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Double C2 domain B (DOC2b) protein is required for glu-
cose-stimulated insulin secretion (GSIS) in b-cells, the
underlying mechanism of which remains unresolved. Our
biochemical analysis using primary human islets and
human and rodent clonal b-cells revealed that DOC2b is
tyrosine phosphorylated within 2 min of glucose stimula-
tion, and Src family kinase member YES is required for
this process. Biochemical and functional analysis using
DOC2bY301 mutants revealed the requirement of Y301
phosphorylation for the interaction of DOC2b with YES
kinase and increased content of VAMP2, a protein on
insulin secretory granules, at the plasma membrane (PM),
concomitant with DOC2b-mediated enhancement of GSIS
in b-cells. Coimmunoprecipitation studies demonstrated
an increased association of DOC2b with ERM family pro-
teins in b-cells following glucose stimulation or pervana-
date treatment. Y301 phosphorylation-competent DOC2b
was required to increase ERM protein activation, and
ERM protein knockdown impaired DOC2b-mediated
boosting of GSIS, suggesting that tyrosine-phosphory-
lated DOC2b regulates GSIS via ERM-mediated granule
localization to the PM. Taken together, these results dem-
onstrate the glucose-induced posttranslational modifica-
tion of DOC2b in b-cells, pinpointing the kinase, site of
action, and downstream signaling events and revealing a
regulatory role of YES kinase at various steps in GSIS. This
work will enhance the development of novel therapeutic
strategies to restore glucose homeostasis in diabetes.

Glucose-stimulated insulin secretion (GSIS) from b-cells
occurs in two distinct phases. The transient first phase of
insulin secretion occurs within 10 min of glucose stimu-

lation via the stimulus-secretion coupling pathway (1,2).
This pathway begins with the entry of extracellular glucose
into the b-cell, metabolism of glucose to yield an elevated
ATP/ADP ratio, which triggers closure of ATP-sensitive
potassium channels and subsequent plasma membrane
(PM) depolarization, evoking an influx of calcium through
voltage-gated calcium channels and a burst of insulin gran-
ule fusion and insulin release (1–4). The second phase of
insulin secretion begins during the first phase and persists
until normoglycemia is restored (5). The second phase of
insulin secretion can persist as a result of the mobilization
of insulin secretory granules (SGs) from the reserve pools
deep within the cell to the PM, which requires remodeling
of the actin cytoskeleton (5–9). The distal steps of insulin
granule exocytosis and insulin release are regulated by the
soluble N-ethylmaleimide–sensitive factor attachment pro-
tein receptor (SNARE) proteins (10,11). SNARE complex
assembly in the b-cell is further regulated by accessory bind-
ing proteins, such as double C2 domain B (DOC2b) (12–15).
However, the detailed molecular events involving DOC2b in
regulating biphasic insulin secretion remain unclear.

DOC2b, a member of the double C2 domain protein
family, is a ubiquitously expressed 46–50-kDa protein
composed of an N-terminal Munc13-interacting domain
and C-terminal tandem C2 domains (C2A and C2B)
(13,16,17). The C2 domains are known to bind calcium
and phospholipids (18,19) and, in the context of sponta-
neous neurotransmitter release, confer DOC2b’s required
role as a calcium sensor (19–21). In addition to neuronal
defects, islets isolated from whole-body DOC2b knockout
mice show loss of biphasic insulin release (15,22), consis-
tent with islet b-cells being closely functionally related to
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neuroendocrine cells. Furthermore, low DOC2b transcript
levels have been observed in cultured islet b-cells from
humans and rodents with diabetes (12,23). In contrast,
islets from an early line of “global” DOC2b-overexpressing
transgenic mice (tet-off system; TRE promoter and CMV
minimal promoter-driven transgene) showed boosted
biphasic glucose-stimulated insulin release ex vivo,
implicating DOC2b in this process as having therapeu-
tic potential (17). However, DOC2b’s impact in other
cell types involved in metabolism was a confounding
factor in this global model, as was the expression of
the transgene during pancreatic development (17).
Subsequent determination of boosted biphasic insulin
release in an inducible b-cell–specific DOC2b trans-
genic mouse model pointed to a specific and beneficial
role for DOC2b enrichment in the adult mouse b-cell
(24). In addition, these mice were protected from dia-
betogenic stimuli, indicating physiologic relevance for
DOC2b enrichment as a potential therapeutic opportu-
nity (24).

The Sec/Munc18 protein Munc18c is operational in
second-phase insulin release and directly associates with
the C2B domain of DOC2b at the PM of the b-cell, and
this association is essential for SNARE-mediated insulin
granule exocytosis (13). The N-terminal Munc13-interact-
ing domain is dispensable for mediating DOC2b boosting of
GSIS, while the tandem C2 domains (referred to as C2AB)
fully accounted for the GSIS boosting effect and conferred
protection from diabetogenic stimuli (24). While yet unex-
plored in b-cells, the phosphorylation of DOC2b regulates
GLUT4 vesicle mobilization in skeletal muscle cells in a
cytoskeletal-based mechanism via interaction with
KLC1 (25). DOC2b also binds to other cytoskeletal fac-
tors (26–28), although whether DOC2b is operational in
cytoskeletal remodeling in the b-cell remains unknown.

YES kinase, a member of the nonreceptor protein-tyro-
sine Src family kinase (SFK), is rapidly phosphorylated at
the PM yet operational largely in second-phase GSIS via
insulin granule mobilization involving F-actin remodeling
in the b-cell (29). Based on this, in the current study, we
hypothesized that glucose stimulation would phosphory-
late DOC2b at one or more tyrosine residues located in
the C2B domain, via an SFK-dependent mechanism, to
promote insulin granule localization at the PM and boost
SNARE-mediated insulin exocytosis from b-cells. In this
study, we have tested this hypothesis using DOC2b-over-
expressing human islets and human and mouse clonal
b-cell lines.

RESEARCH DESIGN AND METHODS

Plasmids and Adenovirus Constructs
The adenoviruses Ad.GFP, Ad.rDOC2b-GFPWT, and Ad.
rDOC2b-GFPY301F were generated by inserting GFP,
rDOC2b-GFPWT, or rDOC2b-GFPY301F fusion genes into the
viral vector pAd5CMVmpA, respectively, by ViraQuest (North
Liberty, IA), as described (25). The rDOC2b-GFPY301E was

generated using site-directed mutagenesis of Y301 to E301
(GenScript, Piscataway, NJ). All of the constructs were con-
firmed by sequencing. Adenovirus (Ad.) human (h)DOC2B-
MYC-DDKWT [DDK is an epitope (FLAG) tag] was generated
as described previously (24,25).

Cell Culture, siRNA Transfection, and Insulin Secretion
Assays
The cell culture methods for MIN6 b-cells and human pan-
creatic islets have been described previously (29). Human
islets were obtained from the Integrative Islet Distribution
Program and City of Hope Islet Cell Resource Center
(Supplementary Table 1). EndoC-bH1 cells obtained from
Dr. Roland Stein (Vanderbilt University) were cultured as
described previously (30). The SFK inhibitor SU6656 (cata-
log number 572635; EMD Millipore), the tyrosine phos-
phatase inhibitor pervanadate (pV; freshly made), and/or
glucose were incubated with the cells as indicated in the
figure legends. The siRNA oligonucleotides (25 nmol/L
YES, J-040156–07, ON-TARGETplus, Thermo Dharmacon;
25 nmol/L radixin, L-047230-01-0005, ON-TARGET-
plus, Thermo Dharmacon; and control: catalog number
1027281, Qiagen) were transfected into MIN6 b-cells using
Lipofectamine 2000 and assessments made 48 h later. For
insulin secretion assays, MIN6 b-cells were incubated in
serum- and glucose-free modified Krebs-Ringer bicarbonate
buffer containing 1% radioimmunoassay-grade BSA for 2 h,
stimulated with 20 mmol/L glucose (30 min) or 40 mmol/L
KCl (15 min) (29). For static GSIS, human islets were prein-
cubated in Krebs-Ringer bicarbonate buffer in low glucose
(2.8 mmol/L) for 2 h. Incubation of 10 islets/experimental
group (in triplicate) in low or high glucose (16.7 mmol/L)
for 2 h was followed by insulin quantification in buffer and
cell pellets using a Mouse Insulin ELISA (catalog number
80-INSMSH-E01; Alpco, Salem, NH), human insulin
radioimmunoassay (catalog number HI-14K; Millipore), or
human insulin ELISA (catalog number 10-1113-01; Merco-
dia) as indicated in the figure legends. At least three inde-
pendent human islet donor batches were used in each
assay.

Plasmid Transfection and Adenoviral Transduction
MIN6 b-cells were transfected with rDOC2b-GFPWT or
rDOC2b-GFPY301F/E plasmids using Lipofectamine 2000
(Invitrogen) and harvested after 48 h using 1% Nonidet
P-40 lysis buffer (29) for downstream analysis. For experi-
ments using adenoviruses, EndoC-bH1 cells, human
islets, or MIN6 b-cells cultured in respective growth
media were transduced for 1 h (multiplicity of infection
100), washed with the complete growth media twice, and
cultured in growth media for an additional 48 h at 37�C.
Transduced EndoC-bH1 cells or human islets were har-
vested using 1% Nonidet P-40 lysis buffer for down-
stream analysis.
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Figure 1—DOC2b is tyrosine phosphorylated in the b-cell. A: Predicted structure of rat DOC2b showing the C2B domain with the three
putative tyrosine phosphorylation sites. B: Percent identity matrix for human, mouse, and rat full-length DOC2b (top panel) and C2B
domain (bottom panel). C: Multiple sequence alignment of human, rat, and mouse DOC2b using Clustal Omega multiple sequence align-
ment tool (EMBL-European Bioinformatics Institute). Boxes highlight the conserved amino acid residues in the C2B domain. D: DOC2b
tyrosine phosphorylation level in Ad.DOC2b-GFPWT-transduced nondiabetic human islets after pV treatment (0.1 mmol/L, 5 min) followed
by IP and immunoblot (IB) analysis. E: The DOC2b tyrosine phosphorylation level in the GFP/DOC2b-GFPWT-transfected MIN6 b-cells
after pV (0.1 mmol/L, 5 min) treatment followed by IP and IB analysis. Data are representative of three independent experiments.
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Immunoblotting
Proteins were resolved by 10% or 15% SDS-PAGE and
transferred to polyvinylidene fluoride membranes for immu-
noblotting. The rabbit polyclonal DOC2b primary antibody
used was custom developed against the DOC2b 96–119-aa
(PSPGPSPARPPAKPPEDEPDA) peptide sequence (custom
synthesized by Pacific Immunology Corp.). pSrc antibodies
from Cell Signaling Technology detect other SFKs and are
thus referred to as phospho-SFK (pSFK). Detailed informa-
tion about the primary antibodies is provided (Supp-
lementary Table 2). Goat anti-mouse and anti-rabbit horse-
radish peroxidase secondary antibodies were obtained from
Bio-Rad Laboratories and used at 1:5,000. Immunoreactive
bands were visualized with ECL, ECL Prime, or ECL Super-
Signal reagents (GE Healthcare) and imaged using the Chem-
iDoc gel documentation system (Bio-Rad Laboratories).
Block-PO Reagent (Millipore) was used to reduce noise in the
phospho-specific blots.

Coimmunoprecipitation
Cleared detergent-solubilized lysate protein (2 mg) was
immediately incubated for 2 h or overnight with rabbit
polyclonal anti-GFP antibody conjugated to Sepharose
beads (catalog number ab69314; Abcam) or mouse anti-
MYC antibody conjugated to agarose beads (catalog num-
ber ab1253; Abcam) rotating at 4�C. Rabbit IgG (Santa
Cruz Biotechnology) was used as a negative control. Coim-
munoprecipitated (co-IP) proteins were resolved using
SDS-PAGE analyses and immunoblotting.

Molecular Dynamics Simulation Analysis
The initial structure of the rat DOC2b was modeled based
on the crystal structures of the rat C2A (Protein Database
identification number: 4LCV) and C2B (Protein Database
identification number: 4LDC) domains (31). The flexible
loop connecting these two domains was modeled using
the Protein preparation wizard in Schrodinger Maestro
(32). The human DOC2b structure was obtained by align-
ing the human with the mouse sequence and mutating
those positions where the mouse and the human sequen-
ces differ. The mutations were performed using the Prime
module in Maestro (33). The protein structures were sol-
vated in an explicit water box, and ions were added to
neutralize the net charge. The system was parameterized
using the ff14SB force field for protein (34) and TIP4PEW
force field for water (35). Following minimization using
the conjugate gradient method, the system was gradually
heated from 0 K to 310 K over 30 ns at constant volume,
with harmonic restraints applied to the protein heavy
atoms. Next, equilibration was carried out at a constant
pressure of 1 atm for 50 ns, while the harmonic restraints
were gradually relaxed to zero. Following this, an addi-
tional 50 ns of equilibration was performed without any
restraints. Five independent simulations (310 K and 1
atm) were performed on each equilibrated structure (i.e.,
the rat and human DOC2b) starting with random veloci-
ties, each simulation lasting for 2.5 ms. Data from all five

simulations were aggregated to obtain statistics on the C-
terminal distance and solvent-accessible surface areas. The
simulations were performed using the GPU (graphics proc-
essing unit) accelerated version of AMBER18 (36). The sub-
sequent analysis was performed using CPPTRAJ (37).

Statistical Analysis
All results were evaluated for statistical significance using
an unpaired two-tailed Student t test for comparison of
two groups or ANOVA for more than two groups using
Prism version 8.0 (GraphPad Software, La Jolla, CA). Data
are expressed as the mean ± SEM.

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. No applicable resources
were generated during this study.

Figure 2—SFK activity is required for the tyrosine phosphorylation
of the DOC2b in MIN6 b-cells. Top panel: Representative Western
blot images of MIN6 b-cells transfected with either GFP or
rDOC2b-GFPWT plasmids and treated with 0.1 mmol/L pV (5 min)
with or without 20 mmol/L SU6656 pretreatment (2 h) followed by
IP and immunoblot (IB) analysis. Bottom panel: Quantification of
the IBs pTyr/DOC2b-GFP (i) and p-SFKY416/DOC2b-GFP (ii) inter-
actions from three independent experiments using different pas-
sages of cells. Data are shown as mean ± SEM. *P < 0.05;
**P< 0.002.
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RESULTS

DOC2b Undergoes Tyrosine Phosphorylation in Human
Islets and b-Cells
DOC2b enrichment in the b-cell enhances GSIS, and
the region containing the tandem C2 domains (C2AB)
of DOC2b is sufficient to exert this beneficial function
(24). The C2B domain of DOC2b harbors three puta-
tive tyrosine phosphorylation sites (Y301, Y305, and
Y309) (Fig. 1A). Multiple alignments of the human,
mouse, and ratDOC2b protein revealed >95% and
>98% sequence identity for full-length DOC2b (Fig.
1B) and the C2B domain, respectively (Fig. 1B and C).
To evaluate if DOC2b undergoes tyrosine phosphoryla-
tion in b-cells, we treated nondiabetic human islets
transduced to express rDOC2b-GFPWT with or without
the tyrosine phosphatase inhibitor pV (38). The use of
a DOC2b-GFP fusion protein was required since no
custom or commercially available anti-DOC2b antibod-
ies sufficed for IP. DOC2b-GFP and immunoblot for
tyrosine-phosphorylated (pTyr) showed a pV-induced
increase in pTyr-DOC2b-GFPWT (Fig. 1D).

Human islets are composed of multiple cell types, with
�50–60% being b-cells. To evaluate the phosphorylation
of DOC2b in b-cells only, MIN6 b-cells were used. Similar
to human islets, pV-induced increase in pTyr-DOC2b-
GFPWT was observed in MIN6 b-cells (Fig. 1E). Using phos-
pho-protein enrichment analysis as a second approach for
validation, MIN6 b-cells were transfected with GFP or
rDOC2b-GFPWT and treated with pV. Phospho-enrichment
beads captured DOC2b-GFP (75 kDa) and pV stimulation
again increased DOC2b phosphorylation (Supplementary
Fig. 1) with a magnitude similar to the IP experiments.
Glucose stimulation also increased DOC2b phosphorylation
relative to basal levels (Supplementary Fig. 1), suggesting
that DOC2b undergoes glucose-stimulated tyrosine phos-
phorylation in b-cells and may be important for the mech-
anistic connection between DOC2b and GSIS.

Tyrosine-Phosphorylated DOC2b Associates With
Activated SFK in b-Cells
Bioinformatic analyses using ExPASy–NetPhos-3.1 and
NetworKIN identified SFKs as among the probable kinases

Figure 3—Glucose stimulation augments DOC2b tyrosine phosphorylation and interaction with YES kinase in MIN6 b-cells. A, left: Repre-
sentative Western blot images of DOC2b-GFPWT

–transfected MIN6 b-cells treated with either 20 mmol/L glucose for 2 min or 50 mmol/L
KCl for 1 min followed by IP and immunoblot (IB). A, right: Quantification of the IBs from three independent experiments. B, left: Represen-
tative Western blot images of MIN6 b-cells transfected with rDOC2b-GFPWT plasmid and stimulated with 20 mmol/L glucose (2 min) with
or without 20 mmol/L SU6656 pretreatment (2 h) followed by IP and IB analysis. B, right: Quantification of the IBs from three independent
experiments. Data are shown as mean ± SEM. *P< 0.05; **P < 0.002; ***P< 0.0002.
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for tyrosine phosphorylation of DOC2b. Confocal micros-
copy data validated prior observation of pV-induced SFK
activation (pSFKY416) at the PM, as well as the presence
of YES kinase (the glucose-responsive SFK family
member in MIN6 cells [29]) (Supplementary Fig. 2A).
The SFK inhibitor SU6656 was used to evaluate the
requirement for SFK activity for the tyrosine phos-
phorylation of DOC2b-GFP in MIN6 b-cells (Fig. 2).
SU6656 reduced the pV-induced tyrosine phosphory-
lation of DOC2b (>50%) (Fig. 2i) and decreased
interaction of pSFKY416 with DOC2b-GFP (>50%)
(Fig. 2ii), consistent with SFK activity being required
for the tyrosine phosphorylation of DOC2b in MIN6
b-cells.

Next, the human b-cell line EndoC-bH1 was transduced
with Ad.hDOC2b-MYC-DDKWT to evaluate the role of SFK
in tyrosine phosphorylation. IP for MYC and immunoblot-
ting for pTyr showed a pV-induced increase in pTyr-
hDOC2b-MYC-DDKWT (55 kDa) (Supplementary Fig. 2B).
SU6656 suppressed the pV-induced tyrosine phosphoryla-
tion of DOC2b (>90%) and decreased the association of
pSFKY416 with hDOC2b-MYC-DDKWT. Human EndoC-bH1
cells transduced with Ad.rDOC2b-GFPWT also exhibited
pV-induced DOC2b tyrosine phosphorylation, which was
attenuated by SU6656 (Supplementary Fig. 2C). These
results demonstrate an evolutionarily conserved functional
role for SFK in the tyrosine phosphorylation of DOC2b in
b-cells.

YES Kinase Is Required for Glucose-Stimulated
Tyrosine Phosphorylation of DOC2b in b-Cells
We have previously demonstrated that within the nine-
member SFK family, only Src, Fyn, and YES proteins are
detectable in b-cells, and only YES is tyrosine phosphory-
lated in response to glucose at the PM in the b-cell (29).
Similar to YES kinase, the increase in DOC2b tyrosine
phosphorylation was prompted by glucose stimulation
and did not respond to KCl stimulation (Fig. 3A). Max-
imal tyrosine phosphorylation of rDOC2b-GFPWT in response
to stimulatory 20 mmol/L glucose was achieved within �1
to 2 min (Supplementary Fig. 3), at or just following the
glucose-induced peak activation of YES kinase at �1 min
(29).

To determine if YES associates with DOC2b in the b-cell
following glucose treatment, DOC2b-GFP IP was per-
formed from rDOC2b-GFPWT–transfected MIN6 b-cells.
Indeed, immunoblotting confirmed the association of YES
with rDOC2b-GFPWT (more than twofold) within 2 min of
glucose stimulation (Fig. 3B). SU6656 reduced (>40%) the
DOC2b-GFP–YES kinase interaction, consistent with YES
regulating the glucose-induced tyrosine phosphorylation of
DOC2b-GFP (Fig. 3B).

Furthermore, using PM and SG fractions, glucose stimu-
lation and pV treatments increased levels of DOC2b-GFP in
the PM fraction (>1.5-fold) (Supplementary Fig. 4A). To
determine localization of the pTyr–DOC2b-GFP, GFP was
precipitated from fractions, glucose stimulation and pV-

Figure 4—YES kinase knockdown ablates tyrosine phosphorylation of DOC2b in MIN6 b-cells. Representative Western blot images of
MIN6 b-cells transfected with rDOC2b-GFPWT plasmid along with control (siControl) or siYES oligonucleotides. After a 48-h incubation,
the cells were preincubated in modified Krebs-Ringer bicarbonate buffer for 2 h and stimulated with 20 mmol/L glucose (2 min) followed
by IP and immunoblot (IB) analysis. Vertical dashed lines denote splicing of lanes from within the same gel exposure. YES/tubulin ratios
demonstrate �40% siYES-induced knockdown efficiency. Bar graph quantification of the IBs from six independent experiments. Data are
shown as mean ± SEM. *P< 0.05; **P < 0.002.
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Figure 5—Y301 has a higher solvent-exposed surface area compared with Y305 and Y309 in both rat and human DOC2b. Rat (A) and
human (B) DOC2b MD simulations showing the probability distributions of the solvent-exposed surface areas of Y301, Y305, and Y309.
Representative conformations showing the C termini and the C2B domains of rat (C) and human (D) DOC2b from the highest populated
clusters from MD. The C terminus positions from the individual MD frames are shown as red dots. MD simulation data showing rat (E) and
human (F) DOC2b distances from the C terminus to Y305/Y309 with time (n5 5 independent MD simulations). The probability distribution
of the distance between the rat (G) and human (H) DOC2b C terminus and Y305/Y309 is shown.
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Figure 6—Y301F mutation reduces the tyrosine phosphorylation of DOC2b and blocks its interaction with activated SFK and YES in the
b-cell. A, left: Representative Western blot images of nondiabetic human islets transduced with Ad.GFP, Ad.rDOC2b-GFPWT, or Ad.r-
DOC2b-GFPY301F, incubated for 48 h, and treated with pV (0.1 mmol/L, 5 min) followed by phosphoprotein enrichment and immunoblot
(IB) analysis. A, right: Quantification of the IBs from three independent experiments. B, left: Representative IB images of human EndoC-
bH1 cells transduced with Ad.GFP, Ad.rDOC2b-GFPWT, or Ad.rDOC2b-GFPY301F and treated with or without 0.1 mmol/L pV for 5 min fol-
lowed by IP and IB analysis. B, right: Quantification of the IBs from three independent experiments. C, left: Representative Western blot
images of MIN6 b-cells transfected with either rDOC2b-GFPWT or rDOC2b-GFPY301F and stimulated with or without glucose for 2 min fol-
lowed by IP and IB analysis. Vertical dashed lines denote splicing of lanes from within the same gel exposure. C, right: Quantification of
the IBs from three independent experiments. Data are shown as mean ± SEM. **P < 0.002; ***P < 0.0002.
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Figure 7—Y301 of DOC2b mediates enhanced GSIS in human islet and rodent b-cells. A, left: Static GSIS of nondiabetic human islet cells
transduced with Ad.GFP/Ad.rDOC2b-GFPWT/Ad.rDOC2b-GFPY301F. Glucose stimulation was performed for total 2 h using 10 medium-
sized (250–300-mm) islets per experimental group. A, right: Representative Western blot images of nondiabetic human islet cells trans-
duced with Ad.GFP/Ad.rDOC2b-GFPWT/Ad.rDOC2b-GFPY301F. Insulin was quantified using human (catalog number HI-14K; Millipore)
insulin radioimmunoassay. B, left: GSIS of MIN6 b-cells transfected with GFP, rDOC2b-GFPWT, or rDOC2b-GFPY301F. Glucose stimulation
was performed for 30 min. Insulin was quantified using a Mouse Insulin ELISA (catalog number 80-INSMSH-E01; Alpco). B, right:
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induced pTyr ($1.4-fold), and interaction with YES kinase
(�3.5-fold) (Supplementary Fig. 4A) only from the PM frac-
tion (Supplementary Fig. 4A), consistent with the concept
of YES kinase phosphorylating DOC2b at the PM.

To determine a requirement for YES kinase for glucose-
stimulated tyrosine phosphorylation of DOC2b in b-cells, we
selectively depleted YES using RNA interference in MIN6
b-cells. YES siRNA (siYES) reduced the endogenous YES pro-
tein level by �40% (Fig. 4, input fractions lanes 3 to 4), as
previously described (29), but did not alter the levels of Src
and FYN, the other two members of SFK in the MIN6 b-cell
(Supplementary Fig. 4B). IP of DOC2b-GFP and immunoblot-
ting for pTyr showed glucose-induced tyrosine phosphory-
lation of DOC2b-GFP, which was blocked by siYES treatment
(Fig. 4). Altogether, these results established the importance
of YES for DOC2b’s tyrosine phosphorylation following glu-
cose stimulation in b-cells.

DOC2b Y301 Is Required for DOC2b-YES Interaction
and Tyrosine Phosphorylation of DOC2b in b-Cells
To investigate the mechanism of DOC2b tyrosine phos-
phorylation in b-cells, we evaluated which of the tyrosine
residues in the C2B domain is necessary for DOC2b phos-
phorylation and interaction with YES and pSFKY416. Molec-
ular Dynamics (MD) simulation analysis of rat and human
DOC2b revealed a larger solvent-exposed surface area for
Y301 than Y305 and Y309, indicating that Y301 is more
accessible to kinases and therefore more likely to be phos-
phorylated than Y305 and Y309 (Fig. 5A and B). The
analysis further showed that in both rat and human
DOC2b, Y301 is in a flexible loop, while both Y305
and Y309 are in a folded b-sheet (Fig. 5C and D).
Moreover, Y305 is packed against an adjacent loop in
DOC2b, and the flexible C terminus of DOC2b makes
frequent contact with both Y305 and Y309 but not
with Y301 (which is far from the C terminus) (Fig.
5C–F and Supplementary Video 1). These features fur-
ther reduce the solvent accessibility of Y305 and Y309
and interfere with the ability of tyrosine kinases to
access Y305 and Y309. Interestingly, as shown in the
distance probability distributions, although the C ter-
minus contacts Y305 and Y309 in both human and rat
DOC2b, the contacts are more sustained in humans
than rats (Fig. 5G and H).

Next, we investigated the ability of the phosphodefi-
cient DOC2bY301F mutant to interact with YES/pSFKY416

in the b-cell. Nondiabetic human islets transduced to
express rDOC2b-GFPY301F showed reduced DOC2b-GFP
in phosphoprotein-enriched fractions after pV treatment,
compared with islets transduced with DOC2b-GFPWT (Fig.

6A). To determine the b-cell as the source of this interac-
tion, co-IP from human EndoC-bH1 cell lysates revealed
the requirement for the Y301 site; Y301F mutation
(DOC2b-GFPY301F) exhibited an attenuated association
with pSFKY416 compared with that of DOC2b-GFPWT (Fig.
6B). The importance of Y301 in the regulation of glucose-
stimulated DOC2b-YES association and DOC2b tyrosine
phosphorylation was confirmed in mouse MIN6 b-cells
(Fig. 6C).

DOC2b Y301 and YES Kinase Are Essential for the
Boosting of GSIS in b-Cells
We next evaluated the importance of Y301 in the ability of
DOC2b to boost GSIS using nondiabetic human islets.
Static insulin release assays demonstrated attenuated GSIS
boosting in the islets expressing rDOC2b-GFPY301F com-
pared with cells expressing rDOC2b-GFPWT (Fig. 7A). Peri-
fusion studies using nondiabetic human islets revealed
marked boosting of both the first and second phases of
GSIS by rDOC2b-GFPWT enrichment (Supplementary Fig.
5A), supporting previous findings using murine islets (39).
This boosting function was significantly dampened by
rDOC2b-GFPY301F enrichment (Supplementary Fig. 5A),
indicating requirement of Y301 phosphorylation for boost-
ing both the first and second phases of GSIS in b-cells.

Similar outcomes were seen with MIN6 b-cells (Fig. 7B).
Comparison of the Y301F mutant to WT showed that the
mutant failed to elicit boosting; the mutant did not exert
dominant-negative actions on endogenous DOC2b. Expres-
sion of the rDOC2b-GFPWT, rDOC2b-GFPY301F, and endog-
enous DOC2b proteins was similar (Fig. 7B). MIN6 b-cells
transfected to express a phosphomimetic mutant, rDOC2b-
GFPY301E, exhibited increased basal insulin secretion rela-
tive to cells transfected with GFP, rDOC2b-GFPWT, or
rDOC2b-GFPY301F (Supplementary Fig. 5B–D), resulting in
reduced stimulation index in rDOC2b-GFPY301E cells.

To evaluate the requirement of YES kinase in the abil-
ity of DOC2b to boost GSIS, MIN6 b-cells were depleted
of YES using RNA interference. Validating prior results
(29), YES depletion significantly reduced GSIS (GFP-MIN6
b-cells) but not KCl-stimulated insulin secretion (Fig. 7C
and Supplementary Fig. 5E). MIN6 cells with siYES plus
rDOC2b-GFPWT showed significantly attenuated GSIS as
compared with siControl plus rDOC2b-GFPWT cells (Fig.
7C), indicating the specific requirement of YES kinase in
DOC2b-mediated boosting of GSIS. Reduction of GSIS in
the siYES plus rDOC2b-GFPY301F–enriched cells compared
with siControl plus rDOC2b-GFPY301F cells was observed,
yielding GSIS levels similar to those from the GFP plus
siYES cells (Fig. 7C). Immunoblotting of cell lysates

Representative Western blot images of MIN6 b-cells transfected with GFP, rDOC2b-GFPWT, or rDOC2b-GFPY301F. C, left: GSIS of MIN6
b-cells transfected with siControl or siYES plus GFP, rDOC2b-GFPWT, or rDOC2b-GFPY301F. Glucose stimulation was performed for 30
min. Insulin was quantified using a Mouse Insulin ELISA (catalog number 80-INSMSH-E01). C, right: Representative Western blot images
of transfected MIN6 b-cells. Western blot images are representative of three independent experiments. Anti-GAPDH/tubulin antibodies
were used as a loading control. Data are shown as mean ± SEM. *P< 0.05; **P < 0.002; ***P < 0.0002; ****P < 0.0001.
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Figure 8—Glucose stimulation and pV treatment augment the binding of DOC2b with p-ERM in b-cells. A: Representative Western blot
images of nondiabetic human islets transduced with Ad.rDOC2b-GFPWT for 48 h and treated with or without 20 mmol/L glucose (2 min) or
0.1 mmol/L pV (5 min) followed by IP and immunoblot (IB) analysis. Ai: p-ERM/DOC2b ratio, quantified from three independent sets of
experiments. Aii: pTyr/DOC2b ratio, quantified from three independent experiments. B: Representative Western blot images of MIN6
b-cells transfected with rDOC2b-GFPWT for 48 h and treated with or without 0.1 mmol/L pV (5 min), followed by IP and IB analysis. Images
are representative of three independent experiments using independent passages of cells. C, left: Representative IB images of MIN6
b-cells transfected with rDOC2b-GFPWT or rDOC2b-GFPY301F for 48 h and treated with or without 20 mmol/L glucose (2 min) followed by
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showed substantial YES depletion and equivalent expres-
sion of the GFP, rDOC2b-GFPWT, and rDOC2b-GFPY301F

proteins (Fig. 7C).
We next determined if DOC2b enrichment in b-cells

boosts GSIS by impacting the presence of the v-SNARE
VAMP2, a protein present on insulin SGs (ISGs), in the
PM fraction within 2 to 3 min of glucose stimulation in
MIN6 cells, as detected by subcellular fractionation assay
(40). VAMP2 levels increased more than fourfold higher
in the PM fraction of glucose-stimulated versus unstimu-
lated rDOC2b-GFPWT–enriched MIN6 b-cells, a significant
increase compared with that of the GFP control; this
increase with WT DOC2b was abrogated by Y301F muta-
tion (Supplementary Fig. 6). These results revealed a posi-
tive regulatory role of DOC2b in the b-cell and identified
Y301 as a key site for this beneficial effect.

Glucose Stimulation and pV Treatment Augment the
Binding of DOC2b With Phosphorylated ERM in the
b-Cell
To identify candidate proteins that associate with
DOC2b-GFP in b-cells selectively in response to glucose
stimulation, we performed mass spectrometry analysis of
proteins that co-IP with DOC2b-GFP (Supplementary Fig.
7). The presence of the DOC2b peptide and its known
binding partner Munc13-1 verified the reliability of the
mass spectrometry analysis; DOC2b was not detected in
GFP-expressing co-IPs, and Munc13-1 was selective for
DOC2b-GFP IP (Supplementary Table 3). Among the pro-
teins with at least three unique peptides that showed
selective binding with DOC2b-GFP, nine proteins were
identified based on their potential involvement in actin
cytoskeleton remodeling (Supplementary Table 3). Among
these nine proteins, the scaffolding proteins ezrin, radi-
xin, and moesin (collectively referred to as ERM proteins)
were chosen for further analysis based on their previously
reported affiliation with insulin granule mobilization to
the PM of b-cells (41). The glucose-enhanced interaction
between DOC2b-GFPWT and the ERM proteins was veri-
fied by co-IP, with maximum DOC2b-ERM association
detectable within 2 min after glucose stimulation (Supp-
lementary Fig. 8).

In MIN6 b-cells, ERM proteins are activated via threo-
nine phosphorylation at the C-terminal actin-binding
domain in a glucose- and calcium-dependent manner (41).
A marked increase in co-IP of phosphorylated ERM
(p-ERM) (>1.5-fold over basal level) with rDOC2b-GFPWT

in glucose-stimulated or pV-treated nondiabetic human
islets suggested probable functional interaction between
them (Fig. 8Ai). Notably, nondiabetic human islets exposed
to stimulatory glucose showed a similar increase in pTyr-

rDOC2bWT (Fig. 8Aii), as did clonal b-cells. A robust
increase in p-ERM–associated rDOC2b-GFPWT after pV
treatment in MIN6 b-cells suggests that the interaction
depends on tyrosine phosphorylation (Fig. 8B). Increased
p-ERM protein coprecipitated with rDOC2b-GFPWT; and
this association increased >1.5-fold following 2 min of glu-
cose stimulation of b-cells (Fig. 8C). Attenuated glucose-
stimulated p-ERM binding to rDOC2b-GFPY301F in the
MIN6 b-cells (Fig. 8C) supports the concept of rapid tyro-
sine phosphorylation of DOC2b at Y301 to coordinate its
association with p-ERM.

YES kinase depletion resulted in reduced levels of
p-/activated ERM proteins in glucose-stimulated MIN6
b-cells, relative to the radixin (Supplementary Fig. 9A and
B), the most abundant ERM protein in b-cell lines (41).
Enrichment with rDOC2b-GFPWT or rDOC2b-GFPY301E,
but not rDOC2b-GFPY301F, significantly increased gluco-
se-induced p-ERM levels, compared with the GFP control
(Fig. 8D). Radixin knockdown (>40%) significantly atten-
uated DOC2b-mediated boosting of GSIS, indicating its func-
tional requirement in this process (Supplementary Fig. 9C
and D). These data supported the concept of linkages
between glucose-stimulated YES kinase and DOC2b-mediated
ERM protein function in the enhancement of insulin secre-
tion in b-cells.

DISCUSSION

In this study, we uncovered a previously unknown signal-
ing mechanism linking glucose-stimulated YES kinase to
DOC2b-mediated ERM protein function in the enhance-
ment of insulin secretion in pancreatic b-cells. We report
for the first time that glucose stimulation of b-cells aug-
ments phosphorylation of DOC2b at Y301, an event that
is dependent on the SFK family member YES kinase. Addi-
tionally, our study identified an interaction between DOC2b
and the ERM scaffolding proteins, which is enhanced by glu-
cose or pV and requires DOC2b Y301 phosphorylation.
Moreover, our study also revealed a stimulatory effect of
DOC2b enrichment on activation of ERM proteins and
involvement of radixin, the ERM protein member in
DOC2b-mediated GSIS boosting. Together, these observa-
tions are consistent with a new model in which stimulatory
glucose triggers YES activation and targets DOC2b for phos-
phorylation at Y301, which facilitates DOC2b association
and augmentation of p-ERM proteins and subsequent insu-
lin release. With the ERM proteins already implicated in
b-cell ISG PM localization and DOC2b known to enhance
both phases of GSIS, this mechanism reveals a coupling of
these processes, revealing new early upstream signaling
events initiated by glucose.

IP and IB analysis. Bar graph quantification of three independent experiments shown at right. D, left: Representative images of MIN6
b-cells transfected with GFP or rDOC2b-GFPWT or rDOC2b-GFPY301F or rDOC2b-GFPY301E for 48 h and treated with 20 mmol/L glucose
for 30 min followed by IB analysis. Bar graph quantification of the IBs from three independent experiments shown at right. Anti-tubulin
antibody was used as a loading control. Data are shown as mean ± SEM. *P < 0.05; **P < 0.002; ***P < 0.0002.
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Our MD simulation showed that the flexible linker
between DOC2b’s C2A and C2B domains makes them
highly mobile during dynamics. Comparing the modeled
structures for rat and human DOC2b (as generated in
MD simulation) with the recently available predicted
structures from the “AlphaFold Protein Structure Data-
base,” we found that at least one of these clusters resem-
bled the a-fold structures (Supplementary Fig. 10). Based
on these, we deem the DOC2B structures to be highly
dynamic and the a-fold structures capture one out of
multiple possible orientations adopted by these proteins
under physiological conditions.

DOC2B harbors multiple potential phosphorylation
sites along its sequence. Earlier studies have demon-
strated phosphorylation of Y301 and Y305 in Jurkat cells
(42), Y309 in untreated human immortalized myeloge-
nous leukemia cells (43), S411 in untreated human breast
cancer tissues (44), S34 in the insulin-stimulated 3T3L-1
adipocytes (45), and Y301 in insulin-stimulated skeletal
muscle cells (25). This is the first study to demonstrate
phosphorylation of DOC2b and its functional significance
in pancreatic b-cells. Given that glucose-stimulated tyro-
sine phosphorylation of DOC2b in b-cells occurs early, sim-
ilar to that of Cdc42 (�2 min after glucose stimulation)
(46) but precedes the activation of PAK1 and Munc18c
(maximal within 5 min of glucose stimulation) (16,46), we
propose that glucose-induced DOC2b phosphorylation is
one of the early events of GSIS. A lesser amount of phos-
phorylation of DOC2b-GFP in unstimulated cells was also
observed, a phenomenon that needs further investigation
to understand its functional significance.

Activation of YES by stimulatory glucose is a very early
signaling event; it is maximal within 1 min of stimulation
and is essential for GSIS in the b-cell (29). Until now, the
only known target for YES in b-cells was Cdc42, as part
of a Cdc42–Caveolin-1–PAK1 signaling pathway in sec-
ond-phase GSIS (29). The current study identified YES in
another early step, the glucose-stimulated tyrosine phos-
phorylation of DOC2b. Given the significant loss of
DOC2b’s boosting effect by Y301F mutation on both the
first and second phases of GSIS in human islets and the tar-
geting of Y301 by YES kinase, our study extends the under-
standing of YES kinase to action in biphasic GSIS in the
b-cell.

Having identified YES as the proximal kinase of DOC2b
in the b-cell, the next question is whether DOC2b is a
direct substrate of SFK. Based on the literature, the kinetic
function of SFKs is dependent on its C-terminal SH2
domain (47). Interestingly, although our co-IP analysis con-
firmed the binding association of DOC2b with YES kinase
proteins in a stimulus-dependent manner in the b-cell, the
bioinformatics study showed the absence of any SH2 bind-
ing domain (pYEEI) (47) in DOC2b. This suggests that the
association of DOC2b and YES may be indirect, bridged by
another factor. This is in line with the bioinformatics analy-
sis (NetworKIN) for identification of a potential kinase for

human DOC2b (Y301), which predicted an indirect interac-
tion of human DOC2b Y301 with YES kinase (SFKs). Rho
family GTPases such as Cdc42 and Rac1 (46,48) may be
important for this interaction because of their involvement
in glucose-induced F-actin remodeling. However, as Cdc42 is
activated at approximately the same time as DOC2b (46), it
is a more likely candidate than Rac1, which is activated
15–20 min after glucose stimulation (46,48). Supporting
Cdc42 and C2 domain proteins interactions, previous studies
have revealed that DOCK-C2 family proteins such as
Dock180/Dock1 and Zizimin proteins are atypical GTP/GDP
exchange factors for the small GTPases Rac and Cdc42 and
are involved in cell migration and phagocytosis in eukaryotes
(49). However, further investigation is required to identify
factors that regulate DOC2b-YES interaction.

How glucose-stimulated and YES-mediated tyrosine phos-
phorylation of DOC2b might boost insulin secretion in the
b-cell is an intriguing question. We previously showed that
DOC2b interacts with the cytoskeletal motor protein KLC1
in skeletal muscle cells following insulin-stimulated tyrosine
phosphorylation of DOC2b to enhance GLUT4 translocation
(25). Our biochemical study revealed pTyr-DOC2b facilitates
increased ISG abundance at the PM of the b-cell following
glucose stimulation. In support of this result, our mass spec-
trometry data revealed the ERM family scaffolding proteins
(41) as binding partners of DOC2b; co-IP analysis confirmed
a glucose-stimulated increase in the DOC2bWT-ERM/p-ERM
association. Glucose- and calcium-dependent activation of
the ERM proteins induces their translocation to the PM for
insulin granule trafficking and docking at the cell membrane
via interaction with F-actin and PIP2 (41,50). Therefore,
these data support a new model in which YES-mediated
tyrosine phosphorylation of DOC2b regulates GSIS via inter-
action with ERM proteins. Enhancement of ERM activation
by pTyr-DOC2b and requirement of ERM member radixin
in DOC2b-mediated GSIS boosting in b-cells support this
model. Future work is required to identify the precise
mechanisms linking YES-regulated DOC2b activation
and DOC2b-ERM mediation of GSIS.
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