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Abstract 
 
 Multivalent ligands serve as a 
promising diabetes treatment option for 
delivery of therapeutic agents directly to 
pancreatic β-cells for restoration of function.  
Linking multiple ligands for different 
receptors promotes binding to cells that 
express the receptor combination 
complimentary to the ligands, thus achieving 
specificity for the target cell.  Three 
receptors that are specific for pancreatic β-
cells are glucagon-like peptide-1 (GLP-1), 
cholecystokinin (CCK), and α2-adrenergic 
receptors.  For this study, a dimeric ligand 
composed of GLP-1 and CCK6 and a 
trimeric ligand composed of GLP-1, CCK6, 
and yohimbine (Yhm), an α2-AR 
antagonist, were designed and evaluated for 
their ability to effect insulin secretion.  It 
was found that the GLP-1/CCK6 dimer 
potentiates GSIS at lower concentrations but 
its maximal response is lower than that of 
the combination of monomers.  Overall, 
these effects of the dimeric ligand compared 
to its constituent monomers were not large 
indicating that it would not provide high 
specificity and affinity for pancreatic β-
cells.  The GLP-1/CCK6/Yhm trimer 
significantly increased insulin secretion at 
concentrations >1 nM while the monomers 
had a negligible effect until >50 nM.  The 
trimer also exhibited a 2-site activity curve 
with EC50 values of 6.24 nM (0.1 nM to 25 
nM) and 83 nM (10nM to 250 nM).  These 
results indicate the trimeric ligand is a 
favorable candidate for an effective β-cell 
targeting agent. 
 
Introduction 
  
 Diabetes mellitus is a metabolic 
disorder characterized by hyperglycemia 
that is caused by impaired insulin secretion, 
insulin action, or a combination of both [1].  

Impaired insulin secretion is often the result 
of dysfunction of pancreatic β-cells, the 
cells responsible for synthesis and secretion 
of insulin in response to high blood glucose 
levels.  Patients that suffer from chronic 
hyperglycemia (diabetes) also suffer from 
life threatening side effects including 
ketoacidosis, retinopathy, nephropathy, and 
cardiovascular disease [1].  The standard 
approach for maintaining blood glucose 
within acceptable range is the injection of 
insulin, although precise glycemic control is 
difficult with this approach.  Restoring 
pancreatic β-cell function is a favorable 
therapeutic strategy for maintaining glucose 
homeostasis and consequently reducing or 
reversing these conditions.  However, there 
is currently no effective way of delivering 
these therapeutic agents directly to the β-
cells in vivo while leaving other cells 
unaffected.  Therefore, an effective method 
for targeting and delivering therapeutics to 
the pancreatic β-cells would provide a 
significant advantage in treatment of 
diabetes.   
 Previous work done in our lab 
suggests that multivalent ligands offer a 
unique approach to effectively target 
pancreatic β-cells with high specificity and 
affinity.  A multivalent ligand consists of 
multiple binding domains tethered together 
by linkers that allows for simultaneous 
binding of the ligand components to their 
conjugate receptors.  When multiple ligands 
are linked together, it is possible to achieve 
specificity because the complexed ligand 
will only bind to cells with complementary 
receptors.  Our studies suggest that a 
multivalent ligand will be able to bind to the 
target cell with an affinity in the nanomolar 
to picomolar range while affinity for other 
cells will be in the micromolar range. In 
previous studies it has been shown that 
linking multiple ligands achieve greater 
specificity and binding affinity towards the 
target cell [2-3].  For example, Hart et al. 



demonstrated that linking glucagon-like 
peptide 1 (GLP-1) to glibenclamide 
achieved a 3 fold higher affinity for the 
target cell as compared to the individual 
monomeric ligands.  These studies show that 
multivalent ligands are capable of acting as 
delivery systems for therapeutic agents to 
reach the target cells while leaving other 
cells unaffected.    
 In the work presented in this thesis, 
three pancreatic β-cell receptors were 
chosen for ligand design: glucagon-like 
peptide-1 (GLP-1), cholecystokinin (CCK6) 
and yohimbine (Yhm).  GLP-1 is known as 
an incretin hormone primarily responsible 
for stimulating insulin secretion in response 
to elevated blood glucose levels as well as 
modulating other metabolic effects including 
acting as a satiety signal [4].  
Cholecystokinin is a gut hormone 
synthesized and secreted by duodenal I-cells 
that acts on the pancreas to modulate 
glucose homeostasis [5].  Yohimbine is an 
antagonist that blocks the action of 
epinephrine on α2 adrenergic receptors 
located on the pancreatic β-cell [6].     
 In this study, we develop and 
analyzed the binding capabilities of two 
multivalent ligands: a dimeric ligand 
composed of glucagon-like peptide-1 (GLP-
1) linked to cholecystokinin (CCK6) and a 
trimeric ligand composed of GLP-1, CCK6, 
and Yhm.  All three receptors are highly 
expressed on pancreatic β-cells, making 
them ideal targets for multivalent ligand use 
[7-9]. To test these two ligands, assays to 
evaluate their effects on insulin secretion 
were performed.  All three receptors lead to 
greater insulin secretion through different 
pathways, making insulin secretion an 
effective method for testing binding activity.  
Cholecystokinin activates insulin secretion 
through Ca2+ influx and subsequent vesicle 
fusion and release of insulin. On the other 
hand, GLP-1 and yohimbine potentiate 
insulin secretion by binding to their G-

coupled protein receptors (GPCR) to elevate 
cAMP production followed by greater 
vesicle recruitment to the cellular membrane 
[4].     
 
Methods 
 
INS 832/3 Cultures.  Cells were cultured in 
T-75 flasks in RPMI- R1383 provided by 
Sigma-Aldrich containing 24.0 mM 
NaHCO3, 5.5 mM glucose, 1 mM 
C3H3NaO3, 10.0 mM HEPES, and 51 uM β-
mercaptoethanol.  pH was adjusted to 7.4 
followed by filtration through a sterilized 
0.22 um filter and completed with 10% FBS 
and 1% Pen/Strep when needed for cell 
culture.  RPMI was replaced every 2 days.  
Cells were cultured at 37°C and 5% CO2.  
Cells were allowed to reach ≈90% 
confluence before they are passaged using 
trypsin to either split into a new T-75 flask 
or plate into 24 well plates for 
experimentation. 
 
Media and Solutions.  Before performing 
assays, cells are incubated in a standard 
solution of Hank’s Balanced Salt Solutions 
(HBSS) containing 5.0 mM KCl, 0.3 mM 
KH2PO4, 138.0 mM NaCl, 0.2 mM 
NaHCO3, 0.3 mM Na2HPO4, 20.0 mM 
HEPES, 1.3 mM CaCl2�2H2O, and 0.4 
mM�H2O.  pH was adjusted to 7.4 using 1N 
NaOH followed by filtration through a 
sterilized 0.22 um filter. Non-stimulatory 
(1mM) as well as stimulatory (15 mM) 
glucose solutions for experimentation were 
created by diluting a 1M glucose stock 
solution into HBSS to obtain the desired 
concentrations. 
 
Insulin Assays. INS 832/3 cells were first 
seeded at a density of 600,000 cells per well 
in a 24 well plate and allowed to proliferate 
for a period of 72 hours.  Prior to the 
experiment, RPMI was removed and 
replaced with 1 mL/well of HBSS 



containing 1 mM glucose (non-stimulatory 
glucose).  Cells were then incubated for 40 
minutes at 37°C and 5% CO2.  After 
incubation, 1.250 mL of media was removed 
from each well and 250 uL of ligand 
solutions were added to their respective 
wells.  Ligand solutions were prepared at 2x 
their desired concentrations and after 
addition to the 24 well plate the 
concentration is diluted to 1x.  Additionally, 
both non-stimulatory glucose (1mM) and 
stimulatory glucose (15mM) were prepared 
at 2x their desired concentration prior to 
experimentation.  The ligand solutions in 
wells are incubated for 80 minutes at 37°C 
and 5% CO2.  After the 80 minute 
incubation time, 300 uL of media is 
removed and placed in an eppendorf tube on 
ice to prevent denaturation of sample.  
Samples were then centrifuged at 1000 RPM 
for 10 minutes at 4°C.  200 uL of 
supernatant is then removed and placed into 
a new 1.5 mL eppendorf tube.  Samples 
were stored at -80°C until a Rate High 
Range Insulin ELISA is performed. 
 
Rat High Range Insulin ELISA.  A Rat High 
Range Insulin ELISA (Catalog Number: 80-
INSRTH-E10) was used to quantify insulin 
secretion during the assay incubation period.  
The procedures provided by ALPCO were 
followed with the exception of a few details.  
20 uL of sample were added to each well 
instead of the recommended 5 uL for greater 
accuracy.  If samples were high out of range, 
the sample was diluted to 1/5 the 
concentration in HBSS without glucose. 
 
Results     
 
 To evaluate ligand-binding activity, 
insulin secretion above basal conditions was 
measured.  Under non-stimulatory 
conditions (1mM glucose), CCK6 by itself 
activates insulin secretion through synthesis 

of IP3 followed by Ca2+ influx into the β-
cells [10-11].   
 In the absence of stimulation (1mM 
glucose), both the combination of 
monomeric GLP-1 and CCK6 and GLP-
1/CCK6 dimer had minimal effects on 
insulin secretion at concentrations less than 
100 nM.  The GLP-1/CCK6 dimer showed 
slightly higher sensitivity at concentrations 
of 0.1 nM and 1 nM (Figure 1).  At the 100 
nM, both GLP-1/CCK6 and the combined 
monomers induced a similar increase in 
insulin secretion of up to 2 fold (figure 1).  
At 100 nM, the combined monomers elicited 
a doubling in insulin secretion and the 
dimeric ligand was slightly less than that.   
 In the presence of stimulatory 
conditions (15mM glucose), the monomeric 
GLP-1 + CCK6 did not have a significant 
effect on insulin secretion until a 
concentration of 50 nM where insulin 
secretion more than doubled (figure 2).  On 
the other hand, the GLP-1/CCK6 dimer 
significantly potentiated insulin secretion at 
10 nM and above where insulin secretion 
increased 2 fold.  At 100 nM, the combined 
monomers have greater stimulation of 
insulin secretion than the GLP-1/CCK6 
dimer. 
 At non-stimulatory low glucose 
conditions (1mM), the GLP-1/Yhm/CCK6 
trimer shows a significant effect on insulin 
secretion at concentrations >10nM.  At 10 
nM, insulin secretion is more than doubled 
above basal conditions whereas the GLP-1 + 
Yhm + CCK6 monomers have minimal 
effect on insulin secretion at this 
concentration.  The combined monomers do 
not appear to have a substantial effect until 
50 nM where there is an increase of 400% 
above basal conditions (figure 3).  The 
maximal insulin secretion response is seen at 
100 nM for both GLP-1/Yhm/CCK6 trimer 
and its combined monomers; both exhibit 
roughly the same maximal response. 



 The trimeric ligand was also tested 
under stimulatory glucose (15.5mM) 
conditions to evaluate GLP-1 and Yhm 
binding activity.  Both the GLP-
1/Yhm/CCK6 ligand and its monomers 
show negligible effect on insulin secretion at 
1nM.  Insulin secretion potentiation can be 
seen at 10 nM for the trimeric ligand 
whereas the combined monomers do not 
stimulate insulin secretion until a 
concentration between 10-100nM (figure 5).  
At 100 nM, the trimeric ligand reaches its 
maximal insulin secretion potentiation of 
≈180%, which is slightly higher than the 
combined monomers at this concentration.   
 Ligand binding activity curves were 
generated to assess EC50 values that provide 
further information about binding efficacy. 
The binding assays were performed under 
non-stimulatory (1mM) glucose conditions 
and data were normalized as a percentage 
above basal conditions.  The GLP-
1/Yhm/CCK6 exhibits binding activity over 
two different ranges: a primary response 
near 10 nM with a secondary response 
above 100 nM.  The apparent EC50 values 
were 6.24 nM for concentrations 0.1 nM to 
25 nM and 83 nM for concentrations 10 nM 
to 250 nM (figure 4).  In comparison, the 
combined monomers exhibited an EC50 
value of 55 nM (figure 4).  It was also seen 
that the combination of GLP-1 + Yhm + 
CCK6 monomers elicited a greater average 
maximal response of 618 % compared to 
442% for the GLP-1/Yhm/CCK6 ligand.   
 
Discussion 
 
 The linking of ligands to two 
different cell surface receptors has been 
shown to enhance binding affinity and 
activity relative to a combination of the 
same ligands [2].  For this reason, we 
proposed that dimeric and trimeric ligands 
composed of GLP-1 and CCK6 might elicit 
greater functional activity at lower 

concentrations when compared to the 
monomers due to the multivalency effect.   
 In their monomeric forms, CCK6 has 
a binding affinity of approximately 40 nM 
while GLP-1 has a binding affinity of about 
10 nM [12].  It was expected that since 
GLP-1 has a higher affinity for its target 
receptor, that it would first bind to the cell 
and bring the CCK6 binding domain closer 
to the cell surface, thus potentially 
increasing the likelihood of binding. 
Similarly, the binding of the trimeric peptide 
should be shifted, and potentially to a larger 
degree [13]. In the absence of stimulatory 
glucose, the dimeric ligand initiated 
increases in insulin secretion at 
concentrations of 0.1 nM and 1 nM, 
concentrations at which the combined 
monomers did not have an effect.  The 
combination of monomers was found to 
significantly increase insulin secretion at 10 
nM; this response was not different than that 
observed with the dimer.  Similarly, at 100 
nM there was no difference between the 
combined monomers and dimer even though 
secretion was more than double that 
observed at the lower concentrations.  Since 
GLP-1 by itself does not stimulate insulin 
secretion in the absence of glucose stimulate 
(Ca2+ activated), the stimulatory effect on 
insulin secretion must be associated with 
CCK6 activation (Ca2+ elevation).  The 
observation of activated insulin secretion at 
lower concentrations in the presence of the 
dimer suggests that GLP-1 binding promotes 
CCK6 activation at concentrations where 
monomeric CCK6 is ineffective.   
 In order to assess the effectiveness of 
the GLP-1 component of the dimer, the 
ligand was tested under stimulatory glucose 
conditions (15.5 mM glucose) where Ca2+ 
elevation is not dependent on CCK6 
activity.  An increase in glucose stimulated 
insulin secretion (GSIS) above basal 
conditions is an indication of GLP-1 activity 
via potentiation through cAMP dependent 



mechanisms [4].  CCK6 should not have a 
significant effect since the high levels of 
glucose activate downstream signaling that 
leads to Ca2+ influx.  It was seen that the 
GLP-1/CCK6 dimer was able to greatly 
increase (GSIS) above basal conditions.  For 
the GLP-1/CCK6 dimer, a dramatic increase 
in GSIS was observed at concentrations >10 
nM, whereas the combined monomers did 
not elicit an effect until > 50 nM. Again, 
these observations are consistent with a 
multimeric effect on ligand binding and 
thereby its sensitivity for activation.   
 The trimeric ligand was created 
based on the same dimeric ligand structure 
with a polyethylene glycol linker that 
attached the yohimbine binding domain to 
the GLP-1 binding domain, making GLP-1 
the central component within the trimer.  
Yohimbine has a high binding affinity of 10 
nM, similar to that of GLP-1 [14].  
Moreover, GLP-1 activates cAMP 
production while Yhm does as well via 
blocking of the α2-AR that removes 
inhibition from adenylate cyclase, therefore 
the combination should have a strong 
potentiating effect.  It was hypothesized that 
with two high affinity binding domains, the 
CCK6 binding domain of the trimer also 
may have a greater probability of binding to 
the target cell.  With potentially three 
receptors simultaneously binding to the 
target cell, the ligand can achieve greater 
specificity and affinity for pancreatic β-
cells. 

Under non-stimulatory glucose 
conditions, the trimeric ligand significantly 
increased insulin secretion at a concentration 
at concentrations >10 nM.  This increased 
insulin secretion is likely the result of CCK6 
binding to its target receptor (increasing 
Ca2+) at concentrations lower than its 
monomeric form, as predicted.  Analysis of 
the relation between concentration and 
insulin secretion for the combined 
monomers indicated a single, though broad 

activity curve with an EC50 of 
approximately 55 nM.  Conversely, the 
trimer exhibited at least two unique ranges 
over which insulin secretion was increased.  
At concentrations below 10 nM, a clear 
stimulatory response was observed which 
peak near 10 nM and exhibited an EC50 of 
approximately 6.24 nM.  Subsequently, 
insulin secretion continued to increase to a 
higher level with an EC50 of approximately 
83 nM.  

The trimeric ligand was also tested 
under stimulatory glucose conditions to 
assess GLP-1 and yohimbine activity.  The 
combination of monomers significantly 
potentiated GSIS at 1 nM with the trimer 
exhibiting a potentiating effect at 10 nM 
which was larger than that observed for the 
combination of monomers.  At peak 
response (100 nM) both monomers and the 
trimer potentiated GSIS to a similar extent. 
 In conclusion, the effects of the 
dimeric ligand compared to its constituent 
monomers was not large indicating that it 
likely would not provide high specificity and 
affinity for pancreatic β-cells.  On the other 
hand, the trimeric ligand is a favorable 
candidate for an effective β-cell targeting 
agent.  Data suggests that each component 
of the ligand binds to its designated receptor 
simultaneously to achieve pancreatic β−cell 
specify with high affinity.  However, further 
testing of downstream signaling such as 
cAMP or Ca2+ measurements need to be 
performed to confirm binding of each 
component of the trimeric ligand.  Once 
binding of each ligand component is 
established, potential therapeutic agents can 
be attached to the ligand for delivery to the 
target cells.         
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Figures 
  

 
Figure 1. The effect of GLP-1/CCK6 and the combination of constituent monomers on 
activation of insulin secretion under non-stimulatory (1mM glucose) conditions (n=4).  
Figure shows normalized insulin secretion as a percent change above non-stimulatory 
low glucose (1mM) conditions as a function of ligand concentrations ranging from 0.1 
nM to 100 nM. Asterisks represent significance (P<0.05) for insulin secretion above 
basal glucose conditions and diamonds represent significant differences (P<0.05) 
between dimer and combined monomers.   



 
Figure 2.  The effect of GLP-1/CCK6 and the combination of constituent monomers on 
activation of insulin secretion under stimulatory (15 mM glucose) conditions (n=4). Data 
is normalized as a percent change above 15 mM glucose basal conditions as a function of 
different ligand concentrations.  Asterisks represent significance (P<0.05) for insulin 
secretion above basal glucose conditions and diamonds represent significant differences 
(P<0.05) between dimer and combined monomers.    



 
Figure 3.  The effect of GLP-1/Yhm/CCK6 and the combination of constituent 
monomers on activation of insulin secretion under non-stimulatory (1 mM glucose) 
conditions (n=4). The data was normalized as a percent change above the low glucose 
basal conditions.  Asterisks represent significance (P<0.05) for insulin secretion above 
basal glucose conditions and diamonds represent significant differences (P<0.05) 
between dimer and combined monomers.   



 
Figure 4.  Activity curve for the GLP-1/Yhm/CCK6 trimeric ligand and its combined 
monomers under non-stimulatory (1 mM glucose) conditions (n=4).  Data was 
normalized as a percent over the 1mM basal glucose conditions.  EC50 values were 
calculated using this data.   
 
 
 
 



 
Figure 5.  The effect of GLP-1/Yhm/CCK6 and the combination of constituent 
monomers on activation of insulin secretion under stimulatory (15 mM glucose) 
conditions (n=4).  Data was normalized as a percent change above the high glucose 
(15mM) control.  Asterisks represent significance (P<0.05) for insulin secretion above 
basal glucose conditions and diamonds represent significant differences (P<0.05) 
between dimer and combined monomers.   
 


