Journal of

Medicinal Chemistry

Subscriber access provided by American Chemical Society

Article

Total Synthesis of Two Novel Subpicomolar
Sarco/Endoplasmatic Reticulum Ca-ATPase Inhibitors
Designed by an Analysis of the Binding Site of Thapsigargin

Helmer Shoel, Tommy Liljefors, Steven V. Ley, Steven F. Oliver, Alessandra
Antonello, Martin D Smith, Carl Erik Olsen, John T. Isaacs, and S. Brgger Christensen

J. Med. Chem., 2005, 48 (22), 7005-7011« DOI: 10.1021/jm058036vV * Publication Date (Web): 04 October 2005
Downloaded from http://pubs.acs.org on March 29, 2009

R = C,Hs; R = OCCH,

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 3 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of Medicinal Chemistry is published by the American Chemical Society. 1155
Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/jm058036v

J. Med. Chem. 2005, 48, 7005—7011 7005

Total Synthesis of Two Novel Subpicomolar Sarco/Endoplasmatic Reticulum
Ca?*-ATPase Inhibitors Designed by an Analysis of the Binding Site of

Thapsigargin

Helmer Sghoel,” Tommy Liljefors,” Steven V. Ley,** Steven F. Oliver,* Alessandra Antonello,* Martin D Smith,*
Carl Erik Olsen,? John T. Isaacs,” and S. Brggger Christensen™"

Department of Medicinal Chemistry, The Danish University of Pharmaceutical Sciences, Universitetsparken 2, DK-2100
Copenhagen @, Denmark, Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW,
United Kingdom, Department of Natural Sciences, The Royal Veterinary and Agricultural University, Billowsvej 17,
DK-1870 Frederiksberg C, Denmark, and The Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins,

Baltimore, Maryland 21231

Received June 21, 2005

Analysis of molecular interaction fields based on the published crystal structure of thapsigargin
bound to the sarco/endoplasmatic reticulum Ca2"-ATPase and analysis of the volume and shape
of the ligand binding site and of the SERCA—thapsigargin interactions have enabled design of
two new compounds inhibiting SERCA in the subpicomolar range. The two inhibitors were
synthesized using (S)-carvone as starting material and found to be 3 and 10 times more potent

than thapsigargin.

Introduction

The remarkably low proliferation rate of androgen-
independent prostate cancer cells makes conventional
chemotherapy ineffective and consequently no current
treatment prolongs survival in men suffering from this
disease.l2 The sesquiterpene lactone Thapsigargin (Tg,
1) (Chart 1), first isolated in 1978 from the medicinal
plant Thapsia garganica L.,3 provokes programmed cell
death in both proliferative and quiescent cells* including
androgen-independent prostate cancer cells.?

The mechanism of action behind the apoptosis pro-
voked by Tg is an inhibition of the sarco/endoplasmatic
reticulum Ca?"-ATPase (SERCA) causing a rise of the
cytosolic CaZ" level eventually leading to cell death.® The
SERCA pumps remove Ca?" against a concentration
gradient from the cytosol to the endo/sarcoplasmatic
reticulum. During the transport of Ca?t the SERCA
pumps adopts a number of very different conforma-
tions,” 11 but only one of these, the E2 conformation,
shows affinity for Tg. Tg inhibits SERCA with a dis-
sociation constant of <2.2 pM,!212 but at present Tg can
only be obtained from the fruits and roots of the
noncultivated Mediterranean plant Thapsia gargani-
ca.'* However, designed Tg analogues that may be
SERCA inhibitors can be obtained through total syn-
thesis, exploiting the recently published 3D-structure
of the SERCA—Tg complex.?

The present work demonstrates that analysis of the
binding site using molecular interaction fields calculated
by the program GRID,!% analysis of the volume and
shape of the ligand binding site using the program
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"The Danish University of Pharmaceutical Sciences.

# The University of Cambridge.

§ The Royal Veterinary and Agricultural University.

U Johns Hopkins.

10.1021/jm058036v CCC: $30.25

Chart 1

OOC(CH,)gCH3
H

PASS,16 and analysis of the interactions between the
ligand and the protein enabled the design of two new
small molecule inhibitors of SERCA. The two new
molecules were synthesized and evaluated as SERCA
inhibitors.

Results and Discussion

GRID Contour Maps for Favorable Hydrophilic
Interactions. Favorable hydrophilic regions of SERCA
within the binding site of Tg were explored using the
water probe (OH2). GRID calculations were performed
both with and without Tg for an extensive investigation
the hydrophilic character of the binding site (Figure 1).

The GRID analysis of the binding site after removal
of Tg (Figure 1a) reveals energetically favorable binding
sites for water molecules (contours W1, W2, and W3)
which are not present when Tg is included in the
calculations (Figure 1b) indicating that a number of
water molecules are displaced as Tg binds.

Since none of the hydrogen bond donating and ac-
cepting sites of Tg coincide with any of the contours in
Figure 1la, this indicates that Tg does not have any
strong direct hydrogen bond interactions with SERCA.
The only direct interaction is a weak hydrogen bond
from the backbone NH of I1e829 to the carbonyl group
of the butanoyl group at O-8 with a heavy-atom distance
between the hydrogen donor and acceptor of 3.48 A
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Figure 1. Molecular interaction fields calculated for a water probe and contoured at —7 kcal/mol. (a) Calculations without ligand,

(b) calculations including the ligand.

(Figure 1a). The GRID study of the binding site with
Tg bound (Figure 1b) reveals a new water contour W4
(Figure 1b). It should, in this context, be noted that the
experimentally determined structure of the SERCA—
Tg complex does not contain any resolved water mol-
ecules.® The calculated contours in Figure 1b indicate
probable positions of water molecules in the ligand—
protein complex. The 7-OH group and the C-12 carbonyl
group of Tg may interact indirectly with SERCA via
water molecules located in regions W4 and W5. It is
surprising that such a highly oxygenated molecule as
Tg only interacts with the protein via one direct (but
weak) hydrogen bond and possibly by two water-
mediated hydrogen bonds.

GRID Contour Map for Favorable Lipophilic
Interactions. Regions of favorable lipophilic interac-
tions within the binding site of Tg were explored using
the methyl probe (C3) in the absence of Tg (Figure 2).

The five regions L1, L2, L3, L4, and L5 in Figure 2
are regions of energetically favorable lipophilic interac-
tions. Other analyses also indicate that the affinity of
Tg for SERCA mainly is determined by lipophilic
interactions.!”18 It is notable that the tricyclic frame-
work of Tg apparently only serves as a scaffold position-
ing the five lipophilic moieties (O-8 butanoyl, C-15, O-3
angeloyl, O-2 octanoyl, and O-10 acetyl) in such a way
that they can interact with the lipophilic regions L1,
L2, L3, L4, and L5, respectively (Figure 2). The major
part of the strong affinity of Tg to the binding site of
SERCA is most probably due to these intermolecular
lipophilic interactions. It should, however, be noted that
the O-2 octanoyl group only coincides with the very
small lipophilic region 14 in Figure 2, indicating a minor
role of this group for the affinity of Tg. This is supported
by the high affinity of nortrilobolide (2) which lacks the
octanoyl group (unpublished).

In conclusion, this GRID analysis of the Tg binding
to SERCA reveals an overall lipophilic character involv-
ing the lipophilic regions L1, L2, 1.3, and L5.

Putative Active Sites Spheres (PASS) Visualiza-
tion of the Tg Cavity.'® A comparison of the shape of

=

Figure 2. Molecular interaction fields calculated for a methyl
probe and contoured at —3 kcal/mol.

the cavity, in which Tg is bound, with the van der Waals
surface of Tg reveals a high degree of complementarity
(Figure 3). The very close fit between the cavity and the
ligand and indicates that the shape and volume of the
cavity is to a large degree induced by Tg when it binds
to SERCA. Consequently, in the design of novel com-
pounds binding to the Tg binding site, the scaffold
should be as rigid as possible and similar to Tg with
respect to shape and volume.

Design of New Inhibitors. The synthesis of com-
pound 3 has been previously described from (S)-car-
vone;?® 3 should easily be converted into 4 and 5
(Scheme 1). The tricyclic structure of the two analogues
limits their flexibility, and docking the lowest energy
minima of 4 and 5 disclose coincidence of O-8 butanoyl,
C-15, O-3 angeloyl, and O-10 acetyl with the lipophilic
L1, L2, L3, and L5 regions, respectively (Figure 4).



Ca?*-ATPase Inhibitors

Figure 3. Pass visualization of the volume and shape of the
binding site of Tg. The orange sphere depicts the van der
Waals volume of Tg.

Scheme 1¢

CHj
0.

H,C? > CH,

(+)-(S)-Carvone

7R=02H5 gs
9 R=OCCH;

@ Reagents and conditions: (a) (CH3)3COK, CH3CH2Br, DMF,
room temperature, 2 h, yield 71%. (b) (CH3CO)20, DCM, DIPEA,
DMAP, room temperature, 6 h, yield 89%.20 (¢) (1) NaBH,, MeOH
(dry), 0 °C, 30 min. (2) Angelic acid, 2,4,6-trichlorobenzoyl chloride,
Et3N, toluene, room temperature, 20 h, yield over two steps 7:
71%,9: 98%. (d) (1) HC1, MeOH, 45 °C, 4 h. (2) Butyric anhydride,
DCM, DMAP, room temperature, 30 min., yield over two steps 4:
82%, 5: 63%.

Furthermore an analysis of the shape and volume of 4
and 5 reveals that these molecules will fit into the cavity
formed by Tg.

An Unfavorable Electrostatic Interaction be-
tween Tg and SERCA. Inspection of the binding of
Tg to SERCA reveals an unfavorable electrostatic
interaction between the phenyl ring of Phe834 of
SERCA and the carbonyl group of the acetyl group at
0-10 of Tg. The carbonyl oxygen is positioned 2.8 A right
below the phenyl ring of Phe834 (Figure 5), causing a
repulsive electrostatic interaction between the negative
electrostatic potential below (and above) the face of the

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 22 7007
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Figure 4. The global minimum conformation of 4 docked into
the binding site of Tg. Red contours depict calculated favorable

lipophilic regions contoured at —3 kcal/mol.

-
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Figure 5. Unfavorable interaction between Tg and Phe834
of SERCA.

phenyl ring and the carbonyl oxygen carrying a partial
negative charge.

The origin of this interaction in Tg is due to the
presence of the double bond between C-4 and C-5 and
of three antiparallel carbonyl dipoles (at O-2, O-3, and
0-10); this prevents the acetyl carbonyl adopting an
orientation in which the electrostatic repulsion between
the carbonyl at O-10 and the phenyl ring of Phe834 is
relieved.

The absence of the carbonyl group in the side chain
attached to C-10 in 4 removes the unfavorable electro-
static interaction with the Phe834 (Figure 4), and a
higher affinity than that of Tg is consequently expected.
More interesting, however, is that a comparison between
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Figure 6. Illustration of Tg (left) as bound to SERCA and
the calculated lowest energy minimum of 5 (right).

Figure 7. The global energy minimum conformation of 5
docked into the binding site of Tg. Blue contours depict
favorable hydrophilic regions —7 kcal/mol. A water molecule
placed in a hydrophilic GRID area can interact with the
carbonyl of the acetyl group and the backbone carbonyl of
Arg762.

the calculated lowest energy minima of 5§ and Tg
discloses different orientations of the C-10 ester group
in the two compounds (Figure 6).

The orientation of the carbonyl group in the confor-
mation adopted by 5 should not cause electrostatic
repulsion with Phe834 in the binding site of SERCA. A
corresponding carbonyl group orientation is not acces-
sible to Tg as the conformational analysis indicates that
this conformation of Tg is 5 kcal/mol higher in energy
than the conformation observed in the X-ray crystal
structure.

The docking of 5 into SERCA (Figure 7) reveals that
the orientation of the C-10 ester not only eliminates the
electrostatic repulsion with Phe834 but also generates
an electrostatic attraction (cation—s interaction), due
to the partial positive charge on the carbonyl carbon and
its location right below the phenyl ring. Furthermore,
the C-10 ester group conformation in 5 enables the
carbonyl oxygen of Arg762 to form a hydrogen bond
mediated by water (dashed line in Figure 7). Encour-

Sohoel et al.

Table 1. SERCA Activities of 4 and 5 Relative to Tg

compound SERCA inhibition®
Tg 1.0
4 0.3
5 0.1

@ Relative potencies are stated (ICsp Analogue/ICsy Tg) for
inhibition of SERCA. The figures are mean of two experiments
each performed in triplicate.

aged by these conclusions we decided to synthesize
compound 4 and 5.

Chemistry. The total synthesis of the Tg analogues
4 and 5 (Scheme 1) took advantage of the method,
previously described for conversion of (+)-(S)-carvone
into 3 in 29 steps.20:2!

The expected poor reactivity of the 7-OH group in 3
due to steric hindrance made protection unnecessary
(Scheme 1). Accordingly, tert-butoxide-promoted alky-
lation with ethyl bromide afforded selective O-10 ethy-
lation to give 6 in a yield of 71%. Reduction of the ketone
at C-3 with sodium borohydride selectively provided the
R-secondary alcohol, and Yamaguchi esterification?? of
the 3-OH with angelic acid gave 7 in an overall yield of
71% (from 3). Acid-catalyzed removal of the acetonide
and selective esterification of O-8 with butyric anhy-
dride in the presence of 4-(dimethylamino)pyridine
(DMAP) afforded the target compound 4 in a total yield
of 82% in the last two steps. The Tg analogue 5 was
made from the 8-O-debutanoyl synthon analogous to a
previously described procedure!? but esterifying O-8
with the use of butyric anhydride instead of 2-methyl-
butyric anhydride.

Measurement of ATPase Activity. The SERCA
activity was measured indirectly by a coupled enzyme
assay as the rate of ATP hydrolysis.232¢ Decreased
SERCA activity was used as a measurement of the
inhibitory potency of the agents. The SERCA inhibitory
activities of Tg and the analogues 4 and 5 are given in
Table 1.

Ligands 4 and 5 were three and 10 times more potent
than Tg, respectively.

Conclusion

A computational analysis of the binding site of Tg in
the SERCA—Tg complex has revealed interactions of
importance for the affinity between Tg and SERCA. On
the basis of this analysis, two new SERCA inhibitors
were designed and synthesized. The biological response
study disclosed that the inhibitors were 3 and 10 times
more potent than Tg. Consequently we have shown that
design and synthesis of simplified SERCA inhibitors is
viable from readily available (+)-(S)-carvone.

Experimental Section

Chemistry. All reactions were performed under an argon
atmosphere. Glassware was dried by heating in an oven at a
temperature above 125 °C for at least 6 h. Rotary evaporation
was performed under reduced pressure (min. 25 mbar) and at
maximum temperature 40 °C. High vacuum refers to a
pressure of approximate 2 mmHg.

Petrol refers to the fraction of light petroleum ether bp (40—
60 °C). Dichloromethane (DCM) was distilled from calcium
hydride, and methanol was distilled from magnesium meth-
oxide. All other reagents and solvents were purified by
standard procedures or used as obtained from the supplier.
All reactions were followed by thin-layer chromatography
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(TLC). Analytical TLC was performed on precoated aluminum
sheets Merck Silica Gel 60 Fy54. Column chromatography was
carried out using Merck Kieselgel 60 (230—400 mesh). Com-
pounds were visualized by quenching of UV fluorescence (1 =
254 nm), by staining with a 1% naphthoresorcinol solution in
ethanolic sulfuric acid (1 M) or by an acidic ammonium
molybdate(IV) solution and visualized by heating. Optical
rotations were measured using a Perkin-Elmer 241 Polarim-
eter. '"H NMR and *C NMR spectra were recorded on a Bruker
DRX 500 or a Varian Mercury 300 instrument at room
temperature. Abbreviations used for multiplicities: br = broad
signal, s = singlet, d = doublet, t = triplet, and q = quartet,
p = pentet. The signal of the solvent was used as an internal
reference. Asterisk-marked shifts may be interchanged. COSY,
NOESY, HMBC, and HMQC spectra were used for assignment
of the NMR signals.

(2a8,5a8,7S,7aS,10R,10aS,10bS,10cR)-7-Ethoxy-10c-hy-
droxy-2a,4,4,7,10-pentamethyl-octahydro-1,3,5-trioxa-
benzolcdlcyclopentalk]azulene-2,9-dione (6). Potassium
tert-butoxide (2.4 mg, 0.2 mmol) and after 20 min ethyl
bromide (153.9 mg, 1.4 mmol) were added at room temperature
to a stirred solution of diol 8 (25 mg, 0.07 mmol) in dry N,N-
dimethylformamide (1 mL). After being stirred for additional
2 h, the reaction was quenched with a half saturated solution
of NaHCO; (1 mL). The aqueous layer was extracted with
DCM (3 x 5 mL). The combined organic layers were dried
(MgSO,), and the solvent was removed under reduced pres-
sure. The crude product was purified by flash chromatography
(petrol/EtOAc, 2:1) to yield ethyl ether 6 (19 mg, 71%) as
colorless oil. [a]?°p +17.9 (c 0.23, CHCl3). '"H NMR (300 MHz,
CDCl3) 0 4.49 (1H, d, J = 10.8 Hz, H-6), 4.07 (1H, dd, J = 5.7,
7.5 Hz, H-8), 3.61 (1H, p, J = 7.2 Hz, ethyl ether H-1), 3.51
(1H, p, J = 7.2 Hz, ethyl ether H-1'), 2.81—-2.70 (2H, m, H-1,
H-4), 2.51 (2H, m, H-5, H-9), 2.28—2.21 (1H, m, H-2), 2.20—
2.16 (1H, m, H-2"), 1.63 (1H, dd, J = 5.7, 17.1 Hz, H-9'), 1.47
(3H, s, acetonide CH3s), 1.45 (3H, s, acetonide CHj3), 1.31 (3H,
s, H-13), 1.23 (3H, s, H-14), 1.14—-1.19 (6H, d, m, H-15, ethyl
ether H-2). 13C NMR (75 MHz, CDCl;) 6 218.9 (C-3), 174.3 (C-
12), 99,2 (acetal C), 79.6* (C-7), 79.5% (C-6), 79.2* (C-10), 77.6*
(C-11), 67.0 (C-8), 58.3 (ethyl ether C-1), 47.8 (C-1), 44.3 (C-
5),43.2 (C-4), 40.2 (C-9), 38.6 (C-2), 30.9 (acetonide CHj), 27.5
(ethyl ether C-2), 24.1 (acetonide CHs), 18.9 (C-14), 17.2 (C-
13), 15.6 (C-15).

(Z)-2-Methyl-but-2-enoic Acid (2a8,5a8,7S,7aS,9R,10R,-
10aR,10bS,10cR)-7-Ethoxy-10c-hydroxy-2a,4,4,7,10-pen-
tamethyl-2-oxo-dodecahydro-1,3,5-trioxa-benzolcd]cy-
clopentalh]azulen-9-yl Ester (7). NaBH, (11.5 mg, 0.3
mmol) was added at 0 °C to a stirred solution of ketone 6 (12
mg, 0.03 mmol) in dry methanol (0.5 mL). After stirring at 0
°C for 30 min, no starting material could be detected and a
half-saturated solution of NaHCO;3 (1 mL) was added. The
aqueous layer was extracted with DCM (3 x 5 mL). The
combined organic layers were dried (MgS0O,), and the solvent
was removed under reduced pressure providing the crude diol
(13 mg) as white foam. The product was used directly in the
next step. 2,4,6-Trichlorobenzoyl chloride (268.4 mg, 1.1 mmol)
and triethylamine (110.0 mg, 1.1 mmol) were added at room
temperature to a stirred solution of angelic acid (108.8 mg,
1.1 mmol) in toluene (0.5 mL). The solution was stirred at room
temperature for 2 h. A premixed solution of the crude diol (13
mg) in toluene (0.5 mL) was added, and the mixture was
stirred at 75 °C for additional 18 h. After being cooled to room
temperature, the reaction mixture was quenched with a half-
saturated solution of NaHCOj3; (2 mL). The aqueous layer was
extracted with diethyl ether (3 x 5 mL). The combined organic
layers were dried (MgSO,), and the solvent was removed under
reduced pressure. The residue was purified by flash chroma-
tography (petrol/EtOAc, 2:1) to yield 7 (71% over two steps)
as a colorless oil; [a]2°p —41.9 (¢ 0.14, CHCl3). 'H NMR (300
MHz, CDCl;3) 6 6.02 (1H, qq, J = 1.5, 7.2 Hz, angeloyl H-3),
4.87—4.77 (1H, m, H-3), 4.97 (1H, d, J = 11.7 Hz, H-6), 4.03
(1H, t, J = 6.9 Hz, H-8), 3.56 (1H, p, J = 6.9 Hz, ethyl ether
H-1), 3.45 (1H, p, J = 6.9 Hz, ethyl ether H-1'), 2.62—2.52 (1H,
m, H-4), 1.44-1.32 (2H, m, H-1, H-9),2.11-2.08 (1H, m, H-5),
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1.93 (3H, dq, J = 1.5, 7.2 Hz, angeloyl H-4), 1.81 (3H, p, J =
1.5 Hz, angeloyl C-2 CH3), 1.63(1H, dd, J = 6.8, 16.2 Hz, H-9'),
1.47 (3H, s, acetonide CH3), 1.44 (3H, s, acetonide CHs), 1.39—
1.32 (1H, m, H-2), 1.35—-1.31 (1H, m, H-2"), 1.28 (3H, s, H-13),
1.22—1.14 (9H, m, H-14, H-15, ethyl ether H-2). 13C NMR (75
MHz, CDCl3) 6 174.8 (C-12), 168.0 (angeloyl, C=0), 138.9
(angeloyl, C-3), 128,0 (angeloyl, C-2), 98.9 (acetal C), 80.5* (C-
7), 79.9% (C-6), 79.6* (C-3), 79.5* (C-11), 77.7* (C-10), 67.4 (C-
8), 58.0 (ethyl ether, C-1), 46.6 (C-1), 44.6 (C-5), 43.3 (C-4),
37.7(C-9), 35.8 (C-2), 30.9 (acetonide, CHs), 27.4 (ethyl ether,
C-2), 24.1 (acetonide, CHj3), 21.1 (angeloyl, C-2 CHj3), 19.7 (C-
14), 18.2 (C-13), 16.3 (angeloyl, C-4), 15.7 (C-15).
(Z)-2-Methyl-but-2-enoic Acid (3S,3aR,4S,6S,6aS,8R,9R,-
9aR,9bS)-4-Butyryloxy-6-ethoxy-3,3a-dihydroxy-3,6,9-tri-
methyl-2-oxo-dodecahydro-azuleno[4,5-b]lfuran-8-yl Es-
ter (4). One drop of a 3 M HCI was added to a stirred solution
of 7 (11 mg, 0.02 mmol) in methanol (2 mL), and the solution
was stirred at 45 °C for 4 h. After the mixture was cooled to
room temperature, a half-saturated solution of NaHCO; (2 mL)
was added and the aqueous layer was extracted with DCM (3
x 5 mL). The combined organic layers were dried (MgSO,),
and the solvent was removed under reduced pressure. To a
stirred solution of crude triol (10 mg) in dry DCM (1 mL) at
room temperature were added butyric anhydride (9.5 mg, 0.06
mmol) and 4-(dimethylamino)pyridine (DMAP) (catalytic
amount). After being stirred at this temperature for 30 min,
the reaction was quenched 3 M HCI (0.5 mL) and stirred for
additional 20 min at the same temperature. The mixture was
extracted with DCM (83 x 2 mL), and the combined organic
layers were dried (MgSOQ,), followed by evaporation the solvent
under reduced pressure. The crude product was purified by
flash chromatography (petrol/EtOAc, 2:1), which provided
compound 4 (82% over two steps) as a clear transparent oil.
HRMS (FAB+) m/z 519.2560 [M + Na]*, CasH40O9Na requires
519.2570. [0]?®p —20.9 (¢ 0.04, CHCIl3). '"H NMR (500 MHz,
CDCl) 6 6.08 (1H, qq, J = 1.5, 7.2 Hz, angeloyl, H-3), 5.40
(1H, dd, J = 8.5, 5.8 Hz, H-8), 5.05 (1H, d, J = 11.5 Hz, H-6),
4.85—4.79 (1H, m, H-3), 3.64—3.55 (2H, m, ethyl ether, H-1),
2.66—2.62 (1H, m, H-4), 2.54—2.48 (1H, m, H-1), 2.45-2.39
(1H, m, H-9), 2.28 (1H, t, J = 7.4 Hz, butanoyl, H-2), 2.09—
2.05 (1H, m, H-5), 1.98 (3H, dq, J = 1.5, 7.2 Hz, angeloyl, H-4),
1.87 (3H, p, J = 1.5, angeloyl, C-2 CH3), 1.79 (1H, dd, J = 8.8,
15.4 Hz, H-9'), 1.69—1.61 (3H, m, H-2, butanoyl H-3), 1.42 (3H,
s, H-13), 1.29—1.25 (7TH, m, H-2', H-14, ethyl ether H-2), 1.17
(3H, d, J = 7.4 Hz, H-15), 0.87 (3H, t, J = 6.9 Hz, butanoyl
H-4). 3C NMR (125 MHz, CDCl3) 6 174.1 (C-12), 171.0
(butanoyl, C=0), 167.7 (angeloyl, C=0), 138.7 (angeloyl, C-3),
127,6 (angeloyl, C-2), 81.7" (C-10), 81.3" (C-6), 80.0" (C-3), 79.9"-
(C-7), 78.3'(C-11), 73.1 (C-8), 57.9 (ethyl ether, C-1) 46.7 (C-
1), 44.5 (C-5), 43.3 (C-4), 38.3 (C-9), 36.3 (butanoyl, C-2), 31.9
(C-2), 26.8 (ethyl ether, C-2), 26.7 (butanoyl, C-3), 20.6
(angeloyl, C-2 CH3), 18.2 (C-14), 18.1 (C-13), 16.5 (C-15), 16.3
(angeloyl, C-4), 13.6 (butanoyl, C-2).
(Z)-2-Methyl-but-2-enoic Acid (3S,3aR,4S,6S,6aS,8R,9R,-
9aR,9bS)-6-Acetoxy-4-butyryloxy-3,3a-dihydroxy-3,6,9-
trimethyl-2-oxo-dodecahydro-azuleno[4,5-blfuran-8-yl Es-
ter (5). One drop of a 3 M HCIl was added to a stirred solution
of 92 (14 mg, 0.03 mmol) in methanol, and the solution was
stirred at 45 °C for 4 h. A half-saturated solution of NaHCO3
(2 mL) was added to the solution after cooling to room
temperature. The aqueous layer was extracted with DCM (3
x 5 mL). The combined organic layers were dried (MgSO,),
and the solvent was removed under reduced pressure. Butyric
anhydride (9.5 mg, 0.06 mmol) was added to the crude product
(11 mg) and DMAP (catalytic amount) dissolved in dry DCM
(1 mL) at room temperature. After being stirred for 30 min,
the reaction was quenched 3 M HCI (0.5 mL) and stirring
continued for additional 20 min at the same temperature. The
mixture was extracted with DCM (3 x 2 mL), and the
combined organic layers were dried (MgSQO,), followed by
evaporation the solvent under reduced pressure. The crude
product was purified by flash chromatography (petrol/EtOAc,
2:1) providing compound 5 (9.7 mg, 63% over two steps) as a
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colorless oil. HRMS (FAB+) m/z 533.2360 [M + Na]*; CosH35010-
Na requires 533.2363. [a]?’p —57.7 (¢ 0.21, CHCl;). 'H NMR
(300 MHz, CDCls) ¢ 6.03 (1H, qq, J = 1.5, 7.5 Hz, angeloyl
H-3),4.96 (1H, dd, J = 4.2, 6.6 Hz, H-8), 4.99 (1H, d, J = 10.5
Hz, H-6), 4.69 (1H, q, J = 7.2 Hz, H-3), 3.22 (1H, q, J = 9.0
Hz, H-1), 2.74 (1H, dd, J = 4.2, 15.0 Hz, H-9), 2.48—-2.38 (1H,
m, H-2), 2.37-2.29 (1H, m, H-4), 2.23 (2H, t, J = 6.9 Hz,
butanoyl H-2), 2.10—2.02 (2H, m, H-5, H-9"), 1.96—1.92 (6H,
m, acetyl H-2, angeloyl H-4), 1.83 (3H, p, J = 1.5 Hz, angeloyl
C-2 CHj), 1.63—1.54 (3H, m, H-2', butanoyl H-3), 1.48 (3H, s,
H-13),1.37 (3H, s, H-14), 1.11 (3H, d, J = 7.2 Hz, H-15), 0.89
(3H, t, J = 7.2 Hz, butanoyl H-4). 3C NMR (75 MHz, CDCl;)
0 174.8 (C-12), 172.0 (butanoyl, C=0), 170.0 (acetyl, C=0),
168.0 (angeloyl, C=0), 138.7 (angeloyl, C-3), 127,9 (angeloy],
C-2), 86.3 (C-10), 81.9 (C-6), 79.7 (C-3), 79.6"(C-T), 79.0°(C-
11), 70.1 (C-8), 45.0 (C-1), 44.4 (C-5), 44.2 (C-4), 39.4 (C-9),
36.7 (butanoyl, C-2), 33.7 (C-2), 25.8 (butanoyl, C-3), 22.9
(acetyl, C-2), 21.1 (angeloyl, C-2 CHj3), 18.4 (C-14), 18.2 (C-
13), 17.1 (C-15), 16.3 (angeloyl, C-4), 14.1 (butanoyl, C-4).

Isolation of Sarcoplasmic Reticulum (SR). Preparation
of SR vesicles containing Ca?"-ATPases from rabbit muscle
was done as previously described.?> The SR vesicles were
stored at —80 °C prior to use.

Measurement of SERCA Inhibitory Activity. All chemi-
cals used in the assay were supplied by Sigma. UV absorbance
was measure with a Multiskan EX microplate spectrophotom-
eter from Labsystems, Finland. Buffer solution A: 0.1 M KCl,
20 mM Trizma-HCI, pH 7.5, 5 mM MgClg, 0.5 mM EGTA, 0.7
mM MgCl,. The buffer A was used in the following three
solutions. Solution 1: 1.2 mM S-NADH, 1.5 mM phospho-
enolpyruvate, 4.5 uM A23187, 22.5 U/mL phosphoenolpyruvate
kinase, 54 U/mL lactate dehydrogenase, and 30 ug/mL SR
protein in buffer A. Solution 2: Inhibitor and control solutions
was typically made in a 3 mM DMSO solution, which was
diluted 1:100 in buffer A. The presents of DMSO did not affect
the biological response. Serial dilutions were made using buffer
A. Solution 3: 0.73 mM ATP in buffer A. 100 uL of solution 1
and 2 was mixed and to start the reaction 100 uL of solution
3 was added. This mixture was allowed to incubate for 3 min.
At room temperature the OD34 was measured kinetically over
a time period of 10 min. The Tg was used as a positive control.
All measurements were performed in triplicate. After plotting
the ATPase activity as a function of inhibitor concentration
the ICsp value was estimated by fitting using the program
Origin version 5.0 from Microcal Origin, Microcal Software Inc.

Computational Methods. All the calculations were per-
formed on a SGI Octane workstation. Insight II version 2000
(Accelrys, Inc.) was used for visualization of the ligand—protein
complexes and the GRID energy contours. The X-ray structure
of the SERCA—thapsigargin complex was retrieved from the
RCSB Protein Data Bank?® (pdb code 1IWO).

GRID Analysis. Molecular interactions fields of selected
probes were calculated for the X-ray structure in the pdb file
1IWO. The protein structure was carefully checked for incon-
sistencies and missing side chains or amino acids. The interac-
tion energies were calculated by using GRID, version 20,'® with
the graphical interface GREATER, version 1.0.1 set to use
default values except for keyword ALDM which was set to 1.
The spacing of the grid was 0.333 A and the grid dimensions,
in A,: Xnin/Xmax , —23.8/26.9; Yinin/Ymax » —43.2/1.1; Zin/Zmax »
—10.6/34.8.

To explore the lipophilic and hydrophilic characteristics of
the binding site, two different probes were used: the methyl
probe (C3) and the water probe (OH2). The calculations for
the water probe were performed with as well as without the
ligand, whereas the calculations for the methyl probe were only
performed without the presence of the ligand.

Conformational Search and Docking. All calculations
were performed using MacroModel version 8.1.27 Energy
minimization and conformation analyses were performed using
the force field MMFF94s% and the TNCG energy minimization
algorithm. Aqueous solvation was included through the gen-
eralized Born/solvent accessible surface area (GB/SA) con-
tinuum dielectric solvation model.?® Low energy conformations
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were found using the Monte Carlo multiple minimum method
(MCMM). The torsional angles in all three rings were varied
during the conformational search by using the method of
opening and reclosing of rings implemented in MacroModel.
Default settings were used except for “maximum torsional
rotation” which was set to 360°.3° The search was continued
until all low-energy conformations were found multiple times.
Conformations with energies less than 25 kcal/mol above the
calculated lowest energy minimum were saved. The Tg ana-
logues were manually docked into the binding site using
Insight II and employing Tg as a template.

Putative Active Sites Spheres (PASS) Analysis. The
calculations of the volume and shape of the binding cavity was
performed using the program PASS.1?
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