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Berkelic Acid, A Novel Spiroketal with Selective Despite the low pH and high metal content of Berkeley Pit
Anticancer Activity from an Acid Mine Waste Lake, it has proven a surprisingly rich source of diverse fungi,
; protists, algae, protozoans, and bactémidthough conditions
Fungal Extremophile within the Pit Lake System are toxic for “normal” aquatic biota,
these same conditions represent an ideal environment for certain

. . .
Andrea A. Stierle,* Donald B. Stierle, and Kal Kelly types of extremophiles. We have previously reported the

Department of Chemistry, Montana Tech of isolation of several unique metabolites from this environrieht.
The Uniersity of Montana, Butte, Montana 59701 One of thePenicillium species isolated from the surface
) waters of the Pit was active in two signal transduction enzyme
astierle@mtech.edu inhibition assays: matrix metalloproteinase-3 (MMP-3) inhibi-

tion and caspase-1 inhibition. These assays are effective tools
for assessing the bioactivities of crude extracts and guiding
isolation of the pure enzyme inhibitor. MMPs are a family of
zinc-containing, calcium-dependent endopeptidases that hydro-
lyze the extracellular matrix of connective tissues and basement
membrane%2 Specific MMP inhibitors represent a new thera-
peutic approach to the treatment of cancers that act by blocking
the activity of proteolytic enzymes (MMPs) used by tumor cells
to promote metastatic spredd? Recent studies show that these
inhibitors might also halt tumor progression and could be used
as low toxicity complements to cytotoxic therapies. MMPs are
also implicated in the occurrence of rheumatoid arthritis and
multiple sclerosis.

Caspase-1 was the first of a novel type of cysteine proteases
Berkeley Pit Lake is an abandoned open-pit copper mine responsible for converting interleukigg 1o its mature form in
filled with 30 billion gallons of acidic, metal-contaminated monocytes! Mature IL-13 is a key mediator of inflammation.
water. This harsh environment is proving to be a source Caspase-1 is believed to be analogous to CED-3, a cell death
of unusual microorganisms that produce novel bioactive protein inCaenorhabditis elegan2 Caspase-1 inhibitors have
metabolites. Bioassay-guided fractionation using signal trans-shown promise in delaying the onset of Huntington's distase
duction enzyme assays led to the isolation of the novel and amyotropic lateral sclerodtand in mitigating the effects
spiroketal, berkelic acidl, and of the knowny-pyrone, of stroké® and multiple sclerosi&17 All of these diseases
spiciferone A4. Berkelic acid has shown selective, nano-
molar activity against OVCAR-3, an ovarian cancer cell line _ (2) Mitman, G. G.A Final Report: Biological Surey of the Berkeley
in the National Cancer Institute cell line screen. The isolation E(I)t. "J’"‘Se Eéﬂeﬂ‘gfﬂﬁa}’\ng ,\}gﬁgggﬁgﬁtPl_rgg,r"’}R‘GAl%z'%\,'\)ggzggg%_
and characterization of these compounds are reported herep1-o, 1999.

(3) Stierle, A. A.; Stierle, D. B.; Parker, K.; Goldstein, E.; Bugni, T.;

Baarson, C.; Gress, J.; Blake, D Nat. Prod.2003 66, 1097-1100.

; ; ; (4) Stierle, D.; Stierle, A.; Hobbs, J.; Stokken, J.; ClardyQdg. Lett.
The Berkeley Pit Lake mine waste system in Butte, Montana 2004 6, 1049-1052.

is part of the largest EPA Superfund site in North America. It (5) Stierle, A.; Stierle, D.; Kemp, KJ. Nat. Prod.2004 67, 1392-
includes Berkeley Pit Lake, a mile wide, 1500 foot deep 1395.

_Di i infi ; (6) Stierle, A.; Stierle, D. InBioactive Natural Products Atta-Ur-
abandoned open-pit copper mine. As infiltrating groundwater Rahman. Ed.: Elsevier Science: Amsterdam, 2005: Vol. 32.

seeps into the Pit, rich vei_ns of_py_rite and other minerals (7) Murphy, G.; Docherty, A. J. PAm. J. Respir. Cell Mol. Biol1992
dissolve, constantly generating acid in the process. There are7, 120-125.
over 30 billion gallons of water in the Pit, with an inflow rate (8) Docherty, A. J. P.; O'Connell, J.; Crabbe, T.; Angal, S.; Murphy, G.

o . . Trends Biotechnol1992 10, 200-207.
of 4 million gallons/day. The water is acidic (pH 2.5) and (9) Brown, P. D.Ady. Enzyme Regull995 35, 293-301.

contaminated with high concentrations of metal sulfates (includ-  (10) Liedtke, W.; Cannella, B.; Mazzaccaro, R. J.; Clements, J. M.;
ing 1200 ppm iron, 240 ppm copper, 290 ppm aluminum, and Miller, K. M.; Wucherpfennig, K. W.; Gearing, A. J.; Raine, C. 8nn.

650 ppm zinc)} Unfortunately, the Pit Lake system sits at the Ne(ul“l’)"éﬁgﬁ ‘ll\j"?g;:fs\'/ 0. Li. M. Ferrante. R. J.- Fink. K. B.: Zhu. S.-
headwaters of the Columbia River. If the water rises another gjan 3. Guo, L.- Farrell L. A Hersch, S. M. Hobbs, W.: Vonsattel, J.

200 feet, it will reach the critical overflow level. At the current  P.; Cha, J. H. J.; Friedlander, R. Mat. Med. (Tokyo, Jpn300Q 6, 797.
i iti i i i (12) Marcus, M. E.; Heufelder, A. E.; Hengartner, M. Broc. Natl.
r1%te g;rr;se, the critical level will be reached in approximately Acad. Sci. U.S AL097 94 12736-12737
y ' (13) Ona, V. O.; Li, M.; Vonsattel, J. P. G.; Andrews, L. J.; Khan, S.
Q.; Chung, W. M.; Frey, A. S.; Menon, A. S.; Li, X. J.; Stieg, P. E.; Yuan,
*To whom correspondence should be addressed. Tel.: (406) 496-4717. J.; Penney, J. B; Young, A. B.; Cha, J. H. J.; Friedlander, RN&ture
Fax: (406) 496-4135. 1999 399, 263-267.
(1) Montana Bureau of Mines and Geology, Berkeley Pit and Butte Mine- (14) Li, M.; Ona, V. O.; Guegan, C.; Chen, M.; Jackson, V.; Andrews,
Flooding Operable Unit. http://www.mbmg.mtech.edu/env-berkeley.htm L. J.; Olszewski, A. J.; Stieg, P. E.; Lee, J.; Przedborski, S.; Friedlander,
(accessed January 10, 2006). R. M.; Science200Q 288 335-339.
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exhibit certain autoimmune phenomena. It has also beenTABLE 1. NMR Data for Berkelic Acid, 12
implicated in the physiological production of interferon-gamma-  position 23 (9)  H 6, mult (J in Hz) HMBC (H— C)
inducing factor (IGIF). It, therefore, appears to play a critical

role in the regulation of multiple proinflammatory cytokines. 2 igig
Specific caspase-1 inhibitors might provide a new class of anti- 3 163.4
inflammatory drugs with multipotent actidf These assays were 4 123-4 6.27,brs C: 23°6°5,8
used to guide isolation of the compounds described in this paper. 2 113:§

Fungus pitna 4, identified asRenicilliumspecies, was grown 7 153.0
in 32 x 200 mL liquid cultures using potato dextrose broth in 8« 354  277,dd(17.4,43) Ci'mgP
500 mL Erlenmeyer flasks (still) for 21 days. At harvest time, gﬂ 65 23;57‘}5 dd (17.4) C: 56°9°10°
the fungus was killed with the addition of 20 mL of MeOH. 10 37.4 1'.63”?]’ 2H
The culture was filtered through cheesecloth to remove the 11 26.2 1.55, m, 2H
mycelial mat. The filtrate was extracted three timeshwiit. of 12 330  14,m,2H
CHCIs, and the extract was reduced in vacuo to an oil (1.3761 1431 5431'471 é'g'zmb .

A . . .92,brt,3H(6.4) C: 12,13

g). The CHC} extract inhibited both MMP-3 and caspase-1in 15 69.4  4.72,dd(12.4,54) C: 6,9, 16,17
the assay systems, so it was fractionated on a flash silica gel 16a 35.0  2.02,t(12.4) C: 6, 15,27
column using hexane and hexane/IPA mixtures to IPA/MeOH 193 1107 2.16,dd (124,54)  C: 6,15,17
mixtures. The_la_lrge flash fractlon§ were again tested for enzyme 74 19.2 1.82,m C: 17,19, 25
inhibitory activity, and the active component was further 19 404 2.66, m C: 1718, 21, 26
fractionated by preparative HPLC on a 21 mm prep Sigel 20 426  2.87,dd(175,3.0) C: 18,19,20,21,25,26
column (4 mL/min) with a hexane/IPA gradient to give pure 208.7 253, m C:19,20,21
spiciferone A4 (15.0 mg) and berkelic acid, (32.1 mg) which 29 61.0
eluted at 47 min. The isolation and characterization of three 23 28.9 1.93, m C: 21,22,24,27,28
bisabolane sesquiterpenes and a coumarin derivative from this 1.84, m C: 22,24,27,28
fungal culture have been described previodsly. gg 12-_3 2-_3?2?37()7 ) g % ig ig % 28

Although berkelic acidX) did not give a parent ion in EIMS, 260 741 4.30,t(8.3) C: 20
esterification with diazomethane yielded a dimethyl e&ttrat 266 3.50,1(8.3) C: 19,20
gave a strong parent ion in HREIMS and established the 27 190 1.32,5,3H C: 21,22,23,28
molecular formula of the parent compound gsHOg. Only (2)8|\/Ie 1;3'3 3.73 s 3H c: 28
28 carbons were observed when € NMR spectrum was OHb ' 11.82, s C. 23bap

run in CDCE, but all 29 carbons were displayed when the
spectrum was recorded in GOD (Table 1) and €Dg. DEPT
analysis indicated that contained 10 quaternary carbons, 5
methines, 9 methylenes, and 5 methyl carbons. The two
remaining protons are attached to heteroatoms. HSQC experi-

a500 MHz, COD. ? Correlations from HMBC (CDG| 300 MHz).

tural units: a saturated ketone (C-21), a methyl ester (C-28),
a carboxylic acid (C-1), a penta-substituted phenol ring

ments (CROD and CDCJ) provided all one-bondH—13C (C-2—C-7), a ketal carbon (C-17), an isolated methyl group
connectivities. The data from gradient HMBC experiments
(CDsOD and CDG}) provided sufficient information to establish
long-range connectivities.

(C-27), and an isolated ethyl group (C-28-24). The IR
spectrum ofl confirmed the presence of three carbonyl carbons
atv 1740, 1712, and 1690 crh which were eventually assigned
to the nonenolig@-keto methyl ester, the ketone, and the aryl
carboxylic acid absorbances, respectively. The molecular for-
mula indicated thal had 10 degrees of unsaturation. Because
the phenolic ring and three carbonyl carbons accounted for seven
degrees of unsaturation and all of the nine sp2 carbbmss
determined to be a tetracyclic molecule.

The phenolic protond 11.82 ppm) provided a convenient
starting point to establish long-range connectivities through the
analysis of the gradient HMBC spectrum (CR)CIThis proton

1 R=HR=H spiciferone A 4 exhibited coupling to quaternary aromatic C-2 and C-3 and
2 Ri= Me, Ro= H methine C-4. The chemical shifts of C-2 and C-4 were typical
3 Ry= Me, Ry= Ac of aromatic carbonsrtho to a hydroxyl moiety, while that of

C-3 suggested it was hydroxylated. The single aromatic proton
An initial examination of the'H and 3C NMR spectra of H-4 also showed coupling to C-3 as well as three-bond coupling
berkelic acidl suggested the presence of the following struc- to aromatic carbons C-2 and C-6. The chemical shift of -4 (
6.27 ppm) suggested the presence of an alkoxyl substituent,
(15) Rabuffetti, M.; Sciorati, C.; Tarozzo, G.; Clementi, E.; Manfredi, ~ €ither ortho or para to C-4. H-4 also showed three-bond
A. A.; Beltramo, M.J. Neurosci200Q 20, 4398-4404. . coupling to methylene carbon C-8, while both kd-8nd H-§
D_.(E?W“ﬂwg’é'b'h"_ V,\\Il.e,umeg;,z\gszllugrgbgigl,g., Raval, S.; Cook, S. showed connectivity to aromatic C-5 and C-6. As these data
(17) Furlan, R.; Martino, G.; Galbiati, F.; Poliani, P. L.; Smiroldo, S.; indicated that methylene C-8 wastho to C-4, the alkoxyl
Fergamili gggizigaéé%g_%%g G.; Flavell, R.; Su, M. S.; Adorini, L. substituent could be placed at C-7. The higher field of the two
mmunol. . _
(18) Ghayur, T.; Banerjee, S.; Hugunin, M.; Butler, D.; Herzog, L.; meth.ylene pr(_)tons (H# was further coupled to bOt.g OX)igen
Carter, A.; Quintal, L.; Sekut, L.. Talanian, R.; Paskind, M.; Wong, w.. Pearing methine C-9 and methylene C_-lO. Analysistof-*H
Kamen, R.; Tracey, D.; Allen, HNature 1997, 386, 619-623. COSY also showed clear scalar coupling between the H-8 and
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H-9 protons, H-9 and H-10 methylene protons, and on down
the line to terminal methyl H-14 protons, which helped to
generate the C-10C-14 n-pentyl side chain.

The HMBC spectrum also showed a critical connection
between H-15 and both aromatic C-6 and methine C-9, which
could establish the second ring of the tetracycle. Unfortunately,
the chemical shifts of aromatic C-6 and C-17 were too close
for definitive assignmenty(112.1 and) 112.2), so the HMBC
experiment was rerun in GOD. The chemical shifts of C-6
(0 113.7) and C-174110.7) could now be clearly distinguished,
and connectivities could now be assigned definitively. In
CD3;0D, H-15 showed a connectivity to both C-6 and C-17, as
well as methylene C-16, which not only confirmed the second
ring of the tetracycle, but also established part of the third ring.
IR data indicated the presence of an aryl carboxylic acid.
Because!H—13C coupling data had already established the
hydroxyl moiety at C-3 and connected C-5 to methylene C-8,
C-2 was a reasonable location for the carboxylic acid moiety.

C-17 showed a three-bond coupling to methyl protons H-25
and methylene protons H-26nd H-2@. In the CDC§ HMBC
spectrum, two-bond coupling from C-17 to both Hel&nd
H-166 and three-bond coupling to methine proton H-19 could

JOCNote

enhancement of H-I6and H-20 in both berkelic acitland in

the derivative3, which supported the stereochemistry of the
spiroketal. NOE data also confirmed the proximity of the
aromatic proton H-4 and methylene protons H-8. All of these
enhancements were consistent with distances calculated from
an AM1 optimized structure.

As an additional support of the structure of berkelic aktid
the mass spectralH and3C NMR, HSQC, and HMBC data
were submitted to ACD labs for analysis by their ACD/structure
elucidator program! The results of this analysis generated
several hundred possible structures, with the best fit analysis
identical to the structure proposed based on similarity of the
calculated'H and13C NMR chemical shifts.

A second compound isolated from the chloroform extract of
this fungus was identical to the known compound spiciferone
A 4. Spiciferone A, as well as several derivatives, has been
previously isolated fronCochliobolus spicifef2230One of these
derivatives, spicifernin closely resembles C-17 through C-28
of berkelic acic®* The biosynthesis of spicifernin has been
studied and was found to be of acetate biogenesis with
methylation from S-adenosyl methionine. The structure of
berkelic acidl appears to involve a further elongation of the

be seen. These coupling data generated a five-membered ringcetate chain.

oxocycle. The chemical shift of C-175(110.7 ppm) was
suggestive of a ketal, which could be created by connecting
C-17 to C-7 through an ether linkage, completing the tetracyclic
backbone ofl. The chemical shifts of H-16 and H-16 are
noteworthy. In a cyclohexane ring, equatorial protons usually
resonate upfield of axial protons because of anisotropy. In

27

CO,Me
28

spiroketal systems, however, methylene protons adjacent to the

spiro center show the reverse effétt® The magnitude of the
coupling constants is also helpful in determining which proton
is axial. In the case of berkelic acid, H/t, J = 12.4 Hz)
showed typical axiataxial coupling to H-15, while coupling
between H-15 and H-1&is typically axial-equatorial § = 5.4

spicifernin §

Berkelic acid effectively inhibited MMP-3 in the micromolar
range (GI50= 1.87uM) and caspase-1 in the millimolar range
(GI50=0.098 mM). Berkelic acidl) was tested in the National

Hz). Clearly designating the orientation of the H-16 methylene Cancer Institute (NCI) antitumor screen against 60 human cell
protons was important in establishing the relative stereochem-lines. It showed selective activity toward ovarian cancer
istry of berkelic acid. OVCAR-3 with a Gk of 9.13 E-8.00 (91 nM concentration).
1H—1H COSY showed scalar coupling between H-19 and We have been using signal transduction enzyme inhibition
methylene protons H-20. In the HMBC spectrum, these protons aSSays to target compounds with potential anticancer activity.
(H-20) showed two-bond coupling to ketone C-21, which could The NCI prowdes.access to information concerning specific
be further coupled to methyl protons H-27. The H-27 methyl Molecular targets (in our case, MMP-3 and caspase-1) and how
protons showed two-bond connectivity to quaternary C-22 and they might relate to specific cancers. We searched the molecular
to ester carbonyl C-28. Methylene protons H-23 also showed target data for both caspase-1 and MMP-3 on the NCI Develop-
two-bond connectivity to C-22 as well as to terminal methyl Mental Therapeutics Program website. These data show up- or
C-24 and three-bond connectivity to ketone C-21. These datadown-regulation of the molecular target for each human cancer
established the structure of berkelic acidlagxamination of ~ Ccell line in the NCI screen. There were no apparent patterns for
the IH NMR, 13C NMR, HMBC, and COSY spectral data of ~Ccaspase-1 and ovarian cancer cell lines in any of the experi-
the two derivatives of berkelic aciti methyl berkelate and mental data cited. MMP-3, however, showed an intriguing
methyl berkelate monoaceta@eindicated that they were also correl_atlon within t_he ovarian cancer cell lines. In several
consistent with the structure proposed_ expel‘lments (expel‘lment id. 89914, 89913, 20375, 20374, 6381,
The relative stereochemistry dfwas established by NOE ~ and 9829), MMP-3 was up-regulated in OVCAR-3, but not in
difference spectroscopy. A 12% enhancement was observedtne other ovarian cancer cell lin€s.
between H-9 and H-15, indicating a 1,3-diaxial relationship
between these protons. Irradiation of H-15 also resulted in
enhancement of equatorial H-d6 Mutual enhancement of
H-260. and H-19 and of methyl H-25 and H-19 indicated their
cis relationships. Irradiation of methyl H-25 also resulted in

(21) ACD/ Structure Elucidator Software Program, Advanced Chemistry
Development, Inc.

(22) Nakajima, H.; Hamasaki, T.; Kimura, YAgric. Biol. Chem 1989
53, 2297-2299.

(23) Nakajima, H.; Nakamura, S.; Fujimito, H.; Fukuyama, K.; Hamasaki,
T. J. Nat. Prod 1997, 60, 414-416.

(24) Nakajima, H.; Fujimoto, H.; Matsumoto, R.; HamasakiJTOrg.
Chem 1993 58, 4526-4528.

(25) National Cancer Institute/National Institutes of Health Develop-
mental Therapeutics Program website. http://dtp.nci.nih.gov/mtweb/gcdis-
playsearch (accessed January 2006).

(19) Pettit, G. R.; Cichacz, Z. A.; Gaol, F.; Herald, C. L.; Boyd, M. R;
Schmidt, J. M.; Hooper, J. N. Al. Org. Chem1993 58, 1302-1304.

(20) Jacobs, M. F.; Glenn, M. P.; McGrath, M. J.; Zhang, H.; Brereton,
I.; Kitching, W. ARKIVOC2001, vii, 114-137.
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Experimental Section

Berkelic acid (1): [0]®% —83.5 (c 0.0113, MeOH); UV
(MeOH) Amax (I0g €) 319 (3.56), 257 (3.92), 216 (4.31); IR (CHEI
Vmax 3243, 3027, 2927, 1740, 1712, 1690, 1633, 1587, 1457, 1249,
1074, 1002, 888 crt; H NMR and*3C NMR (CD;0OD), see Table
1; 'H NMR (CDCl) 6 11.82 (s, OH), 6.41 (br s, H-4), 4.76 (d,
=12.2, 5.7 Hz, H-15), 4.43 (| = 8.8 Hz, H-26x), 3.80 (M, H-9),
3.73 (s, 3H, OMe), 3.58 (t) = 8.8 Hz, H-268), 2.84 (dd,J =
17.0, 2.5 Hz, H-29), 2.77 (dd,J = 17.6, 4.0 Hz, H-8), 2.59 (dd,
J=17.6, 11.0 Hz, H-B), 2.50 (m, H-19), 2.42 (dd] = 17.0, 10.3
Hz, H-20), 2.20 (dd,J = 12.2, 5.7 Hz, H-1B), 2.05 (t,J = 12.2
Hz, H-1600), 1.87 (m, H-18), 1.61 (m, H-1), 1.50 (m, H-10),
1.50 (m, 2H, H-11), 1.30 (M, 4H, H-12, H-13), 0.88 (t, 3H, H-14);
13C NMR (CDCk) 6 206.1 (C-21), 173.4 (C-28), 170.5 (C-1), 162.5
(C-3), 149.8 (C-7), 142.2 (C-5), 112.2 (C-17), 112.1 (C-6), 110.5
(C-4), 98.6 (C-2), 75.2 (C-9), 73.5 (C-26), 67.2 (C-15), 59.7
(C-22), 52.5 (OMe), 48.2 (C-18), 41.6 (C-20), 39.3 (C-19), 36.2
(C-10), 34.3 (C-8), 34.2 (C-16), 31.7 (C-12), 27.9 (C-23), 25.0
(C-11), 22.6 (C-13), 18.4 (C-27), 14.0 (C-14), 12.0 (C-25), 8.7
(C-24); EIMSmM/z 417 (20), 402 (28), 288 (32), 234 (25), 97 (100).
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