number of ccs reads (HiFi Reads) 4,016,907
mean ccs readlength 3,041
median ccs read quality Q49
mean number of passess (subreads per ccs) 20
ccs aligned to the amplicon 3,568,566
low quality ccs (filtered) 309,112
ccs unmapped to the amplicon 139,229
average (median) ccs per barcode 19.15
total number of barcodes with consensus 134,800
sequences
barcodes with consensus sequences
- - - 126,227
(no_indels with zero or single aa changes)
barcodes with single_aa_substitutions
80,972
(nonsynonymous)
barcodes with single_aa_substitutions
3,539
(stop codon)
barcodes with synonymous mutations 4,023
barcodes with WT sequence, no mutagenesis 41,232
unique missense aa substitutions in the 15,996
library (library completeness) (out of 18,560 (20*928) possible)
unique stop variants in the library 813
missense aa substitutions associated with
. 3,032
single barcode
average number of variants detected after 13.638
FACS sorting ’
number of missense single aa substitutions 3031
linked with only one barcode '
number of missense single aa substitutions 12 965
linked with two or more barcodes ’

Supplementary Table 1: Summary Statistics from PacBio sequencing of Barcoded
Plasmid Variant Library. ccs reads = single molecule consensus reads; HiFi reads =
ccs reads with predicted accuracy >Q20; aa = amino acid; FACS = Fluorescence-
activated



Site 1/7’ residues Site 2/2’ residues

Gly37 Arg298 Glue02 Asp178 Phe530 Leu583
Met38 Gln299 Arg603 Asnl79 Val559 Asn698
Asp39 Gly300 Arg604 Glu180 Ile561 Gln699
Argdl Cys301 Leu723 Glu1s1l Asp562 Ser700
Asn42 His302 Glu724 Tyr504 Pro563 Glu701
Asn43 Glu343 Glu725 Argb506 Pro564 Tyr702
Arg46 Gly373 Ser726 Thr507 Leu565 Glu703
His59 Gly374 Ser727 Ser508 GIn573 Asp704
Gln61 Asn375 Phe728 Asp510 Asn574 Ser705
Leu63 Asn376 Arg729 Lys511 His575 Ala706
Leu 64 Arg399 Lys730 Ile512 Pro576 Gly707
Phe66 Ser400 Phe732 Leu513 Gly577 Glu708
Lys67 Tyr401 Glu733 Leu514 Trp578 Cys709
Tyr87 Trp520 Asp734 Arg515 Leu579 Pro713
Leu89 Pro521 Tyr735 Trp516 Argb81 Leu714
Phe91 Pro522 Leu736 Gly529 Gly582

Arg92 Asp523 His737
Tyr94 Phe524 Asn738

Phel115 Argh525 Val739

Phel16 Asp526 Val740

Tyr118 Leub527 Phe741

Val121 Leu 528 Val742

Phel123 Argb66 Pro743

Glui24 Serb67 Arg744

Phe145 Asn568 Pro745

Glu147 Asp569 Ser746

Lys148 Pro570 Arg747

Arg215 Lys571 Lys748

Lys294 Val597 Arg749

Asn295 Thr598 Arg750

Supplementary Table 2: Numbers of residues potentially contributing to Insulin-
binding sites 1/1’ and 2/2’, curated from structural studies



Variant Median expression Median binding Median signalling

score at score at score at
corresponding corresponding corresponding
position (N) position (N) position (N)

[LoF cut off -0.26]* [LoF cut off -0.15]* | [LoF cut off -0.10]*
C293R -0.38 (13) -0.19 (13) -0.04 (13)
T211I 0.01(14) -0.35 (14) -0.15(14)
R279H -0.13(14) -0.23 (14) -0.03 (14)
N458D -0.53(12) -0.17 (12) -0.22 (12)
VI3A -0.30 (9) -0.64 (9) -0.14 (9)
N489D -0.15(17) -0.28 (17) -0.07 (17)
D523N -0.27 (18) -0.48 (18) -0.31 (18)
Y606C 0.036 (10) -0.26 (10) -0.14 (10)
W642R -1.09 (7) -0.67 (6) -0.36 (9)
S835I -0.47 (13) -0.38 (13) -0.69 (15)
V867F -0.36 (15) -0.34 (15) -0.10 (15)

Supplementary Table 3: Median function scores of all missense variants at
positions where a pathogenic mutation has been reported, but where no data were
generated for that specific variant. The number of missense variants with scores at
each position is recorded after scores in brackets



Catalogue

Concentration/

Target Species | Supplier No. Use Comment
Prof
I:ﬁ@f;;g?R Mouse | Kenneth N/A FACS 100 nmol/L
Siddle (81)
Prof
Z&IEf;;ﬁj? Mouse | Kenneth N/A FACS 100 nmol/L
Siddle (81)

AlexaFluor 647-
conjugated anti- . .
Phospho-Akt Rabbit CST 4075 FACS 1:200
(Serd73/474)
Phospho-IGF-I
Receptor 3
(Tyr1135/1136)/Insulin | Rabbit CST 3024 WB 1:1000
Receptor 3
(Tyr1150/1151) (19H7)
Insulin Receptor B Rabbit csT 3025 WB 1:1000
(4B8)
Phospho-Akt (Ser473) . .
(D9E) XP® Rabbit CST 4060 WB 1:1000
Akt (pan) (40D4) Mouse CST 2920 WB 1:1000
Phospho-p44/42
MAPK (Erk1) )
(Tyr204)/(Erk2) Mouse CST 5726 WB 1:1000
(Tyr187) (D1H6G)
p44/42 MAPK (Erk1/2) Rabbit CST 9102 WB 1:1000
Antibody
Anti-mouse I1gG, HRP- )
linked Antibody Horse CST 7076 WB 1:10,000
Anti-rabbit IgG, HRP- )
linked Antibody Goat CST 7074 WB 1:5000
Myc-Tag (9B11) Mouse CST 2276 WB 1:1000
B-Actin Antibody Rabbit CST 4967 WB 1:1000
IGF-1 Receptor B Rabbit csT 9750 WB 1:1000

(D23H3) XP®

Supplementary Table 4: Commercial Antibodies used in this study. CST = Cell
Signaling Technologies; WB = Western blotting




MaveDB URN Assay Direct Link

Cell Surface https://www.mavedb.org/score-

urn:mavedb:00001239-a-7

Expression sets/urn:mavedb:00001239-a-7

https://www.mavedb.org/score-

urn:mavedb:00001239-a-6 Insulin Binding

sets/urn:mavedb:00001239-a-6

https://www.mavedb.org/score-

urn:mavedb:00001239-a-1 Insulin Signalling

sets/urn:mavedb:00001239-a-1

https://www.mavedb.org/score-
sets/urn:mavedb:00001239-a-2

urn:mavedb:00001239-a-2 mAb 83-07 Binding

https://www.mavedb.org/score-

urn:mavedb:00001239-a-3 mAb 83-14 Binding

sets/urn:mavedb:00001239-a-3

https://www.mavedb.org/score-

urn:mavedb:00001239-a-4 mAb 83-14 Signalling

sets/urn:mavedb:00001239-a-4

https://www.mavedb.org/score-

urn:mavedb:00001239-a-5 mAb 83-07 Signalling

sets/urn:mavedb:00001239-a-5

Supplementary Table 5: MaveDB URN and Direct Links to interrogatable datasets
from each assay, available in the MaveDB Respository
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https://www.mavedb.org/score-sets/urn:mavedb:00001239-a-6
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https://www.mavedb.org/score-sets/urn:mavedb:00001239-a-4
https://www.mavedb.org/score-sets/urn:mavedb:00001239-a-5
https://www.mavedb.org/score-sets/urn:mavedb:00001239-a-5
https://www.mavedb.org/score-sets/urn:mavedb:00001239-a-5
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Supplementary Figure 1: Schematic of INSR with coloured domains and cryoEM structure
coloured by domain. A, Schematic of INSR with coloured domains B, cryoEM structure of the
ectodomain bound to 4 insulin molecules (PDB 6PXV) coloured by domain using the same colour
scheme. The en face view is shown on the left, and the view from above on the right. Image
generated using UCSF ChimeraX (78)
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Supplementary Figure 2: Characteristics and Validation of Barcoded Plasmid and Cellular Variant Libraries
A, Distribution of PacBio circular consensus reads (CCS) per barcode. B, Distribution of barcodes per variant.
C, Mutations per variant showing that most INSR cDNAs in the plasmid library have either one amino acid
change (a missense mutation), or no amino acid change. D, Frequencies of missense, synonymous and stop
mutations in the plasmid library. E, FACS gating strategy and FACS profiles for insulin or antibody binding
(left panel) or stimulated signalling (right panel) for null (grey), wild type (blue) and library cells (red).
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Supplementary Figure 3: Validation of Cellular Model used for Massively Parallel Functional Assays:

A. Immunoblots demonstrating downregulation of endogenous mouse Insr and comcomitant induction of myc-
tagged human INSR on exposure of R-MminsrKD + HsINSRmyc mouse embryo fibroblasts (MEFs harbouring
inducible WT human myc-INSR and anti-mouse Insr shRNA) to doxycycline. Controls are R- (Igf1r-/-) MEFs, R-

MminsrKD MEFs harbouring inducible anti-Insr shRNA only, and Hepal-6 cells as positive controls. Dox =
doxycycline. B. Immunoblots demonstrating absent expression of Igflr in keeping with Igf1r gene knockout. b-actin
is shown as a loading control. In this case Hek293T cells were positive controls. B. FACS trace demonstrating mAb83-
7 binding as a surrogate for human INSR cell surface expression, demonstrating tight control of transgenic myc-INSR

expression by doxycycline, with a high dynamic range of the expression assay.
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Supplementary Figure 4: Overview of massively parallel assay results and replication A, INSR extracellular
domain architecture with variant-function heatmaps for each replicate of insulin, mAb 83-7 and mAb 83-14

binding and signalling assays. B, Pearson’s correlation matrix showing coefficients of variation for all pairwise

replicate combinations. Correlation coefficients (p) are annotated inside heatmap cells. C, Principal
Component Analysis (PCA) of replicates.
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Supplementary Figure 5: Further Description of Massively Parallel Cell Surface Expression and Insulin Binding Assays A,
Boxenplot comparing cell surface expression and insulin binding variant score distributions for non-cysteine residues
with cysteine residues crucial for disulphide bond formation. Inner boxes show interquartile ranges, with median line at
centre, with sequential nested boxes showing 50% of remaining datapoints. B, Structure of 4 insulin-bound INSR
ectodomain (PDB: 6PXV) with residues coloured by median cell surface expression score per position. All cysteine
residues are shown in space filling style. C, Scatter plot of individual variant scores for mAb 83-7 binding, with dark-
brown coloured outliers, and mAb 83-14 binding, with light-blue coloured outliers. Cysteine residues involved in
disulphide bond formation are coloured golden brown for reference. D, Boxenplot, as in A, of median scores for insulin
binding and cell surface expression. Insulin binding site 2 residues are shown in blue and cysteine residues are coloured
golden brown for reference. The inset boxplot shows expression and insulin binding scores for insulin binding site 2
residues (n=47). The Mann-Whitney U Test was used to assess whether the insulin binding and expression scores of site
2 residues differ significantly from the distribution of scores of all other residues. Any variants outlying in both assays are
connected by lines. Residues 529 and 530, outliers only in the insulin binding assay, are labelled E, Scatter plot showing
median insulin binding versus cell surface expression scores, with site 1 residues highlighted in green. The horizontal box
plot stratifies residues into 5 bins based on expression loss. Residues in the second bin or lower are classified as loss-of-
expression variants and were coloured white when colouring the structure in Figure 2G by insulin binding score.
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Supplementary Figure 6: Functional Consequences of Mutation of Extracellular Glycosylated Residues
Mean insulin binding vs mean expression scores for all mutations at A. N-glycosylated asparagines 43, 52,
138, 242, 282, 322, 364, 414, 445, 541, 633, 651, 698, 769, 782, 920, 933 (identified as N-glycosylation sites
in (79)) or B. O-glycosylated amino acids (T771, 776, 786, 790; S784,785; confirmed as O-glycosylated
residues in (80) C. Volcano plot showing effects on expression (left) and insulin binding (right) of individual
mutations of N-glycosylated asparagines D. Volcano plot showing effects on expression (left) and insulin
binding (right) of individual mutations of O-glycosylated amino acids. Variant labels in C and D are visible on

zooming in.
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Supplementary Figure 7: Functional Data for all Variants at Sites where Pathogenic Mutations have been
Reported but for which no Pathogenic Variant-specific Data were Generated For all 77 reported pathogenic
missense mutations in the INSR extracellular domain for which functional data were generated, variant specific

scores are plotted against median scores for all variants at the same position for A, cell surface expression B,
insulin binding and C, insulin signalling. Spearman’s rank correlation tests were undertaken and correlation co-
efficients are indicated for each plot.
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Supplementary Figure 8: INSR residues identified to result in gain of insulin binding upon substitution shown
mapped to the cryo-EM structures of various insulin-bound states. Monomers are coloured different shades of
grey. Insulin is represented by green ribbon structures. Yellow depicts residues where multiple substitutions
increase insulin binding (G183, H274, G333, D627, V631, N633, S634, S635, S636, W659, E660, R661, Q662, A663,
E664, D665, S666, E667, S682, R683, T684, S686, P687, P688). Blue depicts residues where a unique substitution

increases binding (D169, N541, N568, T653, K679). Some residues highlighted may be involved in interactions with
parts of the receptor not resolved in available structures. A, Unbound, INSR B-isoform (PDB: 8U4B). The highlighted
section is rotated counterclockwise 450 to the full view of the receptor. B, Single insulin bound (green ribbon) INSR
isoform A (PDB: 7STI). PDB structure 7STl is the A isoform of the Mus musculus orthologue, but for consistency
residues highlighted are numbered according to the human B isoform pro-receptor with the corresponding mouse
residue in brackets. The highlighted section is rotated counterclockwise 90°. Cand D, Two insulin bound (green
ribbons) INSR (PDB: 7STJ (asymmetrical), and 7STH (symmetrical)). These structures are the A isoform of the mouse
orthologue, but for consistency residues highlighted are numbered according to the human B isoform pro-receptor
with the corresponding mouse residue in brackets. Highlighted sections are rotated counterclockwise 90°. E)
Saturated, four insulin bound INSR (PBD: 6PXV). The highlighted section is rotated counterclockwise 90° to the full
view.
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Supplementary Figure 9: Residues whose mutation confers gain of insulin signalling

See over for full figure legend



Supplementary Figure 9: Residues whose mutation confers gain of insulin signalling: A, Scatter plot of median
expression scores per residue against insulin signalling scores, focused only on gain of signalling (score > 0). B,
Scatter plot of significant gain-of-signalling scores (score > 0 and FDR <0.01) against expression scores for
individual variants, including only variants with at least 3 replicate scores. C—G, INSR residues identified to result
in gain of insulin binding and/or maximal insulin signalling upon substitution mapped to available cryo-EM
structures of the various insulin-bound states. The two monomers are coloured different shades of grey. Insulin
is represented by green ribbon structures. As in Supplementary Figure 8, yellow depicts residues where
multiple substitutions result in gain of insulin binding (G183, H274, G333, D627, V631, N633, S634, S635, S636,
W659, E660, R661, Q662, A663, E664, D665, S666, E667, S682, R683, T684, S686, P687, P688) and blue depicts
residues where a unique substitution results in gain of insulin binding (D169, N541, N568, T653, K679). Added
to these, orange depicts residues where a unique substitution confers gain of insulin-stimulated signalling (F258,
C293, E343, N376, P576, Y839, F862, Y941). Purple depicts residues where substitution increases both insulin
binding and signalling (N568C, D627, R661). Some of the flexible ID domain is not observed in the structures,
and residues highlighted may be involved in interactions with parts of the receptor not resolved in available
structures. C, Unbound, human INSR B-isoform (PDB: 8U4B). The highlighted section is rotated counterclockwise
450 to the full view. D, Single insulin bound (green ribbon) mouse INSR isoform A (PDB: 7STl). The highlighted
section is rotated counterclockwise 90°. E and F, Two insulin bound (green ribbons) mouse INSR isoform A (PDB:
7STJ (asymmetrical conformation), and 7STH (symmetrical). The highlighted sections are rotated
counterclockwise 90°. G, Saturated, four insulin bound (green ribbons) human INSR isoform A (PBD: 6PXV). The
highlighted section is rotated counterclockwise 90°
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Supplementary Figure 10: Functionally impaired variants in ClinVar and/or gnomAD datasets: A, Boxplots of
cell surface expression, insulin binding and insulin signalling scores for variants previously functionally studied
(Supplementary Data 3). Boxes = interquartile range (IQR), with median line. Whiskers denote 1.5xIQR. The
dashed horizontal line indicates the optimal cut off for binary classification of variants into wild-type and loss-
of-function categories, determined through confusion matrix analysis. B, Variant Effect Map excerpts of 6
variants classified uniquely as VUS in ClinVar showing loss of function in all three assays. C, Venn diagram
comparing results for categorical loss of expression, insulin binding, and signalling determined by applying cut-

offs from A for variants classified uniquely as VUS in ClinVar.
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