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N-substituted sultam carboxylic acids as novel glycogen
synthase activators
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Decreased glycogen synthesis and turnover is a common defect in type 2 diabetic patients. Activating

glycogen synthase, the enzyme that catalyses the transfer of glucose from UDP-glucose to a glycogen

polymer chain, could be a potential therapeutic target for the treatment of diabetes. We discovered a

series of N-substituted sultam carboxylic acids as potent glycogen synthase activators. Treatment of

human skeletal muscle cells with these compounds resulted in an increase in glycogen synthesis.

Compound 4 displayed good oral bioavailability and therefore may be a useful tool molecule to study

GS as a potential anti-diabetic target.
Type 2 diabetes (T2D) is a common and serious disorder
affecting a large population around the globe. The disease
pathology is characterized by an abnormal increase in hepatic
glucose production and a decrease in glucose utilization in
peripheral tissues. Although several classes of anti-diabetic
agents are available, there is still a strong need to identify effi-
cacious treatments without serious side effects.1

The twomajor pathways of glucose utilization in the liver and
skeletal muscles are glycolysis, or oxidation of glucose to pyru-
vate, and glycogenesis, or storage of glucose as glycogen. One of
the key enzymes in glycogen synthesis is glycogen synthase (GS).
GS catalyses the transfer of glucose from UDP-glucose to the
growing glycogen chain through a 1,4-a linkage, and this step is
the rate-limiting step under most circumstances.2,3

Two forms of GS exist in mammals, encoded by the genes
GYS1 and GYS2. The gene products share 69% homology, where
GYS2 encodes the liver specic form and GYS1 encodes the
form expressed in all other tissues including muscle.4,5 Both
genetic and clinical data suggest the involvement of GS in T2D.
It has been reported that a polymorphism of the muscle gene
GYS1 is more prevalent in T2D patients than in non-diabetic
controls.6 Furthermore, basal and insulin-stimulated GS activ-
ities in muscle cells from diabetic subjects are signicantly
decreased relative to cells from non-diabetic subjects.7 Using
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13C-NMR spectroscopy in hyperglycemic–hyperinsulinemic
clamp studies with 13C-glucose tracer, a greater than 50%
decrease in muscle glycogen synthesis in T2D patients
compared to normal subjects was found.8 Therefore, activating
GS by GS activators may provide a potential therapeutic target
for T2D treatment.

The success of our discovery of glucokinase (GK) activators
as potential anti-diabetic agents prompted us to investigate
other targets in the glucose homeostasis pathway.9,10 Since GS is
the key regulatory enzyme in glucose storage in peripheral
tissues, we were interested in identifying small molecule GS
activators. Screening of our compound library provided us a
single hit 1 shown in Fig. 1 (GYS1 EC50 ¼ 15.1 mM). Our initial
hit expansion was focused on the le-hand bi-phenyl and the
central furan ring, and a signicant increase in GS activation
potency was achieved as exemplied by 2 (GYS1 EC50 ¼ 0.14
mM).11 Subsequently, the modication of the proline moiety on
the right-hand side led to the discovery of N-alkylglycine
analogue 3 (GYS1 EC50 ¼ 0.1 mM).12 To further explore the
chemical diversity of GS activators from this biphenyl ether
chemical class, we took a bioisostere approach to replace the
proline or glycine fragments in 2 and 3 and identied N-alkyl-
sultam carboxylic acid 4, a novel GS activator with oral
bioavailability. Herein we report the discovery and biological
evaluation of these sultam-derived GS activators.

To further explore the structure–activity relationship of 3, we
replaced the amide carbonyl group in 3 with a bioisosteric
methylene group and prepared the corresponding amide,
carbamate and sulfonamide analogues (5–12, in Table 1). In
order to reduce the number of rotatable bonds in 7 and 12, we
rigidied the molecule and prepared the corresponding lactam
13 and sultam 14. Compounds 5–14 were synthesized according
to Schemes 1–3.19
Med. Chem. Commun.
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Table 1 Activation potency of GS activators 5–14 in GS enzymatic and cellular assaysa

Compound R
GS enzyme
EC50 (mM)

GS enzyme
SC200 (mM)

GS enzyme fold
increase @ 75 mM

GS cellular
SC250 (mM)

GS cellular fold
increase @ 75 mM

2 0.14 � 0.04 0.02 � 0.01 5.4 � 1.6 0.20 � 0.10 32.5 � 10.5
3 0.10 � 0.01 0.02 � 0.01 6.8 � 1.5 0.16 � 0.10 33.2 � 5.0
5 H 4.9 0.38 5.5 6.1 3.9
6 1.93 0.50 7.6 3.7 6.5

7 0.37 0.10 5.4 10.3 7.9

8 0.72 0.18 6.6 2.4 8.6

9 1.34 0.21 6.4 5.5 9.1

10 1.82 0.42 3.5 0.71 14.9

11 0.47 0.03 7.9 0.37 � 0.05 15.6 � 0.2

12 0.31 � 0.10 0.04 � 0.01 5.7 � 0.4 0.28 � 0.07 28.2 � 6.0

13 0.12 0.02 6.0 0.70 25.7

14 0.13 � 0.05 0.02 � 0.01 5.2 � 1.2 0.44 30.7

a Numbers with �SEM are from at least three independent biological assays and numbers without �SEM are the average from dose-dependent
enzymatic or cellular assays in triplicate with the overall CV% less than 30%.

Scheme 1 Reagents and conditions: (a) K2CO3, PdCl2(dppf) cat., DMF/H2O, 60
�C, 15 h, 92%; (b) LiAlH4, ether/THF, rt, 2 h, 98%; (c) BrCH2COOEt, K2CO3, CH3CN,
reflux, 15 h, 69%; (d) LiOH (aq.)/THF, 63%; (e) EtI, TEA, CH2Cl2, then (d), 54%; (f)
acyl chloride, TEA, CH2Cl2, then (d), 95%; (g) alkyl chloroformate, TEA, CH2Cl2,
then (d), 90%; (h) EtSO2Cl, TEA, CH2Cl2, then (d), 45%.

Scheme 2 Reagents and conditions: (a) K2CO3, acetone, reflux, 15 h, 51%; (b) L-
glutamic acid diethyl ester hydrochloride, MeOH/THF/HOAc, NaBH(OAc)3, 69%;
(c) LiOH (aq.)/THF, 97%.

Scheme 3 Reagents and conditions: (a) NaBH4, 100%; (b) PBr3, CH2Cl2, 0 �C to rt,
42%; (c) 1,1-dioxo-isothiazolidine-3-carboxylic acid methyl ester, K2CO3, DMF, rt,
3 h, 73%; (d) LiOH (aq.)/THF, 98%.
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Compounds 5–14 were studied in the biochemical assay for
their activities as activators of human muscle glycogen syn-
thase (GYS1). The recombinant human muscle GYS1 expressed
and partially puried from sf9 cells was used as glycosyl-
transferase and the assay was carried out by coupling with
pyruvate kinase and lactate dehydrogenase.13 Dose-dependent
activation (in comparison with the same assay without
Med. Chem. Commun.
activators) of GYS1 was observed and compounds were char-
acterized with three parameters as listed in Table 1: fold-
increase in enzyme activity at the highest compound concen-
tration tested (75 mM), EC50 (compound concentration
required to achieve half of the maximum activation) and SC200
This journal is ª The Royal Society of Chemistry 2013
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Scheme 4 (a) (1) Isobutyl chloroformate, N-methylmorpholine, THF, �15 �C, 15
min; (2) NaBH4, THF, MeOH, 81%; (b) thioacetic acid, PPh3, DIAD, 0 �C to rt, 62%;
(c) HOAc, H2O, NaOAc, Cl2, 0 �C, 100%; (d) CH2Cl2, TFA, 0 �C to rt, 50%; (e) K2CO3,
DMF, rt, 3 h, 73%; (f) CH2Cl2, TFA, 0 �C to rt, 80%.
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(compound concentration required to achieve a 2-fold enzyme
activity). We next tested these activators in activating GYS1 in
human muscle cells. Primary human myoblasts were fully
differentiated into polynucleated myotubes and cells were
treated with D-glucose with 14C-labelled tracer. Following
insulin stimulation (50 nM), the incorporation of 14C-glucose
into glycogen was measured.14 Dose-dependent cellular GS
activation was observed by comparing the same assay without
activator addition. Cellular GS activation was characterized by
two parameters as listed in Table 1: fold-increase in GS activity
at the highest compound concentration tested (75 mM) and
SC250 (compound concentration required to achieve a 2.5-fold
cellular GS activity). As shown in Table 1, compounds 2, 3, and
10–14 displayed signicantly higher levels of enzyme activation
in the cellular assay than in the corresponding biochemical
assay. There is a clear synergistic effect between insulin and GS
activators (augmentation of the activator's capability of acti-
vating GYS1 in the presence of insulin stimulation). In
comparison with 2 and 3, compounds 5–9 displayed a signi-
cant loss of cellular GS activation potency (SC250 and fold-
increase), while the two carbamates (10 and 11) showed
medium cellular GS activation (fold-increase). The sulfon-
amide 12, lactam 13 and sultam 14 showed comparable acti-
vation potency when compared with 2 and 3 in both
biochemical and cellular GS activation assays. When lactam 13
was orally dosed to C57 mice, poor oral exposure was observed
at both 2 h and 4 h time points, while the sulfonamide 12 and
sultam 14 displayed higher oral exposure (data not shown).

Since 14 is a mixture of enantiomers, we used super-critical
uid chromatography (SFC) with a chiral column to separate the
racemate. As listed in Table 2, the (S)-enantiomer is signicantly
more active than the corresponding (R)-enantiomer. To conrm
the absolute stereochemistry of two enantiomers from SFC
separation, pure enantiomers were synthesized as described in
Scheme 4 using the literature route with our modications,15
Table 2 Activation potency of GS activators 4, 15–21 in GS enzymatic and cellula

Compd R (R) or (S)
GS enzyme
EC50 (mM)

GS enzym
SC200 (mM

4 F (S) 0.09 � 0.03 0.01 � 0.0
15 F (R) 1.82 � 0.20 0.65 � 0.2
16 OCH3 (S) 0.12 � 0.02 0.01 � 0.0
17 OCH3 (R) 0.39 � 0.06 0.10 � 0.0
18 Cl (S) 0.10 0.03
19 Cl (R) 0.84 0.42
20 CH3 (S) 0.11 0.01
21 CH3 (R) 0.90 � 0.10 0.32 � 0.1

a Numbers with �SEM are from at least three independent biological ass
enzymatic or cellular assays in triplicate with the overall CV% less than 3

This journal is ª The Royal Society of Chemistry 2013
and each enantiomer with dened stereochemistry was
matched with components separated from chiral SFC.

By using the chiral synthesis of the sultam and the chiral SFC
separation of the racemate, we obtained 4 pairs of enantiomers (4
and 15–21). These 8 compounds were studied in both biochem-
ical and cellular assays for their GS activation potency and results
are listed in Table 2. When comparing each pair of enantiomers,
the (S)-isomer is signicantly more potent than the correspond-
ing (R)-isomer. The stereochemical effect on the GS enzyme
activation potency is most signicant for uorine substitution
(4), while the methoxy substitution displayed only a 3-fold
difference in the EC50 value in the enzyme assay. It is also
important to note that the more potent (S)-isomer demonstrated
higher potency in the GS cellular assay as measured by both the
SC250 value and the fold-increase of glycogen synthesis at the
highest concentration. Interestingly, the sultam analogue with
methoxy substitution (16) demonstrated the highest cellular
potency, which is consistent with our observation for compounds
in the proline and N-alkylglycine chemical series (2 and 3). Data
from Table 2 clearly suggest a good correlation between our GS
biochemical assay and the human skeletal muscle cellular assay.
r assaysa

e
)

GS enzyme fold
increase @ 75 mM

GS cellular
SC250 (mM)

GS cellular fold
increase @ 75 mM

5.7 � 0.4 2.2 � 0.5 34.1 � 4.0
7 5.4 � 0.7 30.8 � 10.0 4.5 � 0.5

5.9 � 0.5 0.30 46.5
1 5.8 � 0.5 11.2 10.9

5.3 1.0 24.7
5.0 12.1 11.2
6.1 1.4 39.1

1 5.2 � 1.1 8.2 � 0.1 11.1 � 1.1

ays and numbers without �SEM are the average from dose-dependent
0%.

Med. Chem. Commun.
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Table 3 Pharmacokinetic properties of 4 in rats (n ¼ 3)a

Route iv po

Dose (mg kg�1) 5 10
Cl (mL min�1 kg�1) 4.26
Vdss (L kg�1) 0.98
AUC0-inf (ng h mL�1) 19 855 20 640
Cmax (ng mL�1) 3327
F (%) 52

a The observed CV% for the iv route was less than 20%.

Fig. 1 Structures of GS activators 1–4.
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Comparing the structural features of the sultam analogues
described in this report with proline derivatives (Fig. 1), it is
clear that they share the common fragment of the le hand
biphenyl ether and the carboxylic acid functional group. We
carried out extensive enzyme activation kinetic studies for both
HTS hit (compound 1) and highly potent GS activators in the
proline chemical series (chemical class of 2). Our data revealed
that they are non-competitive against the substrate UDP-glucose
and the physiological activator glucose-6-phosphate (G6P).
These compounds appear to bind GS at the allosteric site and
synergize with G6P. Although we did not further characterize
the kinetic proles of sultam analogues, it is likely that these
sultam carboxylic acids share the same allosteric binding mode
as the proline derivatives based on the SAR and the common
structural fragments.

To further evaluate the potential of our novel sultam-derived
GS activators as tool compounds, we investigated the pharma-
cokinetic properties of 4 in male Wistar rats.18 As listed in
Table 3, following intravenous dosing at 5 mg kg�1, the mean
clearance was low (4.26 mLmin�1 kg�1) and a moderate volume
of distribution was observed (967 mL kg�1). When 4 was orally
dosed to rats at 10mgkg�1 (aqueous suspension containing 10%
PEG400 in phosphate buffer), a good oral bioavailability (52%)
was observed. To answer the question whether these chiral sul-
tam carboxylic acids can undergo in vivo racemization, we ana-
lysed plasma samples (using a chiral column) from mice orally
dosed with 4 and 15, and no in vivo racemization was observed.
Conclusions

In summary, a novel class of sultam-derived carboxylic acids
were identied as potent glycogen synthase activators. These
Med. Chem. Commun.
compounds demonstrated activation potency in both
biochemical and cellular assays. The stereochemistry of these
sultam analogues signicantly affected their GS activation
potency. Compound 4 further showed good oral bioavailability.
Apart from glucose-6-phosphate, an endogenous GS activator,
currently there are no small molecule GS activators reported in
the literature except for our biphenyl ether chemical class.16,17

The sultam carboxylic acids described here may provide tool
compounds to evaluate GS activation as a potential anti-diabetic
target.
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J ¼ 8.1 Hz, 2H), 7.18–7.28 (m, 2H), 7.30–7.46 (m, 6H); LC/
MS calcd for C27H27NF2O6 (m/z) 499, obsd 500.1 (M + H, ES+).
Compound 12: 1H NMR (300 MHz, DMSO-d6) d ppm 1.25 (t, J
¼ 7.2 Hz, 3H), 3.20 (q, J ¼ 7.2 Hz, 2H), 3.75 (s, 3H), 3.81 (s,
2H), 4.48 (s, 2H), 5.15 (s, 2H), 7.04 (d, J ¼ 8.7 Hz, 2H),
7.17–7.48 (m, 8H), 12.92 (br, s, 1H); LC/MS calcd for
C25H25NF2O6S (m/z) 505, obsd 504.1 (M � H, ES�).
Compound 13: 1H NMR (300 MHz, DMSO-d6) d ppm 1.87–
2.04 (m, 1H), 2.15–2.43 (m, 3H), 3.75 (s, 3H), 3.82–3.97 (m,
2H), 4.91 (d, J ¼ 15.4 Hz, 1H), 5.13 (s, 2H), 7.03 (d, J ¼ 8.7
Hz, 2H), 7.11–7.46 (m, 8H), 13.05 (br, s, 1H); LC/MS calcd
for C26H23NF2O5 (m/z) 467, obsd 468.0 (M + H, ES+).
Med. Chem. Commun.
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Compound 14: 1H NMR (300 MHz, CDCl3) d ppm 2.40–2.69
(m, 2H), 3.02–3.16 (m, 1H), 3.32 (dt, J ¼ 12.4, 7.8 Hz, 1H),
3.78–3.87 (m, 1H), 3.77 (s, 3H), 4.28 (d, J ¼ 15.1 Hz, 1H),
4.64 (d, J ¼ 15.1 Hz, 1H), 5.12 (s, 2H), 6.78 (dd, J ¼ 12.1,
6.6 Hz, 1H), 6.99 (d, J ¼ 8.4 Hz, 2H), 7.04–7.17 (m, 1H),
7.30–7.48 (m, 6H); LC/MS calcd for C25H23NF2O6S (m/z)
503, obsd 502.0 (M � H, ES�).
Compound 4: 1H NMR (400 MHz, CDCl3) d ppm 2.45–2.55
(m, 1H), 2.55–2.67 (m, 1H), 3.05–3.16 (m, 1H), 3.33 (dt, J ¼
12.5, 7.9 Hz, 1H), 3.84 (dd, J ¼ 8.3, 4.5 Hz, 1H), 4.29 (d, J ¼
15.1 Hz, 1H), 4.65 (d, J ¼ 15.1 Hz, 1H), 5.12 (s, 2H), 6.96–
7.06 (m, 3H), 7.17–7.25 (m, 1H), 7.32–7.49 (m, 6H); LC/MS
calcd for C24H20NF3O5S (m/z) 491, obsd 490.0 (M � H,
ES�); micro analysis calcd C 58.65%, H 4.10%, N 2.85%, F
11.60%, S 6.52%; obsd C 58.87%, H 3.98%, N 2.78%, F
11.43%, S 6.55%; [a]D ¼ �26.2 (4 mg mL�1, in EtOAc).
Compound 15: 1H NMR (400 MHz, CDCl3) d ppm 2.44–2.55
(m, 1H), 2.55–2.68 (m, 1H), 3.05–3.16 (m, 1H), 3.28–3.39
(m, 1H), 3.84 (dd, J ¼ 7.9, 4.3 Hz, 1H), 4.29 (d, J ¼ 15.1 Hz,
1H), 4.65 (d, J ¼ 14.9 Hz, 1H), 5.12 (s, 2H), 6.95–7.08 (m,
3H), 7.16–7.26 (m, 1H), 7.31–7.50 (m, 6H); LC/MS calcd for
C24H20NF3O5S (m/z) 491, obsd 490.0 (M � H, ES�).
Compound 16: 1H NMR (300 MHz, CDCl3) d ppm 2.40–2.69
(m, 2H), 3.02–3.16 (m, 1H), 3.32 (dt, J ¼ 12.4, 7.8 Hz, 1H),
Med. Chem. Commun.
3.78–3.87 (m, 1H), 3.77 (s, 3H), 4.28 (d, J ¼ 15.1 Hz, 1H),
4.64 (d, J ¼ 15.1 Hz,1H), 5.12 (s, 2H), 6.78 (dd, J ¼ 12.1,
6.6 Hz, 1H), 6.99 (d, J ¼ 8.4 Hz, 2H), 7.04–7.17 (m, 1H),
7.30–7.48 (m, 6H); LC/MS calcd for C25H23NF2O6S (m/z)
503, obsd 502.0 (M � H, ES�); micro analysis calcd C
59.64%, H 4.60%, N 2.78%, F 7.55%, S 6.37%; obsd C
58.81%, H 4.67%, N 2.70%, F 7.58%, S 6.25%.
Compound 18: 1H NMR (300 MHz, CDCl3) d ppm 2.45–2.70
(m, 2H), 3.06–3.20 (m, 1H), 3.34 (dt, J ¼ 12.4, 7.9 Hz, 1H),
3.85 (dd, J ¼ 8.1, 4.5 Hz, 1H), 4.31 (d, J ¼ 15.1 Hz, 1H), 4.62
(d, J ¼ 15.1 Hz, 1H), 5.11 (s, 2H), 7.03 (d, J ¼ 8.7 Hz, 2H),
7.16 (dd, J ¼ 10.4, 8.6 Hz, 1H), 7.29–7.39 (m, 4H), 7.39–7.49
(m, 3H); LC/MS calcd for C24H20ClNF2O5S (m/z) 507, obsd
506.0 (M � H, ES�).
Compound 20: 1H NMR (400 MHz, CDCl3) d ppm 2.20 (s,
3H), 2.47–2.58 (m, 1H), 2.58–2.70 (m, 1H), 3.09–3.19 (m,
1H), 3.35 (dt, J ¼ 12.3, 7.9 Hz, 1H), 3.87 (dd, J ¼ 8.4,
4.5 Hz, 1H), 4.30 (d, J ¼ 14.9 Hz, 1H), 4.65 (d, J ¼ 14.9
Hz, 1H), 5.12 (s, 2H), 6.96–7.09 (m, 4H), 7.19 (d, J ¼ 8.5
Hz, 2H), 7.33–7.50 (m, 4H); LC/MS calcd for
C25H23NF2O5S (m/z) 487, obsd 486.0 (M � H, ES�);
micro analysis calcd C 61.59%, H 4.76%, N 2.87%, F
7.79%, S 6.58%; obsd C 61.33%, H 4.78%, N 2.74%, F
8.03%, S 6.52%.
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