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ABSTRACT 

 One unique feature of cancer cells that can be exploited for anticancer drug 

discovery is their dependence on their own cellular stress responses to survive the 

stressful acidotic, hypoxic and nutrient-deprived conditions within the tumor.  Reasoning 

that desert organisms surviving under stressful conditions may have evolved to produce 

small molecule metabolites capable of modulating heat shock protein 90 (Hsp90) 

function, and/or other cell stress responses, we employed the cellular heat shock response 

in a moderate-throughput phenotypic assay.  This strategy has resulted in the isolation 

and characterization of a number of small molecule natural products with heat shock 

induction activity from these organisms. Three such natural products are the subject of 

this study. 

In a limited structure-activity relationship (SAR) study, a previously known Hsp90 

inhibitor radicicol (RAD), and several structurally related molecules including the fungal 

metabolite monocillin 1 (MON) were found to interact with Hsp90.  In addition, RAD 

and MON were shown to lead to the degradation of Hsp90 client proteins involved in the 

cancer cell survival – the estrogen receptor (ER) and the insulin-like growth factor 

receptor 1 (IGF-1R). 

We further characterized MON and showed that by targeting the molecular 

chaperone Hsp90, this compound induces components of the heat shock response at the 

transcriptional and translational levels, and leads to the acquisition of a thermotolerant 

phenotype in seedlings of the plant Arabidopsis thaliana.  These findings support our 
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hypothesis that there is ecological significance to the elaboration of small molecules that 

target stress responses. 

A number of extracts active in our phenotypic assay contained small molecules 

with no apparent Hsp90 activity.  One such extract afforded terrecyclic acid A (TCA) 

with significant anti-tumor activity against a panel of human cancer cell lines.  To 

characterize the biological activities of TCA we examined three key stress responses—

the heat shock, oxidative, and inflammatory responses—and show that TCA destabilizes 

these pathways associated with cancer cell survival through induction of oxidative stress 

(ROS), and inhibition of NF-κB transactivation. 

The isolation of RAD, MON and TCA from Sonoran desert organisms provides 

proof of principle that we have developed an effective strategy for the discovery of small 

molecule modulators of cellular stress responses that can serve as leads for the 

development of new anticancer drugs with novel mechanisms of action. 
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I.  INTRODUCTION 

Natural Products as Anticancer Drugs: History & Outlook 

 Natural products primarily from plants, but also from other sources such as 

whales and bees, have served humankind as the basis for foods, tools, medicines, 

handicrafts and the arts.  These useful substances include resins, oils, tannins, dyes, 

fragrances, flavors and medicinal preparations, utilized by human societies throughout 

history, and all over the world [1].  In the 19th century Louis Pasteur, characterized the 

process of fermentation.  The ethanol in wine was found to be a product not of passive 

and spontaneous chemical processes within the grape, but the active conversion of sugar 

to ethanol by a microorganism, namely yeast.  The chemistry occurring was, in the words 

of Pasteur: “correlative with life [2].”  Fermentation products, plant toxins, and then in 

the 20th century, antibiotics were found to be the consequence of life-processes. Their 

discovery has strengthened one of the fundamental concepts of modern biology, 

specifically the biochemical unity of life [3].  This principle has found no where more 

application than in medicine, where many diseases are treated with drugs that come from 

natural product sources.   

  The treatment of cancer, ironically, began with compounds based on 

agents that were first synthesized for the battlefields of World War I and II.  The nitrogen 

mustards became the first anticancer drugs and the model for the drug discovery process, 

and as a consequence, the six anticancer drugs in use by 1955 were all synthetic 

compounds [4].  
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However, an important outcome of this early research, and a basic assumption of 

chemotherapy, is the working hypothesis that there are chemical substances that can 

selectively target the cancer cell.  Consequently, as cancer research became a greater 

priority, large research institutions, such as the National Cancer Institute, began a 

systematic search for natural products with anticancer activity [4].  Today more than half 

the anticancer drugs in common use are based on natural products [5].  These natural 

product-based drugs can be divided into two main categories; (a) DNA-interacting 

agents, including DNA intercalators, alkylators, and topoisomerase I and II inhibitors; 

and (b) tubulin interacting agents that either destabilize or hyperstabilize microtubules 

(Figure 1) [6].   

While these molecules have important clinical uses, and have saved lives, the 

incidence of cancer remains high, and most solid tumors remain highly refractory to 

conventional chemotherapeutics.  Therefore, it is imperative that continued efforts are 

made to aggressively pursue novel anticancer molecules; and that the ever improving 

understanding of the molecular processes that underlie the disease are applied to identify 

structures that are most likely to selectively target the cancer cell. 

Sources of Secondary Metabolites 

 Secondary metabolites are small molecule (generally with MW ≤ 500 Da) natural 

products that are often produced in response to environmental factors, may not be 

essential for metabolism and growth, and are restricted to specific taxonomic groups [1].  

Primary metabolism, in  
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Figure 1: Three examples of anticancer secondary metabolites used in the clinic.  
Taxol is a microtubule stabilizing agent isolated from a plant, while ecteinascidin-743 
from a marine organism and bleomycin from a fungus are DNA interacting agents. 
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contrast, involves the production of molecules that are required for growth and 

metabolism and are shared across taxonomic groups (e.g. DNA). 

 The major sources of secondary metabolites among terrestrial organisms are 

plants, bacteria and fungi.  Marine organisms such as sponges and the vast microflora of 

the oceans are an emerging resource.  Notably, as we understand more about the 

ecological relationships between organisms in diverse habitats, we find that many of the 

interactions between organisms are mediated by small molecules [1, 7].  Some well-

characterized examples of this are the use of antibiotics by microorganisms to control 

niche competitors, the production of secondary metabolites in plants as anti-feedants, and 

the more cooperative exchange of small molecules between plants and their symbiotic 

rhizosphere microflora.  Although much of the emphasis has been placed on the chemical 

warfare between organisms, it is now apparent that secondary metabolites serve other 

functions, including signaling between different organisms. 

 In our laboratory we have selected the Sonoran Desert as our primary resource for 

secondary metabolites [8].  The Sonoran Desert is an arid land covering approximately 

100,000 square miles in the US and Mexico with a surprisingly robust and diverse 

community of 2000 species of plants, 550 vertebrates and thousands of unknown species 

of invertebrates and microbes [9].  Moreover, the organisms endemic to the region have 

extraordinarily diverse adaptations to these conditions employing anatomical, 

physiological, and behavioral strategies to survive (e.g. in plants we find succulence, 

drought dormancy, and self-protection with spines, etc.).  The Sonoran desert is not only 

characterized by species diversity, but also remarkable ecosystem diversity including 
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several subdivisions based on characteristic plant life.  These subdivisions include some 

of the driest and hottest areas in North America (Lower Colorado River Valley) where 

only a few plant species, such as the creosote bush, are able to survive; to the more 

diverse saguaro-palo verde forest of the Arizona Uplands.  In the Arizona Uplands with 

seasonal rainfall patterns in the winter and summer months, a robust community of plants 

survive even in the face of harsh conditions including drastic diurnal temperature 

fluctuations, long periods of drought, and poor soil conditions.  For example, a recent 

survey of the Tucson Mountains, a small, 40 mile square Arizona Uplands range, found 

over 630 plant species representing an astonishing one fourth of the total plant diversity 

in the Sonoran desert [9].   

 The diversity in the plant community is reflected in the associated and coadapted 

microbial microflora [8].  Since the Sonoran desert is a relatively unexplored source of 

bioactive secondary metabolites, we have been actively assembling a library of fungi 

(and also bacteria) found either in association with the roots of plants (rhizosphere) or 

growing internally in the various parts of the plant (endophytic). Despite the nutrient 

poor, dry and high salt conditions, and severe temperature fluctuations found in the 

Sonoran desert, we have found significant microbial diversity associated with desert 

plants.  We are actively pursuing secondary metabolites with anticancer activity by 

screening ethyl acetate (EtOAc) extracts of these isolates using both cytotoxicity and cell 

based reporter assays focusing our attention on secondary metabolites that target or 

modulate stress responses because such small molecules may be prevalent in organisms 

adapted to desert life. 
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Adaptive Versus Nonadaptive Role of Secondary Metabolites: Competing Theories  

 A key assumption in natural product drug discovery is that secondary metabolites 

are adaptive for the organism that produces them [1].  In contrast, a competing hypothesis 

is that secondary metabolites are merely byproducts of metabolism, and are therefore 

nonadaptive.  Comparisons of the chemical space covered by synthetic, combinatorial, 

drug and natural product libraries indicate that the synthetic and combinatorial libraries 

cover a well-defined and relatively limited area of chemical space when compared to 

drug libraries, and especially natural product libraries [3]. The diversity of structure 

(Figure 1) in natural products is mirrored in the taxonomic diversity found in the 

organisms that produce secondary metabolites—different taxa make distinct small 

molecules (often using similar building blocks) [1].  This is analogous to the fact that 

members of the animal kingdom have evolved varied anatomical structures, such as 

limbs.  No one doubts that most of these structures are adaptive either in the present 

environment, or remain as a vestige of when they were adaptive at some point in the 

organism’s evolutionary history. 

 The diversity of structures associated with taxonomic diversity is evidence that 

natural products represent a great variety of adaptations to environmental and biological 

conditions.  Formally, they can be thought of traits that have evolved like any other 

biological trait, subject to natural selection [1, 7].  Therefore, just as organisms have 

evolved with countless morphological, physiological, and molecular solutions to the 

contingencies of life, organisms have elaborated secondary metabolites that are 
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inherently biological in structure and function, and represent, a priori, a biologically 

relevant exploration of chemical space.  They map a coherent pattern of adaptation to 

environmental and biological parameters, and provide a concrete interface between 

biology and chemistry suggesting biological and chemical explanations for phenomena in 

nature. Accordingly, it is possible that most, if not all, small molecule secondary 

metabolites have some capacity to interact selectively with biological macromolecules 

making them attractive candidates for drug discovery. 

 

Secondary Metabolites are Small Molecule Natural Products with Characteristics 

that Make them Useful Drugs 

 In the long history of life, organisms have evolved small molecules with 

outstanding complexity and diversity of structure that synthetic and combinatorial 

chemists have yet to match [5].  Through the effort to produce rational synthetic and 

combinatorial libraries, and by comparing their biological activities to natural products, 

the structural basis for the activity of natural products has become clearer.  This has led to 

the recognition that nature is unparalleled in exploiting these characteristics in the 

elaboration of bioactive secondary metabolites [3].   

 A crucial feature of a biologically active small molecule is that it must be able to 

cross biological membranes, which normally exclude polar substances. Secondary 

metabolites are often lipophilic allowing for transport across cellular membranes; 

nevertheless, they retain a high degree of specificity for the polar surfaces of molecular 

targets such as proteins through the exquisite distribution of polar functional groups, and 
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particularly, hydrogen donor and acceptors on their carbon backbones.  The high number 

of chiral centers frequently found in secondary metabolites (and one of the most 

intractable challenges to the synthetic chemist) imparts them with 3-dimensional 

specificity resulting in high affinity interactions with 3-dimensional folds (receptor sites) 

within macromolecules (such as enzymes).  Moreover, the abundant number of rings, 

especially fused and bridged ring structures, and the lower number of rotatable bonds, 

confer an overall rigidity to secondary metabolites.  This reduces the thermodynamic 

costs of binding (due to the lower loss of entropy from the free to the bound state), and 

can drive conformational change in the receptor site, perhaps with biologically relevant 

consequences [3]. The combined effect of these characteristics makes secondary 

metabolites effective bioactive molecules, and makes the de novo synthesis of drugs an 

enormous challenge.   

 

Requirement for Cellular Adaptation to Change in the Environment: Deep 

Evolutionary Conservation  

The ever increasing understanding of the molecular basis of cancer offers 

unprecedented opportunities for the use of natural products in the prevention and 

treatment of cancer.  This is especially true as it becomes clear which molecular targets 

and processes are unique to the cancer cell in the host environment. Many of these 

molecular targets and processes are conserved in nature, increasing the likelihood that 

small molecules have evolved to target them. One set of conserved molecular targets and 

processes is the cellular stress response (CSR) [10].  The CSR is a phylogenetically 
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conserved response that is required for stabilizing and repairing damage to 

macromolecules caused by physical and chemical forces such as temperature, pressure, 

reactive oxygen, light, ionizing radiation, etc.  Abiotic and biotic conditions can and often 

do extend outside of the ideal physiological conditions for life at the cellular level; and, 

as a consequence, natural selection has driven the elaboration of a core set of enzymes 

and signaling pathways to respond to and repair, if possible, damage to DNA, proteins, 

and lipids (Figure 2) [10, 11].  

The basic conserved processes of the CSR are control of the cell cycle through 

activation of growth arrest, upregulation of molecular chaperones, activation of 

macromolecule degradation processes such as the proteosome pathway, and induction of 

DNA repair.  The CSR is transient in nature while many other cell functions are inhibited 

or repressed until homeostasis is restored.  If homeostasis cannot be restored, 

programmed cell death frequently follows—a fail safe mechanism to ensure genome 

integrity.   

 Another important and pertinent characteristic of the CSR is the phenomena of 

stress hardening and cross tolerance [10].  Stress hardening is the increased tolerance 

observed for a stress condition when the cell is preconditioned with a mild dose of the 

same stress. Cross tolerance, in contrast, is the observed tolerance for stress of one type 

when the cell is preconditioned with a different type of stress.  Thermotolerance is a well 

characterized example of stress hardening where organisms will acclimate to normally 

lethal levels of heat stress, if they are exposed to mild heat stress first [12].  
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Figure 2: Schematic of the cellular stress response (CSR) [10]. A simplified schematic 
of the elements in the ancient and conserved cellular response to stress in the 
environment. 
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 The physical and chemical agents that cause damage indirectly and directly to 

macromolecules frequently induce the production of ROS within the cell.  ROS itself can 

cause further macromolecular damage, but in addition it appears likely that ROS is a 

“universal stress signal,” or 2nd messenger of the CSR [10, 13-15].  Many of the genes 

involved in CSR are affected by changes in the redox state of cells, and it may be that 

elevated cellular ROS is a component of the cell’s stress hardening and cross tolerance 

capability. In mammalian cells, there is evidence that ROS can activate stress associated 

transcription factors both by activating MAP kinase signaling cascades such as JNK and 

p38 pathways [15], and by acting on transcription factors directly, such as Heat Shock 

Transcription Factor 1 (Hsf1), NFκB, and AP-1 by altering the redox state of critical 

cysteine residues [15, 16].  Activation of these pathways and transcription factors are 

associated with stress tolerance, survival, and cell proliferation.  

 

Stress Response in the Tumor Cells' Adaptation to the Tumor Environment 

Cancer cells within the host-tumor environment frequently rely on constitutive 

activation or high levels of stress response proteins.  For example, it is now believed that 

cancer cells depend on high levels of chaperones, including Hsp90, for a selective growth 

advantage under the stressful physiological conditions in the tumor [17].  The often 

poorly vascularized tumor is typically acidotic, hypoxic, and nutrient deprived, all 

proteotoxic conditions that can lead to unfolding and aggregation of proteins.  To 

alleviate this potentially lethal condition, and restore homeostasis, the tumor cell 
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upregulates chaperone proteins, such as Hsp90, that refold denatured proteins even in 

nutrient (i.e. ATP) poor conditions [18].   

Hsp90 is also known to regulate the maturation, stability and degradation of a 

growing list of signal transduction molecules including steroid hormone receptors, and 

kinases (known as clients) that are involved in normal developmental and regulatory 

processes of the cell.  A number of these signal transduction molecules are members of a 

set of proteins that are commonly disregulated as part of the progression of the cell to the 

cancer phenotype [19].  Correspondingly, it has been observed that interaction of Hsp90 

with these cancer associated proteins is prolonged and enhanced, and that the resulting 

decline in the rate of degradation and protein turnover results in the functional 

stabilization of these altered signal transduction molecules [20, 21].  Hsp90 also appears 

to play a role in maintaining the client protein in a labile state primed for activation 

within the signaling cascade.  The combination of these activities results in stable and 

constitutive signaling within these oncogenic pathways and the maintenance of 

phenotypes which fall outside of the normal range of the cell, whereas under normal 

homeostatic conditions, such disordered signaling would result in cell death [17, 22]. 

This provides an important illustration of how stress induced proteins can facilitate 

neoplastic transformation since adaptation to conditions outside of the physiological 

range of cell survival is requisite for the selective clonal expansion (promotion ) and 

malignant transformation (progression ) of the tumor cell. 

Additionally, tumor cells have persistent and high levels of ROS.  The 

constitutive elevation of these effector molecules of the CSR is correlated with increased 
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mitogenic signaling, and transactivating activity of transcription factors associated with 

survival and proliferation (such as NFκB and AP-1) in malignantly progressed cells [15].  

The persistence of elevated levels of ROS in tumor cells may also enhance the relative 

stress tolerance of the transformed cell by allowing the tumor cell to maintain higher 

constitutive levels of stress associated proteins imparting a selective growth advantage 

within the harsh microenviroenment of the tumor. 

 For the purposes of this study, three elements of the CSR are described. (a) The 

DNA damage response system is discussed because of its relevance to several known 

secondary metabolites that are standard chemotherapeutics, and therefore, provides an 

antecedent example and proof of principle of our strategy.  (b) The heat shock response 

(HSR) is discussed because a key molecular chaperone, Hsp90, plays a dual role in 

responding to stress conditions, and stabilizing numerous oncogenic signaling proteins.  

Hsp90 is targeted by secondary metabolites one of which is presently being developed as 

a clinical agent, and is the primary target of our anticancer drug discovery program. (c)  

Finally, the NF-κB inflammatory response is described because of its role in resistance to 

chemotherapeutic agents, its frequent role in cancer cell survival signaling and resistance 

to apoptosis, and because we have isolated a secondary metabolite that inhibits its 

transactivation, but also activates the HSR.   

 

DNA Damage Response System 

 DNA damage activates an integrated system that detects the type of damage, 

induces lesion specific repair mechanisms, coordinates cell cycle events (arrest or 
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progression), induces a transcriptional response, and ultimately regulates cell fate by 

determining whether the cell is to survive or activate programmed cell death [10, 23].  

DNA repair mechanisms include both direct repair by single enzymes such as 

photolyases and alkytransferases, and more complex multistep and multiprotein processes 

including nucleotide excision, base excision, mismatch, and double strand break repair 

mechanisms.  Damage sensor proteins initiate signaling cascades mediated through 

kinases and phosphatases that selectively activate cell cycle inhibitors, and inactivate cell 

cycle progression proteins.  DNA damage induces the translocation of transcription 

factors such as AP-1 and P53 to the nucleus resulting in the activation of target genes that 

assist the cell in reestablishing homeostasis.   

 A number of natural product antineoplastic agents target components of the DNA 

damage response (Figure 3).  For example, the secondary metabolite camptothecin and its 

chemotherapeutic analogues (e.g. topotecan) bind the cleaveable complex of DNA and 

the enzyme topoisomerase I (TOPOI) [6, 24].  TOPOI is a highly conserved enzyme 

necessary for the relaxation of DNA supercoiling generated by DNA transactions 

including replication, transcription and repair.  Camptothecin and its analogues have 

specificity for the complex rather than DNA or the enzyme itself; consequently, the 

kinetic intermediate of the TOPOI complex is stabilized, and the mission critical process 

of the TOPOI-DNA complex—relaxation of the supercoil—is reversibly inhibited by the 

small molecule.  This causes the transcriptional, replication and repair machinery to 

collide with the stalled TOPOI cleavage complex resulting in critical damage to DNA 

[24].   
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 Camptothecin provides a relevant example of how the CSR proteome can be 

considered a target of secondary metabolites.  TOPOI is one of a key set of enzymes that 

is phylogenetically widely conserved, and is also a target in the cancer cell.  In colorectal 

and prostate tumors, TOPOI levels were found to elevated compared to matched normal 

tissue counterparts [25].  The elevated levels of the enzyme correlated to increased 

catalytic activity suggesting that tumor cells may have increased sensitivity to TOPOI 

targeted therapies.  Synthetic derivatives of camptothecin, such as topotecan demonstrate 

efficacy in the treatment of cancer, and therefore provide proof of principle that certain 

secondary metabolites target the ability of the cell to respond to macromolecular damage 

and stress.  

 

Heat Shock Response 

 In 1962 Ritossa observed chromosome puffs (indicating increased target gene 

transcription) in heat shocked Drosophila glands, and in 1973 Tissiers, using metabolic 

labeling, identified a class of highly induced proteins resulting from the translation of 

these transcribed genes [18].  The heat shock response (HSR) is now known to be 

conserved in all organisms, and to involve the induction of a family of molecular 

chaperones that have functions under both basal and stress conditions.  Under basal 

conditions, chaperones are involved in the folding of newly synthesized proteins, and in 

the transport, maturation, stabilization, and life-cycle of an increasingly large list of client 

proteins.  Chaperones function by assembling into adaptable and flexible multi-chaperone 

complexes that carry out critical roles under basal and stress conditions as well [17, 26]. 
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The primary function under stress conditions appears to be the disaggregation and 

refolding of denatured proteins, and the presentation of irreversibly damaged proteins to 

the proteosome.  Activation of the HSR is regulated by the heat shock factor (Hsf) family 

of transcription factors[16, 27].  Mammalian Hsf-1 appears to be the sole regulator of 

HSR while in plants the number of Hsf’s is considerably higher.  Hsf-1 is normally found 

in monomeric form in a complex with Hsp90. In a positive feedback system, it appears 

that conformational changes in Hsp90 (as a consequence of hydrolysis of ATP, and 

binding of denatured client) result in release of Hsf-1.  Free Hsf-1 then homotrimerizes, 

translocates to the nucleus and binds the heat shock element (HSE), in the promoter 

region of heat shock genes. 

 Tumor cells frequently express increased levels of chaperones compared to 

normal cells.  For example, elevated levels of Hsp90 and Hsp70 are found in breast 

cancer cells, and this finding is associated with poor prognosis for patients [28].  The 

degree to which this is dependent on the stressful physiological conditions of the tumor 

microenvironment, or disordered, chaperone-dependent signaling processes is an active 

area of interest, but it appears likely that the pattern of tumor specific chaperone 

expression is dependent on both factors.  The geldanamycin derivative, 17-allylamino 17-

demethoxygeldanamycin (17-AAG), has shown tumor xenograft selectivity when 

administered in vivo, and greater affinity for Hsp90 purified from tumor cells [29].  These 

findings suggest that the chaperone complexes within tumors are somehow unique, and 

that the conformation of Hsp90 within these complexes is altered.  Furthermore, they 
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support the concept that Hsp90 represents a cancer cell selective target of small 

molecules. 

 The natural products geladanamycin and radicicol are known to activate the HSR 

by binding the N-terminal ATPase site of Hsp90 (Figure 4) [30].  Structural studies have 

shown that the affinity these molecules have for the site is due to the ability of these 

structurally dissimilar molecules to assume conformations that mimic the Hsp90 bound 

form of ADP [31].  The consequence of this is to lock Hsp90 in a confirmation that 

favors presentation of Hsp90-client proteins to the proteosomal degradation pathway, and 

to release the transcription factor Hsf-1.  In the tumor environment, this may partially 

restore the cell’s homeostatic mechanisms by inducing the proteolytic turnover of 

oncogenic proteins.  The degradation of these client proteins has the effect of blockading 

multiple pathways involved in the cancer phenotype, and has shown in vitro 

morphological effects including induction of differentiation and activation of 

programmed cell death.  Importantly, geldanamycin and its derivative 17-AAG have 

shown promise as lead molecules in anticancer drug development. 

 

NFκB-mediated Inflammatory Response  

NFκB is a member of a conserved host defense response pathway shared by 

multicellular organisms [32].  A basic requirement of multicellularity is the coordination 

of appropriate responses to stress events between neighboring and distant cells within the 

organism.  NFκB is activated when mammalian cells are challenged by pathogens, 

physical stress (radiation) or chemical stress.  Under basal conditions, NFκB exists as a  
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heterodimer composed of 65 kDa and 50 kDa subunits.  The heterodimer is bound to IκB 

which inhibits NFκB by sequestering the dimer in the cytoplasm. Activation of the 

transcription factor occurs primarily through phosphorylation of IκB on critical serine 

residues and its subsequent ubiquitination and degradation in the 26S proteosome.   

Degradation of IκB leads to rapid translocation of the NFκB heterodimer to the nucleus 

and the transactivation of four general classes of genes: inflammatory genes (including 

the expression of cytokines), antiapoptotic genes, cell cycle progression genes, and 

regulators of NFκB itself [33].   

 Cytokine signaling through TNF and IL-1 elicit the same activation of NFκB as 

abiotic stress, and serve as a means of amplifying the inflammatory signal [34].  

Cytokines can be produced by cells in relatively large amounts, and are rapidly diffusible 

in tissues where they can mediate autocrine and paracrine inflammatory responses in a 

stressed tissue.  

Constitutive activation of the NFκB pathway is a common molecular feature of 

cancer cells, and has been identified in patient-derived tumor samples of both 

hematopoietic and solid tumor origin [35].  The consequences of this constitutive 

activation include enhanced or upregulated survival signaling, proliferation, 

angiogenesis, and invasion; major hallmarks of the cancer cell [36].  Moreover, tumors 

with constitutive NFκB activity have inherent resistance to many anticancer therapies; 

and chemotherapy drugs themselves have been shown to induce activation of the 

pathway. Antineoplastic agents such as paclitaxel, vinblastine and doxorubicin activate 

NFκB through a Protein Kinase C dependent mechanism [37].  The activation of NFκB 
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by chemotherapy agents is a serious problem because it is one mechanism through which 

cancer cells acquire resistance to the chemotherapy.  Targeting this pathway may be a 

critical strategy for improving conventional therapies, and represents another example of 

how targeting cellular stress responses can be exploited. 

Some plant secondary metabolites are known to have anti-inflammatory activity 

and have been shown to directly and indirectly inhibit the activity of NFκB (Figure 5).  

Resveratrol found in grapes for instance, has shown both antitumor and anti- NFκB 

properties, though how the molecule inhibits the NFκB pathway is not well understood 

[38].  Parthenolide, isolated from the medicinal plant Feverfew, however, has been shown 

to directly interact by forming a stable adduct with a cysteine within the kinase domain of 

the major regulator of NFκB activation: IKKβ [39, 40].  Inhibititon of this enzyme by the 

small molecule prevents the activation of NFκB by preventing the targeted 

phosphorylation of IκB.  In vitro studies have shown that a combination of pathenolide 

with conventional agents leads to improved anticancer activity [41]. 

 

Statement of the Problem 

Since the CSR is required for the selective advantage of the cancer cell, is not 

highly activated in cells under normal physiological conditions, and is highly conserved, 

it represents a potential target for anticancer drug discovery.  We hypothesize that its 

evolutionary conservation makes it probable that small molecule natural products have 

evolved that modulate the CSR.  Furthermore, we hypothesize that the desert, as a harsh 

environment, will likely contain a higher number of organisms that target the CSR with 
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secondary metabolites.  Selective pressure in the unfavorable conditions of the desert 

may drive the evolution through natural selection of small molecules that modulate the 

activation of the CSR in order to produce more favorable conditions for life.  Organisms 

that produce small molecules that target the CSR could weaken potential competitors by 

inhibiting their ability to respond to stressful abiotic conditions.  Alternatively, in 

symbiotic relationships, the production of small molecules that upregulate the CSR, could 

enhance survival functioning as an elicitor of a highly adaptive response to stress.  

The following studies offer supporting evidence that (a) small molecules that 

target the stress response are prevalent in microorganisms living in association with 

desert plants; (b) that one such molecule, monocillin 1, induces Hsp101, which is 

required for thermotolerance in plants, at both transcriptional and translational levels; 

and, furthermore, induces a thermotolerant phenotype in Arabidopsis; and (c) that a 

secondary metabolite from the desert with anticancer activity modulates multiple stress 

responses including the HSR, oxidative stress, and the NFκB mediated inflammatory 

response.  These findings support the concept that phylogenetically conserved cellular 

stress responses can be used to identify secondary metabolites with anticancer activity. 
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II. MATERIALS AND METHODS 

  

Radicicol Studies 

Reagents 

The isolation and chemical modification of radicicol and derivatives was carried out by 

Dr. Kithsiri Wijeratne at the Southwest Center for Natural Products Research and 

Commercialization of the University of Arizona.  Geldanamycin was purchased from 

Alexis Biochemicals (San Diego CA). All other reagents were purchased from Sigma 

unless otherwise noted. The plasmid pY9, 3T3-Y9/B12, that encodes a plasmid vector 

encoding EGFP under the control of a minimal heat shock response element derived from 

the promoter region of the human Hsp70B gene is a gift of T. Tsang, University of 

Arizona. The plasmid was stably transfected into mouse 3T3 cells by L. Whiesell, and 

optimized using multiple rounds of cell sorting and single cell cloning.  Rabbit 

reticulocyte lysate (RRL) was purchased from Green Hectares Farm (Oregon, WI), and 

stored in liquid nitrogen until use. Goat-anti-mouse and rabbit-secondary antibodies 

conjugated to horseradish peroxidase for chemiluminescence detection were purchased 

from Kiekegaard and Perry Laboratories, Inc (Gaithersburg, MD).  Monoclonal 

antibodies to Hsp72, an inducible form of Hsp70, (SPA810), insulin growth factor 1 

receptor (IGF-1R; C-20) and estrogen receptor (ER; AB-14) were purchased from 

Stressgen (Victoria, British Columbia, Canada), Santa Cruz Biotechnology, Inc. (Santa 

Cruz, CA) and Neomarkers, Inc. (Fremont, CA) respectively.   
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Fungal Isolation, Identification and Cultivation   

The fungal strain producing radicicol was isolated from the stems of Ephedra fasciculata 

growing in South Mountain Park in Phoenix, Arizona and was identified by Microbial ID 

Inc, Newark, DE  as Chaetomium chiversii. The strain is deposited in School of Life 

Sciences, Arizona State University and Southwest Center for Natural Products Research 

and Commercialization of the University of Arizona microbial culture collection.  The 

organism was subcultured using Petri dishes with potato dextrose agar (PDA) and for 

long-term storage, isolates were sub-cultured on PDA slants, overlaid with 40% glycerol 

and stored at –80 ºC.  

Heat shock induction analysis 

To monitor the activity of extracts and pure compounds, heat shock induction at the 

transcriptional level was measured in mouse fibroblasts stably transfected with an EGFP 

reporter construct as described [42]. Serial dilutions of test materials were applied in 

triplicate to reporter cell monolayers established in 96-well plates and incubation 

continued overnight. Control wells were treated with an equal volume of DMSO vehicle, 

(not exceeding 0.1% v/v). After rinsing wells with PBS, fluorescence intensity was 

quantitated using a plate reader (Fluoroskan Ascent, Lab Systems) with 

excitation/emission filters of  485/525 nm 

Luciferase Refolding Assay   

An ATP regeneration system (10 mM phosphocreatine, 1 mM ATP, and 17.5 units of 

creatine phophokinase) was added to rabbit reticulate lysate (RRL). Afterwards, 10 µM 

of compounds to be tested, or an equal volume of DMSO vehicle was added to 100 µL 
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each of RRL plus ATP regeneration system in a thin-walled Eppendorf tube, and allowed 

to equilibrate for 20 minutes at 280 C.   Firefly luciferase (100 nM) in stability buffer 

(SB; 25 mM Tricine-HCl, pH 7.8, 8 mM MgSO4, 0.1 mM EDTA, 10 mg/mL bovine 

serum albumin, 10% glycerol, and 0.25% Triton-X100) was heat denatured for 8 min at 

40 oC, and placed on ice for 10 min.  Another tube of 100 nM firefly luciferase in SB was 

maintained in its native state on ice to serve as a negative control in the assay.  Native or 

heat-denatured firefly luciferase was diluted 10-fold into RRL containing the various 

drug treatments and placed on ice.  Starting at time 0, aliquots of 5 µL in triplicate were 

transferred from each reaction tube to a cooled white-walled 96-well plate and assayed 

for luciferase activity by addition of 120 µL assay buffer (25 mM Tricine-HCL, pH 7.8, 8 

mM MgSO4, 0.1 mM EDTA, 12 mM dithioreitol, 100 µM Luciferin, 240 µM CoA, and 

0.5 mM ATP) using the automated injector on the Fluroskan plate reader set to 

luminometry mode.  After time 0, the reaction tubes were incubated continuously at 28 

oC in a PCR thermocyler and aliquots were removed and assayed as above at 3, 30, and 

60 min. after addition of the heat-denatured enzyme.  Reactions of the drug treatments 

with the native enzyme were assayed at 0 and 60 min. to ensure that compounds did not 

inhibit native luciferase.rase activity.  Mean relative light units (RLU) were calculated for 

each time point and condition. 

MTT Cytotoxicity Assay  

MCF-7 cells were seeded in 96 well plates at a density of 200 cells/well.  The following 

day, serial dilutions of compounds 1-6 (Figure 7) were prepared at twice the desired final 

concentration so that when 100 µL of the drug dilution was added to the 100 µL of 
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medium already in the well, the concentration would be reduced by half.  Each dilution 

was added to triplicate wells.  GA was used as a positive control, and DMSO vehicle 

served as the negative control.  Cells were incubated at 5% CO2 and 37 oC for 3 days. 1-

(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT; 50 µL of a 2 mg/mL solution) 

was then added to each well, and incubated in the dark at 37 oC and 5% CO2 for 3 hrs.  

Medium was removed and 150 µL/well of DMSO was added.  Plates were gently agitated 

for 5 min., and absorbance was read at 570 nm with background subtracted at 650 nm.   

Western Blots  

MCF-7 cells were harvested at about 80% confluency, seeded in 6-well plates at a density 

of 5 X 105 cells/well and allowed to attach overnight.  The next day, cells were treated 

with 1 µM and 100 nM of the test compounds, or DMSO vehicle control (the final 

concentration of DMSO in all treatments did not exceed 0.1 %).  Cells were incubated 

overnight at 37 oC and 5% CO2.  The following day, cells were lysed in cold TNES 

buffer (50 mM Tris HCl, pH 7.4/ 1% Igepal/ 2 mM EDTA/ 100 mM NaCl/ 1 mM 

phenylmethylsulfonyl fluoride/ 20 µg/mL leupeptin and 20 µg/mL aprotinin).  Lysates 

were clarified by centrifugation at 14,000 rpm for 15 minutes, and the protein content of 

the supernatants was determined by BCA assay (Pierce Biotechnology, Rockford IL). 

Bovine serum albumin was used as the standard.  Accordingly, 20 µg and 10 µg each of 

total protein from the DMSO treated cells and 20 µg/sample of protein from the drug 

treated cells were fractionated by SDS-PAGE on a 7.5 % poly-acrylamide gel and 

transferred to nitrocellulose.  The membrane was then stained with the reversible dye 

Ponceau Red to verify that the expected amount of protein was present in each lane.  The 
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membranes were subsequently blocked in 3 % nonfat dry milk in Tris-buffered saline 

buffer for thirty minutes and probed for Hsp72 (1:1000), ER or IGF-1R (1:100) with 

primary antibodies overnight at 4 oC.  Signal was detected by chemiluminescence using 

the appropriate secondary antibodies conjugated to horse radish peroxidase (HRP), and 

HRP substrate Supersignal (Pierce Biotechnology, Rockford IL).  Multiple exposures 

were obtained to ensure that the signals were within the dynamic range of the film.   

Arabidopsis studies 

Binding and inhibition of Hsp90 in vitro 

The ability of compounds to bind Hsp90 was assessed using a solid phase competition 

assay and immobilized GA as previously published [43]. Cell extracts were prepared in 

non-ionic detergent buffer and aliquots (300 µg total protein) incubated on ice for 30 

mins with various drug concentrations or an equal volume of DMSO vehicle (0.1% v/v). 

GA-coupled agarose beads were added (25 µl packed resin volume) and incubation 

continued for 90 mins with gentle agitation at 40 C. After extensive washing of the beads, 

bound proteins were eluted by boiling in Laemli sample buffer and analyzed by SDS-

PAGE followed by Coomassie staining. Cellular levels of Hsp70 in wild type and 

homozygous HSF1 knockout mouse fibroblasts were assessed following monociliin 1 

(MON) exposure by immunoblotting with primary antibody specific for an inducible 

isoform of the protein (SPA810, Stressgen Biotechnologies Corp.) and chemiluminescent 

detection[44]. Blotting for β-actin was performed to verify equal protein loading in all 

lanes. 
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AtHSP101 Induction 

Surface sterilized Arabidopsis seeds (Col-O accession) were germinated on nutrient agar 

plates and allowed to grow for 10 days at 240C. Seedlings were then sprayed with 

aqueous solutions containing various MON concentrations or an equal volume of DMSO 

vehicle. RNA was extracted from pools of 12 seedlings at 90 and 210 mins post drug 

application while for protein determinations, seedlings were harvested approximately 18 

hrs after being sprayed. For semi-quantitative measurement of AtHSP101 mRNA, 5 µg of 

total RNA from each sample was reverse transcribed and a 648 bp AtHSP101 fragment 

amplified using forward (CTGCTCAGCTGTCTGCTCG) and reverse 

(GCCCTTGACCTTAGAATTGCC) primers derived from A. thaliana locus At1g74310. 

The AtHSP101 fragment was co-amplified in the same PCR reactions with primers for a 

control 542 bp fragment of glyceraldehyde-3-phosphate dehydrogenase C subunit 

(GAPC) cDNA (A. thaliana locus At3g04120) and 20% GAPC amplification inhibitors 

as described previously [45].  After agarose gel electrophoresis, relative PCR product 

amounts were measured by UV image optical density (Labworks Analysis Software, 

UVP, Inc., Upland, CA).  Relative levels of seedling Hsp101 were measured by 

immunoblotting protein extracts (10 µg/lane) using a rabbit polyclonal primary antibody 

(AZ 561, 1:5,000; gift of E. Vierling) and chemiluminescent detection. As a positive 

control for these experiments, seedlings were heat shocked at 380 C for 90 mins. RNA 

and protein extracts were then analyzed in the same manner as extracts prepared from 

drug-exposed seedlings.  
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Thermotolerance assays 

As a quantitative indicator of thermotolerance, hypocotyl elongation following heat 

shock of 2.5 day old, synchronized dark grown seedlings was measured as previously 

described[46]. The evening prior to heat shock, plates were sprayed with aqueous 

solutions of MON at various concentrations or an equivalent volume of DMSO vehicle. 

Plants were maintained in the dark continuously and the extent of hypocotyl growth over 

a 4.5 day interval following heat shock was measured.  For greening assays, Arabidopsis 

seeds were germinated on sucrose enriched (0.5%) agarose plates containing various 

concentrations of MON or an equal volume of DMSO (0.05% v/v). After imbibition for 

three days in the dark at 40 C, plates were incubated at room temperature for 2.5 days 

prior to administration of heat shock. Following a 2.5 day recovery period in the dark, 

plates were then incubated with a physiological light cycle for 10 days. Four seedlings 

per treatment group were extracted in 95% ethanol at 1000 C for 5 mins and the 

absorbance of each extract was measured at 664 and 648 nm as a relative measure of 

chlorophyll a and b respectively. 

Terrecyclic Acid A Studies: 

Reagents 

The isolation of TCA and the preparation of dihydro-TCA and Me-TCA derivatives 

(Figure 14) have been described previously[8]. The oxidation-sensitive fluorescein 5,6-

carboxy-2′,7′-dichlorofluorescein diacetate (DCFH-DA) and the oxidation-insensitive 

carboxy dichlorodihydrofluorescein diacetate (carboxyDCHF-DA) were purchased form 
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Molecular Probes (Eugene, OR).  All other reagents were obtained from Sigma (St Louis, 

MO). 

Cell Lines and Culture 

3T3-Y9-B12, and HeLa cells were grown in DMEM and A549  (human non-small cell 

lung carcinoma) and 3LL (mouse Lewis Lung) cells in RPMI 1640 containing 10% fetal 

bovine serum supplemented with 2mM glutamine, and incubated in a 37 oC humidified 

atmosphere (10% or 5% CO2 DMEM and RPMI respectively).  293T/NF-κB-luciferase 

cells (Panomics, Redwood City, CA) were grown in DMEM as above with 100 µg/mL 

Hygromycin. 

Cell Proliferation Assays 

3LL or A549 cells were seeded into 96-well-plates at a density of 2000 cells/well, and 

allowed to reattach overnight.  Cells were treated with the compounds at the indicated 

concentrations continuously for 48 hours followed by assay for relative viable cell 

number using the dye MTT and a microplate spectrophotometer as previously described 

[8]. 

Heat Shock Induction Analysis of TCA and Derivatives 

Serial dilutions of TCA, dihydro-TCA and Me-TCA were applied in triplicate to 3T3-Y9-

B12 reporter cell monolayers established in 96-well plates and incubation continued 

overnight. Control wells were treated with an equal volume of DMSO vehicle, not 

exceeding 0.1% v/v. After rinsing wells with PBS, fluorescence intensity was quantitated 

using a plate reader (Fluoroskan Ascent, Lab Systems) with excitation/emission filters of 

485/525 nm. To complement the quantitative data generated by HSIA, 3T3-Y9-B12 
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reporter cell monolayers established in a chamber slide and incubated overnight with 

TCA (5 µg/mL), dihydro-TCA (5 µg/mL), and Me-TCA (2.5 µg/mL), were also 

evaluated qualitatively by confocal microscopy (MRC 1024; Bio-Rad). After rinsing the 

chambers with PBS, confocal images were acquired using a x10 objective (Nikon TE 

300) with identical gain and iris settings. 

 

Measurement of Intracellular ROS   

To measure the level of intracellular ROS, 3LL cells were seeded into 60 mm dishes (5 x 

105 cells/dish) and incubated overnight to allow cells to reattach.  Cells were treated in 

triplicate for 1 hour with 10 µg/mL of TCA or dihydro-TCA, 1 µM H2O2 as a positive 

control, or with DMSO as a vehicle control.  Cells were washed in RPMI 1640 medium 

containing 0.5% serum, and incubated with either the oxidation-sensitive fluorescein 

DCFH-DA (5 µM), oxidation-insensitive carboxyDCHF-DA (5 µM), or vehicle control 

for 2 hours at 370 C.   Cells were then analyzed by flow cytometry using excitation at 488 

nm and emission at 525 nm (University of Arizona Cancer Center). DCFH-DA 

fluorescence was corrected for relative cellular dye uptake under different drug treatment 

conditions using carboxyDCFH-DA fluorescence (Molecular Probes).  

 

NF-κB Inhibition Assays 

To evaluate NF-κB inhibitory activity, I transiently transfected cells with pNF-κB-luc, a 

reporter vector encoding firefly luciferase under the transcriptional control of a consensus 

NF-κB response element (Clonetech). Co-transfection with the constitutively expressed 
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renilla luciferase vector pRL-TKT was done to normalize for transfection efficency and 

cell viability. HeLa cells were seeded into 12-well plates (3.0 x 105 cells/well) and 

allowed to reattach overnight.  Cells were co-transfected with pNF-κB-luc and pRL-TK 

using Lipofecatamine (Invitrogen) according to manufacturers protocol. After 18 hours 

cells were pretreated for 1 hour with 1 µg/mL parthenolide as a positive control, or 10 

µg/mL and 5 µg/mL TCA, followed by treatment with 10 ng/mL of human TNF-α.  After 

5 hours, cell lysates were assayed using a dual luciferase assay kit (Promega).  As an 

alternative to transient transfection assays, the stably transfected cell line 293T/NF-κB-

luc was used. This line carries a luciferase reporter vector regulated by 6 copies of a 

consensus NF-κB response element (Panomics).  These cells were seeded into 96-well 

plates at 3.0 x 104 cells per well and allowed to reattach overnight.  Cells were then 

treated with various concentrations of TCA for 30 minutes, followed by addition of 10 

ng/mL of TNF-α for an additional 5 hours.  A parallel set of cells were treated with the 

same concentrations of TCA, but not with the cytokine.  After the treatment interval, 

lysates were assayed for protein content (BCA assay, Pierce) and luciferase activity was 

measured using an assay buffer consisting of 25 mM Tricine-HCl, pH 7.8, 8 mM MgSO4, 

0.1 mM EDTA, 12 mM dithioreitol, 100 µM Luciferin, 240 µM CoA, and 0.5 mM ATP. 

Specific luciferase activity was expressed for each treatment condition as relative light 

units (RLU) normalized to protein content. 
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III. SEARCH FOR SMALL MOLECULE INHIBITORS OF HSP90: 

ISOLATION AND SAR STUDIES OF RADICICOL FROM 

CHAETOMIUM CHIVERSII ENDOPHYTIC ON EPHEDRA 

FASCICULATA OF THE SONORAN DESERT  

 

Introduction 

With the validation of Hsp90 as an anticancer target supported by ongoing Phase I 

and II clinical trials of the geldamanycin (GA) derivative, 17-allylaminogeldanamycin 

(17-AAG), [17, 19] we have undertaken a multidisciplinary effort to search for novel 

inhibitors of Hsp90 from plants and microorganisms living in association with plants of 

the North American Sonoran desert, where we have found a surprisingly rich and diverse 

range of microorganisms to be associated with plant communities indigenous to this 

region [47]. In addition to Hsp90’s role in regulating a number of signal transduction 

proteins, Hsp90 is a major regulator of the heat shock transcription factor Hsf-1.  Stress 

conditions and HSP90-targeted small molecules, such as GA, are known to induce Hsp90 

to release monomeric Hsf-1—the first step in the eventual rapid and dramatic 

upregulation of the heat shock response.  Reasoning that desert organisms surviving 

under harsh conditions may have evolved small molecule metabolites capable of 

modulating Hsp90 function, we developed an effective screening strategy (Figure 6A and 

6B) using the cellular heat shock response in a moderate-throughput phenotypic assay 
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Figure 6: Hsp90 as a target for secondary metabolites.  (A) Potential targets within the 
protein, and Hsp90 functions evaluated by our laboratory.  (B) Scheme for isolating 
secondary metabolites with Hsp90 activity. 
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Figure 7: Radicicol and derivatives.  Radicicol (1), monomethyl radicicol (2), dimethyl 
radicicol (3), tetrahydroradicicol (4), hexahydroradicicol (5), zearalanone (6), 
zearalenone (7), α-zearalanol (8), α-zearalenol (9), β-zearalanol (10), β-zearalenol (11), 
and monocillin 1 (12). 
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with an endpoint of expression of enhanced green fluorescent protein (EGFP).  Thus far 

we have evaluated EtOAc extracts of over 400 fungal strains endophytic on 20 desert 

plants for their ability to induce expression of EGFP in this assay (Heat Shock Induction 

Assay; HSIA). Using this approach, we identified several active extracts, one of which 

was derived from the fungus Chaetomium chiversii inhabiting the stem tissue of Mormon 

tea (Ephedra fasciculata A, Family: Ephedraceae). Bioassay-guided fractionation of this 

extract using HSIA afforded the previously known Hsp90 inhibitor, radicicol (1), as the 

only active compound of this extract (Figure 7). Radicicol (1) has previously been 

encountered in the soil-borne fungi, Cylindrocarpon radicicola [48], Penicillium luteo-

aurantium [49], and Humicola sp. FO-2942 [50].  This is the first report of its occurrence 

in an endophytic fungus. 

In a limited structure-activity relationship (SAR) study, radicicol (1), and several of 

its derivatives, including monomethyl radicicol (2), dimethyl radicicol (3), 

tetrahydroradicicol (4), and hexahydroradicicol (5), structurally related commercially 

available β-resorcinol lactones, zearalanone (6), zearalenone (7), α-zearalanol (8), α-

zearalenol (9), β-zearalanol (10), and β-zearalenol (11); and finally, a γ-resorcyclic 

macrolide which we have encountered in a Sonoran desert rhizosphere fungus, 

Paraphaesphaeria quadriseptata [51], monocillin 1 (12) (Figure 7), were evaluated in 

HSIA. Compounds active in HSIA were then subjected to a well-characterized secondary 

assay for direct inhibition of Hsp90 chaperone activity involving ATP-dependent 

refolding of heat-denatured luciferase [52].  The anticancer potential of compounds active 

in both assays was evaluated by examinig the inhibition of proliferation of the breast 
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cancer cell line, MCF-7.  In addition, radicicol (1) and its closely related analog 

monocillin 1 (12) were evaluated for their effect on Hsp90 client proteins involved in the 

tumorigenic properties of many breast cancers – the estrogen receptor (ER) and the 

insulin-like growth factor receptor 1 (IGF-1R). The isolation of radicicol (1) provides 

proof of principle that we have developed an effective strategy for the discovery of 

Hsp90 inhibitors from natural sources that can serve as lead compounds for anticancer 

drug development.   

 

Results  

Isolation of Radicicol from the Endophyte Chaetomium chiversii  

Initial liquid-liquid partition of the HSIA active EtOAc extract of the endophytic fungus, 

Chaetomium chiversii, with hexane and 80% aqueous MeOH (chemistry desribed herein 

was performed by K. Wijernatne) indicated that the activity was concentrated in the latter 

fraction and that further fractionation by this method resulted in partitioning of active 

compound(s) into CHCl3 and 50% aqueous MeOH (Figure 8A).  Therefore, the 80% 

aqueous MeOH fraction was subjected to gel permeation chromatography on Sephadex 

LH-20.  The HSIA-active fraction was further fractionated by column chromatography 

over silica gel and repeated thin layer chromatography to yield radicicol (1) as the only 

active compound (Figure 7). The structure of radicicol (1) was established by comparison 

of its physical and spectroscopic data with those reported in the literature [48]. Treatment 

of 1 with CH3I and K2CO3 in acetone gave its new derivative, monomethyl radicicol (2) 

and 
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Figure 8:  Radicicol and derivatives induce the expression of the heat shock 
response.  A) Relative reporter activity of selected derivatives. Induction of EGFP is a 
measure of the degree of activation of the transcription factor Hsf-1, which binds the 
HSE in the promoter region of the reporter construct. GA is used as appositive control.  
B) Hsp90 dependent refolding and client protein stabilization is inhibited by radicicol and 
derivatives.  Heat denatured luciferase renaturation is inhibited by 1, 2, 4, 5, 11, and 12.  
Heat denatured firefly luciferase was added into RRL containing 10 µM of the indicated 
samples, GA (positive control)or DMSO vehicle control and maintained at 280C over the 
course of the experiment to permit refolding.  Aliquots were removed in triplicate from 
the reaction tubes at 3 min and assayed for luciferase activity.  Native luciferase was not 
inhibited by any of the above treatments (data not shown).   
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dimethylradicicol (3).  Catalytic hydrogenation of radicicol (1) afforded a mixture of 

tetrahydoradicicol (4) and hexahydroradicicol (5).  

Radicicol and Derivatives Induce Heat Shock Response in 3T3-Y9-B12 Cells with 

Structure-Activity Relationships   

Compounds 2 − 5 and the commercially available structural analogs 6 − 11 (Sigma) were 

evaluated in HSIA at concentrations of 5.0 and 2.5 µg/mL. As shown in Figure 8A, 

monomethyl radicicol (2), dimethyl radicicol (3), tetrahydroradicicol (4), α-zearalanol 

(8), and β-zearalenol (11) were found to be active with 2 exhibiting slightly better 

activity than radicicol (1). 

Radicicol and Derivatives Inhibit Heat Denatured Luciferase Refolding with 

Structure-Activity Relationships   

Radicicol and its analogs 2 − 4, and β-zearalenol (11) active in HSIA, in addition to 

monocillin 1 (12) which we previously found active (data not shown), were evaluated for 

their ability to inhibit chaperone-mediated refolding of the heat denatured enzyme, 

luciferase. As depicted in Figure 8B, tetrahydoradicicol (4) monocillin 1 (12) and β-

zearalenol (11) were found to be as active as radicicol (1) and the positive control 

geldanamycin in the luciferase-refolding assay. Based on our above findings, compounds 

2, 4, 11 and 12 appear to potently disrupt Hsp90’s ability to participate in chaperone 

mediated refolding of denatured luciferase, and based on the structural homology with 1, 

we predict that these are also binding the N-terminal ATP/ADP binding site of Hsp90 as 

an ADP mimetic. 

 



   

  52 

 

 Inducible HSP 70

ER

IGF-1R

DMSO MON(12) RAD(1)Treatment

A B 0.11 1 0.1 (µM)

 

 

Figure 9:  Monocillin 1 (12) and radicicol (1) cause depletion of Hsp90 client proteins 
ER and IGF-1R, and induce the expression of Hsp72.  MCF-7 breast cancer cells were 
treated with MON, RAD, or DMSO overnight.  The DMSO A lane was loaded with 20 
µg of protein, while the DMSO B lane was loaded with 10 µg of protein.  This was done 
for comparison purposes since the signal of proteins probed in the 10 µg DMSO lane is 
half the signal in the 20 µg DMSO lane, allowing the viewer to assess the degree to 
which the treatments in the other lanes affect the protein levels. 
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Treatment of MCF-7 Cells with Radicicol and Derivatives Inhibits Cell Proliferation   

Radicicol (1) and its analogs 2 − 5, 8, 11 and 12 active in HSIA, and 5 were also 

evaluated for their anti-proliferative activity in estrogen receptor-positive MCF-7 breast 

cancer cell line by M. Liu.  Interestingly, only radicicol (1), monomethyl radicicol  

 (2), tetrahydroradicicol (4) and monocillin 1 (12) were found to be active within the 

concentration range selected with IC50 values of 0.03, 0.34, 0.90 and 0.188 µM, 

respectively; dimethyl radicicol (3), hexahydroradicicol (5), α-zearalenol (8), and β-

zearalenol (11) did not show any detectable inhibition even at 1.0 µM concentration.    

Treatment of MCF-7 Cells with Radicicol and Monocillin 1 Results in Depletion of 

Hsp90 Client Proteins   

It is known that Hsp90 is required for the stability, maturation and activation of various 

receptor and signaling proteins including ER, and IGF-1R [17].  Inhibition of Hsp90 can 

lead to destabilization of the chaperone complex, and to the degradation of the client 

protein via the proteosome pathway.  Additionally, inhibition of Hsp90 leads the 

upregulation of heat shock response genes such as HSP72 [42].  We compared the effect 

of radicicol (1)), and monocillin1 (12), on Hsp90 client proteins, and the induction of a 

heat shock protein.  Estrogen receptor positive MCF-7 breast cancer cells were treated 

with 1 µM and 100 nM of compounds radicicol (1) and, and monocillin 1 (12) overnight.  

Proteins were collected and fractionated on 7.5% acrylamide SDS-PAGE, and transferred 

to nitrocellulose.  The membrane was probed with antibodies to ER, IGF-1R and HSP72 

(Figure 9). As expected these compounds were found to be effective in causing the 

depletion of the Hsp90 client proteins ER and IGF-1R in MCF-7 cells.  In addition, an 
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inducible form of Hsp70 was robustly upregulated in response to the presence of the 

Hsp90 inhibitors. 

Discussion 

Both clinical and experimental studies support the hypothesis that Hsp90 could be a 

useful target in the treatment of cancer [17, 19].  However, the small molecule inhibitors 

isolated thus far have shortcomings, such as liver toxicity in the case of GA and its 

derivatives.  For this reason, we are actively seeking new small molecule inhibitors of 

Hsp90 through a multidisciplinary drug discovery program.  We are targeting 

microorganisms that live in association with plants in the Southwest desert reasoning that 

the unique features of the desert environment make this association a rich and yet 

relatively unexplored source for novel natural product molecules.  Specifically, we 

suggest that because one of the primary adaptive challenges facing desert organisms is 

heat stress, these organisms will have evolved small molecules that modulate the heat 

shock response.  Hsp90 is a highly conserved [26] component of the heat shock response, 

and small molecules that target it are known to modulate this key stress response. 

 Roe et al [30] have reported the crystal structures for the N-terminus of yeast 

Hsp90 bound to radicicol (1) and ADP.  After analyzing the HSIA and luciferase 

refolding results, the Protein Data Bank (http://www.rcsb.org/pdb/) file for the crystal 

structure of the N-terminus of Hsp90 bound to 1 (PDB entry 1BGQ) was downloaded.  In 

this crystal structure, 1 is positioned and configured in such a way as to mimic the 

nucleotide ADP in the unusual hydrophobic ATPase binding pocket of Hsp90.  Because 

the binding of the drug is with higher affinity than the nucleotide itself, the effect is to 

 



   

  55 

lock Hsp90 in an ADP bound conformation; consequently, the activities of Hsp90 in this 

conformation are favored including high substrate affinity with increased degradation of 

client proteins, and release of Hsf-1 and the consequent activation of the stress response 

[31].  In the case of radicicol (1), the aromatic ring is approximately coplanar with the 

adenine ring of ADP with the Cl on the aromatic ring of RAD in van der Waals contact 

with Phe124 of the protein.  Specifically, there are no conformational changes in the N-

terminal domain, or reordering of side chains as a result of radicicol binding.    

 With the following caveats in mind—the HSIA is a whole cell assay involving 

both cellular uptake and metabolism, that induction of HSR in these cells can be 

mediated in an Hsp90-independent mechanism, and the luciferase refolding assay is a 

biochemical cell free assay—comparing the reported ligand-protein contacts of (1) to our 

assay results (Figures 7, 8 and 9) led to the following conclusions: A) The Cl is not 

required for activity, as 12 retains activity. B) The absence of the conjugated system of 

the macrocycle in 4 reduces HSIA activity, but does not appear to impact refolding 

activity, and similarly the absence of an epoxide in 5 appears to inhibit HSIA (data not 

shown) activity but not anti-refolding activity. This may be because the epoxide and 

conjugated system are highly labile.  In the crystal structure the epoxide is oriented out of 

the pocket, but it does participate in a hydrogen bond to Lys 44 in Hsp90.  The loss of 

cytotoxcity and HSIA activity in 4 and 5 with retention of inhibition of Hsp90’s 

chaperone function suggest that these functional groups are responsible for non-Hsp90 

dependent activities of 1, and that perhaps removal of these groups will make 1 more 

specific to Hsp90. C) The hydroxyl groups on the aromatic ring contribute unequally to 
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the activity of 1, since in the case of monomethyl radicicol (2) we see some enhancement 

of activity, in the case of dimethyl radicicol (3) we see dramatic loss of activity.  Both of 

the hydroxyl groups participate in hydrogen bonding with protein residues within the 

binding site, suggesting that the more distal hydroxyl group from the Cl carries out a 

more critical role in the stabilization of radicicol in the binding site. D) The activity of 8 

and 11 from the β-resorcinol lactone family suggest, as one would suspect, that the 

carbon skeleton of 1 contributes to its activity, and that the particular functional groups of 

the macrocycle are less important than the orientation the molecule assumes.   

 The antiproliferative activity of these molecules seems to reflect the activity of 

these molecules in the HSIA and refolding assay except in the case of β-zearalenol (11) 

and α-zearalanol (8).  This may be due to the estrogenic properties of these molecules 

[53] and our use of MCF-7 cells, which are estrogen receptor positive.  The fact that after 

exposure to 1 as expected, and 12 that Hsp90 client proteins IGF-1R and ER are degraded 

in a MCF-7 cells further supports the concept that these molecules are exerting their 

antiproliferative effect by directly interacting with Hsp90. 

 In conclusion, the isolation of radicicol (1), and demonstration of the 

effectiveness of our strategy for characterizing structure activity relationships, and 

evaluating the impact of structural modifications on small molecules that target Hsp90 on 

this protein’s pleiotropic functions is important proof of principle for future efforts to 

isolate and characterize natural product Hsp90 inhibitors. 
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IV.  ENHANCEMENT OF ARABIDOPSIS THERMOTOLERANCE 

BY A NATURAL PRODUCT HSP90 INHIBITOR  

 

Introduction 

 Desert ecosystems are characterized by stressful abiotic (hot, dry, and salt-rich) 

conditions and specific adaptations have evolved to allow the organisms inhabiting these 

ecosystems to thrive in such semi-extreme environments [54].  Contrary to common 

assumptions concerning limited biodiversity in arid regions [55], we have found a 

surprisingly rich and diverse range of microorganisms to be associated with the plant 

communities indigenous to the North American Sonoran Desert [8]. This observation led 

us to ask whether some of these symbiotic organisms might enhance the stress tolerance 

of their host plants by producing small molecule secondary metabolites capable of 

inducing the evolutionarily conserved heat shock response.  As sessile photosynthetic 

organisms, plants – especially those of desert ecosystems - experience dramatic daily 

temperature fluctuations, and for survival they must employ numerous adaptations at both 

morphological and physiological levels. Some adaptations leading to thermotolerance 

may arise as a result of symbiotic association with microorganisms [56]. Mutually 

beneficial symbiotic relationships between plants and microorganisms are ubiquitous, but 

in many cases the function of the microorganisms in these associations and their 

interactions with the plant at molecular level are less well understood [57-60]. One of the 

major mechanisms by which plants acclimate to thermal stress involves the heat shock 

response, an evolutionarily conserved transcriptional program that results in coordinated 
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increases in the expression of so-called heat shock proteins (Hsp) such as Hsp101 [46, 61, 

62]. 

 To examine whether secondary metabolites of microbial origin could be involved 

in modulating plant thermotolerance via the heat shock response, the Natural Product 

Center at the University of Arizona prepared ethyl acetate (EtOAc) extracts from 

approximately 3,500 isolates of symbiotic endophytic and rhizosphere fungi that were 

found in association with over 200 plants collected from the Sonoran desert [51].  These 

extracts were screened in a moderate throughput, cell-based heat shock induction assay 

(HSIA). Given the phylogenetically conserved nature of the heat shock response, it was 

elected to base this assay on mouse fibroblasts that had been stably transfected with a 

plasmid encoding enhanced green fluorescent protein (EGFP) under the transcriptional 

control of a minimal consensus heat shock response element derived from the human 

HSP70B gene [42]. The ability of microbial extracts to induce EGFP expression in these 

cells following overnight exposure to sub-lethal concentrations was quantitated by 

microplate fluorometer. This led to the identification of several extracts active in the 

HSIA which on bioactivity-guided fractionation afforded monocillin I (MON; Figure. 

10A, R = H), radicicol (RAD; Fig. 10A, R = Cl) and dehydrocurvularin (DHC), among 

other as yet unidentified microbial metabolites.  
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Results 

The Fungal Metabolite Monocillin 1 Increases Heat Shock Expression in an Hsf-1 

Dependent Manner   

The surprisingly high abundance of MON (28% of the EtOAc extract of the rhizosphere 

fungus, Paraphaeosphaeria quadriseptata, inhabiting the Sonoran desert cactus Opuntia 

leptocaulis DC.; Cactaceae) [51] and its structural similarity to RAD (Figure 10A), a 

previously reported inducer of the vertebrate heat shock response, led us to evaluate 

further a  possible role for MON in plant-fungal symbiosis. As expected exposure of 

reporter cells to pure MON induced a robust, concentration-dependent increase in 

reporter activity (Figure 10B). Consistent with this reporter response, M. Marron in the 

Whitesell lab observed increased cellular levels of a highly heat-inducible isoform of the 

chaperone Hsp70 at the protein level in mouse fibroblasts (Figure 10B; inset: Hsf1+/+ 

lanes). This increase was clearly dependent on Hsf1, a major transcriptional regulator of 

the heat shock response in plants and animals because MON failed to increase Hsp70 

levels in otherwise isogenic cells in which HSF1 had been homozygously disrupted 

(Figure 10B; inset Hsf1-/- lanes) [44]. 
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Figure 10: The fungal metabolite MON increases heat shock protein expression in 
an Hsf1-dependent manner by targeting Hsp90 function. (A) Chemical structures of 
MON and the closely related natural product RAD. (B) Heat shock induction. Mouse 
fibroblasts stably transfected with a reporter construct encoding EGFP under control of a 
minimal heat shock response element were exposed to the indicated concentrations of 
MON in 96-well format. After overnight incubation, the mean fluorescence intensity of 
triplicate wells was measured. The inset depicts an immunoblot of cell lysates prepared 
from MON-exposed mouse fibroblasts carrying wild type (Hsf1 +/+) or homozygously 
disrupted HSF1 alleles (Hsf1 -/-) and probed with antibody specific for Hsp72, an 
inducible isoform of human Hsp70 and β-actin as a loading control.  
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Figure 10 continued: (C) Hsp90 binding. Aliquots of cell lysate were supplemented with 
the indicated compounds or vehicle (DMSO) as soluble competitors and then incubated 
with agarose bead-immobilized GA. After extensive washing, the relative amount of 
Hsp90 bound to the beads was monitored by SDS-PAGE and Coomassie staining. 
“Control beads” refers to incubation in cell lysate of bead resin on which GA had not 
been immobilized. (D) Luciferase renaturation. Aliquots of rabbit reticulocyte lysate were 
supplemented with an ATP regenerating system and the indicated drugs or an equal 
volume of DMSO solvent. At Time 0, heat-denatured firefly luciferase was added and the 
recovery of luciferase activity was measured at subsequent intervals by luminometry. 
Incubation of native luciferase in aliquots of drug-supplemented lysate had no effect on 
its activity (data not shown).  
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 RAD has been reported to induce a heat shock response through its well 

documented inhibition of Hsp90 function and subsequent activation of Hsf1 [30, 63]. 

Under basal conditions, an Hsp90-containing chaperone complex appears to sequester 

Hsf1 as a monomer in the cytoplasm. Upon binding of RAD to Hsp90, Hsf1 is released 

from the complex leading to its subsequent trimerization, nuclear translocation and 

activation of gene expression [64, 65].  

Monocillin 1 Binds Hsp90 Directly and Inhibits its Chaperone Function   

The structural similarity of MON to RAD led us to ask whether the Hsf1-dependent heat 

shock inducing activity of MON could also result from an ability to bind Hsp90. To 

investigate this possibility, a solid phase competition assay was used.  An amine 

derivative of the prototypic Hsp90 binding agent, geldanamycin (GA) was immobilized 

on agarose beads and then incubated with aliquots of whole cell lysate that had been 

supplemented with various concentrations of MON as a soluble competitor. After 

extensive washing, bound proteins were eluted and analyzed by SDS-PAGE and 

Coomassie staining.  

 As depicted in Figure 10C, MON efficiently competed the binding of Hsp90 to 

derivatized beads in a concentration-dependent manner (competition assay was carried 

out by C. David of Whitesell lab). Inhibition was comparable to that of soluble RAD and 

GA suggesting that MON interacts with the same nucleotide-binding site in the amino 

terminus of Hsp90 known to be targeted by these small molecules [30, 66]. The 

biochemical consequences of this Hsp90-MON interaction were then examined using a 

well-characterized assay of chaperone activity based on the ATP- dependent refolding of 
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heat-denatured firefly luciferase in rabbit reticulocyte lysate as previously reported for 

the evaluation of GA [67]. As seen in Figure 10D, MON inhibited luciferase refolding as 

effectively as the positive control (RAD), consistent with MON-mediated inhibition of 

Hsp90 function. As expected, neither MON nor RAD had any direct effect on the enzyme 

activity of native luciferase (data not shown). 

Monocillin 1 Increase Transcriptional and Translational Levels of Hsp101 in 

Arabidopsis Seedlings   

Having established a plausible mechanism for induction of the cellular stress response by 

MON, we next used the experimentally tractable model organism A. thaliana to ask 

whether this metabolite from a symbiotic rhizosphere fungus could modulate this 

response in plants. Several studies have shown that when Hsp101 expression is inhibited 

or abrogated in Arabidopsis, acquisition of thermotolerance is lost; while conversely, 

over expression of Hsp101 enhances the ability of plants to withstand temperature stress 

[46, 62]. In light of these findings, the effect of MON exposure on AtHSP101 mRNA 

levels in Arabidopsis seedlings was examined by semi-quantitative RT-PCR [45].  As 

shown in Figure 11A, exposure of seedlings to MON induced a rapid but transient 

increase in AtHSP101 mRNA level at 90 mins post MON application which declined 

substantially by 210 mins. A similar response was observed for AtHSP70 mRNA (data 

not shown). Physical heat shock was used as a positive control for these experiments and 

it markedly increased AtHSP101 mRNA levels as expected.  

 To determine whether MON-induced changes in mRNA levels would translate to 

increased protein levels, extracts prepared from Arabidopsis seedlings were  
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Figure 11: MON exposure increases Hsp101 in Arabidopsis seedlings. (A),  Semi-
quantitative measurement of AtHSP101 mRNA by RT-PCR. Ten day old seedlings were 
sprayed with aqueous solutions of MON or DMSO vehicle and harvested for RNA 
extraction at the post treatment intervals indicated. As a positive control, plants were heat 
shocked for 90 mins at 380 C (Heat). Fragments of the AtHSP101 gene (solid arrow) and 
the control housekeeping gene GAPC (open arrow) were co-amplified from the same 
reverse transcribed RNA samples and analyzed by agarose gel electrophoresis. The 
reduced intensity of GAPC control bands in heat-shocked samples is due to competition 
for amplification by elevated AtHSP101 transcript levels. The intensity of ethidium-
stained AtHSP101 and GAPC bands was determined by scanning densitometry. The ratio 
of target to control in the untreated sample was assigned a value of 1 and the ratios 
determined for all other samples were normalized based on this measurement to yield the 
values for relative band intensity depicted below the gel image. (B), Measurement of 
relative Hsp101 levels by immunoblotting. Seedlings were sprayed with the indicated 
concentrations of MON or an equal volume of DMSO vehicle in aqueous solution and 
total protein was extracted the following day. Extract prepared from heat-shocked 
seedlings served as a positive control (Heat).  

 



   

  65 

immunoblotted for Hsp101.  A dose-dependent increase in Hsp101 level was observed in 

response to overnight treatment with MON as compared to the constitutive level seen in 

control plants which were exposed to solvent vehicle alone (Figure 11B). As a positive 

control, seedlings were heat shocked and increased Hsp101 levels were observed as 

expected.  These findings clearly demonstrate that modulation of the stress response by 

MON in plants is rapid, tunable and reversible, and suggest a potential adaptive role of 

MON in modulating plant thermotolerance. 

Monocillin 1 Induces a Thermotolerant Phenotype in Arabidopsis Seedlings  

To see whether MON could indeed enhance the thermotolerance of Arabidopsis 

seedlings, a quantitative assay of acquired thermotolerance based on hypocotyl 

elongation was adopted [46].  Seedlings grown in the dark undergo a specialized etiolated 

form of development in which cotyledons remain closed, an apical hook is formed, 

seedlings remain yellow-white (as chloroplasts do not mature), hypocotyls elongate 

vigorously, and root growth remains limited [68].  The growth of hypocotyls under these 

conditions has been shown to correlate well with levels of Hsp101 and the ability of the 

seedlings to tolerate stressful insults [46, 62].  As seen in Figure 12A, MON at the 

concentrations indicated did not alter hypocotyl growth as measured by elongation in 

non-heat shocked plants following application of MON.  In contrast, its application prior 

to direct heat stress at 450 C for 50 or 75 minutes resulted in significant preservation of 

hypocotyl growth consistent with enhanced thermotolerance. Most strikingly, when the 

same plates measured in Figure 12A were subsequently transferred to a growth chamber 

with physiological day/night cycling and evaluated 2 weeks later, it was apparent that  
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Figure 12: MON induces a thermotolerant phenotype in Arabidopsis seedlings.  (A) 
Measurement of hypocotyl elongation. MON-containing solutions were applied to dark 
grown seedlings 18 hrs prior to heat shock under the various conditions indicated. 
Hypocotyl elongation occurring in the dark over a 4 day period following heat treatment 
was measured. The mean increase observed for 15 plants per condition is indicated. Error 
bars: S.D. (B) Plates were transferred to a growth chamber with a day/night cycle, and 
photographed 2 weeks later. The results presented are representative of 3 independent 
experiments. 
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Figure 13: Exposure to MON enhances plant survival and greening following heat 
shock.  (A) Seedlings were germinated on nutrient medium containing the indicated 
concentrations of MON and grown for 2.5 days in the dark followed by a severe heat 
shock of 450 C for 90 minutes. After a 2.5 day recovery period, plants were transferred to 
a growth chamber with a day/night cycle for 10 more days. Ethanolic extracts were 
prepared from individual plants in each treatment group and absorbance measured at 648 
and 664 nm. Total chlorophyll (a+b) concentration was calculated as [Abs664 X (5.24) + 
Abs648 X 22.24]. The mean of 4 plants is depicted. Error bars: S.D.  (B) Representative 
photographs demonstrating the morphology of heat shocked plants grown on vehicle- 
(DMSO) versus MON-supplemented plates.  The results depicted are representative of 2 
independent experiments. 
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MON treatment prior to heat shock for 75 minutes at 450 C resulted in a dramatic rescue 

of the seedlings from this otherwise lethal heat stress (Figure 12B).  

 Finally, to ask whether root exposure to MON could enhance thermotolerance in a 

fashion comparable to the topically sprayed pre-treatments used above, seedlings were  

germinated on media supplemented with varying concentrations of MON.  Exposure to 

MON under these conditions resulted in modest stunting of overall seedling growth as 

compared to controls, precluding the use of hypocotyl elongation to assess 

thermotolerance.  As an alternative approach, the greening response was used to monitor 

seedling survival and development following heat shock. We found that growth on 

MON-supplemented plates resulted in a dramatic increase in the ability of seedlings to 

withstand temperature challenge as evidenced by their ability to elaborate chlorophylls a 

and b (Figure 13A) and undergo a normal developmental transition from 

skotomorphogensis to photomorphogensis (Figure 13B).    

Discussion 

 While we have been able to demonstrate that MON can enhance the 

thermotolerance of seedlings in the lab, the adaptive role(s) of this fungal metabolite in 

the wild is far from clear. Hsp90, the target of MON, has a function in responding to the 

denaturing conditions of heat stress, but it also plays an important role in regulating a 

wide range of signal transduction proteins under basal, non-stress conditions.  Notably, in 

experiments with both Drosophila and with Arabidopsis, it has been shown that 

pharmacological inhibition of Hsp90 can reveal cryptic genetic variation in a variety of 

developmental pathways that is otherwise masked by this chaperone’s activity [69, 70]. 
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As a logical extension of the multiple roles of Hsp90, small molecule inhibitors of Hsp90 

may have more than one ecologically significant effect.  For example, under normal 

physiological conditions MON-mediated inhibition of plant Hsp90 function may enhance 

the ability of the fungus to colonize the root zone of a host plant.  Recent reports have 

demonstrated that disruption of Hsp90 function can impair the activity of the Arabidopsis 

disease resistance proteins RPM1 and RPS2 [71, 72].   However, under thermal stress 

conditions, MON may enhance the fitness of the plant host since we have shown that 

inhibition of Hsp90 by MON induces Hsp101, which is required for thermotolerance.  

Such seemingly disparate effects associated with the interaction of a fungus and its host 

plant mediated through a small molecule could lead to a co-adaptive suite of small 

molecule driven phenotypes that positively affect the fitness of both organisms in a 

variable environment.  

 A recent study characterized a co-adaptive relationship in which a plant-

associated fungus of the genus Curvularia, through an unknown mechanism, provided 

thermal protection to plants living in soil temperatures of 450 C around the Amphitheatre 

Springs in Yellowstone National Park, while plants not infected with this endophytic 

fungus did not survive the high soil temperatures [56].  It is noteworthy that we have 

encountered dehydrocurvularin (DHC), a metabolite common to a number of Curvularia 

species [73-76], in three genera of plant-associated fungi prevalent in the Sonoran desert: 

Aspergillus [77], Curvularia and Penicillium [78].  Interestingly, DHC shares some 

common structural features with MON and RAD and induces EGFP expression in our 

reporter system (data not shown). Taken together our findings support the concept that 
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Hsp90 and/or the stress response of host plants represent a relatively common target for 

small molecule metabolites elaborated by some fungal symbionts.  An important 

ecological consequence of the production of these compounds may be to enhance the 

thermotolerance of the host plants during periods of heat stress. 
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V. THE ANTICANCER ACTIVITY OF THE FUNGAL META-

BOLITE TERRECYLIC ACID A IS ASSOCIATED WITH 

MODULATION OF MULTIPLE CELLULAR STRESS RESPONSE 

PATHWAYS  

  

Introduction 

Within a tumor where physiological conditions are often poor, cancer cells have an 

increased requirement for heat shock protein (Hsp) function [79].  Moreover, Hsps, 

especially Hsp90, are known to regulate a number of oncogene products within the 

disordered signal transduction pathways responsible for many of the malignant properties 

of the cancer cell [79, 80].  In eukaryotic cells, stress-induced Hsp gene expression is 

regulated predominantly by the homotrimeric DNA-binding transcription factor Hsf-1 

[27, 65].  Under basal conditions, Hsf-1 is maintained as an inactive monomer by an 

Hsp90-containing multi-chaperone complex in the cytoplasm.  Activation of the 

transcription factor during heat shock leads to release of monomeric Hsf-1 from this 

complex, followed by its trimerization, translocation to the nucleus, recognition of and 

binding to heat shock response elements (HSE), phosphorylation, and target gene 

activation. A current hypothesis holds that Hsp90 plays an auto-regulatory role in the heat 

shock response since one downstream consequence of Hsf-1 activation is increased 

Hsp90 expression.  
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 Two small molecule natural products known to target Hsp90, geldanamycin [43] 

and radicicol [66], also activate Hsf-1 by causing the chaperone to release the 

transcription factor allowing trimerization, and subsequent trans-activation of target 

genes including the canonical heat shock response [42].  Utilizing mouse fibroblasts 

stably transfected with a reporter construct encoding enhanced green fluorescent protein 

(EGFP) under the transcriptional control of a consensus HSE, we have evaluated ethyl 

acetate (EtOAc) extracts of Sonoran desert plant-associated microorganisms for their 

ability to induce EGFP expression (Heat Shock Induction Assay; HSIA). Using this 

approach, we have identified several extracts active in HSIA, some of which on bioassay-

guided  fractionation afforded small molecules, including radicicol, known to target 

Hsp90 [81]. However, a number of extracts active in HSIA contained small molecules 

with no apparent Hsp90 activity.  One such extract, from the fungus, Aspergillus terreus, 

occurring in the rhizosphere of the Sonoran desert cactus, Optunia versicolor (staghorn 

cholla), on cytotoxicity-guided fractionation afforded terrecyclic acid A (TCA) (Figure 

14A) and two closely related analogues with significant anti-tumor activity against a 

panel of human cancer cell lines [82], and moderate activity in preliminary experiments 

with 3LL Lewis Lung tumor implants in mice (data not shown).  

We ruled out the direct interaction of TCA with Hsp90 and its cochaperones using 

a well-characterized assay [83] based on the ATP-dependent refolding of heat denatured 

luciferase (data not shown). Thus, it was of interest to elucidate the molecular 

mechanism(s) of action responsible for TCA’s biological activities.  In a limited 

structure-activity relationship (SAR) study designed to determine the key structural 
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features responsible for the observed activity of TCA, we prepared the derivatives, 

dihydro-TCA and TCA methyl ester (Me-TCA), and compared their antiproliferative 

activities with TCA.   To characterize the biological activities of TCA we examined three 

key stress responses—the heat shock, oxidative, and inflammatory responses—that 

appear to be integral to its activity.  As a measure of TCA’s reactivity with cellular thiols, 

we evaluated the effects of the glutathione (GSH) depleting agent, L-buthionine-(S,R)-

sulfoximine (BSO), and the glutathione precursor N-acetyl-L-cysteine (NAC) on the 

cytotoxicity of TCA and Me-TCA.  We also examined directly whether TCA induced 

changes in the redox state of the cell using flow cytometry to quantitate cellular levels of 

ROS.  Elevated ROS are known to transcriptionally activate the heat shock response and 

appear to be a major factor in TCA’s induction of this response.  

Interestingly, two sesquiterpene natural products structurally related to TCA 

namely, parthenolide from the medicinal plant, Feverfew [39], and helenalin from the 

plant Arnica Montana [84], have been reported to exhibit activity profiles similar to TCA 

including inhibition of DNA synthesis, cell cycle arrest, and induction of apoptosis.  

Moreover, parthenolide has been shown to increase the levels of ROS by GSH depletion 

in hepatocellular carcinoma cells lines [85], and in a separate study (in HeLa cells), to 

inhibit NF-κB transcriptional activity by forming direct adducts with a cysteine in the 

kinase activation loop of IKKβ [39].  When tested in HeLa and 293T cells carrying NF-

κB reporter constructs, TCA exhibited a dose-dependent inhibition of cytokine-induced 

NF-κB transcriptional activity. Our findings demonstrate that there is crosstalk between 

the oxidative, heat shock, and inflammatory responses in tumor cells that promotes their 
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survival, and that TCA exerts its anticancer effects by modulating these pathways.  

Understanding how these responses are interconnected may be key to understanding how 

cancer cells survive in the harsh tumor microenvironment, and could prove useful in 

identifying new therapeutic targets.  

Results 

TCA Inhibits Cancer Cell Growth and Induces a Heat Shock Response  

Having identified a secondary metabolite responsible for anticancer and HSIA activity in 

A. terreus extract, we performed dose-response analyses of TCA comparing its 

cytotoxcity and its ability to induce a heat shock response at the transcriptional level. As 

measured by MTT assay using 3LL cells, TCA demonstrated antiproliferative activity in 

a concentration-dependent manner (Figure 14B).  To compare its antiproliferative activity 

to its heat shock induction activity, 3T3-Y9-B12 reporter cells were treated with serial 

dilutions of TCA.  The resulting increased levels of EGFP as measured by mean 

fluorescence (up to three fold over the vehicle treated cells) indicate induction of the heat 

shock transcriptional response within the range of the relevant antiproliferative dose 

(Figure 14B). Conventional cytotoxic chemotherapeutics such as doxorubicin and 

cisplatin do not induce a heat shock response indicating that the induction of the heat 

shock response by TCA is not simply a result of cytotoxcity [42]. 
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Figure 14: TCA structure, reporter activity and cytotoxicity. (A) Terrecyclic acid 
(TCA) [R=H]. Dihydro-TCA [R=H, 5(6)-dihydro]. Me-TCA [R=Me].  (B)TCA activates 
a transcriptional heat shock response and inhibits tumor cell growth. Reporter cells stably 
transfected with a plasmid encoding enhanced green fluorescent protein (EGFP) under 
control of a minimal consensus heat shock response element were treated overnight with 
the indicated concentrations of TCA. Fluorescence was then measured by microplate 
reader. Alternatively, 3LL Lewis lung cells were treated with the same drug 
concentrations and after 48 hours continuous incubation in the presence of the drugs, 
MTT was added, and absorbance values collected as a measure of relative viable cell 
number. The mean and S.D. of triplicate determinations is presented expressed as a 
percentage of the solvent vehicle control.  Results are representative of three independent 
experiments.   
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Structure Activity Relationship Studies 

The Reduced Form of TCA Has No Anticancer Activity  

Based on comparison to other small molecules with similar functional group 

organization, we suspected that TCA could form adducts with sulfhydryl groups in 

proteins via its exocyclic methylene.  In  order to examine the role of this γ-methylene 

ketone moiety in TCA’s biological activity, K. Wijeratne prepared dihydro-TCA by 

catalytic hydrogenation of TCA (Figure 14A). Dihydro-TCA was found be inactive in the 

MTT assay using A549 cells (Figure 15A) suggesting  that the exocyclic methylene 

serves as a site for Michael addition of a nucleophilic molecule—possibly a thiol group 

of a protein or polypeptide.  

The Methyl ester of TCA is More Active than TCA   

K. Wijeratne prepared the methyl ester derivative of TCA (Me-TCA) in order to examine 

whether the carboxylic acid group of the molecule contributes to its activity (Figure 

14A).  As seen in Figure 15A, Me-TCA demonstrated markedly enhanced 

antiproliferative activity compared to TCA.  This finding suggests that the carboxylic 

acid group is not responsible for its activity.  It also suggests that in cell culture the 

carboxylic acid moiety of TCA may participate in an intramolecular reaction with the 

exocylic methylene leading to a less active form of the molecule.  

Me-TCA and TCA Induce a Heat Shock Response in 3T3-Y9-B12 Cells   

To evaluate the ability of Me-TCA, dihydro-TCA and TCA to induce a heat shock 

response at the transcriptional level, we treated 3T3-Y9-B12 cells with serial dilutions of  
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Figure 15: Structure-activity relationship (SAR) studies.  (A) Concentration-
dependent inhibition of tumor cell proliferation and survival. After 48 hours continuous 
incubation in the presence of the indicated drugs, MTT was added, and absorbance values 
were collected.  Data points represent the mean of triplicate determinations ± SD 
expressed as percent of vehicle control treated wells.  Data are representative of three 
independent experiments. (B) Me-TCA activates the heat shock response more 
effectively than TCA, while dihydro-TCA has no activity.  Reporter cells were treated 
with TCA, dihydro-TCA and MeTCA.  After overnight treatment, fluorescence was 
measured by fluorescence plate reader. The mean and S.D. of triplicate determinations is 
presented expressed as a percentage of the negative control. Results are representative of 
two independent experiments. 
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Figure 15 continued :.(C) Representative confocal images from TCA (20 µM), dihydro-
TCA (20 µM),  and MeTCA (10 µM), treated 3T3-Y9-B12 cells obtained using identical 
magnification, gain, and iris settings. 
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the three compounds and incubated overnight. The increased levels of EGFP indicate 

induction of the heat shock transcriptional response by TCA and especially Me-TCA 

(Figure 15B and 15C),, which showed a 10-fold induction of EGFP expression compared 

to the vehicle control.  In the case of Me-TCA, heat shock induction peaks and then falls 

because the cells die at higher concentrations, as indicated by the enhanced cytotoxcity of 

Me-TCA (Figure 15A).  Moreover, dihydro-TCA was inactive (Figure 15B and 15C) 

indicating that the same structural features responsible for cytotoxicity are also involved 

in induction of the heat shock response.   

Redox Activity of TCA 

NAC inhibits TCA activity while BSO enhances Me-TCA activity   

Oxidative stress is one of several mechanisms through which the heat shock response can 

be activated [27].  Studies undertaken with Hsf-1 in vivo and in vitro indicate that it is a 

redox sensitive protein. In particular, two labile cysteine residues (disulfide bridge 

forming) near the DNA-binding domain are required for the trimerization of Hsf-1 [16].  

Moreover, the generation of ROS in response to environmental conditions such as heat, 

physical or chemical insults, or disturbances in cellular metabolism such as ATP 

depletion can lead to the transcriptional activation of Hsf-1. The highly electrophilic 

nature of TCA suggests that it may react with nucleophilic sulfhydryl groups in the 

proteins that it targets.  One such group is the highly reactive thiol of the peptide GSH. 

To examine whether TCA forms adducts with cellular thiols, we examined the effect of 

the antioxidant and GSH precursor NAC on inhibition of the cytoxicity of TCA (Figure 

16A).  3LL cells treated continuously for 48 hours with TCA and NAC in a fixed ratio  
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Figure 16: Effect of NAC and BSO on the activity of TCA and Me-TCA.  (A) The 
GSH precursor NAC inhibits the activity of TCA against 3LL cells.  Serial dilutions of 
TCA alone, and TCA and NAC together (concentrations of NAC were 0.2 mM, 0.4 mM, 
0.8 mM, 1.6 mM, and 3.2 mM) were added to the cells in triplicate.  Data points for the 
effect of TCA alone and in combination with NAC are represented.   
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Figure 16 continued: Effect of NAC and BSO on the activity of TCA and Me-TCA  
(B) The GSH depleting agent BSO enhances the activity of Me-TCA.  Serial dilutions of 
TCA alone, and TCA and BSO together (concentrations of BSO were 0.125 mM, 0.25 
mM, 0.5 mM, 1 mM, and 2 mM) were added to the cells in triplicate.  Data points for the 
effect of TCA alone and in combination with BSO are represented.  Absorbance was 
measured for both (A) and (B) after 48 hours continuous incubation in the presence of the 
drugs by addition of MTT.  BSO and NAC alone had no effect on cell survival at 
concentrations selected (data not shown). Data points represent the mean of triplicate 
determinations ± SD expressed as percent of vehicle control treated wells.  Data are 
representative of three independent experiments. 
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across a broad concentration range showed improved survival compared with the cells 

treated with TCA alone.  NAC, by itself, had no effect on cell survival at any 

concentration.  In a separate experiment NAC, as expected, inhibited the activity of Me-

TCA (data not shown). On the other hand, 3LL cells treated with the GSH depleting 

agent BSO in combination with Me-TCA were more sensitive to the cytotoxic effects of 

the drug than to the drug alone (Figure 16B), while the cells treated with increasing 

concentrations of BSO were unaffected (data not shown).  BSO also enhanced the 

activity of TCA (data not shown). Taken together, these data indicate that TCA and Me-

TCA form adducts with cellular thiols, and could be depleting cellular antioxidant 

defenses through this mechanism.  

TCA Induces Increased Levels of ROS   

To directly examine whether TCA induces the cellular accumulation of ROS, 

intracellular levels were examined in 3LL cells treated for 3.5 hours with TCA, dihydro-

TCA, DMSO vehicle, or 1 µM H2O2 (positive control) using the ROS sensitive 

fluorescent dye DCFH-DA, and a second fluorescent dye (carboxy-DCFH-DA) to control 

for cellular uptake.  Flow cytometric analysis of treated cells indicated that 10 µg/mL of 

TCA led to a greater than 2-fold increase in levels of ROS, while an equivalent 

concentration of dihydro-TCA had no effect on cellular levels of ROS (Figure 17), thus 

providing evidence that the exocyclic methylene moiety is responsible for the redox 

activity of TCA.  It further suggests that the cytotoxicity of TCA is at least in part 

mediated through the induction of increased levels of oxidative stress either through  
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Figure 17: TCA induces ROS in 3LL cells after 3.5 hours of treatment while 
dihydro-TCA has no activity. Lewis Lung cells were incubated with the drugs (TCA 
and RTCA 40 µM for 3.5 hrs, and H2O2 1 µM for 1.5 hrs), and then stained with ROS 
sensitive fluorescent dye DCFH-DA, or with carboxyDCFH-DA to correct for the 
cellular uptake of the dye in the different treatments.  Cells were analyzed by flow 
cytometry, and triplicate determinations were used to calculate the mean corrected 
fluorescence ± SE (a commutation of error calculation was used for SE).   TCA induces 
significantly higher levels of ROS compared to vehicle treated cells (Student t-test: P < 
0.0005).  Results are representative of three independent experiments.   
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depletion of antioxidant thiols, or through direct effects on ROS production within the 

cell. 

TCA inhibits NF-κB activity  

Mechanistic studies on sesquiterpene lactones such as parthenolide have indicated that 

the ROS activity of these molecules is associated with inhibtion of the NF-κB 

inflammatory response pathway [39, 85].  For example, parthenolide is known to form a 

stable adduct with Cys-179 in IKKβ via its exocyclic  methylene moiety, thereby 

inactivating IKKβ, a key regulator of NF-κB [39]. Furthermore, NF-κB is normally 

activated by increased levels of ROS, and inhibited by antioxidants [86].  The dual effect 

of inhibition of cytokine mediated NF-κB activation, and the induction of ROS may elicit 

a major disruption of cellular homeostatic mechanisms, and may be responsible for the 

anticancer activity of these molecules. To determine whether TCA also has anti-NF-κB 

activity, HeLa cells were transiently co-transfected with a NF-κB-luc reporter construct 

and a constitutively expressed renilla construct for normalization (pRL-TK) in a dual 

luciferase assay.  TCA showed inhibition of TNFα-induced NF-κB reporter activity to 

near basal levels (Figure 18A).  A second set of experiments was performed to better 

assess the concentration dependence of NF-κB inhibition by TCA and to demonstrate that 

its activity was not cell-type specific. We used a cell line derived from 293T embryonic 

kidney cells immortalized with the large T antigen and stably transfected with a NF-κB 

luciferase reporter. In these cells, TCA showed pronounced and concentration-dependent  
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Figure 18: TCA inhibits TNF-α stimulated NF-κB transcriptional activity. (A) HeLa 
cells were transiently transfected with a dual reporter system: an NF-κB activated firefly 
luciferase and constitutively expressed renilla luciferase. Parthenolide and TCA were 
added at the indicated concentrations (TCA at 40 and 20 µM) one hour prior to addition 
of TNF-α (10 ng/mL). After 5 hr incubation, cells were lysed, appropriate substrates 
were added and relative luminescence values determined.   
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Figure 18 continued: TCA inhibits TNF-α stimulated NF-κB transcriptional 
activity.  (B) TCA inhibits NF-κB activity in a dose-dependent manner.  293T/NF-κB-
luc cells were treated with the indicated compounds (80 µM down to 10 µM) in the 
presence or absence of TNF-α for 5 hours.  Data represent the mean of triplicate 
determinations ± SD, and are representative of three independent experiments. 
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inhibition of TNFα-stimulated NF-κB reporter activity, while it had no effect on basal 

reporter activity (Figure 18B).  

Discussion 

Cellular stress response pathways, including the heat shock response, afford the cell 

multiple and overlapping systems for responding to changes in the chemical, physical and 

physiological environment.  In particular, heat shock gene transcription is activated in 

response to conditions that denature proteins [27]. Basal levels of Hsp are necessary for 

numerous housekeeping functions including folding of newly synthesized polypeptides, 

and maturation of numerous receptors, kinases and transcription factors [26].  Denaturing 

conditions such as oxidative stress induce rapid and adaptive increases in the synthesis of 

Hsp in order to help refold improperly folded proteins, or shunt irreversibly damaged 

proteins into the proteosomal degradation pathway. Unfolding proteins expose 

hydrophobic patches, normally found in the hydrophobic core of the protein, to the 

aqueous cytosol.  Proteins with exposed hydrophobic regions have the potential to form 

non-soluble aggregates with other denatured proteins.  These non-soluble aggregates are 

damaging to the cell, and if enough accumulate, highly cytotoxic.   Heat shock proteins, 

including Hsp90, recognize these unfolding proteins in a non-sequence specific manner.  

It is hypothesized that Hsp90 binds or recognizes the exposed hydrophobic patches, and 

acts as a molecular platform cooperating with other chaperones (Hsp70) and cofactors to 

provide the necessary conditions for ATP-dependent refolding of the protein [31, 87]. As 

mentioned above, these same chaperones regulate the major heat shock transcription 

factor Hsf-1 providing a positive feedback mechanism.  Thus the activity of Hsp90 and 
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Hsp70 in refolding denaturing proteins under the conditions of stress leads to 

upregulation of the heat shock response.   

 Oxidative stress and thermal stress are both sensed directly by Hsf-1.  Two 

cysteine residues (Cys-35 and Cys-105) within the DNA-binding domain of the 

transcription factor remain reduced under normal cellular conditions, but form disulfide 

bonds in response to oxidative and heat stress [16].  Formation of this disulfide bond 

leads to trimerization of Hsf-1—an early step in the transactivation of heat shock 

response genes.  Numerous cooperating enzymes and glutathione maintain the 

intracellular milieu in a reduced state.  Cysteine residues in particular are highly labile 

and serve as targets for posttranslational modification and regulation of proteins (as in the 

case of Hsf-1).  Perturbations of the redox state can have major consequences on cell 

regulation, and oxidative stress may be a universal stress response signal.  Moreover, 

ROS are thought to act as modulators and co-stimulators of cytokine-mediated 

inflammatory responses including the stimulation of NF-κB transcriptional activation 

[34]. The transcription factor NF-κB is the central and immediate early regulator of the 

inflammatory response; although NF-κB activation is known to suppress apoptotic 

signaling, it is the relative amplitudes of NF-κB and ROS signaling that determines 

whether the cell activates the cell death machinery [34].  Therefore, the perturbation of 

the balance between these signaling pathways would be predicted to negatively impact 

cell survival. Here, we demonstrate that TCA inhibits NF-κB while simultaneously 

increasing ROS resulting in anticancer activity.   
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Constitutive activation of the NF-κB pathway is a common molecular feature of 

cancer cells, and has been identified in patient-derived tumor samples of both 

hematopoietic and solid tumor origin [35].  The consequences of this constitutive 

activation include increased survival signaling, proliferation, angiogenesis, and invasion, 

which are key features of the malignant phenotype [36].  Moreover, tumors with 

constitutive NF-κB activity have inherent resistance to many anticancer therapies; and 

antineoplastic agents such as paclitaxel, vinblastine and doxorubicin activate NF-κB 

through a Protein Kinase C dependent mechanism [37].  Molecules, such as TCA, could 

serve to improve the efficacy of these conventional agents by blocking the activation of 

NF-κB.  

 The findings presented here show that TCA represents a class of molecules that 

destabilize the mechanisms that enable the cell to resist cellular stress, and respond to 

pathogenic stimuli such as infection.  Cancer cells may be particularly dependent on such 

pathways for their survival, thus providing the basis for a potentially useful therapeutic 

index for compounds like TCA.  We present evidence that TCA and Me-TCA induce a 

transcriptional heat shock response in mammalian cells (Figures 14 and 15).  This activity 

is associated with increased levels of ROS (Figure 17), and can be rescued to some extent 

by the antioxidant glutathione (Figure 16).  We also demonstrate that TCA leads to 

inhibition of cytokine mediated activation of NF-κB (Figure 18).  Further studies are 

warranted to learn whether TCA forms adducts with NF-κB or Hsf-1 directly or alters 

their activity indirectly by binding some other key cellular protein via its reactive 

methylene group.  Upon examination of TCA’s chemical structure, however, it would 
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appear that its sesquiterpene carbon backbone may serve to target the compound to a 

specific protein(s) containing a complementary binding site within its three-dimensional 

configuration. The compound’s exocyclic methylene, in conjugation with the carbonyl 

group, probably then functions as an effector by forming a stable adduct with the 

sulfhydryl groups of cysteines of the targeted protein. 

Evidence is rapidly accumulating that inflammatory signaling within tissues is 

responsible in part for the progression of transformed cells to the malignant phenotype 

[88], and that this process is mediated by TNF signaling and NF-κB [35]. In transgenic 

mice, where the ability to activate NF-κB has been turned off either through deletion of 

the IKKβ activator enzyme [89], or through selective activation of the NF-κB inhibitor 

IκB[90], the incidence of tumor formation is markedly reduced compared to the animals 

in which the pathway is active.  TCA’s ability to inhibit cytokine mediated activation of 

NF-κB may provide a means of limiting the malignant transformation of cells or 

inhibiting their progression through selective inactivation of this pathway [33]. Further, 

as ROS are known to induce cell death signaling, the inhibition of NF-κB signaling in 

combination with the increased levels of cellular ROS in TCA treated cells may shift 

tumor cells from an equilibrium that favors cell survival and proliferation to one that 

favors cell death and apoptosis.  The findings presented here provide evidence that TCA 

modulates multiple cellular stress response pathways in mammalian cells, and that 

modulation of these pathways can lead to cytotoxicity and antitumor activity.  Therefore, 

TCA and its more potent derivative Me-TCA appear to provide attractive leads for the 

development of new anticancer drugs with novel mechanism(s) of action.  
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VI.  CONCLUDING DISSCUSSION.   

Natural product resources are rich repositories for small molecules, primarily 

because they provide unique and complex chemical structures that have evolved within 

the biological world for specific biological functions.  Historically, many important 

anticancer drug therapies are either directly or indirectly derived from natural product 

sources.  These compounds were isolated because of their cytotoxicity, and function 

largely as cytotoxic agents in the treatment of cancer.  The relative resistance of most 

metastatic solid tumors (representing the problematic proportion of cancer burden in the 

population) to these agents requires that we vigorously seek out novel structures with 

potential for anticancer drug development.  Further, as we gain improved insights into the 

underlying molecular processes of cancer, we may with better precision target the 

abnormal tumor cells in the human body with better therapeutic outcomes. 

In tandem with their usefulness as drugs, natural product secondary metabolites 

are excellent probes for exploring and understanding the molecular processes that 

underlie biological phenomena.  The emerging field of chemical genetics is applying 

methods to study biological systems in a process analogous to classical forward and 

reverse genetic studies [91-94]. The biological function of a protein can be determined by 

inhibiting its function in vivo with a small molecule (reverse chemical genetics); or small 

molecule libraries can be screened to identify substances that induce a change in 

phenotype, or perturb a cellular process or system to identify proteins that are sensitive to 

small molecule inhibitors (forward chemical genetics). In practice, chemical genetic 
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approaches can lead to three important outcomes: 1) identification of small molecule drug 

leads, 2) identification of new therapeutic targets, and 3) isolation of chemical probes that 

can be used to dissect biological systems [94].  Importantly, small molecules have several 

useful properties that complement classical genetic analysis.  In general, small molecules 

induce their effects rapidly (only limited by the rate of diffusion), are often reversible 

(excretion, clearance), are subject to dose manipulation and grading, and are conditional 

in the sense that the introduction of the molecule into a system can be linked to 

developmental and cell process events [93]. 

  The usefulness of a small molecule as a probe, and potentially as a drug as well, 

depends on its degree of specificity and its affinity for the target molecule.  In this sense, 

natural product molecules are unique because they have evolved in the context of a 

biological system.  Biological processes are governed by the chemical and physical 

interactions of molecules in which the specificity and affinity of the interactions are 

essential for the replication, transmission and regulation of the activities of life.  

Furthermore, these biomolecular systems are often modular and conserved even across 

considerable evolutionary distances [95]; this has the consequence that natural product 

small molecules evolved to have specificity and affinity in their native environment may 

have activity in a novel one.  Accordingly, natural products make ideal tools for 

controlling (as a drug) and exploring (as a probe) cellular processes.   

 Desert ecosystems are characterized by stressful (hot, dry, and salt-rich) 

conditions and specific adaptations have evolved to allow organisms to thrive in such 

semi-extreme environments.  We have found a surprisingly rich and diverse range of 
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microorganisms to be coupled with the diverse plant communities indigenous to the 

Sonoran Desert.  Increasingly, it is becoming apparent that significant ecological 

interactions between organisms are mediated by secondary metabolites.  Some of these 

interactions are highly competitive, and is reflected in the abundance of toxic secondary 

metabolites found in nature.  However, in addition to competitive interactions, many 

examples of mutualistic behavior exist—especially in the association of fungi and their 

plant hosts.  This and the unexpected diversity of microorganisms found in the Sonoran 

Desert led us to ask whether some of these symbiotic organisms might enhance the stress 

tolerance of their host plants by producing small molecule secondary metabolites capable 

of inducing the evolutionarily conserved heat shock response.   

 In this work we show that we have developed an effective screening strategy for 

isolating compounds that target Hsp90 (Figure 6), a major regulator of the heat shock 

response and an increasingly important target of anticancer drug discovery.  One such 

molecule was radicicol (Figure 7).  Correspondingly, we show that our system for 

identifying Hsp90 active molecules is sensitive to alterations in the structures of Hsp90 

inhibitors suggesting that our methodology has some resolving power (Figures 8 and 9).  

Since Hsp90 has pleiotropic roles in the cell, and domains within the molecule that carry 

out different functions, we speculate that we may be able to identify Hsp90 active small 

molecules that interact at sites distal to the radicicol and nucleotide N-terminal binding 

site.  Investigations with other small molecules, such as courmermycin A1, have revealed 

a cryptic nucleotide binding site in the C-terminal domain.  The middle domain of Hsp90 

is critical for catalyzing the N-terminal hydrolysis of ATP, but also for many of the 
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interactions of Hsp90 with client proteins [96].  Therefore we believe that the combined 

factors of Hsp90’s high degree of conservation, the isolation of Hsp90 inhibitors 

radicicol, and monocillin 1, the isolation of a number of heat shock active secondary 

metabolites with unknown cellular targets, and the diversity of microflora, strongly 

support further screening efforts of the nearly untapped resource for small molecules in 

the Sonoran Desert. 

 The abundance of monocillin 1 in the rhizosphere fungus, Paraphaeosphaeria 

quadriseptata, inhabiting the Sonoran desert Christmas cactus (Opuntia leptocaulis DC.; 

Cactaceae) [51], suggested to us the possibility of a unique and biologically significant 

finding.  We hypothesized that the presence and high abundance of the secondary 

metabolite could, under conditions of stress, enhance the stress tolerance of the plant 

host.  To begin to evaluate this hypothesis, we undertook studies using the experimentally 

tractable genetic and biochemical systems in Arabidopsis thaliana to determine whether 

monocillin 1 induces thermotolerance in plants.  Our data show that monocillin 1 induces 

the production of Hsp101 in Arabidopsis at both at the level of transcription and 

translation (Figure 11).  We then went on to show that spraying plants with a solution 

containing monocillin 1 induced a dose dependent thermotolerant phenotype (Figure 12).  

Hsp101 has been shown previously to be required for thermotolerance, and in an Hsp101 

null Arabidopsis line, we found that monocillin 1 was no longer active (data not shown).  

This provided evidence that the thermotolerance activity of monocillin 1 is due, at least in 

part, to its induction of Hsp101.  Taken together, these findings support the concept that 

plants and microorganisms that have evolved together in the desert will have elaborated 
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small molecules that target the phylogenetically conserved heat shock response system, 

and that these could be mediating improved tolerance of the plant host for the stressful 

conditions of the desert. 

 The heat shock response is a member of a set of highly conserved and ancient 

processes that are necessary for cells to recover from macromolecular damage.  

Although, these systems can be distinguished by, for example, which macromolecule 

(protein, DNA, lipid) is stabilized repaired or degraded, there is also considerable 

overlap, and coordination between these systems which has led some to consider them as 

part of a unified response system called the CSR [11].  The cell can conserve energy and 

resources by sensing the type of damage and deploying the appropriate response; 

however, the physical and chemical forces that damage one type of macromolecule can 

often damage other types.  Furthermore, the presence of damaging agents in the cell’s 

environment may be, for the cell, sufficient evidence that further stress conditions are to 

follow.  As a consequence, the CSR is integrated via signaling pathways that activate key 

transcription factors, such as Hsf-1, or through the modulation of cellular levels of ROS.  

In this manner, target cell stress responses can be coordinately repressed or induced. 

 The isolation and characterization of TCA described in this study, gives some 

supporting evidence for the above hypothesis.  We isolated a small molecule, TCA, with 

heat shock activity, and anticancer activity (Figure 14).  Hsp90 targeted activity was 

ruled out when TCA failed to inhibit Hsp90’s chaperone function in the luciferase 

refolding assay.  In a limited structure activity study, we found that TCA and Me-TCA 

upregulate the heat shock response and inhibit cell proliferation, while the reduced form 
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of the molecule lost activity (Figure 15).  This stress response appeared to be mediated 

through ROS, since addition of the antioxidant NAC inhibited the activity of the 

secondary metabolite (Figure 16).  In further studies, direct measurement of cellular ROS 

showed that TCA induced high levels of ROS, while dihydro-TCA had no activity 

(Figure 17) .  Additionally, we showed that TCA has the ability to inhibit cytokine TNF-

α-induced NF-κB transcriptional activity (Figure 18).  The correlation of the structural 

features of TCA and its derivatives with the antiproliferative activity of the molecules 

indicated that the molecule, by targeting an unknown cellular molecule, leads to 

destabilization of the tumor cells ability to respond to stress.   

 Evidence that tumor cells are dependent on such cell stress response mechanisms 

is bolstered by the fact that known inhibitors of Hsp90 are showing some promising 

activities in clinical trials, and that agents already in use, such as TOPO1 inhibitors, 

selectively target other components of the CSR.  Molecules like TCA could be useful 

leads for drug development, and provide important insights into how the cancer cell 

utilizes the cell stress response to enhance its survival. 

In conclusion, the phylogenetically conserved stress response is an important 

system for identifying molecules with anticancer activity, for improving our 

understanding of the processes that govern the cancer cell’s selective growth advantage 

and transformation, and for increasing our understanding of small molecule mediated 

relationships in nature.  
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