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Abstract

This study discovered that glycyrrhetinic acid inhibited the human 20S proteasome at 22.3 pM.
Esterification of the C-3 hydroxyl group on glycyrrhetinic acid with various carboxylic acid reagents
yielded a series of analogs with marked improved potency. Among the derivatives, glycyrrhetinic
acid 3-O-isophthalate (17) was the most potent compound with 1Cgq of 0.22 uM, which was
approximately 100-fold more potent than glycyrrhetinic acid.

Keywords
Glycyrrhetinic acid; proteasome inhibitor; triterpene

Introduction

18B-glycyrrhetinic acid (GLA) is the aglycone of glycyrrhizic acid, a major component found
in licorice root that has been widely used in traditional medicines, especially in Asia (1). The
known pharmacological activities of GLA and glycyrrhizic acid include anti-inflammation,
anti-ulcer, anti-allergenic, and anti-viral. The GLA derivative, carbenoxolone, has been used
in Europe as a licensed medicine for the treatment of esophageal ulceration and inflammation
(2). GLA was shown to have multiple biological activities, including inhibition of 11-p-
hydroxysteroid dehydrogenase and induction of mitochondrial permeability transition (3-5).
How these biological activities contribute to the pharmacological effect of GLA remains to be
determined.

The proteasome-ubiquitin pathway is known for breaking down proteins to remove the
misfolded or damaged proteins in eukaryotic cells (6,7). In the past decade, increasing evidence
has indicated that the proteasome-ubiquitin system plays an important role in many cellular
functions such as cell stress response, cell cycle regulation, cellular differentiation, and
antigenic peptide generation. Therefore, targeting the proteasome-ubiquitin pathway has been
considered a novel strategy for the treatment of various disorders such as neurodegenerative
diseases, cancers, and inflammatory diseases (8).

*Corresponding author. Chin-Ho Chen, Department of Surgery, Box 2926, Duke University Medical Center, Durham, NC 27710-2926,
U.S.A. Tel.: 919-684-3819; Fax: 919-684-3878; E-mail: chc@duke.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang et al.

Page 2

The core structure of the proteasome is a barrel-shaped 20S complex that has four stacked rings
each with 7 subunits (8). The two outer rings and two inner rings are named a rings and p rings,
respectively. The 20S proteasome is activated when the regulatory protein complex PA700 or
PA28 binds to the o ring that opens the channel in the 20S proteasome and allows the ubiquitin-
tagged proteins to access the proteolytic sites located inside the chamber. Within the {3 rings,
there are multiple proteolytic sites including two chymotrypsin-like (ChT-L), two trypsin-like
(T-L), and two caspase-like (CA-L) proteolytic sites (10). The proteasome inhibitor PS341
(bortezomib) was successfully developed into an anti-cancer drug for the treatment of multiple
myeloma (11). Differential inhibition of the three catalytic activities by bortezomib is believed
to be critical for clinical benefit in disease treatment (12). Recently, we reported that betulinic
acid (BA) and its derivatives could regulate the proteasome activities (13). BA acted as an
activator of the 20S proteasome complex. On the other hand, some of the BA derivatives were
shown to be inhibitors of the 20S proteasome.

Results and discussion

In this study, we continued our effort of searching for new compounds that possess proteasomal
regulatory activity. Several triterpenes with structures similar to BA were tested for their
potentials in regulating the proteasome, including glycyrrhetinic acid (GLA, 1), oleanolic acid
(OA), ursolic acid (UA), and moronic acid (MA) as shown in Figure 1. The compounds were
initially examined for their effect on the ChT-L activity of the proteasome. The ChT-L activity
is the most critical enzymatic process in the proteasome. Genetic studies suggested that
impaired proteasome ChT-L activity caused by mutations resulted in strong reduction in the
degradation of proteasomal substrates (14-17), whereas impaired T-L or CA-L activity of
proteasomes did not cause such a detrimental effect. Our current study indicated that among
these five triterpenes, GLA is the only one that inhibited the ChT-L activity of the proteasome.
GLA reduced the proteasome activity by 50% at 22.3 uM. MA did not inhibit or activate
proteasome activity, possibly due to the lack of a C-3 hydroxyl group. On the contrary, BA,
UA, and OA all activated the ChT-L activity of the proteasome (data not shown).

Synthesis and characterization of GLA derivatives

Our previous study indicated that BA derivatives with side chain modifications at the C-3
position transformed BA into proteasome inhibitors. In an attempt to increase the potency of
GLA'’s inhibitory effect on proteasome, a series of GLA derivatives functionalized with a
variety of C-3 side chains were synthesized. The synthesis of GLA C-3 ester derivatives was
accomplished by treating GLA with corresponding carboxylic acid reagents under general
esterification conditions. Compounds 2-7, 9 and 11 were obtained with corresponding
anhydrides in the presence of DMAP and pyridine using microwave assisted heating. The rest
of the compounds (8, 10 and 12-18) were synthesized by coupling the corresponding
carboxylic acid reagents in the presence of EDC*HCI/DMAP or DCC/DMAP under microwave
irradiation. Compounds 19-21 were modified at the C-30 position with amide moieties with
or without additional modification on their C-3 position. The synthesis of these compounds
has been previously reported (18).

The structures of four of the most potent GLA derivatives, 8, 12, 17, and 18, were further
confirmed with 13C NMR studies (Table 1). The spectra have shown all 30 carbons of GLA
triterpene skeletons with unambiguous assignment for 7 of them based on comparison of data
reported before for GLA (19). The carbon signals of C-3 ester side chain were also observed
except for the three overlapping signals in compound 18. In summary, the spectra showed no
or very small difference of chemical shift (all within 0.2 ppm except for the C-3) among the
four compounds on the triterpene skeleton region due to its structural rigidity and stability. The
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C-3 chemical shifts showed more variety among these GLA esters and were found to be more
than 2 ppm downfield than that in GLA.

Inhibition of the proteasome by GLA derivatives

The synthesized compounds were assayed at various concentrations in order to determine their
potency against the ChT-L activity (13). The known proteasome inhibitors Ac-Leu-Leu-Met-
CHO (LLM-F) and lactacystin were included in the assay as controls. The results indicated
that C-3 esterification of GLA increased the potency of proteasome inhibition by 3 to 100-fold
when compared with unmodified GLA (Table 2). It appeared that compounds with aromatic
C-3 side chains as seen in 13-18 were, in general, more potent (IC5¢ = 0.22 — 2.27 uM) than
compounds without the aromatic side chain except for compounds 8 and 12. Compound 8
possessed an unbranched side chain similar to compounds 4 and 6. The length of the side chains
of these compounds was positively correlated with the potency of the compounds against the
proteasome. For example, the C-3 side chains of compounds 4, 6, and 8 increased from C,,
Cs, to Cg, respectively, and this correlated with the improved potency of these compounds.
The 50% inhibitory concentrations (1Csq) of compounds 4, 6, and 8 were 2.63, 1.39, and 0.29
MM, respectively. Compound 12, containing an unsaturated side chain, also exhibited potent
inhibitory activity with 1Csq equal to 0.35 pM.

COR,

18-B-glycyrrhetinic acid derivatives

The free carboxylic acid moiety in the C-3 side chain was not required for proteasome inhibition
as shown with compounds 11, 13, and 14, which exhibited moderate potency against
proteasome. However, a free carboxylic acid moiety appeared to enhance the potency of the
compound. For example, the carboxylic acid on compounds 17 and 18 might be responsible
for the 10-fold increase in the anti-proteasomal activity when compared with compound 13.

Additional side chain modification at C-30 significantly decreased the potency of the C-3
derivatives of GLA. The ICsq of the C-3 derivative, 2, was 0.87 uM against the ChT-L activity
of the proteasome. Addition of a C-30 side chain resulted in compound 21 that inhibited the
proteasomal activity at 3.09 M.

One of the possible reasons that bortezomib can selectively inhibit cancer cells could be due
to its preferential inhibitory activity against the ChT-L activity of the proteasome (12,20). To
determine whether GLA derivatives can also preferentially inhibit the ChT-L activity of the
proteasome, GLA and three of the most potent compounds, 8, 12, and 17, were tested for their
effects on the T-L and CA-L activities of the proteasome. These two proteolytic activities were
analyzed using the assays previously described (13). In general, the GLA derivatives were at
least 10-fold less potent against the CA-L or T-L activity when compared with their anti-ChT-
L activity of the proteasome (Table 2). These results suggested that all of the three tested
compounds exhibited preferential inhibitory activity against the ChT-L activity of the
proteasome.
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To determine whether GLA derivatives could inhibit the proteasome in the cells, 17, the most
potent compound of the series, was tested in a cell-based proteasome assay previously
described (13). To determine the effect of 17 on the ChT-L activity of the proteasome in living
cells, MT4 cells were treated with 17 or the known proteasome inhibitors LLM-F and
lactacystin. The ChT-L activity of the proteasome in the cells was analyzed using a Promega
cell-based proteasome assay kit and protocol. In this study, compound 17 inhibited the ChT-
L activity of the proteasome by 50% at approximately 0.25 pM (Figure 2). The inhibitory
activity of 17 in the cell-based assay was comparable to the purified human 20S proteasome
assay. On the other hand, lactacystin was approximately one log;g more potent in the cell-
based assay when compared with that in the purified 20S proteasome assay. It is possible that
the metabolites of lactacystin in the cells are responsible for the increased potency (21)

Inhibition of IkB degradation in MT4 cells

Proteasome degradation of l1kxBa is required for NF«B activation by tumor necrosis factor alpha
(TNFa). To determine if compound 17 can inhibit proteasome degradation of 1«xBa, MT4 cells
were treated with 17 (1.6 uM) for 3 hours before treating with TNFa (10 ng/ml) for 30 minutes..
The cytosolic proteins were analyzed in a 12% SDS polyacrylamide gel. The proteins in the
gel were transferred to a nitrocellulose paper for Western blot analyses. An l1kBa monoclonal
antibody (Abcam, Cambridge, UK) was used to detect IxBg. in the samples. TNFa treatment
resulted in a significant reduction in IxBa level when compared with the control in the absence
of TNFa (Figure 3) The TNFa-induced proteasome degradation of 1kxBa was significantly
inhibited in the presence of 17. In contrast, -actin level in the cells was not affected by 17.
The results suggested that 17 specifically inhibited the proteasome in the cells.

Conclusion

In summary, this study shows that GLA is a proteasome inhibitor, and the potency of this
inhibitory activity could be markedly improved through chemical modification at the C-3
position of the compound. GLA is a natural product and has abundant natural sources. It can
be obtained from the hydrolysis of the glycoside glycyrrhizic acid (GL). GL from licorice has
been used as a food sweetener and in clinical treatment of HBV, where it appeared to have low
toxicity and side effects (22). GLA was found to be the major component in serum after
ingestion of GL (23). Therefore, development of GLA derivatives as proteasome inhibitors
might have the potential to provide new therapeutics for diseases such as cancers and
inflammatory diseases.

Experimental

General experimental procedures

The Biotage Initiator 2.0 was used for microwave assisted synthesis. All melting points were
determined with a Fisher-Johns melting point apparatus without correction. Positive and
negative FABHRMS were recorded on a Joel SX-102 spectrometer. 1H (300 MHz) and 13C
(125 MHz) NMR spectra were measured on a Varian Mercury 300 spectrometer and Varian
Inova 500 spectrometer, respectively. Other than as noted, all samples were dissolved in
CDCl3 with TMS as internal standard. Silica gel chromatography was carried out on a Biotage
Horizon Flash chromatograph system with pre-packed Si gel column. HPLC was performed
on a Varian ProStar solvent delivery and PDA detector with Agilent Zorbax ODS or C-8
columns (4.6 mm x 25 cm and 9.4 mm x 25 cm for analytical and semi preparative scales,
respectively). The HPLC profile of each new compound was obtained under two solvent
systems (Table 3).
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Procedure A for coupling at the C-3 hydroxyl group

A mixture of GLA, anhydride (5 ~ 10 eq.), and DMAP (1 eq.) in pyridine (anhydrous) was
heated for 0.5 to 2 hr at 100 to 130°C in microwave synthesizer. The mixture was then
concentrated under vacuum, re-dissolved in MeOH, and purified with Si-gel chromatography
or reverse phase HPLC. The yields ranged from 30 to 50%.

Procedure B for coupling at the C-3 hydroxyl group

A solution of di-carboxylic acid (10 ~ 15 eq.), DCC (5 ~ 10 eq.), and DMAP (1 eq.) in
CH,Cl, (anhydrous) was added to GLA in pyridine and heated for 0.5 to 2 hr at 100 to 130°C
in microwave synthesizer. The yields ranged from 20 to 40%.

3B-0-(2',3'-Dimethylsuccinyl)-18-B-glycyrrhetinic acid (3)

Positive FABMS m/z 599.5 (M+H)*; HR-FABMS calcd for C3gH5307 597.3791, found
597.3783. 1H NMR 6 5.69 (1H, s, H-12), 4.52 (1H, dd, J = 4.5 Hz, J = 11.0 Hz, H-3), 2.74-
2.89 (3H, m, Hy and 2xCH-COO0), 1.36 (3H, s. CH3-29), 1.24-1.26 (6H, m, 2x CH3-CHCOO),
1.21 (3H, s. CH3-25), 1.16 (3H, s. CH3-23), 1.12 (3H, s. CH3-24), 0.87, 0.88 (each 3H, each
s, CH3-26 and CH3-27), 0.83 (3H, CH3-28).

3B-O-Succinyl-18-B-glycyrrhetinic acid (4)

Positive FABMS m/z 571.4 (M+H)*; HR-FABMS calcd for C34H4907 569.3478, found
569.3465. %. IH NMR (CDCl3/Py-ds) 5 5.69 (1H, s, H-12), 4.52 (1H,dd, J=5.7 Hz, J = 11.4
Hz, H-3), 2.75 (1H, d, J = 14.4 Hz, Hy,), 2.63 (4H, s, 2xCH,CO), 1.33 (3H, s. CH3-29), 1.17
(3H, s. CH3-25), 1.10 (3H, s. CH3-23), 1.06 (3H, s. CH3-24), 0.83 (6H, s, CH3-26 and
CH3-27), 0.76 (3H, CH3-28).

3B-0-(3',3'-Dimethylglutaryl)-18-B-glycyrrhetinic acid (5)

Positive FABMS m/z 613.5 (M+H)*; HR-FABMS calcd for C37H5507 611.3948, found
611.3930. 'H NMR (CDCls3/Py-ds) & 5.58 (1H, s, H-12), 4.48 (1H, dd, J = 5.2 Hz, J = 11.0
Hz, H-3),2.64 (1H, d, J = 13.3 Hz, Hy,), 2.39-2.52 (4H, m, 2xCOCH,), 1.29 (3H, s. CH3-29),
1.23 (3H, s. CH3-25), 1.16 (3H, s. CH3-23), 1.14, 1.13 (each 3H, each s, [CH3]»,C), 1.08 (3H,
s. CH3-24), 0.83, 0.84 (each 3H, each s, CH3-26 and CH3-27), 0.68 (3H, CH3-28).

3B-O-Glutaryl-18-B-glycyrrhetinic acid (6)

Positive FABMS m/z 585.5.5 (M+H)*; HR-FABMS calcd for C35H5;07 583.3635, found
583.3622. 1H NMR (CDCl3/Py-ds) § 5.81 (1H, s, H-12), 4.61 (1H, dd, J =5.5 Hz, J = 11.0
Hz, H-3), 2.91 (1H, d, J = 13.5 Hz, Hy,), 2.46-2.55 (4H, m, 2xCOCHy,), 2.01-2.12 (2H, m,
CH,-3%), 1.37 (3H, s. CH3-29), 1.26 (3H, s. CH3-25), 1.17 (3H, s. CH3-23), 1.09 (3H, s.
CHg3-24), 0.89 (6H, s, CH3-26 and CH3-27), 0.80 (3H, CH3-28).

3B-0-Diglycolyl-18-B-glycyrrhetinic acid (7)
Positive FABMS m/z 587.4 (M+H)*; HR-FABMS calcd for C34H,490g 585.3427, found
585.3433. 1H NMR (CDCl3/Py-ds) & 5.65 (1H, s, H-12), 4.54 (1H, dd, J = 5.5 Hz, J = 11.0
Hz, H-3), 4.19, 4.18 (each 2H, each s, 2xOCHy), 2.73 (1H, d, J = 13.5 Hz, Hy,), 1.27 (3H, s.
CH3-29), 1.12 (3H, s. CH3-25), 1.04 (3H, s. CH3-23), 1.00 (3H, s. CH3-24), 0.78, 0.76 (each
3H, each s, CH3-26 and CH3-27), 0.70 (3H, CH3-28).

3B-O-Adipoyl-18-B-glycyrrhetinic acid (8)

Negative FABMS m/z 597.3 (M—H)~, HR-FABMS calcd for C3gH5307 597.3791, found
597.3801. IH NMR (CDCl3/Py-ds) & 5.71 (1H, s, H-12), 4.50 (1H, dd, J =5.4 Hz, J = 11.5
Hz, H-3), 2.78 (1H, d, J = 13.5 Hz, Hy,), 2.32-2.34 (4H, m, 2xCOCH,), 1.36 (3H, s. CH3-29),
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1.20 (3H, s. CH3-25), 1.13 (3H, s. CH3-23), 1.10 (3H, s. CH3-24), 0.85 (6H, s, CH3-26 and
CH3-27), 0.79 (3H, CH3-28).

Glycyrrhetinic acid propionate (10)

Negative FABMS m/z 525.3 (M—H)~, HR-FABMS calcd for C33H4905 525.3580, found
525.3586. 1H NMR & 5.70 (1H, s, H-12), 4.52 (1H, dd, J = 5.0 Hz, J = 11.0 Hz, H-3), 2.79
(1H,d, J=13.5Hz, Hy,), 2.32 (2H, t, J = 7.5 Hz, CH»CH3), 1.37 (3H, s. CH3-29), 1.23 (3H,
s. CH3-25), 1.17 (3H, s. CH3-23), 1.13 (3H, s. CH3-24), 1.13 (3H, d, J = 7.3 Hz, CH,CH3),
0.87, 0.88 (each 3H, each s, CH3-26 and CH3-27), 0.83 (3H, CH3-28).

Glycyrrhetinic acid isobutytate (11)

Negative FABMS m/z 539.3 (M—H)~, HR-FABMS calcd for Cg4Hs105 539.3765, found
539.3745. 'H NMR § 5.71 (1H, 5, H-12), 4.50 (1H, dd, J = 4.4 Hz, J = 11.1 Hz, H-3), 2.79
(1H, d, J = 13.6 Hz, Hpy), 2.54 (1H, qui, J = 7.0 Hz, CH-[CH3]y), 1.37 (3H, s. CH3-29), 1.23
(3H, s. CH3-25), 1.18, 1.16 (each 3H, each d. J = 6.7 Hz, [CH3],CH), 1.17 (3H, s, CH3-23),
1.13 (3H, s. CH3-24), 0.89, 0.87 (each 3H, each s, CH3-26 and CH3-27), 0.84 (3H, CH3-28).

3B-O-(trans-B-Hydromuconyl)-18-B-glycyrrhetinic acid (12)

Negative FABMS m/z 595.3 (M—H)~, HR-FABMS calcd for C3gH5107 595.3635, found
595.3649. 1H NMR 6 5.72 (1H, d, J = 5.0 Hz, C=H-3’), 5.69 (2H, s, C=H-2’ and H-12), 4.52
(1H, dd, J = 4.5 Hz, J = 11.5 Hz, H-3), 3.14, 3.09 (each 1H, each d, J = 5.4 Hz, CH,-COO0),
2.80 (1H, d, J = 14.0 Hz, Hy,), 1.37 (3H, 5. CH3-29), 1.22 (3H, s. CH3-25), 1.16 (3H, s.
CH3-23), 1.12 (3H, s. CH3-24), 0.87, 0.86 (each 3H, each s, CH3-26 and CH3-27), 0.83 (3H,
CH3-28).

3B-0O-benzoyl-18-B-glycyrrhetinic acid (13)
Negative FABMS m/z 573.3 (M—H)~, HR-FABMS calcd for C37H4905 597.3592, found
573.3580. 1H NMR & 8.04 (2H, d, J = 7.0 Hz, 2xH-0-Ar), 7.55 (1H, t, J = 7.2 Hz, H-p-Ar),
7.44 (2H,t,J = 7.2 Hz, 2xH-m-Ar), 5.73 (1H, s, H-12), 4.76 (1H, dd, J = 5.0 Hz, J = 10.8 Hz,
H-3), 2.85 (1H, d, J = 13.5 Hz, Hy,), 1.40 (3H, s. CH3-29), 1.23 (3H, 5. CH3-25), 1.22(3H, s.
CH3-23), 1.15 (3H, s. CH3- 24), 1.04 (3H, s, CH3-26), 0.95 (3H, s, CH3-27), 0.85 (3H,
CH3-28).

Glycyrrhetinic acid-4-acetylphenoxyl acetate (14)

Positive FABMS m/z 661.4 (M+H)*, HR-FABMS calcd for C41H5707 661.4104, found
661.4097. 1H NMR & 7.92, 6.92, (each 2H, each d, J = 9.0 Hz, 4xH-Ar), 5.68 (1H, s, H-12),
4.63 (1H, dd, J = 5.5 Hz, J = 11.0 Hz, H-3), 2.79 (1H, d, J = 14.0 Hz, Hy,), 2.54 (3H, s,
COCHy3), 1.34 (3H, s. CH3-29), 1.20 (3H, s. CH3-25), 1.12(3H, s. CH3-23), 1.10 (3H, s.
CH3-24), 0.80 (6H, s, CH3-26 and CH3-27), 0.78 (3H, CH3-28).

Glycyrrhetinic acid-m-phenylene monoacetate (15)
Positive FABMS m/z 647.5 (M+H)*; HR-FABMS calcd for C4gHg307 645.3791, found
645.3771. 1H NMR § 7.18-7.35 (5H, m, 5xH-Ar), 5.67 (1H, s, H-12), 4.49 (1H, d, J = 4.2 Hz,
H-3), 3.63 (4H, d, J = 11.0 Hz, 2xCH,-®), 2.76 (1H, d, J = 14.5 Hz, Hy,), 1.35 (3H, s.
CH3-29), 1.20 (3H, s. CH3-25), 1.13 (3H, s. CH3-23), 1.11 (3H, s. CH3-24), 0.81, 0.79 (each
3H, each s, CH3-26 and CH3-27), 0.76 (3H, CH3-28).

Glycyrrhetinic acid-p-phenylene monoacetate (16)

Negative FABMS m/z 645.3 (M—H)~, HR-FABMS calcd for C4oH5307 645.3814, found
645.3791. 1H NMR & 7.26 (4H, s, 4xH-Ar), 5.68 (1H, s, H-12), 4.53 (1H, m, H-3), 3.63 (4H,
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d, J = 15.5 Hz, 2xCHy-®), 2.78 (1H, d, J = 13.0 Hz, Hy,), 1.36 (3H, 5. CH3-29), 1.21 (3H, s.
CHg-25), 1.15 (3H, 5. CH3-23), 1.12 (3H, 5. CH3-24), 0.82 (6H, s, CH3-26 and CH3-27), 0.79
(3H, CH3-28).

Glycyrrhetinic acid monoisophthalate (17)

Negative FABMS m/z 617.3 (M—H)~, HR-FABMS calcd for C3gH4907 617.3478, found
617.3483. IH NMR (CDCl3/Py-ds) & 8.76 (1H, s, H-2-Ar), 8.28, 8.18 (each 1H, each d, J =
7.8 Hz, 2xH-Ar), 7.50 (1H, t, J = 7.8 Hz, H-5’-Ar), 5.73 (1H, s, H-12), 4.78 (1H, dd, J = 4.8
Hz,J =11.0 Hz, H-3), 2.85 (1H, d, J = 14.0 Hz, Hy,), 1.38 (3H, s. CH3-29), 1.20 (3H, s.
CH3-25), 1.19 (3H, s. CH3-23), 1.12 (3H, s. CH3-24), 1.04 (3H, s, CH3-26), 0.93 (3H, s,
CH3-27), 0.80 (3H, CH3-28).

Glycyrrhetinic acid monoterephthalate (18)

Negative FABMS m/z 617.3 (M—H)~, HR-FABMS calcd for C3gHs307 617.3478, found
617.3464. 1H NMR (CDCI3/Py-ds) & 8.14, 8.05 (each 2H, each d, J = 8.5 Hz, 4xH-Ar), 5.71
(1H, s, H-12),4.74 (1H, dd, J = 4.5 Hz, J = 10.0 Hz, H-3), 2.83 (1H, d, J = 14.0 Hz, Hy,), 1.35
(3H, s. CH3-29), 1.19 (3H, s. CH3-25), 1.16(3H, s. CH3-23), 1.09 (3H, s. CH3-24), 0.99 (3H,
s, CH3-26), 0.91 (3H, s, CH3-27), 0.78 (3H, CH3-28).

HPLC purification of the synthesized GLA derivatives

Proteasome assay

Proteasome assay Kits were purchased from Calbiochem, San Diego, CA. The effect of GLA
and its analogs on the 20S proteasome activity was assayed following the protocol provided
by the manufacturer. The major components of the assay mixture are human 20S proteasomes,
fluorogenic peptide substrates and the proteasome activator PA28. The assay was designed to
measure hydrolysis of the fluorogenic substrates Suc-Leu-Leu-Val-Tyr-AMC, (Z2)-LLE-bNA,
and Bz-VGR-AMC in the presence of the proteasome activator PA28. Suc-Leu-Leu-Val-Tyr-
AMC is frequently used to detect the chymotrypsin-like activity of 20S proteasomes. The
trypsin-like and caspase-like activities of the 20S proteasome were determined using the
fluorogenic substrates Bz-VGR-AMC and (Z)-LLE-bNA, respectively. Fluorescence
generated from the proteolytic reaction in the presence of various concentrations of GLA or
its analogs was measured using a Bio-Tek fluorometer (Winooski, Vermont).

For proteasome inhibition, various concentrations of GLA derivatives were tested in the
presence of 16 pg/ml of PA28. The known proteasome inhibitors LLM-F (Boston Biochem,
Cambridge, MA, USA) and lactacystin (Sigma-Aldrich, St. Louis, MO) were used as controls
for the proteasome inhibition assays. The 50% inhibitory concentration (IC50) is defined as
the inhibitory concentration that reduces the reaction rate by 50%. The velocity of reaction,
ARFU (360/460nm)/minute, was plotted against the log-concentration of the inhibitor to
determine the 1C50.

Cell-based proteasome assay

To determine the effect of GLA derivatives on proteasomes in cells, a Promega cell-based
assay was used in this study. MT4 cells (4,000 cells) were treated with GLA derivatives or
known proteasome inhibitors in serum free medium at 37°C for 3 hours. MT4 cells are human
T cells isolated from a patient with adult T-cell leukemia. MT4 cells were obtained from the
NIH AIDS Research and Reference Reagent Program. The drug-treated MT4 cells were
incubated with the Promega Proteasome-Glo Cell-Based Assay Reagent (Promega Bioscience,
Madison, WI) for 10 minutes. The chymotrypsin-like proteasome activity was detected as the
relative light unit (RLU) generated from the cleaved substrate in the reagent. Luminescence

Bioorg Med Chem. Author manuscript; available in PMC 2009 July 15.
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nerated from each reaction condition was detected with a PerkinElmer Victor-3 luminometer
helton, CT, USA).
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Moronic acid (MA) Glycyrrhetinic acid (GLA, 1)

Figure 1. Chemical structure of triterpenes
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Figure 2. The GLA derivative 17 inhibited the chymotrypsin-like activity of the proteasome in MT4
cells

A Promega cell-based proteasome assay was used to determine the effect of compound 17 on
the ChT-L activity of 20S proteasome (13). The known proteasome inhibitors LLM-f and
lactacystin were used as positive controls for proteasome inhibition. MT4 cells are human T
cells isolated from a patient with adult T-cell leukemia. The ChT-L proteasome activity was
detected as the relative light unit (RLU) generated from the cleaved substrate in the assay. The
% control is derived using the formula: 100 x (RLU with test compound) / (RLU from the
control without compound).

Bioorg Med Chem. Author manuscript; available in PMC 2009 July 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Huang et al. Page 11

TNFo +17

O
p -
-+
=
O
ke

TNF o

[xBo

B-actin

Figure 3.
The GLA derivative 17 inhibited degradation of 1B in MT4 cells.
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13C NMR spectral data (assignment) of compounds 8, 12, 17 and 182.

8

80.5 (C-3)
55.1 (C-5)
62.0 (C-9)
199.6 (C-11)
128.7 (C-12)
170.0 (C-13)
179.3 (C-30)
48.8

45.6

44.2

43.6

418

39.1

38.5

38.4

375

32.8

322

31.7

28.82

28.78

28.3

26.9

26.7

24.1

23.6

18.9

17.7

17.2

16.8

C on C-3 side chain
175.8 (C=0)
173.2 (C=0)
34.7 (CH,CO)
34.6 (CH,CO)
25.24 (CH,CH,CO)
25.21 (CH,CH,CO)

12
80.9 (C-3)
55.1 (C-5)
62.0 (C-9)
199.6 (C-11)
128.7 (C-12)
170.0 (C-13)
179.3 (C-30)
488

456

442

436

418

39.1

38.8

385

375

3258

323

317

28.83

28.78

283

26.9

267

24.1

236

18.8

17.7

17.1

16.8

174.0 (C=0)
171.5 (C=0)
127.8 (CH=)
126.1 (CH=)
38.6 (SCHCH,)
38.5 (=CHCH,)

aRecorded in pyridine—ds at 125 MHz.

b.c, dOverlapping signals.
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17
81.9 (C-3)
55.1 (C-5)
62.0 (C-9)
199.6 (C-11)
128.7 (C-12)
170.1 (C-13)
179.3 (C-30)
488

4556

442

436

4138

39.1

38.8

385

375

328

323

317

28.83

28.80

28.4

26.9

26.7

24.1

237

18.9

17.7

17.3

16.8

168.5 (C=0)
165.9 (C=0)
134.5 (Ar-C)
133.6 (Ar-C)
133.4 (Ar-C)
131.9 (Ar-C)
131.3 (Ar-C)
129.3 (Ar-C)

18

81.6 (C-3)
55.1 (C-5)
62.0 (C-9)
199.6 (C-11)
128.7 (C-12)
170.2 (C-13)
179.5 (C-30)
488

457

443

436

4138

39.1

38.7

385

375

3238

323

317

28.9

28.8

28.4

26.9

26.7

24.1

237

18.9

17.7

17.3

16.8

lgse.zb (c=0)
130.5° (Ar-C)
Cc

(1129.7" (Ar-C)

Page 12



Page 13

Huang et al.

or<
e(1-80) (M) %0

NIH-PA Author Manuscript

€61

4

o<

e(1-1) () %o e(1-LuD) (M) %o

GE0

ov<

or<

180
€ce

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO

HO
HO

o

o €HD

\.f\Ol@lvﬂO

>

H D0O0H

o>~ H
@)
OfH
OfH

xn_u/\of
o
-0t

(0]

A ~~200H

o]

\_._/\O.,..\OOOI

0

A~ Q00H

HO

O00H

O00H

N

0
£
HO  500H

/ﬂ\m[
O *HO
O00H
ROV
I

™

"SBAITRALIBP S) pue 19 AQ awosesjoid ay) Jo uonigiyuj

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

T

€T

1)

T

01

QN
T

spunodwo)

Bioorg Med Chem. Author manuscript; available in PMC 2009 July 15.



Page 14

Huang et al.

'SI0MGIYul Swosealold umous| aJe unsAoeioe| pue N,

"SOINIAIOR AJH-IIUR 413} 40§ paiodal Ajsnolnaid a1am spunodwod assy |

q

‘sAesse Juspuadapul 931y} wodiy pabelane sem 0S| Jo anjea ayL “(€T) paquossp Ajsnoinsid se
spunodwod 8y} JO SUOITLIIUSIUOD SNOLIBA JO 82UasaId 8y} Ul paulwIalap sem awosealold SOz 8y 4o saniAnae (7-eD) axij-asedsed pue ‘(7-1) axij-uisdAn ‘(7-1yD) ax1-uisdAnowAyd Jo uonigiyul oc._.m

0g< 0€< 9'S
x44 Ge< S¢S

- - or<

- - or<

- - 8.1

- - S0'T
mj-aoz_\/_eomo_ mj.b:\,_&omo_ mj.EoZ_\,_eomo_

NIH-PA Author Manuscript

O00H
HN~

0003\
HN~
J00H

HN~

HO
HO

HO

HO

NIH-PA Author Manuscript

unsAoeoe
53N

o]

NORosH
OtHo O H qte

0
O¢H

q0¢

H n_m._”
o
Y@Iooo:
8T
TNZ500H .

0 O00H
O o1
200H
oL/blx o1
T
o

spunodwo)

NIH-PA Author Manuscript

Bioorg Med Chem. Author manuscript; available in PMC 2009 July 15.



Page 15

Huang et al.

UL O U OTH/RILIUOIa0E 40 0456,

"9A0QE Pa]LIOSaP SB WaISAS JUAA|0S SLUBS UIIM UIW OF Ul g %00T—06 10 watpeso

"9A0QR PA]IIISAP Se WaISAS JUIA|0S SLWES YIM Ul OF Ul g %00T 40 JUsIpeID

a

'PIJE 21}39B0IONISLL 4O %S70"0 PUE G:0T:G8 = OCH/IOUBLIAW/3|LIIUOISOE g JUBAJOS ‘PIOe O130B0ION|ILI} JO 06G¥0'0 PUE OZH/BILIMUOIAOE 4O 9656 1/ 1UBAIOS “UIL ZZ Ul 8 JO %S6-88 40 ualpeID)

00T 1'66 81 7’86 00T 01

G'66 7'96 LT 216 816 8

9'96 116 91 00T 0'86 L

7'86 7'86 g1 £'86 7'S6 9

8.6 7'96 T 9'66 9'66 S

7'66 A €1 5’66 1'86 4

916 6'96 1 166 9'66 €

716 qs'L6 1 876 6'86 z
U@ov Aand (%) ALnd punodwo) Ugv Ang (%) And punodwo)

NIH-PA Author Manuscript

"*071dH Aqg paulwsiap spunodwod Jo Ajlingd

€o|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

Bioorg Med Chem. Author manuscript; available in PMC 2009 July 15.



