from databases such as
UniProtKB, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and CORUM. Complete enrichment analysis
results including p-values, FDRs, and significance scores are given in source files, representative selections are visualized in bubble
plots.

C-COMPASS analysis

C-COMPASS“® a software for PCP data analysis implemented in Python version 3.8.8. was used. Fractionation data were imported
into C-COMPASS, with samples assigned to conditions, replicates, and fractions. Fractionation datasets were filtered to include pro-
teins identified in at least two replicates per condition, with missing values replaced by zeros and profiles scaled to an area under the
curve of one. Median profiles of replicates per condition were rescaled to a 0-1 range for visualization. Neural networks were trained
with an organelle marker list derived from experimentally validated marker lists.?®"''® Markers from underrepresented compartments
were upsampled. The batch size for upsampling was determined by the compartment with the most marker proteins, setting this as
the standard. To enhance underrepresented marker batches, artificial profiles were created by calculating the median of three
randomly selected marker profiles, adding noise based on twice the standard deviation of each fraction value, and re-scaling. Profiles
representing two different compartments were merged and re-scaled to generate mixed profile batches with ratios of 25:75, 50:50,
and 75:25.

Each biological replicate from the organelle separation process was independently processed through the neural networks. The
input layer size was based on the number of fractions in each replicate dataset. The network included two hidden dense layers: the
size of the first dense layer was optimized during hyperparameter tuning and varied from the number of classes plus 40%-60% of
the difference between the input layer and the second dense layer size, with optimization steps of 2. The activation function for the
first dense layer was RelLU, while the second layer used a linear activation function. A ReLU layer followed to ensure all output values
were positive, and a normalization layer adjusted the values to sum to 1 across all neurons. The network’s optimization involved
randomly splitting the upsampled data, allocating 80% for training and 20% for validation, aiming to minimize the mean squared er-
ror. To prevent overfitting, an early stopping callback monitored validation loss with a patience of 5 epochs. Hyperparameters such as
dense layer size, optimizer type (Adam, RMSprop, or SGD), and learning rate (ranging from 10~*to 10~ with logarithmic sampling)
were tuned using the Keras Hyperband method, capped at 20 epochs and a reduction factor of 3.

The complete optimization procedure, comprising upsampling, profile mixing, training, and hyperparameter tuning, was executed
in three rounds for each replicate dataset to determine the optimal neural network architecture. Once identified, the neural network
was trained and applied to the entire dataset, including profiles with unknown localizations, repeated ten times to generate an
ensemble results matrix. The final prediction values were averaged across all rounds and re-normalized to ensure that the class
values summed to 1. Class Contribution (CC) values were calculated by averaging the neural network raw outputs from the ensemble
and filtered with a threshold that covered 95% of the false positive values for each compartment. Values below this threshold were set
to 0, and the prediction values across all compartments were re-normalized to sum to 1 per protein. Proteins that retained a single
value greater than 1 after filtering were defined as having a single localization.
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Each prediction was assigned to a specific compartment based on its highest CC value, or (before filtering) based on the highest
neural network output. CC values were utilized for static localization statistics, and the difference in CC values across conditions pro-
vided the Relocalization (RL) values. Raw neural network outputs were used to calculate Cohen’s Distance (D) per compartment,
measuring the effect size and indicating the magnitude of differences between groups. The overall score Distance Score (DS)
was determined by summing the absolute D values, while the Relocalization Score (RLS) was derived by summing the absolute
RL values, filtering for relocalizations with RLS>1 and DS > 0.

Organelle modeling

For organelle-level clustering and quantification, all proteins with a non-zero organelle contribution (CC > 0) in at least one of the two
conditions were retained. These proteins were intersected with the total proteome to ensure identical protein coverage across con-
ditions. Differential abundance in the total islet proteome was assessed using a two-sided student’s t test with permutation-based
FDR correction (FDR<0.05). Proteins showing significant changes were Z score normalized across samples and subjected to super-
vised hierarchical clustering using Euclidean distance. Functional enrichment of clusters was evaluated against the organelle-
resolved proteomes to identify compartment-specific functional changes.

Organelle quantification

Organelle abundance was quantified by summing the intensities of all marker proteins assigned to the indicated subcellular compart-
ments. For each biological replicate the total intensity of compartment-specific markers was calculated. The average sum of inten-
sities for the WT group was normalized to 1, and all individual values from both WT and db/db samples were normalized accordingly.
A similar approach was used for the species-specific comparison. Here, summed marker intensities were compared to the overall
sum of intensities across all compartments to obtain percentage values.

Insulin granule protein identification

To identify insulin granule-associated proteins within the protein correlation profiling (PCP) dataset, we applied a similarity-based
statistical enrichment approach. A compartment-specific reference profile was generated by taking the median profile of 19 canon-
ical insulin granule markers. For every protein, the Euclidean distance to this reference was computed as a continuous similarity
metric, resulting in an empirical distance distribution for each species. Proteins with distances falling within the lowest 5% of this
distribution (equivalent to the 95 percentile similarity cutoff) were classified as significantly matching the insulin granule profile
and annotated as putative insulin granule proteins.

Metabolomic data analysis

For between-sample normalization, corrected results (1g/100 islets) were additionally normalized to total protein content per sample.
Statistical comparisons between db/db and wild-type groups were performed using the two-sided Mann-Whitney U test (“o < 0.05,
**p < 0.01, **p < 0.001).
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