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Insulin-signaling requires conformational change: whereas the free
hormone and its receptor each adopt autoinhibited conformations,
their binding leads to structural reorganization. To test the func-
tional coupling between insulin’s “hinge opening” and receptor ac-
tivation, we inserted an artificial ligand-dependent switch into
the insulin molecule. Ligand-binding disrupts an internal tether
designed to stabilize the hormone’s native closed and inactive con-
formation, thereby enabling productive receptor engagement. This
scheme exploited a diol sensor (meta-fluoro-phenylboronic acid at
GlyA1) and internal diol (3,4-dihydroxybenzoate at LysB28). The sen-
sor recognizes monosaccharides (fructose > glucose). Studies of
insulin-signaling in human hepatoma-derived cells (HepG2) demon-
strated fructose-dependent receptor autophosphorylation leading
to appropriate downstream signaling events, including a specific
kinase cascade and metabolic gene regulation (gluconeogenesis
and lipogenesis). Addition of glucose (an isomeric ligand with neg-
ligible sensor affinity) did not activate the hormone. Similarly,
metabolite-regulated signaling was not observed in control studies
of 1) an unmodified insulin analog or 2) an analog containing a diol
sensor without internal tethering. Although secondary structure (as
probed by circular dichroism) was unaffected by ligand-binding,
heteronuclear NMR studies revealed subtle local and nonlocal
monosaccharide-dependent changes in structure. Insertion of a syn-
thetic switch into insulin has thus demonstrated coupling between
hinge-opening and allosteric holoreceptor signaling. In addition to
this foundational finding, our results provide proof of principle for
design of a mechanism-based metabolite-responsive insulin. In par-
ticular, replacement of the present fructose sensor by an analogous
glucose sensor may enable translational development of a “smart”
insulin analog to mitigate hypoglycemic risk in diabetes therapy.

hormone–receptor recognition | protein engineering | receptor tyrosine
kinase | diabetes mellitus | insulin pharmacology

Insulin and insulin-like growth factors (IGFs) bind to a cognate
set of specific cellular receptors (the insulin receptor [IR] and

homologous Type 1 IGF receptor [IGF-1R]) to regulate verte-
brate metabolism and development (1–3). IR and IGF-1R are
heterodimeric disulfide-linked (α-β)2 dimers wherein extracellular
α-subunits contain respective hormone-binding elements and
transmembrane β-subunits contain intracellular tyrosine kinase
(TK) domains (SI Appendix, Fig. S1) (4). Binding of the hormone
to the ectodomain leads to transmission of a structural signal
across the plasma membrane, leading to autophosphorylation of
the intracellular TK domains (5) and in turn to activation of
branching postreceptor signaling pathways (6, 7). Broadly con-
served among metazoans (8), this system is of central importance
in diverse diseases, including diabetes mellitus (DM), acromegaly,
and cancer (9–12). Since its landmark discovery in Toronto 100 y
ago (13, 14), insulin replacement therapy has been a therapeutic
mainstay in DM (15).

Recent advances in structural biology have established that, in
isolation, insulin and the IR each adopt autoinhibited conforma-
tions (SI Appendix, Fig. S2) (2, 16). The free hormone folds as a
small globular domain (SI Appendix, Fig. S3) (17) but in part
“opens” on receptor binding (Fig. 1A) (16). In the open state, the
C-terminal B-chain β-strand (residues B24 to B28) detaches from
insulin’s α-helical core to insert between receptor elements L1 and
αCT’ in dimer-related IR α-subunits (Fig. 1B) (2, 5, 16, 18). The
conserved “aromatic triplet” in this segment (PheB24, PheB25, and
TyrB26) (17, 19) thus pivots between structural roles: contributing
to folding and assembly of the closed state (20–22) and to receptor
binding in the open state (5, 18). B-chain detachment also exposes
conserved nonpolar surfaces—within the N-terminal A-chain
α-helix (IleA2 and ValA3) and central B-chain α-helix (ValB12 and
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Ligand-dependent conformational switches are ubiquitous in bio-
logical macromolecules, from allosteric proteins to RNA ribos-
witches. Molecular design of artificial switches provides a general
strategy to test relationships between macromolecular structure
and function. The present study exploited recent structures of
complexes between an ancestral signaling protein (insulin) and the
ectodomain of its cellular receptor to insert a metabolite-regulated
switch into the hormone. Whereas binding of ligands often sta-
bilizes structure, this design envisioned metabolite-dependent
“opening” of a closed, inactive insulin conformation. Assessment
of hormone-directed receptor autophosphorylation and a down-
stream signaling cascade in liver-derived cells demonstrated that
binding of metabolite (a monosaccharide) enabled hormonal sig-
naling. These results suggest a mechanism-based strategy to de-
sign “smart” glucose-responsive analogs to more safely treat
insulin-dependent diabetes mellitus.

Author contributions: Y.-S.C., J.G., Y.Y., B.D., N.B.P., Y.L., M.A.J., M.C.L., T.H., M.D.M., and
M.A.W. designed research; Y.-S.C., J.G., Y.Y., B.D., N.B.P., Y.L., L.B., M.A.J., and D.C. per-
formed research; Y.-S.C., J.G., Y.Y., B.D., N.B.P., L.B., M.A.J., D.C., M.C.L., and M.A.W.
analyzed data; and Y.-S.C. and M.A.W. wrote the paper.

Competing interest statement: M.A.W. has equity in Thermalin Inc. (Cleveland, OH) at
which he serves as Chief Innovation Officer; he has also been a consultant to Merck
Research Laboratories and DEKA Research and Development Corp. N.B.P. is a consultant
to Thermalin Inc. M.C.L.’s laboratory has a Research Agreement with Eli Lilly and Com-
pany to conduct research not connected to this publication.

This article is a PNAS Direct Submission.

Published under the PNAS license.

See online for related content such as Commentaries.
1Y.-S.C., J.G., and Y.Y. contributed equally to this work.
2To whom correspondence may be addressed. Email: weissma@iu.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2103518118/-/DCSupplemental.

Published July 21, 2021.

PNAS 2021 Vol. 118 No. 30 e2103518118 https://doi.org/10.1073/pnas.2103518118 | 1 of 12

BI
O
CH

EM
IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
3,

 2
02

1 

https://orcid.org/0000-0003-4746-6636
https://orcid.org/0000-0001-6715-5929
https://orcid.org/0000-0002-4832-2987
https://orcid.org/0000-0001-6002-1207
https://orcid.org/0000-0002-7810-9300
https://orcid.org/0000-0001-9618-3128
https://orcid.org/0000-0002-6174-3380
https://orcid.org/0000-0002-2814-8643
https://orcid.org/0000-0001-8409-4865
https://orcid.org/0000-0003-1999-0801
https://orcid.org/0000-0003-2777-7859
https://orcid.org/0000-0002-0224-1065
https://orcid.org/0000-0003-1325-1610
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103518118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103518118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103518118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2103518118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://doi.org/10.1073/pnas.2103518118
mailto:weissma@iu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103518118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103518118/-/DCSupplemental
https://doi.org/10.1073/pnas.2103518118
https://doi.org/10.1073/pnas.2103518118


www.manaraa.com

LeuB15)—to enable their engagement at the L1/αCT’ interface (2,
16). Similar structural features have been observed in homologous
model complexes between IGF-I and IGF-1R (3, 23).
Autoinhibited conformations of proteins and their functional

opening represent solutions to an evolutionary tension between
competing biophysical and biological constraints (24, 25). On the
one hand, natural selection has favored protein sequences that
exhibit efficient foldability with sufficient native-state stability
(including kinetic barriers) to avoid toxic misfolding (26) and
amyloidogenesis (27). On the other hand, biological function
often exploits dynamic mechanisms, such as in enzymatic catal-
ysis (28, 29) or (as here) the transmission of conformational
change by transmembrane receptors (5, 18). Insulin exemplifies
this tension (22, 30–33): its closed state confers foldability, medi-
ates native self-assembly, and protects from aggregation-coupled
misfolding (25) whereas its open state triggers allosteric receptor
reorganization as the first step in transmembrane signaling (5). An
evolutionary innovation—a protective hinge (16)—thus emerged
as an evolutionary hallmark of the vertebrate insulin-IGF family
(34–36).

The present study tests the functional relationship between in-
sulin’s hinge and cellular signaling by the holoreceptor. Our ap-
proach was stimulated by exploitation of engineered disulfide
bridges as probes of dynamic coupling in enzymatic catalysis
(Fig. 1C) as illustrated in unrelated systems (HIV protease and
lipoprotein lipase; Fig. 1 D and E) (28, 29). In those studies,
pairwise Cys substitutions provided reversible redox-regulated
tethers to insert a cleavable allosteric bridge or clamp. Although
such an approach is inapplicable to insulin (as both the hormone
and receptor contain native disulfide bridges required for func-
tion), might the essential idea be extended to an artificial switch?
Because the logic of this approach is independent of molecular
embodiment, we sought to exploit an exogenous ligand to regulate
insulin’s protective hinge (16).
Our strategy derived from a long-standing (and to date unmet)

goal in insulin pharmacology: design of a glucose-responsive in-
sulin (GRI; Fig. 2A) to protect patients from hypoglycemia (37,
38). One potential design scheme envisioned a glucose-cleavable
tether between the C terminus of the B chain and N terminus of
the A chain (Fig. 2B), thereby providing an insulin analog that

Fig. 1. Molecular switches in proteins. (A and B) Insulin conformation “opens” on receptor binding. (A) Schematic depiction of closed state (free hormone at
Left) and active, open state (receptor-bound conformation at Right). Sidechains IleA2 and LeuA16 are shown in gold. The green segment in open state rep-
resents detached segment B20 to B27. (B) Cocrystal structure of insulin bound to a fragment of the IR ectodomain [the μIR complex (16)] showing displaced
position of the B20 to B27 segment (with green carbon atoms) in groove between IR domains αCT (purple) and L1 (powder blue). Residue-specific contacts in
αCT and L1 are shown in darker purple and darker powder blue, respectively (16). Panels are adapted from ref. 86 with permission. (C) Models depicting
inhibition of an active site in varying degrees by (Left to Right) allosteric effector, allosteric bridge, or active-site clamp. (D) Tethering by engineered disulfide
bridge inactivates HIV protease (28). The pairwise Cys-substituted noncrosslinked enzyme is active (Right) whereas the tethered protein exhibits impaired
activity (Left). HIV protease dimer is shown as gray ribbon with sulfur atoms as gold spheres; coordinates were obtained from PDB entries 4DQG and 4DQC. (E)
Disulfide tether activates lipoprotein lipase (29). Closed conformation (Left) was modeled using the crystal structure of wild-type Bacillus stearothermophilus
lipase 1; PDB entry 1KU0) with pairwise substitutions F206C and A191C (PyMOL). Open conformation (Right) was modeled using crystal structure of bacterial
Thermoalkalophilic lipase (PDB entry 2W22); Triton X-100 detergent molecules are shown by red and white sticks. In this structure, the two Cys substituents
can bridge within an active conformation. In both conformations, the lipases are as cartoon gray ribbons whereas main and secondary “lids” are shown in
green and blue, respectively. Sulfur atoms of interest shown as gold spheres.
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would be closed and inactive at low glucose concentration but
openable and active at high glucose concentration (39). The
resulting cycle of conformational states (Fig. 2A) would in principle
be reversible (depending on metabolic state), and its implementa-
tion would reflect the signaling conformation of the insulin–IR

complex (Fig. 2C) (16). Although to our knowledge such a GRI
design has not been reduced to practice, we took advantage of an
alternative monosaccharide sensor (recognition of fructose by
phenylboronic acid [PBA]; Fig. 2D and SI Appendix, Fig. S4) (40,
41). Our results demonstrate selective fructose-dependent IR

Fig. 2. Design of FRI. (A) Glucose-regulated conformational cycle in which a monosaccharide acts as a competitive ligand to regulate a conformational switch
between closed state (inactive in absence of ligand; Bottom) and open state (active in presence of ligand; Top). (B) Ribbon model of insulin (T-state monomer).
The box indicates sites of chemical modification showing “switch” elements in closed conformation due to intramolecular DHBA/m-fPBA ester bonding. (C)
Structural model of FRI binding to insulin receptor. Blue volumes and asterisks highlight the protein adducts. A and B chains are shown as yellow and gray
ribbons, respectively. IR domains are shown as surfaces by color code: L1 (powder blue), L2 (gold), CR (red), FnIII-1’ (green), and dimer-related αCT’ (purple). (D)
GlyA1 α-amino group is modified by fPBA, whereas the e-amino group of LysB28 (in lispro B chain with “KP switch”; ProB28→Lys and LysB29→Pro) is linked to an
aromatic 1,2-diol (DHBA). Weakened IR-binding affinity due to the A1-adduct is compensated by favorable substitution ThrA8→His (asterisked; 51).

Fig. 3. Monosaccharide structures and mode of binding to PBA. (A) Linear structures of fructose and glucose. (B) PBA binds most strongly to aligned 1,2-diol
elements as in the β-D-furanose conformation of fructose (Top right; 25% occupancy) or α-D-furanose conformation of glucose (Bottom right; 0.14% oc-
cupancy). Respective conformational equilibria thus favor selective binding to fructose (47, 48). Key cis-hydroxyl groups are shown in red. Percent populations
are as indicated. (C) Schematic binding mode of PBA to a 1,2-diol element in a monosaccharide (red). Panel B is adapted from ref. 87.
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autophosphorylation in a human liver–derived cell line [HepG2;
(42)], leading to activation of an appropriate downstream kinase
cascade (43) and physiologic transcriptional regulation of metabolic
target genes (44–46). These findings validate a functional coupling
between insulin’s hinge-opening and transmembrane signaling and
provide proof of principle for a reversible mechanism-based design
of a “smart” insulin.

Results
The switchable insulin analog (designated FRI; fructose-
responsive insulin) contains meta-fluoro-PBA* (m-fPBA) as a
diol sensor linked to the α-amino group of GlyA1 (at left in
Fig. 2D) and an aromatic diol (3,4-dihydroxybenzoic acid; DHBA)
attached to the e-amino group of LysB28 of insulin lispro† (“KP”
element; blue bracket in Fig. 2D). Although fructose and glucose
each contain diols (Fig. 3A), the sensor preferentially binds to
aligned 1,2-diol groups as found in β-D-fructofuranose and α-D-
glucofuranose (Fig. 3B) (47, 48). Affinity of m-fPBA is higher for

fructose than glucose due to salient differences in respective
conformational equilibria (Fig. 3B and SI Appendix, Fig. S4);
binding is covalent but reversible (Fig. 3C). To compensate for
impairment of IR-binding affinity generally associated with
N-linked adducts at GlyA1 (49, 50), ThrA8 was substituted by His
(red asterisk in Fig. 2D), a favorable substitution found in avian
insulins (51). Control analogs were provided by 1) insulin KP, 2) a
KP derivative containing an A1-linked m-fPBA but not the B28
diol (diol-free control; DFC), and 3) a peptide bond between
LysB28 and GlyA1 in a des-[B29, B30] template (52). The latter [a
covalent “closed” state (53)] was inactive (SI Appendix, Fig. S5).

Western Blot Assays Demonstrated Fructose-Dependent Signaling.
Structural studies suggest that insulin’s hinge-opening at a
dimer-related αCT/L1 interface (2) is coupled to closure of IR
ectodomain legs (16), leading to TK-mediated trans-phosphorylation
and receptor activation (Fig. 4A) (18). Signal propagation was probed
via a cytoplasmic kinase cascade and changes in metabolic gene
expression (Fig. 4B) in HepG2 cells (42, 43). Control studies
indicated that addition of 0 to 100 mM fructose or glucose did
not trigger changes in signaling outputs (SI Appendix, Figs. S6
and S7). An overview of IR autophosphorylation (probed by anti-
pTyr IR antibodies; Fig. 4C) and downstream phosphorylation of
Ser-Thr protein kinase AKT (protein kinase B; ratio p-AKT/AKT),
forkhead transcription factor 1 (p-FOXO1/FOXO1), and glycogen
synthase kinase-3 (p-GSK-3/GSK-3) at a single hormone dose

Fig. 4. Fructose-dependent IR activation and downstream pathways. (A) IR ectodomain structures either unbound (Left) or as activated by insulin (Right),
asterisk highlights the A chain (light green) and B chain (green) of insulin). On insulin binding, the ectodomain legs come together to enable TK trans-
phosphorylation (red P’s). (B) Selected downstream IR signaling pathways as probed by WB. IR L1 and αCT domains are highlighted in blue and red; JM- and
TK-domain phosphorylation sites are shown in schematic form by green circles. IR activation leads to AKT phosphorylation, which in turn phosphorylates and
inhibits GSK-3; pAKT also phosphorylates FOXO in cytoplasm to enable transcriptional regulation of cell proliferation (cyclin D), gluconeogenesis (PEPCK), and
fatty-acid synthesis (ChREBP and SREBP) in the nucleus. (C-F) WB assays probing the p-IR/IR (C), p-AKT/AKT (D), p-FOXO/FOXO (E), and p-GSK-3/GSK-3 (F) in the
presence or absence of fructose (50 mM) in medium. Studies of FRI were conducted relative to lispro insulin (“KP”), a diol-free control analog (DFC; “con”) or
buffer only (diluent; “dil”). The error bars in histograms indicate SEM. Representative gel images are displayed underneath corresponding columns in his-
tograms; assays were performed in triplicate.

*The sequence (Fig. 2) contains a m-f-PBA at the α-amino group of GlyA1; the halogen
shifts the pKa of PBA (75).

†Positioning of the Lys at B28 rather than its native position (B29) was motivated by the
clinical utility of insulin lispro as a rapid-acting insulin analog (78). The “Lys-Pro switch”
(ProB28→Lys and LysB29→Pro) destabilizes the dimer interface in the zinc hexamer to
promote rapid absorption (79).
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(50 nM) was provided by Western blot (WB; Fig. 4 D–F). In
each case, WBs demonstrated fructose-dependent signaling by
FRI and fructose-independent signaling by KP and DFC. The
activity of FRI in the absence of fructose is low.

Plate Assays Demonstrated Ligand-Selective Signaling. Quantitative
dose-dependent and ligand-selective IR autophosphorylation
were evaluated in a 96-well plate assay (Fig. 5A). FRI triggered a
robust signal on addition of 50 mM fructose (asterisk at Right in
Fig. 5B) whereas baseline activity in the absence of fructose was
low. As expected, KP and DFC exhibited high signaling activity
in the presence or absence of fructose (Left and Center in Fig. 5B,
respectively). Ligand-dependent activation of FRI is specific to
fructose as addition of 50 mM glucose did not influence its ac-
tivity (nor the activities of KP and DFC; Fig. 5C). These data
indicate that in 50 mM fructose FRI is almost as active as KP.

PCR Assays Demonstrated Ligand-Selective Metabolic Gene Regulation.
Insulin-signaling in hepatocytes extends to metabolic transcrip-
tional regulation (Fig. 6 and 4B) (46, 54) as recapitulated in
HepG2 cells (Fig. 6A). At hypoglycemic conditions, the cells

exhibited stronger gluconeogenesis-related responses following
insulin stimulation than at hyperglycemic conditions. In this pro-
tocol (Upper arm in Fig. 6A), FRI, when activated by fructose,
regulated downstream expression of the gene encoding phospho-
enolpyruvate carboxykinase (PEPCK; a marker for hormonal
control of gluconeogenesis). Under normoglycemic conditions
(Lower arm in Fig. 6A), FRI, when activated by fructose, regulated
the genes encoding carbohydrate-response–element and sterol-
response–element binding proteins (ChREBP and SREBP; mark-
ers for hormonal control of lipid biosynthesis). No fructose de-
pendence was observed in control studies of KP and DFC (Left
and Central panels of Fig. 6B); no effects were observed on ad-
dition of glucose instead of fructose (Fig. 6C). Control studies
were undertaken in the absence of insulin analogs to assess po-
tential confounding changes in metabolic gene expression on ad-
dition of 0 to 100 mM fructose (SI Appendix, Fig. S7A) or 0 to
100 mM glucose (SI Appendix, Fig. S7B). No significant effects
were observed in either case, indicating that the present short-
term fructose exposure (to activate FRI; schematic protocol in
SI Appendix, Fig. S7C) is unassociated with the transcriptional
signature of longer-term exposure (SI Appendix, Fig. S7D).

Fig. 5. Dose–response studies of FRI activity. (A) Schematic outline of in-cell assays probing IR autophosphorylation on binding of insulin. Flowchart illus-
trates procedure to assess hormone-induced IR signaling via in-cell illumination assay. On binding of insulin analogs, autophosphorylation was evaluated via
800-nm emissions mediated by antibody-conjugated signals; 700-nm readout provided cell-number control. (B) Fructose dependence of pIR/IR ratio on
hormone-binding. Whereas extent of IR autophosphorylation was independent of fructose on binding of insulin lispro (“KP”; Left) or a DFC analog (Middle),
FRI (Right) was activated when incubated with 50 mM [fructose] or higher; baseline activity was low. Orange asterisk indicates significant effect on 100 nM
[insulin analog] on FRI activity. The asterisk (*) indicates P < 0.05 with respect to the treatment difference (0 vs 50 mM fructose) at an FRI dose of 100 nM. (C)
Control studies using glucose instead of fructose show that the FRI was not affected by presence or absence of glucose (Right). As expected, glucose did not
modulate the high baseline activities of KP (Left) and the diol-free control (Middle).
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Ligand-Binding to FRI Affects Protein Structure. Far-UV circular
dichroism (CD) spectra of FRI and DFC are indistinguishable
from parent analog KP (Fig. 7A), indicating that secondary
structure is not affected by the modifications at A1 and B28
(Fig. 2D). Difference CD spectra calculated on addition of
100 mM fructose or glucose were in each case featureless
(Fig. 7 B and C and SI Appendix, Fig. S8). High-resolution NMR
spectroscopy [as enabled by the monomeric KP template (55)]
corroborate essential elements of the intended fructose-selective
switch as follows (SI Appendix, Supplementary Discussion):

1) 19F-NMR spectra monitored fructose sensor. The fluorine
atom in m-fPBA provided an NMR-active nucleus. Addition

of 0 to 100 mM fructose led to an upfield change in 19F-NMR
chemical shift in slow exchange on the NMR time scale
(Fig. 7D and SI Appendix, Figs. S9A, S10 and Table S3). This
upfield shift presumably reflects displacement of an aromatic
diol by a nonaromatic ligand. No change in FRI 19F chemical
shift was observed on addition of glucose (SI Appendix, Fig.
S9B and Table S3). Although an analogous 19F resonance
was observed in the NMR spectrum of DFC, its chemical
shift did not change on addition of glucose or fructose (SI
Appendix, Fig. S9 C and D and Table S3). Presumptive NMR
resonance assignments are given in SI Appendix, Table S3.
Interestingly, a broadened 19F signal was observed in ligand-free
DFC, probably due to conformational exchange or self-association;

Fig. 6. Fructose-dependent transcriptional signaling. (A) Schematic outline of qPCR-based assays of insulin-regulated gene regulation: (Top) insulin-
dependent repression of gluconeogenic gene PEPCK and (Bottom) insulin-dependent activation of lipid-biosynthetic genes ChREBP and SREBP. (B and C)
Transcriptional responses specific to PEPCK (Left) versus ChREBP and SREBP (Middle and Right, respectively) on addition of 50 mM fructose (B) or 50 mM
glucose (C). Decreased downstream accumulation of PEPCK mRNA and increased ChREBP and SREBP mRNA reflect the activation stimulated by testing an-
alogs in cellular metabolism pathways. Insulin lispro (“KP”) and DFC (“con”) exhibited no monosaccharide-dependent changes in their high baseline activities.
Asterisks (*) and (**) indicate P value < 0.05 and < 0.01. The “ns” indicates P value > 0.05 (SI Appendix, Tables S1 and S2). Control studies were undertaken in
the absence of insulin analogs to exclude potential confounding effects of 0 to 100 mM monosaccharides on metabolic gene expression (SI Appendix, Fig. S7).
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this signal sharpened on addition of ligand (fructose or glucose).
Dual 19F- and 1H NMR–monitored titration (Fig. 7 D–F
and SI Appendix, Fig. S10 A and B and S11 A and B) and
natural-abundance 1H-13C heteronuclear single quantum co-
herence (HSQC) spectra (Fig. 8) provided further evidence
of a specific interaction between FRI and fructose.

2) 1H-13C 2D HSQC spectra monitored “closed” conformation
of ligand-free FRI. One-dimensional (1D) 1H and 1H-13C
HSQC spectra of DFC were similar to those of parent analog
KP (SI Appendix, Fig. S12 A and B), excepting methyl reso-
nances of IleA2 and ValA3 (adjacent to the GlyA1-attached
m-fPBA). Patterns of 1H-13C chemical shifts of FRI and DFC
were also similar (SI Appendix, Fig. S12 C and D). Those
NMR features provided evidence that FRI and DFC retain
a native-like structure. However, in FRI, the resonances of
IleA2, ValA3, LeuB11, ValB12, and LeuB15 exhibited larger
chemical shift differences (relative to KP) than in DFC (SI
Appendix, Fig. S12D and Table S4). These findings suggest
that FRI exhibits a local change in conformation and/or dynamics,
presumably due to the intended DHBA/m-fPBA tether. We
envision that constraining the C-terminal B-chain segment
alters aromatic ring currents affecting the central B-chain α-helix
(via TyrB26-LeuB11, TyrB26-ValB12, and PheB24-LeuB15 packing) and
N-terminal A-chain helix (via native-like TyrB26-IleA2 and TyrB26-ValA3

packing).
3) Aromatic 1H-13C two-dimensional (2D) HSQC spectra mon-

itor hinge-opening. 1H-13C HSQC spectra provide probes of
aromatic resonances in FRI’s DHBA/m-fPBA adducts in the
absence of fructose (black cross-peaks in Fig. 8A) and in the
presence of 100 mM fructose (red cross-peaks in Fig. 8A).

Significant chemical shift changes in both 1H/13C dimensions
were observed (SI Appendix, Table S5–S8). Resonance as-
signments were corroborated by model studies of m-fPBA–

and DHBA-modified peptides (Fig. 8B). DHBA chemical
shifts in fructose-free FRI are similar to those in the complex
of model peptides, whereas such chemical shifts in fructose-
bound FRI are similar to that of free DHBA-modified octa-
peptide (SI Appendix, “NMR Studies”). In addition, methyl
resonances sensitive to addition of fructose exhibited a trend
toward corresponding chemical shifts observed in spectra of
insulin lispro and ligand-free DFC (SI Appendix, Fig. S13 and
Table S4–S6). Together, these NMR features provide evi-
dence that in FRI the LysB28-attached DHBA binds GlyA1-
linked m-fPBA in absence of fructose, but this tether is dis-
placeable by fructose.

4) Methyl 1H-13C 2D HSQC spectra monitor protein core. Ali-
phatic 1H-13C spectra (56) reflect tertiary structure as probed
by upfield-shifted methyl resonances. Changes in cross-peak
chemical shifts were observed in FRI on overlay of spectra
acquired in the absence of an added monosaccharide (black
cross-peaks in Fig. 8C) or on addition of 100 mM fructose
(red cross-peaks; SI Appendix, Fig. S14). Fructose-binding ac-
centuated upfield 1H secondary shifts (horizontal axis in Fig. 8C
and SI Appendix, Table S5) with smaller changes in 13C chem-
ical shifts (vertical axis, SI Appendix, Table S6). These changes
presumably reflect altered aromatic ring currents within insu-
lin’s core (57). Control studies of DFC suggested that such
chemical shift changes require the interchain DHBA/m-fPBA
tether (Fig. 8D and SI Appendix, Tables S9–S11); in these
spectra, changes were restricted to IleA2 immediately adjoining

Fig. 7. Spectroscopic studies of FRI structure. (A) Far-UV CD spectra of insulin lispro (KP; black lines), FRI (green circles) and DFC (red squares) in 50 mM KCl
and 10 mM phosphate (pH 7.4) at 25 °C without added glucose or fructose. (B and C) Difference spectra of FRI (B) and the DFC (C) +/− 100 mM glucose (dashed
line) or +/− 100 mM fructose (dotted line). (D) 19F-NMR titration of FRI in the absence of a monosaccharide (black) and on addition of 50 mM (blue) and
100 mM (red) fructose. Peaks a and b indicated fructose-free 19F signals of m-fPBA; peak c is specific to the fructose complex. (E) 1H-NMR titration of FRI in
methyl region: line broadening and changes in chemical shifts were observed on fructose-binding. Well-resolved methyl resonance assignments are as labeled
(Top). Color code is as in panel (D). (F) 1H-NMR titration of FRI in aromatic region; selected resonance assignments are provided (Top). Spectra were acquired
at a 1H frequency of 700 MHz (19F frequency of 658 MHz) at pD 7.8 (direct meter reading) and 25 °C. The protein concentration was ca 0.4 mM.
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the sensor. Addition of 50 mM glucose caused essentially no
changes in 1H-13C fingerprints of FRI or DFC in accordance
with the fructose selectivity of m-fPBA (black and green cross-
peaks in Fig. 8 E and F and SI Appendix, Tables S5–S6 and
S9–S11).

Discussion
Engineering of a ligand-regulated switch within a protein re-
quires 1) a ligand-binding element and 2) a mechanism-coupling
ligand-binding to a functional step. The present application to
insulin exploited the hinge-opening mechanism through which
the native hormone interacts with its receptor (Fig. 1 A and B)
(16). Coupling between IR-binding and ligand sensing was

provided by an internal interchain tether displaced by the ligand
(fructose) (40, 47, 48). Our results provide evidence that hinge-
opening is required for hormone-triggered receptor autophos-
phorylation and downstream signaling.

Site-1 and Site-2 Insulin Complexes. Recent cryogenic electron
microscopy (cryo-EM)–derived structures of ligand-saturated
hormone-ectodomain and hormone-holoreceptor complexes
revealed, in contrast to prior structures, two additional insulin
molecules bound to domains FnIII-1 and FnIII-1′, respectively
(58) (Fig. 9A and SI Appendix, Table S12). These insulins—
designated insulin 2 and 2′ in relation to an alternative “Site-2”
binding surface proposed by De Meyts (59) and Schäffer
(60)—exhibit closed T-like conformations (Fig. 9 B and C). Long

Fig. 8. 1H-13C HSQC spectra reveal fructose-dependent closed-open conformational transition and protein structure change in FRI on fructose-binding. (A)
Aromatic region of 1H-13C HSQC spectra of FRI in absence of fructose are shown in black and on addition of 100 mM fructose in red. (B) Model study of DHBA-
fPBA interaction. Aromatic 1H-13C HSQC spectrum of free DHBA-modified octapeptide is shown in red, free m-fPBA–modified octapeptide in green and their
complex in black. (C) Methyl region of 1H-13C HSQC correlation spectra of FRI and (D) its DFC in absence of a saccharide are shown in black and in the presence
of 100 mM fructose in red. (E) Methyl-aliphatic region of 1H-13C HSQC spectra of FRI and (F) DFC acquired in absence of a saccharide in black and in the
presence of 50 mM glucose in green. Data were acquired at a 1H frequency of 600 MHz for FRI or 700 MHz for DFC at pD 7.4 (direct meter reading) and 25 °C.
Asterisks in panel (D) and (F) indicate contaminants (also see SI Appendix, Fig. S15).
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the subject of speculation (5), insulin’s Site-2–binding surface
was shown by Gutmann et al. (58) to include respective central
regions of the A and B chains (residues A10 to A17 and HisB10,
GluB13, and LeuB17), unexpectedly extended by a displaced N-terminal
B-chain segment (B1 to B4; Fig. 9C).‡Although the function of Site 2
is not well understood, kinetic studies have suggested that it may
represent an initial encounter complex (1, 61). The low activity of the
fructose-free FRI and inactivity of B28-A1 single-chain insulin (SI
Appendix, Fig. S5) suggest that Site-2 binding cannot in itself trigger
receptor autophosphorylation.

Engineered Tethers in Proteins. By analogy to engineered disulfide
bridges as reducible probes of protein function (Fig. 1) (28, 29),
we imagined a ligand-cleavable tether between insulin’s A and B
chains as a redox-independent switch (SI Appendix, Supplemen-
tary Discussion). This design, making ligand-dependent hinge-
opening possible, stands in contrast to classical ligand-binding
motifs in proteins associated with stabilization of structure. Zn
fingers and other Zn-binding motifs, for example, generally ex-
hibit metal ion–dependent peptide folding (Fig. 10A) (62).
Analogous metal ion–coupled folding of RNA underlies the
function of riboswitches (Fig. 10B) (63), control motifs in un-
translated messenger RNA (mRNA) regions (64). Insulin self-
assembly itself (17) is stabilized by Zn2+ coordination (21),
whereas the structure of each protomer within the T6 (2-Zn)
hexamer (17) is similar to that of the native monomer (55).
Binding of phenolic ligands to this hexamer triggers an allosteric
transition, leading to the more-stable R6 state (Fig. 10C) (65).
Containing an extended α-helix, the latter is preferred for
pharmaceutical formulations as its greater stability (57) extends
shelf life (66, 67). The present fructose-cleavage interchain
tether in FRI provides a contrasting example of ligand-driven
loss of structure or stability.

Translational Implications and Concluding Remarks. Ligand-induced
destabilization of structure has a long history of investigation in
relation to glucose-responsive polymers, such as hydrogels designed
to swell and release insulin on an increase in local glucose con-
centration (68, 69). A well-characterized embodiment is provided
by polymer matrices embedded with glucose oxidase and insulin (box in
Fig. 10D and SI Appendix, Supplementary Discussion). When the am-
bient glucose concentration is high, its enzymatic conversion to gluconic
acid (in presence of oxygen) causes a reduction in pH, in turn swelling
the matrix and enabling insulin release (68, 69). This “smart”materials
approach to engineering a glucose-responsive subcutaneous depot ad-
dresses a long-sought but unmet medical need: how to reduce the risk
of hypoglycemia (37, 38) in patients receiving insulin replacement
therapy (15). Concerns related to hypoglycemia and its sequelae can
limit glycemic targets in Type 1 and long-standing Type 2 DM.
The present monosaccharide-dependent disruption of an in-

terchain tether in FRI extends to the nanoscale the goals of
mesoscale glucose-responsive materials engineering. Its molec-
ular design provides proof of principle for a minimal “smart”
insulin nanotechnology in the absence of a polymer matrix and
with mechanism unrelated to prior proposed unimolecular GRIs
[SI Appendix, Supplementary Discussion (39, 70, 71)]. Whereas
the fructose-free tethered state would resemble chemically cross-
linked or single-chain insulin analogs (53, 72, 73)—long known
to exhibit low activities—the fructose-bound open state is com-
petent to bind IR via Site-1–associated detachment of the B24 to
B30 segment from the α-helical core of the hormone (Fig. 1B) (2,
5, 16, 18). It would be of future interest to determine three-
dimensional structures of the free analog, its fructose-bound
state and in turn an IR ectodomain complex as an explicit vi-
sualization of ligand-regulated hinge-opening.
We anticipate that replacement of a PBA-based fructose sensor

by a bona fide glucose sensor would provide a Site-1–based GRI of
potential clinical utility. This scheme would provide a reversible
conformational constraint regulating hormonal activity through
changing metabolic conditions. Whereas the selectivity of PBA for
fructose is in accordance with the conformational properties of
monosaccharides (Fig. 3C and SI Appendix, Fig. S4), other types of

Fig. 9. Structure of the insulin-saturated IR ectodomain. (A) IR ectodomain showing the disposition of two of the four insulins bound under insulin-saturated
conditions (the remaining two insulins are obscured from view but are pseudosymmetry related to those shown). Receptor monomers are shown in light
green and pink, respectively, whereas insulin A and B chains are shown in red and yellow, respectively. (B) Interaction of insulin with receptor Site 2’, located
on the surface of domain FnIII-1’. Colors are as in panel (A). Coordinates were obtained from PDB entry 6SOF (58). (C) Schematic depiction on subtle con-
formational change in T state on Site-2 binding to ectodomain stalk. Yellow segment indicates residues B1 to B4.

‡Although at or near the cryo-EM–defined Site-2 interface, classical synthetic studies
established that the N-terminal residues of the B chain contribute little to insulin’s ac-
tivity in vitro or in vivo (80–83).
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monosaccharide-recognition elements have been described that
recognize the distinctive arrangement of hydroxyl groups well
populated among glucose isomers (71). It would be remarkable
should recent advances in the structural biology of insulin-signaling
enable such translational opportunities to be realized.

Materials and Methods
Further information regarding experimental procedures are given in
SI Appendix.

Materials. Wild-type insulin was purchased from Biodel. Insulin lispro was
obtained from pharmaceutical vials of Humalog (Eli Lilly and Co.). Endo-
proteinase Lys-C was expressed as described (74). Diol-modified octapeptides
and control octapeptide GFFYTKPT (residues B23 to B30 of insulin lispro) were
synthesized using standard 9-fluoromethylmethoxycarbonyl (Fmoc)-protected
amino acids with preloaded Fmoc-Thr(tBu)-Wang resin. Attachment of the diol
adduct was confirmed using reverse-phase high-performance liquid chromatogra-
phy (HPLC) and liquid chromatography-mass spectrometry. NHS-fPBA was synthe-
sized as described (75). HisA8 miniproinsulin was expressed in Pichia pastoris and
purified as described (74, 76). FRI and DFC were prepared by trypsin-catalyzed
semisynthesis (SI Appendix, Scheme S1) and purified by HPLC (SI Appendix, Fig.
S16–23); predicted molecular masses were confirmed by mass spectrometry (SI
Appendix, Table S13).

Cell Culture.HepG2 cells were cultured in Dulbecco’s Modified EagleMedium,
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin
as recommended by the American Type Culture Collection. A protocol
employing 24-h serum starvation was adapted from Rege et al. (22); after
starvation, cells were treated in parallel with insulin analogs in serum-
free medium.

Real-Time qPCR Assays. Following serum starvation, HepG2 cells were treated
with medium containing an insulin analog (50 nM) for 8 h. In studies related
to possible glucose responsiveness and lipid metabolism, cells were treated
with analogs for 3 or 4 h in media containing either low or normal glucose
concentrations. Gene-specific mRNA abundances were measured in triplicate
by qPCR; samples were prepared as described by the vendor (Bio-Rad).
Control studies were performed to assess transcriptional responses of HepG2
cells to short-term exposure (3 to 4 h; Fig. 6A) to 0 to 100 mM monosac-
charides in insulin-free conditions (SI Appendix, Fig. S7).§

In-Cell pIR Immunoblotting. The assay probed insulin-dependent IR activation
via fluorescent readouts (22). HepG2 cells were seeded (∼8,000 cells/well)
into a 96-well black plate with clear bottom and cultured (Fisher). Fixed cells
were exposed to the primary antibody (10 μL anti-pTyr 4G10 into 20 mL
blocking buffer) overnight at 4 °C. The secondary antibody (anti-mouse-IgG-
800-CW antibody [Sigma] in 25 mL blocking buffer) was added after a wash.
Fluorescence signals were detected on a LI-COR Infrared Imaging system
(Odyssey).

Spectroscopy. CD spectra were obtained using a Jasco spectropolarimeter.
NMR spectra (1H and 19F) were acquired using Bruker 700 MHz spectrometer
equipped with 1H, 19F, 13C, and 15N quadruple resonance cryoprobe or
Bruker 600 MHz spectrometer at pD 7.4 (direct meter reading) at 25 °C;
effective pH favors a tetrahedral boronate conformation suitable for diol

Fig. 10. Switches in proteins can modulate degree of organization. (A) Schematic representation of “zinc finger”motif of a human enhancer binding protein
(PDB entry 3ZNF) (62). Upon binding to Zn2+ ions, the random coil structure becomes more ordered, as shown by zinc finger structure on the Right. Side-chains
of His and Cys residues are shown as sticks. (B) Left, schematic representation of a riboswitch that permits translation in the absence of ligand (Top) but
inhibits when bound to ligand (Bottom) (64). Right, representative example of a riboswitch is provided by the crystal structure of Thermoanearobacter
tengcongensis (Tte) metF SAM-I aptamer. Magnesium ions are represented as green spheres; ligand S-adenosyl-L-methionine (SAM) is shown as a CPK model
in purple (88). (C) Phenol-induced reorganization of the insulin hexamer. Insulin hexamer adopts classical T6 conformation in presence of Zn2+ ions (Left)
wherein residues B1 to B8 are extended (17). In the presence of phenol as an allosteric ligand, residues B1 to B8 adopt an α-helical conformation in R6 zinc
hexamer (65). A- and B-chain ribbons are shown in light- and dark gray, respectively. The residues B1 to B8 shown in green for T6 (Left) and in red for R6

(Right). The phenolic ligands are shown as CPK models (purple); axial zinc ions are shown in blue. Coordinates were respectively obtained from PDB entries
1MSO (T6) and 1ZNJ (R6) (89, 90). (D) Schematic depiction of a glucose-responsive material. When given glucose as substrate, matrix-bound enzyme glucose
oxidase converts glucose to gluconic acid, which in turn lowers pH to cause swelling of hydrogel, releasing encapsulated insulin (68, 91).

§Prior studies of HepG2 cells established that their long-term exposure to high concen-
trations of fructose in culture (>2 days) can enhance expression of genes directing lipid
biosynthesis (84, 85). Because such changes could in principle confound the present
qPCR-based assays of ChREBP and SREBP mRNAs to monitor fructose-dependent ac-
tivation of FRI, our protocol employed only short-term exposure (3 to 4 h; Fig. 6A).
Control studies demonstrated no confounding effects under these conditions (SI Ap-
pendix, Fig. S7).
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binding. NMR data were processed with Bruker Topspin 4.0.5 and analyzed
with NMRFAM-Sparky software (77). 1H-13C HSQC spectra were acquired at
natural abundance with pulse sequence optimized for direct J-coupling
constants of 145 Hz as a compromise between aliphatic and aromatic
resonances.

Data Availability. All study data are included in the article and/or SI Appendix.
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