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ABSTRACT: Corrination is the conjugation of a corrin ring containing molecule, such as
vitamin B12 (B12) or B12 biosynthetic precursor dicyanocobinamide (Cbi), to small
molecules, peptides, or proteins with the goal of modifying pharmacology. Recently, a
corrinated GLP-1R agonist (GLP-1RA) exendin-4 (Ex4) has been shown in vivo to have
reduced penetration into the central nervous system relative to Ex4 alone, producing a
glucoregulatory GLP-1RA devoid of anorexia and emesis. The study herein was designed
to optimize the lead conjugate for GLP-1R agonism and binding. Two specific conjugation
sites were introduced in Ex4, while also utilizing various linkers, so that it was possible to
identify Cbi conjugates of Ex4 that exhibit improved binding and agonist activity at the
GLP-1R. An optimized conjugate (22), comparable with Ex4, was successfully screened
and subsequently assayed for insulin secretion in rat islets and in vivo in shrews for
glucoregulatory and emetic behavior, relative to Ex4.

■ INTRODUCTION

The dramatic rise of type 2 diabetes (T2D) and obesity as
comorbidities has driven a concomitant rise in new
pharmaceutical interventions to treat such disorders, either
together or individually.1−7 One extremely successful family of
pharmaceuticals in this field has been that of glucagon-like
peptide-1 receptor agonists (GLP-1RAs),8−13 such as
exenatide (i.e., Exendin-4; Ex4), liraglutide,14−17 and semaglu-
tide.16−18 Exenatide and liraglutide confer glucoregulation in
tandem with a body weight reduction of 5−6% over ∼1
year,16,17 while semaglutide can produce a weight loss of 10−
12% over the same time period.16,17 The hypophagic effects of
all GLP-1RAs are however accompanied by nausea and
vomiting (emesis) in upward of 25% of patients,19−25 the
result of penetrance and direct action of the GLP-1RA in the
central nervous system (CNS), particularly in the nucleus
tractus solitarius and area postrema of the hind-brain.26−29

Thus, the development of a GLP-1RA that does not access the
CNS would be expected then to mitigate the side effects of
nausea and emesis and reduce the hypophagic effects. The
reasons for removing the side effects are obvious, but less clear
is the fact that there is a current unmet clinical need to
broaden pharmacopoeia for certain subpopulations of T2D
patients, including lean individuals, those in a state of cachexia
(wasting of body tissues/chronic weight loss), or those who
must avoid weight loss from other life-threatening diseases
such as chronic obstructive pulmonary disease, cystic fibrosis,
cancer, and HIV, among others.30−34 Thus, we set out to
create GLP-1RAs with reduced brain penetrance but with

retained, comparable pharmacodynamic profiles on pancreatic

GLP-1R populations (Figure 1).35−39 Recently, we have taken

the approach of utilizing components of the vitamin B12 (B12)
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Figure 1. Corrination of Ex4 (Cbi-Ex4) does not prevent GLP-1R
agonism in the pancreas but does mitigate agonism in the CNS as
tracked by emesis and anorexia.18 Ex4 alone agonizes GLP-1R
populations in both the pancreas and CNS.
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dietary uptake pathway including that of the corrin ring
containing B1235−38,40 itself as well as B12 precursors such as
dicyanocobinamide (Cbi)39 in a process we have coined
“corrination”. The benefits of corrination over other
conjugation modes lie in the ability to specifically target
select corrin binding proteins such as intrinsic factor,
transcobalamin, or haptocorrin for use in targeting or to
affect pharmacokinetics, modify solubility, and alter drug
localization, all without having to reverse the process to allow
for maintained drug function (pending suitable design). Our
recent report explored the conjugation of Cbi with Ex4, to
produce Cbi-Ex4 (1),39 and its effects were tested in vivo in
the musk shrew (Suncus murinus), a mammal capable of

emesis41,42 and responsive to GLP-1R targeting therapeu-
tics.39,43,44 Our data showed that Cbi-Ex4 enhanced the
glucoregulatory response following an intraperitoneal glucose
tolerance test (IPGTT), without producing hypophagia,
anorexia, body weight loss, and, more importantly, without
emesis, all characteristics of classical Ex4-based therapies.39

We hypothesized that these results are due to reduced drug
penetrance into the CNS (see Figure 1).35−39 This proof-of-
concept corrinated Ex4 (1) was, however, notably less potent
an agonist for the GLP-1R than Ex4 alone (200 vs 30 pM,
respectively, in the same GLP-1R FRET assay).39 With that in
mind, we set out to optimize 1 in terms of receptor binding
and agonism for the purposes of future translation. As such,

Scheme 1. Synthesis of Cbi Linkers (4−11) and Cbi-Peptide Conjugates (12−27). Linkers 3A−3H are shown in Figure 2

Figure 2. (Left) Structure of the dicyanocobinamide (CN2Cbi) starting material, a purple solid prepared via microwave chemistry from B12, with
the hydroxyl group boxed used as a site of conjugation to linker series. (Right) Library of linkers used in the conjugation of Cbi to Ex4 peptides.
The library of linkers chosen in this study included short hydrophobic alkane chains, amphiphilic PEG, and rigid substituted ethynyl phenyl
methanamines, which were coupled to the Cbi hydroxyl group via CDT-mediated amide formation, resulting in Cbi compounds (4−11) with an
available alkyne group for subsequent reaction with azido-modified Ex4 peptides via copper-mediated alkyne-azide click chemistry (Scheme 1).
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we needed to synthesize and characterize a new library of Cbi-
Ex4 conjugates. Of note here is that there is a dearth of
synthetic cobinamide chemistry in the literature, mostly
focusing on the novel cobinamides to treat hydrogen
sulfide45,46 or cyanide poisoning,47−54 and even less so in
terms of conjugation chemistry (an excellent exception being
that from the Gryko group using Cbi-PNA);55 hence, we
wanted to produce Cbi-linkers that would be readily amenable
to conjugation to Ex4 but indeed any targeted peptide moving
forward. Here, we report a set of 16 new constructs (12−27)
conjugated between Cbi and Ex4 at two positions (K12 and
K40) by various linkers with a set of diverse chemical
properties including hydrophobicity, amphiphilicity, and
rigidity. The successful design and synthesis lead to the
production of a new series of corrinated Ex4 constructs with
comparable agonism and binding to unconjugated Ex4. One
of these conjugates (22) displayed equipotency and binding at
the GLP-1R in vitro and was subsequently selected for ex vivo
screening for insulin secretion in rat islets and in vivo in
shrews for glucoregulation, food intake, body weight, and
emesis, compared to Ex4 and 1.

■ RESULTS AND DISCUSSION
Design. Our initial report on the effects of corrination on

Ex4 included evidence for glucoregulation without emesis nor
a reduction in food intake.39 In these subsequent studies, we
have looked to optimize 1 with a focus on agonism and
binding at the GLP-1R while also expanding to the little
explored chemistry pertaining to the synthesis of Cbi
conjugates. As such, the structure−activity data presented in
these studies integrates synthesis, receptor agonism, receptor
binding, ex vivo insulin secretion, in vivo glucoregulation,
emetic response, and food intake to explore the role of the
peptide conjugate site (Scheme 1) and/or the role of a
specific set of spacers (linkers) as shown in Figure 2. In terms
of the linkers, there are three subsets that were chosen to
sample space across particular structural features, namely,
steric, hydrophobic, and amphiphilic. The Ex4 conjugate site
was restricted to K12 and a K40 residue added to the C-
terminus of Ex4 (Ex40) since both sites were proven to be
amenable to modification with minimal loss of function in our
hands35−39 and in prior literature.56−58

Chemistry. The Cbi linker compounds (4−11) and Ex4
conjugates of such (12−27) amounted to a library of 32
compounds. The experimental details are shown in Scheme 1,
with linkers (Figure 2) indicated as R-groups. Initially, Cbi

was produced in-house via microwave-assisted reaction of B12
with sodium cyanide in EtOH as previously described.59 The
purple dicyanocobinamide (CN2Cbi) produced was then
activated with an excess of 1,1′-carbonyl-di-(1,2,4-trizole)
(CDT) in dry N-methyl-2-pyrrolidone (NMP) and heating at
40 °C under argon for ∼10 min or until complete dissolution
was observed. Upon dissolution, a specific linker (Figure 2;
3A−3H) was added in large excess (20×) relative to the
activated CN2Cbi along with triethylamine (TEA), and the
reaction was allowed to proceed for 1 h, again at 40 °C under
argon with stirring. Initially, it was observed via RP-HPLC
tracking on a C18 column (data not shown) that the reaction
proceeded slowly, so in subsequent experiments, a second
equivalent of linker (20×) and TEA were added at the 1 h
time point and the reaction was allowed to proceed, as before,
for an additional hour. Based on the additional step, yields for
all Cbi-linkers were in the 30−50% range with facile
purification to produce the Cbi-Linkers (4−11) with purities
at, or in excess of, 97% (as tracked by RP-HPLC; see the
Supporting Information). It should also be noted, and such is
indicated in the color scheme used in Scheme 1 for the corrin
rings, that a color change was observed upon formation of the
Cbi-linkers, going from purple to orange upon purification of
the Cbi-linkers in water. This color change was previously
reported by Zhou and Zelder60 and assigned to the formation
of isomers, namely, α-cyano-β-aqua- and α-aqua-β-cyano-Cbi
(as indicated in Scheme 1). This suggestion of isomer
formation was supported by the HPLC traces of the linkers,
which clearly showed the presence of both isomers
(subsequently confirmed by nuclear magnetic resonance
(NMR); Figure S7). Given the fact that such isomers were
not expected to negatively affect the subsequent chemistry or
biology, isomers were combined prior to peptide coupling and
were characterized via NMR, electrospray ionization-mass
spectrometry (ESI-MS), and electronic absorption spectros-
copy (EAS).
Coupling of 4−11 with K12-azido- or K40-azido-modified

Ex4 (noted throughout here simply as Ex4 or Ex40) to
produce conjugates 12−27 was achieved via copper(I)-
mediated alkyne-azide cycloaddition over 16 h at room
temperature in a 4:1 dimethylformamide (DMF)/H2O solvent
system in the presence of the tertiary amine tris((1-benzyl-4-
triazolyl)methyl)amine (TBTA) to stabilize copper(I).61

Yields obtained were quantitative based on the starting
peptide, and all conjugates were produced to at least 97%

Figure 3. Effect of Cbi conjugation on the secondary structure of Ex4 or Ex40. CD spectra were collected with a sample concentration of 40 μM
at pH 7 between 200 and 250 nm. % helicity was measured at 222 nm.
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purity prior to biological or in vivo evaluation (as tracked by
RP-HPLC; shown in the Supporting Information).
Structural Studies Using Circular Dichroism (CD). All

conjugates were investigated for the effects of corrination on
helicity at a concentration of 40 μM in water at pH 7.0
(Figure 3). Immediately, it was evident that there was minimal
variation in percent helicity whereupon the Cbi was
conjugated at the Ex4 C-terminal K40 (20−27; % helicity
ranged from ∼28 to 36%; Ex40 control 33.1%; Table 1).
There was however a noticeable variation in the percent
helicity for the conjugates (12−19) whereupon Cbi was
conjugated to the K12 within the Ex4 helix (% helicity range
∼20−46%; Ex4 control 24.3; Table 1). These results are
consistent with the fact that conjugation at the C-terminus
renders less consequence to the linker type or spacer distance

between Cbi and the peptide, given that this region is away
from the helical region of Ex4 and does not interfere with the
role of this region with receptor binding/agonism. The
variation noted upon conjugation at the K12 residue renders
the linker critical with the highest % helicity noted as 41%
with the amphiphilic PEG spacer 3F (Figure 2, Table 1) and
the lowest percent helicity noted with the small alkyl spacers
3B−3D (Figure 2, Table 1). No overall correlation between
the structure and agonism or binding was observed upon data
fitting (not shown).

Biological Evaluation. To determine how the conjuga-
tion site of the peptide affects its function and the role linker
choice plays in the attachment of the peptide to Cbi, we
sought to screen 12−27 utilizing in vitro assays to determine
potency and binding at the GLP-1R.

Table 1. EC50 and IC50 Values with Hill Slopes and % Helicity of Cbi Conjugates 12−27

EC50 (pM)a EC50 Hill slope
b % helicityc IC50 (nM)d IC50 Hill slope

e

Ex4 12.5 ± 3.7 1.1970 24.3 5.98 ± 0.94 −1.3010
12 75.4 ± 4.1 0.9110 39.2 24.6 ± 6.3 −1.1170
13 105.6 ± 4.1 1.0100 26.9 135 ± 122.5 −0.5661
14 33.2 ± 4.4 1.4170 29.0 79.5 ± 28.8 −0.7858
15 38.9 ± 15.6 1.0470 20.5 82.7 ± 15.4 −1.6990
16 34.1 ± 9.7 0.9976 24.4 36.5 ± 16.0 −1.1770
17 36.5 ± 7.6 1.0980 41.6 45.9 ± 16.3 −1.1740
18 40.5 ± 17.1 1.3030 33.1 34.3 ± 11.9 −1.1530
19 31.2 ± 16.9 1.1130 45.6 11.6 ± 2.4 −1.1270
Ex40 10.4 ± 3.9 1.1160 33.1 7.34 ± 1.37 −0.9107
20 13.4 ± 4.2 1.1890 28.1 26.2 ± 6.3 −1.1350
21 37.8 ± 11.5 1.1830 29.8 21.4 ± 8.0 −0.8940
22 20.7 ± 8.3 1.2090 36.6 11.9 ± 2.5 −1.3970
23 10.7 ± 6.0 1.0120 31.0 27.2 ± 6.3 −1.1780
24 16.4 ± 3.1 1.1370 33.1 15.1 ± 4.1 −1.2540
25 26.0 ± 14.1 0.9817 28.9 18.5 ± 4.6 −1.0840
26 27.9 ± 4.2 0.9957 34.4 26.4 ± 8.0 −1.2370
27 23.1 ± 7.1 1.2130 29.3 24.6 ± 6.3 −1.2790

aData represents EC50 obtained using nonlinear regression analysis of data from highest FRET values obtained for each data point. Experiments
were performed as three independent runs. bData represents the Hill slope obtained using nonlinear regression analysis of data from highest FRET
values obtained for each data point. Experiments were performed as three independent runs. cData represents mean residue ellipticity [θ]222
determined from the CD spectra of a 40 μM solution of peptide in H2O at RT pH 7.0. Average [θ]222 values utilized to calculate percent helicity
were obtained by performing the experiment in triplicate. Percent helicity was calculated using 100 × ([θ]222/

max[θ]222).
max[θ]222 = −40,000 [1 −

(2.5/n)], where n is the residue number. Experiments were performed as three independent runs. dData represents IC50 values obtained from
competitive binding assays against red fluorescent GLP-1 using nonlinear regression analysis from highest values obtained for each data point.
Experiments were performed as two independent runs. eHill slopes were obtained using nonlinear regression analysis from highest values obtained
for each data point. Results are expressed as mean ± SEM.

Figure 4. Conjugation of Cbi to Ex4 or Ex40 peptides maintains agonism at the GLP-1R. Nonlinear regression analysis was performed with
GraphPad Prism 8. All compounds were assayed at least as triplicate independent runs. Data are shown as mean ± SEM.
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In Vitro Functional Agonism (EC50) at Human GLP-
1R. Our previously published39 Cbi-Ex4 construct 1 resulted
in agonism at the GLP-1R with an EC50 of 200 pM. The
design of the newly constructed conjugates, 12−27, aimed to
increase the potency of the original construct to that
comparable of unconjugated Ex4 (<30 pM). 12−27 were
assessed utilizing in vitro screening in HEK C20 cells stably
expressing the human GLP-1R and cAMP FRET reporter
H188 produced in-house (see Methods).62,63 To determine if
the azido modification to lysine at position K12 (Ex4) or the
addition of this residue to position 40 (Ex40) had any effect
on agonism at GLP-1R, they were also screened for agonism
to compare with native Ex4 (nEx4; no azido modifications),
resulting in EC50 values of 20 pM for nEx4, 12.5 ± 3.7 pM for
Ex4, and 10.4 ± 3.9 pM for Ex40 (Table 1). All newly
synthesized compounds were functional at the GLP-1R with
improved potency in all cases (EC50 range 13.4 ± 4.2 to 105.6
± 4.1 pM) to that of our previously reported construct 1 (200
pM; Table 1 and Figure 4). In general, the Ex4 conjugates
12−20 were inferior to the Ex40 conjugates (20−27) and
displayed greater variance, with EC50 values ranging from 31
to 106 pM for 12−19 compared to 13 to 38 pM for 20−27.
As with the variance observed in the folded state for 12−19, it
is likely that proximity and/or interactions of the Cbi moiety
to the helix interferes with receptor binding and/or
interactions necessary for agonism. Conjugations performed
at the C-terminal end of the peptide would be expected to
place the corrin ring away from such residues as we have
shown previously with B12 conjugates of the neuropeptide
PYY3−36.

38 One Cbi-Ex4 conjugate however (19), which
bridged Ex4 at the K12 residue with Cbi through one of the
hydrophobic, rigid linkers (3H), was shown to be equipotent
to Ex4 with an EC50 value of 31.2 ± 16.9 pM and an IC50 of
11.6 ± 2.4 nM (compared to 5.98 ± 0.94 nM for Ex4 alone;
Table 1). All Ex40-based conjugates (20−27) were shown to
be equipotent to the unconjugated peptide. Such results are
consistent with the fact that addition of, and conjugation to,
the K40 residue is optimal when conjugating Cbi to Ex4.
In Vitro Competitive Binding (IC50) at Human GLP-

1R. As shown in Table 1, the presence of Cbi influences the
ability of the conjugate to agonize the GLP-1R compared to
that of Ex4 or Ex40. To further investigate how conjugation of
Cbi affects Ex4 or Ex40, a series of competitive binding assays
against GLP-1red (a red fluorescent analog of GLP-1) were
conducted. nEx4 was utilized as a reference competitor with
an IC50 value of 4.97 nM. We first aimed to determine if the
azido modification to lysine at position K12 and the addition
of this residue to position 40 had any effect on binding. It was
found that both Ex4 and Ex40 had comparable binding to that
of the reference compound with IC50 values of 5.98 ± 0.94
and 7.34 ± 1.37 nM, respectively. All conjugates had
decreased binding (12−135 nM) compared to the uncon-
jugated peptide azido-modified Ex4 (6 nM) and Ex40 (7 nM)
and nEx4 controls (5 nM). When comparing the two clusters
of conjugates, 20−27 showed greater binding affinity overall
compared to 12−19. The same trend was observed when
agonizing the GLP-1R (Table 1) in which collectively 20−27
outperformed 12−19. Two constructs, namely, 19 and 22, did
show promising binding with IC50 values of 11.6 ± 2.4 and
11.9 ± 2.5 nM, respectively. The increased binding observed
in these two conjugates was consistent with their agonism (31
± 16.9 and 20.7 ± 8.3 pM, respectively) of the GLP-1R.
Based on overall binding potent agonism, facile synthesis, and

high yield observed for 22, especially related to those of 19,
we chose to further investigate 22 in ex vivo and in vivo
experiments.

Glucose-Stimulated Insulin Secretion (GSIS) in Rat
Pancreatic Islets. The effects of 22 on GSIS were evaluated
using rat pancreatic islets (Figure 5). At 10 mM glucose, both

22 and nEx4 increased GSIS in a dose-responsive manner.
The effect from 22 was observed to be one-third lower than
that of nEx4. To investigate whether there was a difference
between Ex40 and 22, specific to the rat GLP-1R, we assayed
each for functional (EC50) agonism. We observed a slight
drop-off in potency with EC50 values of 7.8 and 22 pM
recorded for Ex40 and 22 (Figures S106−S111), respectively.
nEx4 control had an EC50 of 48 pM at the rat GLP-1R.

In Vivo Functional Experiments. To functionally
compare the activity of the corrinated conjugates in vivo, we
first tested the effects of Ex4, 1 (the original proof-of-concept
conjugate),39 and 22 on plasma glucose levels following an
IPGTT in shrews. A shrew is a mammal capable of emesis41,42

with published sensitivity to GLP-1RAs39,43,44 and the same
serum B12 binding proteins (IF and Haptocorrin) as that
found in humans39 and thus was considered an ideal model
for the in vivo studies. We observed that shrews treated with 1,
22, or nEx4 display similar improvements in glucose handling
following glucose load compared to vehicle controls (Figure
6A). Posthoc analyses showed that all three compounds
significantly suppressed blood glucose (BG) at 20 and at 40
min after glucose administration versus vehicle treatment (all
p < 0.001). Remarkably, BG values at 20 min post glucose
injection in animals receiving 22 were significantly lower than
those in animals treated with 1, denoting an improved glucose
tolerance/superior pharmacological efficacy (p < 0.01).
Additionally, the variation in plasma glucose concentrations,
represented as area under the curves (0−60′ and 0−120′,
respectively) for 22, did not differ from nEx4 and were
significantly lower than controls (Figure 6B,C, all p < 0.05).
We then analyzed the effects of 1, 22, and Ex4 on food

intake and body weight at a single, proof-of-concept, dose, in

Figure 5. 22 increases glucose-stimulated insulin secretion in rat
islets relative to glucose controls. Insulin secretion rate from static
cultures of Sprague−Dawley rat islets incubated in media containing
glucose (10 mM) and Ex4 (10 or 50 nM) or 22 (10 or 50 nM). Data
was calculated from three independent experiments and analyzed
with repeated-measurements two-way ANOVA followed by Tukey’s
posthoc test. Results are expressed as mean ± SEM, **** p <
0.0001.
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line with previous reports.35−37,39 Ex4 administration
produced anorexia in shrews at all measured time points
(Figure 6D), while 1 had no impact on feeding. 22 treatment
suppressed food intake similar to Ex4 at 6, 24, and 48 h. The
anorectic effect of Ex4 treatment was paralleled by a
significant reduction in body weight at 24 h (p < 0.05),
which was not observed following treatment with 1 or 22
(Figure 6E).

To test whether 22 treatment retained the non-emetic
properties of the lead conjugate 1, indicative of an altered
pharmacodynamic profile, despite its comparable potency and
GLP-1R binding affinity compared to 1, and comparable to
nEx4, we compared the emetogenic properties of 1, 22, and
native Ex4 in shrews. Ex4 induced profound emesis in the
majority of the shrews tested (Figure 6F). Indeed, 80% of the
animals exhibited emesis upon administration of native Ex4
within minutes after injection (29 ± 16 min). In line with a

Figure 6. Cbi-Ex4 enhances glucose clearance without inducing emesis or body weight loss. (A) In an IPGTT, Ex4, 1, and 22 (50 nmol/kg, IP)
showed similar potency in suppressing BG levels after glucose administration (2 g/kg, IP) compared to saline; vehicle vs 1: *** P < 0.001; vehicle
vs 22: ### P < 0.001; vehicle vs Ex4: §§§ P < 0.001; 1 vs 22: ΦΦ P < 0.01 (n = 12 shrews). (B) Area under the curve (AUC) analysis from 0
(i.e., post-glucose bolus) to 60 min following 1, 22, and Ex4. (C) AUC analysis from 0 to 120 min; 22 and Ex4 similarly reduced AUCs
compared to vehicle (P < 0.05). (D) Ex4 and 22 (5 nmol/kg, IP) induced anorexia at 6, 24, and 48 h (and at 72 h for Ex4 only), whereas 1 had
no effect on food intake (n = 10). (E) Ex4-induced anorexia was accompanied by significant body weight loss at 24 h. No significant changes in
body weight occurred after 1 and 22 administration compared to controls. (F) The number of single emetic episodes following Ex4, 1, 22, or
saline systemic administration was recorded for 120 min. The number of animals exhibiting emesis, expressed as a fraction of the total number of
animals tested, is indicated above each treatment group. Ex4 induced robust emetic responses that were not observed after 1 or saline injections.
22 induced emesis in two of the animals tested; however, the number of emetic episodes was significantly lower than that of Ex4 and did not
differ from animals treated with vehicle or 1 (n = 10). (G) Heatmaps showing latency, number, and intensity of emesis following Ex4, 1, and 22
dosing for each individual animal across time. All data expressed as mean ± SEM (n = 10). Data in panels (A), (D), and (E) were analyzed with
repeated-measurements two-way ANOVA followed by Tukey’s posthoc test. Data in panels (B), (C), and (F) were analyzed with repeated-
measurements one-way ANOVA followed by Tukey’s posthoc test. Means with different letters are significantly different (P < 0.05).
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previous report, treatment with 1 did not cause emesis in any
of the shrews tested.39 Importantly, the number of single
emetic episodes occurring in the 120 min window after drug
administration was also significantly reduced after 22
administration compared to Ex4 and did not differ from
vehicle- or 1-treated groups. Only two animals that received
22 experienced emesis with an average latency of 70 ± 29
min. The greater emetic effect observed for 22 over 1 is likely
a consequence of the greater binding and agonism of 22 at the
GLP-1R, an effect that is likely to be mitigated, without loss of
glucoregulation, by use of lower doses of 22 (on-going work).
The difference in the emetogenic profiles of the corrinated
constructs versus native Ex4 is further emphasized by the
graphical visualization of emetic intensity, recurrence, and
latency for each individual animal across time (Figure 6G).

■ CONCLUSIONS

Neuroendocrine associated pharmacological side effects such
as nausea and emesis are often downplayed or dismissed, left
in the shadow of the overriding target, be it glucoregulation,
weight loss, etc. Indeed, the weight loss gleaned from GLP-
1RAs, for example, has proven to be a beneficial “side effect”
of T2D treatment due to the high comorbidity of T2D with
obesity.64 In many cases, however, such as lean T2D patients,
or patients with comorbidities where nutritional status is
critical (cystic fibrosis, cancer-cachexia, sarcopenia, chronic
obstructive pulmonary disease, etc.), removal of the CNS-
associated side effects would be greatly beneficial. Indeed,
GLP-1RAs have proven to be life-altering, and the ability to
expand their use, or increase patient compliance when using,
should not be understated. Herein, we conceived 16 new Cbi-
Ex4/Ex40 conjugates with the aim of designing a construct
with equipotent binding and agonism of the GLP-1R to that
of Ex4 with a view of maintaining activity at peripheral GLP-
1R populations and mitigating such activity in CNS
populations. We were able to successfully design several
constructs with comparable binding and agonism at GLP-1R
as Ex4, with one conjugate, 22 (IC50 11.9 ± 2.5 nM, EC50
20.7 ± 8.3 pM), translated into ex vivo and in vivo studies. 22
increased glucose secretion compared to vehicle controls in a
glucose-dependent insulin secretion assay in rat islets. In an in
vivo IPGTT, 22 provided glucoregulation comparable to Ex4.
Critically, 22 showed a near absence of emesis and mild body
weight lowering actions compared to profound emesis and
body weight loss observed for nEx4.
While corrination is poorly explored, especially as it pertains

to applications that seek to prevent CNS penetration while
maintaining peripheral activity of a target drug, it shows
considerable promise as a platform technology, moving
beyond GLP-1RAs. An additional highlight of Cbi is its
water solubility (400 mg/mL), akin to glucose (450 mg/mL).
Use of Cbi conjugation with drugs with physical properties
not suited to drug development, such as glucagon65−67 for
rescue of hypoglycemia, offers a great scope for exploration.

■ EXPERIMENTAL SECTION
General Considerations. All commercial reagents and anhy-

drous solvents purchased were used without further purification. All
reactions containing air- and/or moisture-sensitive reactants were
performed under argon. Compounds were purified using a Shimadzu
Prominence HPLC using a C18 column (Eclipse XDB-C18 5 μm,
4.6 × 150 mm). All compounds had purities at, or in excess of, 97%
(as tracked by RP-HPLC; see the Supporting Information). Products

were analyzed for mass using a Shimadzu LCMS-8040. 1H NMR and
13C NMR spectra were acquired on a Bruker NMR spectrometer
(Avance 400 MHz) in D2O at a D1 of 3 for all compounds. EAS was
collected on a Varian Cary 50bio UV−visible spectrophotometer in a
1 mL quartz cuvette with baseline correction. CD spectra were
recorded with a Jasco J-715 circular dichroism spectropolarimeter in
40 μM H2O in a 0.1 cm quart cuvette. Data was analyzed and fit
using GraphPad Prism 8.0. We established a new clone of HEK293
cells designated here as HEK293-GLP-1R-H188-C20. This clone was
obtained by G418 antibiotic resistance selection after cotransfection
of cells with the human GLP-1R and the cAMP FRET reporter
H188. Cells were grown in a Memmert Incubator I (Schwabach,
Germany) at 37 °C gassed with 5% CO2 at ∼95% humidity. FRET
assays were conducted utilizing a Molecular Devices FlexStation 3
Multi-Mode Microplate Reader. Data was analyzed utilizing
Molecular Devices SoftMax Pro v.5.4.6. Linear regression analyses
were performed utilizing GraphPad Prism 8.

Materials. The following were purchased from Sigma Aldrich:
acetonitrile (Cat # 14851), diethyl ether (Cat # 673811), ethanol
(Cat # 459844), ethyl acetate (Cat # 319902), isopropyl alcohol
(Cat # 34863), methanol (Cat # 34885), n-methyl-2-pyrrolidone
(Cat # 328634), triethylamine (Cat # 8.08352), vitamin B12 (Cat #
V2876), sodium cyanide (Cat # 205222), 1,1′-carbonyl-di-(1,2,4-
trizole) (Cat # 21863), propargylamine (Cat # P50900), 1-amino-3-
butyne (Cat # 715190), 4-pentyne-1-amine (Cat # 779407), hex-5-
yne-1-amine (Cat # COM497512576), bovine serum albumin (Cat #
A7030), Dulbecco’s modified Eagle medium (Cat # D6429), fetal
bovine serum (Cat # 12303C), G-418 disulfate salt solution (Cat #
G8168), and HEPES (Cat # H0887). The following were purchased
from ThermoFisher Scientific: penicillin−streptomycin (Cat #
15140122) and trypsin−EDTA (Cat # 25200072). The following
were purchased from Fisher Scientific: calcium chloride dihydrate
(Cat # BP510), magnesium chloride hexahydrate (Cat # BP214),
potassium chloride (Cat # BP366), and sodium chloride (Cat #
BP358−1). The following were purchased from BroadPharm:
propargyl-PEG2-amine (Cat # BP22519) and propargyl-PEG4-
amine (Cat # BP22520). The following were purchased from
Enamine: (4-ethynylphenyl)methanamine (Cat # EN300−233648)
and (3-ethynylphenyl)methanamine (Cat # EN300−248722). Krebs-
Ringer Bicarbonate (KRB) buffer was prepared as described
previously.68 D-Glucose (Cat # G 5767) and nEx4 (Cat # E7144)
were purchased from Sigma-Aldrich. Ex4 K12-azido and Ex40 K40-
azido were produced by Genscript (Piscataway, New Jersey, United
States). The rat insulin radioimmunoassay (RIA) kit was purchased
from Millipore Sigma, Burlington, MA Cat no. RI-13 K. The human
GLP-1R plasmid was provided by M. Beinborn, Tufts University
School of Medicine to author G.G.H.62 The H188 plasmid was
provided by K. Jalink, Netherlands Cancer Institute to authors
G.G.H. and R.P.D.63

Methods. Synthesis of Dicyanocobinamide (Cbi) (2). The
synthesis of dicyanocobinamide (Cbi) was performed according to
previously reported methods.59 Briefly, to a 10 mL microwave
reaction vessel containing a magnetic stir bar were added B12
(cyanocobalamin) (303.8 mg, 0.225 mmol) (see Figures S1−S6),
sodium cyanide (NaCN) (36.9 mg, 0.7096 mmol), and 5 mL of
EtOH, and the vessel was sealed. The reaction was heated to 120 °C
for 10 min. Following completion of the microwave reaction, the
remaining solution was transferred and diluted using isopropyl
alcohol (iPrOH). The reaction was purified utilizing a normal-phase
silica column. The reaction was eluted using 100% methanol
(MeOH). The product eluted as a purple product. The isolated
product was precipitated utilizing diethyl ether (Et2O) and allowed
to dry producing a solid, purple product, 2 (see Figure 2), in 80%
yield (187.4 mg, 0.1795 mmol). Solubility was measured to be 400
mg/mL in distilled water. 2 was purified by RP-HPLC as described
for method A1, to 98%; tR: 5.2 and 6.7 min; ESI-MS expected m/z =
1042, observed m/z = [M−CN]+1 1016. 1H NMR (400 MHz, D2O):
δ 5.90 (s, 1H), 3.95−3.87 (m, 1H), 3.85 (d, J = 8.4. Hz, 1H), 3.75
(d, J = 10.4 Hz, 1H), 3.41 (m, 1H), 3.36 (s, 5H), 3.30 (m, 2H), 3.25
(d, J = 4.7 Hz, 1H), 3.17 (dd, J = 6.8, 6.9 Hz, 1H), 2.92−2.86 (m,
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1H), 2.75−2.73 (m, 2H), 2.65−2.39 (m, 7H), 2.32−2.26 (m, 15H),
2.19−2.08 (m, 5H), 2.03−1.95 (m, 1H), 1.91−1.76 (4H), 1.69 (s,
3H), 1.54 (s, 3H), 1.50 (s, 3H), 1.44 (s, 3H), 1.32 (s, 3H), 1.19 (s,
4H), 1.16 (d, J = 6.4 Hz, 4H). 13C NMR (400 MHz, D2O): 178.6,
178.4, 177.9, 177.5, 177.3, 176.8, 175.1, 175.0, 172.1, 163.4, 162.9,
105.1, 103.1, 91.0, 83.1, 75.0, 66.2, 64.2, 58.8, 56.3, 55.2, 53.2, 49.2,
48.9, 46.8, 46.3, 46.1, 43.7, 42.2, 39.0, 34.9, 32.5, 32.4, 31.9, 31.7,
31.5, 30.5, 26.6, 25.7, 24.9, 23.8, 21.7, 19.4, 18.7, 18.5, 17.4, 16.5,
15.1, 14.8. See Figures S7−S11.
General Procedure for Cobinamide Linker Coupling. To a 5 mL

round bottom flask containing a stir bar were added 2 (15.8 mg,
0.0152 mmol) and 1 mL of NMP, and the solution was allowed to
stir at 40 °C under argon until the starting material was fully
dissolved. To the stirring solution of 2 was added CDT (51.4 mg,
0.313 mmol, ∼20 equiv.), and the solution was allowed to stir for 1 h
at which time one of the 3A−3H (see Figure 2) (19.2 μL, 16.5 mg,
0.300 mmol, ∼20 equiv.) and triethylamine (TEA) (50 μL) were
added. Upon stirring for an additional hour, a second equivalent of
linker (3A−3H) and TEA were added, and the solution was stirred
for 1 h. The reaction was then poured into ethyl acetate (AcOEt)
(50 mL) and centrifuged (5 min, 4000 rpm, RT). The crude solid
was redissolved in a minimal amount of MeOH (∼5 mL) and
precipitated with diethyl ether (Et2O) and centrifuged. The crude
product was redissolved in 1 mL of deionized (DI) H2O and purified
utilizing RP-HPLC as described below.
HPLC Purification Methods. 4−27 were purified using a

Shimadzu Prominence HPLC using a C18 column (Eclipse XDB-
C18 5 μm, 4.6 × 150 mm). Two differing purification methods were
used: A1, H2O + 0.1% TFA and MeOH from 1% CH3OH/H2O +
0.1% TFA to 90% CH3OH/H2O + 0.1% TFA in 25 min; A2, H2O +
0.1% TFA and CH3CN from 1% CH3CN/H2O + 0.1% TFA to 70%
CH3CN/H2O + 0.1% TFA in 15 min.
Cbi-Propyne (4). 4 was prepared according to the general

procedure described above, combining 2 (16.8 mg, 0.0161 mmol)
with CDT (51.4 mg, 0.3000 mmol) and stirring the solution for 1 h
at which time 3A (19.2 μL, 16.5 mg, 0.300 mmol) and TEA (50 μL)
were added and stirred for 1 h after which point a second equivalent
amount of 3A and TEA were added and allowed to stir for 1 h to
give the target compound, which was purified using RP-HPLC
method A1 to produce 4 as an orange solid to 97% purity. Yield 43%
(7.8 mg, 0.007 mmol). The product obtained was in the form of two
different isomers with the aquo-group located on the alpha and beta
positions (α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 8.8 and 9.5
min; ESI-MS expected m/z = 1115, observed m/z = [M+−H2O]

+1:
1096, [M+−H2O + H+]+2: 549. 1H NMR (400 MHz, D2O): δ 6.50
(1H, s, Ar-H, β-aqua isomer) 6.42 (1H, s, Ar-H, α-aqua isomer).
EAS Ext Coeff354 = 14,500 M−1 cm−1. See Figures S18−S22.
Cbi-Butyne (5). 5 was prepared according to the general procedure

described above, combining 2 (20.5 mg, 0.0197 mmol) with CDT
(61.3 mg, 0.3740 mmol) and stirring the solution for 1 h at which
time 3B (32.0 μL, 27.0 mg, 0.391 mmol) and TEA (50 μL) were
added and stirred for 1 h after which point a second equivalent of 3B
and TEA were added and allowed to stir for 1 h to give the target
compound, which was purified using RP-HPLC method A1 to
produce 5 as an orange solid to 95% purity. Yield 53% (11.4 mg,
0.010 mmol). The product obtained was in the form of two different
isomers with the aquo-group located on the alpha and beta positions
(α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 7.4 and 7.9 min; ESI-MS
expected m/z = 1129, observed m/z = [M+−H2O]

+1: 1111, [M+−
H2O + H+]+2: 556. 1H NMR (400 MHz, D2O): δ 6.49 (1H, s, Ar-H,
β-aqua isomer) 6.42 (1H, s, Ar-H, α-aqua isomer). EAS Ext Coeff354
= 19,804 M−1 cm−1. See Figures S29−S33.
Cbi-Pentyne (6). 6 was prepared according to the general

procedure described above, combining 2 (17.3 mg, 0.0166 mmol)
with CDT (49.1 mg, 0.299 mmol) and stirring the solution for 1 h at
which time 3C (29.0 μL, 24.9 mg, 0.300 mmol) and TEA (50 μL)
were added and stirred for 1 h after which point a second equivalent
amount of 3C and TEA were added and allowed to stir for 1 h to
give the target compound, which was purified using RP-HPLC
method A1 to produce 6 as an orange solid to 97% purity. Yield 21%

(4.0 mg, 0.003 mmol). The product obtained was in the form of two
different isomers with the aquo-group located on the alpha and beta
positions (α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 10.4 and 11.0
min; ESI-MS-expected m/z = 1143, observed m/z = [M+−H2O]

+1:
1124, [M+−H2O + H+]+2: 563. 1H NMR (400 MHz, D2O): δ 6.50
(1H, s, Ar-H, β-aqua isomer) 6.43 (1H, s, Ar-H, α-aqua isomer).
EAS Ext Coeff354 = 15,001 M−1 cm−1. See Figures S40−S44.

Cbi-Hexyne (7). 7 was prepared according to the general
procedure described above, combining 2 (15.8 mg, 0.0151 mmol)
with CDT (51.6 mg, 0.314 mmol) and stirring the solution for 1 h at
which time 3D (36.5 μL, 29.2 mg, 0.300 mmol) and TEA (50 μL)
were added and stirred for 1 h after which point a second equivalent
amount of 3D and TEA were added and allowed to stir for 1 h to
give the target compound, which was purified using RP-HPLC
method A1 to produce 7 as an orange solid to 98% purity. Yield 35%
(6.0 mg, 0.005 mmol). The product obtained was in the form of two
different isomers with the aquo-group located on the alpha and beta
positions (α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 11.3 and 11.8
min; ESI-MS-expected m/z = 1157, observed m/z = [M+−H2O]

+1:
1139, [M+−H2O + H+]+2: 570. 1H NMR (400 MHz, D2O): δ 6.49
(1H, s, Ar-H, β-aqua isomer) 6.42 (1H, s, Ar-H, α-aqua isomer).
EAS Ext Coeff354 = 17,982 M−1 cm−1. See Figures S51−S55.

Cbi-PEG2-Alkyne (8). 8 was prepared according to the general
procedure described above, combining 2 (19.9 mg, 0.0191 mmol)
with CDT (67.1 mg, 0.409 mmol) and stirring the solution for 1 h at
which time 3E (25.1 μL, 25.4 mg, 0.177 mmol) and TEA (50 μL)
were added and stirred for 1 h after which point a second equivalent
amount of 3E and TEA were added and allowed to stir for 1 h to
give the target compound, which was purified using RP-HPLC
method A1 to produce 8 as an orange solid to 98% purity. Yield 39%
(8.8 mg, 0.007 mmol). The product obtained was in the form of two
different isomers with the aquo-group located on the alpha and beta
positions (α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 18.4 and 19.3
min; ESI-MS-expected m/z = 1204, observed m/z = [M+−H2O]

+1:
1185, [M+−H2O + H+]+2: 593. 1H NMR (400 MHz, D2O): δ 6.50
(1H, s, Ar-H, β-aqua isomer) 6.43 (1H, s, Ar-H, α-aqua isomer).
EAS Ext Coeff354 = 22,919 M−1 cm−1. See Figures S62−S66.

Cbi-PEG4-Alkyne (9). 9 was prepared according to the general
procedure described above, combining 2 (15.5 mg, 0.0149 mmol)
with CDT (51.3 mg, 0.313 mmol) and stirring the solution for 1 h at
which time 3F (18.8 μL, 19.5 mg, 0.0843 mmol) and TEA (50 μL)
were added and stirred for 1 h after which point a second equivalent
amount of 3F and TEA were added and allowed to stir for 1 h to
give the target compound, which was purified using RP-HPLC
method A1 to produce 9 as an orange solid to 97% purity. Yield 32%
(6.1 mg, 0.005 mmol). The product obtained was in the form of two
different isomers with the aquo-group located on the alpha and beta
positions (α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 20.0 and 21.8
min; ESI-MS-expected m/z = 1292, observed m/z = [M+−H2O]

+1:
1273, [M+−H2O + H+]+2: 637. 1H NMR (400 MHz, D2O): δ 6.50
(1H, s, Ar-H, β-aqua isomer) 6.43 (1H, s, Ar-H, α-aqua isomer).
EAS Ext Coeff354 = 19,439 M−1 cm−1. See Figures S73−S77.

Cbi-4EPMA-Alkyne (10). 10 was prepared according to the general
procedure described above, combining 2 (14.9 mg, 0.0143 mmol)
with CDT (50.1 mg, 0.305 mmol) and stirring the solution for 1 h at
which time 3G (23.8 mg, 0.181 mmol) and TEA (50 μL) were
added and stirred for 1 h after which point a second equivalent
amount of 3G and TEA were added and allowed to stir for 1 h to
give the target compound, which was purified using RP-HPLC
method A1 to produce 10 as an orange solid to 97% purity. Yield
10% (1.5 mg, 0.001 mmol). The product obtained was in the form of
two different isomers with the aquo-group located on the alpha and
beta positions (α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 12.4 and
12.8 min; ESI-MS-expected m/z = 1191, observed m/z = [M+−
H2O]

+1: 1173. 1H NMR (400 MHz, D2O): δ 6.49 (1H, s, Ar-H, β-
aqua isomer) 6.43 (1H, s, Ar-H, α-aqua isomer). EAS Ext Coeff354 =
15,886 M−1 cm−1. See Figures S84−S88.

Cbi-3EPMA-Alkyne (11). 11 was prepared according to the general
procedure described above, combining 2 (15.7 mg, 0.0151 mmol)
with CDT (51.1 mg, 0.311 mmol) and stirring the solution for 1 h at
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which time 3H (21.0 μL, 21.2 mg, 0.162 mmol) and TEA (50 μL)
were added and stirred for 1 h after which point a second equivalent
amount of 3H and TEA were added and allowed to stir for 1 h to
give the target compound, which was purified using RP-HPLC
method A1 to produce 11 as an orange solid to 97% purity. Yield
14% (2.6 mg, 0.002 mmol). The product obtained was in the form of
two different isomers with the aquo-group located on the alpha and
beta positions (α-cyano-β-aqua- and α-aqua-β-cyano-). tR: 12.6 and
13.0 min; ESI-MS-expected m/z = 1191, observed m/z = [M+−
H2O]

+1: 1172, [M+−H2O + H+]+2: 587. 1H NMR (400 MHz, D2O):
δ 6.49 (1H, s, Ar-H, β-aqua isomer) 6.42 (1H, s, Ar-H, α-aqua
isomer). EAS Ext Coeff354 = 15,669 M−1 cm−1. See Figures S95−S99.
General Procedure for Copper-Mediated Alkyne-Azide. Cyclo-

addition. To a 5 mL round bottom flask containing a stir bar,
copper(I) iodide (CuI) (3.3 mg, 0.017 mmol) and TBTA (7.0 mg,
0.013 mmol) were added to 1 mL of 4:1 DMF/H2O. The reaction
mixture was allowed to stir at room temperature until a color change
occurred (clear to yellowish brown) (∼15 min). The solution was
treated with azido-exendin-4/40 (2.0 mg, 0.0004 mmol) (see Figures
S12−S17) and the corresponding Cbi-alkynes (4−11) (4.8 mg,
0.004 mmol) and allowed to stir overnight.
Cbi-Pro-Ex4 (12). 12 was prepared according to the general

procedure described above; combining 4 (1.1 mg, 0.001 mmol) with
CuI (4.0 mg, 0.021 mmol), TBTA (7.5 mg, 0.014 mmol), and Ex4
(3.1 mg 0.0007 mmol) gave the target compound, which was purified
using RP-HPLC method A2 to produce 12 as a red solid to 98%
purity. tR: 11.7 min; ESI-MS-expected m/z = 5327, observed m/z =
[M+−H2O + 2H+]+3: 1771, [M+−H2O + 3H+]+4: 1328. See Figures
S23−S25.
Cbi-But-Ex4 (13). 13 was prepared according to the general

procedure described above; combining 5 (5.7 mg, 0.005 mmol) with
CuI (4.2 mg, 0.022 mmol), TBTA (7.5 mg, 0.014 mmol), and Ex4
(4.2 mg 0.0010 mmol) gave the target compound, which was purified
using RP-HPLC method A2 to produce 13 as a red solid to 98%
purity. tR: 12.0 min; ESI-MS-expected m/z = 5341, observed m/z =
[M+−H2O + 2H+]+3: 1775, [M+−H2O + 3H++CH3OH]

+4: 1364,
[M+−H2O + 3H+]+4: 1332. See Figures S34−S36.
Cbi-Pent-Ex4 (14). 14 was prepared according to the general

procedure described above; combining 6 (4.9 mg, 0.0043 mmol)
with CuI (3.6 mg, 0.019 mmol), TBTA (6.2 mg, 0.012 mmol), and
Ex4 (3.9 mg 0.0009 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 14 as a red solid to
98% purity. tR: 12.0 min; ESI-MS-expected m/z = 5355, observed m/
z = [M+−H2O + 2H+]+3: 1780, [M+−H2O + 3H+]+4: 1335. See
Figures S45−S47.
Cbi-Hex-Ex4 (15). 15 was prepared according to the general

procedure described above; combining 7 (9.7 mg, 0.0084 mmol)
with CuI (3.5 mg, 0.018 mmol), TBTA (6.6 mg, 0.012 mmol), and
Ex4 (5.3 mg 0.0013 mmol) gave the target compound, which was
purified using RP-HPLC method A3 to produce 15 as a red solid to
98% purity. tR: 12.0 min; ESI-MS-expected m/z = 5369, observed m/
z = [M+−H2O + 2H+]+3: 1784, [M+−H2O + 3H+]+4: 1339. See
Figures S56−S58.
Cbi-PEG2-Ex4 (16). 16 was prepared according to the general

procedure described above; combining 8 (2.0 mg, 0.0017 mmol)
with CuI (3.6 mg, 0.019 mmol), TBTA (7.1 mg, 0.013 mmol), and
Ex4 (3.0 mg 0.0007 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 16 as a red solid to
98% purity. tR: 11.7 min; ESI-MS-expected m/z = 5416, observed m/
z = [M+−H2O + 2H+]+3: 1800, [M+−H2O + 3H+]+4: 1350. See
Figures S67−S69.
Cbi-PEG4-Ex4 (17). 17 was prepared according to the general

procedure described above; combining 9 (3.0 mg, 0.0023 mmol)
with CuI (3.4 mg, 0.018 mmol), TBTA (7.3 mg, 0.014 mmol), and
Ex4 (4.1 mg 0.0010 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 17 as a red solid to
98% purity. tR: 12.3 min; ESI-MS-expected m/z = 5504, observed m/
z = [M+−H2O + 2H+ + CH3CN]

+3: 1870, [M+−H2O + 3H+ +
CH3OH]

+4: 1404, [M+−H2O + 4H+]+5: 1098. See Figures S79−S80.

Cbi-4EPMA-Ex4 (18). 18 was prepared according to the general
procedure described above; combining 10 (3.3 mg, 0.0028 mmol)
with CuI (3.6 mg, 0.019 mmol), TBTA (7.2 mg, 0.014 mmol), and
Ex4 (3.0 mg 0.0007 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 18 as a red solid to
98% purity. tR: 12.2 min; ESI-MS-expected m/z = 5403, observed m/
z = [M+−H2O + 2H+]+3: 1796, [M+−H2O + 3H+]+4: 1347. See
Figures S89−S91.

Cbi-3EPMA-Ex4 (19). 19 was prepared according to the general
procedure described above; combining 11 (3.0 mg, 0.0025 mmol)
with CuI (4.5 mg, 0.024 mmol), TBTA (7.6 mg, 0.014 mmol), and
Ex4 (2.7 mg 0.0006 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 19 as a red solid to
97% purity. tR: 12.6 min; ESI-MS-expected m/z = 5403, observed m/
z = [M+−H2O + 2H+]+3: 1796, [M+−H2O + 2H+ +
CH3OH]

+3:1379, [M+−H2O + 3H+]+4: 1347. See Figures S100−
S102.

Cbi-Pro-Ex40 (20). 20 was prepared according to the general
procedure described above; combining 4 (3.0 mg, 0.0027 mmol)
with CuI (3.6 mg, 0.019 mmol), TBTA (7.0 mg, 0.013 mmol), and
Ex40 (3.0 mg 0.0007 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 20 as a red solid to
97% purity. tR: 11.8 min; ESI-MS-expected m/z = 5456, observed m/
z = [M+−H2O + 2H+]+3: 1813, [M+−H2O + 3H+]+4: 1360, [M+−
H2O + 4H+]+5: 1088, [M+−H2O + 5H+]+6: 907, [M+−H2O +
6H+]+7: 777. See Figures S26−S28.

Cbi-But-Ex40 (21). 21 was prepared according to the general
procedure described above; combining 5 (3.4 mg, 0.0030 mmol)
with CuI (4.0 mg, 0.021 mmol), TBTA (6.5 mg, 0.012 mmol), and
Ex40 (3.3 mg 0.0007 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 21 as a red solid to
97% purity. tR: 11.7 min; ESI-MS-expected m/z = 5469, observed m/
z = [M+−H2O + 2H+ + CH3CN]

+3: 1859, [M+−H2O + 2H+]+3:
1819, [M+−H2O + 3H+ + CH3OH]

+4: 1395, [M+−H2O + 3H+]+4:
1364, [M+−H2O + 4H+]+5: 1091. See Figures S37−S39.

Cbi-Pent-Ex40 (22). 22 was prepared according to the general
procedure described above; combining 6 (4.4 mg, 0.00388 mmol)
with CuI (3.2 mg, 0.017 mmol), TBTA (6.5 mg, 0.012 mmol), and
Ex40 (4.3 mg 0.0010 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 22 as a red solid to
97% purity. tR: 11.8 min; ESI-MS-expected m/z = 5483, observed m/
z = [M+−H2O + 2H+]+3: 1822, [M+−H2O + 3H+]+4: 1367, [M+−
H2O + 5H+]+6: 912, [M+−H2O + 6H+]+7: 781. See Figures S48−S50.

Cbi-Hex-Ex40 (23). 23 was prepared according to the general
procedure described above; combining 7 (2.1 mg, 0.0018 mmol)
with CuI (3.6 mg, 0.019 mmol), TBTA (7.1 mg, 0.013 mmol), and
Ex40 (2.6 mg 0.0006 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 23 as a red solid to
97% purity. tR: 11.8 min; ESI-MS-expected m/z = 5497, observed m/
z = [M+−H2O + 2H+]+3: 1827, [M+−H2O + 3H+]+4: 1371, [M+−
H2O + 5H+]+6: 914, [M+−H2O + 6H+]+7: 784, [M+−H2O + 7H+]+8:
685. See Figures S59−S61.

Cbi-PEG2-Ex40 (24). 24 was prepared according to the general
procedure described above; combining 8 (2.0 mg, 0.0017 mmol)
with CuI (4.1 mg, 0.022 mmol), TBTA (7.4 mg, 0.014 mmol), and
Ex40 (4.0 mg 0.0009 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 24 as a red solid to
97% purity. tR: 11.6 min; ESI-MS-expected m/z = 5544, observed m/
z = [M+−H2O + 2H+ + CH3CN]

+3: 1884, [M+−H2O + 3H+ +
CH3OH]

+4: 1414, [M+−H2O + 3H+]+4: 1382. See Figures S70−S72.
Cbi-PEG4-Ex40 (25). 25 was prepared according to the general

procedure described above; combining 9 (3.0 mg, 0.0023 mmol)
with CuI (3.3 mg, 0.017 mmol), TBTA (6.8 mg, 0.013 mmol), and
Ex40 (4.1 mg 0.0009 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 25 as a red solid to
97% purity. tR: 12.0 min; ESI-MS-expected m/z = 5632, observed m/
z = [M+−H2O + 2H+ + CH3CN]

+3: 1914, [M+−H2O + 3H+ +
CH3OH]

+4: 1436. See Figures S81−S83.
Cbi-4EPMA-Ex40 (26). 26 was prepared according to the general

procedure described above; combining 10 (2.1 mg, 0.0018 mmol)
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with CuI (3.0 mg, 0.016 mmol), TBTA (6.7 mg, 0.013 mmol), and
Ex40 (2.3 mg 0.0005 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 26 as a red solid to
98% purity. tR: 11.9 min; ESI-MS-expected m/z = 5531, observed m/
z = [M+−H2O + 3H+ + CH3OH]

+4: 1411, [M+−H2O + 3H+]+4:
1379, [M+−H2O + 4H+]+5: 1104. See Figures S92−S94.
Cbi-3EPMA-Ex4 (27). 27 was prepared according to the general

procedure described above; combining 11 (3.0 mg, 0.0025 mmol)
with CuI (3.4 mg, 0.018 mmol), TBTA (7.0 mg, 0.013 mmol), and
Ex40 (2.0 mg 0.0005 mmol) gave the target compound, which was
purified using RP-HPLC method A2 to produce 27 as a red solid to
97% purity. tR: 11.9 min; ESI-MS-expected m/z = 5531, observed m/
z = [M+−H2O + 2H+ + CH3CN]

+3: 1880, [M+−H2O + 2H+]+3:
1838, [M+−H2O + 3H+ + CH3OH]

+4: 1410, [M+−H2O + 3H+]+4:
1379, [M+−H2O + 4H+]+5: 1103. See Figures S103−S105.
Circular Dichroism (CD) Measurements. All CD spectra were

recorded in three independent runs in 100 μL of H2O with a final
concentration of 40 μM using a Jasco J-715 circular dichroism
spectropolarimeter at 25 °C in a 0.1 cm path-length cuvette. The
spectra were recorded from 250 to 200 nm and averaged over 6 scans
with a resolution of 1.0 nm, a band width of 1.0 nm, and a response
time of 4 s. The mean residue ellipticity was plotted versus
wavelength using Prism GraphPad 8.
Statement on Biological Evaluations. All Cbi-peptide conjugates

were at or above 97% purity as confirmed by RP-HPLC (see the
figures in the Supporting Information) prior to use in in vitro, in islet,
or in in vivo experiments.
All in vitro and islet experiments were conducted at least in

triplicate independent runs, aside from the binding experiments,
which were in duplicate independent runs. In vivo data was analyzed
with repeated-measurements one-way or two-way ANOVA followed
by Tukey’s posthoc test.
Agonism (EC50) at the Human GLP-1R for 12−27. Agonism at

the GLP-1R was monitored utilizing HEK-293 cells stably transfected
with both the human GLP-1R and H188 cAMP FRET reporter
cultured in DMEM with 15% FBS, 1% pen/strep, and 250 μg/mL
geneticin/G-418. Cells were placed in a 96-well plate in suspension
at 200 μL of standard extracellular saline with 11 mM glucose and
0.1% BSA at ∼60,000 cells/well. Peptides and conjugates were
injected to each well at 5× the required concentration. Agonism was
determined through an increase in the 485/535 nm FRET ratio,
indicative of an increase in the cAMP level through binding to the
H188 cAMP FRET reporter.
Agonism (EC50) at the Rat GLP-1R. Ex4, Ex40, and 22 were

screened as previously described.69

Competitive Binding Assay (IC50) at Human GLP-1R for 12−27.
IC50 values were measured in CHO-K1 cells at the human GLP-1R
by Euroscreen Fast (Gosselies, Belgium) using their proprietary
Taglite fluorescence competitive binding assay (Cat No.
FAST0154B). The agonist tracer was GLP-1red at 4 nM with
reference competitor nEx-4. Conjugates were assayed in duplicate
independent runs at nine concentrations per run ranging from 1 pM
to 1 μM (Figure S110).
Statement on Animal Experiments. All procedures conducted in

rats were approved by the Institutional Care and Use Committee of
the University of Washington and conducted in compliance with the
U.S. federal law and institutional guidelines, which are congruent
with the NIH guide for the Care and Use of Laboratory Animals.
All procedures conducted in shrews were approved by the

Institutional Care and Use Committee of the University of
Pennsylvania and conducted in compliance with the U.S. federal
law and institutional guidelines, which are congruent with the NIH
guide for the Care and Use of Laboratory Animals.
Rat Islet Isolation and Culture. Islets were harvested from

Sprague−Dawley rats (approximately 250 g; Envigo/Harlan)
anesthetized by intraperitoneal injection of pentobarbital sodium
(150 mg/kg rat). Islets were prepared and purified as described.70,71

Islets were then cultured for 18 h at 37 °C, gassed with 5% CO2 in
an incubator in an RPMI medium supplemented with 10% heat-
inactivated fetal bovine serum (Invitrogen).

Static Measurement of ISR. ISR was determined statically as
described previously.72 Briefly, islets were handpicked into a Petri
dish containing KRB buffer supplemented with 0.1% bovine serum
albumin and 3 mM glucose and incubated at 37 °C gassed with 5%
CO2 for 60 min. Subsequently, islets were placed into 96-well plates
containing desired amounts of glucose and agents as indicated
(Figure 5) and incubated for an additional 60 min. At the end of this
period, the supernatant was assayed for insulin by RIA.

In Vivo Study Design in Shrews. Adult male shrews (n = 32,
Suncus murinus) weighing ∼60 g were bred at the University of
Pennsylvania. These animals generated in our lab were originally
derived from a colony maintained at the University of Pittsburgh
Cancer Institute (a Taiwanese strain derived from stock supplied by
the Chinese University of Hong Kong). Shrews were single-housed in
plastic cages (37.3 × 23.4 × 14 cm, Innovive), fed ad libitum with a
mixture of feline (75%, Laboratory Feline Diet 5003, Lab Diet) and
ferret food (25%, High Density Ferret Diet 5LI4, Lab Diet), and had
ad libitum access to tap water except where noted. All animals were
housed under a 12/12 h light/dark cycle in a temperature- and
humidity-controlled environment. Shrews were habituated to single
housing in their home cages and injected IP at least 1 week prior to
experimentation. All experimental injections in shrews were separated
by at least 72 h. Behavioral experiments were conducted in a within-
subjects, Latin square design.

Effects of Ex4, 1, and 22 on Energy Balance in Shrews. We first
evaluated in shrews the effects on food intake and body weight of
doses of nEx4, 1, and 22. Food intake was evaluated using our
custom-made feedometers, consisting of a standard plexiglass rodent
housing cage (29 × 19 × 12.7 cm) with mounted food hoppers
resting on a plexiglass cup (to account for spillage). Shrews had ad
libitum access to powdered food through a circular (3 cm diameter)
hole in the cage. Food was removed 1 h prior to the dark onset.
Shortly before the dark onset, shrews (n = 10) received IP injection
of Ex4 (5 nmol/kg), 1 (5 nmol/kg), 22 (5 nmol/kg), or vehicle (1
mL/100 g BW sterile saline). Food intake was manually measured at
6, 24, and 48 h post injection. BW was measured at 0, 24, and 48 h.
Treatments occurred in a within-subject, counter-balanced design
and were at least 3 days apart.

Effects of Ex4, 1, and 22 on Glucoregulation Following an
IPGTT in Shrews. The protocol for performing an IPGTT in shrews
was similar to that previously described.18,51 Briefly; 3 h before the
dark onset, shrews (n = 12) were food- and water-deprived. Two
hours later, baseline BG levels were determined from a small drop of
tail blood and measured using a standard glucometer. nEx4 (5 nmol/
kg), 1 (5 nmol/kg), 22 (5 nmol/kg), or vehicle (1 mL/100 g BW
sterile saline) were then administered IP. BG was measured 30 min
later (t = 0 min), and then each shrew received an IP bolus of
glucose (2 g/kg). Subsequent BG readings were taken at 20, 40, 60,
and 120 min after glucose injection. After the final BG reading, food
and water were returned. IPGTT studies were carried out in a
within-subject, counter-balanced design and separated by at least 72
h.

Effects of Ex4, 1, and 22 on Emesis in Shrews. Shrews (n = 10)
were habituated to IP injections and to clear plastic observation
chambers (23.5 × 15.25 × 17.8 cm) for four consecutive days prior
to experimentation. The animals were injected IP with nEx4, 1, 22
(all at 5 nmol/kg), or vehicle, placed in their respective emetic cages,
and then video-recorded (Vixia HF-R62, Canon) for 120 min. All
recordings started within 2 min after drug administration. After 120
min, the animals were returned to their cages. Treatments were
separated by 72 h. Analysis of emetic episodes was performed by an
observer blinded to treatment groups. Emetic episodes were
characterized by strong rhythmic abdominal contractions associated
with either oral expulsion from the gastrointestinal tract (vomiting)
or without the passage of materials (retching). Latency to the first
emetic episode, the total number of emetic episodes, and the number
of emetic episodes per minute were recorded.
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