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The earth is rich in hostile and inhospitable environments. These
include natural systems like deep-sea vents and thermal pools, and
anthropogenic systems that result from extractive hardrock, oil or
coal mining. Nobel laureate Paul Crutzen suggested that this is the
“anthropocene era”, an era in which humans and human activities
have become a major geological force on the planet [1]. Whether
man-made or natural, extreme environments can harbor unique life
forms called extremophiles. Bacteriologist Thomas Brock
demonstrated the importance of extremophiles in the 1960s when he
isolated bacteria from a 70°C thermal pool in Yellowstone National
Park [2]. Brock’s Thermus aquaticus owes its survival to its
unusually thermostable enzymes, including DNA polymerase. DNA
polymerases catalyze the synthesis of DNA in a template-dependent
process and are necessary to propagate, maintain, and manipulate
the genetic code of living organisms. Although usually not heat
stable, the 7. aquaticus DNA polymerase variant (Tag) remains
operational at high temperatures. It is now a key ingredient in the
polymerase chain reaction (PCR). The use of thermostable Taq
eliminates the need for adding new enzyme to the PCR reaction
during the thermocycling process. In the forty years following
Brock’s discovery, scientists have explored ecological niches as
varied as deep sea vents and Antarctic ice sheets and have found
unusual life forms in unlikely places. Many of these organisms
have yielded new enzymes or small molecules that have not been
found in other, more hospitable environments [3-11].

For the natural products chemist, unusual microbes represent novel
chemistry with potential medicinal, industrial and agrochemical
applications. Although the rapidly developing tools of molecular
biology have focused attention on population genomics and
proteomics, the direct study of secondary metabolites is still an
important means to the discovery of new chemotherapeutic agents.
Berkeley Pit Lake (BP Lake) is our extreme environment and our
studies have been confined to the microbial life in the Pit for the
simple reason that microbes are the predominant, and, perhaps, sole
inhabitants of this toxic lake [12]. These microbes include bacteria,
fungi, and both heterotrophic and autotrophic protists (green algae)
[12]. Unlike most rivers and lakes in Montana, BP Lake does not

harbor trout, grayling or other blue ribbon fish species. Aside from
a single water bug photographed resting on the surface of the Pit
Lake, and a flock of snow geese that landed on the water and
subsequently died, no evidence of macrobial life exists.

The BP Lake system in Butte, Montana is part of the largest EPA
Superfund site in North America. This abandoned open-pit copper
mine was gouged out of the Boulder Batholith in 1955 and
gradually developed into a 1.6 kilometer wide, 400 meter deep pit
that sits in the shadow of the Continental Divide — and at the
headwaters of the Clark Fork and Columbia River ecosystems. The
Pit was dewatered by constant pumping, but when the pumps were
decommissioned in 1982, it began its inexorable evolution into an
acid mine waste lake. Thirty years later there are over 150 billion L
of water in the Pit, with an inflow rate of 15 million L/day. Iron
pyrite plays a dominant role in the geology of the area, and
ultimately determines the nature of BP Lake. Even if all of the
influent waters were pristine, the pyrite walls of the Pit continually
react with air and water to generate sulfuric acid [13, 14], which
helps to dissolve the minerals in the surrounding rocky overburden.
As oxygen concentration decreases with depth, pyrite oxidation and
resulting acid generation should also decrease. However, oxidation
of pyrite by dissolved ferric iron can take place at a rapid rate in
acidic waters, even in the absence of oxygen. The rate of ferrous
iron oxidation by O, is known to increase by many orders of
magnitude in the presence of certain acidophilic bacteria, chiefly
Acidothiobacillus ferrooxidans [14]. Because of this dynamic
interplay, the water is acidic (pH 2.5 - 2.7) and contaminated with
high concentrations of metal sulfates, including iron, copper,
aluminum, cadmium and zinc [13, 14].

With its low pH and high metal content, BP Lake was considered
t00 toxic to support life. In 1995, however, three filamentous fungi
isolated from a surface water sample provided by the Montana
Bureau of Mines and Geology launched our investigation of acid
mine waste microbes and their secondary metabolites [15, 16].
Although conditions within the Pit Lake System were toxic for
“normal” aquatic biota, these same conditions provided an ideal
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environment for extremophiles. Extremophiles can be more than
just an interesting scientific oddity. They can provide a new
untapped reservoir of bioactive secondary metabolites waiting to be
discovered. Our ongoing research efforts have generated a
collection of culturable acidophilic microbes from the surface
waters to the bottom of the Pit Lake, and from the basal sediments.
A subset of these organisms has been identified by Microbial ID,
Inc. to the genus and species level, although several microbes could
not be matched in any sequence databases.

Thirty-six of the seventy organisms have been grown in small pilot
cultures (100 mL) and six have been studied thoroughly. Microbes
were grown using 12-14 different physicochemical conditions. At
time of harvest, these cultures were extracted with CHCl;. The
remaining aqueous fraction was lyophilized, then sequentially
extracted with CHCl;-MeOH (1:1) and MeOH. Each of the organic
extracts and the aqueous residue were then evaluated in a series of
bioassays. In the earliest phase of this study, extracts were tested
for antimicrobial activity in a standard disk assay and in the brine
shrimp lethality assay to determine cytotoxicity.

Ten years ago we introduced signal transduction enzyme inhibition
to the study, and our microbial extracts are currently tested as
inhibitors of 1, matrix lloprotei 3 (MMP-3) and,
most recently, caspase-3. Organisms are prioritized for further
investigation: those that yield extracts with the most potent
bioactivity are studied first. They are grown in larger volume
cultures using the same physicochemical conditions that yielded the
most bioactive extracts. Enzyme inhibition assays guide compound
purification and the structures of pure compounds are determined
using spectroscopic methodologies. Active enzyme inhibitors are
submitted for further study to the National Cancer Institute-
Developmental Therapeutics Program for testing against 60 human
cancer cell lines (NCI-DTP 60) and to Memorial Sloan Kettering
Cancer Center (MSKCC) for evaluation as antiproliferative agents
against selected and established cancer cell lines. Secondary
metabolites from six of the extremophilic fungi have been reported
to date and these are the focus of this review. The remainder of the
microbe collection is the subject of ongoing investigation.

Extremophlhc fungal dary boli isolated by

ided fr
Y-8

All of the compounds reported from the Berkeley Pit to date have
been isolated from six fungi out of the entire collection. Many of
the other microbes have been grown in small pilot cultures under
various physicochemical conditions [16], and the resulting mature
cultures have been thoroughly extracted, evaluated for biological
activity, and await further investigation. All of the studies were
driven by the search for bioactive metabolites and specific assays
guided these efforts. We were initially looking for antimicrobial
agents, but were surprised to find only weak antibacterial or
antifungal activity. The microbial population density in BP Lake is
low and organisms may not require such agents for their survival.

In 2003 we focused our search on small molecule inhibitors of the
specific signal transduction enzymes matrix metalloproteinase-3
(MMP-3) and caspase-1. MMP-3 activity is normally associated
with epithelial mesenchymal transition (EMT), which is a requnsxte
component of wound healing and angiogenesis. When up-regul

however, MMP-3 promotes tumor cell invasion through the loss of
cell-cell adhesion both through the cleavage of E-cadherin (a
calcium-dependent cell-cell adhesion molecule) and the repression
of E-cad synthesis [17]. These are characteristic features of cells
undergoing proliferation. The tumor microenvironment itself can be
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a potent carcinogen, not only by facilitating cancer progression and
activating dormant cancer cells, but also by stimulating tumor
formation through induction of enzymes like MMP-3 [17].

Caspase-1 plays an important role in chronic inflammation through
the production of specific cytokines. Caspase-1 is activated upon
binding to the inflammasome, a multiprotein complex that plays a
key role in innate immunity. Once caspase-1 is activated, it cleaves
(activates) the precursors of interleukin-1p (IL-1B), IL-18, and IL-
33 [18]. Up-regulation of caspase-1 and concomitant chronic
inflammation has been associated with a number of different
pathologies. High levels of caspase-1 and/or IL-1B have been found
in certain cancers: acute myelogenous leukemia [19], melanoma
[20,21], certain glioblastomas [22], pancreatic cancers [23a-b] and
certain breast cancers [24], all of which are exacerbated by chronic
inflammation associated with activation of the inflammasome.

The production of pro-IL-1B and IL-18 are regulated by nuclear
factor-kappa B (NF-kB). NF-kB can be activated by exposure of
the cell to tumor necrosis factor (TNF), and pathogen-associated or
danger-associated molecular patterns (PAMPS or DAMPS),
including bacterial lipopolysaccharides (LPS). These same factors
also stimulate the assemblage of the inflammasome [18]. Pro-
inflammatory cytokines can lead to chronic inflammation and the
production of reactive oxygen species that can induce oxidative
damage to DNA, and consequently lead to the initiation and
progression of carcinogenesis.

Of the six microbes thoroughly studied to date, five have yielded all
of the specific enzyme inhibitors that we have reported. Each of
these compounds has demonstrated activity against specific cancer
cell lines. Potency against cancer cell lines shows a positive
correlation to the degree of enzyme inhibitory activity. Some of
these compounds will be described below.

Penicillium sp.: berkelic acid and berkebisabolanes A-C
Penicillium rubrum: berkeleydione, berkeleytrione, berkeleyones
A-C, preaustinoid A, berkazaphilones A-C, berkeleyamides A-D,
berkeleyacetals A-C, and the vermistatin analogs.

Penicillium solitum: berkedrimanes A and B

Penicillium clavigerum: phomopsolides A-F

Chaetomium funicola: berkchaetoazaphilones A-C and berk-
chaetorubramine

Pithomyces sp.: prenylated tyrosines

1. Chlorella mutabilis-associated Penicillium sp.
Berkelic acid from a Chlorella mutabilis associated Penicillium

The CHCI; extract of a Chlorella mutabilis (green-alga)-associated
Penicillium sp. inhibited both MMP-3 and caspase-1 in the assay
systems. These activities guided isolation of the active metabolites
of the fungus and yielded berkelic acid, an unusual oxo-spirane (1),
as well as the y-pyrone spiciferone A (2) and spicifernin (3) [25].
Berkelic acid (1) was active in the NCI-DTP60 against OVCAR-3.

Berkelic acid (1): 1Csp MMP-3: 1.87 pM Caspase-1: 98.0 yM
Glsp NCI-DTP: OVCAR-3: 91 naM

Figure 1: Structures of compounds 1-3.
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Novel bisabolane MMP-3 inhibi
associated Penicillium sp.

s from a Chlorella mutabilis

Penicillium sp. also produced a series of sesquiterpenes when
grown in the same broth at pH 2.7 [26]. The CHCl; extract of this
organism was active in both the MMP-3 and caspase-1 tests and
ultimately yielded berkebisabolanes 4, 5, and 6, and coumarin
analogue 7.
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Figure 2:

Bisabolane sesquiterpenes are unusual microbial metabolites, and
have typically been isolated from terrestrial plants, a basidiomycete
[27], sponges [28, 29], octocoral [30, 31], and a red alga [32].
There have only been two other reports of bisabolanes from fungi
[33, 34]. All four compounds showed moderate inhibitory activity
against both MMP-3 and caspase-1.

Berkebisabolane A (4) ICso, MMP-3:280nM  Caspase-1: 23 yM
Berkebisabolane B (5) ICso, MMP-3:315nM  Caspase-1: 23 uM
Berkebisabolane C (6) ICs, MMP-3:340nM  Caspase-1: 23 uM

2. Penicillium rubrum

Berkeleydione and berkeleytrione

The CHCI; extract of a Penicillium rubrum isolate collected from a
depth of 270 m. and grown in acidified potato dextrose broth
(PDBH’, pH 2.7) inhibited both MMP-3 and caspase-1.

Figure 3: Structures of compounds 8 and 9.

Assay-guided fractionation yielded two novel meroterpenes,
berkeleydione (8) and berkeleytrione (9) [35]. Berkeleydione (8)
was tested in the NCI-DTP 60. It showed selective activity towards
non-small cell lung cancer NCI-H460. This extreme selectivity is
noteworthy in a natural product that has not been modified towards
a particular cancer type [35].

Berkeleydione (8) ICsy MMP-3: 22 uM  Caspase-1: 100 uyM
Glsy,  NCI-H460: log, Glso —6.40.
Berkeleytrione (9) [Csy MMP-3: 180 yM  Caspase-1: 20 yM

Berkeleyones

Several additional meroterpenes were isolated from P. rubrum [36].
These included preaustinoid A (10) and Al (11) and the new
meroterpenes, berkeleyones A-C, (12-14), all of which inhibited
caspase-1 activity. Of the numerous meroterpenoids reported to date
compounds 10-14 appear most closely related biosynthetically to
andrastin A (15) and citreohybridone D (16) [37]. This was an
excellent opportunity to compare the activity of this series of related
compounds to determine how subtle differences in structure could
affect biological activity.
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Figure 4: Structures of compounds 10-16.

The growing awareness of the importance of the inflammasome as a
key component in the development of inflammation-associated
pathologies provided the next logical step in the investigation of
these compounds. Compounds 8 and 10-14 were re-evaluated for
their ability to inhibit caspase-1 in vitro. Caspase-1 inhibition was
determined in a fluorometric assay and percent enzyme inhibition
for each compound was determined at a concentration of 100
pug/mL. Each compound was evaluated for its ability to mitigate the
production of IL-1f in THP-1 cells. LPS and multi-walled carbon
nanotubes-induced THP-1 cells were exposed to compounds 8 and
10-14 and the resulting concentrations of IL-1B were determined to
establish ICs, values for each compound (Table 1) [36].

Table 1: Inhibition of 1 and 11-1B prod in induced THP-1 cells. Induced
THP-1 cells produce inflammasomes, which in tum produce the pro-inflammatory
cytokines IL-1B and IL-18.

Compound IL-1B production caspase-1*%
(ICs, pM) inhibition®

Berkeleydione (8) 44 89
Preaustinoid A (10) 155 97
Preaustinoid A1(11) 343 77
Berkeleyone A (12) 2.7 68
Berkeleyone B (13) 37 100
Berkeleyone C (14) 378 0

* test concentration 100

SEberkel

Figure 5: Is A-C and p

Berkeleyacetals

The CHCl; extract of the deep water fungus P. rubrum yielded
another family of meroterpenoids, the berkeleyacetals, when grown
in PDBH" broth [38]. The most potent enzyme inhibitor,
berkeleyacetal C (19), inhibited both MMP-3 and caspase-1 in the
micromolar range, while berkeleyacetals A (17) and B (18)
inhibited these enzymes in the mM range.

In the NCI-DTP 60, berkeleyacetal C (19) inhibited the growth of
non-small cell lung cancer NCI H460, the same cell line targeted by
berkeleydione, as well as all leukemia cell lines. There were only
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two reports in the literature of the six-seven A-B ring system found
in berkeleydione and the berkeleyacetals: paraherquonin (20) [39]
and citreonigrin A, which was reported in a conference abstract
[40]. Parah in also p a similar acetal moiety, as do
the citreonigrins [41].

Berkeleyamides

Penicillium rubrum yielded yet another family of compounds,
berkeleyamides A-D (21-24), when grown in acidified PDB broth
(pH 2.7) [42].

NH N

0 _OH O Y
n ° nR=-0 o O (o]
OH o

23R = N-CII-CH,01

Figure 6: Structures of berkeleyamides 21-24.

All four compounds were active against both caspase-1 and MMP-3
in the low micromolar range. Berkeleyamide A (21) and D (24)
were evaluated in the NCI-DTP 60.

Berkeleyamide A (21): non-small cell lung cancer NCI-H522:
logio Glige: 10 pM;
renal carcinoma UO-31: 10g;oGlsy: 10 pM
Berkeleyamide D (24): renal carcinoma UO-31: log;o Gls: 10 uM

Berkazaphilones

P. rubrum also produced berkazaphilones A-C (25-27), vermistatin
(28), dihydrovermistatin (29), and penisimplicissin (30) [43]. Of the
azaphilone analogs reviewed, only one other compound,
pseudohalonectrin, was not oxygenated at C-7 [44]. All of the
compounds were evaluated as caspase-1 inhibi (100 pg/mL and
10 pg/mL) and the most active compounds were evaluated in the
NCI-DTP60. Activity was selective with cytotoxicity only towards
specific leukemia cell lines.

26R, =X
R, Ry=OH
27R,=0H

Ry= X

HO OH
el
HyCO

O xcCH
X ™ 28 R =cH=cH-CH, ©
29 R = CHy-CH,-CH;
30 R=CH,

25R,=H.Ry=OH

Figure 7: Structures of compounds 25-30.

Vermistatin (28) and dihydrover in (29) were not inhibitory at
test concentrations. Compounds 25-30 also inhibited the production
of IL-1p in THP-1 cells at a concentration of 200 pg/mL. However,
berkazaphilone B (26) was completely inhibitory at 2.0 pg/mL, and
berkazaphilone C (27) at 20 pg/mL [43]. These data will be shown
in a later section. Microarray experiments available in the NCI
Molecular Target database demonstrated that caspase-1 was up-
regulated almost exclusively in different leukemia cell lines [45-
48].

Berkazaphilone A (25):
Berkazaphilone B (26):

ICjp0 Caspase-1: 100 pg/mL
ICjp0 Caspase-1: 10 pg/mL
leukemia RPMI-8226: 10g,, Glsg (-5.67)
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Berkazaphilone C (27):  IC)y  Caspase-1: 10 ug/mL
leukemia SR: logyo Glsg (-6.42)
Penisimplicissimum (30): ICq9 Caspase-1: 100 pg/mL

leukemia CCRFCEM: log, Gls (-6.70)
leukemia HL-60: log,o Glsq (-5.83)

3. Penicillium solitum

Drimane derivatives from a biofilm-associated Penicillium
solitum

Penicillium soli was isolated from the d slime of an
unusual acidophilic yeast found at a depth of 15 m. in the Pit Lake.
The yeast slime itself is a rich mixture of lipopolysaccharides which
harbored a complex population of filamentous fungi. Each of these
was isolated from the slime and established in pure culture. The
CHCl; extract of P. solitum grown in mycological broth
demonstrated strong inhibitory activity against both MMP-3 and
caspase-1. Flash silica gel chromatography, followed by HPLC
gave the new drimane derivatives 31 and 32 [49].

(31) Berkedrimane A R = H
(32) Berkedrimane B R = OH

Figure 8: Structures of berkedrimanes 31-32.

Berkedrimane A (31) and B (32) were evaluated as caspase-1
inhibitors. They exhibited ICsq values of 60 pg/mL and 50 pg/mL,
respectively, against caspase-1. The two compounds were evaluated
for their ability to inhibit the production of IL-1B in THP-1 cells.
Induced THP-1 cells were exposed to 31 and 32 at concentrations of
50.0, 5.0, and 0.5 pg/mL and the concentrations of IL-1B post-
exposure were determined as shown in Figure 11.

4. Penicillium clavigerum

Phomopsolides

Penicillium clavigerum was also isolated from the green-alga
Chlorella mutabilis. When grown in PDB broth, the CHCl; extract
of this fungus inhibited MMP-3 and caspase-1. After a series of
MMP-3 inhibitors were isolated and purified, '"H NMR spectra of
inactive column fractions were examined to identify structurally
related analogues and to guide isolation of these metabolites [50].

Phomopsolides A-C (33-35), E, F (36 and 37), phompyrone (38),
berkbenzofuran thi (39), phomfi ne (40), patulin (41), and
dimethylphthalides 42 and 43 were all isolated from the fungal
CHCl; extract [50]. Phomopsolide A (33) was the most active
MMP-3 inhibitor with an ICsy of 100 uM. The other phomopsolides
were weak inhibitors with ICsp>150 pM. Phompyrone (38) was
also a weak inhibitor with ICs,>100 uM.

MSKCC evaluated the phomopsolides as antiproliferative agents
against selected and established cancer cell lines. Human cell lines
included cervical adenocarcinoma HeLa S3; bladder transitional
cell carcinoma UM-UC-3; alveolar adenocarcinoma A549; lung
adenocarcinoma H2030; non-small cell lung carcinoma H3255; and
retinoblastoma Y79. Some of these data are shown in Table 2.
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Figure 9: Structures of compounds 33-43.

Table 2: ICy (uM) data for compounds tested at MSKCC against a series of
established human cancer cell lines. NE indicates no effect; (-) - not tested.

Assays: Alamar Blue Viability Nuclei Count Proliferation
Compound HeLaS3 UMUC3 Y79 HeLaS3 UMUC3 H3255
33 63 6.5 - 5.0 48 -
34 NE NE - NE 6.1 -
35 3.6 22 14 2.7 14 26
36 NE NE - 73 6.6 -
37 NE NE - NE NE -
38 NE NE - NE NE -
5.  Chaetomium funicola
The CHCI, extract of Ch ium fi la inhibited both MMP-3

and caspase-1, and caspase-1 inhibition was used to guide isolation
of the berkchaetoazaphilones A-C (44-46), berkchaetorubramine
(47) and the known quinoline 48. Compound 45 was the strongest
caspase-1 inhibitor [51].

Figure 10: Structures of compounds 44-48.
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The cytokine mitigation potential of the various compounds isolated
from Berkeley Pit microbes have been measured in repeated assays.
Several compounds were evaluated in a comparative study to assess
mitigation of the production of IL-1p by the inflammasome in
induced THP-1 cells. In this assay, bacterial LPS and either multi-
walled carbon nanotubes (MWCNT) or titanium dioxide (TiO,) are
used to stimulate the production of inflammasomes and
proinflammatory cytokines in THP-1 cells, macrophage-like human
monocytic leukemia cells [52]. The assembling inflammasome
activates pro-caspase-1, which in turn activates (cleaves) pro-IL-1p
and other proinflammatory cytokines [18]. Test compounds are
administered to these induced THP-1 cells and the production of
cytokines post-administration is determined [43, 49].
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Inhaled MWCNT have been associated with both in vitro and in
vivo toxicity, including increased production of inflammatory
mediators, increased inflammation and often severe lung pathology.
These effects have been attributed to MWCNT length, diameter,
aggregation state, contaminants, aspect ratio/rigidity, and release of
reactive oxygen species [52]. The induced-inflammasome assay is a
useful tool in assessing the direct inhibition of caspase-1 as a means
of moderating inflammation in a cellular system and also provides
lead compounds that could mitigate the direct toxicity of MWCNT
[43, 49).

Berkedrimane A (31) and B (32), and berkazaphilone C (27) are the
most potent inhibitors tested to date. They completely inhibited
cytokine production at the nm level. Several other compounds had
ICsy levels in the low pM concentrations (Figure 11).

45 IL-1B Production in THP-1 Cells (ng/mL)
40
35
30 Compoundstestedat 20 pg/mL
25
20
15
10
5
D I -
O RN OR AN RS
RO SIS A S S R K N v o
L P FELEELESS
F ¥ o
#2808 S PSS
¢ e Q’geo& Qe* & @&@&%&06*

Figure 11: Induced inflammasome assay in THP-1 cells.
6. Pithomyces sp.

5-HT2A receptor ligand from Pithomyces sp

One of the first fungi isolated from the Pit Lake, Pithomyces sp.,
exhibited good brine shrimp lethality when grown in PDBH” broth
(pH 2.7, 11 days shaken) [15]. Brine shrimp lethality is an indicator
of cytotoxicity and has been used to find compounds with
anticancer activity [53]. When the fungal culture was harvested and
extracted, most of the activity was confined to the CHCl; extract.
Sephadex LH-20 chromatography of this extract followed by
RPHPLC gave the three cytotoxic compounds 49-51 and the three
inactive sesquiterpenes, 52-54. The structures of all six compounds
were determined through the use of mass spectrometry, and 1D and
2D NMR spectroscopic techniques. The brine shrimp lethality
assay was used to guide the isolation of compounds 49-51.

Sesquiterpenes  52-54 were isolated by “NMR-guided
fractionation”, We often isolate and characterize compounds with
interesting NMR spectra even if they are inactive in a particular
assay [15].

Sesquiterpenes are more commonly found in higher plants
and the three sesquiterpenes produced by this Pithomyces strain
are more closely related to plant metabolites. The NMR, IR,
and mass spectral data of compound 52 were identical to those
of pogostol, which was reported from the oil of the patchouli plant,
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Figure 13: Structures of sesquiterpenes 52-54.

Pogostemon cablin [54). The structure of sesquiterpene 53 was also
established by extensive spectroscopic analysis. It is structurally
similar to 11-hydroxypogostol, which has been reported from the
aerial parts of Leuceria floribunda, but it has a trans ring juncture
consistent with pogostol [55]. Compound 54 also has a frans ring
juncture and was unique to this fungus.

Simple aromatic amino acid derivatives often exhibit
neurotransmitter activity. Compounds 49-51 were evaluated using
the 5-HT2A receptor assay. Studies suggest that 5-HT2A
(serotonin) receptor antagonists might act as migraine preventatives
[56], or as antihypertensive agents [57]. In this assay, we assessed
the ability of a compound to displace radiolabeled ketanserin from
rat 5-HT2A receptor’s ligand binding site [15]. Since 100% of the
ketanserin is bound in the control setting, smaller numbers indicated
stronger displacement of ketanserin. Compounds were tested at 100
uM concentrations [58,.59]. Compounds 49 and 51 resulted in
ketanserin binding of 85%, while compound 50 lowered the
ketanserin binding to 11%. Data from this assay suggested that 50
acts as a 5-HT2A receptor ligand, while the other compounds are
only marginally active. Drugs that act as 5-HT2A ligands include
ketanserin, methysergide, the tricyclic antidepressant amitryptiline
and certain calcium channel and beta blockers [56].

CONCLUSIONS

Although only a fraction of this collection has been studied, the
results have already demonstrated that the extremophilic microbes
of the Berkeley Pit Lake are a valuable source of new and
interesting secondary metabolites. It is of particular interest that
these acidophilic microbes produce small molecule inhibitors of
molecular pathways associated with low pH and high Eh. These
same small molecules also inhibit molecular pathways induced by
reactive oxygen species (ROS) and inflammation in mammalian
cells. Low pH is a hallmark of inflammation and high Eh is a
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hallmark of ROS, so the suitability of this collection as a source of
bioactive metabolites is actually quite biorational.

It is not often that scientists have the opportunity to explore such a
unique environment. The Stierle lab is fortunate to have easy
access to this dynamic ecosystem. Based on preliminary data,
“bioprospecting” in the Berkeley Pit will continue to yield
interesting new chemistry. Our methodology has evolved as the
research has progressed. New collaborations have provided a
means for more in depth investigation of pathways associated with
inflammation. The use of caspase-1 and MMP-3 inhibition to guide
isolation and to provide a rapid in vitro indicator of anti-
inflammatory activity has been validated by the intact
inflammasome assay. The compounds produced in this research are
already the focus of multiple total synthetic efforts.

It remains for the Stierle lab to isolate a library of compounds from
the remainder of these organisms. Only 8% of the culturable
microbes isolated from the Berkeley Pit have been fully studied,
and even these organisms still have untapped potential. Each
fungus has been grown in 14 different physicochemical conditions
and each of these methods has yielded bioactive extracts. Most of
the compounds, however, have been from a small subset of these
conditions.

We continue to be excited by the compounds produced by the
hearty and productive denizens of the Berkeley Pit, a once
prosperous open pit copper mine that has devolved into a vast acid
mine waste lake. These culturable fungi remain a largely untapped
gold mine of novel compounds, promising targets for total synthesis
and chemical scaffolds for structure/activity studies.

Despite the wealth of copper once pulled from the Berkeley Pit, it is
possible that the richest “ore” ever mined from the “Richest Hill on
Earth” could be the microbes and secondary metabolites discovered
through bioprospecting in the Pit.
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