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Structure and activation of the Drosophila
insulin receptor by three Drosophila insulin-
like peptides

Kai Cai 1,7, Michelle Ng 2,7, Rochele R. Yamamoto3,
Mohammed Akhter Hossain4,5, Catherine Hall 2, John D. Wade 4,5,
Marc Tatar 3 , Eunhee Choi 2 & Xiao-chen Bai 1,6

Insulin/IGF signaling (IIS) is a highly conserved pathway essential for physio-
logical regulation from yeast tomammals. InDrosophilamelanogaster, a single
insulin-like receptor (dmIR) interactswith various insulin-like peptides (DILPs),
leading to diverse signaling and functional outcomes. However, the mechan-
isms by which different DILPs result in varied receptor activation and biolo-
gical responses remain unclear. Here, we determine the cryo-electron
microscopy (cryo-EM) structures of dmIR in complex with three DILPs: DILP1,
DILP2, and DILP5. Our structural analyses reveal that each DILP induces dis-
tinct conformations of dmIR: the dmIR/DILP5 complex adopts the Ƭ-shaped
asymmetric conformation with three bound DILP5molecules; the dmIR/DILP2
complex displays the Γ-shaped asymmetric conformation with a single bound
DILP2 molecule; and the dmIR/DILP1 complex shows both a Γ-shaped asym-
metric conformation and a symmetric conformation that resembles a T-shape
with a splayed stem. Functional assays demonstrate that the efficacy of DILP-
mediated dmIR activation differs, with DILP5 inducing higher levels of recep-
tor autophosphorylation, followed by DILP2 and DILP1. Together, these find-
ings suggest that the distinct interactions between dmIR and DILPs dictate
specific patterns of receptor activation.

Insulin/IGF signaling (IIS) is a fundamental pathway conserved from
yeast tomammals. In vertebrates, three receptors have been identified
within the insulin receptor (IR) family: IR, insulin-like growth factor 1
receptor (IGF1R), and insulin receptor-related receptor (IRR)1–4. These
closely related receptors play critical roles in metabolic homeostasis,
cell growth, development, and aging5–8. In contrast, invertebrates such
as Caenorhabditis elegans (C. elegans) and Drosophila melanogaster
(Drosophila) possess only one insulin-like receptor (Daf-2 in C. elegans
and dmIR in Drosophila) that binds a variety of insulin-like peptides

and consequently have extensive functional pleiotropy. The C. elegans
genome encodes 40 insulin-like genes9, whereasDrosophila encodes 7
insulin-like ligands (DILPs 1–7)10,11. The Drosophila IIS pathway reg-
ulates many physiological processes, including metabolism, growth,
aging, reproduction, stress response, gut stem cell proliferation,
innate immunity, and behavior12–19. It is a fundamental problem in both
mammals and invertebrates to understand how such varied ligands
interact with just a few receptors to differentially modulate so many
phenotypes.
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DmIR shares ~37% sequence identity with the mammalian IR and
IGF1R20. Like IR and IGF1R, dmIR is assembled as a constitutive
homodimer connected by disulfide bonds, with each protomer con-
sisting of leucine-rich repeats (L1 and L2), a cysteine-rich region (CR),
threefibronectin type III domains (FnIII-1, -2, -3), a carboxy-terminal tail
of α-subunit (α-CT), transmembrane (TM), juxtamembrane (JM), tyr-
osine kinase (TK), and C-terminal (CT) domains (Supplementary
Fig. 1a). However, there are key differences between dmIR and mam-
malian IR or IGF1R: dmIR has a much longer C-terminal tail (~480
residues longer) that contains binding sites for signaling molecules
with SH2/SH3, PI3K and IRS (chico) domains that can trigger signaling
cascades21. DmIR also contains an additional N-terminal domain (~340
residues) that is largely disordered and has unknown functions (Sup-
plementary Fig. 1a). Furthermore, within the intracellular kinase insert
domain (KID) of dmIR, dmIR contains a putative SH2domain that is not
found in the KID of mammalian receptors12.

Recent cryo-EM analyses of mammalian IR and IGF1R22–28 have
provided many insights on how IIS ligands activate their receptors. At
saturated insulin concentrations, four insulin molecules bind to two
distinct sites on IR (denoted as site-1 and site-2), which transforms IR
from the autoinhibited Λ-shaped (Λ is the Greek capital letter Lambda,
or inverted V-shaped) conformation to a T-shaped symmetric con-
formation that renders full receptor activity. Site-1 involves the L1 and
α-CT domains, while site-2 is located on the β-sheet of the FnIII-1
domain24,26. Under unsaturated insulin concentrations, IR adopts
either Γ(Greek capital letter Gamma)- or Ƭ-shaped (Ƭ resembles letter T
with a hook) asymmetric conformations with lower activity23. In con-
trast, IGF1R lacks site-2 binding, and due to the strong negative
cooperativity between two site-1s, it only forms a Γ-shaped asymmetric
conformation with a single IGF-1 bound25. Although IGF1R with sym-
metric conformation can form by disrupting the disulfide bridges
between α-CTs, the symmetric IGF1R exhibits lower activity than the
asymmetric IGF1R25,29.

As the single insulin-like receptor of Drosophila, dmIR, together
with its DILP ligands, modulates the range of functions controlled by
mammalian IR and IGF1R. Thepleiotropyof theDrosophila systemmay
arise if various DILPs dictate specific signaling outcomes by uniquely
influencing the conformation or stability of the dmIR active state30.
This idea is consistent with observations where DILPs induce different
kinetics of substrate phosphorylation, produce distinct transcriptional
and phosphoproteomic profiles, and differentially control
longevity31–35. Functional analysis of DILPs has been advanced by test-
ing single peptides applied to cells. Post et al. studied the impact of
bothDILP2 andDILP5 peptideswhen applied to culturedDrosophila S2
cells36. DILP5 induces robust and sustained phosphorylation of Akt
(pAkt), whileDILP2only stimulates anearly spike of pAkt. On a broader
scale, the transcriptional and protein phosphorylation profiles modu-
lated byDILP2 andDILP5 overlap, yet these ligands also uniquely affect
many outputs. For instance, DILP2 uniquely represses the phosphor-
ylation of glycogen phosphorylase, while DILP5 increases the phos-
phorylation of sterile 20-like kinase and tramtrack36. Genetic analyses
with adult Drosophila found that dilp2 null mutants are longer-lived
than WT Drosophila, whereas loss of dilp5 alone has no impact on
lifespan. Few functional data are available for other DILPs, and notably,
adults do not typically express DILP1 except during overwintering
diapause or when dilp2 is knocked out31,32, yet dilp1 is required for the
loss of dilp2 to slow aging32.

The way such distinct outcomes are producedmay be clarified by
structural studies of the interactions between DILPs with the dmIR. A
recent cryo-EM study of the dmIR-ectodomain (ECD) bound to DILP537

revealed that the dmIR/DILP5 complex adopts a Ƭ-shaped asymmetric
conformation, like that of the IR/insulin complex under unsaturated
insulin concentrations23. Intriguingly, in that study, three DILP5 mole-
cules are bound to dmIR, with two DILP5molecules at site-1 and site-1′,
and one at site-2. This arrangement is not observed inhumanormouse

IR/insulin complexes22,24,25. However, due to the lack of the structures
of dmIR bound with different types of ligands, a comprehensive
understanding of how different DILP ligands produce different
receptor activation dynamics and biological functions remains
unclear. To address this question, we pursued empirical structural and
functional studies to uncover the relationships between ligand bind-
ing, conformational landscape of dmIR, and receptor activation and
function.

In this work, we expressed and purified the near-full-length
version of dmIR and determined its structures when bound with
three different ligands—DILP1, DILP2, and DILP5, choosing these
because they reflect a range of diverse phenotypic impacts10,31,32,36. All
three DILP peptides are predicted to consist of two chains (A- and B-
chains) connected by two disulfide bonds, similar to that of human
insulin (Supplementary Fig. 1b). Cryo-EM analyses of dmIR/DILPs
complexes reveal that the three DILPs induce distinct receptor con-
formations. The dmIR/DILP5 complex exhibits a Ƭ-shaped asym-
metric conformation similar to that of dmIR-ECD/DILP5 structure,
where three DILP5molecules bind at site-1 (twoDILP5molecules) and
at site-2 (one DILP5). The dmIR/DILP2 complex has a Γ-shaped
asymmetric conformation where a single DILP2 binds the site-1 at the
top region of the dmIR dimer. In contrast, the dmIR/DILP1 complex
adopts two distinct conformations: a Γ-shaped asymmetric con-
formation like that of dmIR/DILP2 complex with one DILP1 molecule
bound to the site-1, and a symmetric conformation with two DILP1
molecules bound to two site-1s. We further validate the structural
observations using mutagenesis and cellular receptor activation
assays. Our cell-based assays demonstrate that among the three DILP
ligands, DILP5 induces higher levels of dmIR autophosphorylation,
DILP2 is less effective than DILP5, and DILP1 shows the lowest efficacy
in activating dmIR. Our results provide structural and functional
evidence that the diverse insulin-like peptides in Drosophila induce
distinct conformational interactions with a single insulin-like recep-
tor, leading to varied receptor activation patterns and regulation of
different cellular processes.

Results
Differential efficacy of DILP1, DILP2, and DILP5 in dmIR
activation
To investigate the activation of dmIR by three synthetic ligands, DILP1,
DIL2, and DILP5, we conducted cell-based assays using 293FT cells
expressing dmIR and compared receptor activation across a range of
ligand concentrations. We quantified dmIR autophosphorylation
levels induced by DILP1 and DILP2 relative to those induced by DILP5
(Fig. 1a; Supplementary Fig. 2a).

DILP5 increased dmIR autophosphorylation in a dose-dependent
manner, with saturation observed at 300nM of DILP5 (Fig. 1a). In
contrast, DILP2 increased dmIR autophosphorylation to approxi-
mately 75% of the efficacy achieved by DILP5 (Fig. 1a; efficacy is
referred to as the signal in amplitude). DILP1 induced the lowest level
of dmIR autophosphorylation (Fig. 1a), which was significantly lower
than that induced by DILP2 and reached only about 50% of the DILP5
maximum. These results suggest that the different DILP peptides dif-
ferentially activate dmIR.

Overall structure of dmIR bound with DILP1, DILP2, and DILP5
To understand themechanismunderlying the differential activation of
dmIR induced by DILP1, DILP2, and DILP5, we carried out structural
studies of dmIR in complex with the three ligands. A near-full-length
dmIR (residues 1–50, 151–1675) was expressed using Sf9 cells and
purified by affinity chromatography followed by size-exclusion chro-
matography. To improve protein expression yield, we introduced a
kinase-dead mutation (D1519N) and two truncations: an N-terminal
truncation (residues 50–150) and a C-terminal tail truncation (residues
1676–2143) (Supplementary Fig. 1c). DmIR/DILPs complexes were
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Fig. 1 | Overall structures of the dmIR/DILP5 and dmIR/DILP2 complexes.
a Comparison of dmIR autophosphorylation at various concentrations of DILP1,
DILP2, and DILP5. Cells expressing wild-type (WT) dmIR were treated with various
concentrations of DILP1, DILP2, or DILP5 for 10min. Mean ± SD. N = 3 for DILP1,
DILP5; N = 4 for DILP2 (independent experiments). Statistical significances were
determined using 2-way ANOVA. P values vs DILP5-treated WT dmIR. *p < 0.05,
**p <0.01. The exact p values are provided in the source data. Source data are

provided as a Source data file. b–d 3D reconstructions and corresponding ribbon
representations of dmIR/DILP5 complex are shown in three orthogonal views. Two
protomers are shown in green and blue, DILP5 at site-1 is shown as yellow, and
DILP5 at site-2 is shown as pink. e–g 3D reconstructions and corresponding ribbon
representations of dmIR/DILP2 complex are shown in three orthogonal views. Two
protomers are shown in green and blue, DILP2 at site-1 is shown as yellow.

Article https://doi.org/10.1038/s41467-025-64586-6

Nature Communications |         (2025) 16:9504 3

www.nature.com/naturecommunications


reconstituted in vitro bymixing dmIR andDILPs at a 1:4molar ratio and
subjected to cryo-EM analyses.

We determined the cryo-EM structures of near-full-length dmIR
bound with DILP1, DILP2, or DILP5 (Supplementary Fig. 3). All of these
cryo-EM structures were resolved at high quality (resolution of dmIR/
DILP5: 3.6 Å; dmIR/DILP2: 3.7 Å; asymmetric dmIR/DILP1: 4.4 Å; sym-
metric dmIR/DILP1: 3.9Å), allowing for accurate model building with
the aid of domain structures predicted by AlphaFold238 (Supplemen-
tary Figs. 4–6). In all structures, the ECD of dmIR is well-resolved;
however, the TM and kinase domains were not resolved in the cryo-EM
maps due to high structural flexibility. DmIR bound with either DILP5
or DILP2 exhibited a single asymmetric conformation, with three
and one ligands bound, respectively (Fig. 1b–g; Supplementary
Figs. 4 and 5). In contrast, dmIR bound with DILP1 adopted two major
conformations—asymmetric and symmetric (Supplementary Fig. 3c, d;
Supplementary Fig. 6). Since the overall structure of our near-full-
length dmIR bound with DILP5 closely resembles that of previously
reported dmIR-ECD/DILP5 complex37, we will not describe it in detail
here. Instead,wewill highlight thedistinct structural features observed
in the dmIR/DILP2 and dmIR/DILP1 complexes relative to the dmIR/
DILP5 complex.

Structural comparison of site-1 in dmIR/DILP5 and dmIR/DILP2
complexes
The near-full-length dmIR bound with DILP5 exhibits a Ƭ-shaped
asymmetric conformation (Fig. 1b–d; Supplementary Fig. 3a). In this Ƭ-
shaped dmIR/DILP5 complex, three DILP5 molecules were observed:
two DILP5 molecules bound at site-1 and site-1′, and one DILP5 mole-
cule bound at site-2. A complete list of DILP5 residues involved in
receptor binding is shown in Table 1 and Supplementary Fig. 7b.

The structure of dmIR/DILP2 complex exhibits an asymmetric
conformation, with only one DILP2 molecule bound at site-1 in the
top region of the dmIR (Figs. 1e–g and 2a, b; Supplementary Fig. 3b).
One protomer of dmIR in dmIR/DILP2 complex closely resembles
that of the dmIR/DILP5 complex. In the opposite protomer, while
the L2, FnIII-1, FnIII-2, and FnIII-3 domains align well with those in the
dmIR/DILP5 complex, the L1′ and CR’ domains are not resolved in the
dmIR/DILP2 complex, likely due to the increased structural flex-
ibility, unlike more stable configuration observed in the dmIR/DILP5
complex (Figs. 1 and 2c). The overall conformation of dmIR/DILP2
complex resembles a Γ-shape. To distinguish it from the previously
described Γ-shaped asymmetric IR complex with one insulin mole-
cule, or the IGF1R/IGF-1 complex, we refer to this configuration using
an italicized gamma (Γ).

In addition, a subtle yet important distinction between the dmIR/
DILP5 and dmIR/DILP2 complex structures lies in the relative orienta-
tion of the site-1 ligand-binding domains and the membrane-proximal
domains (FnIII-1-3). Particularly, superimposition of the two structures
using their site-1 ligand-binding domains (L1–CR–L2) reveals a dis-
placement in the FnIII-2 and FnIII-3 domains (Fig. 2c). These

conformational differences are likely caused by the binding of two
additional DILP5 molecules in the central region of the receptor.

DILP2 and DILP5 bind to site-1 of dmIR in a similar fashion (Fig. 2a,
b). In both structures, the ligands–DILP2 or DILP5–simultaneously
interact with the L1/α-CT’-L2 domains (site-1a) and the FnIII-1′ domain
(site-1b). Although DILP2 and DILP5 adopt similar binding modes at
site-1, the sequence homology of the binding residues is relatively low.
Of the 24 residues involved in site-1 binding by DILP2, only 6 are
conserved in DILP5 (Supplementary Fig. 7b; Table 1). To confirm that
DILP2 and DILP5 binding at site-1 are essential for dmIR activation in
vivo, we introduced Q1040A and F1044A (site-1a) and R848A (site-1b)
mutations into dmIR that were expressed in 293FT cells to disrupt this
interface. DILP5 or DILP2 stimulation significantly increased autopho-
sphorylation of dmIR WT in these human cells (Fig. 2f, g, blue bars;
Supplementary Fig. 2b, c; Table 2), whereas the dmIRQ1040A, F1044A,
and R848Amutants exhibited reduced receptor autophosphorylation,
confirming the importance of site-1 interface for receptor activation.

In addition to the classical site-1 interface, DILP2 and DILP5
binding at site-1 has two unique characteristics. First, a loop in the CR
domain of dmIR is longer than that in mammalian IR and folds into a
β-hairpin structure (Fig. 2a, b; Supplementary Fig. 8a–c). This dis-
tinctive β-hairpin contacts both theα-CT’motif and the bound ligands,
further strengthening the interaction of ligands at site-1 (Fig. 2a, b).
Second, the L1−CR−L2 domains of dmIR adopt a more compact

Table 1 | List of residues on DILP1, DILP2 and DILP5 involved in binding dmIR

Site-1 Site-1′ Site-2

DILP5 A3R, A5V, A6V, A7D, A11R, A21A, A22Y, A24D, B2S,
B3L, B4R, B6C, B8P, B9A, B10L, B11M, B12D, B13M,
B14L, B22F, B23N, B24S, B25M, B26F

A1D, A2F, A3R, A4G, A5V, A6V, A7D, A10C, A11R, A12N,
A13S, A16F, A18T, A21A, A22Y, A23C, A24D, B1N, B6C, B8P,
B10L, B11M, B15R, B22F, B23N, B23N, B24S, B25M, B26F

A16F, A20R, B1N, B3L,
B11M, B12D, B13M, B15R,
B16V, B17A, B19P

DILP2 A1Q, A3I, A4V, A5E, A9K, A14M, A19E, A20Y, A22S,
B1T, B2L, B3C, B4S, B6K, B7L, B8N, B11L, B17E, B18Y,
B19N, B20P, B21V, B22I, B23P

DILP1 Symmetric A6V, A7Y, A8D,A22I, A23Y, B16N, B17H, B18K, B20C,
B21G, B22P, B23A, B24L, B25S, B26D, B28M, B29D,
B34H, B36F, B37N, B38T, B39L, B40P

A6V, A7Y, A8D, A22I, A23Y, B16N, B17H, B18K, B20C, B21G,
B22P, B23A, B24L, B25S, B26D, B28M, B29D, B34H, B36F,
B37N, B38T, B39L, B40P

DILP1 Asymmetric A6V, A7Y, A8D,A22I, A23Y, B16N, B17H, B18K, B20C,
B21G, B22P, B23A, B24L, B25S, B26D, B28M, B29D,
B34H, B36F, B37N, B38T, B39L, B40P

Table 2 | Activation of wild-type and mutants dmIR by DILP2
and DILP5

DILP5 (%)a DILP2 (%)b

WT 100 100

Site-1

Q1040A 49.88 ± 6.204 62.34 ± 6.923

F1044A 47.81 ± 3.107 73.3 ± 6.97

R848A 30.54 ± 3.848 49.3 ± 2.803

R657A 77.82 ± 11.7 N.D.

Δ602–609 75.33 ± 4.766 N.D.

Site-2

V889R 82.12 ± 2.988 N.D.

S820R 71.04 ± 5.726 N.D.

FnIII-3−FnIII-3
interaction

D1251R 68.6 ± 6.589 54.09 ± 8.052

K1256A 70.01 ± 8.224 44.53 ± 7.604

N.D. not determined.
aLevels of dmIR autophosphorylation were normalized to total dmIR levels and are shown as
intensities relative to that of dmIR-WT treated with 100nM DILP5 for 10min. Mean ± s.e.m.
bLevels of dmIR autophosphorylation were normalized to total dmIR levels and are shown as
intensities relative to that of dmIR-WT treated with 100nM DILP2 for 10min. Mean ± s.e.m.

Article https://doi.org/10.1038/s41467-025-64586-6

Nature Communications |         (2025) 16:9504 4

www.nature.com/naturecommunications


conformation in the top region of active dmIR compared to that of
active mammalian IR (Supplementary Fig. 8a–c). As a result, the site-1-
boundDILP2 or DILP5 can directly interactwith the L2 domain (Fig. 2a,
b). To validate the structural model, we introduced a truncation of
residues 602–609 (CR domain, Δ602–609) and R657A mutation (L2
domain) into dmIR to disrupt these interfaces. DmIR Δ602–609 and
R657A mutations led to impaired DILP5-induced activation of dmIR

expressed in 239FT cells, supporting the important role of DIPL5/
L1−CR−L2 domain interfaces in dmIR activation (Fig. 2f, green bars;
Supplementary Fig. 2b; Table 2).

Comparedwithmammalian IR, dmIR has an additional N-terminal
loop that inserts into the cleft between L1 and CR domains, stabilizing
the L1−CR domains structure (Supplementary Fig. 8f). Indeed, muta-
tions of this N-terminal loop (Δ328–338 and C339A) led to processing
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defects (Supplementary Fig. 8g), indicating that the extended
N-terminal loop of the L1 domain is essential for maintaining receptor
structural integrity during processing.

Structural comparison of site-2 in dmIR/DILP5 and dmIR/DILP2
complexes
One key difference between the structures of dmIR/DILP5 and dmIR/
DILP2 complexes is the presence of site-1′ and site-2 binding of DILP5
(Fig. 2c). The site-1′ DILP5 is located in the middle region of the Ƭ-
shaped dmIR. Notably, the N-terminus of the A-chain of the site-1′
DILP5 (Asp-Phe-Arg, or “DFR” motif) inserts into a cleft formed
between the CR’ and L2′ domains of dmIR, thereby stabilizing the
relative orientation of these two domains (Fig. 2d). Site-2 DILP5 enga-
ges FnIII-1 domain of dmIR, similar to site-2 insulin binding observed in
mammalian IR23,24 (Fig.2d; Supplementary Fig. 7a; Table 1). Addition-
ally, the site-2-bound DILP5 also makes direct contact with the site-1′-
bound DILP5, and this DILP5−DILP5 interaction crosslinks the L1′/α-CT
domains (site-1′) of one protomer with the FnIII-1 domain (site-2) of
another protomer, thereby stabilizing the Ƭ-shaped asymmetric
dmIR (Fig. 2d).

Analysis of the DILP5 residues involved in site-2 binding reveals
that most of these key residues, such as B1N, B3L, B12D, B13M, B15R,
and A16F, are not conserved in DILP2 (Fig. 2e), explaining why DILP2
does not bind to site-2 of dmIR. Moreover, the “DFR” motif, a key
sequence at the N-terminus of the A-chain in DILP5 required for
the site-1′ binding, is absent in DILP2 (Fig. 2e). This suggests that the
N-terminus of site-1′-bound DILP2 cannot bridge and stabilize
the CR’ and L2′ domains of dmIR, leading to the high flexibility
of the L1′/α-CT–CR’ domains. Consistently, the L1′/α-CT–CR’
domains were not resolved in the cryo-EM map of the dmIR/DILP2
complex.

To validate the importance of site-2 binding, we introduced
S820R and V889R mutations into dmIR to disrupt DILP5 binding at
site-2. Both mutants exhibited a modest but statistically significant
reduction in dmIR phosphorylation, supporting the role of site-2
binding in DILP5-induced dmIR activation (Fig. 2f, pink bars; Supple-
mentary Fig. 2b; Table 2).

Receptor–receptor interactions in dmIR/DILP5 and dmIR/DILP2
complexes
The asymmetric conformation of dmIR in dmIR/DILP5 anddmIR/DILP2
complexes is stabilized by two key receptor–receptor interactions
between the twoprotomers. First, the disulfide bond-linked long loops
of the FnIII-1 domains (C873–C873′) adopt a rigid conformation in the
asymmetric dmIR (Fig. 3a, b), contacting both the N-terminal portion
of the α-CT’ motif and the L2′ domain. Second, in the membrane-
proximal region, the side surfaces of the FnIII-3 domains (D1251-
K1256′) also interact asymmetrically (Fig. 3c, d).

To validate the significance of this asymmetric receptor–receptor
interaction in dmIR activation, we introduced D1251R and K1256A
mutations intodmIR todisrupt the FnIII-3–FnIII-3′ interface. Both dmIR
D1251R and K1256A mutants showed defects in DILP5- or DILP2-

dependentdmIRactivation, supportingour structuralmodel (Fig. 3e, f;
Supplementary Fig. 2b, c; Table 2).

These extensive ligand–receptor and asymmetric receptor–
receptor interactions collectively stabilize the asymmetric conforma-
tion of dmIR and thus prevent the formation of the symmetric con-
formation of dmIR. In contrast, some of these asymmetric
receptor–receptor interactions are absent in the mouse IR/insulin
asymmetric complex (Supplementary Fig. 8a, b, d, e), which may in
part explain why mammalian IR tends to form a T-shaped symmetric
conformation at saturated ligand concentrations23,24.

Structure of the dmIR/DILP1 complex
The dmIR bound with DILP1 adopts two major conformations: asym-
metric and symmetric (Fig. 4; Supplementary Fig. 3c, d). The number
of particles observed in each class is similar, indicating that DILP1 can
induce both conformations with comparable capability. The asym-
metric Γ-shaped conformation of dmIR bound with DILP1 closely
resembles that of the dmIR/DILP2 complex, where only one ligand is
bound at site-1 in the top region of the dmIR in a manner similar to
DILP2 or DILP5 (Fig. 4a, b). Among the 23 DILP1 residues involved in
site-1 binding, 11 are conserved with DILP5, and only 4 are conserved
with DILP2 (Supplementary Fig. 7b; Table 1). Despite the high struc-
tural similarity (overall RMSD 0.47 Å), superposition of the two struc-
tures via the L1–CR–L2 domains reveals a displacement in the
positioning of their FnIII-2 and FnIII-3 domains (Fig. 4b), akin to the
shift observed in the dmIR/DILP5 versus dmIR/DILP2 comparison,
albeit to a lesser extent (Fig. 2c).

In the symmetric dmIR/DILP1 complex, two DILP1 molecules are
bound at site-1 and site-1′ in the top region of the dmIR, arranged
with two-fold symmetry (Fig. 4c). Intriguingly, although the asym-
metric conformations induced by DILP1 and DILP2 share high
resemblance (Fig. 4b), only DILP1 can induce the symmetric con-
formation of dmIR. Structural comparison between the dmIR/DILP1,
dmIR/DILP2, and dmIR/DILP5 complexes revealed that the extended
N-terminal tail of DILP1 B-chain, including B16N, B17H, and B18K,
makes additional interactions at site-1b (e.g., with D833 and D846 in
the FnIII-1 domain of dmIR) (Fig. 5a–c; Supplementary Fig. 7b), which
are not seen in dmIR/DILP2 complex. These stronger interactions at
site-1b may shift the conformational equilibrium of dmIR from an
asymmetric to a symmetric state, partly explaining why only DILP1
induces the symmetric conformation of dmIR. To test this hypoth-
esis, we deleted the N-terminal residues “MVTPTGSGHQLLPPGNH”
from the DILP1 B-chain (DILP1 ΔB1-17), which is likely responsible for
promoting the asymmetric-to-symmetric conformational transition.
Cell-based assays showed that DILP1 ΔB1-17 mutant exhibited a
modest increase in activity compared to wild-type DILP1 (Supple-
mentary Fig. 7c, d), supporting the role of the extended N-terminal
tail of DILP1 B-chain in dmIR activation and suggesting that the
symmetric conformation may be less active than the asymmetric
conformation.

In addition, similar toDILP2, DILP1 lacks the extended “DFR”motif
at the N-terminus of the A-chain found in DILP5, and key DILP5 resides

Fig. 2 | Structural details of DILP2 andDILP5 binding to the active dmIR.Close-
up view of the site-1 binding of DILP5 (a) and DILP2 (b) to dmIR. Site-1 DILP2 or
DILP5 is shown in yellow, and two protomers of dmIR are shown in green and blue.
c Structural comparison of dmIR/DILP5 and dmIR/DILP2 complexes. The structures
of dmIR/DILP5 (gray) anddmIR/DILP2 (blue) are superimposedbasedon their site-1
ligand-binding site (L1–CR–L2 domains) and shown in ribbon representations.
d Close-up view of the site-1′ and site-2 binding of DILP5 to dmIR. Site-1′ and site-2
DILP5 are shown in yellow and pink, respectively. Two protomers of dmIR are
shown in green and blue. e Sequence alignment of the B- and A-chains of DILP2 and
DILP5. Color code: dark blue, conserved residues; light blue, similar residues. The
green box highlights the “DFR”motif on the N-terminus of A-chain of DILP5 that is

important for the site-1′ binding, and the dotted red boxes highlight the DILP5
residues involved in site-2 binding to dmIR. f Autophosphorylation of dmIR in
293FT cells expressing dmIR wild-type (WT) or the indicated mutants. Cells were
treated with 100nM DILP5 for 10min. Mean ± sem. N = at least 3 independent
experiments. Statistical significance was determined using 2-way ANOVA. P values
vs DILP5-treated dmIR WT. Exact P values are shown in the figure panel.
g Autophosphorylation of dmIR in 293FT cells expressing dmIR wild-type (WT) or
the indicated mutants. Cells were treated with 100nM DILP2 for 10min. Mean±
sem. N = 3 independent experiments. Statistical significance was determined using
2-way ANOVA. P values vs DILP2-treated dmIR WT. Exact P values are shown in the
figure panel. Source data are provided as a Source data file.
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involved in site-2 binding are not conserved in DILP1 (Supplementary
Fig. 7b). This explains why DILP1 also fails to bind at site-2 of dmIR.

The FnIII-3–FnIII-3′ interaction observed in the asymmetric dmIR/
DILP1 complex is disrupted in the symmetric dmIR/DILP1 complex.
Consequently, the two FnIII-3 domains no longer make contact and
exhibit increased flexibility. This likely contributes to the lower-
resolution cryo-EM density observed for the FnIII-3 domains in the
symmetric complex compared to the asymmetric form (Fig. 4a, c,
yellow boxes). Additionally, the distance between the last residues
(P1305–P1305′) increases from about 20Å in the asymmetric dmIR/
DILP5 complex to about 28 Å in the symmetric DILP1/dmIR complex

(Fig. 5d). The increased separation and flexibility of these membrane-
proximal regions in the symmetric conformation suggest that this
form is less active than the asymmetric one.

To test this possibility, we quantified the dmIR autopho-
sphorylation levels following stimulation with either an excess amount
of DILP1 or a combination of DILP1 and DILP5. Cells were treated with
1000 nM DILP1 alone, 100 nM DILP5 alone, or a combination of
1000 nMDILP1 and 100 nMDILP5 (Fig. 5f, g). SinceDILP1 does not bind
to site-2, we expected that DILP5 to occupy site-2 while both DILP1 and
DILP5 could bind site-1, thereby stabilizing the asymmetric con-
formation. Consistent with our dose-response results (Fig. 1a), DILP1
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induced lower levels of dmIR autophosphorylation compared to
DILP5, despite being used at a tenfold higher concentration. Notably,
co-treatment with DILP1 and DILP5 induced robust dmIR autopho-
sphorylation, comparable to that induced by DILP5 alone. This

suggests that DILP5 binding at site-2 may prevent DILP1 from pro-
moting the symmetric conformation of dmIR, thereby leading to
higher level of receptor activation. These experiments provide indirect
evidence to support the notion that the asymmetric conformation of
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dmIR is associatedwith higher receptor activity. Further structural and
functional studies using ligand engineering to modulate the equili-
briumbetween the asymmetric and symmetric conformations of dmIR
are needed to fully define the relationship between receptor symmetry
and activity.

Discussion
Our structural and functional analyses demonstrate that DILP1,
DILP2, and DILP5 bind to dmIR in different ways, inducing unique
active conformations of the receptor despite the high structural
homology among the ligand peptides. Cell-based functional studies
show that DILP5 elicits higher levels of dmIR autophosphorylation,
followed by DILP2, while DILP1 induces the lowest dmIR autopho-
sphorylation among the three ligands. These findings are consistent
with previous observations in which DILP5 promotes robust and
sustained pAKT signaling, whereas DILP2 triggers only transient
pAKT spike36.

Together, our results support the hypothesis that specific
patterns of receptor–ligand interactions modulate the differential
activity and signaling output of dmIR. Cryo-EM analysis reveals that
dmIR adopts a single asymmetric conformation in the presence of
excess DILP2 or DILP5. In the dmIR/DILP5 complex, three DILP5
molecules are observed: one is located at the top of the Ƭ-shaped
dmIR, interacting with both the L1/α-CT’ (site-1a) and FnIII-1′ (site-
1b) domains from opposing protomers (site-1). Two additional
DILP5 molecules bind at site-1′ on one protomer and site-2 on the
other, within the central region of the dmIR. These two DILP5
molecules directly interact with each other, collectively stabilizing
the asymmetric conformation of the receptor. A similar Ƭ-shaped
active conformation has been observed in mouse IR under sub-
saturating insulin conditions (Supplementary Fig. 8). However, in
the Ƭ-shaped mouse IR, a single insulin molecule simultaneously
contacts both site-1′ and site-222,23.

In addition to ligand–receptor interactions, the asymmetric Ƭ-
shape of dmIR is reinforced by extensive asymmetric
receptor–receptor interactions, including disulfide-linked loopswithin
the FnIII-1 domains and direct contacts between two FnIII-3 domains.
These combined ligand–receptor and receptor–receptor interactions
stabilize the asymmetric dmIR conformation and may restrict the
formation of a symmetric state.

In contrast to DILP5, only one DILP2 (site-1) is observed in the
dmIR/DILP2 complex, which shares the similar binding environment as
the site-1 DILP5 in dmIR/DILP5 complex. While we cannot rule out the
possibility of binding of a secondDILP2molecule at site-1′ of dmIR, the
pronounced structural flexibility of the L1–CR domains in this region
prevents us from building a model reliably. Despite this difference in
ligand occupancy, DILP2 induces an asymmetric conformation that
closely resembles the conformation stabilized by three DILP5 mole-
cules bound at both site-1 and site-2. Therefore, the precise functional
role of DILP5 binding at site-2 remains unclear. Likewise, themolecular
basis for DILP5’s higher activity compared to DILP2 is not fully
understood.Onepossibility is that the asymmetricdmIR conformation
induced by DILP5 is more stable than that induced by DILP2, poten-
tially due to additional receptor–ligand interactions. This increased
stability may enhance membrane retention and, consequently, lead to
greater receptor activation. However, this hypothesis has not yet been
experimentally validated. Beyond conformational stability, other fac-
tors—such as the biochemical properties of the ligands, their potential
for self-association, or differences in receptor binding kinetics—may
also contribute to their distinct functional profiles. To resolve these
possibilities and clarify the role of site-2 binding, further structural,
biochemical, and mutagenesis studies combined with ligand engi-
neering will be required.

In contrast to both DILP5 and DILP2, DILP1 induces both asym-
metric and symmetric dmIR conformations. LikeDILP2, DILP1 does not

bind to dmIR site-2. However, it appears to engage more strongly at
site-1b, likely due to an extended N-terminal region on its B-chain. This
enhanced interaction at site-1b may facilitate the conformational
transition from an asymmetric to a symmetric state. Our cell-based
assays show that DILP1 has lower activity in activating dmIR compared
to DILP2 and DILP5, suggesting that the symmetric conformation is
less active. Consistent with this, the FnIII-3 domains of the symmetric
dmIR/DILP1 complex exhibit increased flexibility and a greater dis-
tance between the membrane-proximal domains (~28 Å) compared to
the ~20Å observed in the asymmetric complex.

In wild-type Drosophila, DILP1 is only expressed during pupal
stages or during overwinter diapause where adults are long-lived,
experience low metabolic rate and have limited nutrients31,39,40. We
postulate that a low-activating insulin-like hormonal peptide such as
DILP1 may favor survival under these conditions. Notably, the long-
evity of non-diapause adults can be extended by knockout of dilp2,
which leads to increased dilp1 expression. Genetic epistasis analysis
shows that dilp1 is required for extended survival of dilp2 mutants32.
Tatar has proposed that the degree of receptor stability induced by
each insulin-like peptides dictates the extent and quality of receptor
and substrate phosphorylation, that in turn induces unique phenotype
sets corresponding to specific insulin-like peptides30. The distinct
structural interactions of DILP1 and DILP2 with dmIR observed in our
study are consistent with this model.

Mammalian IR and IGF1R have distinct ligand preferences,
ligand occupancy, and active conformations, despite their high
structural similarity22. The conformation and activity of IR are
modulated by the number of bound insulin molecules: one to three
insulin molecules induce an asymmetric conformation with lower
activity, whereas four insulin molecules drive the formation of a
symmetric, high-activity conformation23. In contrast, IGF1R binds
only one IGF-1 molecule due to a strong negative cooperativity
between site-1s and instability at site-225. A mutant IGF1R with
increased α-CT flexibility can bind two IGF-1 molecules and adopt a
symmetric conformation; however, this symmetric IGF1R is less
active than the asymmetric IGF1R23,29. These findings suggest that
dmIR behaves more like mammalian IGF1R rather than mammalian
IR—it displays relatively higher activity in response to ligands (DILP2
or DILP5) that induce only asymmetric conformations, and lower
activity in response to a ligand (DILP1), which induces both asym-
metric and symmetric conformations (Fig. 6). Altogether, this
unique system allows dmIR to adopt diverse conformations and
activity profiles depending on ligand type and physiological
context.

During structure determination, receptor–ligand complexes were
prepared at a 1:4 molar ratio, raising the question of whether these
conditions reflect maximal ligand saturation, and what structural
changes might occur under very high ligand concentrations. In the
DILP5/dmIR complex, one protomer exhibits canonical site-2 binding
via its FnIII-1 domain, while the corresponding FnIII-1 domain on the
opposing protomer remains unoccupied. This asymmetry suggests
that the binding of the second site-2 DILP5 (site-2′) is either inherently
weak in the absence of a stabilizing site-1′ interaction, or is negatively
regulated by inter-site cooperativity between site-1 and site-2′. Under
conditions of very high ligand concentration, it is conceivable that the
second site-2 DILP5 could engage the vacant FnIII-1 domain, resulting
in a fully ligand-occupied (4-ligand-bound) complex. Alternatively, the
engagement of the second site-2 ligand may trigger a conformational
rearrangement, yielding a symmetric, fully saturated receptor con-
formation—resembling the human IR/insulin complex under ligand-
saturated conditions. A similar mechanism may also apply to other
DILP ligands. For instance, in the DILP2/dmIR complex, only one DILP2
is bound between site-1a and site-1b’ on the top part of the asymmetric
receptor. Under very high ligand conditions, however, it is plausible
that both site-1 and sites-2 could be occupied by DILP2, leading to

Article https://doi.org/10.1038/s41467-025-64586-6

Nature Communications |         (2025) 16:9504 10

www.nature.com/naturecommunications


increased ligand occupancy and possibly symmetric receptor con-
formations (Supplementary Fig. 9).

Although our studies provide key insights into the differential
activation of dmIR by DILP1, DILP2 and DILP5, several limitations
remain. First, while the three DILP ligands share similar overall struc-
tures, their sequence homology is relatively low. For example, despite
the conserved architecture of site-1 binding, only six residues are
conserved betweenDILP2 andDILP5, and only four betweenDILP1 and
DILP2. The contributions of these sequence differences to receptor
activation remain unclear. Second, although we used near-full-length
dmIR for cryo-EM studies, the intracellular regions could not be
modeled due to high structural flexibility. To facilitate protein pur-
ification, we also removed the extended N-terminus of the extra-
cellular domain. How Drosophila-specific structural elements—
including the extended N-terminal region of the ectodomain, the
intracellular kinase insert domain, and the longer C-terminal tail—
contribute to ligand-specific receptor activation is an important
question for future investigation. Third, our functional assays were
performed in mammalian cells, which represent a non-native, hetero-
logous system. Future studies using Drosophila cells or in vivo models
will bemore appropriate to assess the physiological relevance of these
findings. Finally, we examined phosphorylation only at the kinase
domain site Y1548/1549 of dmIR. How other phosphorylation sites
respond to different DILPs—and how these autophosphorylation pat-
terns related to downstream signaling and physiological outcomes in
Drosophila—remains to be determined. Future studies are needed to
address these questions and to fully elucidate the molecular
mechanisms by which distinct DILPs regulate dmIR signaling and
function.

Methods
Protein expression and purification
For structural studies, the near-full-length dmIR was cloned into
pFastBac expression vector. To improve the protein expression yield, a
kinase-dead mutation D1519N and two truncations: a N-terminal trun-
cation (residues 50–150) and a C-terminal tail truncation (residues
1676–2143) were introduced (Supplementary Fig. 1c). The Human
Rhinovirus 3C recognition site (3C), affinity purification tag Tsi3 (T6SS
secreted immunity protein three from Pseudomonas aeruginosa) and
His8 tag were fused to the C-terminus of proteins. The plasmid was
transformed to Escherichia coli strain DH10Bac to produce bacmid
DNA. Recombinant baculoviruswas generated by transfecting Sf9 cells
with bacmid DNA using Cellfectin reagent (Gibco). DmIR was expres-
sed in Sf9 cells by infecting the cells with the virus at 1:50 (virus: cell, v/
v) ratio. Cells were cultured in a shaking incubator for 72 h at 24 °C
before harvesting.

The cells were resuspended in lysis buffer containing 40mMTris-
HCl pH 7.5, 400mM NaCl (Buffer A) and Protease Inhibitor Cocktail
(Roche) and lysed by using a French Press cell disruptor. The mem-
brane fractionwas obtained by ultracentrifugation of the cell lysate for
1 h at 100,000× g at 4 °C. To extract the protein from the membrane
fraction, Dodecyl maltoside (DDM, Anatrace) was added to a final
concentration of 1% with stirring overnight. The supernatant contain-
ing the solubilized dmIR protein was obtained by ultracentrifugation
for 1 h at 100,000× g at 4 °C. The supernatant was added with 2mM
CaCl2 and Tse3 protein-conjugated Sepharose resin (GE Healthcare)
and incubated at 4 °C for 1 h before being loaded onto a column by
gravity flow. The resin was subsequently washed with 40 column
volume (CV) of buffer containing 40mM Tris-HCl pH 7.5, 400mM
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conditions, IR adopts an Γ-shaped asymmetric conformation with one insulin
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which may exhibit partial receptor activity. Under saturated insulin conditions, IR
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distance between the two membrane-proximal regions.
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NaCl, 2mMCaCl2, 5%glycerol and 0.05%DDM (Buffer B) and eluted by
HRV-3 C protease cleavage at 4 °C overnight. The protein was then
concentrated using a 100 kDa cutoff concentrator (Millipore), loaded
onto a Superose 6 increase 10/300 GL size-exclusion column (Cytiva),
and eluted with buffer containing 20mM HEPES pH 7.4, 150mM NaCl
and 0.03% DDM (Buffer C). The dimer fractions of dmIR protein were
identified by SDS-PAGE and pooled (Supplementary Fig. 1d, e).

Tomake dmIR/DILP1, dmIR/DILP2 and dmIR/DILP5 complexes for
cryo-EM analyses, theDILP ligandswere added to dmIR at amolar ratio
of 4:1 (DILPs:dmIR). After incubation for 30min, the protein mixtures
were concentrated to 6–8mgml−1 using 100 kDa cutoff concentrators
(Millipore). After concentrating the protein complexes to desired
concentrations, two additional molar equivalents of DILP peptides
were added to the final sample. The protein samples were subject to
cryo-EM grid preparation immediately. All purification and following
steps were performed at 4 °C or on ice.

Cryo-EM data collection and image processing
EM data acquisition, image processing, model building, and refine-
ment were performed following previous protocols with some mod-
ifications. The samples of dmIR in complex with DILP1, DILP2, or DILP5
were applied to glow-discharged Quantifoil R1.2/1.3 300-mesh gold
holey carbon grids (Quantifoil, Micro Tools GmbH, Germany). Grids
were blotted under 100% humidity at 4 °C and plunge-frozen in liquid
ethane using a Mark IV Vitrobot (Thermo Fisher Scientific). Micro-
graphs were collected in the counting mode on Titan Krios micro-
scopes (Thermo Fisher Scientific) with K3 Summit direct electron
detectors (Gatan). The nominal magnification and pixel size of each
data set are summarized in Table 3. Motion-correction and dose-
weighting of the micrographs were carried out using the Motioncor2

program (version 1.2)41. GCTF 1.06 was used for CTF correction42.
Template-based particle picking was carried out using the autopick
tool in RELION 5.043. Particles were cleaned upwithmultiple rounds of
2D and 3D classification in RELION. Good particles were selected and
subjected to 3D refinement. We cannot rule out the possibility that
some transient conformations of dmIR, which might be potentially
functionally important, were not captured in the cryo-EM analysis due
to their conformational flexibility and low particle abundance. The
exact procedures are summarized in supplementary figures. The initial
mode for 3D classification and refinement was generated using the
SGD method in RELION. The refined maps were further improved by
using Bayesian polishing, blush regularization, and CTF refinement at
the final stage. The Fourier Shell Correlation (FSC) 0.143 criterion was
used for estimating the resolution of the maps. Local resolution was
calculated in RELION.

Model building and refinement
The initial models of DILP5, DILP2, DILP1 and each domain of dmIR are
generated by AlphaFold238. Models building of dmIR/DILP5, dmIR/
DILP2, dmIR/DILP1 symmetric and asymmetric complexes was initi-
ated by rigid-body docking of each individual domain of dmIR and the
ligands into the respective density maps using UCSF ChimeraX44.
These initial models were manually modified using program Coot 1.145

and refined by using the real-space refinement module in the Phenix
package (V1.20)46. Restraints on secondary structure, backbone
Ramachandran angels, residue sidechain rotamers were used during
the refinement to improve the geometry of the model. For the model
building of N-glycans, the models of N-glycans (NAGs) were generated
by Coot 1.1 and docked into the cryo-EM density as initial models,
followed by another round of real-space refinement by using Phenix. A

Table 3 | Cryo-EM data collection and refinement statistics

DmIR/DILP5 DmIR/DILP2 DmIR/DILP1 (Asymmetric) DmIR/DILP1 (Symmetric)

Data collection and processing

Magnification 105,000 105,000 105,000 105,000

Voltage (kV) 300 300 300 300

Electron exposure (e−/Å2) 50 50 50 50

Defocus range (μm) −0.8 to −2.2 −0.8 to −2.2 −0.8 to −2.2 −0.8 to −2.2

Pixel size (Å) 1.1 1.1 1.1 1.1

Symmetry imposed C1 C1 C1 C2

Initial particle images (no.) 5,277,677 3,557,580 2,094,871 2,094,871

Final particle images (no.) 49,602 50,277 23,556 25,580

Map resolution (Å) 3.6 3.7 4.4 3.9

FSC threshold 0.143 0.143 0.143 0.143

Refinement

Model composition

Nonhydrogen atoms 14,853 11,505 11,404 14,493

Protein residues 1851 1421 1418 1806

Ligands NAG NAG NAG NAG

R.m.s. deviations

Bond lengths (Å) 0.004 0.003 0.003 0.003

Bond angles (°) 0.626 0.632 0.667 0.647

Validation

MolProbity score 1.93 1.93 2.00 1.98

Clashscore 7.30 7.42 8.34 8.39

Poor rotamers (%) 0.36 0.31 0 0.62

Ramachandran plot

Favored (%) 90.87 91.05 89.87 90.64

Allowed (%) 8.74 8.52 9.48 8.91

Disallowed (%) 0.38 0.43 0.65 0.45
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final round of refinement was performed using ISOLDE47. The final
refined models were validated by MolProbity program48 in the Phenix
package (Table 3). Figures of the cryo-EM structures and density maps
were generated using USCF ChimeraX.

Peptide synthesis
Wild-type DILP1, DILP2 and DILP5 were synthesized as reported
previously49. Briefly, A- and B-chains were separately assembled by
optimized Fmoc-solid phase peptide synthesis. Orthogonal cysteine
S-protection was employed to enable subsequent sequential forma-
tion of the three disulfidebonds following liberationof the chains from
the solid support by trifluoroacetic acid. After a final RP-HPLC pur-
ification, the synthetic DILP1 and DILP2 were comprehensively che-
mically characterized including byMALDI-TOFmass spectrometry and
the net peptide content determined by amino acid analysis. DILP1 with
B-chain N-terminus truncation (MVTPTGSGHQLLPPGNH, ΔB1-17) were
purchased from Phoenix Pharmaceuticals Inc.

Cell lines
293FT. 293FT cells (R70007, Invitrogen) and IR and IGF1R double
knockout 293FT cells50 were cultured in high-glucose (4.5 g/L) DMEM
supplementedwith 10% (v/v) FBS, 2mML-glutamine, and 1% penicillin/
streptomycin. Cells were maintained at 37 °C with a humidified
atmosphere of 5% CO2.

Cell-based insulin receptor activation assay
The dmIR activation assaywas performed as previously describedwith
some modifications24,25,50,51. A cDNA of full-length dmIR (wDah wild-
type, GenBank Accession MT_563159) was cloned into the pCS2
vector52 with a MYC tag at the C-terminus of dmIR. In order to validate
our dmIR structures, we generated dmIR mutants designed to disrupt
proposed binding interfaces using Q5 site-directed mutagenesis kit
(New England Biolabs). Plasmid transfection in cells was performed
with Lipofectamine 2000 (Invitrogen). After 1 day, the cells were
serum-starved for 16–18 h. Serum-starved cells were treated with the
indicated concentrations of DILP1, DILP2, or DILP5 for 10min. There is
no difference in potency between Phoenix Pharmaceuticals peptides
and in-house peptides. After treatment, cells were incubated with cell
lysis buffer [50mMHepes pH 7.4, 150mMNaCl, 10% (v/v) Glycerol, 1%
(v/v) Triton X-100, 1mM EDTA, 10mM sodium fluoride, 2mM sodium
orthovanadate, 10mM sodium pyrophosphate, 0.5mM dithiothreitol
(DTT), 2mM phenylmethylsulfonyl fluoride (PMSF)] supplemented
with cOmplete Protease Inhibitor Cocktail (Roche) and PhosSTOP
(Roche) on ice for 1 h. After centrifugation at 18,213 × g at 4 °C for
20min, cell lysates were analyzed by SDS-PAGE and Western blotting.
Anti-IR-pY1150/1151 (1:2000, 19H7, Cell signaling; pY1548/1549 for
dmIR, labeled as pY) and anti-Myc (1:1000; 9E10, Roche; labeled as
dmIR) were used as primary antibodies. For quantitative Western
blots, anti-rabbit immunoglobulin G (IgG) (H+L) (Dylight 800 con-
jugates) and anti-mouse IgG (H+L) (Dylight 680 conjugates) (Cell sig-
naling) were used as secondary antibodies. The membranes were
scanned with the Odyssey Infrared Imaging System (LI-COR, Lincoln,
NE). Levels of pY-dmIRwerenormalized to total dmIR levels and shown
as intensities relative to that of dmIR-WT treated with 100nM DILP2,
100 nM DILP5 or 1000nM DILP1 for 10min. We note that although
293FT cells express endogenous human IR, the size difference
betweendmIR andhIR is ~80 kDa and therefore the signal fromhIR can
be easily separatedby SDS-PAGE.Quantificationof thephosphorylated
band of dmIR should therefore only include the expressed dmIR in all
cases despite being expressed in human cells.

Statistical analysis
Prism 10 was used for the generation of graphs and for statistical
analyses. Results are presented as mean± SD or mean± sem. Two-way
ANOVA followed by the Dunnett test was used for multiple

comparisons. Power analysis for sample sizes was not performed.
Randomization and blinding methods were not used, and data were
analyzed after the completionof all data collection ineach experiment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All reagents generated in this study are available with a completed
Materials Transfer Agreement. All cryo-EMmaps andmodels reported
in this work has been deposited into EMDB/PDB database, under the
entry ID: EMD-47967 (dmIR/DILP1, asymmetric conformation) [https://
www.ebi.ac.uk/emdb/EMD-47967], 9EF1(dmIR/DILP1, asymmetric
conformation), EMD-47969 (dmIR/DILP1, symmetric conformation)
[https://www.ebi.ac.uk/emdb/EMD-47969], 9EF4 (dmIR/DILP1, sym-
metric conformation), EMD-47970 (dmIR/DILP2) [https://www.ebi.ac.
uk/emdb/EMD-47970], 9EF5 (dmIR/DILP2), EMD-47971 (dmIR/DILP5)
[https://www.ebi.ac.uk/emdb/EMD-47971], 9EF9 (dmIR/DILP5). Source
data are provided with this paper.
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