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in Caenorhabditis elegans
structurally resembles human
insulin and activates the human
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Caenorhabditis elegans contains a family of putative in-
sulin-like genes proposed to regulate dauer arrest and
senescence. These sequences often lack characteristic
sequence features of human insulin essential for its fold-
ing, structure, and function. Here, we describe the struc-
ture and receptor-binding properties of INS-6, a single-
chain polypeptide expressed in specific neurons. Despite
multiple nonconservative changes in sequence, INS-6 re-
capitulates an insulin-like fold. Although lacking classi-
cal receptor-binding determinants, INS-6 binds to and
activates the human insulin receptor. Its activity is
greater than that of an analogous single-chain human
insulin analog.

Received November 12, 2002; revised version accepted
January 24, 2003.

Development of Caenorhabditis elegans can arrest to
form a specialized third-stage larva. Such dauer (“endur-
ing”) larvae can survive up to eight times longer than the
organism’s normal 2-wk lifespan (Blaxter and Bird 1997).
An adaption to limited food supply, increased population
density, or elevated temperature (Riddle and Albert
1997), the dauer stage is triggered by chemosensory cues
under the joint control of insulin-related and TGF-�-re-
lated signaling pathways (Ren et al. 1996; Kimura et al.
1997). On sensing favorable conditions for growth and
reproduction, the dauer resumes development into
adulthood. Genetic screens for dauer arrest have led to
identification of C. elegans orthologs of the insulin re-
ceptor (daf-2) and post-receptor signaling pathway, in-
cluding the catalytic subunit of PI-3-kinase (age-1), ser-
ine-threonine kinases Akt/PKB (akt-1 and akt-2) and a
forkhead transcription factor (daf-16; Guarente and

Kenyon 2000; Wolkow et al. 2000). Mutations in daf-2
and age-1 delay senescence of the adult independently of
effects on dauer arrest (for review, see Finch and Ruvkun
2001).
Although genetic screens for diapause or long-lived

phenotypes did not reveal DAF-2 ligands, search of the
C. elegans genome by sequence- and structure-based al-
gorithms has uncovered a family of 37 putative insulin-
related (ins) genes (Pierce et al. 2001). These sequences
are classified into three classes, designated �, �, and �,
based on pattern of cysteines (Pierce et al. 2001). �-Class
proteins lack an A6–A11 disulfide bridge, an invariant
feature of vertebrate insulins and insulin-like growth
factors (Baker et al. 1988). �-Class proteins appear to re-
tain insulin’s three canonical disulfide bridges, plus a
fourth, whose location is variable. �-Class proteins con-
tain three canonical (or pseudo-canonical) disulfide
bridges. Because these sequences diverge from mamma-
lian insulins at conserved sites required for biological
activity, their classification as insulin-like has been pre-
sumptive. Genetic evidence is provided elsewhere in this
issue that an ins gene (daf-28) functions in the daf-2
pathway of dauer arrest (Li et al. 2003).
We describe here the chemical synthesis and structure

of a �-class INS protein. Because it lacks dibasic process-
ing sites (as utilized in cleavage of proinsulin; Steiner
1998), the protein was prepared as a single chain. The
polypeptide folds to form a well-defined structure with
four disulfide bridges. Despite marked sequence diver-
gence, an insulin-like fold is stabilized by reorganization
of the hydrophobic core. Although the topography of the
surface differs radically from that of insulin (Baker et al.
1988), the C. elegans protein can bind to and activate the
human insulin receptor (hIR). As a seeming paradox, the
affinity of INS-6 for the hIR is at least 10-fold greater
than that of the corresponding single-chain analog of hu-
man insulin (“mini-proinsulin”; Markussen et al. 1985;
Derewenda et al. 1991; Hua et al. 1998). Our results vali-
date assignment of this ins gene to an insulin-like super-
family and broaden the scope of structure-function rela-
tionships in design of human insulin agonists (De Meyts
and Whittaker 2002).

Results and Discussion

The sequence of INS-6 is shown in Figure 1 (top).
Whereas insulin contains six cysteines (forming cystines
A6–A11, A7–B7, and A20–B19), INS-6 contains eight; the
additional cysteines are indicated by arrows. Exclusive of
canonical cysteines (bold in Fig. 1), INS-6 and human
insulin contain seven identical residues. A 50-residue
polypeptide comprising the A and B domains of INS-6
was synthesized in two fragments (Fig. 2A) and joined by
native ligation (Fig. 2B). Quantitative folding was ob-
served in a redox buffer (see Materials and Methods).
Under these conditions, the polypeptide is in equilib-
rium between a reduced, unfolded species and a single,
predominant folded form. 1H-NMR spectra of the folded
form at 600 MHz are well resolved (Fig. 2C,D); resonance
line widths at pH 3.6–7.4 are consistent with a protein
monomer. Chemical-shift dispersion and density of in-
ter-residue nuclear Overhauser enhancements (NOEs)
provide evidence of an ordered structure. A single set of
spin systems was observed, indicating a single predomi-
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nant conformation. Sequential assignment was obtained
by standard methods (Wuthrich 1986).
Analysis of secondary structure demonstrates three in-

sulin-like �-helices. An ensemble of structures was cal-

culated by distance geometry and simulated annealing
(DG/SA; Fig. 3A). Input restraints include 621 NOEs (381
inter-residue and 240 intra-residue), 38 dihedral re-
straints (23 � and 15 �1), and 16 hydrogen-bond-related

Figure 2. Synthesis of INS-6 and NMR Spectra. (A) Native ligation of N- and C-terminal segments. The eight cysteines are shown, including
cysteine that participates in thioester ligation. Peptide sequences refer to intact INS-6. (B) Reverse-phase HPLC purification of reduced INS-6
polypeptide from ligation mixture. N- and C-terminal segments are labeled N and C, respectively. (C) One-dimensional 1H-NMR spectrum of
folded INS-6 in H2O at pH 3.7 (left) and in D2O at pD 3.4 (right) at 25°C. (D) Fingerprint region of NOESY spectrum (mixing time 200 msec).

Figure 1. Sequence of INS-6 (residues 63–112; top) in relation to mammalian insulins (middle) and insulin-like growth factors (IGF1 and IGF2;
bottom). The B domain is shown at left and the A domain at right. Color code: green, side chains in INS-6 core in accord with insulin structure;
red, side chains in INS-6 core not in accord with insulin structure; purple, INS-6 exposed side chains not in accord with insulin structure.
Canonical cysteines are in bold; arrows indicate noncanonical cysteines (residues 84 and 111). Boxes a–d indicate invariant sequence elements
discussed in text.
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restraints. No main-chain dihedral angles are in disal-
lowed Ramachandran regions. Root-mean-square devia-
tions (RMSD) are 0.39 Å (main-chain atoms) and 0.70 Å
(side-chain atoms) relative to the mean structure. Struc-
tures calculated in the absence of assumed disulfide
bridges are essentially identical but less precise. Com-
parison with the crystal structure of mini-proinsulin (T-
state protomer shown in Fig. 3B; Derewenda et al. 1991)
demonstrates that an overall insulin-like fold is main-
tained. A fourth disulfide bridge (cystine 84–111) tethers
residues whose homologs in insulin (Asn A21 and Gly
B23) are in close proximity (Baker et al. 1988). Despite

their overall similarities, superposition of INS-6 and
mini-proinsulin demonstrates small changes in interhe-
lical angles. An RMSD of 2.3 ± 0.1 Å is obtained on pair-
wise alignment of mini-proinsulin and the ordered INS-6
moiety (residues 68–111). This difference is significant
given the precision of the DG/SA ensemble; the corre-
sponding RMSD within the INS-6 ensemble is 0.6 ± 0.1
Å. Alignment of the three helical segments yields a
main-chain RMSD of 1.7 ± 0.1 Å (RMSD within INS-6
0.4 ± 0.1 Å). Similarly, alignment of the B domain �-he-
lices yields a segmental RMSD of 0.7 ± 0.1 Å (RMSD
within INS-6 is <0.2 Å), whereas alignment of the A do-

Figure 3. Structure of INS-6 in relation to insulin. (A) Stereo pair showing INS-6 DG/SA ensemble (20 structures). B domain (residues 67–90;
B6–B29 in insulin) and A domain (residues 91–112; A1–A22) are shown in blue and red, respectively. Disulfide bridges are shown in black. (B)
Crystal structure of mini-proinsulin (T state protomer; PDB identifier 6INS) in similar orientation. The A domain is shown in red, the B domain
in blue, and disulfide bridges in black. Despite similarities, differences occur in interhelical angles; a 2–4 Å translation in position of the A
domain is also observed. Asterisk indicates B29–A1 peptide bond, not present in insulin. (C) Packing of side chains in core of INS-6. (Left) INS-6
ensemble showing 10 internal side chains and cystines 80–110 and 96–101. Color scheme is as in A. (Right) Stereo view of representative
structure. (D) Packing of corresponding side chains in collection of insulin crystal structures (PDB identifiers 4INS, 1PID, 1APH, 1TRZ, 1TYL,
1TYM, 1ZNI, 3INS, and 6INS). Residues are labeled as in insulin. Molecules were aligned according to main-chain atoms of residues B9–B23,
A2–A8, and A13–A19.
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mains (INS-6 residues 92–111) yields a regional RMSD of
3.0 ± 0.1 Å (RMSD within INS-6 is 0.4 ± 0.1 Å).
The core of INS-6, like that of insulin (Baker et al.

1988), contains nonpolar side chains (color coded in Fig.
1) and two disulfide bridges (80–110 and 96–101, corre-
sponding to B19–A20 and A6–A11, respectively; Fig.
3A,B). Key side chains include Leu 72, Leu 75, Val 76,
Val 79, Ile 92, Ala 93, Tyr 105, and Ala 109 (Fig. 3C).
Although some of these residues (bold face) are con-
served among mammalian sequences (Leu B11, Ala B14,
Leu B15, Val B18, Ile A2, Val A3, Gln A15, and Ala A19;
Fig. 1), others are substituted in INS-6 by side chains of
smaller (underlined) or larger (italics) volumes. The sub-
stitution Tyr A19 → Ala is compensated in part by swiv-
eling of a surface side chain in insulin (Gln A15) into the
core of INS-6 (Tyr 105; highlighted in purple in Fig. 1).
The latter packs against Leu 72 and Leu 75, interactions
not observed among mammalian insulins. Insulin’s in-
variant aromatic residues at B24–B26 (Fig. 1, box b) align
with Asn-Pro-Gln in INS-6. The absence of Phe B24,
which seals one edge of insulin’s core, is compensated in
part by the novel 84–111 disulfide bridge. Divergence at
positions Tyr B26 and Pro B28, which pack against the A
chain (Baker et al. 1988), is associated with an altered
trajectory of the corresponding strand in INS-6. Because
insulin’s C-terminal B-chain � strand forms an anti-par-

allel �-sheet in the dimer, divergence at this and other
self-assembly surfaces rationalizes impaired self-associa-
tion. The surface of INS-6 thus differs in topography and
electrostatic potential from that of insulin (Fig. 4).
Binding of INS-6 to the hIR was evaluated by competi-

tive displacement of 125I-labeled human insulin (Fig. 5A).
Its relative affinity is 0.6% (Fig. 5A, open circles). Al-
though low relative to insulin (Fig. 5A, closed circles),
such binding is at least 10-fold tighter than that of mini-
proinsulin (Fig. 5A, triangles). Competition between in-
sulin and INS-6 suggests that the two ligands bind to
overlapping or structurally linked sites. In independent
assays of transmembrane signaling, INS-6 stimulates au-
tophosphorylation of the cytoplasmic domain of the hIR
to the same extent as insulin at corresponding levels of
ectodomain occupancy (i.e., INS-6 functions as an ago-
nist). Radioimmunoassays demonstrated that such activ-
ity is not the result of contamination by insulin. Al-
though these observations are broadly consistent with
the biological activity of human proinsulin in transgenic
worms (presumably mediated by binding to DAF-2;
Pierce et al. 2001), the activity of INS-6 would not be
expected on the basis of its divergent surface. The fol-
lowing structure-function relationships in insulin pre-
dict that INS-6 should be essentially inactive. (1) The
B29–A1 peptide bond, retained in INS-6, causes a 3000-

Figure 4. Electrostatic surface of human insulin (A) and INS-6 (B). GRASP representations of “front” and “back” protein surfaces (middle and
right images). Regions of positive or negative potential are indicated in red or blue. Charged side chains are labeled to orient surface features.
In each panel, a ribbon structure at same orientation is shown at left; disulfide bridges are shown in orange.
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fold reduction in insulin’s activity (Hua et al. 1998). (2)
Insulin residues Phe B24, Phe B25, Val A3, and Tyr A19
are critical to its activity (Baker et al. 1988; De Meyts
and Whittaker 2002). Substitution of Phe B24 or Phe B25
(Fig. 1, box b) by nonaromatic amino acids impairs re-
ceptor binding (Mirmira et al. 1991) and can cause a
monogenic form of diabetes mellitus (Shoelson et al.
1983). Respective substitutions of Tyr A19 (Fig. 1, box d)
by Phe and Ala impair activity by 8- and 1000-fold (Kris-
tensen et al. 1997; Du and Tang 1998). Respective sub-
stitution of Leu B6 and Val A3 (Fig. 1, boxes a and c) by
Ala likewise impairs activity by 40- and 70-fold (Nak-
agawa and Tager 1991, 1992). Accordingly, divergence at
these positions of INS-6, if considered one at a time,
would be expected to block binding to the insulin recep-
tor. We suggest an analogy between protein folding and
receptor binding; just as multiple compensating interac-
tions within INS-6 permit maintenance of an insulin-
like fold, perhaps the extensive differences between the
surfaces of insulin and INS-6 permit recapitulation of an
analogous signaling conformation. Understanding the
molecular basis of INS-6 activity will require crystal
structures of insulin and INS-6/receptor complexes.
In summary, we have demonstrated conservation of an

insulin-like fold in a C. elegans INS protein. Such con-
servation raises the possibility that the human genome
may likewise contain unrecognized insulin-like genes.
The relationship of sequence to structure exhibits com-
binatorial interactions of intricate complexity. Binding
of INS-6 to the hIR—a seeming paradox in light of clas-
sical structure-function relationships—suggests that INS
proteins may provide novel starting points for design of
agonists and antagonists of therapeutic interest.

Materials and methods

Peptide synthesis
INS-6 segments (peptide 1–21 thioester and peptide 22–50) were synthe-
sized by solid-phase BOC-chemistry. The methionine residue (peptide

residue 15) was substituted by selenomethionine. The reduced INS-6
polypeptide was prepared by native ligation (Dawson et al. 1994) in 23%
yield, purified by rp-HPLC, and characterized by mass spectrometry (ob-
served molecular mass 5346.97 ± 0.87 D in agreement with calculated
mass-average isotope composition, 5345.95 D). Folding was effected by
stirring overnight in 100 mM Tris-HCl (pH 8.7), 8 mM cysteine, 1 mM
cystine, and 1 M guanidine(HCl; guanidine was included to enhance the
solubility of the reduced polypeptide without denaturing the folded (oxi-
dized) form. The predominant folded product was isolated by rp-HPLC
(observed mass 5339.37 ± 0.84 D in agreement with calculated value
5337.95 D). Folding yield was 65% relative to the reduced polypeptide.

Insulin receptor-binding assay
Assays were performed as described (Weiss et al. 2000) using human
placental cell membranes. Membrane fragments (25 µg protein/tube)
were incubated with 125I-labeled insulin (ca. 30,000 cpm) in the presence
of selected concentrations of INS-6 for 18 h at 4°C in 0.25 mL of 0.05 M
Tris-HCl and 0.25% (w/v) BSA at pH 8, diluted with 1 mL of ice-cold
buffer, and centrifuged (10,000g) for 5 min at 4°C. The supernatant was
removed by aspiration and membrane pellet counted for radioactivity.
Data were corrected for nonspecific binding (membrane-associated radio-
activity in presence of 1 µM human insulin). Four replicates were per-
formed. Mini-proinsulin data are as described (Hua et al. 1998).

Tyrosine phosphorylation
Assays were performed as described (Bass et al. 1998) using human em-
bryonal kidney cells expressing the hIR. Cells were grown to confluence
on poly-L-lysine-treated 12-well plates, incubated for 18 h in DMEM
containing 1% FBS, washed in PBS, and stimulated in serum-free me-
dium containing 0.1% BSA with indicated concentrations of insulin at
37°C for 5 min, and then lysed in prechilled Triton X 100 lysis buffer
containing phosphatase inhibitors (1% Triton X-100, HEPES, 100 mM
NaF, 2 mM sodium orthovanadate, and 4 mM sodium pyrophosphate).
Receptors were immunoprecipitated (Rouard et al. 1999), and samples
processed by sodium dodecyl sulfate gel electrophoresis, followed by
electroblotting. Phosphorylated proteins were detected with horseradish
peroxidase-conjugated monoclonal anti-phophotyrosine antibody (Up-
state Biotechnology, Inc.) and visualized by chemiluminescence (Amer-
sham). Blots were stripped (63 mM Tris at pH 6.8, 10% SDS, and 0.7%
v/v �-mercaptoethanol) and reprobed with anti-insulin receptor �-sub-
unit antibodies (Upstate Biotechnology, Inc.). Percentage of tyrosine-
phosphorylated hIR to total receptor recovered was compared by densi-
tometry.

NMR spectroscopy
Spectra were obtained at 600 MHz at 25°C (pH 3.7 and 7.3) as described
in Hua et al. (1996); the protein concentration was 1.5 mM. Resonance
assignment was based on 2D NOESY (mixing times 100 and 200 msec),
TOCSY, and DQF-COSY spectra. The ensemble was refined by inclusion
of hydrogen-bond restraints derived from amide protection data and im-
position of disulfide bridges based on sulfur positions in initial models.
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