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ABSTRACT: The pancreatic islet beta cell plays an essential
role in maintaining the normal blood glucose level by releasing
insulin. Loss of functional beta cell mass leads to diabetes—a
disease affecting ~9% of the population worldwide. There has
been great interest and intense effort in developing imaging
probes for monitoring islet beta cells, and glucagon-like peptide-
1 receptor (GLP-1R) has emerged as a valuable biomarker for
targeting beta cells. However, efforts thus far in GLP-1R - | o zn2
mediated beta cell labeling and imaging has largely, if not & =
exclusively, focused on developing imaging probes for "“
monitoring beta cell mass, and few studies have investigated N :
imaging beta cell function (insulin release) through GLP-1R.

We now report the design and synthesis of a bioconjugate,

ZIMIR-Ex4(9—39), that consists of a fluorescent Zn*" sensor

and a truncated exendin 4 peptide for imaging insulin/Zn?* release in islet beta cells. In vitro, the conjugate bound to Zn** with
high affinity and displayed a robust fluorescence enhancement upon Zn*" chelation. When added to beta cells at submicromolar
concentration, ZIMIR-Ex4(9—39) rapidly labeled cell surface in minutes to report the dynamics of insulin/Zn*" release with high
spatiotemporal resolution. Future explorations of this approach may lead to probes for tracking beta cell function using different
imaging modalities.

P ancreatic islet beta cells play an essential role in regulating Combined with different imaging modalities including
glucose homeostasis by releasing insulin. Impairment of PET,*~'>!#162L22 GPECT,***** MRI," and intravital fluo-
beta cell function causes abnormal insulin secretion that rescent pancreatic laparoscopy,'® these Ex4-conjugated labels
eventually leads to diabetes—a global health problem affecting have been utilized to analyze islet beta cells under different
more than 380 million people worldwide. To better understand settings including live animals, isolated pancreas or islets, and
the cause and the progression of beta cell injury over the course implanted insulinoma cells.

of diabetes development, there have been significant efforts in To date, however, efforts in this area have been largely
developing imaging probes to follow the mass or the function centered around developing Ex4 conjugates for imaging beta
of islet beta cells in vivo." Glucagon-like peptide-1 receptor cell mass, and there have been few attempts employing GLP-1R
(GLP-1R) has emerged as a valuable biomarker for beta cell as a biomarker to design imaging assays for analyzing beta cell
imaging in recent years. In the pancreas, GLP-1R is abundantly function such as insulin secretion. Exploiting the fact that
expressed in islet beta cells.”* Its native ligand, glucagon-like insulin granules contain a high level of Zn>*, and that Zn*" is
peptide 1 (GLP-1), binds to GLP-1R with nanomolar affinity. co-released with insulin during secretion, we recently developed
However, since GLP-1 peptide is rapidly degraded by a fluorescent zinc indicator for monitoring induced exocytotic
dipeptidyl peptidase in the plasma, it has a very short half-life release (ZIMIR).>> ZIMIR is an amphipathic molecule
(~1.5 min) in vivo.* Consequently, peptidase resistant GLP-1 containing a pair of lipophilic dodecyl chains (Figure 1A).
analogues have been explored for targeting and imaging of islet When added to cells, it rapidly adheres to the plasma
beta cells. Exendin-4 (Ex4) is a 39-amino-acid peptide isolated membrane through hydrophobic interaction with membrane
from the lizard Gila monster that binds to GLP-1R with similar lipids, and reports local Zn*" elevation near the cell surface.”®
affinity as GLP-1.° Because Ex4 is much more resistant to Hence, by using Zn*" efflux as a surrogate marker, we are able
peptidase hydrolysis, there has been great interest in developing to follow the dynamics of insulin secretion with high spatial and
imaging probes based on Ex4 for monitoring islet beta cells. A temporal resolution in fully intact live cells by digital
variety of labels including U1y 67 9mT 8 68, 89 64cy 10712

1251,13 18F,14_16 superparamagnetic iron oxide nanoparticles,17 Received: May 1, 2015

and fluorescent dyes'>'®*™>° have been conjugated with Ex4. Published: June 29, 2015
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Figure 1. (A) Structure of ZIMIR and its mode of action in membrane labeling and in reporting local Zn®* changes near the outer leaflet of the
plasma membrane. Zn>* binding turns on the fluorescence (indicated by the green color) of ZIMIR. (B) ZIMIR-Ex4(9—39) is a peptide conjugate of
a hydrophilic Zn** sensor that labels cell membrane through binding to the GLP-1 receptor on the beta cell surface.

fluorescence microscopy, providing a sensitive and convenient
approach to facilitate studying mechanisms regulating stimulus-
secretion coupling.”®™>” Zn*" is also known as an obligatory
cofactor for forming the dense-core granule in islet beta cells,®
and zinc transporter 8 (ZnT8, encoded by SLC30A8 gene) is
responsible for Zn®>" uptake into insulin granules. Notably,
recent genome-wide association studies have uncovered that
single-nucleotide polymorphisms (SNPs) in SLC30A8 gene are
associated with altered risk of type 2 diabetes,”® " raising the
interesting mechanistic questions of how such SNPs affect Zn*"
homeostasis, and how the perturbation on Zn** regulation plays
a role in human health or diseases.>* Once released from islet
beta cells, Zn>* can act locally within the islet as an autocrine
and/or a paracrine signal.*® In addition, Zn*" secreted in
concert with insulin may exert biological effects on distal tissues
or organs through circulation, for example, to suppress hepatic
insulin clearance by inhibiting clathrin-dependent insulin
endocytosis in the liver.>* Hence, investigating dynamic Zn*
fluctuation and understanding the regulation of Zn** homeo-
stasis in live cells represent a significant biomedical challenge
with profound implications for human health, and developing
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new sensing technologies and probes to image Zn>" activity will
provide crucial new tools to aid such endeavors.

While cell labeling and imaging with ZIMIR is convenient,
rapid, and noninvasive, it nevertheless lacks cell targeting
specificity and delivers Zn** probe to membranes of exposed
cells nonselectively. Another strategy is to express an
exogeneous protein in cells of interest to enable cell-specific
labeling,>> yet the approach requires the expression of a
transgene and hence is applicable primarily to model organisms
in which genetic manipulations are feasible. Further, genetic
engineering of such model systems can be costly and time-
consuming. As a part of our research program to develop new
imaging probes for studying stimulus-secretion coupling and
Zn** signaling in pancreatic beta cells, we explored the
possibility of targeting endogenous, native cell surface receptors
as an alternative strategy for delivering Zn>" probes to cells of
interest. In this report, we presented our work developing a
bioconjugate containing a fluorescent Zn** sensor and a
truncated Ex4 peptide, Ex4(9—39), for imaging Zn>*/insulin
release at the beta cell surface through binding to the GLP-1
receptor (Figure 1B).
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Figure 2. (A) Two-site binding model of GLP-1R with its ligands. The full length Ex4 interacts with both sites to bind to the receptor and to induce
receptor activation (left). Ex4(9—39) occupies only the ligand binding domain but not the receptor activation domain. Drawing based on ref 36.
Peptide sequences are shown as the standard one letter codes of amino acids. (B) Synthesis of SRB-Ex4-Cys(40) and SRB-Ex4(9—39)-Cys(40).

To select a GLP-1R ligand for conjugating with the
fluorescent Zn** probe, we considered Ex4 and its N-terminal
truncated derivative, Ex4(9—39). Previous studies on the
structure and activity relationship of the interaction between
GLP-1R and its ligands have established a two-site binding
model (Figure 2A).°**” In this model, the N-terminus of Ex4
interacts with the extracellular surface of the GLP-1R core-
domain. This interaction is important for the receptor
activation but only makes a minor contribution to the overall
binding to the GLP-1R.3**%3 The C-terminal helical region of
Ex4, on the other hand, interacts with the N-terminal domain
of GLP-1R, and this interaction is a major determinant for the
high affinity binding between the receptor and its ligands
including Ex4 and GLP-1. Hence, a truncated Ex4 analogue,
Ex4(9—-39), binds to GLP-1R with low nanomolar affinity
without inducing receptor activation and hence functions as an
antagonist of GLP-1R.
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Activating cell surface receptors with their native ligands or
agonists normally induces receptor internalization through the
process of receptor mediated endocytosis. In contrast, when the
truncated ligand Ex4(9—39) was added to cells, GLP-1R was
reported to remain on the cell surface after binding to Ex4(9—
39).% Since we aimed to target Zn>* probes to beta cell surface
for imaging insulin/Zn*" release, we reasoned that Ex4(9—39)
would be a more appropriate ligand than the full-length Ex4 for
the purpose of labeling the cell plasma membrane with the Zn>*
sensor. To confirm that Ex4(9—39) conjugated fluorophores
resist internalization upon binding to GLP-1R, we labeled full-
length Ex4 or truncated Ex4(9—39) with sulforhodamine B
maleimide by introducing a cysteine residue at their C-termini
(Figure 2B). Previous studies have suggested that the C-
terminus of the full-length Ex4 can be extended with additional

amino acids without compromising its binding affinity to GLP-
R S1L14-16,18
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Figure 3. Dye conjugates of Ex4(9—39)-Cys(40), but not of Ex4-Cys(40), accumulated at the cell surface after binding to GLP-1R. (A,B) NIH-3T3
or MING cells were incubated with 100 nM of SRB-Ex4-Cys(40) (A) or SRB-Ex4(9—39)-Cys(40) (B) for 20 min at 37 °C in the secretion assay
buffer, washed three times and imaged. DIC and fluorescence images are shown on the top and at the bottom, respectively. (C,D) FI-Ex4(9—39)
selectively accumulated at the beta cell surface in vivo. FI-Ex4(9—39) (8 nmol/mouse) was injected into anesthetized mice. The mice were sacrificed
10 min (C) or 40 min (D) later, and individual islets (marked by DTZ staining) together with the surrounding exocrine tissue were microdissected

from the pancreas and imaged by confocal microscopy.

The resulting conjugates, SRB-Ex4-Cys(40) and SRB-
Ex4(9—-39)-Cys(40), were tested for their abilities of labeling
the cell plasma membrane in cultured MING6 cells, a beta cell
line that abundantly expresses GLP-IR.*' At 100 nM
concentration, SRB-Ex4-Cys(40) was readily taken up by
MING cells after 20 min of incubation (Figure 3A). In contrast,
little dye uptake was observed in the NIH-3T3 cell, a cell line
that does not express GLP-1R." Like SRB-Ex4-Cys(40), SRB-
Ex4(9—39)-Cys(40) also selectively labeled MIN6 cells at
nanomolar concentration (Figure 3B). However, unlike SRB-
Ex4-Cys(40) which showed a predominantly intracellular
accumulation through GLP-1R internalization, SRB-Ex4(9—
39)-Cys(40) remained on the cell surface with little intra-
cellular uptake. Moreover, we observed no sign of SRB-Ex4(9—
39)-Cys(40) internalization even after prolonged incubation up
to 3 h (Supporting Information (SI) Figure 1), confirming that
the truncated Ex4 peptide would be a suitable ligand for
targeting the zinc sensor to the beta cell surface, at least in vitro.
To investigate whether Ex4(9—39) conjugates could be used to
label the plasma membrane of islet beta cells under the in vivo
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setting, we prepared fluorescein-Ex4(9—39)-Cys(40) (SI Figure
2A,B, hereinafter referred to as FI-Ex4(9—39)). FI-Ex4(9—39)
emits green fluorescence so it spectrally complements dithizone
(DTZ), a metal chelator that has been shown to mark islet beta
cells from its red fluorescence.” Combining F1-Ex4(9—39) with
DTZ hence allowed us to perform two-color imaging to track
the localization of FI-Ex4(9—39) with respect to islet beta cells.
In addition, a competitive binding assay confirmed that
modification of Ex4(9—39) with fluorescein at the C-terminus
did not compromise the high binding affinity of the peptide
conjugate to GLP-1R (SI Figure 2C), further supporting the
feasibility of employing Ex4(9—39) as a targeting moiety to
deliver imaging probes to the beta cell surface. After injecting
Fl-Ex4(9—39) and DTZ into live mice, we dissected individual
islets and their surrounding tissues from the pancreata and
examined them under confocal microscopy. Within 10 min
following the injection, FI-Ex4(9—39) was seen in the islets, the
blood vessels and, to a lesser extent, the nearby exocrine cells
(Figure 3C). By 40 min, however, green fluorescence in the
blood vessels and exocrine cells became essentially undetect-

DOI: 10.1021/acs.bioconjchem.5b00332
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Figure 4. Synthesis and characterization of ZIMIR-Ex4(9—39). (A) Synthesis of ZIMIR-Ex4(9—39). (al) PyBOP, DMF, RT, overnight, 40%; (a2)
TFA, DCM, r.t, 4 h. (b) Ex4(9—39)-Cys(40), S0 mM NaH,PO,, 0.15 M NaCl, pH 6.8, DMF, RT, 1 h; then HSCH,CH,OH, 33%. (B) Absorption
spectrum of ZIMIR-Ex4(9—39) in Hank’s balanced saline (pH 7.5). The spectrum changed little after adding Zn**. (C) Zinc titration of ZIMIR-
Ex4(9—39) as measured from Zn** dependent fluorescence enhancement in Hepes buffer (pH 7.5) containing nitrilotriacetic acid. Zn**
concentrations were 0, 10, 25, 443, 843, 1243, 2043, and 3643 nM from the bottom to the top.

able, likely because of the clearance of the injected label from
the circulation in vivo. In contrast, pancreatic islets displayed
distinct green fluorescence with the surface of the beta cells
clearly marked by Fl-Ex4(9—39) (Figure 3D). The result
confirmed that truncated Ex4(9—39) should serve as a valuable
targeting moiety to deliver fluorescent probes selectively to islet
beta cell surface in vivo.

To conjugate Ex4(9—39) with the Zn>* sensor, we designed
a ZIMIR analogue by replacing the pair of dodecyl chains of
ZIMIR with a single thiol-reactive maleimide group linked to
the 4'-position of the xanthene fluorophore (Compound 2,
Figure 4A). This intermediate was prepared from the precursor
1, synthesized in 10 steps from common starting materials (SI
Figure 3). Reaction of maleimide 2 with Ex4(9—39)-Cys(40)
under a weakly acidic condition provided the desired peptide
conjugate, ZIMIR-Ex4(9—39) (shortened for ZIMIR-Ex4(9—
39)-Cys(40)). ZIMIR-Ex4(9—39) absorbed maximally near
490 nm (Figure 4B). In vitro Zn®" titration of ZIMIR-Ex4(9—
39) showed a [Zn>'] dependent increase in its fluorescence
emission with a submicromolar binding affinity (Figure 4C,
K4(Zn™) =~ 0.9 uM), similar to the binding affinities of other
Zn** chelators containing a mixture of 2-pyridylmethyl and 2-
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pyridylethyl groups.”>* The fluorescence quantum yields of
ZIMIR-Ex4(9—39) were determined to be 21% in the Zn*'-
bound state and 2% in the Zn*'-free state. Overall, the
fluorescence intensity of ZIMIR-Ex4(9—39) enhanced about
10-fold upon Zn** chelation, confirming that conjugation with
Ex4(9—39) peptide did not compromise the Zn®** sensing
ability of the ZIMIR derivative. Moreover, fluorescence of
ZIMIR-Ex4(9—39) only displayed a minor decrease when
changing the pH from 7.2 to 6.4 (SI Figure 4), assuring that a
modest acidification near the physiological range should not
cause an artificial enhancement of ZIMIR-Ex4(9—39) emission.

To apply ZIMIR-Ex4(9—39) to image Zn** secretion in live
cells, we added 0.1 uM of ZIMIR-Ex4(9—39) to MING6 cells.
Cells were washed 5 min later. Fluorescence imaging revealed
green fluorescence along the cell membrane, albeit with low
signal intensity in the basal medium as expected (Figure SA,B).
Subsequent stimulation with high KCl (40 mM) depolarized
the cell membrane and opened voltage operated calcium
channels to allow calcium influx and to activate insulin
secretion. Time lapse fluorescence imaging showed a highly
dynamic Zn**/insulin release events along the cell—cell
contacts among cells in the filed of view (Figure SC,E; and

DOI: 10.1021/acs.bioconjchem.5b00332
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Figure 5. Fluorescence imaging of Zn*/insulin release in MING6 cells with ZIMIR-Ex4(9—39). (A—D) Representative cell images (A, DIC; B—D,
ZIMIR-Ex4(9—39) fluorescence) before (B) and after (C) KCI (40 mM) stimulation. Zn** (>1 uM) was added later (D). (E) Time course of
membrane ZIMIR-Ex4(9—39) signal of three regions of interest (ROI_1, 2, and _3, outlined in C). DPAS (200 uM) was added at the end to

chelate free Zn**.

SI Movie 1). Later, we added Zn>" to the medium to raise
[Zn**] globally in the bulk solution. This raised ZIMIR-Ex4(9—
39) signal in all cells throughout the entire field (Figure SD,E).
Subsequent addition of a fast Zn>* chelator DPAS™ depleted
free Zn*" in the solution and caused ZIMIR-Ex4(9—39) signal
to return to the basal level, confirming that Zn** sensing by
ZIMIR-Ex4(9—39) was fully reversible (Figure SE). The
experiment demonstrated that ZIMIR-Ex4(9—39) not only
maintained a high binding affinity to GLP-IR to allow rapid
labeling of the beta cell membrane, but also was the conjugate
effective in reporting local [Zn?*] fluctuations reliably in a
cellular environment. To further confirm that ZIMIR-Ex4(9—
39) labeled cell surface through GLP-1R, we tested the
conjugate in NIH3T3 cells. Even at 1 yM concentration and
after prolonged incubation (>30 min), we did not observe any
membrane staining of ZIMIR-Ex4(9—39) in NIH3T3 cells
bathed either in the basal medium or in a medium containing
high Zn*" (data not shown). Moreover, in MING cells, addition
of Ex4 peptide to the dye loading solution prevented ZIMIR-
Ex4(9—39) from labeling the cell membrane (SI Figure $),
demonstrating the specific cellular uptake of ZIMIR-Ex4(9—
39) through GLP-1R.

Finally, to further confirm that the cell internalization of the
full-length Ex4 is a general phenomenon that occurs regardless
of the cargo to which it is conjugated, we prepared ZIMIR-Ex4
following the same procedure as making ZIMIR-Ex4(9—39) (SI
Figure 6A). In the cuvette, ZIMIR-Ex4 behaved similarly to
ZIMIR-Ex4(9—39) and displayed [Zn®']-dependent fluores-
cence enhancement (SI Figure 6B). Its fluorescence intensity
increased 18-fold upon Zn** chelation. However, when ZIMIR-
Ex4 was added to cells, it was quickly internalized into cells as
revealed by fluorescence imaging, and the probe barely showed
any response when Zn>* (uM) was added to the extracellular
medium (SI Figure 7), which was in striking contrast to the
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large response reported by ZIMIR-Ex4(9—39) (Figure SD,E).
Combining our previous observation on the rapid cellular
uptake of SRB-Ex4 (Figure 3A) with reports from others,*’ we
concluded that GLP-1R mediated internalization of Ex4-dye
conjugates appeared to be a general and facile process
regardless which fluorophores were used.

In summary, exploiting GLP-1R as a beta cell specific
biomarker, we have developed a peptide conjugate of a
fluorescent zinc sensor for the functional imaging of islet beta
cells. Previous works in this area have been focused on using
the full-length Ex4 as the targeting moiety, with the goal of
generating probes for imaging beta cell mass. In contrast, our
work reported here illustrated the feasibility of targeting GLP-
IR to perform functional imaging (insulin secretion) of islet
beta cells. We speculate that the strategy presented in this work
of using truncated exendin 4 peptide to restrict the labeling of
beta cells to the plasma membrane may be of general utility for
designing additional probes for monitoring other biochemical
events that occur locally at the cell surface. Besides fluorescence
microscopy, other whole body imaging modalities such as
magnetic resonance imaging (MRI) have been explored for
tracking pancreatic beta cell function such as Zn** secretion in
live animals.***> How to integrate those magnetic sensors with
the cell surface targeting strategy presented here raises
interesting possibilities and challenges for the future engineer-
ing of imaging probes for the functional analysis of islet beta
cells in vivo.
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