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Abnormal interactions between misfolded mutant and
wild-type (WT) proinsulin (PI) in the endoplasmic reticu-
lum (ER) drive the molecular pathogenesis of mutant INS
gene–induced diabetes of youth (MIDY). How these ab-
normal interactions are initiated remains unknown. Nor-
mally, PI-WT dimerizes in the ER. Here, we suggest that
the normal PI-PI contact surface, involving the B-chain,
contributes to dominant-negative effects of misfolded
MIDY mutants. Specifically, we find that PI B-chain
tyrosine-16 (Tyr-B16), which is a key residue in normal PI
dimerization, helps confer dominant-negative behavior
of MIDY mutant PI-C(A7)Y. Substitutions of Tyr-B16
with either Ala, Asp, or Pro in PI-C(A7)Y decrease the
abnormal interactions between the MIDY mutant and
PI-WT, rescuing PI-WT export, limiting ER stress, and
increasing insulin production in b-cells and human islets.
This study reveals the first evidence indicating that non-
covalent PI-PI contact initiates dominant-negative be-
havior of misfolded PI, pointing to a novel therapeutic
target to enhance PI-WT export and increase insulin
production.

Proinsulin (PI) misfolding, endoplasmic reticulum (ER)
stress, and decreased b-cell mass are key features of b-cell

failure and diabetes in the autosomal-dominant diabetes
known as mutant INS gene–induced diabetes of youth
(MIDY) (1–3). All MIDY patients carry a mutation in only
one of two INS alleles (3–6), and, in principle, one normal
INS allele should be sufficient to maintain normoglycemia
(7). The underlying mechanism of MIDY is thought to
involve abnormal interactions of misfolded mutant PI
with bystander PI-WT in the ER, impairing the ER export
of PI-WT and decreasing production of bioactive mature
insulin (8,9). However, to date, how these interactions
are initiated remains largely unknown. Interestingly, the
clinical spectrum of MIDY ranges from neonatal-onset
severe insulin-deficient diabetes to relatively late-onset
mild diabetes (1,2), suggesting that different PI mutants
may behave differently in their folding processes as well
as in their ability to interact and obstruct bystander
PI-WT in the ER.

In this study, we report that a proline (Pro) substitution
for tyrosine residue at the 16th position of the PI B-chain
tyrosine-16 (Tyr-B16) [i.e., PI-Y(B16)P] results in dramatic
PI misfolding in the ER. Yet, it is unable to interact with
bystander PI-WT in the ER and is unable to impair the ER
export of PI-WT or to block its ability to form mature
insulin. Interestingly, Y(B16)P disrupts the main a-helix
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in the PI B-domain. Normally, PI uses this B-domain
a-helix in order to homodimerize in the ER (10). Thus,
we hypothesize that cross-dimerization between MIDY
mutant and PI-WT may be required to initiate their ab-
normal interaction that impairs the intracellular transport
of PI-WT, resulting in insulin deficiency that leads to
diabetes (11).

Structural evidence strongly implicates Tyr-B16 as a key
residue for normal PI dimerization (12). With this in mind,
we have mutagenized this residue to either aspartic acid
[Y(B16D)] or alanine [Y(B16)A]; both substitutions were
entirely innocuous when introduced into PI-WT. Notably,
however, when these substitutions were introduced into
the MIDY-causing Akita PI-C(A7)Y, each could function as
an intra-allelic suppressor, limiting abnormal interactions
with PI-WT; alleviating dominant-negative behavior on
PI-WT intracellular trafficking; and increasing insulin pro-
duction in pancreatic b-cell lines and human islets. This
study provides insight that protecting the PI-PI contact
surface might be a potential druggable target to limit
abnormal PI interactions and prevent/delay the develop-
ment and progression of MIDY.

RESEARCH DESIGN AND METHODS

Materials
Guinea pig polyclonal antiporcine insulin, human insulin-
specific radioimmunoassay (RIA) kit, human PI-specific
RIA kit, and mouse insulin ELISA kit were from Millipore
(Billerica, MA). Guinea pig polyclonal anti-human insulin
was from Novus (Centennial, CO). Rabbit polyclonal anti-
mouse PI C-peptide (EVEDPQVAQLELGGGPGAGDLQTLA
LEVAQQ) was raised by Bioworld (Nanjing, China). Mouse
monoclonal anti-human PI C-peptide–A-chain junction
(GSLQKRGIVE) was raised by Abmart (Shanghai, China)
as previously described (13). Rabbit anti-Myc and anti-GFP
were from Immunology Consultants Laboratories (Port-
land, OR). Rabbit anti-BiP was a gift from Dr. P.S. Kim
(U. Cincinnati). The 35S-amino acid mixture was from Perki-
nElmer (Waltham, MA). Dithiothreitol, protein A-agarose,
digitonin, N-ethylmaleimide, brefeldin A, and all other
chemical reagents were from Sigma-Aldrich (St. Louis,
MO). The 4–12% gradient SDS-PAGE used NuPage gels,
and Met/Cys-deficient DMEM and all other tissue culture
reagents were from Invitrogen (Thermo Fisher, Waltham,
MA). Tris-tricine-urea-SDS-PAGE was performed as de-
scribed previously (14).

Synthesis and Purification of Single-Chain Insulin
Analogs and 1H–Nuclear Magnetic Resonance
Single-chain TyrB16-DesDi and AspB16-DesDi insulin ana-
logs were synthesized using a Tribute Peptide Synthesizer
with preprogrammed solid-phase Fmoc protocol (15). The
synthesis was carried out on a 0.1-mmol scale using
H-Asn(Trt)-HMPB-ChemMatrix resin (0.46 mmol/g load-
ing). Side chain protection was Asn(Trt), Arg(Pbf), Asp(OtBu)
Cys(Trt), Gln(Trt), Glu(OtBu), His(Trt), Lys(Boc), Ser(tBu),

Thr(tBu), Tyr(tBu). DIC/6-chloro-HOBt in 1:2 dichlorome-
thane/DMF was used for the coupling and 20% piperidine in
DMF for Na-Fmoc-deprotection. The product peptide was
then cleaved from the resin and simultaneously depro-
tected by subjecting it to trifluoroacetic acid (TFA)/TIPS/
water/DODT/anisole (90:2.5:2.5:2.5:2.5 v/v) for 2.5 h at
ambient temperature. The crude product was precipitated
with ice-cold ether, washed, and dried. For folding, 100-mg
AspB16-DesDi crude polypeptide (corresponding to 18mmol),
cysteine hydrochloride (43 mg, 2 mmol/L), and glycine
(270 mg, 20 mmol/L) were placed in a 600-mL glass beaker,
and distilled, deionized water was added to a 0.1 mmol/L
final concentration. The pH of the solution was adjusted to
10.5, and the reaction was stirred open to the air at 4°C for
16 h. The desired folded product was purified both by pre-
parative high-performance liquid chromatography (HPLC)
and by analytical reverse-phase HPLC on a C8 Proto (4.63
250 mm) 300 Å, 5 mm, Higgins Analytical Inc. column,
using 25–50% Solvent B (0.1% TFA in acetonitrile) in
Solvent A (0.1% TFA in water) over 35 min at a flow rate
of 1.0 mL/min (1525; Waters). Protein elution was moni-
tored at 215 and 280 nm (2489 absorbance detector;
Waters), and masses were confirmed by matrix-assisted la-
ser desorption/ionization-time of flight mass spectrometer
(MALDI-TOF). Normal insulin helical structure was con-
firmed by far-ultraviolet circular dichroism spectra from
190 to 250 nm (16), and normal thermodynamic stability
was established by guanidine hydrochloride-induced dena-
turation (monitored by circular dichroism at 222 nm). 1H–
nuclearmagnetic resonance (1H–NMR) spectra were acquired
on protein solutions (0.5 mg in 300 mL D2O; direct meter
reading pD 7.6) at 25°C using a Bruker AVANCE 700 MHz
spectrometer.

Synthesis and Purification of Two-Chain Insulin
Analogs and Size-Exclusion Chromatography
The nonstandard amino acid ornithine (Orn) was used at
position B29 in place of lysine to preserve the side-chain
amino group without susceptibility to tryptic cleavage (16).
Two-chain insulin analogs ([TyrB16, OrnB29] insulin and
[AspB16, OrnB29] insulin) were prepared by trypsin-catalyzed
cleavage of human insulin or AspB16-DesDi single-chain
insulins (and purification by reverse-phase HPLC) to generate
Des-Octapeptide insulins, followed by tryptic-mediated pep-
tide bond formation between ArgB22 and a synthetic octa-
peptide bearing OrnB29 (17,18); The final two-chain products
were purified by analytical reverse-phase HPLC with molec-
ular mass verified by MALDI-TOF (4700; Applied Biosystems).
Self-association properties of the two insulin analogs were
determined using HPLC size-exclusion chromatography in
the absence of zinc (16). In brief, insulin analogs were made
0.6 mmol/L in 10 mmol/L Tris-HCl (pH 7.4), 140 mmol/L
NaCl and 0.02% sodium azide, and 20 mL were loaded on
an Enrich SEC70 column (10 mm 3 300 mm with frac-
tionation range 3–70 kDa) and were run in the same
buffer. Elution time (Supplementary Fig. 1A) was moni-
tored by absorbance at 280 nm.
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PI Mutagenesis
The plasmids encoding mouse Ins2 PI-WT or C(A7)Y,
untagged human PI-WT, Myc-tagged human PI-WT or
C(A7) mutant, hPro-CpepSfGFP bearing Cys(A7) or the
Tyr(A7) mutation were described previously (10,14). These
plasmids were used as templates to introduce additional
Y(B16)D and Y(B16)A mutations using the QuikChange
site-directed mutagenesis kit (Stratagene). All resulting
plasmids encoding corresponding PI mutations were con-
firmed by direct DNA sequencing.

Cell Transfection, Metabolic Labeling,
Immunoprecipitation, Coprecipitation, Western
Blotting, Luciferase Assay, and Human PI- and
Insulin-Specific RIA
HEK293 cells, INS1 cells, orMin6 cells were plated into 6- or
12-well plates 1 day before transfection. A total of 1–2 mg
plasmid DNA was transfected using Lipofectamine (Invi-
trogen). For metabolic labeling, transfected 293T cells or
Min6 cells were pulse-labeled with 35S-Met/Cys for 30 min
with chase for different times as indicated. The chase media
and lysed cells were immunoprecipitated (IP) with anti-
insulin or anti-Myc, and analyzed using tris-tricine-urea-
SDS PAGE or 4–12% gradient SDS-PAGE under reducing
and nonreducing conditions as described previously (14).
For coprecipitation (co-IP), the cells were lysed with co-IP
buffer containing 100 mmol/L NaCl, 25 mmol/L Tris pH
7.0, 0.1% Triton X-100, 5 mmol/L EDTA, and protease
inhibitors mixture. Of the total lysates, 90% were IP with
anti-GFP followed by Western blotting with anti-PI anti-
bodies as indicated. The remaining 10% of the total lysates
were used to determine expression levels of untagged and
GFP-tagged PI. For confocal imaging, INS1 cells transfected
to express hPro-CpepSfGFP-WT or mutants were permea-
bilized with 0.5% Triton X-100, fixed with 3.7% formalde-
hyde and prepared for indirect immunofluorescence, imaged
by confocal fluorescence microscopy. The BiP promoter-
driven firefly luciferase assay, human PI-specific RIA, and
human insulin-specific RIA were described previously (8).

Viral Transduction of Normal Human Islets
A total of 2500 IEQ human islets (Prodo Laboratories,
Aliso Viejo, CA) were transducedwith 1.53 1011 particles of
adenoviruses expressing Myc-tagged murine PI-WT, C(A7)
Y, or C(A7)Y/Y(B16)D and were incubated in a humidified
incubator at 37°C with 5% CO2 for 12 h. Media were then
changed, and islets were harvested 48 h after transduction.
Islets were lysed in a buffer containing 25mmol/L Tris, 0.15
mol/L NaCl, 1 mmol/L EDTA, 1%NP40, 5% glycerol; pH 7.4
(c-Myc Kit IP Lysis Buffer) and protease inhibitors (# 78425;
Thermo Fisher). The lysates were resolved by SDS-PAGE
and electrotransfered followed by immunoblotting using
primary antibodies to human PI, Myc, and GAPDH, with
appropriate peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence. For human insulin con-
tent, islet lysates were assayed using a human insulin ELISA
that does not cross-react with PI (# 10–1132–01;Mercodia),

following manufacturer’s instructions (n 5 3 in each
sample).

Statistical Analyses
Statistical analyses were carried out by two-tailed Student t
test (for Fig. 4B and D) or one-way ANOVA followed by
Dunnett multiple comparisons (for Fig. 2B, D, F, and G,
Fig. 5D, and Fig. 6D–F) using GraphPad Prism 7. A P value
of ,0.05 was taken as statistically significant.

Data and Resource Availability
The data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request.

RESULTS

In the ER, PI dimerization (10,19) involves nonpolar asso-
ciation of apposed B-chain residues 8–29 (encompassing
the central B9-B19 a-helix), which continue to remain
associated in mature insulin (20,21). The insulin crystal
structure highlights that B16Y contributes more surface
area to the dimerization interface than any other residue
(Fig. 1A and B), and a substitution of this residue yields
a high-potency monomeric insulin (12). We therefore engi-
neered both two-chain and single-chain insulin derivatives
bearing the Y(B16)D substitution, both of which showed
impaired dimerization in dilute solution as judged by size-
exclusion chromatography and one-dimensional 1H-NMR
spectroscopy, respectively (Fig. 1C and D). To determine
the role of Tyr-B16 in PI folding and dimerization in the
ER, we expressed PI-Y(B16)D and Y(B16)A in both 293T
and Min6 b-cells. We demonstrated that these substitu-
tions affect neither PI ER oxidative folding (Fig. 2A, B, E,
and F) nor ER export (Fig. 2C–E and G), suggesting that
impaired dimerization alone does prevent the intracellular
trafficking of PI. However, Y(B16)P that disrupted the PI
B9-B19 a-helix indeed impaired formation of proper disul-
fide bonds and blocked secretion of PI (Fig. 2), suggesting
that the central a-helix of the PI B-chain indeed plays an
important role in PI folding in the ER.

We hypothesize that the PI-PI contact surface initiates
the attack by misfolded MIDY PI mutants on coexpressed
PI-WT. We therefore decided to explore the role of
PI-Y(B16) in the interactions between the MIDY-causing
Akita PI-C(A7)Y and PI-WT. In 293 cells, we coexpressed
untagged human PI-WT with Myc-tagged human PI-WT or
C(A7)Y [Myc-PI-C(A7)Y] with or without Y(B16)D sub-
stitution (Fig. 3A, lanes 4–6 and 49-69). By nonreducing
SDS-PAGE and anti-PI immunoblotting, the overexpres-
sion of either untagged PI-WT or Myc-PI-WT resulted in
detectable formation of homotypic disulfide-linked com-
plexes (Fig. 3A, lanes 2 and 3). Recent evidence indicates
that Akita PI is similarly predisposed to form a ladder of
aberrant disulfide-linked complexes even at low expression
levels (13,22,23), and Akita PI can heterotypically corecruit
PI-WT into these aberrant complexes (9).
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Upon coexpression, although monomeric forms of
Myc-PI-WT, C(A7)Y, and C(A7)Y/Y(B16)D were expressed
at comparable levels, Myc-PI-C(A7)Y clearly formed more
disulfide-linked dimers (untagged PI dimers andMyc-tagged
dimers weremarked as D andD9, respectively), heterodimers
(marked as H), and higher-molecular-weight PI complexes
(Fig. 3A, compare lanes 4 and 5). Upon treatment with the
reducing agent dithiothreitol, all of these complexes col-
lapsed into a single band of reduced untagged or Myc-
tagged-PI, indicating that the bands seen upon nonreducing
SDS-PAGE are disulfide-mediated PI dimers and cross-
dimers, as well as disulfide-linked PI complexes (DLPCs).
Importantly, the formation of these abnormal PI complexes
was notably decreased in cells expressing the C(A7)Y/Y(B16)
D double mutant (Fig. 3A, compare lanes 5 and 6).

To examine whether these disulfide-mediated PI inter-
actions occur in b-cells, we expressed Myc-PI-WT or
mutants in Min6 b-cells. As shown in Fig. 3B, Myc-PI-
C(A7)Y not only formed significantly more abnormal
disulfide-linked PI dimers (marked as D9) compared with
that of Myc-PI-WT, but also formed disulfide-linked cross-
dimers with endogenous PI (noted by an arrow). The high-
molecular-weight DLPC were also increased in the cells
expressing Myc-PI-C(A7)Y (Fig. 3B, compare lanes 2 and
3). However, once again, introducing the intra-allelic
Y(B16)D significantly decreased these abnormal PI com-
plexes (Fig. 3B, compare lanes 3 and 4). Together, these
results suggest that limiting PI-PI interactions by intro-
ducing Y(B16)D can decrease formation of abnormal
DLPCs between PI-C(A7)Y and PI-WT.

Figure 1—PI Tyr-B16 plays an important role in PI dimerization.A: Ribbon-and-stick diagram showing the insulin dimer with the aromatic side
chain of B-chain Tyr-16 near the center of the homodimerization surface.B: Residues contributing to the accessible surface area (ASA) at the
site of contact between two insulin molecules (B-chain residues B9-B29) were identified from the insulin crystal structure using the Protein-
Protein Interaction Server. C: Two-chain insulin analogs bearing either Tyr-B16 (black line) or AspB16 (red line) were synthesized (see
RESEARCH DESIGN AND METHODS), and retention times from 0.6 mmol/L solutions were measured in a zinc-free buffer by size-exclusion
chromatography. The data indicate that the AspB16 analog forms at least three times more monomer than the Tyr-B16 analog. D:
Single-chain TyrB16-DesDi insulin analog or AspB16-DesDi insulin analog were synthesized (49 residues, see RESEARCH DESIGN AND METHODS). The
aromatic region from one-dimensional 1H–NMR spectra at 700 MHz and 25°C reveals resonance broadening due to self-association of
TyrB16-DesDi single-chain insulin analog (bottom), which is notably mitigated in the AspB16-DesDi single-chain insulin analog (top).
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Figure 2—Asp (D) or Ala (A), but not Pro (P), substitution at PI Tyr-B16 does not affect folding and secretion of PI. A and B: 293 cells
transfected with empty vector (EV) or plasmids encoding PI-WT, C(A7)Y, Y(B16)A, Y(B16)D, or Y(B16)P were metabolic labeled for 30 min
without chase. The newly synthesized PI was IP by anti-insulin followed by analysis of tris-tricine-urea-SDS-PAGE under both nonreducing
and reducing conditions. Native PI with correct disulfide pairing recovered under nonreducing conditions as well as total synthesized PI
recovered under reducing conditionswere quantified and analyzed inB (n5 3). The relative recovery of native PI in the cells expressing PI-WT
was set to 100%. C: 293 cells transfected with plasmids encoding PI-WT, C(A7)Y, Y(B16)A, Y(B16)D, or Y(B16)P were metabolic labeled for
30 min followed by 0 or 2 h chase as indicated. The chase media (M) were collected and cells (C) were lysed. Biosynthesis and secretion of
mutant PIs were analyzed by IP with anti-insulin followed by 4–12% NuPage. D: The results from C (n 5 3) were quantified; the secretion
efficiency of PI-WT and mutants was calculated, and that of PI-WT was set to 100%. E: Min6 cells were transiently transfected to express
Myc-tagged PI-WT or mutants as indicated. Misfolded DLPCs in the cell lysates analyzed by 4–12% NuPage under both reducing and
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To further confirm this point, we expressed GFP-tagged
PI-C(A7)Y with or without the Y(B16)D substitution in
both 293 cells and Min6 cells. We found that Y(B16)D
inhibits co-IP of PI-WT by GFP-PI-C(A7)Y in both 293 cells
(Fig. 4A and B) and Min6 cells (Fig. 4C and D) under
steady-state condition. Thus, the Y(B16)D substitution
decreases the strength of interaction of MIDY PI with
PI-WT in the ER.

Next, we examined folding and secretion of PI-C(A7)Y
with or without B16 substitutions, and we found that the
introduction of Asp (D), Ala (A), or Pro (P) had no effect on

the impaired disulfide maturation of PI-C(A7)Y, and did
not rescue secretion of the MIDY mutant (which was
retained intracellularly) in both 293 cells (Fig. 5A and B)
and Min6 cells (Fig. 5C). We then checked whether B16
substitutions could limit the dominant-negative effect of
PI-C(A7)Y on bystander PI-WT. We coexpressed mouse
PI-C(A7)Y 6 Y(B16)D or Y(B16)P substitutions with hu-
man PI-WT in 293T cells. We used a species-specific
immunoassay to follow the secretion of coexpressed hu-
man PI-WT in the presence of mutant PI. Indeed, the
expression of mouse PI-C(A7)Y blocked the secretion of

Figure 3—Substitution of Tyr with Asp at PI B16 limits formation of heterodimerization and DLPCs. A: 293 cells were transfected with
plasmids encoding untagged PI-WT, Myc-PI-WT, or PI mutants as indicated. Oxidative (Ox) folding, disulfide-linked PI dimers, and high-
molecular-weight DLPCs were analyzed under nonreducing condition (left panel). Total amount of PI-WT and Myc-PI-WT or mutants were
analyzed under reducing (Re) condition (right panel).B: Min6 cells were transfectedwith plasmids encodingMyc-tagged PI-WT ormutants as
indicated. Oxidative folding of PI-WT andmutants were analyzed under nonreducing conditions (left panel). The heterodimer formed byMyc-
tagged PI-mutant with endogenous PI is indicated by the arrow. The total amount of Myc-tagged PI-WT and mutants were analyzed under
reducing condition (right panel). D, homo-dimers formed by untagged PI; D9 refers to homo-dimers formed by Myc-PI; H, hetero-dimers
formed by untagged PI with Myc-PI.

nonreducing conditions (left and middle panels). The media were incubated overnight and were used to analyzed secretion efficiency of
PI-WT andmutants (right panel). *Refers to nonspecific bands. F: In three independent experiments shown in E, the disulfide-linked dimer and
trimer under nonreducing condition and total PI-WT or mutants under reducing condition were quantified. The ratios (dimer1 trimer/total PI)
were calculated and that of PI-WTwas set to 1.G: The secretion efficiency (media/cell lysates) of PI-WT andmutants from three independent
experiments shown in E was calculated, and that of the PI-WT was set to 100%. ns, not significant.
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PI-WT by ;70% (Fig. 5D), which is consistent with pre-
vious reports (8,9,14,24). However, the Y(B16)D substi-
tution [or Y(B16)P] functioned as an intra-allelic suppressor
of the dominant-negative effect of PI-C(A7)Y on the
secretion of coexpressed PI-WT (Fig. 5D).

These immunoassay results were then confirmed using
pulse-chase experiments. Once again, PI-Y(B16)A and
PI-Y(B16)D were secreted normally, in parallel with the
secretion of coexpressed PI-WT (Fig. 5E, lanes 15 or 21).
Further, both misfolded mutants PI-C(A7)Y and PI-Y(B16)
P were fully blocked in their secretion. However, the Akita
PI-C(A7)Y conferred a clear dominant-negative effect on
coexpressed PI-WT that was not apparent for PI-Y(B16)P
(Fig. 5E, lanes 12 vs. 18), indicating that not all misfolded
PI mutants have the ability to block secretion of bystander

PI-WT.Moreover, we found that neither PI-C(A7)Y/Y(B16)A
nor C(A7)Y/Y(B16)D could block the secretion of coex-
pressed PI-WT (Fig. 5E, lanes 12 vs. 24 or 30), indicating
that these Tyr-B16 substitutions reversed the dominant-
negative effect of Akita mutant PI.

To further investigate the effect of B16 substitutions on
endogenous PI in b-cells, we transfected GFP-tagged
PI-WT or mutants, and we used three independent
approaches to examine transdominant effects. First, using
confocal immunofluorescence, we found that while GFP-
PI-WT and Y(B16)D showed a punctate insulin secre-
tory granule pattern, PI-C(A7)Y appeared in a typical ER
pattern and caused a profound loss of endogenous insulin
(Fig. 6A middle, white arrows). However, although the
double mutant PI-C(A7)Y/Y(B16)D also appeared to be

Figure 4—Substitution of Tyr with Asp at PI B16 limits abnormal interactions between WT PI and diabetes causing C(A7)Y mutant PI. A:
293 cells were cotransfected with plasmids encoding untagged PI-WT, or GFP-tagged PI bearing the C(A7)Y mutation [GFP-PI-C(A7)Y], or
GFP-tagged PI bearing both the C(A7)Y mutation as well as an intragenic suppressor mutation, Y(B16)D [GFP-PI-C(A7)Y/Y(B16)D] at a DNA
ratio of 1:1. At 48 h after transfection, the cells were lysed in a co-IP buffer; 90%of the total lysateswere IPwith anti-GFP. IPGFP-PI and co-IP
PI-WT were resolved in 4–12% NuPage under reducing condition along with 10% of the total lysates, transferred to the nitrocellulose
membrane, and blotted with anti-human PI, which can recognize both untagged human PI and GFP-PI. B: The co-IP PI-WT and that in the
total lysates were quantified using Image J. The percent of co-IP PI-WT in the total lysates was calculated and that of co-IP by GFP-PI-C(A7)Y
set as 100%.C: Min6 cells transfected with plasmids encoding GFP-PI-C(A7)Y or GFP-PI-C(A7)Y/Y(B16)Dwere lysed in a co-IP buffer and IP
with anti-GFP. The endogenous PI in the total lysates and co-IP with anti-GFP were resolved in 4–12% NuPage under reducing condition,
transferred to the nitrocellulose membrane, and blotted with anti-mouse PI, which can recognize both endogenousmouse PI and GFP-PI. D:
The co-IP endogenous PI and that in the total lysates were quantified using Image J. The percent of co-IP endogenous PI in the total lysates
was calculated and that of co-IP by GFP-PI-C(A7)Y set as 100%.

960 Proinsulin Self-Association in MIDY Diabetes Volume 69, May 2020



Figure 5—Mutations at PI B16 do not improve folding of diabetes causing PI-C(A7)Y but alleviate its transdominant-negative effect on
coexpressed PI-WT. A: 293 cells cotransfected with indicated plasmids were labeled with 35Met/Cys for 30 min without chase. Biosynthesis
and folding of newly synthesized PI-WT and mutants were analyzed by tris-tricine-urea-SDS-PAGE under both nonreducing and reducing
conditions. B: 293 cells transfected and pulse-labeled as in A were chased 0 or 2 h. The chase media (M) were collected and cells (C) were
lysed and analyzed by IP with anti-insulin followed by 4–12% NuPage under reducing conditions. C: Min6 cells were transfected with
plasmids encoding Myc-tagged PI-WT or mutants as indicated. At 48 h after transfection, the media, which were cultured overnight, were
collected, and the cells were lysed. The secretion efficiency of PI-WT and mutants was analyzed by Western blotting using anti-Myc. D:
293 cells were cotransfected with a plasmid encoding human PI-WT (human PI-WT) and either mouse PI-WT (mouse PI-WT) or mutants as
indicated. The secretion of human PI-WT in the presence of mouse PI-WT or mutants was measured using human PI-specific RIA (mean 6
SD, n5 3). E: 293 cells were cotransfected with a plasmid encoding untagged PI-WT andMyc-tagged PI-WT or mutants as indicated. At 48 h
after transfection, the cells were labeledwith 35Met/Cys for 30min with 0 or 2 h chase. The cell lysates and chasemedia were collected and IP
with anti-insulin. The secretion efficiency of untagged PI-WT in the presence or absence of Myc-PI-WT or mutants were analyzed under
reducing conditions. proins, proinsulin.
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retained in the ER, it did not detectably decrease endog-
enous insulin in b-cells (Fig. 6A bottom, white arrow-
heads). Second, using human insulin-specific RIA, we
confirmed that introducing Y(B16)D in PI-C(A7)Y allevi-
ated the transdominant effect of the MIDY mutant as
demonstrated by increased insulin production (Fig. 6B).
Further, in human islets, adenoviral expression of mouse
PI-C(A7)Y significantly decreased human PI and insulin
content, whereas comparable expression of the C(A7)Y/
Y(B16)D mutant (Supplementary Fig. 3) again demonstrated

intra-allelic suppression of the dominant-negative effect of
the MIDY mutant on both human PI and insulin (Fig. 6D).
Finally, the enhanced ER export of PI-WT correlated with
decreased ER stress in b-cells coexpressing PI-C(A7)Y
versus C(A7)Y/Y(B16)D, as measured in a transcriptional
BiP promoter reporter assay (Fig. 6D). Taken together,
these results strongly suggest that Tyr-B16, which is
a major component of the PI-PI interaction surface, is
involved in the physical interaction between MIDY mu-
tant PI and PI-WT, and this interaction is necessary for

Figure 6—PI B16mutations function as an intragenic suppressor of the dominant-negative effects of MIDY PI-C(A7)Y and alleviate b-cell ER
stress. A: INS1 cells were transfected with plasmids encoding GFP-tagged PI-WT and mutants as indicated. At 48 h after transfection, the
cells were fixed and permeabilized. Confocal immunofluorescence microscopy was performed after double-labeling with anti-GFP (green)
and anti-insulin (red). Whereas the cells expressing GFP-C(A7)Y exhibited a diminution of endogenous insulin staining (middle panels, white
arrows), in the cells expressing a GFP-C(A7)Y/Y(B16)D endogenous insulin was restored (bottom panels, white arrowheads). B: The
30 residues of the B-chain of human PI, mouse PI 2 (Ins2), and mouse PI 1 (Ins1) were aligned. The highly conserved domain (B10-B28) that
are involved PI dimerization is highlighted in yellow. C: 293 cells were cotransfected with plasmids encoding Myc-tagged human PI-WT with
untagged mouse mutants. The media were cultured overnight and were collected at 48 h after transfection. Secretion of Myc-tagged human
PI-WT in the presence of untaggedmouse PI mutants was examined byWestern blotting using anti-PI.D: Min6 cells were cotransfected with
plasmids encoding humanPI-WTwith eithermousePI-WT ormutants at a DNA ratio of 1:3. At 48 h after transfection, human insulin content in
the transfected cells wasmeasured using human insulin-specific RIA (mean6SD, n5 3). ***P, 0.0001 comparing the human insulin content
in the cells expressing mouse PI-C(A7)Y with that of PI-WT and PI-C(A7)Y/Y(B16)D. E: Human islets were transduced with adenoviruses
expressing Myc-tagged mouse PI-WT, C(A7)Y, or C(A7)Y/Y(B16)D, as indicated. At 48 h after infection, human insulin content in the infected
human islets was measured by human insulin-specific ELISA. Human PI content was measured by densitometry of Western blotting. The
relative contents of human PI and insulin in human islets infected with mouse PI-WT were set to 100%. ***P values comparing the human PI
content (P 5 0.0023) and human insulin content (P 5 0.0004), respectively, in the islets infected with mouse PI-C(A7)Y with that of infected
with PI-WT. F: Min6 cells were triple-transfected with plasmids encoding firefly luciferase driven by a BiP promoter, cytomegalovirus-renilla
luciferase, and either PI-WT or mutants at a DNA ratio of 1:2:4. At 48 h after transfection, luciferase activities in transfected cells were
measured as described in RESEARCH DESIGN AND METHODS (mean 6 SD, n 5 4). ***P , 0.0001 comparing BiP luciferase in the cells expressing
PI-C(A7)Y with that of expressing PI-WT.
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the mutant protein to block PI-WT exit from the ER,
impair insulin production, trigger ER stress, and promote
the development of diabetes.

DISCUSSION

To date, more than 50 insulin gene mutations have been
reported to cause MIDY, an autosomal-dominant form of
diabetes (also known as maturity-onset diabetes of the
young type 10) (1,11). More than 60% of the identified
mutant alleles have been predicted or experimentally
confirmed to impair oxidative folding of PI in the ER
(1,25). Importantly, these misfolded MIDY mutants not
only fail to exit from the ER, but also physically attack
coexpressed PI-WT, impairing the folding and ER export of
coexpressed PI-WT, decreasing insulin production, and
initiating insulin-deficient diabetes (11,14,26). Hereto-
fore, the molecular mechanism underlying these dominant-
negative effects have been completely unknown. As the
PI-PI contact surface might possibly engage even before
completion of the folding of individual PI monomers, the
present work focuses attention on this surface as a possible
site initiating the attack of misfolded mutant PI onto
bystander PI in the ER.

In this study, we found at least two substitutions of the
key Tyr-B16 residue that had no observable impact on PI
monomer folding or ER export but that could limit PI-PI
contact and thereby decrease abnormal interactions and
alleviate transdominant effects of observed in MIDY. It is
interesting to note that among the roughly 30 known PI
sites/residues that trigger MIDY, none has yet been de-
scribed that introduces a charged or highly polar residue
into the B9-B19 a-helix. We postulate that such substi-
tutions may be relatively ineffective in propagating mis-
folding onto bystander PI-WT molecules. This hypothesis
is supported by data from the PI-Y(B16)P mutant, which
disrupts the B9-B19 a-helix to cause severe PI misfolding
and ER retention (Fig. 1), but it cannot impose a dominant-
negative effect on bystander PI-WT (Fig. 5). These data
support the notion that PI-PI contact is an early folding
event and initiates the transdominant effects of MIDY
mutants.

Increasing evidence indicates that PI misfolding and ER
stress not only are the molecular basis of MIDY but may
also play an important role in the development and pro-
gression of type 1 and type 2 diabetes (2,27–30). Increased
PI misfolding has been recently reported in b-cells with
either defects in the ER folding environment (31–33),
defective ER export machinery (13), or increased PI syn-
thesis due to insulin resistance in rodent and human type
2 diabetes islets (23). These data suggest that PI misfolding
is an early event in the progression to type 2 diabetes. As
the most abundant protein synthesized in b-cells, PI is
predisposed to misfold (11,14,34) from which it may prop-
agate this misfolding onto bystander PI (1,8,9). This becomes
an important driving force for b-cell ER stress and insulin
deficiency (32,35–37). The data in this report provide the
first evidence pointing to the idea that initial PI-PI B-chain

contact may be a site worth targeting, to block cross-
dimerization of misfolded PI with PI bystanders, enhance
insulin production, and offer a new approach to preventing
b-cell insulin deficiency and diabetes (Fig. 7).
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