
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




Complex Target SELEX
STEVEN M. SHAMAH,* JUDITH M. HEALY, AND


SHARON T. CLOAD
Archemix Corporation, 300 Third Street, Cambridge, Massachusetts 02142


RECEIVED ON JUNE 11, 2007


C O N S P E C T U S


Aptamers are non-naturally occurring structured oligo-
nucleotides that may bind to small molecules, peptides,


and proteins. Typically, aptamers are generated by an in vitro
selection process referred to as SELEX (systematic evolution
of ligands by exponential enrichment). Aptamers that bind
with high affinity and specificity to proteins that reside on the
cell surface have potential utility as therapeutic antagonists,
agonists, and diagnostic agents. When the target protein
requires the presence of the cell membrane (e.g., G-protein-
coupled receptors, ion channels) or a co-receptor to fold
properly, it is difficult or impossible to program the SELEX
experiment with purified, soluble protein target. Recent
advances in which the useful range of SELEX has been
extended from comparatively simple purified forms of solu-
ble proteins to complex mixtures of proteins in membrane
preparations or in situ on the surfaces of living cells offer the potential to discover aptamers against previously intractable
targets. Additionally, in cases in which a cell-type specific diagnostic is sought, the most desirable target on the cell sur-
face may not be known. Successful application of aptamer selection techniques to complex protein mixtures can be per-
formed even in the absence of detailed target knowledge and characterization.


This Account presents a review of recent work in which membrane preparations or whole cells have been utilized to
generate aptamers to cell surface targets. SELEX experiments utilizing a range of target “scaffolds” are described, includ-
ing cell fragments, parasites and bacteria, viruses, and a variety of human cell types including adult mesenchymal stem cells
and tumor lines. Complex target SELEX can enable isolation of potent and selective aptamers directed against a variety of
cell-surface proteins, including receptors and markers of cellular differentiation, as well as determinants of disease in patho-
genic organisms, and as such should have wide therapeutic and diagnostic utility.


Introduction
Aptamers are non-naturally occurring structured


oligonucleotides that bind their targets with high


affinity and have the capacity to inhibit protein–


protein interactions with potencies similar to that


observed with antibodies.1,2 Aptamers are discov-


ered using a process termed SELEX (systematic


evolution of ligands by exponential enrichment),


in which ligands are isolated from highly diverse


(1013-1015) starting pools via rounds of affinity


capture and amplification (Figure 1).3 High-affin-


ity aptamers against over 150 different targets


including cytokines,4,5 growth factors,6–8


proteases,9,10 immunoglobulins,11 and cell adhe-


sion molecules12,13 have been reported. Recently,


aptamers received validation as a therapeutic


modality with approval of the anti-VEGF aptamer


pegaptanib for the treatment of wet age-related


macular degeneration (AMD).14,15


The majority of aptamers have been selected


using purified, soluble forms of the protein target.


In general, the best outcomes from SELEX exper-


iments are obtained when the target protein


assumes a stable conformation, allowing for con-
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sistent presentation of structural epitopes from one round of


selection to the next. Many interesting therapeutic targets or


diagnostic markers are expressed on the cell surface. In addi-


tion, many membrane proteins function as coreceptors with


other cell surface components. Copresentation of these pro-


teins on the cell surface can provide optimal functional activ-


ity and additional epitopes for aptamer binding by shared


receptor subunits. However, in such cases it may be difficult


or impossible to obtain the relevant active protein(s) in puri-


fied form. Furthermore, when seeking a diagnostic marker, it


is not always clear which specific protein on the cell surface


provides the optimal target. Aptamers to targets expressed on


cell surfaces can be generated by conducting SELEX against


soluble membrane target ectodomains or against targets pre-


sented in complex mixtures such as membrane preparations


or the surfaces of intact cells (Table 1).16 This Account sum-


marizes the emerging field of complex target SELEX and high-


lights the varying approaches that have been used to obtain


aptamers against cell surface targets.


Perhaps the most significant challenge encountered when


performing SELEX against complex target mixtures is deriv-


ing aptamers that are specific for the intended target. In con-


ventional SELEX formats, a single purified protein provides the


“bait” for recovery of target-specific aptamers. Various tech-


niques that allow for facile partitioning of aptamers from non-


binders may be used, including affinity beads, hydrophobic


plates, or nitrocellulose filters. Figure 2 illustrates various strat-


egies that can be applied during SELEX to drive target speci-


ficity during selection. Counter-SELEX or “negative selection”


may reduce the possibility of evolving nonspecific binders or


improve the odds of recovering aptamers specific for one tar-


get over another. Counterselection techniques have been used


to great effect with small molecules;17 recently an aptamer


FIGURE 1. SELEX cycle with complex targets.


TABLE 1. Complex Target SELEX Examples


target type target ID ref


Cell Fragments/Membrane Preparations
red blood cell ghosts not identified 19
Torpedo californica electroplax


membrane preparations
nicotinic


acetylcholine
receptor


21


Parasites/Bacteria
Trypanosoma brucei not identified 22
Trypanosoma cruzi not identified 25
Mycobacterium tuberculosis not identified 26


Viruses
Rous sarcoma virus not identified 28
influenza A virus hemagglutinin 29


Mammalian Cells
U251 glioblastoma cell line tenascin-C 35
U251 glioblastoma cell line tenascin-C 36
CCRF-CEM lymphoblastic


leukemia cell line
not identified 37


YPEN-1 endothelial cell line pigpen 39
Burkitt’s lymphoma cell


line (Ramos cells)
Ig heavy mu chain 32


NGF-differentiated pheochromocytoma
(PC12) cell line


not identified 41


adult mesenchymal stem cells not identified 42
Chinese hamster ovary (CHO) cell line


expressing recombinant transforming
growth factor-� type III receptor (TGF�RIII)


TGF�RIII 43


PC12 cell line expressing recombinant
MEN2A mutant of rearranged during
transfection (RET) receptor


MEN2A mutant RET 44
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highly specific for ADP vs ATP was generated through use of


counterselection against ATP binding.18 Similar principles are


applicable to complex targets, allowing identification of apta-


mers that bind to a specific cell surface target or to a specific


cell population. In either case, counterselection strategies are


critical given the multitude of potential “aptogenic” epitopes,


that is, epitopes against which aptamers can be generated


readily that are common to the surface of many cell types.


The presentation of a complex target during SELEX without
counterselection measures allows for the parallel selection of


aptamers to multiple targets in a single selection. Aptamers


that recognize multiple forms of a specific target can also be


obtained by sequential target selection. Several SELEX strate-


gies used in the pursuit of aptamers to targets presented in a


complex milieu are highlighted in this Account.


Cell Fragments/Membrane Preparations
In one of the first examples in which SELEX was employed


successfully against membrane fractions derived from intact


cells, Morris et al.19 used human red blood cell (RBC) mem-


brane preparations, or RBC “ghosts”, as a SELEX target. The


aptamer binding, partitioning, and recovery methods were


similar to those used for pure protein targets;3 however, there


were some important differences in the selection results. While


SELEX against pure targets ordinarily yields pools of con-


verged sequence families by round 8–12, RBC ghost SELEX


was carried forward for 25 rounds yet still yielded pools with


high sequence complexity. Very few repeated sequences were


identified although two recurring sequence motifs were iden-


tified in a total of approximately 25% of the clones. When


clones containing either motif were conjugated to chemical


photo-cross-linkers and light-activated in the presence of RBC


ghosts, protein complexes of distinct size were identified by


SDS-PAGE. Cross-competition using aptamers lacking the


photo-cross-linker confirmed the evolution of two distinct


sequence families that bind distinct RBC targets with high


affinity. This study provided the first clear indication that


nucleic acid libraries could be used to isolate aptamers against


target preparations derived from cell surfaces.


Whereas the selection of nucleic acid ligands against RBC


ghosts was “open-ended” in that no particular cell surface pro-


tein was strategically targeted, there are examples in which


the intended target was presented in an enriched membrane


preparation. The electric organ of the ray Torpedo californica


is a rich source of acetylcholine receptor (AChR), containing


approximately 0.7 nmol/mg membrane protein.20 Neutraliz-


ing aptamers were desired, and since inhibitors typically bind


poorly to AChR when presented in a purified soluble form,


electroplax membrane preparations of T. californica were used


for SELEX to ensure proper target presentation.21 Two differ-


ent partitioning strategies, nitrocellulose filtration and native


FIGURE 2. SELEX configurations.
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gel mobility shift, were employed to drive the selection toward


AChR-binding aptamers. Despite the high density of AChR in


the electroplax membrane preparations, there remained the


possibility that aptamers against other cell surface targets


would evolve if counterselection were not employed. Thus,


the AChR inhibitor phencyclidine (PCP) was used in each round


of nitrocellulose filter selection to specifically elute aptamers


bound to the ligand-binding domain of AChR. Two different


classes of AChR-binding aptamers were identified, one of


which blocked the binding of PCP and cocaine to the AChR


without inhibiting receptor function. Such aptamers could be


effective at reducing the toxicity associated with addiction to


these abused drugs.21 This study highlights a useful strategy


to circumvent a key challenge in complex target SELEX, that


is, the use of competitive ligands to displace, elute, and enrich


specific target-bound aptamers in the context of myriad cell


surface proteins.


Parasites and Bacteria
African trypanosomes are protozoan parasites that cause


sleeping sickness in many mammals including humans by


multiplying within the peripheral blood and capillary beds of


infected hosts. Homann and Goringer22 have utilized live try-


panosomes (Trypanosoma brucei) as targets for SELEX to iden-


tify multiple aptamer classes that bind the parasites. SELEX


against live parasites may offer therapeutic potential, because


the complexity of the parasite surface in its endogenous state


allows for multiple potential targets to drive the selection


process.


SELEX with preparations of two different strains of live Tr.
brucei was carried out by incubating pools with bloodstream-


stage trypanosomes and partitioning bound from free apta-


mer by centrifugation washes. Approximately 70% of the


sequences obtained from enriched pools were identical; no


clone was capable of discriminating between the two trypa-


nosome strains, suggesting the convergence of aptamers


against invariant surface targets shared by both strains. All of


the selected aptamers were specific for bloodstream-stage par-


asites since they failed to bind the surface of trypanosomes in


the insect stage. Thus, the use of live trypanosomes in SELEX


enabled the identification of aptamers that bind invariant tar-


gets of stage-specific parasites. Such aptamers could be valu-


able in directing a host immune response to infection that


would not be susceptible to variation in parasite surface gly-


coproteins.23


Another protozoan parasite, Tr. cruzi, which is responsible


for Chagas’ disease, has been employed as a live target for


SELEX. In its trypomastigote stage, Tr. cruzi contacts and


invades host cells by penetrating a network of extracellular


matrix (ECM) proteins. A specific glycoprotein on Tr. cruzi try-


pomastigotes, tc85-11, interacts with multiple host cell matrix


proteins thereby enabling the parasite to enter cells.24 Thus,


an aptamer that binds to tc85-11 and neutralizes its ECM pro-


tein binding capability could represent a promising therapeu-


tic option for Chagas’ disease. Ulrich et al.25 presented live Tr.
cruzi trypomastigotes isolated from infected monkey kidney


epithelial cells as targets for SELEX. In contrast to the exam-


ple described above, the SELEX efforts with Tr. cruzi were


designed to isolate aptamers against specific ECM receptors on


the parasite surface. This was accomplished by a competitive


ligand elution strategy similar to that utilized to generate a


competitive aptamer antagonist to AChR.21 In each round of


selection, aptamers that were bound to Tr. cruzi surfaces were


eluted by incubation with a combination of soluble ECM com-


ponents including laminin, fibronectin, heparin sulfate, and


thrombospondin. The use of ECM proteins to displace bound


aptamers applies a selective pressure during SELEX for the


enrichment of aptamers that can block Tr. cruzi/ECM interac-


tions. Whereas aptamers against Tr. brucei bound parasite in


a stage-specific fashion, Tr. cruzi aptamers from round 5


SELEX pools displayed binding activity against both infective


stage trypomastigotes and noninfective epimastigotes. There-


fore, beginning in round 6, a counterselection paradigm was


introduced into the SELEX cycle wherein aptamer pools were


precleared of epimastigote-binding aptamers. Pools were incu-


bated with epimastigotes and, following a 1-h contact step,


nonbinding aptamers in the supernatant were isolated away


from epimastigotes and carried forward into the positive selec-


tion step with Tr. cruzi trypanomastigotes. The combination of


competitive ligand elution and stage-specific counterselection


resulted in the identification of trypanomastigote-specific apta-


mers that were capable of partially blocking host cell invasion.


Bacterial cells have also been used as SELEX targets for the


purpose of developing aptamers as antibacterial agents.26


Tuberculosis (TB) remains a serious health concern for mil-


lions worldwide in part because of the prevalence of multi-


drug resistant strains of Mycobacterium tuberculosis (MTB), the


etiologic agent of TB. New therapeutic modalities that lack


cross-resistance with existing antimycobacterial drugs would


constitute valuable treatment alternatives for TB. SELEX con-


ducted against live MTB yielded aptamers that modestly


enhance the survival rate of mice infected with the virulent


strain H37Rv.26 Selections were designed to generate H37Rv-


specific aptamers by incorporating a counterselection step


against an attenuated mycobacterial species (Mycobacterium
bovis BCG) in every round. A resulting aptamer (NK2) prefer-
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entially binds H37Rv, increases the levels of interferon-γ in


CD4+ T cells, and reduces bacterial counts in the spleens of


infected mice. Although neither the bacterial surface target nor


the mechanism of protection has been elucidated, the authors


suggest that NK2 likely binds to and interferes with a self-


protective H37Rv membrane protein, thus leading to more


effective cell-mediated immunity. As described above, the NK2


aptamer might now be used as a purification probe to iden-


tify a surface target specific to virulent strains of MTB and to


develop more effective treatment strategies.


Viruses
Blockade of viral entry into host cells is a potentially effec-


tive mechanism of action for antiviral therapies. Cell entry is


typically mediated by interactions between pathogen surface


proteins and receptors on the extracellular surface of host


cells. Identification of viral surface proteins involved in cell


entry has facilitated the use of purified proteins in SELEX to


isolate aptamers that can block host cell infection.27 However,


several groups have also adopted the strategy of utilizing


intact viruses as SELEX targets and have been successful in


isolating antiviral aptamers with high affinity and specificity


that neutralize viral infection.


Rous sarcoma virus (RSV) is an enveloped avian retrovirus


with surface glycoproteins that are required for host cell bind-


ing and entry. Pan et al.28 sought to isolate aptamers that bind


to the RSV surface. A pool of ∼1015 oligonucleotides were


contacted with sucrose-gradient-purified Prague A strain RSV


particles, and bound aptamers were separated from nonbind-


ing oligonucleotides by either nitrocellulose filtration or high-


speed centrifugation. After 12 rounds of selection,


neutralization of viral infection by selected pools was detected


and sequence analysis indicated convergence to multiple


sequence families, five of which displayed distinctive RSV neu-


tralizing activity and some of which could also neutralize mul-


tiple RSV strains. In this study, SELEX using intact RSV particles


enabled the isolation of neutralizing aptamers without requir-


ing a full understanding of the viral surface components


involved in host entry and infection, highlighting an advan-


tage of this approach.


The human influenza virus exists as multiple closely related


strains, and most commercially available monoclonal antibod-


ies are incapable of discriminating among the different strains.


For genotyping and, ultimately, for diagnostic purposes, it


would be advantageous to have reagents that could bind to


and distinguish closely related pathogenic strains. In contrast


to RSV, the surface of the human influenza virus is well char-


acterized, consisting of two glycoproteins, hemagluttinin (HA)


and neuraminidase (NA) in a 3:1 ratio.29 Although HA or NA


can be prepared in a soluble purified form for use as a pro-


tein SELEX target,30 the use of live virus as a SELEX target is


an attractive alternative given the opportunity to present the


viral surface proteins in their native conformations. Gopinath


et al.29 have recently subjected intact live influenza A viruses


to SELEX and identified aptamers that can distinguish closely


related influenza strains and block HA-mediated membrane


fusion with host cells. Influenza virus binders were partitioned


from nonbinders using nitrocellulose filtration with progres-


sive increases in selection stringency by sequentially reduc-


ing both pool and virus concentration, as well as by


incorporating competitor oligonucleotide (tRNA) in later


rounds. SELEX resulted in the isolation of two distinct apta-


mer sequences capable of binding to influenza A Panama


virus but not influenza A Aichi virus, despite the 84% amino


acid sequence similarity shared by the two strains. The apta-


mers were shown to specifically bind HA on Panama strain


viruses and inhibit membrane fusion with red blood cell


ghosts, indicating neutralization of the virus’ ability to infect


host cells.


Cell Surface Marker Identification
The use of complex cells as targets can enable identification


of aptamers to cell surface-specific markers for the purposes


of target identification, differential cell targeting and purifica-


tion, and diagnostics. In oncology, one of the keys to devel-


oping effective anticancer therapeutics is identifying specific


tumor cell or tumor vasculature markers that can be used for


targeted cell neutralization or destruction. SELEX against tumor


cells provides a means to isolate aptamers that bind to tumors


or infiltrating endothelial cells. The resulting aptamers can


then be used in reverse chromatography strategies to purify


and identify the specific tumor cell marker. SELEX against live


Ramos cells, a Burkitt’s lymphoma cell line, led to the identi-


fication of DNA aptamers that bind to Ramos cells but not to


other T and B lymphocyte lines.31 One of the selected apta-


mers was then covalently bound to Ramos cells via a modi-


fied uracil derivative and used to purify the target protein by


streptavidin-mediated magnetic extraction.32 Mass spectros-


copy analysis identified the target protein as the immunoglo-


bulin heavy mu chain, a major component of the B-cell


receptor complex and potential marker for Burkitt’s


lymphomas.33,34


Daniels et al.35 utilized a similar approach to identify apta-


mers and the tumor-associated proteins to which they bind in


cultures of the glioblastoma cell line U251. SELEX was per-


formed by contacting pools with U251 cell monolayers fol-
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lowed by cell washing, trypsinization, and phenol extraction


for aptamer recovery. After 21 rounds of selection, one clone


representing 10% of the sequenced pool was found to bind


tightly to U251 cells at 4 °C and was used in an affinity puri-


fication procedure to identify the known tumor cell line asso-


ciated protein, tenascin-C. The selections were carried out at


4 °C in an effort to minimize cellular internalization and deg-


radation of aptamers during the SELEX process and, interest-


ingly, yielded temperature-sensitive aptamers with reduced


target-binding affinity at 37 °C.


Given the temperature sensitivity of the tenascin-C apta-


mers derived from 4 °C selections, a second independent


group sought to isolate more stable tenascin-C aptamers by


performing three parallel selections at 37 °C.36 In addition to


one branch of selection against plates coated with purified


tenascin-C protein, a second branch was conducted against


intact U251 cells, and a third consisted of a cross-over


approach with pools resulting from round 9 of selection


against U251 cells carried forward two additional rounds of


selection against purified protein. All three selection strate-


gies yielded tenascin-C aptamers, and the sequences grouped


into three distinct families. Although the cell SELEX round 9


pools displayed moderate to weak target-binding affinities,


addition of just two further rounds of cross-over SELEX against


purified tenascin-C dramatically improved pool target-bind-


ing affinities, highlighting the utility of this approach in cases


where aptamers against a specific cell-associated target are


desired.


U251 cells express an abundance of tenascin-C in the


extracellular matrix, and thus, it is not surprising that enriched


pools from two independent selections against these cells


were dominated by the presence of tenascin-C aptamers. Cell


SELEX has also been utilized to identify aptamers to lower


abundance tumor-specific targets through the use of coun-


terselection approaches directed against distinct tumor types


or nontumorigenic control cells. Shangguan et al.37 devised a


counterselection strategy to select aptamers that can bind to


a cultured T-cell acute lymphoblastic leukemia cell line, CCRF-


CEM, but not Ramos cells. The selections consisted of itera-


tive cycles of initial pool contact with cultures of CCRF-CEM


cells followed by heat elution, subsequent contact with the


counterselection Ramos cell line, and collection of nonbind-


ers from the cell media. Thus, only aptamers that bind CCRF-


CEM cells but not Ramos cells were selected and amplified.


The results of the selection were consistent with expectations


in that high-affinity aptamers against CCRF-CEM cells were


identified with no detectable binding to the surface of Ramos


cells. Furthermore, these aptamers were capable of discrimi-


nating CCRF-CEM cells mixed with normal human bone mar-


row aspirates and have more recently been used in the rapid


collection and detection of acute leukemia cells from whole


blood38 suggesting that the counterselection strategy was suc-


cessful in yielding tumor-cell-specific aptamers.


A counterselection strategy has also been implemented to


isolate aptamers that could specifically bind brain tumor vas-


culature but not the vessels of normal brain. Blank et al.39 con-


ducted SELEX against a transformed endothelial cell line


(YPEN-1 cells) and used N9 microglial cells as a counterselec-


tion target to subtract aptamers that could bind other cell


types from the pool. Individual sequences were screened for


cell-specific binding (YPEN-1 vs N9 cells) and histological stain-


ing of pathological neovasculature. Sixteen different apta-


mers with YPEN-1-specific binding and staining activity on


tumor vasculature were identified. The strongest binder of


these was biotinylated, coupled to streptavidin-coated mag-


netic beads, and used to purify its cognate target protein from


solubilized YPEN-1 cells. Peptide fingerprinting and sequenc-


ing led to the identification of the protein as the rat homolog


of the endothelial cell protein pigpen. Thus, whereas cell


SELEX has been used to identify aptamers against previously


known tumor cell markers (as with tenascin-C), SELEX against


live tumor cell lines can also be applied to identify novel


tumor targets. Aptamers against cell surface tumor targets


could be valuable reagents for diagnostic imaging of disease


or stage-specific markers, for delivery of conjugated toxins to


specifically kill tumor cell populations, or as antagonists to


block the proliferative or metastatic-inducing activities of cell


surface receptors.


In fact, counterselection strategies can be used to take


advantage of the molecular differences between any two


closely related cell populations in the pursuit of aptamers that


can bind to and discriminate distinct cell types. Since cellular


differentiation generally leads to the induction of specific cell-


surface markers, it is possible to use cell SELEX approaches to


identify aptamers that can bind discriminately to differenti-


ated cell types. For example, the pheochromocytoma-derived


PC12 cell line differentiates into neuronal-like cells upon treat-


ment with nerve growth factor (NGF).40 Using undifferentiated


PC12 cells in a primary subtraction step followed by pool con-


tact with NGF-differentiated cells, Wang et al.41 selected DNA


aptamers that can distinguish differentiated PC12 cells from


their undifferentiated counterparts. Aptamers specific for undif-


ferentiated cell types such as stem cells may be valuable as


cell enrichment and purification reagents in the emerging field


of regenerative medicine. Guo et al.42 have identified apta-


mers capable of binding adult mesenchymal stem cells
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(aMSCs), leading to an improved technique for the isolation


and enrichment of these stem cells from whole bone mar-


row. Although no counterselection approach was incorporated


into the selection scheme, aptamers with specificity against


aMSCs were isolated and used to fish out aMSCs from bone


marrow when coupled to magnetic microbeads. The cells dis-


played surface markers consistent with established aMSC cul-


tures and were capable of differentiating into osteogenic and


adipogenic lineages with appropriate morphological charac-


teristics. Thus, cell SELEX can provide an effective approach for


the identification of aptamers that distinguish the differenti-


ated states of cell populations. Such aptamers may then be


used to isolate specific cells as part of a therapeutic regime.


Neutralizing Aptamers to
Cell Surface Receptors
Cell surface receptors are attractive therapeutic targets for


many clinical indications and can be neutralized by aptam-


ers that block ligand-induced activation. Through the use of


engineered cell lines expressing recombinant receptor targets,


SELEX has been applied by several groups to identify receptor-


neutralizing aptamers. Despite the high levels of target expres-


sion achievable by standard transfection protocols,


counterselection strategies are usually necessary to drive


selection toward target-specific aptamers and away from non-


specific cell-surface binders. Cell lines that lack endogenous


target expression can be used as host cells in which to express


a recombinant target and serve as the ideal counterselection


tool. This approach has recently been applied to identify neu-


tralizing aptamers to the transforming growth factor-� type III


receptor (TGF�RIII) ectopically expressed on the surface of Chi-


nese hamster ovary (CHO) cells.43 The oligonucleotide pool


was contacted with mock-transfected CHO cells to remove


unwanted nonspecific binders. This study highlights a num-


ber of ways in which increased stringency can be introduced


in progressive SELEX rounds. In the early rounds of SELEX


(rounds 1 and 2), no negative selection steps were applied;


that is, aptamer pools were contacted only with target-express-


ing cells. Negative selection commenced in rounds 3-5 with


one parental cell subtraction per round and then increased to


two subtractions for rounds 6-8 followed by three subtrac-


tions for rounds 9-11. In addition, the number of washing


steps was progressively increased from two washes at round


1 to five washes by round 11. After 11 rounds of selection,


several aptamer families were enriched, and one was identi-


fied that displayed target-cell-specific binding activity. This


aptamer also disrupted TGF�/TGF�RIII complexes in vitro sug-


gesting that it could be used to neutralize TGF�RIII-mediated


signaling events in vivo.


Using creative counterselection cell SELEX strategies, Cer-


chia et al.44 identified aptamers that bind to and neutralize a


cell surface receptor only when presented in a specific con-


formation that recapitulates a form of inherited neoplasia. The


rearranged during transfection (RET) receptor tyrosine kinase


has been linked to the regulation of cell proliferation in sev-


eral cancers.45 Two different germline mutations in the RET-


gene lead to neoplastic syndromes by distinct mechanisms,


one (MEN2A) involving a mutation in the extracellular domain


that leads to constitutive receptor dimerization and activa-


tion and a second germline mutation (MEN2B) in the intracel-


lular domain of RET that also activates the receptor


constitutively but via a different mechanism that does not


involve receptor dimerization. Three different cell lines were


utilized in a selection scheme designed to identify aptamers


that were specific for the MEN2A form of RET.44 PC12 cells


were used as a host cell line in which the RET isoforms cor-


responding to the MEN2A and MEN2B mutations were


expressed. To avoid selecting aptamers that would bind to


unintended targets on the cell surface, in every round of selec-


tion the pool was contacted with parental PC12 cells first and


unbound aptamers collected by centrifugation. The pools sub-


tracted for nonspecific binding were next incubated on PC12


cells expressing the MEN2B monomeric isoform of RET, and


unbound aptamers were partitioned and collected. Recovered


aptamers were then exposed to PC12 cells expressing the


constitutively dimerized MEN2A isoform of RET, and follow-


ing stringent washes, bound aptamers were captured and


amplified. This selection scheme led to the identification of an


aptamer that could inhibit constitutively dimerized (MEN2A)


RET as well as ligand-induced dimerization of wild-type RET


but not dimerization of the constitutively activated MEN2B iso-


form of RET. Thus, in addition to eliminating nonspecific cell


surface binders from aptamer pools, counterselection strate-


gies in cell SELEX can also apply stringent selective pressure


for the enrichment of target-conformation-specific aptamers.


Interestingly, aptamers selected against RET on the cell sur-


face of PC12 cells could not bind soluble RET ectodomain, and


aptamers selected against soluble RET could not bind to RET-


expressing PC12 cells. This result illustrates an advantage of


conducting SELEX against receptors presented on the cell sur-


face because the method ensures that selected aptamers bind


to epitopes present in the native target conformation.
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Conclusion
Recent advances in which the useful range of SELEX has been


extended from comparatively simple purified forms of solu-


ble proteins to complex mixtures of proteins in membrane


preparations or in situ on the surfaces of living cells offer the


potential to discover aptamers against previously intractable


targets. Proteins on cell surfaces or in membranes present tar-


get epitopes in biologically relevant conformations and are


amenable to counterselective measures designed to promote


recovery of aptamers that bind with high affinity and specific-


ity and possess the desired biological activity. Furthermore,


successful application of aptamer selection techniques to com-


plex protein mixtures can be performed even in the absence


of detailed target knowledge and characterization. Complex


target SELEX can enable isolation of potent and selective apta-


mers directed against a variety of cell-surface proteins, includ-


ing receptors and markers of cellular differentiation, as well as


determinants of disease in pathogenic organisms, and as such


should have wide therapeutic and diagnostic utility.
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C O N S P E C T U S


This Account provides an overview and examples of function-oriented synthesis (FOS) and its increasingly
important role in producing therapeutic leads that can be made in a step-economical fashion. Biologically


active natural product leads often suffer from several deficiencies. Many are scarce or difficult to obtain from
natural sources. Often, they are highly complex molecules and thus not amenable to a practical synthesis that
would impact supply. Most are not optimally suitable for human therapeutic use. The central principle of FOS is that
the function of a biologically active lead structure can be recapitulated, tuned, or greatly enhanced with simpler
scaffolds designed for ease of synthesis and also synthetic innovation. This approach can provide practical access to
new (designed) structures with novel activities while at the same time allowing for synthetic innovation by target
design.


This FOS approach has been applied to a number of therapeutically important natural product leads. For exam-
ple, bryostatin is a unique natural product anticancer lead that restores apoptosis in cancer cells, reverses multi-
drug resistance, and bolsters the immune system. Remarkably, it also improves cognition and memory in animals.
We have designed and synthesized simplified analogs of bryostatin that can be made in a practical fashion
(pilot scale) and are superior to bryostatin in numerous assays including growth inhibition in a variety of human
cancer cell lines and in animal models. Laulimalide is another exciting anticancer lead that stabilizes microtubules,
like paclitaxel, but unlike paclitaxel, it is effective against multidrug-resistant cell lines. Laulimalide suffers from
availability and stability problems, issues that have been addressed using FOS through the design and synthesis
of stable and efficacious laulimalide analogs. Another FOS program has been directed at the design
and synthesis of drug delivery systems for enabling or enhancing the uptake of drugs or drug candidates into
cells and tissue. We have generated improved transporters that can deliver agents in a superior fashion compared
with naturally occurring cell-penetrating peptides and that can be synthesized in a practical and step-economical
fashion.


The use of FOS has allowed for the translation of exciting, biologically active natural product leads into simplified ana-
logs with superior function. This approach enables the development of synthetically innovative strategies while targeting
therapeutically novel structures.
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Introduction
Synthetic chemistry has transformed our world, changing food,


clothing, shelter, medicine, culture, and even art in fundamen-


tal but often not widely appreciated ways. Imagine art with-


out the full complement of synthetic colors; imagine medicine


without the drugs that synthesis has made possible. In this


Account, we call attention to yet another area that is being


transformed by synthesis, namely, drug discovery, and how a


focus on biological function is increasingly being used to cre-


ate novel leads that can be synthesized in a practical and step-


economical fashion.1


Most current drug discovery strategies find precedent in


Nature. All organisms screen their environment and select


chemicals for synthesis, consumption, or use that provide evo-


lutionary advantage. Bryozoa, for example, organisms of


importance in this Account, are proposed to use a chemical


produced by a symbiont to protect their progeny from preda-


tion.2 Bacteria putatively employ chemicals to wage war


against other bacteria for control of their ecological niche.3


Ants and other organisms use chemicals for communication.4


Emerging studies describe cases of animals using natural


materials for self-medication.5 As very recent players in this


global chemical exchange, humans have also found products


derived from a vast range of natural sources to be of great


benefit. Daphnane extracts, for example, have been in con-


tinuously recorded therapeutic use for over 2000 years.6


While less well documented, many other natural products


have found similar use for centuries.


With rare exception, the molecules available for human use


prior to the 19th century were principally those obtained from


natural sources. Things changed dramatically with the advent


of abiological synthesis and the ability to design and make


new molecules. Organic synthesis enabled this dramatic


chemical evolution, serving initially to supply scarce or inac-


cessible natural products, an activity still very much in demand


today, and subsequently allowing for the conversion of natu-


ral, biologically active products into derivatives better suited


for medicinal use. The evolution of �-lactam antibiotics from


their initial natural structures to synthetically modified and


therapeutically more effective derivatives is exemplary.7 Mode


of action studies greatly accelerated this evolution, providing


an increasingly refined understanding of ligand–receptor inter-


actions and allowing one not only to connect structure with


biological function but, at a higher level of resolution, to con-


nect subunits in a structure (pharmacophoric elements) with


function. The design of small molecule opiod agonists and


rapamycin analogs through the pharmacophoric analysis of


endogenous endorphins and rapamycin protein complexes


are illustrative.8


The advancement and confluence of the disciplines of syn-


thesis, mechanistic medicinal chemistry, and structural biol-


ogy have more recently opened an even broader range of


opportunities by allowing one to shift focus from the total


structure of a biologically active natural product to the sub-


set of its functionality that influences or determines its activ-


ity (function). This in turn has enabled a shift in many


situations from structure- or target-oriented synthesis to func-


tion-oriented synthesis (FOS). The central principle of FOS is


that the function of a biologically active lead structure can be


emulated, tuned, or even improved by replacement with sim-


pler scaffolds designed to incorporate the activity-determin-


ing structural features (or their equivalent) of the lead


compound. This approach allows for the step-economical syn-


thesis of novel structures with improved or new activities. FOS


thus addresses a commonly encountered problem, namely,


that many natural products are too complex to be prepared in


a way that impacts supply. There are only two ways to resolve


this problem: develop new reactions and synthetic strategies


that allow for shorter routes to a target or, through FOS, design


less complex targets with comparable or superior function that


could be made in a practical and even synthetically novel


manner (Figure 1). Both approaches rely on synthetic innova-


tion and are driven by the importance of step economy, as it,


in turn, determines most other factors that bear on practical


supply including solvent and other waste streams (atom econ-


omy), separations, costs, time, environmental impact, and per-


sonnel requirements (unquestionably our most important


“economy,” human economy).


FOS addresses several concerns related to drug discovery.


First natural products are not “designed” for human therapeu-


tic use and as a consequence often have undesired side


effects. By focusing on target-specific function, FOS can be


used to minimize off-target activities and to enhance benefi-


cial activities. Second, FOS can be used to optimize formula-


tion, ADME, and pharmacokinetic performance, thereby


FIGURE 1. Improving step economy with FOS or new reactions.
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avoiding problems exhibited by many natural products (e.g.,


the formulation of Taxol). Third, because the focus of FOS is


function rather than structure, it can address the concern that


some natural products are too complex to make in a practi-


cal fashion. As evident from a count of total syntheses in


American Chemical Society journals over the last 50 years


(Figure 2), our ability to make natural products has impres-


sively improved with over 200 syntheses reported last year


alone. Thus the concerns voiced about natural products being


too complex are not whether they can be made but whether


the synthesis can impact supply (i.e., whether it is practical),


thereby enabling further research or use.


It is now evident that greatly simplified structures can


mimic or exceed the function of those from which they are


inspired and because of their simplified structure, be made in


a practical, step-economical fashion (Figure 1, FOS). A recent


review provides a measure of the increasing importance of


FOS, indicating that from 1981 to June 2006, the majority


(57%) of new chemical entities (NCEs) mimic natural prod-


ucts, were derived from natural products, or were designed


based on a natural product pharmacophore.10 Interestingly,


only 5% of the 1184 NCEs introduced over this period were


natural products themselves. Importantly, FOS is not restricted


to complex bioactive natural product leads as a starting point


as it is also an increasingly effective strategy for the advance-


ment of simple, often modestly active, non-natural library


“hits” to potent and effective clinical candidates. Finally, FOS


can also drive design and synthetic innovation, as it requires


the creative translation of a lead and often complex structure


into a structure designed for superior performance and ease


of synthesis. More generally, rather than relying on Nature to


produce interesting targets, FOS allows the chemist, and espe-


cially those skilled in synthesis, to design targets with


improved function and to do so in a way that allows for syn-


thetic innovation.


Representative Examples of FOS
A striking example of FOS is found in studies leading to the


first designed protein kinase C (PKC) modulator.11 PKC is an


enzyme family critical to many cellular processes such as apo-


ptosis, cell cycle regulation, gene expression, ion channel reg-


ulation, neuronal growth, and cellular differentiation.12


Abnormal PKC signaling is implicated in several therapeuti-


cally important areas including cancer, cardiovascular disease,


neuropathic pain, and cognitive function.13 Agents that bind


to the C1-regulatory domain of PKC and related C1-kinases


can be used to selectively control kinase function, because


only about 10% of the kinases in the human kinome con-


tain a C1 domain.14 Moreover, C1 ligands can activate or


inhibit kinase activity, as opposed to ATP-binding site agents


that only inhibit activity.15


One of the most important and widely studied C1 ligands


is the potent tigliane phorbol (1, Figure 3), a complex target


whose total synthesis requires 29 steps.16 Interestingly, the


endogenous activator of PKC, diacylglycerol (DAG, 2), is a sig-


nificantly simpler molecule that binds competitively to the


same site as phorbol. Computer modeling suggests that these


structurally distinct molecules achieve similar function (PKC


binding) through a similar array of recognition elements cor-


responding to the C3/C4 carbonyl/hydroxyl, the C9 and C20


hydroxyl groups, and side chain lipids in phorbol (Figure 3).


New PKC modulators could thus be designed by arraying a


similar set of recognition elements on a structurally simpli-


fied scaffold. Based on this function-oriented design, the sim-


plified arene 3, incorporating the key recognition features of


the leads, was synthesized (in only 7 steps vs 29 steps for lead


1). It proved to be the first designed compound that bound to


and activated PKC, mimicking a subset of the activities of


phorbol.11 Such designed mimics have been recognized for


anticancer and immunomodulatory activity, and this approach


has been extended successfully to the generation of preclini-


cal candidates based on other leads such as bryostatin (vide


FIGURE 2. Number of total synthesis publications in ACS journals
in the indicated year over the last five decades.9


FIGURE 3. PKC modulators with key pharmacophoric atoms
(yellow) and lipophilic regions (blue).
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infra) and to the design of other DAG analogs in our and other


laboratories.17


Studies on halichondrin B (4, Figure 4), a potent marine


natural product that displays antineoplastic activity based on


its ability to destabilize microtubules, provide a more recent


example of the enormous structural simplification and there-


fore enhanced step economy that can be achieved without


sacrificing biological function. Halichondrin B cannot be sup-


plied on scale from natural sources or synthesis due to its scar-


city and complexity. However, studies have revealed that only


the simplified analog 5, currently in clinical trials, is needed for


activity.18


Another exciting example in which a focus on function has


enabled target simplication is found with “stapled peptides.”


These greatly simplified protein surrogates serve to mimic


R-helices of proapoptotic proteins, are easier to make, and are


efficacious in murine models of cancer.19


Studies in our laboratory on dynemicin (6, Figure 5), a com-


plex enediyne antitumor agent, illustrate another use of FOS


in which the sought-after “function,” DNA cleavage, involves


mimicking the generation of a reactive diradical species


through a Bergman cyclization. The simplified analog 7 was


designed to emulate this function. The racemic synthesis of


dynemicin requires 33 steps,20 while the synthesis of ana-


logs such as 7 requires only 7–8 steps.21 Significantly, 7
serves as an effective functional mimic of 6, exhibiting the


ability to efficiently cleave DNA upon irradiation or pH change.


A related example in which “function” is associated with


emulating chemical change is found in simplified analogs of


the antimalarial artemisinin. The simplified but functional ana-


logs show in vitro antimalarial activities comparable to that of


the natural product and are also effective in rodent models


(Figure 6).22


The development of the synthetic statin, atorvastatin (Lipi-


tor, 11, Figure 7) from naturally occurring statin 10 is another


example of function being retained on a more synthetically


accessible scaffold. The mevalonolactone pharmacophore of


the natural complex statins is retained in 11 in the form of a


dihydroxy acid. The attached hydrophobic ring structure


serves to enhance binding.23


While FOS often takes advantage of natural product leads,


the concept can also be applied to non-natural systems and


non-natural functions. Examples include work by Chang on


designed boronate probes for real-time cellular monitoring of


H2O2.24 Indeed, the whole field of real-time imaging is driven


by the desire to produce functional molecules with the abil-


ity to report change in complex living systems. Using metals


as function modulators, Meggers has shown that organometal


complexes can be used to achieve active analogs of the nat-


ural product staurosporine, an ATP binding site inhibitor.25


These examples represent ways in which the intersection of


synthesis and design have generated novel non-natural mol-


ecules with novel biological function.


FIGURE 4. Halichondrin B and its simplified functional analog.


FIGURE 5. Dynemicin and a simplified functional analog.


FIGURE 6. Artemisinin and its simplified functional analog.


FIGURE 7. Design of Lipitor from the naturally occurring
compound.
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FOS and the Design of Bryostatin Analogs
The bryostatins (12, Figure 8) are significantly complex mol-


ecules that have attracted attention as anticancer agents due


to a unique range of activities, including their ability to induce


apoptosis,26 reverse multidrug resistance,27 and modulate the


immune system.28 Bryostatin also synergizes with other anti-


neoplastic agents and is currently in clinical trials for the treat-


ment of cancer.29 Exciting recent work has also shown that


bryostatin can enhance memory and learning in animals, with


potential implications for the treatment of Alzheimer’s dis-


ease.30


Unfortunately, access to bryostatin is extremely limited, as


it is obtained in a low yield of only 0.00014% from marine


bryozoa.31 In addition to seasonal variations in the amount of


bryostatins, large scale harvesting from a marine source would


create problems in the delicate marine ecosystem. Genetic


engineering offers another source, but this is limited to those


structures that arise through biosynthesis and thus not neces-


sarily structures optimized for therapeutic use. Total synthe-


sis offers greater flexibility, but current syntheses require >70


steps and thus at present do not impact supply.32


The problems and opportunities presented by bryostatin


are ideally suited for FOS because its therapeutic activity is


connected to only a subset of its structure and that pharma-


cophore could be designed into a simplified target more


readily accessed through synthesis. Bryostatin potently binds


to the C1 domain of PKC (Ki ) 1.4 nM). Based on our previ-


ous pharmacophoric analysis (Figure 3), the C1 carbonyl and


C19 and C26 alcohols as well as a corresponding lipophilic


region of bryostatin were hypothesized as key binding ele-


ments (Figure 8).33 An analog was thus designed with simpli-


fied A- and B-rings and an intact C-ring, putatively required for


enzyme recognition. One of the attractive and innovative


aspects of designing one’s own target is that one can select


not only for function but also for ease of synthesis and for the


development of new methodology. Toward these ends, the


C26 methyl group was deleted at the design stage to emu-


late other C1 binders and allow for closer association in the


receptor binding pocket.34 Further, the hydropyranyl B-ring of


bryostatin was replaced with a 1,3-dioxane, allowing both for


its introduction using a novel macrotransacetalization that


would set the C15 stereocenter under thermodynamic con-


trol and for optimal convergency in target assembly. Impor-


tantly, this design simplified the original synthetic problem,


enabling a highly convergent synthesis in which an AB-ring


system is coupled to a C-ring fragment in the final two steps


of the synthesis. This late stage convergency allows facile


access to many analogs of the AB-rings or C-rings without exe-


cuting both arms of the entire synthesis.


Representative of how this plan played out, spacer domain


14 and recognition domain 16 were coupled in two steps to


produce analog 13 (Scheme 1, n ) 1).35 The remarkable mac-


rotransacetalization proceeds with global deprotection and


thermodynamically controlled B-ring closure correctly setting


C15. This method is general, being used in the synthesis of


>40 bryostatin analogs including those with five-membered


B-rings (17, Scheme 1, n ) 0).36 More recently this design and


synthesis concept has proven successful in Smith’s work lead-


ing to a highly potent phorboxazole analog.37


FIGURE 8. Bryostatin 1 (12) and lead analog 13 with
pharmacophoric atoms (yellow) and the lipophilic region (blue).
Modeling comparisons between bryostatin and 13 indicate close
similarity in the spatial array of pharmacophoric atoms (rmsd )
0.22 Å).


SCHEME 1. Two-Step Convergent Route to Analogs, Coupling
Spacer (14 or 15) and Recognition (16) Domains
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Significantly, this FOS approach led to the realization of


analogs that bind to PKC with affinities comparable, and in


some cases, superior to bryostatin (Ki ) 0.3 nM vs 1.4 nM).


These analogs can be made in 29 steps, a savings of >40


steps over the shortest synthesis of bryostatin.38 This study


demonstrates a central advantage of FOS, namely that supe-


rior function can be achieved in fewer steps with simplified


structures while enabling synthetic innovation. Given the


potency of bryostatin (<1.2 mg is needed cumulatively for an


8–12 week dosing regimen in humans), this synthesis can


supply sufficient quantities for clinical studies. This route has


been scaled to produce multigram quantities of advanced


intermediates. Moreover, because the supply of bryostatin has


been limited, this work also opens the door for much needed


fundamental mode of action research and the possible uses


of these bryologs for indications other than cancer.


Additional analogs involving A-ring,39 B-ring,40 and C20


ester variations (Figure 9) have been generated based on


modeling studies using a crystal structure of a PKC C1 domain.


In total, 31 analogs of bryostatin have been efficiently syn-


thesized that retain single-digit nanomolar affinity to PKC (Ki


< 10 nM).41 Importantly, when tested for growth inhibitory


activity against the NCI panel of human cancer cell lines, the


analogs evaluated thus far generally show greater potency


than bryostatin. For some cell lines, the potencies of the ana-


logs exceed that of bryostatin by 2–3 orders of magnitude. In


this application, FOS has led to more potent analogs that can


be supplied in quantity and tuned for performance and at the


same time allowed for the development of a simple, effec-


tive method for convergent macrolide formation.


FOS and the Design of Laulimalide Analogs
Laulimalide (18, Figure 10) is a potent, microtubule-stabiliz-


ing, anticancer lead.42 Like Taxol, laulimalide disrupts micro-


tubule dynamics, leading to apoptosis.43 However, laulimalide


and Taxol have different binding sites on tubulin.44 As a result,


laulimalide is unaffected by mutations in the taxane binding


site, retaining efficacy against Taxol-resistant cancers. Lauli-


malide is also a poor substrate for the drug efflux P-glycopro-


tein and therefore retains antiproliferative activity against


drug-resistant cell lines.


Like bryostatin, the yield of laulimalide from its marine


source is extremely low (∼0.00016%). In addition, lauli-


malide is isolated along with an isomer, isolaulimalide (19,


Figure 10). It was shown that laulimalide quickly converts


to isolaulimalide in mildly acidic media by attack of the


C20 alcohol on the proximal epoxide.42 Molecular model-


ing indicates that the C20 hydroxyl group is poised for


backside attack on the C17 C-O bond of the epoxide in a


low-energy conformation (Figure 10). Importantly, the IC50


values of 18 and 19 in MDA-MB-435 drug sensitive cell


lines are 5.7 and 1970 nM, respectively, indicating that iso-


laulimalide is significantly less efficacious. This 3 orders of


magnitude drop in potency of 19, coupled with the fact that


stable and superior analogs of 18 could be more readily


accessed and entered into preclinical studies, prompted our


group to develop a total synthesis45 that in turn was used


to access novel analogs.46


FIGURE 9. Representative bryostatin analogs and their binding
affinities.


FIGURE 10. Laulimalide (18) converts to isolaulimalide (19) in
mildly acidic media. Molecular modeling indicates that the C20
hydroxyl is well-positioned for epoxide opening.
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In this case, FOS was used to design and synthesize sim-


plified analogs that would retain the antiproliferative activity


of laulimalide but exhibit enhanced stability. The latter was


achieved by elimination of the path of decomposition, an


internal SN2-like reaction, through removal of the electrophilic


epoxide (24, Figure 11), reduction of the nucleophilicity of the


C20 hydroxyl group (25), and conformational modification of


the macrocyclic core (26).47 Our approach was based on a


uniquely concise plan incorporating several synthetic features


including a highly complex example of an asymmetric Saku-


rai reaction (Scheme 2).45


Analogs 24, 25, and 26 were tested in MDA-MB-435 cells,


providing IC50 values of 120, 240, and 2500 nM, respectively.


While less potent than laulimalide, analogs 24 and 25 do not


suffer from the instability problems found with laulimalide.


These analogs also retain a mechanism of action similar to


that of laulimalide and are effective against multidrug-resis-


tant cell lines.48 Analogs 24 and 25 were also shown to syn-


ergize with Taxol and 2-methoxyestradiol more effectively


than laulimalide.49 While the step savings at this point is mod-


est, the ability to access stable analogs eliminates a problem


associated with the natural product and allows for an investi-


gation of the features of laulimalide that control its activity.


FOS and the Design of Molecular
Transporters
“Molecular transporter” is a term that we introduced to collec-


tively describe a growing number of agents which, when


covalently linked to or complexed with a cargo, enable or


enhance its entry into cells or tissue. Such agents have enor-


mous potential in fundamental as well as applied research. For


example, most drugs that enter cells by passive diffusion are


generally designed to conform to a certain log P range


because they must be soluble in both the extracellular milieu


(polar) and the plasma membrane (nonpolar). Highly polar


(e.g., siRNA) and highly nonpolar drugs (e.g., Taxol) or probes


are problematic, but even for those in the preferred log P
range, enhanced uptake is often desirable. Our FOS studies in


this area started in 1996 prompted by the observation that


the nuclear transcription activator protein (Tat) crosses the


plasma membrane of cells50 and that this ability is proposed


to be associated with the highly basic sequence of amino acid


residues 49–57 (Tat49–57, Figure 12).51 Significantly, Tat49–57


is a highly water-soluble polycation yet exhibits the ability to


cross the nonpolar membrane of cells.


SCHEME 2. A Uniquely Complex Example of an Asymmetric
Sakurai Reaction


FIGURE 11. Laulimalide and its designed stable analogs.


FIGURE 12. Polyarginine transporters derived from Tat and their
cellular uptake.
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With Tat49–57 as a lead, it was envisioned that simpler and


more effective transporters could be made using FOS princi-


ples. A systematic approach was employed to elucidate the


structural requirements for cellular translocation. A series of


Tat49–57 analogs were synthesized, attached to fluorescent


probes, and analyzed for cellular uptake in Jurkat cells by


FACS analysis and confocal microscopy. Truncations of either


the amine or the carboxyl terminus as well as substitutions of


individual amino acids with alanine all gave analogs with


diminished cellular uptake.52 Moreover, charge alone was not


sufficient for uptake, because oligomers of lysine (K9), histi-


dine (H9), and ornithine (Orn9) all showed less uptake than


Tat49–57.
56 However, a homo-oligomer of arginine (R9) pro-


vided a significant increase in uptake compared with Tat49–


57. Additionally, the oligomer of unnatural arginine (r9)


resulted in even greater uptake, most likely due to decreased


proteolysis (Figure 12).52 Eventually, it was shown that the


guanidinium group was key to both the water solubility and


the mechanism of uptake. Incorporation of this group into


peptoids, peptides, spaced peptides, oligocarbamates, and


dendrimers enables their use as molecular transporters. Stud-


ies from other groups have greatly extended this list.


Throughout the early stages of this project, the interplay of


design (directed at better function) and synthesis (directed at


step economy) was critical. The selection of homo-oligomers


and then an 8-mer was not arbitrary but dictated by uptake


performance and the potential for step economy in synthe-


sis. With respect to the latter, solid-phase synthesis of a mixed


oligomer such as Tat49–57 requires two operations per unit


attached. A hetero-8-mer would thus require 17 synthetic


steps including resin cleavage. In contrast, FOS guided selec-


tion of a homo-oligomer of eight units because it was


expected to have activity comparable to the hetero-8-mer and


because of its symmetry, it was expected to be accessible


through a novel nine-step segment doubling strategy. Repre-


sentative of this approach, an arginine precursor is N- and


C-protected, and the resultant products are coupled to pro-


duce a dimer. The dimer is split, one half is then C-activated


and the other N-activated, and the resultant products are cou-


pled to produce a tetramer. A third cycle of three steps pro-


duces the 8-mer, which on global deprotection and


guanidinylation produces the transporter in 10 steps overall


(Scheme 3). The step economy associated with this process


significantly reduces the cost of synthesis, and importantly,


because the use of resins is avoided, the synthesis can be eas-


ily scaled in solution phase.53


Further studies showed that the transport function of argi-


nine oligomers can be surpassed by peptoids (Figure 13).52 In


addition, replacement of the amide backbone with a carba-


mate and an increase in the spacing of the guanidinium-con-


taining sidechains (1,4 f 1,6) also produced highly efficient


transporters. Furthermore, a library of spaced oligomers con-


taining seven arginines interdigitated with non-R-amino acids


also exhibited increased cellular uptake, with a maximal level


seen for the maximally spaced system. Finally, branched trans-


porters, such as dendrimers, show in some cases superior


uptake relative to oligoarginine.54


Through FOS, transporters superior to those found in


Nature have been developed. These transporters can be syn-


thesized in a step-economical fashion, a key to their use in


fundamental and clinical studies. It is noteworthy that the argi-


nine transporters have been advanced to phase II clinical tri-


als and have more recently been used to develop novel


assays for the real-time quantification of uptake and release


of transporter probe conjugates in transfected cells and trans-


genic animals.55


SCHEME 3. Step Count Advantage of Segment Doubling


FIGURE 13. Varying scaffolds for polyguanidine transporters.
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Conclusions and Future Prospects
Nature has produced a diverse array of natural products with


an exceptional range of activities. Organic synthesis can often


compete with Nature in supplying these molecules. However,


as the complexity of the natural products increases, the length


of syntheses also increases, often leading to a decreased


impact on supply. There are principally two ways to address


this supply/performance problem: expand the lexicon of new


reactions and thus the strategies that would enable more step-


economical syntheses or design new but simplified molecules


that would be superior in function to the natural product lead


and synthesized in a practical fashion. While natural product


synthesis continues to be of great value, designing new mol-


ecules with superior function has enormous potential at both


fundamental and applied levels. Importantly, FOS offers access


to novel structures not found in Nature and it encourages


advances in the science of synthesis. Indeed, it provides an


exciting opportunity for innovation because designed targets


can inspire synthetic innovation as much as those produced


by Nature. It is clear that targeting natural products will con-


tinue to have value for advancing synthesis as well as biol-


ogy and medicine. It is also clear that function-oriented design


and synthesis offers an increasingly powerful and efficacious


way of achieving similar if not superior results.
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C O N S P E C T U S


The modern age of drug discovery, which had been slowly gathering momentum during the early part of the twentieth century,
exploded into life in the 1940s with the isolation of penicillin and streptomycin. The immense success of these early drug discovery


efforts prompted the general view that many infectious diseases would now be effectively controlled and even eradicated. However this
initial optimism was misplaced, and pathogens such as multidrug-resistant Mycobacterium tuberculosis and methicillin-resistant Staphy-
lococcus aureus present a major current threat to human health. Drug resistance arises through the unrelenting pressure of natural selec-
tion, and there is thus a continuing need to identify novel drug targets and develop chemotherapeutics that circumvent existing drug
resistance mechanisms. In this Account, we summarize current progress in developing inhibitors of FabI, the NADH-dependent enoyl reduc-
tase from the type II bacterial fatty acid biosynthesis pathway (FAS-II), a validated but currently underexploited target for drug discov-
ery. The FabI inhibitors have been divided into two groups, based on whether they form a covalent adduct with the NAD+ cofactor.
Inhibitors that form a covalent adduct include the diazaborines, as well as the front-line tuberculosis drug isoniazid. The NAD adducts formed
with these compounds are formally bisubstrate enzyme inhibitors, and we summarize progress in developing novel leads based on these
pharmacophores. Inhibitors that do not form covalent adducts form a much larger group, although generally these compounds also require
the cofactor to be bound to the enzyme. Using structure-based approaches, we have developed a series of alkyl diphenyl ethers that are
nanomolar inhibitors of InhA, the FabI from M. tuberculosis, and that are active against INH-resistant strains of M. tuberculosis. This ratio-
nal approach to inhibitor development is based on the proposal that high-affinity inhibition of the FabI enzymes is coupled to the order-
ing of a loop of amino acids close to the active site. Compounds that promote loop ordering are slow onset FabI inhibitors with increased
residence time on the enzyme. The diphenyl ether skeleton has also been used as a framework by us and others to develop potent inhib-
itors of the FabI enzymes from other pathogens such as Escherichia coli, S. aureus, and Plasmodium falciparum. Meanwhile chemical opti-
mization of compounds identified in high-throughput screening programs has resulted in the identification of several classes of
heteroaromatic FabI inhibitors with potent activity both in vitro and in vivo. Finally, screening of natural product libraries may provide
useful chemical entities for the development of novel agents with low toxicity. While the discovery that not all pathogens contain FabI
homologues has led to reduced industrial interest in FabI as a broad spectrum target, there is substantial optimism that FabI inhibitors
can be developed for disease-specific applications. In addition, the availability of genome sequencing data, improved methods for target
identification and validation, and the development of novel approaches for determining the mode of action of current drugs will all play
critical roles in the road ahead and in exploiting other components of the FAS-II pathway.
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Introduction
While there are documented uses of natural products to treat


disease throughout human history, it was not until the latter


part of the 19th and early 20th centuries that specific anti-


bacterials started to be identified. Advances around this time


included the synthesis of the arsenate-based compound Sal-


varsan by Ehrlich to treat syphilis,1 the serendipitous discov-


ery of lysozyme and penicillin by Fleming,2,3 and the


determination that sulfanilamide was the active metabolite in


the dye-based drug Prontosil.4 These discoveries laid the foun-


dation for the modern age of drug development that started


in the late 1930s with the isolation of penicillin from the mold


Penicillium notatum by Chain and Florey.5 This was almost


immediately followed by the isolation of tyrothricine from


Bacillus brevis by Dubos,6 which prompted large scale efforts


to identify antimicrobial products from soil bacteria and thence


the isolation of streptomycin from Streptomyces griseus by


Waksman and colleagues.7


Streptomycin was the first effective antibiotic for the treat-


ment of tuberculosis (TB). The introduction of streptomycin


together with additional TB drugs over the next 20 years


caused a dramatic reduction in mortality from TB, which had


been around 50%. Indeed, so profound was the impact of


antibiotics that it was generally believed that diseases such as


TB would soon be eradicated. Consequently the pace of anti-


microbial drug discovery slowed,8 and indeed no new classes


of antibiotics were introduced between 1962 and 2000.9


However, adaptation through natural selection has of course


led to the emergence of drug-resistant pathogens,10–12 and


thus there is now a critical need to develop novel chemothera-


peutics that can evade current resistance mechanisms. In the


case of TB, the WHO estimates that a third of the world’s pop-


ulation is infected with the latent form of Mycobacterium tuber-


culosis and that over 450 000 people worldwide are infected


with multidrug-resistant TB (MDR-TB).13,14 In addition, strains


of extensively drug-resistant M. tuberculosis (XDR-TB) have


now emerged that are resistant to both first and second line


drugs. XDR-TB is almost impossible to treat, thus posing a seri-


ous threat to human health. Furthermore, while drugs for


MDR-TB are needed, there must also be a major effort to


shorten the course of the standard 6-9 month treatment


regime and to develop drugs that are active against the latent,


nonreplicating form of the disease.15–17


Although there are now many antibiotics, these compounds


target only a small fraction of metabolic space, localizing pri-


marily to targets in DNA replication, transcription, and trans-


lation, as well as in peptidoglycan synthesis.18–21 The reason


for this concentration on a relatively small number of targets


is unclear and may be because only a small fraction of met-


abolic enzymes are actually essential22 or because these are


the preferred targets for natural products. Advances in DNA


sequencing have provided additional impetus in the search for


novel drug targets, and it is expected that in the next few


years more than 100 bacterial DNA sequences will be com-


pleted.23 While these efforts will assist in the discovery of


genomics-derived targets, it will be important to ensure that


the drug target is present in all strains.24


A Novel Target for Drug Discovery: The
Bacterial Fatty Acid Biosynthesis Pathway
The bacterial fatty acid biosynthesis pathway (FAS-II) (Figure 1)


represents a validated and yet relatively unexploited target for


drug discovery. Although fatty acids are essential for bacte-


rial growth, they can not be scavenged from the host and


must be synthesized de novo.23,25 In addition, while compo-


nents of the FAS-II pathway are highly conserved across many


pathogens, the bacterial system, in which each reaction is per-


formed by individual enzymes, is fundamentally distinct from


the multienzyme FAS-I complex found in mammals.26,27


Finally, genetic knockout and knockdown experiments cou-


pled with the use of target-specific inhibitors have confirmed


that the FAS-II pathway is essential for bacterial cell


survival.25,27 Access to complete bacterial genome sequences


has led to the identification of many FAS-II components from


different pathogens.25 Moreover, structural data are available


for many of the homologues,28 which provides a good start-


ing point for the rational design of novel FAS-II enzyme inhib-


itors. Below, we summarize the current status of efforts to


inhibit the reaction in this pathway catalyzed by the enoyl


reductase (FabI).


FIGURE 1. The fatty acid biosynthesis pathway in E. coli. Enzymes
shown in the figure include the acetyl-CoA carboxylase (AccABCD),
malonyl-CoA:ACP transacylase (FabD), �-ketoacyl reductase (FabG),
�-hydroxyacyl dehydrase (FabA or FabZ in E. coli), and enoyl
reductase (FabI). The initial condensation reaction is catalyzed by
�-ketoacyl synthase III (FabH), while further rounds of elongation
are initiated by FabB or FabF (�-ketoacyl synthase I and II).
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The Enoyl Reductase (FabI)
The last reaction in each round of elongation involves the


reduction of an enoyl-ACP by the enoyl reductase enzyme. In


most organisms, this reaction is catalyzed by FabI, an NADH-


dependent enzyme encoded by the fabI gene. However, some


organisms also contain the flavoprotein FabK in addition to


FabI, while FabK is the sole enoyl reductase in Streptococcus


pneumoniae.29 In addition, Bacillus subtilis has been shown to


contain both FabI and the enoyl reductase FabL.30 Although


FabI inhibitors have been reported that also have some activ-


ity against FabK, the discovery of FabK and the absence of


FabI in some pathogens has reduced the likelihood that this


enzyme class can be targeted by broad spectrum antibacteri-


als.24 As will be discussed below, however, the enoyl reduc-


tases remain an excellent target for narrow spectrum drug


discovery.


FabI was initially shown to be essential for bacterial viabil-


ity by Bergler et al.31 The FabI enzymes are members of the


short-chain alcohol dehydrogenase/reductase (SDR) superfam-


ily characterized by a catalytic triad that includes a tyrosine


and a lysine residue.32 In the dehydrogenases, the third com-


ponent of the triad is a serine, while in the reductases this res-


idue is a tyrosine or phenylalanine.28,33 While the overall


structural homology between the FabIs is high, variability


exists in a mobile loop of amino acids that covers the active


site (the substrate binding loop).34,35 Below we briefly sum-


marize existing FabI inhibitors, separated into two general


classes based on whether compounds form a covalent adduct


with the NAD cofactor.


FabI Inhibitors That Covalently Modify the Cofactor.


The diazaborines are a class of heterocyclic boron-contain-


ing compounds 1 (Figure 2) that inhibit FabI via the forma-


tion of a covalent bond between the boron atom and the


2′-hydroxyl of the NAD+ ribose (Figure 3).36 The diazaborine


group binds in the active site where the enoyl substrate is nor-


mally located, and thus the diazaborine-NAD adduct is a


bisubstrate FabI inhibitor.36 SAR studies have shown that the


diaza-moiety and the boron atom are essential for activity,37,38


while chemical optimization has resulted in a series of deriv-


atives 2 with antibacterial activity.38 Benzodiazaborine 3 deriv-


atives were also synthesized, with MIC values as low as 8


µg/mL against M. tuberculosis H37RV.39


Although isoniazid (INH, 4) was introduced in 1952, the


cellular target for this drug remained obscure until 1994 when


a missense mutation within the mycobacterial inhA gene was


shown to confer resistance to INH.40 Subsequently it was


shown that the product of the inhA gene was the M. tubercu-


losis FabI protein (InhA).41 Although mutations in InhA corre-


late with resistance to INH,42 the majority of resistance arises


from mutations in KatG, the mycobacterial catalase-
peroxidase enzyme.43 KatG is responsible for INH activation,


resulting in the formation of an adduct with NAD+ (the


INH-NAD adduct) 5 (Figure 2).44 We have shown that the


adduct is a slow onset inhibitor of InhA, binding tightly to the


enzyme with an overall Ki value of 0.75 nM.45 Structural stud-


ies have revealed that, like the diazaborine-NAD adduct, the


INH-NAD adduct is a bisubstrate inhibitor, and that enzyme-


inhibition is coupled to ordering of the substrate binding loop


(Figure 3).36,46


Although InhA is clearly a target for INH, the mode of


action of this drug is complex,47 and it is likely that there are


other targets in the cell. The observation that InhA mutations


observed in INH-resistant clinical isolates have only a small


impact on binding of the INH-NAD adduct to the enzyme


FIGURE 2. FabI inhibitors based on diazaborines and isoniazid.
Structures of the diazaborine skeleton 1, thiodiazaborine 2, and
benzodiazaborine 3 are shown. Ring A in structure 1 can be
benzene, naphthalene, thiophene, furan, or pyrrole. Isoniazid 4
reacts with NAD+ catalyzed by KatG to form the INH-NAD adduct
5. Compounds 6-8 are derivatives of INH-NAD, while 9 is a
derivative of INH. ADP is adenosine. Data were taken from refs 38
(2), 39 (3), 59 (4), 45 (5), 51 (7), 52 (8), and 54 (9) and unpublished
work by Tonge (6).
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prompted us to suggest that enzyme inhibition inside the cell


is modulated by protein–protein interactions within a multi-


enzyme noncovalent FAS-II complex.45 Additionally, reaction


of activated INH with NAD(P) results in several different chem-


ically distinct structures that might inhibit other targets in the


cell. In this regard, Blanchard and co-workers have demon-


strated that the INH-NADP adduct is a high-affinity inhibitor


of dihydrofolate reductase and have identified a number of


proteins in mycobacteria that can bind adducts formed


between INH and NAD(P).48,49


Efforts to build on the antimycobacterial potency of INH


have proceeded in two directions. Several chemical classes of


antimycobacterial compounds based on INH have been syn-


thesized, although it is not known whether these compounds


inhibit InhA directly.50 In addition, synthetic analogues of the


INH-NAD adduct have been explored (Figure 2) and while the


benzoic hydrazide analogue 6 (BNH-NAD) is a potent InhA


inhibitor (Tonge unpublished), other analogues such as 7 and


8 were less active but hold significant promise as lead com-


pounds for InhA inhibitor discovery.51,52 An inorganic com-


plex 9 based on INH has also been synthesized and


interestingly is a slow onset inhibitor of InhA.53 In vitro kinetic


assays and docking experiments suggest that inactivation of


InhA buy this complex does not require the presence of NADH


and that the inhibitor possibly interacts with the NADH bind-


ing site of the enzyme.54 Hence it is reasonable to predict that


inhibition of this compound does not require binding of NAD+


to the enzyme. It is also important to point out that com-


pounds such as 7–9 do not require activation by KatG and


thus may represent useful leads for developing novel agents


that are active against INH-resistant TB.


FabI Inhibitors That Interact Noncovalently with the
Enzyme-Cofactor Binary Complex. Diphenyl Ether
Inhibitors of ecFabI, saFabI, and pfFabI. Triclosan 10 is a


broad spectrum antimicrobial that is included in a wide range


of consumer products (Figure 4). While triclosan was long


thought to have no specific cellular target, genetic selection


experiments55 followed by kinetic and structural studies have


revealed that triclosan is a potent inhibitor of the FabI


enzymes from many organisms. Triclosan is a slow, tight-bind-


ing inhibitor of ecFabI, binding to the E/NAD+ product com-


plex with a Ki value of 7 pM.56–58 The triclosan phenol ring


forms a stacking interaction with the oxidized nicotinamide,


while both the triclosan hydroxyl group and ether oxygen par-


ticipate in hydrogen-bonding interactions involving the con-


served active site tyrosine (Y156 in ecFabI) and the 2′
hydroxyl of NAD+.35 Thus, although triclosan is not covalently


attached to NAD+, the structural features of the triclosan-
NAD+ complex are strongly reminiscent of the complex


formed between FabI, NAD+, and the diazaborine inhibitors.


Finally, binding of triclosan to ecFabI results in ordering of a


loop of amino acids close to the active site (the substrate bind-


ing loop) (Figure 5),35 and this has been proposed to account


for the slow step in formation of the final enzyme–inhibitor


complexes involving triclosan, as well as other slow onset


inhibitors.59


We have performed extensive SAR studies and have shown


that the A-ring chlorine (5-chloro) is critical for the high affin-


ity inhibition of ecFabI.56 Indeed, 11 binds 7-fold more tightly


FIGURE 3. Structure of benzodiazaborine-NAD and
isoniazid-NAD adducts bound to their target FabI enzymes: (A)
structure of the 2-(toluene-4-sulfonyl)-benzodiazaborine-NAD
adduct bound to ecFabI (yellow), in which a hydrogen bond is
shown between the inhibitor and the conserved tyrosine, Y156,
and the diazaborine is colored grey while the NAD and Y156 are
cyan (1dfg.pdb);36 (B) structure of the INH-NAD adduct (cyan)
bound to InhA (yellow) (1zid.pdb).46 The substrate binding loop is
colored red. The figures were made using Pymol.82


FIGURE 4. Diphenyl ether inhibitors of FabI. Structures of triclosan
10 and 5-substitued diphenyl ethers 11 Cl, 12 Me, 13 F, and 14 H
are shown. Compound 15 is the generic structure of the
alkyldiphenyl ether InhA inhibitors where the alkyl chain can be
1–14 carbons. Data for triclosan 10 were taken from ref 56 (E. coli),
unpublished work by Tonge (S. aureus), ref 66 (P. falciparum), and
refs 59 and 67 (M. tuberculosis). For compounds 11–15, the data
given are those for E. coli from ref 56.
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to ecFabI than triclosan (Ki ) 1 pM), while 12 and 13 bind


1,000-fold less tightly. In addition, while 10 and 11 bind


exclusively to the E:NAD+ product complex, 12 binds to both


the E/NAD+ and E/NADH enzyme complexes, while 13 binds


exclusively to the E/NADH complex. Thus, subtle steric and


electronic changes to the triclosan A ring have a dramatic


effect on interactions with ecFabI. In contrast to 10 –13, 14 is


a classical rapid uncompetitive inhibitor of ecFabI with a Ki


value of 0.5 µM, highlighting the importance of the 5-sub-


stituent for high-affinity slow onset inhibition. The alteration


in affinity of 10 –14 for ecFabI correlates well with their in
vitro antibacterial activity toward Escherichia coli, with MIC99


values ranging from 0.07 µg/mL for 11 to 3.7 µg/mL for 14.56


The strong correlation between Ki and MIC suggests that the


antibacterial activity of the diphenyl ether analogues results


directly from inhibition of ecFabI. An important recent devel-


opment shows that the experimental binding free energies for


the diphenyl ether compound series can be reproduced using


computational studies, paving the way for the rational design


of additional high-affinity compounds.60 The calculations uti-


lized the molecular mechanics Poisson–Boltzmann surface


area method, which showed that the van der Waals energies


are the most correlated component of the total affinity, indi-


cating that the shape of the inhibitor is very important in


defining the binding energies for this system.


In addition to analoging studies, we have also explored the


effect of mutagenesis on triclosan binding and have verified


the importance of F203, M159, and G93 in high-affinity


enzyme inhibition.57 These residues, which were originally


identified in the genetic selection experiments performed by


Levy and co-workers,55 surround the bound inhibitor, with


F203 lying close to the 5-substituent (Figure 5). Resistance to


triclosan in other organisms has also been correlated with


mutations in FabI (Staphylococcus aureus and M.
smegmatis),61,62 as well as increased expression of FabI (S.
aureus and M. tuberculosis),62,63 supporting the hypothesis that


FabI is the target for triclosan. Mutations in the FabI promoter


or structural gene are not the only mechanisms of resistance,


with efflux also playing an important role in organisms such


as Pseudomonas aeruginosa.64


In addition to ecFabI, triclosan is also a potent inhibitor of


the FabI enzymes from S. aureus and Plasmodium falciparum
(Figure 4). Efforts to improve the affinity and antibacterial activ-


ity of triclosan toward P. falciparum have involved synthesiz-


ing a series of analogues with different substituents on both


rings,65 and recently several 5-substituted diphenyl ethers


were reported that inhibit pfFabI with IC50 values in the low


nanomolar range and that are active against the parasite with


activity in the 1–2 µM range.66


Diphenyl Ether Inhibitors of InhA. While triclosan is a


potent inhibitor of ecFabI, saFabI, and pfFabI, this compound


only inhibits InhA with a Ki value of 0.2 µM.67 In addition, tri-


closan has only modest activity toward M. tuberculosis (MIC99


) 12.5 µg/mL for H37Rv).
59 Since resistance to INH results pri-


marily from mutations in KatG, we and others have proposed


that inhibitors of InhA that do not require activation should be


effective against INH-resistant TB. X-ray structural data indi-


cates that binding of triclosan to InhA in the presence of NAD+


does not cause ordering of the substrate binding loop. Since


triclosan is a rapid reversible inhibitor of InhA, these observa-


tions led to the hypothesis that high-affinity, slow binding inhi-


bition of FabI enzymes was coupled to loop ordering. This


hypothesis was supported by the knowledge that triclosan is


a slow onset inhibitor of ecFabI while the INH-NAD adduct is


a slow onset inhibitor of InhA and that in both cases inhibi-


tor binding results in loop ordering. Slow onset inhibition of


InhA by the INH-NAD adduct may be one reason why INH is


such an effective drug, since compounds that bind slowly to


form the final enzyme-inhibitor complex will also dissociate


more slowly from the enzyme, thereby increasing their resi-


dence time on the target and thus improving their in vivo
activity.83 We thus set out to design compounds based on the


diphenyl ether core that would increase contacts between the


inhibitor and loop residues in InhA with the objective of pro-


moting loop ordering and hence increasing the residence time


of the inhibitors on the enzyme. We subsequently developed


a series of alkyl diphenyl ethers, the most potent of which


(8PP) inhibits InhA with a Ki value of 1 nM (15 in Figure 4) .59


Significantly, this compound is active against both sensitive


and INH-resistant strains of M. tuberculosis with an MIC99 value


of 1–2 µg/mL. For the alkyl diphenyl ethers, there is a good


FIGURE 5. Structure of triclosan complexed with ecFabI and NAD+:
(A) structure of ecFabI (yellow) complexed with NAD+ (cyan) and
triclosan (grey) (1qsg.pdb)35 with the substrate binding loop colored
red and triclosan shown interacting with Y156 (cyan) and the NAD+


ribose hydroxyl; (B) the same structure with the loop omitted for
clarity in which F203 (cyan) can now be seen close to the triclosan
A ring. The figures were made using Pymol.82
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correlation between the Ki and MIC99 values, while overex-


pression of InhA in M. tuberculosis results in a 10-fold increase


in the MIC99 value for 8PP (Table 1). These data support the


contention that the compounds target InhA within the myco-


bacterium and are consistent with the hypothesis that InhA


inhibitors that circumvent the requirement for KatG activa-


tion should be active against INH-resistant strains of M.
tuberculosis.59,68


Although the alkyl diphenyl ethers were designed with


the intention of promoting loop ordering, structural stud-


ies reveal that the loop is disordered in the InhA/NAD+/


8PP complex (Figure 6).59 This observation is in agreement


with the knowledge that 8PP is a rapid reversible uncom-


petitive inhibitor of InhA and indicates that further struc-


tural elaboration is required to promote loop ordering.


Current inhibitor development efforts are focused on


improving the oral bioavailability of these compounds while


retaining their antibacterial activity. The mode of action of


the alkyl diphenyl ethers is also being explored using tran-


scriptional profiling experiments, which have revealed that


TABLE 1. Diphenyl Ether InhA Inhibitorsa


MIC99, µg mL-1 c


compoundb IC50 (nM) Ki′ (nM) H37Rv H37Rv pMH29:inhA TN587 NHN382


triclosan (10) 1000 ( 100 220 ( 20 12.5 ( 0 33.3 ( 12.9 12.5 ( 0 12.5 ( 0
2PP 2000 ( 700 d 3.8 ( 0 d d d
4PP 80 ( 15 d d d d
5PP 17 ( 5 11.8 ( 4.5 1.0 ( 0 d d d
6PP 11 ( 1 9.4 ( 0.5 2.1 ( 0.9 18.8 ( 6.8 2.0 ( 1.0 3.1 ( 0
8PP 5.0 ( 0.3 1.1 ( 0.2 1.9 ( 0.5 22.9 ( 5.1 2.0 ( 1.0 2.6 ( 0.9
14PP 150 ( 24 30.3 ( 4.7 175 d d d
INH 0.75 ( 0.08 0.05 ( 0 d 2.4 ( 1.3 1.6 ( 0


a Data from ref 59. b 2PP, 4PP, 5PP, 6PP, 8PP, and 14PP are the diphenyl ethers with ethyl, butyl, pentyl, hexyl, octyl, and tetradecyl substituents at the 5 position
(15). c MIC99 values are given for H37Rv, a drug-sensitive strain of M. tuberculosis, and two INH-resistant strains, TN587 and NHN382. MIC99 values were also
determined in a strain of H37Rv in which InhA was overexpressed using the pMH29:inhA vector. d Not determined.


FIGURE 6. Structure of 5-octyl-2-phenoxyphenol (grey) (8PP; 15 n
) 7) bound to InhA (yellow) in the presence of NAD+ (cyan)
(2b37.pdb)59 The disordered loop termini are colored red. The
figure was made using Pymol.82


FIGURE 7. Structures of the FabI inhibitors identified through
screening programs.
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the compounds fail to upregulate detoxification mecha-


nisms triggered by triclosan.59


FabI Inhibitors Developed through Screening
Programs. High-throughput screening programs at Glaxo-


SmithKline followed by chemical optimization have identi-


fied several classes of FabI inhibitors (Figure 7, Table 2). These


efforts led to the development of several indole-based com-


pounds such as 16 or 17.69,70 Both compound classes showed


excellent in vitro and in vivo activity against S. aureus. Crys-


tal structures of these compounds bound to FabI have been


solved, demonstrating that they occupy the region of the


active site where the enoyl substrate is expected to bind and


that they cause ordering of the active site loop.70 The obser-


vation that inhibition results in loop ordering suggests that


these compounds are slow-onset enzyme inhibitors, and thus


that their in vivo activity may result in part from increased res-


idence time on the enzyme.83 A benzofuran analogue of the


napthopyridone series 18 is currently being developed by


Affinium Pharmacueticals.71 Interestingly, the napthopyridone


17 also showed limited activity against FabK. However, 17
was significantly less active against FabK than FabI, explain-


ing the reduced antibacterial activity of this compound against


pathogens such as Str. pneumoniae. This observation rein-


forces a point made earlier that the enoyl reductase enzyme


class is likely a better target for the development of narrow


rather than broad spectrum antibacterials.


Screening programs have also identified other chemical


classes of InhA inhibitors including indole-piperazines 19,


pyrazole-based inhibitors 20,68 and pyrrolidine carboxamide


inhibitors 21.72 In the case of 19 and 21, structure-based


chemical optimization produced compounds with sub-micro-


molar IC50 values. Structural data indicate that the inhibitors


bind in the enoyl substrate binding site. Other classes of FabI


inhibitors that have been discovered include compounds that


incorporate thiopyridine 22 and 4-pyridone 23 (Figure 7,


Table 2) moieties.73,74 More recently, Crystal Genomics iden-


tified a 2-pyridone, CG400549 24, with potent antibacterial


activity against several clinically drug-resistant strains of S.
aureus. In vivo activity of this compound was also observed in


an animal model of staphylococcal infection.75 This com-


pound bears interesting structural similarities to the diphenyl


ether class of FabI inhibitors.


Natural Product FabI Inhibitors. Rock and co-workers


screened a panel of green tea catechins and related plant


polyphenols, and identified compounds such as (-)-gallocat-


echin gallate (GCG) 25 (Figure 7, Table 2) that inhibited bac-


terial fatty acid biosynthesis through an effect on both FabI


and FabG.76 In addition, screening of a flavonoid-containing


series of natural products resulted in the identification of (-)-


catechin gallate 26, which had an IC50 value of 0.3 µM for


pfFabI. The latter molecule had good antimicrobial activity


with in vitro IC50 values of 3.2 and 0.4 µM for chloroquine-


sensitive and -resistant strains of P. falciparum, respectively.77


A recent study also indicated that these tea catechins and


related polyphenols potentiate triclosan binding to pfFabI.78


Finally, two other natural products, linoleic acid 2779 and an


iridoid-related aglycone 28 extracted from Scrophularia lepi-
dota,80 were also shown to have moderate antimicrobial activ-


ity. The report that compound 25 inhibits FabG in addition to


FabI indicates that some of these compounds might have mul-


tiple metabolic targets. In general, however, these natural


compounds display very low toxicity to humans and thus rep-


TABLE 2. Other FabI Inhibitorsa


E. coli S. aureus


number inhibitor/chemotype IC50 (µM) MIC (µg/mL) IC50 (µM) MIC (µg/mL)


16 indole aminopyridines 4.2b >64b 2.4 0.5
17 indole naphthyridinones <0.06 0.5 0.05 0.016
18 benzofuran derivative of 17 d 0.03c d 0.015
22 thiopyridine series 3 d d 0.75
23 4-pyridone series 0.22 d d 0.25
24 CG400549 d d d 0.5–8
25 (-)-gallocatechin gallate (GCG) 5 90 d d
27 linoleic acid d d 35 56


M. tuberculosis P. falciparum


number inhibitor/chemotype IC50 (µM) MIC (µg/mL) IC50 (µM) MIC (µg/mL)


19 indole-piperazine (Genz-10850) 0.16 >12 18 6–13
20 pyrazole series (Genz-8575) 2.4 0.5–12 32 4–6
21 pyrrolidine carboxamide series 0.062 >56 d d
26 (-)-catechin gallate (CG) d d 0.3 0.18
28 iridoid-related aglycone d d 600 40.6


a IC50 values are given for enzyme inhibition. MIC values are for in vitro antibacterial activity. Data were taken from references 69 (16), 70 (17), 71 (18), 68 (19
and 20), 72 (21), 73 (22), 74 (23), 75 (24), 76 (25), 77 (26), 79 (27), and 80 (28). b H. influenzae. c S. epidermidis. d Not reported.


Inhibitors of FabI Lu and Tonge


Vol. 41, No. 1 January 2008 11-20 ACCOUNTS OF CHEMICAL RESEARCH 17







resent potentially useful leads for the development of novel


FabI inhibitors.


Summary
Aggressive efforts must be made to develop new antimicro-


bial drugs in order to keep pace with the emergence of organ-


isms that are resistant to current chemotherapeutics, and there


must be a concerted effort to identify and inhibit novel drug


targets. As discussed above, while a significant fraction of met-


abolic space is not currently targeted by existing drugs, stud-


ies suggest that the range of new “druggable” targets may be


limited. The inhibitor discovery efforts described in this


Account firmly validate the microbial fatty acids biosynthesis


pathway as a target for drug discovery. While the discovery of


FabK in some organisms has reduced the likelihood that


broad spectrum enoyl reductase inhibitors can be developed,


there is clear evidence that FabI is an excellent target for the


development of narrow spectrum antimicrobials that selec-


tively target pathogens such as M. tuberculosis, P. falciparum,


and drug-resistant S. aureus. Although outside the scope of the


present Account, it is also important to note that other steps


in the FAS-II pathway are candidates for drug development. In


particular, the �-ketoacyl-ACP synthases are also validated tar-


gets for inhibitor discovery, although efforts have been ham-


pered until recently by the lack of compound selectivity


between the bacterial and mammalian FAS pathways.81 In


addition, the �-ketoacyl-ACP reductase is highly conserved


and widely expressed with only a single isoform known in


bacteria and thus provides a good drug target for board spec-


trum antimicrobial development. Conversely, the lack of obvi-


ous homologues for the �-hydroxyacyl dehydrase in some


organisms suggests the presence of novel proteins that might


be good targets for the development of selective antimicrobi-


als. While the wealth of information from genome sequenc-


ing and analysis projects will be important for identifying


FAS-II homologues in pathogens, the presence of multiple tar-


gets in this pathway presents the possibility of developing syn-


ergistic chemotherapeutic regimes that intervene simul-


taneously at multiple points in the biosynthesis of fatty acids.


This work was supported by NIH Grants AI44639, AI70383, and


AI58785 to P.J.T.
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C O N S P E C T U S


Epothilones are macrocyclic bacterial natural products with potent microtubule-stabilizing and antiproliferative activity. They
have served as successful lead structures for the development of several clinical candidates for anticancer therapy. However,


the structural diversity of this group of clinical compounds is rather limited, as their structures show little divergence from the orig-
inal natural product leads. Our own research has explored the question of whether epothilones can serve as a basis for the devel-
opment of new structural scaffolds, or chemotypes, for microtubule stabilization that might serve as a basis for the discovery of
new generations of anticancer drugs. We have elaborated a series of epothilone-derived macrolactones whose overall structural
features significantly deviate from those of the natural epothilone scaffold and thus define new structural families of microtubule-
stabilizing agents. Key elements of our hypermodification strategy are the change of the natural epoxide geometry from cis to
trans, the incorporation of a conformationally constrained side chain, the removal of the C3-hydroxyl group, and the replace-
ment of C12 with nitrogen. So far, this approach has yielded analogs 30 and 40 that are the most advanced, the most rigor-
ously modified, structures, both of which are potent antiproliferative agents with low nanomolar activity against several human
cancer cell lines in vitro. The synthesis was achieved through a macrolactone-based strategy or a high-yielding RCM reaction. The
12-aza-epothilone (“azathilone” 40) may be considered a “non-natural” natural product that still retains most of the overall struc-
tural characteristics of a true natural product but is structurally unique, because it lies outside of the general scope of Nature’s
biosynthetic machinery for polyketide synthesis. Like natural epothilones, both 30 and 40 promote tubulin polymerization in vitro
and at the cellular level induce cell cycle arrest in mitosis. These facts indicate that cancer cell growth inhibition by these com-
pounds is based on the same mechanistic underpinnings as those for natural epothilones. Interestingly, the 9,10-dehydro analog
of 40 is significantly less active than the saturated parent compound, which is contrary to observations for natural epothilones B
or D. This may point to differences in the bioactive conformations of N-acyl-12-aza-epothilones like 40 and natural epothilones.
In light of their distinct structural features, combined with an epothilone-like (and taxol-like) in vitro biological profile, 30 and 40
can be considered as representative examples of new chemotypes for microtubule stabilization. As such, they may offer the same
potential for pharmacological differentiation from the original epothilone leads as various newly discovered microtubule-stabiliz-
ing natural products with macrolactone structures, such as laulimalide, peloruside, or dictyostatin.
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1. Introduction


Microtubules are dynamic subcellular structures that are cen-


tral to a multitude of cellular processes, including the main-


tenance of cell shape, cell motility, intracellular transport, and


cell division. Upon entry of a cell into mitosis, the microtu-


bule network undergoes a fundamental rearrangement, which


produces the mitotic spindle as the structural scaffold for chro-


mosome alignment and subsequent chromatid separation. In


light of this fundamental role in cell division, it is not surpris-


ing that the modulation of microtubule function has emerged


as an important mechanistic principle in cancer chemother-


apy, with a number of microtubule-interacting agents being


routinely employed in clinical practice1 and many others


being evaluated in clinical trials or undergoing advanced pre-


clinical development.2 Anticancer drugs targeting the tubulin/


microtubule system include the tubulin polymerization


inhibitors vinblastine, vincristine, and vinorelbin, as well as the


microtubule stabilizers taxol (paclitaxel, Taxol) and docetaxel


(Taxotere).1 The distinction between tubulin polymerization


inhibitors and microtubule stabilizers (which also promote


tubulin polymerization from soluble tubulin under otherwise


nonpolymerizing conditions) is based on clearly discernible


differences between these groups in their effects on the


polymerization state of tubulin in vitro (i.e., in experiments


with isolated tubulin or microtubule protein), but the antipro-


liferative activity of both types of compounds in cells at low


concentrations appears to arise from the suppression of micro-


tubule dynamics (in the absence of measurable changes in


tubulin polymer mass).3 Microtubule-interacting agents (or


tubulin modulators) are classical cytotoxics acting on a ubiq-


uitous cellular target and therefore are associated with a num-


ber of sometimes severe clinical side effects. Nevertheless, and


despite the emergence of many “cancer-specific” targets over


the last 20 years, research into new (improved) tubulin mod-


ulators still represents an important part of modern antican-


cer drug discovery and development. Because the major types


of solid human tumors (breast, lung, prostate, ovarian, and


colon), which represent the vast majority of cancer cases


today, are multicausal in nature, it is increasingly recognized


that their treatment with “mechanism-based” agents alone is


unlikely to be successful. Instead, improved treatment strate-


gies are likely to involve combinations of, for example, sig-


nal transduction inhibitors with new and better cytotoxic


drugs.


The first compound ever discovered to stabilize microtu-


bules was the plant-derived diterpenoid taxol,4 whose suc-


cessful development into an effective anticancer drug arguably


represents one of the major milestones in the history of can-


cer chemotherapy.5 Following the elucidation of taxol’s mech-


anism of action in 1979,4 it took 16 years until the bacterial


natural products epothilones A and B (whose antiprolifera-


tive effects on human cancer cells had been known for sev-


eral years prior,6 Figure 1) were established as the first non-


taxane-based microtubule stabilizers in 1995 by Bollag et al.


at Merck Research Laboratories.7 In addition, and in marked


contrast to taxol, epothilones were found to exhibit very low,


if any, susceptibility to P-glycoprotein (P-gp)-mediated drug


efflux, thus leading to virtually equivalent growth inhibitory


activity against drug-sensitive and multidrug-resistant human


cancer cells in vitro and in vivo. Based on these attributes,


epothilones have been widely pursued as lead structures for


the development of a new generation of non-taxane-derived


microtubule stabilizers for cancer treatment.8 These efforts


have included the synthesis and semisynthesis of several hun-


dred analogs for the investigation of structure–activity rela-


tionships (SAR), and most importantly, they have led to the


discovery of at least six compounds that have entered clini-


cal trials in humans (in addition to the natural product


epothilone B (Epo B) itself).8 One of these compounds (ixa-


bepilone) has recently been approved by the FDA for clinical


use in humans (http://www.cancer.gov/cancertopics/druginfo/


fda-ixabepilone). However, the structural diversity represented


by this group of clinical compounds is rather limited because


most of them exhibit little structural divergence from the orig-


inal natural product leads. While such small structural changes


can in fact suffice to produce meaningful favorable changes in


overall pharmacological profile (at least at the preclinical level),


the availability of more structurally diverse analogs would still


be highly desirable because they may offer a higher a priori
potential for pharmacological distinction from the starting nat-


FIGURE 1
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ural product. In general, structural diversity in the field of


microtubule stabilizers has significantly increased over the past


decade through the discovery of a series of structurally dis-


tinct natural products from a variety of sources,9 but with one


exception (discodermolide),10 these compounds (or analogs


thereof) are still at the stage of preclinical evaluation.


Natural products have been the most productive source of


potent microtubule stabilizers by far,9 and the screening of


large natural products collections or of libraries of natural-


product-related compounds obtained through diversity-orient-


ed11 or biology-oriented12 synthesis may uncover new


templates for microtubule stabilization in the future. Alterna-


tively, such templates may be evolved from existing microtu-


bule stabilizers, such as epothilones, through extensive


structural modification (and perhaps simplification), provided


such modifications do not produce an unacceptable loss in the


desired biological activity. Thus, our own research in the area


of natural-product-based microtubule stabilizers has been


directed toward the evolution of hypermodified epothilone


analogs (i.e., molecules with very limited, if any, structural sim-


ilarity to the original epothilone scaffold) that would ultimately


represent new chemotypes for microtubule inhibition. In a


very general sense, this strategy could be viewed as the syn-


thesis-based equivalent to the discovery of a new natural


product with a specific biological activity. In this Account, we


will highlight some of the structural changes of the epothilone


scaffold that we have investigated within this conceptual


framework and that have led to analog structures that may be


regarded as prototypical examples of new templates for micro-


tubule stabilization and, at a more general level, as “non-


natural” natural products. A large part of this work was based


on two specific SAR features for epothilones that we had pre-


viously elucidated in our laboratory and that involve (i) the


effect of changing the geometry of the C12,C13 epoxide moi-


ety from cis to trans and (ii) the rigidification of the C15 side


chain through incorporation of a phenyl linker between the


heterocycle and the macrolactone ring. Thus, we have dem-


onstrated that 12S,13S-trans-Epo A (3) (Figure 1) has virtu-


ally equipotent (if not slightly more potent) effects on tubulin


assembly and cancer cell growth in vitro as natural Epo A (1),


while the corresponding 12R,13R isomer is several hundred


fold less active.13 Rigidification of the C15 side chain as in


analogs of type 4 or 5 (Figure 1) generally leads to enhanced


cellular potency; among the limited set of modifications inves-


tigated, this effect was most pronounced for a dimethyl-ben-


zimidazole side chain (Figure 1 , X ) N(CH3), R ) CH3),14


which was thus selected as the standard structure in the


design of hypermodified epothilone analogs. In addition to


this side chain modification and the incorporation of a trans


epoxide moiety into the macrocycle, a third strategic entry


point into the creation of potent hypermodified epothilone


analogs was the removal of the hydroxyl group in the 3-po-


sition of the epothilone scaffold, which would also lead to


structural simplification and improved synthetic accessibility.


This modification will be discussed in more detail in the


following.


2. 3-Deoxyepothilones


While the biological properties of 3-deoxyepothilones (with a


C-C single bond between C2 and C3) had not been evalu-


ated prior to our own work, a number of related modifica-


tions had been described in the literature. In particular, it had


been demonstrated by the BMS group that dehydration across


the C2-C3 bond (leading to trans-3-deoxy-2,3-didehydro


epothilones) is well tolerated as is the replacement of the (3S)-


hydroxyl by a (3S)-cyano group.15 The BMS group’s findings


on trans-3-deoxy-2,3-didehydro epothilones are suggestive of


an anti-periplanar conformation of the C2-C3 bond in the


tubulin-bound state of epothilones, which has also been pro-


posed by Carlomagno et al. on the basis of NMR transfer NOE


experiments.16 Given the conformational constraints imposed


by the cyclic structural framework of epothilones, we surmised


that the preference for an antiperiplanar conformation about


the C2-C3 bond might not critically depend on the presence


of a hydroxyl group at C3 (even without desaturation between


C2 and C3), especially in light of the sterically demanding qua-


ternary nature of C4. In order to provide experimental sup-


port for this hypothesis, we embarked on the synthesis and


biological evaluation of 3-deoxyEpo B (13),17 a compound


that had not been previously described in the literature. Key


transformations in the synthesis of 13 (Scheme 1) comprised


the Suzuki-Miyaura coupling of olefin 9 with vinyl iodide 10,


Yamaguchi macrolactonization of seco acid 11, and finally


epoxidation of the C12-C13 double bond in deprotected


macrolactone 12. Unexpectedly, macrolactonization was


accompanied by partial epimerization at C15, which later


necessitated purification of 12 by preparative HPLC (in order


to remove the minor isomer).17


Intriguingly, 3-deoxyEpo B (13) showed potent tubulin-


polymerizing and antiproliferative activity, despite the absence


of a hard conformational constraint between C2 and C3, such


as a CdC double bond.17 The cellular activity of the com-


pound against the human cervical cancer cell line KB-31 is


only ca. 25-fold lower than that of Epo B (IC50-values of 7.4


nM and 0.29 nM for 13 and Epo B, respectively (Table 1)) and
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is thus comparable with that of taxol, Epo A, or trans-3-deoxy-


2,3-didehydro-Epo B. Compound 13 also retains activity


against multidrug-resistant KB-8511 cells. The reduction in


antiproliferative activity is more pronounced for deoxy com-


pound 12, which is ca. 40-fold less potent than Epo D (12,13-


deoxyEpo B) (Table 1).


While these data were highly encouraging, the removal of


the 3-hydroxyl group was meant to represent only one ele-


ment in our overall strategy toward hypermodified epothilone


analogs, which were envisioned to incorporate additional


modifications that would not further diminish biological


potency. Based on our previous work on conformationally


constrained side chain modifications, this quest led to the


design of analog 17,17 which combines the 3-deoxyEpo B


scaffold with a potentially potency-enhancing dimethyl-benz-


imidazole side chain. The synthesis of this analog is summa-


rized in Scheme 2 and again proceeds through Pd(0)-catalyzed


Suzuki-Miyaura coupling of olefin 9 with an appropriate vinyl


iodide (i.e., 14) as a key step. As in the synthesis of 13, the


coupling product was converted into the corresponding seco


acid 15 by ester saponification and selective TES removal


from O-C15. Yamaguchi macrolactonization with 15 followed


by deprotection of O-C7 and epoxidation of the resulting


3-deoxyEpo D analog 16 then led to analog 17 as the final


target structure. Again, macrolactonization produced a side


product, which based on spectroscopic data was identified as


the C15-R epimer and which was separated by flash chroma-


tography at the stage of the free 12,13-deoxy compound 16


(i.e., after TBS removal from O-C7). The epoxidation of 16


with catalytic MeReO3 and H2O2/pyridine in CH2Cl2
18 pro-


ceeded with >10/1 selectivity (85% yield for the mixture of


isomers), and pure 17 was obtained in 54% isolated yield


after purification by preparative HPLC. In contrast to 16 , the


epoxidation of the corresponding Epo C analog (3-deoxyEpo


C; Epo C ) 12,13-deoxyEpo A) under identical conditions


proved to be much less selective (2/1 selectivity in favor of the


SCHEME 1a


a Conditions: (i) LDA, -78 °C, 2 h, 58% (dr ) 2.5/1). (ii) TBSOTf, 2,6-lutidine, -10 °C, 1 h, 82%. (iii) H2/Pd-C, MeOH, 1 h, 97%. (iv) o-NO2PhSeCN, Bu3P, NaHCO3,
H2O2, RT, 2 h, 69%. (v) (a) Olefin 9, 9-BBN, THF, RT, 2 h (solution A); (b) Solution A added to mixture of Cs2CO3 (2 equiv), PdCl2(dppf)2 (0.2 equiv), Ph3As (0.2
equiv), vinyl iodide 10, DMF, -10 °Cf RT, 16 h, 55%. (vi) LiOH (6 equiv), i-PrOH/H2O 4/1, 60 °C, 3 h, 98%. (vii) 2,4,6-Cl3C6H2C(O)Cl, Et3N, THF, 0 °C, 15 min,
then diluted with toluene and added to a solution of DMAP in toluene, RT, 1 h, 80% (2/1 mixture of epimers). (viii) HF · pyridine, THF, RT, 6 h, 90% (2/1 mixture
of isomers; pure 12 obtained through purification by preparative HPLC). (ix) MeReO3, H2O2/pyridine/H2O, RT, 90 min, 72% (9/1 mixture of epoxide isomers; pure
13 obtained through purification by preparative HPLC).


TABLE 1. Tubulin-Polymerizing and Antiproliferative Activity of
Natural and Modified Epothilones


compound
% tubulin


polymerizationb IC50 KB-31 (nM)d IC50 KB-8511 (nM)d


Epo A 62.6 2.15 ( 0.07 1.91 ( 0.07
Epo B 95.8 0.29 ( 0.05 0.22 ( 0.05
Epo Ca ndc 24.9e 9.9e


Epo Da 81.0 2.70 ( 1.31 1.44 ( 0.78
taxol 53.7 3.68 ( 0.68 805 ( 144
13 92.2 7.4 ( 2.2 4.0 ( 1.6
12 78.7 114 ( 7 74 ( 3
17 ndc 0.58f 1.89f


16 ndc 4.99 ( 2.15 5.75 ( 3.24
25 95 0.25 ( 0.02 1.36 ( 0.36
28 ndc 0.17 ( 0.04 0.13 ( 0.02
30 82.0 3.16 ( 0.55 7.60 ( 2.44
40 ndc 0.34 ( 0.15 222 ( 48
a Epo C ) 12,13-deoxyepothilone A; Epo D ) 12,13-deoxyepothilone B.
b Induction of polymerization of bovine brain tubulin by 5 µM test compound
relative to the effect of 25 µM Epo B, which gave maximal polymerization
(100% value). c nd ) not determined. d IC50 values for growth inhibition of
the human cervical carcinoma cell lines KB-31 and KB-8511, respectively. KB-
8511 is a P-glycoprotein 170 (P-gp170)-overexpressing multidrug-resistant
subline of the KB-31 line. Cells were exposed to compounds for 72 h.
Numbers are means of g3 independent experiments ((SD). e Single
determination. f Average values for two determinations. Individual values:
0.54/0.62 (KB-31) and 1.61/2.16 (KB-8511). Data are from refs 17 (12, 13,
16, 17, 30), 19 (25), 21 (28), and 25 (40).
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desired epoxide isomer) and the (12R,13S)-epoxide could only


be obtained in 16% isolated yield (after purification by pre-


parative TLC).17


The benzimidazole side chain in 17 leads to a significant


potency increase over 13, such that the activity of 17 against


the drug-sensitive KB-31 line becomes comparable with that


of Epo B, which is the most potent natural epothilone (Table


1).17 Thus, the side chain modification can largely compen-


sate for the removal of the 3-hydroxyl group from the natu-


ral epothilone core structure. In contrast to the drug-sensitive


KB-31 cells, a smaller activity difference between 17 and 13
is observed for the multidrug-resistant KB-8511 line; in fact,


compound 17 shows a small (3–4-fold), but clearly detect-


able activity differential between the sensitive and the resis-


tant cell lines, indicating that it may be a weak substrate for


the P-gp efflux pump. We have made similar observations for


other benzimidazole-based epothilone analogs,14,19 and


reduced activity against KB-8511 cells has also been noted for


a variety of structurally unrelated (i.e., non-benzimidazole-


based) analogs, if they were more polar (reduced clogP) than


the corresponding parent epothilone (M. Wartmann, K.-H. Alt-


mann, A. Flörsheimer, unpublished data). This point will be


addressed in more detail below. Similar conclusions as dis-


cussed here for compound 17 can also be derived for the ben-


zimidazole-based analogs of 3-deoxyEpo D (16; Table 1)),


3-deoxyEpo A, and 3-deoxyEpo C.


3. trans-Epothilone A analogs


While compounds 13 and 17 deviate from natural


epothilones in the structure of the core macrocycle and the


heterocycle-bearing side chain, they are still characterized by


a cis configured epoxide moiety at positions 12 and 13, which


is a major structural hallmark of the natural products. On the


other hand, synthetic (12S,13S)-trans Epo A (but not the cor-


responding (12R,13R)-isomer) is an equally potent tubulin


polymerization inducer and cancer cell growth inhibitor as Epo


A (vide supra),13 which suggested that the trans-Epo A macro-


cycle could serve as a basic template for the development of


new chemotypes for microtubule inhibition. In this context, it


was important to understand whether the combination of the


trans-Epo A scaffold with modifications that had proven to


enhance potency or be reasonably well tolerated in cis-ep-


oxide-based structures would still lead to potent analogs or


whether the SAR pattern of trans- and cis-epothilones might in


fact be different. In a first step, this question was addressed by


the replacement of the natural epothilone side chain in trans-


Epo A with a dimethyl-benzimidazole moiety, leading to com-


pound 25 (Scheme 3) as an initial target structure for synthesis


and biological evalution.19 As illustrated in Scheme 3, the syn-


thesis of 25 according to the strategy employed for 13 and 17


required trans-vinyl iodides 19 or 20 as the coupling partner


for the Suzuki-Miyaura coupling with olefin 9. These inter-


mediates were obtained by Takai reaction with aldehyde 18,


which produced an inseparable 5/1 mixture of (TBS-protected)


E- and Z-vinyl iodides (19). However, conversion of 19 into the


corresponding mixture of free alcohols enabled the isolation


of the desired E-isomer through careful crystallization in


almost pure form (E/Z-ratio >15; 43% yield). Reprotection of


the free homoallylic hydroxyl group provided TES-ether 20,


which underwent smooth Suzuki-Miyaura coupling with ole-


fin 9 to produce 21. Subsequent ester saponification was


accompanied by concurrent loss of the TES group on O-C15


and the resulting seco acid 22 was converted into trans-Epo


C analog 23 through Yamaguchi macrolactonization and TBS-


ether cleavage. Treatment of 23 with an excess of oxone in


the presence of 0.8 equiv of ketone 2420 produced an 8/1


mixture of epoxide isomers (70% yield after flash chromatog-


raphy), from which 25 was isolated in pure form and 53%


overall yield through preparative HPLC.19 The yield of the


epoxidation step (23f25) significantly exceeded the yield


SCHEME 2a


a Conditions: (i) (a) Olefin 9, 9-BBN, THF, RT, 2 h (solution A); (b) solution A
added to a mixture of Cs2CO3 (2 equiv), PdCl2(dppf)2 (0.2 equiv), Ph3As (0.2
equiv), vinyl iodide 14 (1 equiv), DMF, 0 °Cf RT, 2 h, 77%. (ii) LiOH (6 equiv),
i-PrOH/H2O 4/1, 60 °C, 3 h, 90%. (iii) TBAF, THF, RT, 24 h, 75%. (iv) 2,4,6-
Cl3C6H2C(O)Cl, Et3N, THF, 0 °C, 15 min, then diluted with toluene and added
to solution of DMAP in toluene, RT, 1 h, 85% (10/1 mixture of epimers). (v)
HF · pyridine, CH3CN, RT, 3 h, 54% (single isomer; 87% for mixture of epimers).
(vi) MeReO3, H2O2/pyridine/H2O, RT, 30 min, 64% (10/1 mixture of epoxide
isomers).
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obtained for the conversion of trans-Epo C into trans-Epo A (3)


under similar conditions (13%).13


trans-Epo A analog 25 is a potent inducer of tubulin polym-


erization, and it exhibits high antiproliferative activity against


the drug-sensitive human cervical cancer cell line KB-31 (Table


1).19 Significantly, compound 25 is a more potent inhibitor of


KB-31 cell growth than the parent compound trans-Epo A (3)


(IC50 values of 0.25 and 2.15 nM, respectively (Table 1)); in


fact, the activity of 25 against this drug-sensitive cell line is


comparable with that of Epo B as the most potent natural


epothilone, which further attests to the activity-enhancing


effect of the dimethyl-benzimidazole moiety. In contrast to


KB-31 cells, a significantly different picture emerged for the


P-gp-overexpressing, multidrug-resistant KB-8511 cell line,


where 25 (like 17 and other dimethyl-benzimidazole-based


epothilone analogs) showed reduced growth inhibitory activ-


ity (compared with its effects against the drug-sensitive KB-31


line). This finding suggests that 25 may be a (moderate) sub-


strate for the P-gp efflux pump, which seems not to be the


case for trans-Epo A (3) itself.13 It should be noted, however,


that benzimidazole-based analog 25 is still far less suscepti-


ble to P-gp-mediated efflux than taxol, for which the activity


differential between KB-8511 and KB-31 cells is ca. 230-fold.


As indicated above, reduced activity against the P-gp-over-


expressing KB-8511 cell line had been observed in our labo-


ratory for a variety of epothilone analogs with enhanced


polarity, including Epo B analog 17 (Table 1). Based on this


observation, we speculated that the activity of 25 (and other


benzimidazole-based epothilone analogs) against P-gp-over-


expressing cells might be restored through appropriate adjust-


ments in compound polarity, and we felt that in the case of 25


this could possibly be achieved by the isosteric replacement


of the epoxide moiety with a cyclopropane ring. This type of


modification had previously been shown to be well tolerated


in natural Epo A and B8 and was predicted to produce a


change in clogP from 2.87 for 25 to 4.15 for the correspond-


ing cyclopropyl analog 28 (Scheme 4).


SCHEME 3a


a Conditions: (i) CHI3, CrCl2 (8 equiv), dioxane/THF 6/1, 62%. (ii) CSA, CH2Cl2/
MeOH, crystallization from CH2Cl2/hexane/MeOH, 43% (92% for 5/1 mix-
ture of E/Z isomers before crystallization). (iii) TES-Cl, imidazole, DMF, 0 °C, 90
min, 97%. (iv) (a) Olefin 9, 9-BBN, THF, RT, 2 h (solution A); (b) addition of solu-
tion A to a mixture of Cs2CO3, PdCl2(dppf)2, Ph3As, vinyl iodide 20, DMF, -10
°C f RT, 16 h, 55%. (v) LiOH (6 equiv), i-PrOH/H2O 4/1, 50 °C, 7 h, 78%. (vi)
2,4,6-Cl3C6H2C(O)Cl, Et3N, THF, 0 °C, 15 min, then dilution with toluene and
addition to solution of DMAP in toluene, RT, 1 h, 93%. (vii) HF · pyridine, THF,
RT, 8 h, 80%. (viii) Oxone, ketone 24, Bu4N(HSO4) (cat), K2CO3, MeCN/DME/
0.05M Na2B4O7 · 10H2O in 4 × 10-4 M Na2EDTA 1/1/1.3, 0 °C, 3 h, 70%.


SCHEME 4a


a Conditions: (i) (a) Et2Zn (9 equiv), CH2I2 (9 equiv), CF3COOH (9 equiv), -13
°C, 30 min; (b) + 26, -13 °C, 20 min, 77%. (ii) LiOH, i-PrOH/H2O 4/1, 60 °C,
3 h, 91%. (iii) PPh3, DIAD, toluene, -13 °C, 90 min, 40% (57% based on
recovered SM). (iv) HF · pyridine, CH3CN, RT, 2 h, 42% (after HPLC purifica-
tion, 83% crude).
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At the synthetic level, the most straightforward approach to


target structure 28 would consist in the direct cyclopropana-


tion of the corresponding 12,13-deoxy precursor 23 (Scheme


3), and this reaction was investigated under a variety of con-


ditions. Cyclopropanation of 23 could indeed be achieved with


Et2Zn/CH2I2 in the presence of equimolar amounts (relative to


Et2Zn and CH2I2) of CF3CO2H, but a large excess (120 equiv)


of cyclopropanating agent was necessary to drive the reac-


tion to completion.21 In addition, these conditions were asso-


ciated with a complete lack of stereoselectivity and both


cyclopropane isomers were formed in a 1/1 ratio. Other


approaches to convert 23 into 28 either gave no conversion


(Et2Zn/CH2I2/Cl3PhOH or CH2N2/Pd(OAc)2) or only led to the


formation of degradation products (CHBr3/NaOH/BnEt3NCl).21


The stereoselective incorporation of the cyclopropane moi-


ety in analog 28 could finally be accomplished through the


directed cyclopropanation of homoallylic alcohol 26 (Scheme


4), an approach that was suggested by prior work on the cis-
cyclopropane isomer of 28.21 Thus, the treatment of 26 with


9 equiv of Et2Zn/CH2I2/CF3CO2H for 20 min produced cyclo-


propane 27 in 77% yield and essentially as a single isomer


(Scheme 4).21 It should be noted that the C15 stereocenter in


26 and 27 exhibits the “non-natural” R configuration, which is


required for the cyclopropanation to provide the desired abso-


lute configuration at C12,C13. Seco ester 27 could be elabo-


rated into trans-Epo A analog 28 through ester saponification


with LiOH in iPrOH/H2O, Mitsunobu macrolactonization (which


enables the concomitant inversion of stereochemistry at C15),


and deprotection with HF · pyridine in 17% overall yield


(including HPLC purification of the final product; Scheme 4).21


The cis-cyclopropane isomer of 28 could be obtained in an


analogous way, and both compounds were found to be


extremely potent antiproliferative agents, which inhibit the


growth of the drug-sensitive human cervical carcinoma cell


line KB-31 with sub-nanomolar IC50 values (Table 1; data for


the cis-isomer not shown).21 Thus, 28 (IC50 ) 0.17 nM) inhib-


its the growth of drug-sensitive KB-31 cells with at least the


same potency as the corresponding epoxide 25 (IC50 ) 0.25


nM), and it is clearly more potent than its epoxide-based par-


ent compound trans-Epo A (3). Most importantly, however, 28
retains full activity against the P-gp-overexpressing KB-8511


variant of the KB-31 line (IC50 ) 0.13 nM), which is in marked


contrast to the situation with epoxide-based analog 25. The


data indicate that 28 is significantly less susceptible to P-gp-


mediated drug efflux than 25, and the same applies to the


corresponding pair of cis-cyclopropane/epoxide isomers.21


The potent biological activity of analogs 25 and 28 sug-


gested that further modification of these structures by the


removal of the C3-hydroxyl group would likely produce new


hypermodified epothilone analogs that would retain signifi-


cant biological activity. So far, this suggestion has been exper-


imentally addressed with epoxide-based analog 30, which


was obtained from 9 via Suzuki-Miyaura coupling with vinyl


iodide 20, elaboration of the coupling product into deoxy ana-


log 29, and final epoxidation of the C12-C13 E double bond


(Scheme 5).17 As for the transformation of 23 to 25 (Scheme


3), the epoxidation step involved the use of catalyst 2420 and


provided 30 as single isomer in 65% isolated yield after sim-


ple flash chromatography (86% based on recovered starting


material).


Quite remarkably, the tubulin-polymerizing and antiprolif-


erative activity of 30 is virtually identical with that of Epo A or


taxol, despite its harboring major structural alterations rela-


tive to the native epothilone scaffold (Table 1).17 As for ana-


log 25, the growth inhibitory activity of 30 is slightly lower


against the multidrug-resistant KB-8511 cell line than the


taxol-sensitive KB-31 line. However, as demonstrated above,


this shortcoming may be correctable through the replacement


of the epoxide ring by a cyclopropane moiety, and studies


along these lines are currently in progress in our laboratory.


4. 12-Aza-epothilones


As an alternative to the iterative modification approach


described above, which does not alter the polyketide charac-


ter of the core macrocycle, our efforts to develop new struc-


tural templates for microtubule stabilization have also included


the design of different types of aza-epothilones. These ana-


logs are characterized by the replacement of a backbone car-


SCHEME 5a


a Conditions: (i) (a) Olefin 9, 9-BBN (0.8 equiv), THF, RT, 2 h (solution A); (b)
addition of solution A to a mixture of Cs2CO3 (1.5 equiv), PdCl2(dppf)2 (0.1
equiv), Ph3As (0.2 equiv), vinyl iodide 20 (Scheme 3, 1 equiv), DMF, -10 °Cf
RT, 16 h, 58%. (ii) LiOH (6 equiv), THF/H2O 7/1, RT, 24 h, 76%. (iii) 2,4,6-
Cl3C6H2C(O)Cl, Et3N, THF, 0 °C, 15 min, then diluted with toluene and added
to a solution of DMAP in toluene, RT, 1 h, 71%. (iv) HF · pyridine, THF, RT, 6 h,
94%. (v) Oxone, ketone 24 (0.8 equiv), Bu4N(HSO4) (cat), K2CO3, MeCN/DMM/
0.05M Na2B4O7 · 10 H2O in 4 × 10-4 M Na2EDTA 1/1/1.3, 0 °C, 3 h, 65%
(86% based on recovered starting material; single isomer).
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bon atom with nitrogen, which disrupts the regular polyketide


structure of the macrocyclic backbone. As a result such aza-


epothilones may be appropriately described as “non-natural”


natural products: They still retain most of the (two-dimen-


sional) structural features of the natural product lead, but at


the same time they are structurally unique, because they are


outside of the general scope of Nature’s biosynthetic machin-


ery for polyketide biosynthesis, which is not programmed for


the incorporation of single nitrogen atoms in a regular


polyketide backbone.22 Among different classes of aza-


epothilones investigated,23–25 12-aza analogs of type 31
(termed “azathilones”; Figure 2) proved to be of particular


interest, because they can retain much of the antiprolifera-


tive activity of natural epothilones, depending on the nature


of the acyl substituent attached to the backbone nitrogen


atom.23 The most potent analog identified so far (out of a lim-


ited collection of structures with varying N-substituents; Fig-


ure 2) is tert-butyl carbamate 31a, whose antiproliferative


activity is still in the 100 nM range (i.e., only 15–50-fold lower


than the activity of Epo A). Considering the absence of any


hard conformational constraint from the Northern part of the


macrocycle, these results were highly intriguing; at the same


time the question arose whether and how the activity of aza-


thilone 31a could possibly be improved, such as to approach


the potency range of natural epothilones. Based on the sig-


nificant potency enhancement associated with a dimethyl-ben


zimidazole side chain attached to polyketide-based,


epothilone-derived macrocycles, the replacement of the nat-


ural epothilone side chain in 31a with a dimethyl-benzimida-


zole moiety presented itself as an obvious approach toward


the creation of highly potent new azathilones, thus leading to


compound 40 as an initial target for total synthesis and bio-


logical investigation (Figure 2).


Our synthesis of 40 was based on macrocycle formation


through ring-closing olefin metathesis (RCM) between C9 and


C10. Apart from the high chemical efficieny generally associ-


ated with RCM-based macrocyclizations,26 this strategy offered


the additional advantage that it would also provide the cor-


responding 9,10-didehydro analog of 40 (as the immediate


cyclization product). Because previous work by Danishefsky


and co-workers had shown the E-9,10-didehydro analogs of


Epo B and D to be even more active in cancer cell prolifera-


tion assays than the respective saturated parent compounds,27


it was of interest to assess this modification in the context of


an aza-macrolide scaffold.


The RCM-based synthesis of azathilone 40 is summarized


in Schemes 6 and 7 and involved three key strategic steps,


namely, (i) the stereoselective aldol reaction between alde-


hyde 32 and ketone 33 (dr ) 8:1) (Scheme 6), (ii) esterifica-


tion of carboxylic acid 36 with the unsaturated alcohol 37,


and (iii) RCM with diene 38 (Scheme 7). While the treatment


of diene 38 with the first generation Grubbs catalyst26 gave


no measurable conversion, the use of the dihydroimidazol-2-


ylidene-based second generation catalyst26 produced the


cyclic olefin in excellent yield (85%) and with exclusive E
selectivity. A similar degree of selectivity had been observed


previously for the RCM-based cyclization of the analogous


diene 41 (Figure 3), which incorporates the natural epothilone


side chain. The efficiency of the cyclization reaction was some-


what thwarted by difficulties encountered in the subsequent


reduction of the 9,10-double bond, which proved to be


extremely sluggish under all experimental conditions investi-


gated (thus leading to low yields and also side reactions such


FIGURE 2


SCHEME 6a


a Conditions: (i) 33, LDA, -78 °C, 5 h, then addition of 32, -90 °C, 75 min,
76%, dr ) 8/1. (ii) PPTS, MeOH, RT, 20 h, 86%. (iii) (a) TBSOTf, 2,6-lutidine,
-78 °C f RT, 1.5 h; (b) flash chromatography, 76% (single isomer). (iv) (a)
H2/Pd-C, MeOH, RT, 20 h; (b) TPAP, NMO, 4-Å MS, CH2Cl2, RT, 1 h; (c)
MePPh3Br, LiHMDS, THF, 0 °C, 1.5 h, 79% (three steps). (v) CSA (1.0 equiv),
CH2Cl2/MeOH 1/1, 0 °C, 1 h, 87%. (vi) PDC (11 equiv), DMF, RT, 64 h, 85%.
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as reductive ester cleavage with H2/Pd-C without reduction of


the double bond). The only viable approach for the transfor-


mation of 39 into 40 involved the use of in situ generated


diimide, which had been successfully employed in the trans-


formation of 9,10- and 10,11-didehydroEpo D, respectively,


into Epo D (12,13-deoxyEpoB)27 and which produced 40 in


31% yield from 39 after purification by preparative HPLC.


Azathilone 40 was found to be a highly potent antiprolif-


erative agent that inhibits the growth of different types of


drug-sensitive human cancer cell lines (KB-31, A549, HCT-


116, PC-3M) with low nanomolar IC50 values (Table 1; IC50-


values against the A549, HCT-116, and PC-3 M cell lines are


1.9, 1.6, and 1.3 nM, respectively, vs 3.2, 2.2, and 3.4 nM for


Epo A). The antiproliferative activity against drug-sensitive


human tumor cells is thus comparable to that of Epo A. Like-


wise, 40 induces tubulin polymerization in vitro with similar


potency to Epo A (EC50 values for the induction of tubulin


polymerization of 3.9 and 4.6 µM for 40 and Epo A, respec-


tively),25 which strongly suggests that inhibition of human can-


cer cell proliferation by 40, as for natural epothilones, is a


consequence of interference with microtubule functionality.


This view is further corroborated by the fact that treatment of


cancer cells with 40 results in cell cycle arrest at G2/M, which


mirrors the effects on the cell cycle observed upon treatment


with Epo A or B.25


Compound 40 is >60-fold more potent against drug-sen-


sitive human cancer cells than the corresponding parent aza-


thilone 31a (Figure 2); this potency increase dramatically


exceeds the potency-enhancing effects previously observed for


the dimethyl-benzimidazole side chain in combination with


polyketide-based macrocycles (2–15-fold).17 Perhaps even


more intriguing is the fact that the 9,10-didehydro analog 39


is significantly less potent than the fully saturated azathilone


40, both at the level of tubulin polymerization and in cellu-


lar activity.25 This finding is in strong contrast with effects


observed for Epo B and D (vide supra),27 and it may be indic-


ative of differences in the bioactive conformation between


azathilone-type analogs and natural epothilones. NMR stud-


ies to determine the bioactive conformation of 40 are cur-


rently ongoing in our laboratory.


Unfortunately, azathilone 40 is significantly less potent


against the multidrug-resistant cervical carcinoma cell line


KB-8511 than the drug-sensitive KB-31 line, which indicates


that 40 is a substrate for the P-gp efflux pump (Table 1). How-


ever, as illustrated above for polyketide-based epothilone ana-


logs, the susceptibility to P-gp-mediated drug efflux may be


modulated through adjustments in compound lipophilicity,


and this strategy will also be explored for lead structure 40.


5. Conclusions


In the first part of this Account, we have shown how the iter-


ative modification of an appropriate natural product scaffold


can lead to highly potent analogs with significantly altered


structural features relative to the natural product lead. As such,


30 and related compounds can be considered as representa-


tive examples of a new chemotype for microtubule stabiliza-


tion, which may offer the same potential for pharmacological


differentiation from the original epothilone leads as various


newly discovered microtubule-stabilizing natural products with


macrolactone structures, such as laulimalide, peloruside, or


SCHEME 7a


a Conditions: (i) DCC (1.2 equiv), DMAP (0.3 equiv), CH2Cl2, 0 °C, 15 min, RT,
15 h, 60%. (ii) 2nd generation Grubbs catalyst (0.15 equiv, incremental addi-
tion), CH2Cl2, reflux, 8 h, 85%. (iii) HF · pyridine, pyridine, THF, RT, 4 h, 70%.
(iv) KO2CsNdNsCO2K (excess), AcOH, CH2Cl2, refl., 31%; pure 40 obtained
through purification by preparative HPLC.


FIGURE 3
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dictyostatin.9 While this assumption will have to be substan-


tiated by future pharmacological studies, it should be noted


that preliminary similarity analyses on the basis of Tanimoto


coefficients have indicated 30 to be structurally equally dis-


similar from Epo A or B as are laulimalide or peloruside.28


Similar conclusions apply for 40 and related 12-aza-


epothilones.28 While the conception of these aza-macrolides


is closely connected to the structure of natural epothilones


(hence the name “azathilones”), given the degree of structural


divergence from the natural epothilone template, they may be


considered as members of a distinct group of “non-natural”


natural products with unique structural features. Work cur-


rently ongoing in our laboratory aims at a better understand-


ing of the SAR associated with structures of type 30 and 40,


which may not parallel the SAR associated with natural


epothilones (as indicated by the activity difference between 40


and 39). At the same time, more extensive biological profil-


ing of selected analogs is required in vitro and in vivo, in order


to establish whether compounds such as 30 or 40 are in fact


pharmacologically distinct from Epo A and B.
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GUEST EDITORIAL


Modern Molecular Approaches
to Drug Design and Discovery


It is an exciting time for chemists to be involved in all aspects of


biomedical research. The word “molecular” has always been an


integral part of chemistry, but it has gained a new appreciation


from physicians and biologists, who have named emerging fields


“molecular medicine”, “molecular genetics”, “molecular biology”,


“molecular bioengineering”, “molecular cardiology”, etc. Clearly,


“chemistry” or “molecular science” has become the centerpiece of


the modern biomedical research.


“Drug discovery” has historically been a stronghold of chem-


istry, especially natural products chemistry and synthetic organic


chemistry. Chemistry is thus inherently well-positioned to have a


major impact on drug discovery, since other disciplines cannot


create novel small molecules. In other words, “drug discovery and


development” cannot happen without chemists.


Classical natural products-based drug discovery, involving


extraction, assay-based functional fractionation, isolation, char-


acterization, and target validation has been gradually replaced by


molecular target-based drug discovery. High-throughput screen-


ing of large libraries of compounds (including computer-based in


silico screening), lead identification from hits (often using the in


silico docking analysis of the protein X-ray crystal structures), and


lead optimization have been in the mainstream for the last two


decades. However, simple random high-throughput screening of


a huge number of small molecule libraries generated by combi-


natorial chemistry has not produced expected results: there has


been only one FDA-approved drug (sunitinib for renal carcinoma)


from the high-throughput screening of combinatorial chemistry


libraries followed by the optimization of hits. Thus, natural prod-


ucts-based drugs (parent compounds, derivatives, analogs, and


mimics) are still major entities among the FDA-approved drugs


(57.7% of all drugs). Nevertheless, combinatorial chemistry in the


form of parallel synthesis or diversity-oriented synthesis (DOS) for


the optimization of highly promising lead compounds has been


successful in many drug discovery and development cases. The


focused library approach is especially beneficial for clearing


ADME/Tox (absorption, distribution, metabolism, excretion, and


toxicology) requirements.


Molecular target-based drug discovery with continuous


improvement in the quality and diversity of compound libraries


has been making steady progress. “Structural biology”, “compu-


tational biology”, “chemical biology”, and “chemical genetics” are


now fully incorporated into modern drug discovery through tar-


get-based approaches. With these modern tools in hand, ratio-


nal drug design, exploiting combinatorial chemistry for focused


libraries, becomes possible. Designing hybrid molecules bearing


a dual mode of action is a good example and provides a prom-


ising approach to modern drug discovery. Discovery of new gen-


eration antimicrobials against multidrug resistant strains of


bacteria such as tuberculosis is advancing by extensive use of


those modern tools. Natural products chemistry has been


re-emerging as a highly promising provider of the sufficiently


sophisticated lead structures for drug discovery. A combination of


natural products chemistry and focused library synthesis furnishes


a powerful approach to drug discovery. The terms “biology-ori-


ented synthesis (BIOS)” and “function-oriented synthesis (FOS)”


have recently emerged as a logical evolution in “chemical genet-


ics” for exploring the intrinsic complexity and diversity of the


structures of natural products. Moreover, the use of combinato-


rial biosynthesis, taking advantage of particular gene clusters as


a tool for creating a library of highly sophisticated natural prod-


uct leads, provides another fascinating approach to modern drug


discovery.


The critical contributions of chemistry to modern drug discovery


are not limited to the identification and synthesis of active drug can-


didates. Chemistry is also playing a key role in drug delivery, espe-


cially targeted drug delivery. Traditionally, “drug delivery” was a


specialization in pharmacy for formulations of drugs. However, it is


natural that organic, medicinal, materials, and nano chemistry have


now become deeply involved in the development of drug delivery


systems. These approaches have led to the creation of drug conju-


gates that are new chemical entities. The use of functional carbon


nanotubes as well as designed polymers as a vehicle for drug deliv-


ery is a novel approach to drug discovery. Also, the tumor-targeted


drug delivery systems, using tumor-specific monoclonal antibodies,


vitamins, omega-3 fatty acids, and aptamers as the tumor-target-
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ing molecules for cytotoxic anticancer drugs with strategically


designed linkers cleavable only in the tumor have been emerging


as highly promising approaches to efficacious chemotherapy with a


minimum of undesirable side effects. Aptamers (synthetic DNAs/


RNAs bearing specific affinity to a specific protein) have great poten-


tial as the targeting module of drug conjugates for various molecular


targets. Targeting mitochondria with scavengers of reactive oxygen


species (ROS) may find a range of therapeutic applications. Further-


more, the molecularly engineered nano-biomaterials provide unique


extracellular matrices for in vitro and in vivo models for human dis-


eases, much better than the widely used xenograft models at


present. These novel materials and the disease models using them


make preclinical evaluation of the efficacy and toxicology of drug


candidates much more accurate and predictable for use in humans


and contribute significantly to drug discovery.


I hope that this special thematic issue of Accounts of Chem-


ical Research provides a perspective on cutting-edge research


endeavors in drug discovery. By featuring contributions from


leaders in modern molecular approaches to drug design and


discovery, I hope to encourage a range of chemists, especially


younger generation chemists, to be involved in this challeng-


ing but highly rewarding field of multidisciplinary molecular


biomedical research.


Iwao Ojima


Institute of Chemical Biology & Drug Discovery,


State University of New York at Stony Brook


Guest Editor


AR700158C


Guest Editorial


Vol. 41, No. 1 January 2008 2-3 ACCOUNTS OF CHEMICAL RESEARCH 3












The Chemical Versatility of Natural-Product
Assembly Lines
CHRISTOPHER T. WALSH*


Department of Biological Chemistry and Molecular Pharmacology,
Harvard Medical School, Boston, Massachusetts 02115


RECEIVED ON FEBRUARY 22, 2007


C O N S P E C T U S


Microbial natural products of both polyketide and nonribosomal peptide origin have been and continue to be impor-
tant therapeutic agents as antibiotics, immunosupressants, and antitumor drugs. Because the biosynthetic genes for


these metabolites are clustered for coordinate regulation, the sequencing of bacterial genomes continues to reveal unan-
ticipated biosynthetic capacity for novel natural products. The re-engineering of pathways for such secondary metabolites
to make novel molecular variants will be enabled by understanding of the chemical logic and protein machinery in the pro-
ducer microbes.


This Account analyzes the chemical principles and molecular logic that allows simple primary metabolite building blocks
to be converted to complex architectural scaffolds of polyketides (PK), nonribosomal peptides (NRP), and NRP-PK hybrids.
The first guiding principle is that PK and NRP chains are assembled as thioseters tethered to phosphopantetheinyl arms
of carrier proteins that serve as thiotemplates for chain elongation. The second principle is that gate keeper protein domains
select distinct monomers to be activated and incorporated with positional specificity into the growing natural product chains.
Chain growth is via thioclaisen condensations for PK and via amide bond formation for elongating NRP chains. Release of
the full length acyl/peptidyl chains is mediated by thioesterases, some of which catalyze hydrolysis while others catalyze
regiospecific macrocyclization to build in conformational constraints. Tailoring of PK and NRP chains, by acylation, alkyla-
tion, glycosylation, and oxidoreduction, occurs both during tethered chain growth and after thioesterase-mediated release.


Analysis of the types of protein domains that carry out chain initiation, elongation, tailoring, and termination steps gives
insight into how NRP and PK biosynthetic assembly lines can be redirected to make novel molecules.


1. Introduction


Many natural products of polyketide and nonribo-


somal peptide origin and hybrids thereof have


useful therapeutic activities ranging from immu-


nosuppression (cyclosporine, rapamycin, and


FK506) to cancer (adriamycin and bleomycin) to


infectious disease (erythromycin, �-lactams, and


tetracycline).1–8 Remarkably, complex chemical


scaffolds can be fashioned from simple building


blocks, such as acyl-CoAs (polyketides) and amino


acids, both proteinogenic and nonproteinogenic


(nonribosomal peptides), achieving high functional


group density and restricted conformations for
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selective recognition by biological targets. Nonribosomal pep-


tide synthetases (NRPS) and type-I polyketide synthases (PKS),


as well as hybrid NRPS–PKS enzymes, build the growing


chains as a series of elongating acyl-S-proteins, covalently


tethered to the terminal thiol of phosphopantetheinyl arms,


with themselves tethered to side chains of serine residues of


carrier protein domains in the assembly line.9


The logic of NRPS and PKS assembly lines is modular, and


the encoding genes in microbial genomes are almost always


clustered. Natural-product acyl chains grow from an N-termi-


nal initiation enzyme module through a series of elongation


modules, one for each monomer added; then, a C-terminal


termination module releases the full-length acyl chain from its


covalent thioester linkage. Each module has at least three pro-


tein domains: (1) a catalytic domain for selection and load-


ing of the monomer, e.g., malonyl- or methylmalonyl-CoA for


PKS and amino acids for NRPS, (2) the pantetheinylated car-


rier protein domain to hold the thioesterified monomer, and


(3) a catalytic domain that does chain extension, consisting of


C–C bond formation to a �-keto thioester (a thioclaisen con-


densation) for PKS and C–N amide bond formation for NRPS.


With these rules that govern acyl chain initiation, elongation,


and termination, one can translate the DNA sequence into pre-


dicted assembly lines and sometimes predict the backbone


structures of the encoded natural products.


In the past decade, the combination of microbial genome


sequencing and in vivo and in vitro characterization of the


chemical steps performed by NRPS and PKS assembly lines


have led to insights into mechanisms for the formation of ded-


icated and unusual monomers, for tailoring chemistries. These


create good prospects for the controlled generation of novel


variants of natural products with optimized properties.


2. Generation and Utilization of Unusual
Building Blocks


A diagnostic feature of nonribosomal peptides is the presence


of amino acid monomers that are not found in proteins,


including the aminoadipoyl moiety in the biosynthetic precur-


sor to all penicillins and cephalosporins and the pipecolate


moiety in the backbones of rapamycin and FK506. Most of


the genes encoding enzymes for the synthesis of nonprotei-


nogenic amino acid monomers are clustered with the NRPS


assembly line genes for coordinate regulation for “just in time”


inventory control. This has allowed for the investigation of bio-


synthetic diversion of primary metabolites to these dedicated


monomers and augurs for effective portability of genes to


make such unusual monomers in engineered microbes. Four


recent cases are noted for diversification of NRP and NRP–PK


scaffold backbones.


The first is represented by �-amino acid incorporation to


modulate backbone connectivity in the natural products. The


enediyne antitumor antibiotic C-1027 has a 3-Cl-4,5-(OH)2-�-


Phe residue,10 while the widely used taxol also has a �-Phe


moiety.11 The pseudopeptide antibiotic andrimid12 also has a


�-Phe moiety.13 In all three cases, it is now established that


amino acid mutases containing a covalent methylene imida-


zolone cofactor convert Tyr or Phe, respectively, into the


�-amino acids and then the assembly line domains specifi-


cally recognize and load only the �-amino acids (Scheme 1).


The lipopeptidolactone daptomycin was recently approved


for the treatment of bacterial infections, including those


caused by vancomycin-resistant enterococci.14 Daptomycin


and related natural products have a �-methyl Glu residue. An


enzyme encoded in the daptomycin biosynthetic cluster has


been shown to methylate the corresponding 2-keto acid with


an electrophilic methyl group from S-adenosylmethionine fol-


lowed by transamination to yield the 3-methyl-Glu that is


specifically incorporated.


The plant phytotoxin coronatine, a bacterial mimic of the


plant hormone jasmonic acid, is an NRP–PK hybrid, with


1-amino-1-carboxy-2-ethylcyclopropane (coronamic acid) as


the amino acid moiety. The three-membered ring is formed


from a γ-Cl-L-allo-Ile moiety,15 which is in turn produced by


the chlorination of a L-allo-Ile-S-carrier protein by a mono-


nuclear nonheme iron halogenase.16 Other cyclopropyl amino


acid moieties may be generated in natural products by such
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cryptic chlorination paths, and the nonheme iron halogena-


ses are a novel class of O2 and R-ketoglutarate-requiring cat-


alysts, which can halogenate unactivated sp3 carbon centers.17


Electron-rich side chains of amino acids, such as tryptophan


and tyrosine, can similarly be chlorinated but require less


potent halogenation reagents; therefore, flavin adenine


dinucleotide (FAD)-dependent halogenases are used for ortho-


hydroxylation of Tyr side chains in vancomycin biogenesis


and for forming 7-Cl-Trp in rebeccamycin18 (Scheme 2).


There are many natural-product peptidolactones, includ-


ing daptomycin noted above. We shall note below that chain


termination steps can involve macocyclization and generate


lactones by participation of Ser, Thr, or Tyr side chains. How-


ever, in such molecules as the K+-ionophore valinomycin or


the emetic toxin cereulide with multiple oxo ester linkages,


R-hydroxy acid rather than R-amino acid monomers are


required.19 Recent studies have shown that these assembly


lines actually select, activate, and covalently load R-keto acid


monomers and then carry out chiral reduction on the assem-


bly lines to yield the R-OH-acyl-S-pantetheinyl intermediates


as nucleophiles required for chain elongation.19 Portability of


such enzymes to other systems is under investigation for back-


bone diversifications.


Monomer units for PKS assembly lines have been more


restricted. In addition to the most common malonyl and meth-


ylmalonyl-CoAs, a variety of other starter units, including


cyclohexenoyl and benzoyl CoAs, have been characterized. As


extender units, ethylmalonyl- and methoxymalonyl-CoAs are


used much less frequently than malonyl and methylmalonyl


donors. Recent studies on the glycoyl and ethanolamine moi-


eties of zwittermicin have revealed aminomalonyl- and


hydroxymalonyl-S-carrier proteins as donors.20


3. Tailoring on Assembly Lines


A variety of tailoring reactions during chain growth can occur on


assembly lines. Most common is the insertion of additional pro-


tein catalytic domains in cis in one or more modules, exempli-


fied by the presence of ketoreductase (KR), dehydratase (DH), and


enoyl reductase (ER) domains in PKS type-I modules. The fail-


ure of one or more such auxiliary domains to act controls


whether a �-CH2, an R,�-enoyl, a �-OH, or a �-keto functional-


ity gets carried forward to the next chain-elongation step in the


assembly line.


Analogously, many NRPS modules contain epimerization


domains to generate D-aminoacyl moieties or N-methyl trans-


ferase domains (7 of the 11 modules in cyclosporine syn-


thetase) to control chirality and the N-methylation state,


respectively, and thus modulate the protease susceptibility and


water solubility of the products.9


A remarkable alteration of backbone connectivity in NRP


scaffolds occurs when cysteine, serine, or threonine side


chains are intramolecularly cylized and dehydrated to the thia-


zoline and oxazoline rings, respectively, by variant NRPS con-


densation domains. Redox adjustments can be catalyzed to


reduce the thiazoline to thiazolidine or oxidize it to the sta-


ble thiazole. For example, tandem conversion of a pair of Cys


residues during action of the bleomycin assembly line yields


a bithiazole that is a DNA-intercalating moiety in the final


bleomycin product (Scheme 3) and may account for some of


its targeting to DNA.21


While many polyketides, such as erythromycin, have


methyl branches introduced at CR positions during chain elon-


gation by use of methylmalonyl CoA as a nucleophilic


mmonomer unit, other polyketides, such as jamaicamide,
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bacillaene, and the antibiotic myxoviriscein have � branches.


It has recently been determined that such � branches repre-


sent the intersection of isoprene and polyketide biosynthetic


pathways with a generation of a branched �-hydroxymethyl-


glutaryl-S-pantetheinyl-carrier protein as an intermediate that


undergoes dehydration and then decarboxylation to the


∆2-prenyl-S-carrier protein, ready for the next round of PKS-


mediated chain elongation.22 If the branching enzyme


machinery, acting here in trans, is portable, this might allow


for the tailoring of polyketide scaffolds at both R and � posi-


tions during chain elongations.


Additional tailoring enzymes that work in trans on assem-


bly lines are now known and have been characterized to dif-


ferent extents. One set is the FAD-dependent aromatic


halogenases noted above in the context of chlorination of Tyr2
and Tyr6 during elongation of the heptapeptide scaffold of


vancomycin. In the comparable gene cluster for a related gly-


copeptide bahlimycin, there are three heme iron monoxyge-


nases, OxyABC, that act to cross-link the heptapeptidyl-S-


carrier protein, generating two aryl ether linkages between


Tyr2 and PheGly4 and PheGly4 and Tyr6 and a direct C–C


cross-link between PheGly5 and PheGly7.23,24 These rigidify-


ing cross-links create the conformation required for vancomy-


cin and related glycopeptide antibiotics to bind bacterial


peptidoglycan D-Ala-D-Ala termini with high affinity (Scheme


3). A comparable conformation-restricting aryl ether cross-link


is analogously installed during arylomycin maturation.25


4. Chain-Release Mechanisms


Three major chemical routes for disconnection of the cova-


lent thioester linkages of PKS and NRPS acyl chains when they


reach the most downstream carrier protein domains on


assembly lines have been observed.26,27 The first is hydro-


lytic, typically involving prior transfer of the full-length acyl,


peptidyl, or hybrid chain from carrier protein pantetheinyl thiol


to the active site CH2OH of a Ser residue in a thioesterase (TE)


domain. The acyl-O-TE intermediate can then undergo cata-


lyzed hydrolysis to release the free acid, e.g., the triply cross-


linked heptapeptide acid scaffold in vancomycin.


The second route and the one of most medicinal interest


is the intramolecular capture of the acyl-O-TE by a nucleo-


phile within the growing acyl chain. In a NRP, this can be the


N-terminal NH2 (tyrocidine) or a side chain –NH2 (bacitracin)


to give cyclic lactams. When a side chain –OH is the selected


nucleophile, a macrolactone results, as in the antibiotic dap-
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tomycin, where a Thr4-O-kyneurinine13 ester link occurs27


(Scheme 4). TE domains can also be macrolactonizing in PKS


assembly lines, as is the case for erythromycin and hundreds


to thousands of other macrolides. Excised TE domains retain


macrocyclization activity and have been utilized to generate


variant macrocyclic natural-product structures.28


A third route of chain release is reductive, utilizing NAD(P)H


as a hydride-transfer cosubstrate. Usually, the most down-


stream catalytic domain in such assembly lines is a reduc-


tase domain rather than a TE domain (Scheme 4). The two-


electron reduction of an acyl thioester generates the


thioacetal, which spotaneously decomposes to release the


product aldehyde. In some cases, the aldehyde appears to be


held in the reductase active site and undergo a second round


of reduction to the alcohol. Nascent peptide aldehydes can


undergo intramolecular cyclization as seen in the formation of


safracin B and nostocyclopeptide.29 The potential to control


the route of peptide or polyketide chain disconnection by


engineering/swapping of C-terminal catalytic domains in


assembly lines offers prospects for useful manipulation of


nascent natural-product structures.


5. Post-Assembly-Line Tailorings


Many of the molecules released by hydrolytic, reductive, or


macrocyclizing TE domains on NRPS and PKS assembly lines


undergo further tailoring by dedicated enzymes to create the


final structures with potent and specific biological activities.


Three main types of enzyme-mediated modifications occur:


glycosylations, acylations, and oxidations by enzymes in bio-


synthetic gene clusters.3,9


Glycosylations, using nucleotide diphosphosugar cosub-


strates, occur widely on nonribosomal peptide and


polyketide frameworks.30,31 This holds both in macrolides,


such as erythromycin, which becomes doubly glycosylated


in steps essential for the gain of antibiotic activity, and in


aromatic polyketide antitumor drugs, such as daunomy-


cin. Although O-glycosylations predominate, N-glycosyl-


ations and C-glycosylation tailoring events are known.


Recent studies by Thorson and colleagues have show that


antibiotic glycosyltransferases have equilibrium constants


usefully close to unity, allowing for the transfer of specific


sugars regioselectively between enediyne and glycopep-


tide scaffolds.32
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N- and O-acylations catalyzed by acyltransferases titrate the


hydrophobic/hydrophilic balance in natural products, as exem-


plified by the decanoyl chain on the glucosyl moiety in the


glycopeptide antibiotic teicoplanin and in the the acyl chains


of the macrolide carbomycins. Variation of the acyl chains can


control physical properties. In the commercial fermentation of


daptomycin, decanoic acid is added to overwhelm endog-


enous fatty acid pools and produce a homogenously acylated


product.14


Oxygenative tailoring of PK and NRP metabolites is a com-


mon maturation step. We noted the cross-linking of the hep-


tapeptide scaffolds of the vanomycin family NRPs while on the


assembly lines, but there are many oxidative transformations


that occur post-assembly-line release. Among the most spec-


tacular are the tandem enzyme-mediated epoxidations of an


acyclic triene in polyether biosynthesis that set up a cascade


of epoxide openings (Scheme 5) that lead to the five cyclic


ether rings in monensin.33


There are many other late-stage enzymatic tailoring steps


whose chemistry is incompletely worked out but where the


functional-group changes would be useful to have in a natu-


ral-product enzymatic toolbox. Among these are the methy-


lation and rearrangement of a transannular disulfide to a


methylthioacetal during echinomycin maturation.34 Also, there


are dozens of NRP and PK metabolites with tetramic-acid-de-


rived rings that may be useful pharmacophores.35 The anti-


biotic andrimid has such a methylsuccinimide moiety at its C


terminus, and this is thought to be a recognition element for


the interaction with its target, bacterial acetyl-CoA carboxylase.


6. Concluding Remarks


Natural products continue to be of great interest for drug design


and new therapeutics, either in their natural form, as scaffolds for


semisynthetic variation, or as templates for simplification while


retaining pharmacophores that confer potency and specificity.


Nonribosmal peptides, polyketides, and natural-product hybrids


represent a large class of such bioactive molecules. NRPS and


PKS assembly lines create estimable chemical diversity from a


few builiding blocks, modular acyl-transfer chemistry, and a set


of in cis and in trans reactions for pre- and post-assembly-line tai-


loring. Great progress has recently been achieved in decipher-


ing the capabilities of the enzymatic machinery and the


molecular logic of the chemical steps involved. This has opened


the door for both in vivo and in vitro manipulations of pro-


grammed and combinatorial biosynthesis to redirect the natural-


product assembly lines of nature.


Work from the laboratory of the author has been supported by


NIH Grants GM20011 and GM49338.
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C O N S P E C T U S


In order to avoid the toxicities associated with prescrip-
tion drug use today, we have explored novel methods for


delivering drugs selectively to pathologic cells, thereby avoid-
ing the collateral damage that accompanies their uptake by
healthy cells. In this Account, we describe our quest for the
ideal targeted therapeutic agent. This effort began with a
search for ligands that would bind selectively to pathologic
cells, displaying no affinity for healthy cells. After identifica-
tion of an optimal targeting ligand, effort was focused on
construction of linkers that would carry the attached drug to
pathologic cells with receptors for the selected ligand. In the
case of cancer, we exploited the well-characterized up-reg-
ulation of folate receptors on malignant cells to target folate-
linked pharmaceuticals to cancer tissues in vivo. Drugs that
have been linked to folic acid for tumor-selective drug delivery to date include (i) protein toxins, (ii) chemotherapeutic agents,
(iii) gene therapy vectors, (iv) oligonucleotides (including small interfering RNA (siRNA)), (v) radioimaging agents, (vi) mag-
netic resonance imaging (MRI) contrast agents, (vii) liposomes with entrapped drugs, (viii) radiotherapeutic agents, (ix) immu-
notherapeutic agents, and (x) enzyme constructs for prodrug therapy. Current clinical trials of four folate-linked drugs
demonstrate that folate receptor-targeting holds great promise for increasing the potency while reducing toxicity of many
cancer therapies.


In the course of developing folate-conjugated drugs for cancer, we discovered that folate receptors are also overex-
pressed on activated (but not resting or quiescent) macrophages. Recognizing that activated macrophages either cause or
contribute to such diseases as rheumatoid arthritis, Crohn’s disease, atherosclerosis, lupus, inflammatory osteoarthritis, dia-
betes, ischemia reperfusion injury, glomerulonephritis, sarcoidosis, psoriasis, Sjogren’s disease, and vasculitis, we initiated
studies aimed at developing folate-conjugated imaging and therapeutic agents for the diagnosis and treatment of such dis-
eases. In very brief time, significant progress has been made towards identification of clinical candidates for targeted treat-
ment of several inflammatory and autoimmune diseases. This Account summarizes the discovery and development of a variety
of folate-targeted drugs for the diagnosis and therapy of cancers and inflammatory/autoimmune diseases.


Introduction
Folic acid has emerged as an optimal targeting


ligand for selective delivery of attached imaging


and therapeutic agents to cancer tissues and sites


of inflammation. The utility of folic acid in these


applications has arisen primarily from (1) its ease


of conjugation to both therapeutic and diagnos-


tic agents, (2) its high affinity for the folate recep-


tor (Kd ) 10-10 M), even after conjugation to its


therapeutic/diagnostic cargo, and (3) the limited


distribution of its receptor (FR) in normal tissues,


despite its upregulation on both cancer cells (pri-


marily FR-R isoform) and activated macrophages


(FR-� isoform) (for a thorough review of FR iso-
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forms, see ref 1). Cancers found to overexpress FR include can-


cers of the ovary, lung, breast, kidney, brain, endometrium,


colon, and hematopoietic cells of myelogenous origin.2


Because activated macrophages are implicated in such pathol-


ogies as rheumatoid arthritis, psoriasis, Crohn’s disease, sys-


temic lupus erythematosus, atherosclerosis, diabetes,


ulcerative colitis, osteoarthritis, glomerulonephritis, and sar-


coidosis, applications for folate targeting now also include


most inflammatory diseases.2 While FR-directed antifolates


have proven useful in the treatment of some of the above


diseases,3–7 this Account will focus on the discovery and


development of folate receptor-targeted drugs for the diagno-


sis and therapy of these pathologies.


The Discovery
Discovery of vitamin-mediated drug targeting was totally for-


tuitous. A former graduate student, Mark Horn, was assigned


the task of demonstrating that receptor-mediated endocyto-


sis could occur in the plant kingdom, despite current dogma


claiming the opposite. Not wanting to use radioactivity to


quantitate internalization of his elicitors (molecules known to


bind plant cells and elicit multiple disease resistance path-


ways), Mark linked biotin to his elicitors and followed their


endocytosis with fluorescent streptavidin. Although the data


revealed that the biotinylated elicitors indeed entered plant


cells in a saturable, temperature- and energy-dependent pro-


cess (i.e., receptor-mediated endocytosis), control studies with


unrelated molecules did not behave as anticipated.8,9 Thus,


when biotin was linked to animal proteins (e.g., serum albu-


min, insulin, ribonuclease, and nonspecific IgG), the biotiny-


lated proteins were also seen to enter plant cells, even though


their nonbiotinylated counterparts remained completely extra-


cellular. Although it was not our intention, this observation led


to the fortuitous discovery that biotin could ferry attached pro-


teins into live plant cells.9


The question then arose whether vitamins might also be


exploited to mediate the delivery of otherwise impermeable


macromolecules into animal cells. Evaluation of biotin–bo-


vine serum albumin (BSA) uptake into several available ani-


mal cell types demonstrated that biotin-mediated


internalization did indeed occur in some (e.g., bovine sperm,


PC12 cells, etc.) but not all cells tested. Further studies


revealed that riboflavin could also transport attached proteins


into a limited selection of animal cells.10 Most importantly,


Christopher Leamon, a new graduate student in the lab,


observed that folic acid could deliver tethered proteins into a


variety of cultured animal cells.11 Although we did not know


at the time that FR expression was largely limited to malig-


nant cells and activated macrophages, this observation


marked the birth of folate-receptor-mediated drug-targeting


research.


Initial Characterization of Folate-Receptor-
Mediated Targeting
Stimulated by papers from Kamen and Antony and their col-


leagues showing upregulation of FR on certain mammalian


cell lines,12,13 cultured cells that overexpressed FR were


obtained and shown to internalize folate conjugates of BSA,


ribonuclease, horseradish peroxidase, IgG, and ferritin.11 Igno-


rant of the selective expression of FR on cancer cells, we con-


cluded erroneously that folate might be exploited to deliver


otherwise impermeable macromolecules into many cells for


both scientific and clinical applications.


Additional studies that immediately followed focused on


the characterization of the folate conjugate uptake pathway.


The folate receptor was shown to be responsible for conju-


gate internalization based on elimination of internalization by


(1) competition with excess free folate, (2) cleavage of cells


with phosphatidylinositol-specific phospholipase C (an enzyme


known to release FR, a glycosylphosphatidylinositol-anchored


protein, from cell surfaces), and (3) antibodies raised against


FR.14 Folate conjugate binding was also found to be satura-


ble (∼107 molecules bound/HeLa cell) and of high affinity (Kd


∼ 24 nM for folate–ribonuclease).14 Folate-derivatized colloi-


dal gold particles were found to enter KB cells in uncoated


regions of membrane invagination, then traffic to multivesicu-


lar bodies, and eventually move into the cytoplasm or lyso-


somal-like compartments.15 Other studies showed that folate-


tethered proteins were not digested following internalization,


suggesting that most trafficking was not directed to a degra-


dative compartment.16 This conclusion has been more


recently confirmed and elaborated.17


Upregulation of Folate Receptors on
Cancer Cells and Early Drug-Delivery
Studies
Knowledge that FR was significantly upregulated on cancer


cells was not obtained until late 1991 and early 1992 when


a series of papers from different labs demonstrated that sev-


eral monoclonal antibodies used to identify cancer cells in tis-


sue biopsies actually recognized FR.18–20 Learning of this


observation, we realized that the distribution of FR was largely


restricted to malignant tissues, a realization that changed the


entire focus of our research. No longer was FR viewed as a


tool for universal delivery of macromolecules into all mam-


malian cells but was now considered a receptor for mediat-
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ing selective targeting of drugs/imaging agents to cancer cells


(Figure 1). Motivated by this new information, new research


was directed at developing folate-linked cytotoxic agents.


Because of our biochemical background, initial efforts


aimed at building folate-linked cytotoxics focused on folate-


tethered protein toxins. Folate–momordin was shown to kill


FR+ cancer cells with an IC50 of ∼10-9 M,21 and a folate–


pseudomonas exotoxin (PE38) conjugate was found to dis-


play an IC50 of ∼10-11 M.16 More importantly, studies of the


linkage between folic acid and PE38 demonstrated that the


potency of the conjugate was intricately connected to the type


of bond tethering the vitamin to the ribosome-inactivating pro-


tein. Thus, when the two components were linked via a reduc-


ible disulfide bond, full killing potency was observed (IC50 ∼
10-11 M). However, when the components were bridged by


a thioether bond (i.e., replacement of a sulfur with a carbon


atom in the bridge), its potency decreased by over 4 orders of


magnitude.16 These results demonstrated for the first time the


importance of building a cleavable linker into the folate-tar-


geted cytotoxic agent, an imperative component in future


folate conjugate drug designs.


Folate Liposomal Carriers for the Delivery
of Chemotherapeutic Cargo
The desire to target larger quantities of drugs to cancer cells


led rapidly to efforts aimed at delivering drug-loaded lipo-


somes into malignant tissues. Initial studies with fluorescent


liposomes demonstrated that liposomes with folate directly


attached to the lipid headgroups did not efficiently bind FR+
cancer cells.22 In contrast, liposomes tethered to folate via a


polyethylene glycol (PEG) spacer were found to enter cancer


cells in numbers of >200 000/cell.22 With the possibility of


loading >30 000 drug molecules into each liposome, the pay-


load potential of these folate-targeted liposomes seemed enor-


mous. Unfortunately, our unmodified liposomal formulations


suffered from short circulation times in vivo because of non-


specific uptake by the reticuloendothelial system. This limita-


tion was, however, solved by incorporating ∼4% PEGylated


lipids into the liposomes, with ∼0.1% of the total lipids


(folate–PEG–distearoylphosphatidylethanolamine) attached to


folic acid.23 Later studies would reveal that better tumor-spe-


cific delivery could be achieved if (1) the free (underivatized)


PEG chains were shorter (PEG 2000) in length than the folate-


derivatized chains (PEG 3350), (2) the liposome size was


restricted to <100 nm in diameter, (3) cholesterol and satu-


rated phospholipids were used as the primary building blocks


of the liposomes, and (4) a pH-sensitive release or unloading


mechanism was built into the liposomal structure.22–26 Strat-


egies to achieve the latter objective included incorporation of


amphipathic peptides into the liposomes that would become


fusogenic only at the low pH values found in intracellular


endosomes,25 inclusion of phospholipids in the bilayer that


would hydrolyze to detergents at low intraendosomal pH val-


ues, and preparation of liposomes with caged phospholipids


that became fusogenic only upon exposure to low endoso-


mal pH values.27,28


In our first exploration of folate–PEG–liposome activity, lip-


osomes were loaded with the common chemotherapeutic


agent, doxorubicin, and tested for toxicity against FR+ tumor


cells. Tissue cultures incubated with folate-tethered liposomes


displayed a 45-fold higher uptake than their nontargeted con-


FIGURE 1. FR-mediated endocytosis of a folic acid drug conjugate. Folate conjugates bind FR with high affinity and are subsequently
internalized into endosomes that can reduce disulfide bonds. Within the endosome, a folate–disulfide–drug conjugate is released from the
FR and the prodrug is reduced to liberate the parent drug cargo. Because the pH of FR-containing endosomes is only mildly acidic, acid-labile
linkers do not release the attached drug as efficiently.
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trols, and cell cytotoxicity of the targeted liposomes was found


to be 85 times greater than similarly loaded controls.23


Applied to antisense delivery, related folate-targeted liposo-


mal formulations were observed to suppress the expression of


the epidermal growth factor receptor >50-fold more potently


than the same concentration of free antisense oligonucle-


otides.29 Further studies of folate-targeted liposomal gene


therapy vectors demonstrated that tumor-selective gene


expression could be achieved if liposomal size, DNA compac-


tion, particle charge, and nuclear delivery were optimized


using commonly employed methods.30


Folic-Acid-Targeted Imaging Agents
With only limited data available on FR expression in normal


tissues, there was significant concern that healthy tissues


might be targeted with folate conjugates. The most efficient


method for assessing whether normal cells might bind and


internalize folate conjugates was to examine the biodistribu-


tion of radiolabeled folate-linked imaging agents (parts B and


C of Figure 2). Folate–deferoxamine–67Ga, folate–diethylene-


triamine pentaacetic acid (DTPA)–111In, folate–DTPA–99mTc,


and folate–deferoxamine–66Ga/68Ga were then synthesized


and tested in tumor-bearing animals in rapid succession.31–36


Except for differences in imaging modalities, the biodistribu-


tions of several folate conjugates were quite similar. Thus,


radioconjugates were taken up in large quantities by tumor


and kidneys, to a lesser extent by the liver, and at very low


levels by other tissues. As will be noted below, significant


uptake would eventually also be seen at sites of inflamma-


tion because of the expression of FR on activated macroph-


ages,37 but in general, normal tissues, except the kidneys, did


not appear to concentrate folate conjugates. These results


were very encouraging, because they immediately implied


that cytotoxic agents that did not damage the kidneys could


be exploited for folate-targeted cancer therapies.


FIGURE 2. Structures of folic acid and several representative conjugates.
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Concern about folate conjugate distribution in humans,


however, would not be allayed until images of cancer patients


were obtained. 111In–DTPA–folate was moved rapidly into the


clinic, and images similar to those shown in Figure 3 were col-


lected. As seen, the absence of a significant uptake in liver,


spleen, bone marrow, heart, lungs, brain, muscle, etc. argued


that the tumor/kidney selectivity seen in animals was also


realized in humans.35 Also of importance was the observa-


tion that the 111In–DTPA–folate would clear from FR-nega-


tive tissues in less than 1 h, suggesting that isotopes with


shorter half-lives than 111In could be developed for tumor


imaging. Motivated by this realization, Endocyte, a company


founded to develop folate-targeted imaging and therapeutic


agents, designed EC20, a 99mTc-based folate-linked chelator.


Because of its shorter half-life and the consequent lower radi-


ation exposure, EC20 has proven to be the γ-emitter of choice


for cancer and inflammation imaging.38


Folic-Acid-Targeted Low-Molecular-Weight
Chemotherapeutic Agents
With tumor selectivity assured, the obvious next step was to


exploit folate to target chemotherapeutic agents to cancer


cells. However, initial studies using a folate-targeted taxol con-


jugate proved the construct to be less potent than anticipat-


ed,39 most likely because of the poor water solubility or slow


release of the drug from the conjugate. Poor water solubility


was known to lead to nonspecific binding to nontargeted cells,


and failure to release unmodified drug had been previously


shown to lead to drug inactivity.16 These concerns raised the


need to understand more thoroughly the physical properties


of folate–drug conjugates as well as the conditions in FR-me-


diated endocytic pathways that might be exploited to trigger


drug release.


Two mechanisms had been exploited by other groups to


promote the intracellular release of an active drug from its tar-


geting ligand, but neither mechanism had been characterized


in the FR endocytic pathway. Therefore, both would require


validation before implementation in the design of folate con-


jugates. The first mechanism exploits the difference in reduc-


ing power between extra- and intracellular milieus to induce


the selective release of a disulfide-linked drug inside its tar-


get cell. Evidence that this mechanism might be operative was


provided by data showing the activity of a folate–disulfide


conjugate of mitomycin C both in vitro and in vivo.40,41 To


visualize the rate and intracellular location of disulfide reduc-


tion, a folate-linked fluorescence resonance energy transfer


(FRET) construct was prepared, which changed from red to


green fluorescence upon reduction of an intramolecular disul-


fide bond.17 Thorough analysis of the behavior of this con-


struct both in cultured cancer cells and live tumor-bearing


mice demonstrated that folate–disulfide–drug conjugate


reduction (1) does not occur in circulation prior to conjugate


capture by tumor cells, (2) occurs following endocytosis with


a half-time of 6 h, (3) begins in endosomes and does not sig-


nificantly depend upon the redox machinery located on the


cell surface, within the lysosome, or the Golgi apparatus, (4)


occurs independently of endocytic vesicle trafficking along


microtubules, and (5) yields products that are subsequently


sorted into distinct endosomes and trafficked in different direc-


tions.17 On the basis of related disulfide linker chemistries,


several folate–disulfide–drug conjugates have been prepared


by scientists at Endocyte40–43 and in our lab,44 and two are


now in clinical trials. The structure of a typical folate–disul-


fide–drug conjugate with a hydrophilic peptide spacer to


increase water solubility is shown in Figure 2E.


FIGURE 3. 111In–DTPA–folate whole body scintigraphic images of
a healthy volunteer and an ovarian cancer patient. Uptake in the
cancer patient is seen in both the malignant tissue and kidneys,
whereas only kidney uptake is observed in the healthy individual.
Image reproduced with permission from Endocyte, Inc.
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The second mechanism envisioned to trigger the endoso-


mal release of an active drug from its folate conjugate upon


endocytosis involved the decrease in pH commonly observed


in late endosomes and lysosomes.45 To exploit this pH change


for drug release, a variety of pH-sensitive linkers connecting


folate to its therapeutic cargo were developed and tested both


in vitro and in vivo.39 Unfortunately, none of the conjugates


demonstrated potencies similar to those of the disulfide-linked


conjugates. To explore the molecular basis of this compro-


mised efficacy, a second folate–FRET conjugate, in this case


bridged by a pH-sensitive linker, was constructed and exam-


ined as described above for the disulfide-linked conjugate.46


Surprisingly, little hydrolysis of the pH-sensitive linker was


observed during endosomal trafficking. Subsequent studies


with folate-linked pH-indicator dyes fortunately offered at least


a partial explanation. These experiments revealed that the


endosomal compartments visited by monovalent folate con-


jugates experience pH values only as low as 6.2,46 whereas


endosomal compartments visited by multivalent folate conju-


gates experience pH values as low as 5.0 and below.26


One additional aspect that is important for folic-acid-medi-


ated drug delivery concerns the rate of FR recycling between


the cell surface and its intracellular compartments. Net accu-


mulation of folate conjugates in tumor tissues will depend


upon not only the number and accessibility of FR on the


malignant cell surfaces but also the time required for unoccu-


pied receptors to recycle back to the cell surface for additional


drug uptake. Using radioactive conjugates, we found empty


FR+ to unload their cargo and return to the cell surface in


∼8–12 h.47 Given that an average cancer cell will express


anywhere from ∼0 to 107 FR/cell, this recycling time con-


straint suggested that only very potent chemotherapeutic


agents could succeed as folate conjugates for the treatment of


cancer. In our experience, agents possessing low nanomolar


range IC50 values in their unconjugated forms have the high-


est potential for in vivo efficacy.


Folate-Targeted Immunotherapy
Given the complexities of designing linkers that would release


free drug only after receptor-mediated endocytosis, we simul-


taneously explored therapies that required no drug release for


therapeutic efficacy. One such strategy involved the use of


folic acid to deliver a highly immunogenic hapten (low-mo-


lecular-weight immunogen) to the surfaces of cancer cells to


render the malignant cells more “foreign” to the immune sys-


tem (Figure 4). Recognizing that simple contact of skin cells


with an oil (urushiol) from the poison ivy plant successfully


marks skin cells as “foreign” or “non-self”, leading to their


rapid destruction by the immune system, we chose to use folic


acid to similarly mark cancer cell surfaces with a related


immunogenic hapten, fluorescein.48 For this purpose, cancer-


bearing animals were first vaccinated against fluorescein, after


which the immunized animals were treated with folate–fluo-


rescein (Figure 2D). Upon injection, the folate conjugate was


found to rapidly localize to FR-expressing cells,49 decorate


their surfaces with >106 haptens/cell (Figure 5), and lead to


their elimination by the immune system. In contrast, normal


cells, because of their lack of FR, were largely spared any


FIGURE 4. Illustration of folate–hapten-mediated immunotherapy. Mice previously immunized against the hapten (fluorescein) are treated
with folate–fluorescein. Folate targeting decorates the cancer cell surface with large numbers of foreign haptens (>106), leading to
antihapten (antifluorescein) antibody binding and destruction of the marked tumor cell by macrophages, natural killer cells, and
complement.
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immune attack. Most importantly, the folate–hapten therapy


(which is now in phase 2 clinical trials) was found to confer


long-term immunity against the cancer, such that rechallenge


with fresh tumor cells invariably led to the rejection of the


implanted cells without the need for further therapy.48 Given


the potential for many cancers to recur, this induction of


immune memory was viewed as a major strength of the tar-


geted hapten approach.


Development of Folate-Targeted
Therapeutic and Imaging Agents for
Inflammatory Diseases
During the course of imaging patients for FR+ cancers, signif-


icant uptake of a radiolabeled folate conjugate was occasion-


ally seen in the knee of a patient (Figure 6). Although we had


no access to patient medical histories, upon consultation with


the referring physician, it was learned that each of these


patients was suffering from an inflammatory condition (pre-


sumably arthritis) in the imaged joint. Concurrently, a former


graduate student, Mary Jo Turk, had observed that folate-tar-


geted liposomes were taken up by macrophages as well as


cancer cells in ascites fluid.50 Upon further investigation, it was


determined that uptake in macrophages was FR-mediated and


that this FR was present only on activated but not resting/qui-


escent macrophages.37,50–52


To verify that inflamed joints are indeed sites of folate con-


jugate uptake, imaging studies were performed on nine dogs


suffering from rheumatoid arthritis along with five normal


dogs to serve as controls. All nine arthritic dogs displayed dra-


matic uptake of the folate radiotracer at the expected sites of


inflammation (Figure 7), while all five normal dogs displayed


only background levels of radioactivity.51 Subsequent stud-


ies of dogs, horses, rats, mice, and humans with both rheu-


matoid and osteoarthritis have demonstrated that essentially


all joints experiencing active inflammation concentrate folate-


linked imaging agents. These data obviously demonstrate that


folate can target sites of activated macrophage enrichment in
vivo; however, whether quantities of the drug sufficient to


achieve effective therapy could be delivered remained


uncertain.


Motivated by the potential to treat rheumatoid arthritis with


folate-linked drugs, studies were undertaken to explore the


impact of the previously described folate–hapten therapy on


FIGURE 5. Fluorescence imaging of FR+ L1210A tumors present in
two separate mouse livers. Mice were injected intravenously with
10 nmol of folate fluorescein and imaged after 2 h. A and B show
the normal white light images of the mouse livers, while C and D
display the fluorescent images of the same tissues. The data were
reprinted with permission from the Journal of Biomedical Optics.
Copyright 2003 SPIE.49


FIGURE 6. 111In–DTPA–folate scintigraphic image of a patient with
an inflamed right knee (presumably osteoarthritis). This image was
reproduced with permission from Advanced Drug Delivery Reviews.
Copyright 2004 Elsevier.51


FIGURE 7. γ-Scintigraphic images of the front legs of a healthy dog
(left) and a dog suffering from rheumatoid arthritis (right) 2 h
postadministration of a 99mTC EC20 imaging agent. Arrows indicate
the areas of uptake in the arthritic joints. This image was
reproduced with permission from Advanced Drug Delivery Reviews.
Copyright 2004 Elsevier.51
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rodent models of rheumatoid arthritis. The hypothesis was


entertained that decorating an activated macrophage with


large numbers of foreign haptens would lead to its immune-


mediated elimination, much like the related marking of malig-


nant cells with haptens was seen to promote their removal.


For this purpose, rats with adjuvant-induced arthritis and mice


with collagen-induced arthritis were first immunized against


fluorescein and then treated with folate–fluorescein. A dra-


matic decline in arthritis symptoms was rapidly seen in both


disease models, as manifested by decreases in paw swelling,


spleen size, systemic inflammation, arthritis score, and bone


erosion.53 Furthermore, the anticipated decline in macroph-


age content of arthritic joints was accompanied by a concur-


rent decrease in CD4+ and CD8+ T cells, suggesting that


elimination of activated macrophages can promote the disap-


pearance of other inflammatory immune cells as well.


Recognizing that activated macrophages could be elimi-


nated by treatment with folate-targeted therapy, the question


naturally arose whether other diseases might be similarly ben-


efited by elimination of their activated macrophages. To


address this question, a literature search was undertaken to


identify other diseases that are caused or worsened by acti-


vated macrophages. Search results revealed that psoriasis,


Crohn’s disease, systemic lupus erythematosus, atherosclero-


sis, diabetes, ulcerative colitis, osteoarthritis, and glomerulo-


nephritis all have significant activated macrophage


involvement.2 Further research suggested that the symptoms


of most inflammatory conditions are mediated in large part by


products of activated macrophages, including TNF-R, IL-6, IL-1,


prostaglandins, reactive oxygen species, collagenases, cathe-


psins, leukotrienes, and other potent cytokines.54,55 Not sur-


prisingly, elimination of the same proinflammatory products


with drugs, such as Remicade or Enbrel (for TNF-R), Kineret (for


IL-1), or Celebrex (for prostaglandins), etc., has emerged as a


major approach for controlling inflammatory diseases.56–59


Whether elimination of activated macrophages with folate-


targeted therapies can suppress symptoms of these other


inflammatory diseases will obviously require further investi-


gation. However, to begin to assess the potential of such ther-


apies, imaging studies have been recently conducted in


animal models of the same pathologies. In all models tested


to date, folate-linked imaging agents have been shown to con-


centrate in the inflamed tissues of diseased animals.


What About Folate Conjugate Toxicity?
The underpinning of all targeted therapies is the promise of


reduced systemic toxicity because of selective drug targeting


to diseased cells. While imaging studies revealed significant


folate conjugate uptake in pathologic cells, enrichment of


folate conjugates was also invariably seen in the kidneys.


Using folate–Texas Red as a surrogate for folate–drug conju-


gates, conjugate binding and intracellular trafficking were


monitored in real time in the kidneys of live rats using mul-


tiphoton intravital microscopy.60 Folate–Texas Red was seen


to bind to the apical surface of proximal tubule cells within


seconds of tail vein injection. By 30 s postinjection, endocy-


tosis of folate–Texas Red could be seen at the apical surface,


followed by transcytosis of the conjugate in small vesicles


across the kidney cell to the basal surface. Upon docking at


the basal membrane, vesicle fusion led to the release of ves-


icle contents into the blood stream. Thus, most of the folate


conjugate was not retained by the kidneys but rather returned


to the circulatory system within minutes of its capture from the


filtrate. Not surprisingly, no kidney toxicity has been observed


for any folate conjugate tested in either preclinical animal


studies or human clinical studies. Further, if kidney toxicity


were to emerge in the future, recent data suggest that pre-


dosing with antifolates can significantly reduce kidney (but not


tumor) uptake of the folate conjugate.61


Prospects for the Future
Because of its overexpression in cancer cells and activated


macrophages, the folate receptor shows considerable prom-


ise as a therapeutic target for a large number of important


human pathologies. Development of optimal therapies may,


however, require “thinking outside of the box”, because many


limitations that have compromised traditional therapies (e.g.,


toxicity to normal tissues, intracellular delivery, export from


the pathologic cell, etc.) may not hamper the efficacy of folate


conjugates, whereas issues not commonly confronted with


current therapies (e.g., oral bioavailability and folate receptor


delivery capacity) may constitute challenges for folate-targeted


conjugates. Nevertheless, with the exponential growth in


folate-linked imaging and therapeutic agents, creative strate-


gies to circumvent such potential obstacles should be rapidly


forthcoming. Because of its small size, low cost, ease of con-


jugation to therapeutic and imaging agents, compatibility in


both organic and aqueous solvents, lack of immunogenicity,


and specificity for pathologic cells, we anticipate that folic acid


will remain an attractive candidate for receptor-targeted ther-


apeutics for the foreseeable future. Results from ongoing clin-


ical trials will help reveal the full potential of this targeting


ligand.
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C O N S P E C T U S


The acceptance of the new paradigm of 3-D cell culture is
currently constrained by the lack of a biocompatible


material in the marketplace that offers ease of use, experi-
mental flexibility, and a seamless transition from in vitro to
in vivo applications. I describe the development of a
covalently cross-linked mimic of the extracellular matrix
(sECM), now commercially available, for 3-D culture of cells
in vitro and for translational use in vivo. These bio-inspired,
biomimetic materials can be used “as is” in drug discovery,
toxicology, cell banking, and, ultimately, medicine. For cell
therapy and the development of clinical combination prod-
ucts, the sECM biomaterials must be highly reproducible,
manufacturable, approvable, and affordable. To obtain inte-
grated, functional, multicellular systems that recapitulate tis-
sues and organs, the needs of the true end users, physicians and patients, must dictate the key design criteria.


In chemical terms, the sECM consists of chemically-modified hyaluronan (HA), other glycosaminoglycans (GAGs), and ECM
polypeptides containing thiol residues that are cross-linked using biocompatible polyvalent electrophiles. For example, co-
cross-linking the semisynthetic thiol-modified HA-like GAG with thiol-modified gelatin produces Extracel as a hydrogel. This
hydrogel may be formed in situ in the presence of cells or tissues to provide an injectable cell-delivery vehicle. Alternately,
an Extracel hyrogel can be lyophilized to create a macroporous scaffold, which can then be employed for 3-D cell culture.


In this Account, we describe four applications of sECMs that are relevant to the evaluation of drug efficacy and drug tox-
icity. First, the uses of sECMs to promote both in vitro and in vivo growth of healthy cellularized 3-D tissues are summa-
rized. Primary or cell-line-derived cells, including fibroblasts, chondrocytes, hepatocytes, adult and embryonic stem cells, and
endothelial and epithelial cells have been used. Second, primary hepatocytes retain their biochemical phenotypes and achieve
greater longevity in 3-D culture in Extracel. This constitutes a new 3-D method for rapid evaluation of hepatotoxicity in vitro.
Third, cancer cell lines are readily grown in 3-D culture in Extracel, offering a method for rapid evaluation of new antican-
cer agents in a more physiological ex vivo tumor model. This system has been used to evaluate signal transduction mod-
ifiers obtained from our research on lipid signaling. Fourth, a new “tumor engineering” xenograft model uses orthotopic
injection of Extracel-containing tumor cells in nude mice. This approach allows production of patient-specific mice using pri-
mary human tumor samples and offers a superior metastatic cancer model.


Future applications of the injectable cell delivery and 3-D cell culture methods include chemoattractant and angiogen-
esis assays, high-content automated screening of chemical libraries, pharmacogenomic and toxicogenomic studies with cul-
tured organoids, and personalized treatment models. In summary, the sECM technology offers a versatile “translational bridge”
from in vitro to in vivo to facilitate drug discovery in both academic and pharmaceutical laboratories.
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Introduction
The native extracellular matrix (ECM) is a biologist’s dream but


an organic chemist’s nightmare. It consists of a heterogeneous


three-dimensional (3D) collection of proteins and glycosami-


noglycans (GAGs) linked by covalent and noncovalent molec-


ular interactions. The core proteins of proteoglycans (PGs) are


covalently linked to chondroitin sulfate (CS), heparan sulfate


(HS), and other sulfated GAGs. Electrostatic associations with


ions, hydration of the polysaccharide chains, binding of link


modules of PGs to hyaluronan (HA), and triple-helical collagen


fibrils comprise some of the noncovalent interactions. HA is


the only known nonsulfated GAG and is ubiquitous in all con-


nective tissue as a major constituent of the ECM. We sought


to make a chemically tractable 3D system to reconstruct the


ECM from its components, with the goal of producing versa-


tile building blocks that would be manufacturable and approv-


able for human use. To this end, we developed chemically


modified HA derivatives that gave biodegradable


biomaterials1,2 with applications in drug delivery3 and tissue


engineering.1,4 However, HA alone would not support cell


attachment and proliferation; other components of the ECM


were required. This constraint was ultimately solved by creat-


ing a covalently cross-linked synthetic ECM (sECM)5 that could


offer consistent materials in multiple physical forms. The


sECMs have experimentally controllable compositions and


rigidity, thereby providing tissue-appropriate in vivo-like


microenvironments for cell culture in 3D and reparative med-


icine.6 This Account describes the origins of the sECM tech-


nology and the spectrum of potential uses in the drug-


discovery process.


Covalent, Cross-linked Equivalents of the
Extracellular Matrix


We used hydrazide chemistry7 to prepare a thiol-modified


form of HA, known as HA–DTPH,8 which could be used to


make in situ cross-linkable hydrogels9 with scar-free wound-


healing properties. To achieve cell attachment to the HA


hydrogels, we used DTPH-modified gelatin to produce bio-


compatible, cell-seedable disulfide cross-linked gels.10 To


obtain a hydrogel that could be cross-linked in the presence


of cells within 5–30 min, we used the bifunctional cytocom-


patible electrophile poly(ethylene glycol) diacrylate (PEGDA).


Alternatively, we covalently incorporated Cys-containing argin-


ine–glycine–aspartate (RGD) peptides,11 a mixture of three


Cys-containing recombinant domains of human fibronectin,12


or thiol-modified gelatin (Gtn–DTPH) to produce in situ cross-


linkable hydrogels suitable for 3D cell culture and tissue-en-


gineering applications.5 Figure 1a shows the first sECM


prepared from HA–DTPH (R ) H), which supported the growth


of healthy tissue in vivo.5


Adding a third ECM component was required for the reten-


tion of growth factors with high avidity. Immobilization of a


thiol-modified heparin derivative (HP–DTPH) in the sECM mim-


icked the heparan sulfate proteoglycans (HSPGs) of native


ECMs (Figure 1b).13 This HSPG-mimetic sECM allowed spa-


tiotemporal control of the delivery of single or dual growth


factors, including bFGF, VEGF, angiopoetin-1, and KGF.13–15


Moreover, these HSPG-like sECMs elicited a formation of inter-


connected vasculature in vivo, in contrast with the incomplete


angiogenic response to single growth factors.


To further stabilize HA–DTPH against degradation by


hyaluronidases and to increase cross-linking sites, we pre-


pared a carboxymethylated form of HA, known as CMHA-S


(Carbylan-S) (Figure 1a). Cross-linking with PEGDA affords a


hydrogel that promotes wound healing2,16 and adhesion pre-


vention.17


The sECMs have been used for the engineering and repair


of both hard and soft tissues in vivo2 and to support cell


attachment, growth, and proliferation in a 3D environment.18


Preclinical in vivo tissue-engineering and repair applications


include restoration of viscoelasticity and repair of biopsied


vocal folds,19 accelerated repair of a cortical bone defects,20


repair of osteochondral defects,21 and re-epithelialization and


revascularization of wounds in diabetic mice.22 For cartilage


repair, the in situ cross-linkable, injectable sECM was used to


deliver and retain autologous bone-marrow-derived stromal


cells.21


Variable Composition. The composition of the sECM


should be customized for specific cell types for in vitro and in


vivo applications. For example, using an array of 32 combi-


nations of 5 ECM proteins (collagen I, III, and IV, laminin, and


Fn) embedded in polyacrylamide, optimal compositions for pri-


mary rat hepatocyte function and murine ES cell differentia-


tion were identified.23 The incorporation of native ECM


proteins can also be accomplished with the sECM technology.


The addition of native type-I collagen in HA–DTPH–PEGDA


afforded noncontracting sECMs suitable for cell growth.24 Stem


cells from adipose and bone marrow seem to prefer HA-rich


environments, and thus, a lower gelatin–DTPH:CMHA-S ratio


is required. For liver progenitor cells, self-replication occurs on


cross-linked CMHA-S hydrogels in the presence of small


amounts of type-III collagen, while these cells will differenti-


ate in the presence of type-I collagen or any materials con-


taining significant amounts of type-I collagen.25 Repair of
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biopsied rabbit vocal folds (a HA-rich environment) was opti-


mal with a gelatin–DTPH:CMHA-S ratio of 5:95.19


Variable Rigidity. Cells that form soft tissues or bone are


adherent and must attach to the extracellular matrix to spread,


grow, and proliferate to form functional tissues. Each cell type


achieves its correct morphology and biochemical function in


response to a matrix with the same compliance (stiffness) as


that of its native tissue source.26 Matrix elasticity also directs


stem cell lineage specification.27 Thus, mesenchymal stem


cells (MSCs) will become neurons on soft matrices (0.1–1 kPa),


muscle on matrices of intermediate stiffness (8–17 kPa), and


bone on rigid matrices (25–40 kPa). Adult human dermal


fibroblasts (HDFs) modified their mechanical response to


match substrate stiffness on covalent fibronectin domain-mod-


ified sECMs.28 With PEGDA cross-linker concentrations of 4.5,


1.5, and 0.5%, shear storage moduli of 4270, 550, and 95


Pa were obtained. The HDFs on stiffer substrates had higher


moduli and exhibited a more stretched and organized actin


FIGURE 1. (a) Preparation of Extracel, a synthetic, covalent sECM for 3D cell culture and tissue engineering. (b) Preparation of Extracel–HPG.
Key: blue circle, thiol-modified HA; green square, thiol-modified gelatin; black diamond, thiol-modified heparin; black lines, PEGDA cross-
linkers.
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cytoskeleton that those on softer substrates. Gel compliance


also plays a critical role in tissue engeering and cell therapy


in vivo. For example, cartilage repair and soft tissues are best


engineered in Extracel hydrogels,21 while macroporous


sponges (i.e., lyophilized hydrogels) appear more suited to


bone repair.20


Importance of Biodegradation in Vitro and in Vivo. For


tissue repair in vivo, a biodegradable material is required. The


commonly used polylactides and polyglycolides undergo bulk


erosion by slow hydrolysis; variations in the polymer and not


the biology dominate the rate of bioerosion. In the HA-based


sECMs, the biology of the tissue growth dictates the rate of


degradation. As cells proliferate and differentiate, the sECM is


degraded by cell-secreted matrix metalloproteinases (MMPs)


and GAG hydrolases and the cells secrete a tissue-specific


native ECM. Finally, cells can be readily recovered from 3D


Extracel constructs with high viability, using trypsin to detach


cells and collagenase and hyaluronidase to the digest matrix.


Practical Considerations. The preparation, handling, and


availability of materials is crucial when translating from the


research laboratory scale to a commercial product. At the Cen-


ter for Therapeutic Biomaterials, we incorporated many user-


friendly features into the Extracel sECM materials.


First, the sECMs can be fabricated into hydrogel films, tubes,


porous sponges, nanofibers, and cell-seeded hollow cylin-


ders.29 The same sECM composition can thus be explored in


a variety of in vitro and in vivo formats, thus separating the


effects of composition from mechanical cues.


Second, the sECM technology provides a consistent man-


ufactured product with negligible batch-to-batch variability.


Because the sECM is not extracted from an animal tumor, it


contains no undefined components or extraneous growth fac-


tors. These features are essential to obtain U.S. Food and Drug


Administration (FDA) approval of a cell delivery material.


Third, cells can be added to the sECM components in a


physiological buffer at ambient or body temperature and then


gelled within 5–30 min. This obviates the need to conduct


complex manipulations to control rates of gelation. Ease of


use is of paramount importance to large-scale adoption by


academic researchers, pharmaceutical R&D scientists, and ulti-


mately for clinical use by physicians.


Fourth, the sECM hydrogels exhibit minimal swelling or


contraction as ionic strength changes within the physiologi-


cal range. Unlike collagen gels, no contraction occurs when


cells are activated by growth factors.24


Fifth, the sECM has been formulated to maximize use in


many market niches. The uses of other 3D products are lim-


ited by the intrinsic limitations of the materials and cost.


Sixth, the sECM gels and films are transparent at visible and


ultraviolet (>256 nm) wavelengths. This facilitates visualiza-


tion using optical, fluorescence, and confocal microscopy.


Many other commercial scaffolds are opaque or translucent,


making visualization of cells problematic.


Taken together, the Extracel sECM platform provides flex-


ible experimental parameters, batch-to-batch consistency, mul-


tiple physical forms, ease of handling under cell-friendly


conditions, resistance to contraction, cost, and transparency.


For studies of drug efficacy, toxicology screening, chemoge-


nomic profiling, and proteomic studies of drug–pathway inter-


actions, these materials offer many opportunities not


accessible with existing two-dimensional (2D) or 3D cell-cul-


ture products.6


The Importance of 3D Cell Culture in Drug
Discovery
High-Content Screening. Current drug-discovery programs


now include biochemically based high-throughput screening


(HTS) and cell-based high-content screening (HCS) in the port-


folio of approaches for identifying effective agents, validat-


ing target selectivity, and eliminating compounds with


undesired off-target effects. With few exceptions, cell-based


HCS assays employ tissue culture plastic (TCP) as the stan-


dard substratum; it is familiar, relatively inexpensive, repro-


ducible, easy to use, and has a long shelf life. However, TCP


does not adequately reflect the cellular microenvironment30


and may be irrelevant to actual in vivo conditions.31 Begin-


ning over 35 years ago, coating surfaces with collagen32 and


later encapsulation in 3D matrices33 has led to increased


appreciation for the differences in cell morphology, mechan-


ics, and behavior in the 3D tissue-equivalent environment.34


Researchers have begun a paradigm shift from 2D culture on


TCP to 3D culture.18 In pioneering work, Bissell studied the


molecular mechanisms of breast cancer and cell invasion


using the normal mammary gland as a model system,35 dem-


onstrating that murine cells cultured in 3D in a laminin-rich gel


formed spherical acini and secreted �-casein. Because


responses to chemotherapeutic agents depend upon cell archi-


tecture and tissue polarity, “. . .all of a sudden, studying can-


cer cells in two dimensions appears to be quaint, if not


archaic”.36


The replacement of 2D by 3D methodologies has been


hindered by the limitations of the available substrata.18 The


current industry standard, with over 80% market share in


2006, is Matrigel, an murine sarcoma extract that contains


proteins, glycoproteins, and growth factors.37 Matrigel has


been successfully utilized in cell growth and differentiation,
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angiogenesis, and invasion assays and promotes natural cell


morphology and behavior.38 Matrigel has been used for aci-


nus formation with human breast MCF-10A cells; MDCK


cells39 also form acini in Matrigel. However, limited availabil-


ity, pathogen content, immunogenicity, and animal tumor ori-


gin exclude Matrigel from clinical use. Another dominant 3D


material, PureCol (type-I collagen) has limitations attributable


to its biochemical and physical characteristics. The apparent


market need for a practical, approvable, versatile synthetic


ECM for 3D cell culture and tissue engineering led to the


development of the Extracel technology.


How can a convenient, affordable, and versatile 3D bio-


compatible matrix benefit the drug-discovery and drug-eval-


uation process? Ultimately, end-user needs will drive


applications. Potential areas in which a 3D approach could


have immediate potential in facilitating the flow through the


drug-discovery pipeline are outlined below. These approaches


may permit exploration of a much wider spectrum of drug tar-


gets.40 Following this speculative overview, two areas in which


my laboratories have achieved initial proof of concept will be


described: models for hepatotoxicity and orthotopic


xenografts.


Assays for Cell Invasion, Migration, Proliferation, and


Angiogenesis. The Extracel technology offers a set of opti-


mizable materials to assess these cell behaviors. New com-


pounds that limit cell proliferation, migration, and invasion are


common drug candidates in oncology programs. Identifica-


tion of leads with potential angiogenic activities for tissue


revascularization can be studied in vitro or in vivo in Extracel-


HP.14 Potential antiangiogenetic compounds for oncology can


also be screened in 3D with an analogous approach.


Proteomics and Chemogenomics. Most comparisons of


cell–biomaterial interactions have been performed in 2D on


nonphysiological substrata,41 but newer studies show a move


toward ECM-mimetic materials. For example, genes in human


fetal lung fibroblasts involved in cell signaling, ECM remodel-


ing, inflammation, angiogenesis, and hypoxia were selectively


activated in cells on a collagen–GAG mesh.42 Extracel pro-


vides a variety of low-background, covalent ECM-like substrata


with defined composition and compliance. Cells could be


grown in the presence of drug leads, and the nuances of pro-


tein and gene expression would be gleaned by harvesting the


cells and profiling cell extracts using microarray technologies.


Toxicogenomics is an important subset of chemogenomics,


and determination of the entire pattern of gene expression


altered in response to a drug candidate should be determined


in a physiological 3D environment and not on TCP.


Stem Cell Biology. The rapidly growing field of cell ther-


apy is preoccupied with thorny issues of sourcing, cryopreser-


vation, expansion, differentiation, delivery, retention, and


engraftment of stem cells. Extracel has already been validated


for 3D growth of stem cells from liver, bone marrow, and adi-


pose compartments, and investigations of stem cells from


breast, neural, cardiac, and other compartments are under-


way. Importantly, Extracel offers the ability to control compo-


sition and the potential to translate in vitro results into in vivo
therapies.18


Organotypic Culture in Vitro. Growing concerns with


drug failures in phase-III clinical trials because of cardiotoxic-


ity, neurotoxicity, and hepatotoxicity are driving the pharma-


ceutical industry to explore ex vivo models with human tissues


and cells. Many existing early toxicology models using


microsomes, TCP-cultured cells, and cell-free extracts are used


to weed out toxic compounds. Nonetheless, compounds with


serious flaws still enter phase III, often with disastrous human


and business consequences. The first area in which tissue


engineering may have an important impact, before its impact


is significant in reparative medicine, is the development of


organotypic cultures for toxicology screening. Pioneering work


to integrate cell culture with microfabrication43 has led to


microspherical heart pumps,44 bioartificial livers45 and drug


response hepatic devices on chips,46 and patterned arrays of


living cells.47 In many of these examples, a 3D sECM is used


or could be incorporated. The coculture of cell types will also


be essential in neurological, cardiovascular, hepatic, and other


organotypic cultures, and the sECM technology is particularly


well-suited for such new designs. The specific use of the


Extracel sECM in hepatoxicity models is explored below.


Engineered Human Tissues in Animal Models. One


step beyond ex vivo organotypic models is the development


of whole-organism pharmacokinetic and pharmacodynamic


models. Because drug metabolism in rodents and humans dif-


fers dramatically, one solution could be the production of mice


with engineered human livers. This moves from metabolic


profiling in an ex vivo human organoid to the study of how


the metabolites from the organoid interact within an intact


organism. Perhaps such a system might further reduce phase-


III failures.


Personalized Medicine Models. The sECM technology


allows a vision for personalized medicine in which tissue engi-


neering is connected the determination of drug safety and effi-


cacy, using tissue biopsies. With many pharmaceutical


intervention options, pre-evaluation of agents for safety and


efficacy ex vivo using a patient’s own normal and diseased tis-


sues would be ideal. Using the engineered human tissue
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model, one can envision a novel efficacy/safety oncology


model (Figure 2). Normal breast epithelial cells in Extracel


would be injected into the mammary fat pad of a nude mouse


to give four normal breast tissue xenografts, which would


grow until the sECM was bioresorbed and remodeled with


secreted ECM. Then, a breast tumor biopsy from a specific


patient, perhaps pretreatment or possibly after cancer has


recurred, would provide a heterogeneous pool of tumor and


stromal cells that would be suspended in Extracel and injected


to give four breast tumors. We might generate 12 mice per


patient. Approximately 4 weeks later, large tumor masses


would have formed. Then, a variety of treatment options could


be explored (a new drug entity, several drug combinations, or


a new treatment regimen) to identify a patient-specific opti-


mal therapy. In this model, the patient herself is not the test


animal; a patient-specific surrogate allows options to be


explored. We describe below the proof-of-concept experiments


for the tumor-engineering48 approach.


Hepatotoxicology Models
Currently, over 20% of new drug candidates fail in phase-III


human clinical trials because of hepatotoxicity. Reducing the


failure rate at this late stage in drug development, when the


most significant investment of time and money has already


occurred, has the potential to substantially reduce the over-


all cost of drug discovery49 and increase the number of new


therapeutics and drug targets evaluated.40 The cost of bring-


ing a new chemical entity from the laboratory bench to the


bedside has been estimated at $1.2 billion, up from a 2003


average of $802 million.50 “The holy grail of the [pharmaceu-


tical] industry is to be able to predict [drug] toxicity from a cell


culture.”51 An in vitro method that would accurately predict in


vivo hepatocytic function could “detoxify” hits, leads, or entire


libraries. While measuring cytotoxicity using hepatocytes cul-


tured in 2D may predict acute hepatotoxicity,52 drugs (∼40%)


that fail because of in vivo bioactivation to a reactive toxin are


not identified. This idiosyncratic toxicity cannot be adequately


detected until phase-III clinical trials,52 if at all. Animal test-


ing is currently the only in vivo method for xenobiotic bioac-


tivation. However, 80% of compounds that pass animal


testing still fail in the clinic, in part because of interspecific dif-


ference in hepatic metabolism between rodents and


humans.53 How can 3D tissue-engineering techniques assist


in early identification of hepatotoxic compounds?


Hepatocytes cultured in 2D monolayers behave differently


than fresh primary hepatocytes,54 and the sECM technology


may offer an opportunity to seamlessly connect in vitro and


in vivo liver toxicology models by culturing human liver cells,


from the immature hepatic stem cells to mature hepatocytes,


in 3D. With Extracel, compositions can be varied to recapitu-


late the cellular microenvironment experienced along the mat-


urational lineages.25 The ability to grow metabolically


competent engineered liver tissue in 3D is an important


“growth industry”, and the sECM technology is unique in


enabling both in vitro toxicological studies and in vivo liver


regeneration possibilities.6


Hepatocytes absorb drugs from the blood stream and


metabolize them through phase-I and phase-II reactions.53


During phase-I metabolism, 90% of all drugs are oxidized by


cytochrome P450 (CYP) isozymes with different substrate


selectivities. Seven isoforms account for 95% of this activity


FIGURE 2. Proposed personalized or patient-specific mouse model for the treatment of breast cancer. Cells from healthy breast tissue in
Extracel produce four normal breast constructs, while patient breast tumor cells in Extracel would yield four breast tumors. Mice would be
used to identify an optimal patient-specific optimal therapy. Original drawing by X. Chen.
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(1A1, 1A2, 2C9, 2C19, 2D6, 2E1, and 3A4), with 3A4 respon-


sible for over 65% of the metabolism of current therapeutic


agents.55 Challenging cultured primary human hepatocytes


with drugs is used to determine pharmacological and toxico-


logical profiles, but gene expression for phase-I and phase-II


enzymes are different for 2D cultured and fresh cells. CYP


isozymes are downregulated within 24 h after plating, and the


activity continues to decline in culture.56 Therefore, hepato-


cytes are typically cultured for 1 week and used for experi-


ments within 3–4 days after plating.57 Using human fetal


hepatocytes and a supplemented serum-free media, it is pos-


sible to culture human hepatocytes for over 1 month on col-


lagen-coated plates.57 Other in vitro approaches to provide a


microenvironment for normal function of hepatocytes include


encapsulation in alginate microspheres58 and 3D hyaluronan-


based scaffolds.59


Extracel sECMs were evaluated for culturing primary hepa-


tocytes in 3D. For proof of concept, freshly harvested rat hepa-


tocytes were cultured under standard 2D conditions on


collagen-coated TCP and Extracel sponges.6 The activity of


CYP 1A1 was measured as 7-ethoxyresorufin-O-deethylase


(EROD). Hepatocytes cultured in 2D lost EROD activity gradu-


ally, reaching zero activity at day 9. In contrast, rat hepato-


cytes cultured in on Extracel sponges showed a cyclical rise


and fall of EROD activity that lasted beyond the 17 day test


period. Mature human hepatocytes and Hep G2-C3A cells cul-


tured on Extracel hydrogel surfaces or in 3D by encapsula-


tion in Extracel (T. Tandeski and G. Yang, unpublished results)


both showed the cyclic production of albumin, urea, and EROD


activity for over 28 days. Cyclical EROD activity is a normal


property of healthy hepatocytes (L. Reid, personal communi-


cation).


Restoration of Liver Function in Vivo.45 Using a 90%


liver resection model in a nude mouse, we investigated the


ability of hepatocytes encapsulated in Extracel to restore liver


function in vivo (Figure 3). Primary rat hepatocytes isolated


from freshly sacrificed rats were encapsulated in Extracel, and


the construct was sutured to the remaining caudate lobe pos-


tresection (Figure 3a). Control mice receiving no treatment,


cells only, or Extracel only died within 3 days as glucose lev-


els declined precipitously (Y. Liu, unpublished results). How-


ever, all mice receiving a sutured rat hepatocyte-seeded


Extracel implant were normoglycemic and survived until sac-


rifice at 4 days. The gross morphology and histology of the


liver showed that viable, functional new tissue had been


regenerated. To build on this preliminary success, we seeded


15 million human primary mature hepatocytes25 onto an


Extracel sponge and sutured this to the caudate lobe (Figure


3b). Glucose levels remained normal, and survival of the


treated mice was 60% at day 7 (G. Yang, unpublished results).


Human albumin was secreted for over 7 days, and the murine


liver remnant doubled in size in 7 days (parts c and d of Fig-


ure 3).


Engineered Orthotopic Human Tumor
Xenografts: Toward Personalized Medicine
Clinically relevant animal models of human cancer are needed


to support anticancer drug discovery, and these models must


be predictive for translation of preclinical results to efficacy in


human patients. Human tumor xenografts in nude mice are


common but remain controversial because of high false-pos-


itive and false-negative rates.60 Efforts to develop improved


models61 include injection of cancer cells in buffer or serum-


free medium or in Matrigel, a tumor-derived basement mem-


brane extract.37 Poor “take” is a recurring problem, in that


many cell lines or patient-derived cells will not form tumors


when injected in buffer or medium. Matrigel increases the inci-


dence of cancer formation in vivo, but cost, batch-to-batch


variability, viral contamination, and difficulties in handling,


particularly for orthotopic injections, have limited wider-scale


adoption of this approach. Other alternatives for orthotopic


patient-like cancer models include implantation of intact tumor


tissue62 and injection of dissociated cells using a 3D matrix.63


Cell leakage into the abdominal cavity with concomitant


undesired seeding of adjacent tissues or organs can be prob-


lematic. Thus, a room-temperature-injectable 3D hydrogel


vehicle for cell delivery that would support the formation of


robust, vascularized, orthotopic human cancer tissue in vivo
would have considerable value.


FIGURE 3. Liver repair model. (a) Experimental design, showing
human hepatocyte-seeded Extracel implant sutured to the liver
remnant. (b) Actual hepatocyte-seeded Extracel implant sutured to
the liver remnant of a nude mouse. (c) Liver repair at day 1, with
mouse liver at left. (d) Liver repair at day 7, with mouse liver at left.
Original drawing by Y. Liu and surgical images from G. Yang.
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To this end, Extracel was used to deliver and grow cancer


cells in vivo in a technique called “tumor engineering”.48 Sus-


pensions of breast, colon, and ovarian cancer cells in Extracel


were injected subcutaneously into mammary fat pads, subse-


rosally in colons, and intracapsularly in ovaries, respectively.


Two cell lines of different “take” were used for each cancer,


and results were compared with orthotopic injection of cells in


serum-free medium. Figure 4a shows the gross view follow-


ing injection of MDA-MB-468 breast cancer cells in Extracel


into the mammary fat pad, which afforded uniformly sized,


well-spaced tumors. Parts b and c of Figure 4 show two


tumors, both richly supplied with blood vessels. Figure 4d


shows the gross view following subserosal injection of CaCo-2


colon cancer cells in Extracel; the tumor engineering approach


eliminated the distended abdomen and bloody peritoneal


fluid characteristic of intraperitoneal injection of Caco-2 cells.


Parts e and f of Figure 4e show a single orthotopic colon


tumor attached to the colon; the inset shows that capillaries


formed within the engineered tumor.


Models for metastatic cancer are even more challenging,


because traditional intraperitoneal cell injection methods result


in widely disseminated tumor formation following the injec-


tion. This is not how metastasis occurs clinically. Establishing


an engineered primary tumor, followed by metastasis, would


be preferable. Figure 5 illustrates the first example of an engi-


neered, orthotopic metastatic pancreatic tumor xenograft (C. L.


Scaife, J. E. Shea, Q. Dai, M. A. Firpo, and S. Mulvihill, unpub-


lished results). Red fluorescent protein (RFP)-labeled MiaPaCa-2


cells were injected in Extracel into the pancreas of a nude


mouse. After 4 weeks, the primary tumor was evident under


normal light, while both the fluorescing tumor and fluoresc-


ing metastases were visible using intravital imaging


equipment.


Overall, orthotopic delivery of cancer cells in Extracel


showed (a) an increased incidence of cancer formation and


reduced variability in tumor size, (b) an enhanced growth of


organ-specific cancers with good tumor–tissue integration, (c)


an improved vascularization and reduced necrosis in the


FIGURE 4. Engineered orthotopic breast (top panels) and colon (lower panels) tumor xenografts.48 Top panels: (a) Gross view of MDA-MB-
468 breast cancer cells in Extracel (arrow); (b) two sample tumors, showing vascularity; (c) histology showing new capillaries (green arrow).
Bottom panels: (d) Gross view of CaCo-2 colon cancer cells in Extracel injected subserosally; (e) single orthotopic colon tumor; (f) histology
showing tumor attached to the colon, with the inset showing newly formed capillaries (green arrow). Images provided by Y. Liu.


FIGURE 5. Engineered orthotopic metastatic pancreatic tumor xenograft. RFP-labeled MiaPaCa-2 cells in Extracel were injected into the
pancreas of a nude mouse and observed after 4 weeks. The primary tumor is evident in the gross view (left), while both the fluorescing
tumor and fluorescing metastases are visible by intravital imaging (right). Images provided by C. L. Scaife, J. E. Shea, Q. Dai, M. A. Firpo, and
S. Mulvihill.
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tumor, (d) a reduced cancer seeding on adjacent tissues or


organs, and (e) a better overall health of the animals. Engi-


neered tumors (injectable, orthotopic, xenografted cancers)


offer a clinically meaningful tool for the study of cancer biol-


ogy, invasion, and metastasis. In ongoing work, we and oth-


ers are using tumor engineering to investigate new therapeutic


agents and treatment protocols.


Conclusions
The sECMs that were originally developed for 3D cell culture


and tissue engineering have a myriad of potential applica-


tions for drug discovery and target validation under more


physiological conditions. The Extracel technology will enable


the development of high-content chemogenomic screens and


organotypic 3D cultures. Proof-of-concept experiments show


that primary hepatocytes retain biochemical function, live


longer in 3D in Extracel, and can rescue acute liver failure.


Using tumor engineering, oncology drug candidates can be


evaluated in vivo in orthotopic, vascularized tumors without


restrictions on the source of the cancer cells. In short, the sECM


technology offers scientists a platform for developing newer


and better tools for improving the flow through the drug-dis-


covery pipeline.
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C O N S P E C T U S


The drug market is still dominated by small molecules, and more than 80% of the clinical development of drug candi-
dates in the top 20 pharmaceutical firms is still based on small molecules. The high cost of developing and manufac-


turing “biological drugs” will contribute to leaving an open space for drugs based on cheap small molecules.
Four main routes can be explored to design affordable and efficient drugs: (i) a drastic reduction of the production costs


of biological drugs, (ii) a real improvement of drug discovery via “computer-assisted combinatorial methods”, (iii) going back
to an extensive exploration of natural products as drug sources, and (iv) drug discovery by rational drug design and bio-
inspired design that hopefully includes serendipity and human inspiration.


At the border between bio-inspired design and rational design, one can imagine preparation of hybrid molecules with
a dual mode of action to create efficient new drugs. In this Account, hybrid molecules are defined as chemical entities with
two or more structural domains having different biological functions and dual activity, indicating that a hybrid molecule acts
as two distinct pharmacophores.


In order to obtain new antimalarial drugs that are affordable and able to avoid the emergence of resistant strains, we
developed hybrid molecules with a dual mode of action (a “double-edged sword”) able to kill multiresistant strains by oral
administration. These hybrid molecules, named trioxaquines, with two pharmacophores able to interact with the heme tar-
get are made with a trioxane motif covalently linked to an aminoquinoline entity.


More than 100 trioxaquines have been prepared by Palumed over a period of 4 years, and in collaboration with Sanofi-
Aventis, the trioxaquine PA1103-SAR116242 has been selected in January 2007 as candidate for preclinical development.


Introduction
Drug discovery is highly challenging for scientific


reasons (difficulties to create new drugs) and also


in terms of economical challenges (how to limit


the investments and health costs at a reasonable


level). The average length of time to develop a


drug has increased and is now ranging from 12 to


15 years, compared to an average of 8 years in


the 1960s.1,2 This lengthening of R&D time has


dramatically increased the level of capital needed


to bring a drug to the market. Estimates are rang-


ing from 0.8 to 1.7 billion of USD depending upon


the therapeutic area.3 The break of these costs is


approximately as follows: 10% for discovery,
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15% for preclinical, 15% for manufacturing and process, 55%


for clinical trials, and 5% for postmarketing. The development


of genomics did not reduce the cost of drug discovery. For


example, GlaxoSmithKline spent 7 years on genomic studies


(1995–2001) to evaluate more than 300 genes as potential


targets for novel antibacterial agents and 70 high-through-


put screening (HTS) campaigns were run using large libraries


of synthetic chemicals (260 000–530 000 compounds). Few


leads were obtained, and the level of success was very low


compared to the large efforts invested.4 A literature survey


between 1996 and 2004 shows that more than 125 antibac-


terial screens on 60 different targets were run by 34 differ-


ent companies, and none of these experiments has been


successful, indicating that the fast track “from gene to drug”


does not exist.5 Despite the reduction of HTS costs, each cam-


paign of library screening costs several millions of USD. If the


current results of HTS methods are below the expectations,


improvements of these approaches will come from the evo-


lutions of (i) structural proteomics6 (determination at atomic


resolution of protein structures on a genome-wide scale) and


(ii) combinatorial chemistry with diversity-oriented syntheses


to enrich the chemical space.7–9 Natural-product chemistry has


recently been revisited and will continue to be a powerful


source of drug candidates.10 It is now generally accepted that


collections of natural products have a higher probability of


delivering hits than typical libraries of molecules generated by


combinatorial chemistry.11 Half of the drugs currently in clin-


ical use are of natural-product origin.12,13 These natural prod-


ucts could be optimized for desirable drug properties by


combinatorial biosynthesis.14 Computational methods might


also be useful as a decision tool for the preparation of mole-


cules to create libraries of chemicals.15 The use of nuclear


magnetic resonance (NMR) spectroscopy to screen potential


drug molecules has been in rapid development over the last


decade and might be a key tool in the arsenal of biophysical


methods for drug discovery and lead optimization.16 “Chem-


ical genetics” is now a popular metaphor used in drug discov-


ery. Initially coined by Debusk17 in the title of a review


published in 1956, chemical genetics has been in fact suc-


cessfully promoted by Schreiber since 1998.18 While classi-


cal genetics concerns the study of a gene function by direct


removal of a gene coding for a protein (genetic knockout),


chemical genetics is defined as a genetic study using chemi-


cal tools.18,19 Chemical genetics is divided into two different


methods: “forward chemical genetics” and “reverse chemical


genetics” (see Figure 1). These two approaches correspond (i)


to the use of a set of different molecules to identify a gene


that codes for a protein or (ii) to the screening of a library of


molecules with a protein to identify a protein–ligand that will


be used in developing zebrafish to observe phenotype mod-


ifications, respectively. The fast reproduction rate of zebrafish


is a key advantage in chemical genetics compared to the slow


reproduction rate of mammals that are mainly used in classi-


cal genetics. One should also keep in mind that observations


during clinical trials are also “reverse chemical genetics”. For


example, Sildenafil (Viagra) was initially evaluated on humans


for the treatment of heart disease as an inhibitor of cyclic gua-


nosine monophosphate (cGMP) phosphodiesterase, an impor-


tant enzyme in the control of vasodilatation. Its phenotypic


effect on erectile function was discovered during the clinical


trials! Target identification should be mainly improved by


chemical genetics if nonspecific binding to proteins can be


minimized. This problem can be solved by using mammalian


cell extracts bearing the target with Escherichia coli extracts


that are able to saturate nonspecific binding sites.20 The final


goal of chemical genetics will be to produce a complete set of


chemical tools to probe each gene product. However, are we


sure that small molecules have a real future as drugs?


Small Molecules as Drugs: The Downfall or
a Real Future
Besides the drug market of small molecules, new strategies


have been developed over the last 2 decades to expand the


use of “biological drugs”: (i) modulation of gene expression


with small DNA or RNA fragments, including interference RNAi


as therapeutics,21–23 (ii) anticancer vaccines (Gardasil has been


recently approved to prevent women from developing cervi-


cal cancer by targeting four strains of human papilloma


virus24), and (iii) cellular therapy with human embryonic stem


cells, a field that is still a matter of intensive scientific and eth-


ical debates.25,26


The future of small molecules has been questioned over


the past decade, and their downfall has been predicted sev-


eral times. We have to keep in mind that the drug market is


still dominated by small molecules and that more than 80%


of the clinical development of drug candidates for the top 20


pharmaceutical firms is still based on small molecules.27 The


high cost of developing and manufacturing “biological drugs”


will contribute toward leaving an open space for drugs based


on small molecules, because their development is cheaper.


The health costs and the access to new therapies is not only


a concern for less-developed countries but also for the U.S.A.,


Europe, and Japan when taking in consideration the aging of


the population that severely increases drug consumption at a


rate far above that of the growth of the economy. In addi-


tion, the reduction of prescription drug expenditures is one of
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the main targets to slowdown the increase of health-care costs


[the total health costs reached 16% of the gross domestic


product (GDP) in 2005 in the U.S.A.].28 A Swedish survey


(2000–2003) evaluated the cost of four biological antirheu-


matic drugs in southern Sweden (proteins acting as ΤΝFR
inhibitors, such as Etanercept, Infliximab, and Adalimumab, or


an interleukin-1 receptor antagonist, such as Anakinara). The


annual costs of these drugs ranging from 10 800 to 14 400


euros/year, far above 170 euros/year, the average annual


drug-cost per person in Sweden.29 The cost of such sophisti-


cated drugs represents for national health insurances a free


medium-size car per citizen per year! These different factors


strongly suggest that small molecules have a real future in the


drug market, with development and manufacturing costs


below that of biological drugs.


Medicinal chemists have made considerable efforts over


the last 2 decades to push up the drugability of hits via more


elaborated and “rational” designs of drugs. Significant


progresses have been obtained in the design of drug candi-


dates active by oral uptake, a noninvasive route of drug


administration. To reach this goal, Lipinski’s rule is now in


mind of all medicinal chemists.30 To facilitate the screening of


lead molecules with a predictable bioavailability by oral route,


Lipinski and co-workers developed the concept of “the rule of


5” in 1994–1997. On the basis of a data-mining work with


available data on thousands of drugs, these authors selected


four (not five) parameters called “the rule of 5” for a simple


mnemonic reason: each of the cutoff parameters were close


to 5 or a multiple of 5. Easy intestinal absorption and perme-


ability are expected for molecules having less than 5 hydro-


gen-bond donors, less than 10 hydrogen-bond acceptors, a


molecular weight below 500, and a calculated partition coef-


ficient log P (C log P) not greater than 5. The rule of five is


now routinely integrated in decision methods for the identifi-


cation of leads and drug candidates. However, as for any clas-


sical rule, some violations to Lipinski’s rule have been listed.


In particular, the polar surface area parameter is an impor-


tant factor that governs intestinal passage for small anionic


molecules.31 Drugs targeting proteases or G-protein-coupled


receptors are exceeding the limits of the rule of five.32 The


drugable molecules with adapted absorption, distribution,


metabolism, and excretion (ADME) parameters constitute a


very limited space compared to the vaste universe of the pos-


sible structures defined as the “chemical space” (Figure 2).33


FIGURE 1. Forward and reverse chemical genetics: (i) using a set of different molecules to identify a gene that codes for a protein or (ii)
screening a library of molecules with a protein to identify a protein–ligand that will be used in developing zebrafish to observe phenotype
modifications. Reproduced with permission from ref 19. Copyright 2006 American Chemical Society.
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The total chemical space with all possible structures, includ-


ing all possible isomers, is a huge universe far above the up-


to-now explored sections of the chemical space with the


currently known molecules. Fink and Reymond have recently


generated a database containing more than 26 million mol-


ecules with up to 11 atoms of carbon, nitrogen, oxygen, and


fluorine, which are feasible according to regular synthetic


modes.34 Only 63 850 molecules of this limited chemical


space are already available in public databases, i.e., less than


0.24% of the possibilities offered by chemical syntheses; the


forest should not be masked by few trees! Large uncharted


areas of the chemical space are available for future creative


works in the chemistry of small molecules.


Actually, four main different routes can be explored to elab-


orate affordable and efficient drugs: (i) a drastic reduction of


the production costs of biological drugs, (ii) real improvements


of drug discovery via “computer-assisted combinatorial meth-


ods”, (iii) going back to an extensive exploration of natural


products as drug sources, and (iv) drug discovery by man-


brain, including serendipity, rational-drug design, and bio-in-


spired design. These last two items are fascinating areas for


researchers in universities and pharmaceutical companies.


At the border between bio-inspired and rational design, one


can imagine to prepare hybrid molecules with a dual mode of


action to create new efficient drugs. Personally, I have been


inspired by mechanistic studies on two natural products, bleo-


mycin and artemisinin, anticancer and antimalarial drugs,


respectively. This Account will be concentrated on this partic-


ular field, hybrid molecules with a dual mode of action, that


can be considered as a niche compared to the main streams


in drug discovery developed over the past 2 decades in big


pharmaceutical companies.


Hybrid Molecules with a Dual Mode of
Action
In the present Account, (i) hybrid molecules are defined as


chemical entities with two (or more than two) structural


domains having different biological functions (chimeric struc-


ture is also a possible naming, but the use of hybrid is pre-


ferred) and (ii) dual activity indicates that a hybrid molecule


acts as two distinct pharmacophores. Both entities of the


hybrid molecule are not necessarily acting on the same bio-


logical target. These hybrid molecules should be confused


with prodrugs. When a drug candidate has a weak bioavail-


ability, the prodrug strategy is highly useful to correct the


pharmacokinetic and pharmacodynamic profiles of a valuable


lead.35 The hybrid molecule strategy is different than the frag-


ment-based lead discovery.36 The fragment-based approach in


drug design is the improvement of the biological activity of a


molecule fragment by the addition of chemical functions able


to bind to adjacent regions of the active site when the pro-


tein target is known. The fragment self-assembly approach,


consisting of allowing two or three fragments with adapted


functionalities to react within the target site to generate in situ


covalent links, will certainly have a successful development in


the future. This approach is very similar to that one devel-


oped by Lehn and co-workers to create dynamic combinato-


rial libraries of chemicals.37


Before discussing our work on the design of antimalarial


agents based on hybrid molecules with a dual mode of action,


we would like to mention that we have been greatly influ-


enced by our previous studies on the mechanism of action of


bleomycin, an efficient anticancer agent.38–40 This glycopep-


tide, originally isolated as an antibiotic from Streptomyces ver-


ticillus, is a paradigm for hybrid molecule-based drugs


(bleomycin is a very popular research topic: more than 13 287


entries were found in the PubMed databank on March 12th,


2007). This drug has three distinct structural domains: one for


DNA binding, a second for metal binding, and a third contain-


ing carbohydrates (see Figure 3 for the structure). As such,


bleomycin is an excellent example of the design by a micro-


organism of a hybrid molecule containing three structural enti-


ties with three different biological roles. After cell penetration


facilitated by the carbohydrate domain, the bithiazole entity


and its positively charged terminal chain binds to GC-rich


sequences of DNA and an amine-rich domain that strongly


chelate redox-active metal ions, such as iron. The BLM–FeIII


complex is easily reduced inside cells to BLM–FeII, which


reacts with molecular oxygen, a second electron, and a pro-


ton to generate “activated bleomycin”. The last intermediate


FIGURE 2. Cartoon view of the vast chemical space and the
discrete areas that are occupied by some biologically active
chemical entities (proteases, kinases, etc.) and, in particular, the
region that is defined by molecules with good ADME parameters.
Reproduced with permission from ref 33. Copyright 2004 Nature
Publishing Group.
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that detected prior DNA cleavage is a low-spin BLM–FeIII–OOH


complex, which can abstract a H atom at the C4′ position of


deoxyribose units after the homolytic cleavage of the O–O


bond or via a high-valent iron–oxo species produced by the


heterolysis of the same O–O bond (see Figure 4).41,42 We con-


tributed to document the formation and its cleaving activity of


a high-valent bilayer lipid membrane (BLM)–iron–oxo com-


plex by using KHSO5 as single oxygen atom donor.43,44 This


work on the mechanism of action of bleomycin was at the ori-


gin of our interest to design hybrid molecules as potential anti-


cancer drugs. Hybrid metalloporphyrin–ellipticine molecules


with a DNA intercalator and a metalloporphyrin also having


DNA affinity were able to cleave DNA and to be cytotoxic on


leukemia cells at micromolar concentrations as


bleomycin.45,46 The development of these molecules has been


stopped because of difficulties to access a suitable murine


model for their in vivo evaluation.


We became interested in the design of hybrid antimalarial


agents after an initial study on the mechanism of action of


artemisinin (see Figure 5 for the structure), a drug active on


chloroquine-resistant strains of Plasmodium falciparum.47,48


During their erythrocytic life stage, the malaria parasites are


using hemoglobin as a source of amino acids, leaving free


heme as a waste residue. The liberated heme is polymerized


to hemozoin to avoid any oxidative stress because of the


redox-active free heme. The interaction of artemisinin with


heme generates the homolysis of the O–O bond of the triox-


ane unit and produces, after �-scission, a C4 radical able to


alkylate the meso positions of heme.49,50 This alkylation of


heme by artemisinin has been evidenced in infected mice and


not in healthy ones (see Figure 5 for the structures of heme–


artemisinin adducts).51 This alkylating capacity of trioxane-


containing antimalarial drugs is not limited to only artemisinin


but is also a signature for active artemisinin derivatives or arte-


misinin mimics.52,53 The understanding of the strong alkyla-


tion capacity of trioxanes when properly designed has inspired


our design of antimalarial hybrid molecules. In particular, the


access of the trioxane entity to heme should not be blocked


by bulky substituents, and the �-scission should give rise to a


C-centered radical and not to the release of a H atom (Figure


6).


The comeback of malaria for the last 3 decades is mainly


due to the spreading of parasite strains resistant to classical


and cheap drugs (chloroquine, pyrimethamine, sulfadoxine,


etc.). Monotherapies with new drugs are not recommended by


the World Health Organization (WHO) to avoid the fast emer-


gence of new drug-resistant strains. Consequently, combined


therapies based on Artesunate (a fast-eliminating drug) and a


slow-eliminating drug have been developed over the past


decade.54 However, the cost of these drug combinations is still


a problem, and sources of artemisinin are erratic. The chal-


lenge is to develop new antimalarial drugs, affordable and


able to avoid the emergence of resistant strains.55 Having


these requirements in mind and also considering that free


heme within the food vacuole of the parasite is still an attrac-


tive target,56 we decided to create new hybrid molecules with


a dual mode of action (a “double-edged sword”) able to kill


multiresistant strains by oral administration, without having


the difficulties to adjust the biodisponibility of two structur-


ally different molecules. These hybrid molecules with two


FIGURE 3. Representation of bleomycin with its three different structural domains (asterisks indicate the nitrogen atoms involved in metal
binding).


FIGURE 4. Generation of “activated bleomycin” and different
possible reactive species in DNA cleavage.
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pharmacophores able to interact with the target are made with


a trioxane motif covalently linked to an aminoquinoline entity


and named trioxaquines (see Figure 7 for structures).57–60


These molecules are highly active in vitro on chloroquine-re-


sistant strains of P. falciparum (with IC50 values ranging from


5 to 50 nM), and they are able to alkylate heme as well as


artemisinin derivatives.61,62 The two separate precursors of tri-


oxaquines have a limited antimalarial activity compared to the


whole entity, thus illustrating the synergistic effect of the cova-


lent binding of both precursors.60 These trioxaquines are


active on the young erythrocytic stages of P. falciparum as


artemisinin derivatives, whereas chloroquine is active on the


late stages.60 Therefore, trioxaquines have all properties of tri-


oxane-containing molecules, but in addition, these hybrid mol-


ecules are also able to inhibit the polymerization of �-hematin


as chloroquine (artemisinin derivatives are not able to inhibit


hemozoin polymerization). These data indicate that both moi-


eties of trioxaquines are able to interact with heme as a com-


mon target. The in vivo activities of trioxaquines by oral


administration are higher than artemisinin itself and very close


to that of artesunate with curative doses (CD50 values) rang-


ing from 15 to 20 mg/kg per day (dose applied once daily for


4 days on mice infected with P. vinckei petteri).60 On the same


model, the CD50 values are 19 and above 25 mg/kg per day


for artesunate and artemisinin, respectively. The activities of


trioxaquines are also very similar to that of the new ozonide-


containing antimalarial agent OZ277 developed by Venner-


strom et al.63 trioxaquine DU1302 is also active by oral route


on mice infected by the highly virulent strain P. yoelii nigerien-
sis.60 Similar to artemisinin, DU1302 is active on gametocytes,


the mosquito-transmissible forms of the parasites, which is not


FIGURE 5. Representation of the antimalarial artemisinin with its
1,2,4-trioxane-active motif (the deoxo derivative with one oxygen
atom missing in the endoperoxide bridge is totally inactive) and the
identified heme–artemisinin adducts in infected mice. Reproduced
with permission from ref 51. Copyright 2005 Proceedings of the
National Academy of Sciences (PNAS).


FIGURE 6. Interaction of trioxane-containing antimalarial drugs
with heme as a target.


FIGURE 7. Schematic representation of antimalarial trioxaquines
and structure of DU1302.
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the case for chloroquine. Killing gametocytes is essential to


limit the spread of malaria. DU1302, despite a good activity


profile in vitro and in vivo, has not been developed as a drug


candidate because of its four different stereoisomers.59,60


More than 100 trioxaquines have been prepared by Palumed


over a period of 4 years, and in collaboration with Sanofi-


Aventis, the trioxaquine PA1103-SAR116242 has been


selected in January 2007 as a candidate for preclinical devel-


opment. It should be noted that the large-scale preparation of


endoperoxide-containing precursors is a real challenge in


medicinal chemistry. Forty years ago, few people believed that


a sesquiterpene, such as artemisinin, contained a trioxane


motif as an active moiety. Again, the door was opened by


Nature, and medicinal chemists have now a source of inspi-


ration to create new peroxide-based drugs.


A frequently asked question: why make a hybrid molecule


instead of giving the separate pharmacophores in one tab-


let? For short answers, one can note (i) the troubles when mak-


ing a combination of drugs64 (different solubilities are


susceptible to modify the bloodstream uptake, the necessity


of fine tuning the formulation to ensure that the blood level


of the two drugs should be the same when given in the same


tablet, etc.), (ii) that the pharmacokinetic of a hybrid mole-


cule is more predictable, and finally, (iii) that it is possible to


use the uptake capacities of one motif to boost the biodis-


ponibility of the second entity. The concept of developing


agents that modulate multiple targets simultaneously with the


aim of enhancing efficacy has also been recently discussed by


Morphy and Rankovic.65


Hybrid molecules with a dual mode of action can be clas-


sified in three different categories (see Figure 8). The cate-


gory A concerns a single target, and both entities of the hybrid


molecule are able to interact with the target. This is the case


of trioxaquines that are “double-edged sword” molecules. Tri-


oxaquines are able to stack with heme via their aminoquino-


line entity and can also alkylate heme after a reductive


activation: these hybrid molecules have a dual mode of action


on the same target. In the second category B, the two enti-


ties of the hybrid molecule act independently on two differ-


ent and nonrelated targets. This case has been recently


illustrated by new hybrid antimalarial agents with a covalent


attachment of an inhibitor of the PfCRT (P. falciparum chloro-


quine resistance transporter) to a chloroquine motif.66 Hybrid


molecules inspired by Rivastigmine and Fluoxetine are inhib-


itors of both acetylcholinesterase and serotonin transporters


and have been designed for the treatment of Alzheimer’s dis-


ease.67 Another example of category B concerns the prepa-


ration of efficient antioxidants by linking a chroman moiety of


vitamine E and a catechol known for its antioxidant activi-


ty.68 When the linker is labile or designed for being easily


cleaved in vivo, then a subcategory B can be identified as dual


prodrugs. This particular case is illustrated by the example of


hybrid antimalarial molecules containing a glutathione reduc-


tase inhibitor and a 4-anilinoquinoline.69 Hybrid anticancer


molecules based on the conjugation of taxol (Paclitaxel) to


camptothecin, epipodophylotoxin, or colchicines via an amide-


containing linker also fall into this subcategory.70 To illustrate


category C, one can mention the preparation of hybrid antip-


rion molecules obtained by linking acridines to imino-diben-


zyl entities.71 One of these hybrid molecules is one of the


most active antiprion compounds yet described, with an EC50


value of 20 nM determined with a cell model of prion dis-


ease. DNA ligands fall into category C with the high diversity


of sequences defined by the base-pair system. Many hybrid


molecules have been designed to target specific DNA


sequences: some of them are bleomycin mimics (see ref 72


and references therein), but most of them are hybrid DNA-


binding molecules made by associating intercalators or minor-


or major-groove binders to create efficient tools for the con-


trol of gene expression.73 The hydrid molecule strategy is not


recommended when the two targets for each entity are too


different. Dual �-lactam–fluoroquinolone derivatives have


been limited to phase-I trials and have never been able to


pass this clinical stage (a membrane protein and a DNA-bind-


ing enzyme in that particular case).74


The limited number of examples mentioned above should


not be considered as an exhaustive list of hybrid molecules


with a dual mode of action but only as a short summary to


illustrate the concept and its potential applications.


In conclusion, the design of hybrid molecules with a dual


mode of action is a niche in the large field of drug discovery.


FIGURE 8. Schematic representation of three different possible
modes of interaction of hybrid molecules: (A) one single target (for
double-edged molecules), (B) two independent targets (each entity
of the hybrid molecule acts with its target), and (C) two related
targets (both entities of the hybrid molecule act at the same time
on two connected targets).
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It is one possible approach to create drugs via a rational drug


design, and it might generate drug candidates at a reason-


able price. It is away from repetitive chemistry, and as in


“haute-couture”, the design should be good from the begin-


ning to quickly get drug candidates with a high score in drug


criteria and with the maximum chance of success in clinical


trials.
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C O N S P E C T U S


Carbon nanotubes (CNTs) have been proposed and
actively explored as multipurpose innovative carriers for


drug delivery and diagnostic applications. Their versatile
physicochemical features enable the covalent and noncova-
lent introduction of several pharmaceutically relevant enti-
ties and allow for rational design of novel candidate
nanoscale constructs for drug development. CNTs can be
functionalized with different functional groups to carry simul-
taneously several moieties for targeting, imaging, and ther-
apy. Among the most interesting examples of such
multimodal CNT constructs described in this Account is one
carrying a fluorescein probe together with the antifungal
drug amphotericin B or fluorescein and the antitumor agent
methotrexate. The biological action of the drug in these cases
is retained or, as in the case of amphotericin B constructs,
enhanced, while CNTs are able to reduce the unwanted tox-
icity of the drug administered alone. Ammonium-functionalized CNTs can also be considered very promising vectors for gene-
encoding nucleic acids. Indeed, we have formed stable complexes between cationic CNTs and plasmid DNA and demonstrated
the enhancement of the gene therapeutic capacity in comparison to DNA alone. On the other hand, CNTs conjugated with
antigenic peptides can be developed as a new and effective system for synthetic vaccine applications. What makes CNTs
quite unique is their ability, first shown by our groups in 2004, to passively cross membranes of many different types of
cells following a translocation mechanism that has been termed the nanoneedle mechanism. In that way, CNTs open innu-
merable possibilities for future drug discovery based on intracellular targets that have been hard to reach until today. More-
over, adequately functionalized CNTs as those shown in this Account can be rapidly eliminated from the body following
systemic administration offering further encouragment for their development. CNT excretion rates and accumulation in organs
and any reactivity with the immune system will determine the CNT safety profile and, consequently, any further pharma-
ceutical development. Caution is advised about the need for systematic data on the long-term fate of these very interest-
ing and versatile nano-objects in correlation with the type of CNT material used. CNTs are gradually plyaing a bigger and
more important role in the emerging field of nanomedicine; however, we need to guarantee that the great opportunities
they offer will be translated into feasible and safe constructs to be included in drug discovery and development pipelines.


Introduction
The bioavailability and intrinsic toxicity of many


potential low molecular weight drugs affect so


much their pharmacological profile that their ther-


apeutic efficacy is strongly compromised to the


point that most of them have to be abandoned
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from late-stage pharmaceutical development. This recurrent


phenomenon in the drug development cycle has led to an


almost critical situation plaguing the production pipelines of


almost all pharmaceutical companies. This, in combination


with the expiration of many patents protecting “blockbuster


drugs”, is currently forcing the pharmaceutical industry to act


creatively in rejuvenating their drug discovery programs and


design more and better drug candidates for clinical develop-


ment. One of the possibilities that can act as a potential source


of new drug design strategies is the incorporation of nano-


technologies at an early stage in the drug development pro-


cess. Similar examples of alternative technologies (polymers,


liposomes) into small molecule drug discovery can now be


found in the market, including different types of drug prod-


ucts for a variety of indications, such as cancer and infectious


diseases.1,2 Several polymer- or lipid-based conjugate sys-


tems containing doxorubicin or amphotericin B have been


shown to have increased efficacy and reduced toxicity. More-


over, these new drug conjugates are very expensive, and the


search for new, more affordable constructs is highly desirable.3


One of the most recent strategies proposed to incorporate


nanotechnology principles to modulate the undesired effects of


a drug and create new conjugates with promising and improved


pharmacological profiles and modalities is through the applica-


tion of carbon nanotube functionalization chemistry.4 Besides the


capacity of functionalized carbon nanotubes (f-CNT) to act as car-


riers for the delivery of a wide range of therapeutic agents, f-CNT


conjugated to a drug can be also considered as a new entity with


novel therapeutic or diagnostic properties.5,6


In this Account, we describe the efforts, mainly carried out in


our laboratories, toward obtaining different types of fully func-


tionalized CNT in which the carbon skeleton plays the funda-


mental role of a carrier with improved therapeutic efficacy mainly


via multipresentation or multivalency.7 In doing this, we propose


a novel strategy for the development of new entities in drug


design and discovery that can potentially constitute very attrac-


tive candidates for further pharmaceutical development.


Carbon Nanotube Functionalization
Chemistry
CNT are tubular objects with a high aspect ratio and a diam-


eter in the nanoscale range.8 They can be classified by their


structure into two main types: (i) single-walled carbon nano-


SCHEME 1. Molecular Structure of a Carbon Nanotube with
Highlighted Tips and Sidewalls


SCHEME 2. Oxidation of Carbon Nanotubes


SCHEME 3. Amidation Reaction of Oxidized Carbon Nanotubes


SCHEME 4. Functionalization of Carbon Nanotubes Using Addition Reactions (X ) Functional Groups)
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tubes (SWNT), which consist of a single layer of graphene


sheet seamlessly rolled into a cylindrical tube,9 and (ii) mul-


tiwalled carbon nanotubes (MWNT), which comprise multiple


layers of concentric cylinders with the space of about 0.34 nm


between the adjacent layers.10


From a chemical reactivity point of view, CNT can be dif-


ferentiated in two zones: the tips and the sidewalls (Scheme 1).


The tips are reminiscent of the structure of a fullerene


hemisphere and are relatively reactive.4 The sidewalls can be


approximately considered as curved graphite, the degree of


curvature, of course, depending on the diameter of the tube.11


However, whatever the diameter, the reactivity of the side-


walls is considerably lower than that of the tips. Therefore,


most reactions are expected to occur at the tips first and then,


in some cases, at the sidewalls, especially in the areas where


defects are present (i.e., five- and seven-membered rings or


holes due to an incomplete graphite arrangement). This dif-


ference in reactivity has led to a selective oxidation of the tips,


while the sidewalls remain inert.


Since the as-produced CNT contain variable amounts of


impurities, such as amorphous carbon and metallic nanopar-


ticles, the initial efforts in their purification focused on the


selective oxidation of the impurities with respect to the less


reactive CNT. Use of strong oxidizing agents, such as concen-


trated nitric acid, led actually to purer materials.12 However,


since the CNT tips do generally react under these conditions,


the result is that the tubes open and the tips consist now of


oxygenated functions, mainly carboxylic acids.13 Also, dan-


gling bonds can react similarly, generating other functions at


the sidewalls (Scheme 2).


The carboxylic functions can, in turn, lead to further deriva-


tization.14 After conversion to acid chlorides, reaction with


amines can afford the corresponding amides (Scheme 3).


Another opportunity is given by the reactivity of the side-


walls. Cycloadditions or radical reactions can be employed to


covalently attach molecular appendages to the CNT sidewalls4


(Scheme 4).


Carbon Nanotubes as Nanocontainers
In principle, as the tips are open, CNT can also be considered


as nanocontainers. Many molecules, ions, or metals can be


possibly inserted.15 A number of different molecules, such as


fullerenes, porphyrins, and metals, have indeed been included


in the internal space of CNT, mostly due to hydrophobic inter-


actions.16 Such constructs containing a metal or a metal com-


plex can clearly constitute potential candidates for the design


of pharmaceuticals for diagnostic purposes and will be devel-


oped as novel contrast agents for different imaging modali-


ties (Scheme 5).


Functionalized Carbon Nanotubes for
Therapeutic and Diagnostic Applications
If we assume that all the above-described processes can be


efficiently performed, we will have reached the goal of imple-


menting three different functional units for potential target-


ing, diagnosis, and drug transport capabilities. All new


functional groups, including amines and carboxylates, can be


further modified with therapeutic agents to create CNT con-


jugates endowed with some kind of pharmacological activ-


ity. Nanotubes able to carry one or more therapeutic moieties


with optical or other (e.g., magnetic) probes for imaging,


and/or specific recognition signals for targeting, can offer mul-


timodal options in the treatment of cancer and other types of


complex diseases where activity is required only at specific


sites in the body. Of course, even when these synthetic objec-


tives are reached, there will be several technological prob-


lems to solve, mainly of pharmaceutical development nature,


among which are the stability of the complexes in physiolog-


ical conditions, the degree of aggregation in vivo, the correct


timing, and location of drug release. Nonetheless, consider-


ing the vast possibility of combinations offered, CNT are rich


technological platforms for the development of candidates for


simultaneous diagnosis, transport, and targeted delivery of


drugs.5,6


The possibility of developing CNT for biomedical applica-


tions became a reality after a series of powerful methodolo-


gies for their functionalization were described.4 Different


approaches have been proposed to render the nanotubes sol-


uble and compatible with physiological conditions. This is a


fundamental issue for their integration into living system envi-


ronments. A critical parameter to determine biocompatibility


is the degree of toxicity of all CNT materials. This is a key


issue which is currently under careful and extensive exami-


nation from various laboratories.17 Observations reported by


SCHEME 5. Insertion inside Carbon Nanotubes
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other groups and ours so far have shown that functionaliza-


tion remarkably reduces the cytotoxic effects of CNT,18 while


increasing their biocompatibility.19 The evidence gathered so


far highlights that the higher the degree of CNT functionaliza-


tion, the safer is the material, particularly compared to pris-


tine, purified CNT, thus offering the potential exploitation of


nanotubes for drug administration.


Within the different types of organic reactions, we have


developed the 1,3-dipolar cycloaddition reaction of azo-


methine ylides.20,21 This method creates pyrrolidine rings dis-


tributed along the nanotube external walls and tips. We have


also demonstrated that an oxidation/amidation followed by a


cycloaddition reaction permits generation of doubly function-


alized carbon nanotubes.22


The compounds shown in Table 1 can be synthesized


along the lines described above. The main features of com-


pounds 1–9 are as follows:


1. The presence of hydrophilic appendages. All of the


compounds bear an aminotriethylene glycol chain for improv-


ing water solubility.


2. The presence of fluorescent probes as for com-


pounds 3, 4, 5, and 7. Labeling can be performed, for


instance, by condensing f-CNT 1 or 2 with fluorescein


isothiocyanate (FITC), giving 3 and 4, respectively. To


improve water solubility, in some cases, e.g., 4, it is possi-


ble to leave some of the amino groups unlabeled by play-


ing with orthogonally protected functional groups.


3. The presence of amphotericin B as in the case of com-


pounds 5 and 6. Amphotericin B is a potent commercially


available antifungal agent.


4. The presence of the anticancer agent methotrexate as


in the case of compound 7.


5. The presence of immunogenic peptides as in the case


of compounds 8 and 9.


All compounds in Table 1 were tested in various biologi-


cal assays according to their structural properties (right col-


umn in Table 1).


In particular, compound 1 was tested in some of the first


biocompatibility and cellular interaction studies ever carried


out, whereby different types of human and murine cell lines,


lymphocytes, and macrophages were cultured in the presence


of f-CNT 1.23–25 The ammonium functionalized CNT 1 were


observed by TEM microscopy and localized inside the cells


(Figure 1).26 Radioactive-labeled carbon nanotubes, derived


from f-CNT 1, were intravenously injected in mice and found


to be excreted in urine,19 demonstrating that functionalized,


water-soluble CNT can be well-tolerated in vivo, while exhib-


iting a unique capacity to cross cell membranes and localize


into the cytoplasm.23–25


Strictly related to this phenomenon is the study of the


mechanism leading to cellular uptake of nanotubes. Even


though many different laboratories have now indepen-


dently obtained evidence of carbon nanotube cellular inter-


nalization, the exact mechanism responsible for such


observations is still a matter of debate.24,27–29 We believe


that different pathways are responsible for cellular uptake


of nanotubes strongly dependent on the type of nanotubes


and the type of biomolecules on their surface. The CNT


functionalized covalently with small molecular weight mol-


ecules seem to penetrate plasma membranes to a consid-


erable extent via an energy-independent mechanism and


cross the membrane in a passive way acting like tiny


needles.24,26 In particular, we have found that all the nano-


tubes reported in Table 1 can be uptaken by cells to a con-


siderable degree in an energy-independent manner. The


extent of such cell penetrating capacity of f-CNT is not yet


determined and is currently under further investigation in


our laboratories. However, we have already started seeing


other laboratories independently obtaining almost identi-


cal observations to our original “nanoneedle” penetration


capacity of individualized carbon nanotubes using differ-


ent types of CNT, further reinforcing our proposed hypoth-


esis.30


Functionalized Carbon Nanotubes for Gene
Delivery
Since f-CNT 1 are cationic under physiological conditions, they


were also found to efficiently complex31 and translocate DNA


inside cells26,32 in the first studies exploring the capability of


f-CNT to deliver genes. We have produced the supramolecu-


lar complexes between f-CNT 1 and plasmid DNA which


express the �-galactosidase marker gene. The expression of


the marker gene using f-CNT 1 reached 5–10 times higher


levels than the plasmid DNA delivered alone, which allows


consideration of this novel approach for gene delivery as


promising. The potential of gene therapeutics based on car-


bon nanotubes has been further explored for gene silencing


applications.33,34 Complexes of single-walled carbon nano-


tubes with siRNA strands modified with a hydrocarbon tail


were used to target and specifically kill cancer cells. Further


developments of this system are however necessary to vali-


date the in vivo use of this methodology.
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TABLE 1. Molecular Structures of the Carbon Nanotube Conjugated with Different Therapeutic Agents
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Functionalized Carbon Nanotubes for
Infectious Diseases
In another approach, carbon nanotubes could be functional-


ized with antibiotics. Amphotericin B is an antimycotic agent


used against particularly resistant fungal strains.35 It is, how-


ever, of limited use because it is highly toxic to mammalian


cells, likely due to its low solubility in water and its tendency


to aggregate and form pores in the cell membrane. We rea-


soned that the conjugation of amphotericin B to carbon nano-


tubes could modulate its properties in terms of toxicity and


antimycotic efficiency.22 The first issue we addressed with


f-CNT 5 was the cytotoxicity against mammalian cells. We


found that, whereas amphotericin B is highly toxic at 10


µg/mL concentration, reaching 40% cell mortality, CNT-con-


jugated AmB 5, used at increasing concentrations (up to 40


µg/mL, corresponding to a concentration of amphotericin B


TABLE 1. Continued
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linked to the tubes of 10 µg/mL), was not toxic. Next, we


investigated the cell penetration ability of f-CNT 5 bearing


both amphotericin B and fluorescein. This latter component


allows for the detection of f-CNT 5 in the cells. The fluores-


cence was clearly evident inside the cell compartments. At the


same time, the toxicity against fungi and yeasts was


enhanced. Preliminary data (kindly provided by Prof. R.


Gennaro and Dr. M. Benincasa, University of Trieste) show that


f-CNT 6 are also active on strains usually resistant to ampho-


tericin B. The reason for this enhanced therapeutic effect is not


totally clear. A more detailed study is currently underway to


elucidate whether the mechanism of action of f-CNT 6 is sim-


ilar to that of amphotericin B itself or whether it differs in some


aspects, then accounting also for the reduced toxicity to mam-


malian cells.


Functionalized Carbon Nanotubes for
Oncology
f-CNT 7 contains a methotrexate molecule together with a fluor-


escein probe.36 Methotrexate is a well-known and potent anti-


cancer agent, used also to cure autoimmune diseases.37


However, methotrexate suffers of low bioavailability and toxic


side effects.38 Therefore, an increased bioavailability and a tar-


geted delivery are highly desirable. f-CNT 7 might offer the


possibility for improving bioavailability and, in the presence of


a targeting unit, to address specifically cancer cells. Prelimi-


nary results have shown that methotrexate conjugated to the


nanotubes is as active as methotrexate alone in a cell cul-


ture assay where Jurkat cells were incubated up to 72 h


(unpublished data). The reason for lack of enhanced efficacy


between the f-CNT 7 and the nonconjugated drug could be


attributed to the stable amide bond between methotrexate


and the nanotubes. Indeed, the drug is probably released too


slowly from the tubes into the cytoplasm for an efficient inter-


action with its receptor. It is certainly necessary to introduce


a cleavable linker or a more enzymatically sensitive bond in


the CNT 7 as demonstrated for conjugates based on dendri-


mers.39 However, f-CNT 7 can be considered a promising con-


struct, and we are currently improving its activity. Following an


alternative approach, carbon nanotubes modified with a car-


borane moiety have been developed for cancer applications.40


Single-walled CNT were functionalized with a substituted car-


borane cage for boron neutron capture therapy. The biodis-


tribution study on different tissues showed that water-soluble


carborane nanotubes were concentrated more in tumor cells


than in other organs when administered intravenously. These


results were preliminary although also promising for future


applications of carbon nanotube boron-based agents for effec-


tive treatment of cancer.


Functionalized Carbon Nanotubes for
Vaccination
Another class of carbon nanotube-based therapeutic candi-


dates consists of their constructs with synthetic peptide for


immune system activation. The decoration of functionalized


nanotubes with B and T cell peptide epitopes can generate a


multivalent system able to induce a strong immune


response.41,42 Peptides can be connected to the tubes using


the chemoselective approach.43 This strategy is based on the


preparation of functionalized carbon nanotubes with a male-


imide group which readily reacts with peptides containing a


cysteine residue at one end. The thiol group of the cysteine


selectively adds to the maleimide forming a stable covalent


bond. The advantage of this method is that the peptide,


obtained by solid phase synthesis, is fully deprotected and


characterized before performing the ligation to the nanotubes.


f-CNT 8 and 9 were prepared following this type of chemis-


try by linking a B cell epitope from a coat protein of foot-and-


mouth disease virus (FMDV). The two conjugates differ in the


amount of peptide around the nanotubes which was doubled


for f-CNT 9 using a lysine branch. The antigenic and immu-


nogenic properties of these conjugates were measured. In par-


ticular, f-CNT 8 and 9 elicited high antibody responses in


comparison to the nonconjugated peptide. In addition, the


generated antibodies had the capacity to neutralize the virus,


thus demonstrating the potential of carbon nanotubes as com-


ponents for synthetic vaccine development.


Conclusions
Besides the advances in novel synthetic chemistry that have


led to the design and discovery of multiple small drug mole-


FIGURE 1. Ultrathin transverse section of a HeLa cell treated with
ammonium-functionalized CNT 1. Carbon nanotubes are crossing
the cell membrane or visible into the cytoplasm (white arrows).
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cules, the product pipelines of pharmaceutical companies suf-


fer from the lack of clinically viable product candidates. The


incorporation of nanotechnology tools at early stages in the


drug development process may offer new ways of “rediscov-


ering” old drug molecules and also offer new discovery and


design options for new molecules. Our laboratories have


developed functionalized CNT with the objective of creating a


completely new component for drug development. We


described different strategies by which carbon nanotubes can


be conjugated with many different small molecules or mac-


romolecules that can act as therapeutic agents in order to


achieve improved therapeutic efficacy. The current available


examples in our laboratories include small molecule antican-


cer and antibiotic carbon nanotube conjugates as well as anti-


gen-presenting conjugates for the potential fabrication of


vaccines and plasmid DNA complexes for construction of gene


therapeutics. Although it may be premature at this stage to


claim that carbon nanotubes will be clinically successful ther-


apeutics, the results highlighted in this Account can certainly


be considered promising. We anticipate carbon nanotubes to


play a critical role as exemplary nanomaterials that can be


clinically developed and constitute archetypal cases in the


emerging field of nanomedicine.
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C O N S P E C T U S


A long-standing problem in cancer chemotherapy is the
lack of tumor-specific treatments. Traditional chemo-


therapy relies on the premise that rapidly proliferating can-
cer cells are more likely to be killed by a cytotoxic agent. In
reality, however, cytotoxic agents have very little or no spec-
ificity, which leads to systemic toxicity, causing undesirable
severe side effects. Therefore, the development of innova-
tive and efficacious tumor-specific drug delivery protocols or
systems is urgently needed. A rapidly growing tumor requires
various nutrients and vitamins. Thus, tumor cells overex-
press many tumor-specific receptors, which can be used as
targets to deliver cytotoxic agents into tumors.


This Account presents our research program on the dis-
covery and development of novel and efficient drug deliv-
ery systems, possessing tumor-targeting ability and efficacy
against various cancer types, especially multidrug-resistant
tumors. In general, a tumor-targeting drug delivery system consists of a tumor recognition moiety and a cytotoxic war-
head connected directly or through a suitable linker to form a conjugate. The conjugate, which can be regarded as a “guided
molecular missile”, should be systemically nontoxic, that is, the linker must be stable in blood circulation, but upon inter-
nalization into the cancer cell, the conjugate should be readily cleaved to regenerate the active cytotoxic warhead.


These novel “guided molecular missiles” are conjugates of the highly potent second-generation taxoid anticancer agents
with tumor-targeting molecules through mechanism-based cleavable linkers. These conjugates are specifically delivered to
tumors and internalized into tumor cells, and the potent taxoid anticancer agents are released from the linker into the cyto-
plasm. We have successfully used omega-3 polyunsaturated fatty acids, in particular DHA, and monoclonal antibodies (for
EGFR) as tumor-targeting molecules for the conjugates, which exhibited remarkable efficacy against human tumor xenografts
in animal models.


We have developed self-immolative disulfide linkers wherein the glutathione-triggered cascade drug release takes place
to generate the original anticancer agent. The use of disulfide linkers is attractive beacuse it takes into account the fact that
the concentration of glutathione is much higher (>1000 times) in tumor cells than in blood plasma. In order to monitor
and elucidate the mechanism of tumor-targeting, internalization, and drug release, several fluorescent and fluorogenic probes
using biotin as the tumor-targeting module were developed and used. Then, the progressive occurrence of the designed recep-
tor-mediated endocytosis, drug release, and drug binding to the target protein (microtubules) has been successfully observed
and confirmed by means of confocal fluorescence microscopy.


These “guided molecular missiles” provide bright prospects for the development of highly efficacious new generation
drugs for cancer chemotherapy.
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Introduction
Cancer is the second major cause of death (the number 1


cause of death for the age 85 or younger population) in the


U.S. Despite the significant progress in the development of


cancer detection, prevention, surgery, and therapy, there is still


no common cure for patients with malignant diseases. In addi-


tion, the long-standing problem of chemotherapy is the lack


of tumor-specific treatments. Traditional chemotherapy relies


on the premise that rapidly proliferating cancer cells are more


likely to be killed by a cytotoxic agent. In reality, however,


cytotoxic agents have very little or no specificity, which leads


to systemic toxicity, causing undesirable severe side effects,


such as hair loss and damage to the liver, kidney, and bone


marrow. Therefore, various drug-delivery protocols and sys-


tems have been explored in the last 3 decades.1


In general, a tumor-targeting drug-delivery system consists


of a tumor recognition moiety and a cytotoxic warhead con-


nected directly or through a suitable linker to form a conju-


gate. The conjugate, which can be regarded as a “guided


molecular missile”, should be systemically nontoxic. This


means that the linker must be stable in blood circulation.


Upon internalization into the cancer cell, the conjugate should


be readily cleaved to regenerate the active cytotoxic warhead.


A rapidly growing tumor requires various nutrients and


vitamins. Therefore, tumor cells overexpress many tumor-spe-


cific receptors, which can be used as targets to deliver cyto-


toxic agents into tumors.1 For example, monoclonal


antibodies,2–6 polyunsaturated fatty acids,7,8 folic acid,9,10


aptamers,11 oligopeptides,12 and hyaluronic acid13 have been


applied as tumor-specific moieties to construct “guided molec-


ular missiles”.


This Account describes the progress in the novel molecu-


lar approaches to the design and discovery of “guided molec-


ular missiles” for tumor-targeting chemotherapy in our


laboratory.


Use of Second-Generation Taxoids as
“Warheads”
Paclitaxel and docetaxel have brought about significant impact


on the current cancer chemotherapy, mainly because of their


unique mechanism of action,14 but seriously suffer from the lack


of tumor specificity and multidrug resistance (MDR). Paclitaxel


and docetaxel are effective against breast, ovary, and lung can-


cers but do not show efficacy against colon, pancreatic, mela-


noma, and renal cancers. For example, human colon carcinoma


is inherently multidrug-resistant because of the overexpression of


P-glycoprotein (Pgp), which is an effective ATP-binding cassette


(ABC) transporter, effluxing out hydrophobic anticancer agents,


including paclitaxel and docetaxel.15


On the basis of our structure–activity relationship (SAR)


study of taxoids, we have developed a series of highly potent


second-generation taxoids.16–20 Most of these taxoids exhib-


ited 2–3 orders of magnitude higher potency than those of


paclitaxel and docetaxel against drug-resistant cell lines


expressing MDR phenotypes. Accordingly, these highly potent


taxoids have been used as the warhead of our “guided molec-


ular missiles”. Selected second-generation taxoids are listed in


Table 1.


Use of Polyunsaturated Fatty Acids (PUFAs)
as a Tumor-Targeting Module
PUFAs are ideal candidates for tumor-specific guiding molecules.


Representative naturally occurring PUFAs possess 18, 20, and 22


carbons and 2–6 unconjugated cis double bonds separated by


one methylene, such as linolenic acid (LNA), linoleic acid (LA),


arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosa-


hexaenoic acid (DHA). These PUFAs are included in vegetable


oils, cold-water fish, and meat. DHA is classified as a nutritional


additive by the Food and Drug Administration (FDA) in the U.S.


TABLE 1. Cytotoxicity (IC50, nM) of Selected Second-Generation
Taxoids against Human Cancer Cell Lines


taxane MCF7a NCI/ADRb R/S ratioc


paclitaxel 1.7 550 324
docetaxel 1.0 723 432
SB-T-1103 0.35 5.1 15
SB-T-1104 0.51 7.9 15
SB-T-1213 0.18 4.0 22
SB-T-1214 0.20 3.9 20
SB-T-1216 0.13 7.4 57
SB-T-1217 0.14 9.7 69
SB-T-11033 0.36 0.61 1.7
SB-T-121303 0.36 0.79 2.2


a Human mammary tumor cell line (Pgp-). b Human ovarian tumor cell line
(Pgp+). c IC50 (NCI/ADR)/IC50 (MCF7); IC50 ) the half-maximal inhibitory
concentration for tumor growth.
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Thus, DHA and its metabolites are considered to be safe to


humans.21,22 PUFAs have exhibited anticancer activity against


CFPAC, PANC-1, and Mia-Pa-Ca-2 pancreatic and HL-60 leuke-


mia cell lines, and their antitumor activities have been evalu-


ated in preclinical and clinical studies.23,24 Perfusion studies


demonstrated that some PUFAs are taken up more rapidly by


tumor cells than normal cells.25,26 In addition, PUFAs are readily


incorporated into the lipid bilayer of tumor cells, which results in


disruption of the membrane structure and fluidity.27 This has


been suggested to influence the chemosensitivity of tumor


cells.28 These findings strongly suggest the benefit in the use of


PUFAs for tumor-targeting drug delivery.


Bradley et al.7 prepared the DHA conjugate of paclitaxel


(Taxoprexin) by linking DHA to the C-2′ position of paclitaxel.


The conjugate exhibited substantially increased antitumor


activity and reduced systemic toxicity as compared to pacli-


taxel. Furthermore, the conjugate is stable in blood plasma,


and high concentrations in tumor cells are maintained for a


long period of time. Taxoprexin was selected as a first-track


development drug candidate by the FDA and has advanced to


human phase III clinical trials.29


Although Taxoprexin exhibits an impressive antitumor


activity against drug-sensitive tumors, this conjugate would


not be effective against multidrug-resistant tumors because the


released paclitaxel would be caught by the Pgp efflux pump


and eliminated from the cancer cells. As mentioned above,


many of the second-generation taxoids developed in our lab-


oratory showed 2–3 orders of magnitude higher activity


against drug-resistant cancer cells and tumor xenografts in


mice.16–19 Thus, we hypothesized that the PUFA conjugates of


the second-generation taxoids would be efficacious against


drug-resistant tumors, for which DHA-paclitaxel is ineffective.


To prove this hypothesis, the conjugates of DHA, LNA, and LA


with the second-generation taxoids were synthesized and their


efficacy was assayed in vivo against human tumor xenografts.


The synthesis of PUFA conjugates of the second-genera-


tion taxoids is straightforward. A free taxoid is coupled to a


PUFA at the C-2′ hydroxyl group (Scheme 1) in the presence


of diisopropylcarbodiimide (DIC) and 4-(dimethylamino)pyri-


dine (DMAP), to afford the corresponding conjugates.


The PUFA-taxoid conjugates thus obtained were assayed


for their efficacy against a drug-resistant human colon tumor


xenograft DLD-1 and a drug-sensitive human ovarian tumor


xenograft A121 in severe combined immunodeficiency (SCID)


mice. As we anticipated, paclitaxel and DHA paclitaxel were


totally ineffective against the drug-resistant DLD-1 tumor


xenograft (Figure 1). In contrast, DHA-SB-T-1214 achieved


complete regression of the DLD-1 tumor in 5 of 5 mice at 80


mg/kg dose administered on days 5, 8, and 11 (tumor growth


delay > 187 days). Systemic toxicity was monitored by the


weight loss of the animals throughout the in vivo experiments.


A minor weight loss (<10%) was observed on days 12–22


but was all tolerated by the animals. [Note: no systemic tox-


icity was observed when the q7d × 3 (i.e., drug was given


every 7 days) schedule was used with the same antitumor effi-


cacy. SB-T-1214 (free drug) at the same dose was found to be


toxic to the animals.] This is a very promising result that iden-


tifies this compound as the leading candidate for further pre-


clinical studies and drug development.


In the case of the drug-sensitive tumor A121 xenograft, the


efficacy of DHA paclitaxel reported by Bradley et al.7 was con-


firmed by our results. However, two of the new DHA taxoids


exhibited even better activity; i.e., DHA-SB-T-1213 and DHA-


SB-T-1216 delayed the tumor growth for more than 186 days


and caused complete regression of the tumor in all surviving


mice even at the nonoptimized dose (Figure 2).


The impressive results obtained with DHA taxoids


prompted us to investigate the use of different PUFAs and


SCHEME 1


FIGURE 1. Effect of DHA-taxoid conjugates on human colon tumor
xenograft DLD-1.
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their efficacy. We synthesized the conjugates of SB-T-1213


with DHA, LNA, and LA and examined their efficacy against


DLD-1 colon tumor xenograft (Pgp+). LNA-SB-T-1213 exhib-


ited strong antitumor activity (tumor growth delay > 109


days), while LA-SB-T-1213 did not show meaningful efficacy


in the same assay, which revealed the marked difference


between omega-3 PUFA (DHA and LNA) and omega-6 PUFA


(LA).


The remarkable efficacy of PUFA-taxoid conjugates against


drug-resistant and drug-sensitive human tumor xenografts pro-


vides bright prospects for further investigations for the applica-


tions of those conjugates in cancer chemotherapy.


Use of Monoclonal Antibodies as a Tumor-
Targeting Module
Monoclonal antibodies (mAbs), which have shown high bind-


ing specificity for tumor-specific antigens, are ideal to deliver


cytotoxic drugs selectively to tumor cells.6 A mAb-drug immu-


noconjugate would target the tumor cells and was internal-


ized to release the original cytotoxic agent in its active


form.30,31 The most desirable mAb-drug immunoconjugate


should be stable during circulation and should not bind to nor-


mal tissue cells. A mAb-calcheamicin conjugate “Mylotarg” has


been approved for clinical use.5 Several other mAb-drug con-


jugates have advanced to human clinical trials.32,33


The practical efficacy of such immunoconjugates heavily


depends upon the nature of the cytotoxic agents as well as


the tumor specificity of mAbs. Two research groups investi-


gated paclitaxel-mAb conjugates34,35 as potential tumor-spe-


cific anticancer agents. However, the results were


disappointing. As mentioned above, we have developed a


series of highly potent second-generation taxoids.16–20


Accordingly, in principle, we should be able to develop novel


chemotherapeutic agents with high potency and exceptional


tumor specificity by linking these second-generation taxoids


with mAbs.4


Design of mAb-Taxoid Conjugates.4 Use of an appro-


priate linker between a taxoid and an mAb is crucial for the


efficacy of the resulting immunoconjugate. It is required that


the linker is stable for an extended period of time upon stor-


age and also in circulation in vivo, while it is readily cleav-


able inside of cancer cells. Among possible linker units


reported, we chose to employ a disulfide linker unit because


of its favorable characteristics.6,32,36 The use of disulfide link-


ers is attractive by taking into account the fact that the con-


centration of glutathione is much higher (>1000 times) in


tumor cells than that in blood plasma.37 It is expected that the


mAb module of the conjugate binds to the specific antigens


on tumor surfaces, and the whole conjugate is internalized via


endocytosis. The disulfide bond is then cleaved by an intra-


cellular thiol, such as glutathione, to release taxoid in its active


form.


To synthesize a mAb-taxoid conjugate, both a taxoid and


a mAb need to be modified to form a disulfide linkage by the


disulfide–thiol exchange reaction. Because the necessary


modification of mAb had been worked out prior to this project,


the critical issue was to find highly potent second-generation


taxoids modified with a sulfhydrylalkanoyl group, which


would be the actual cytotoxic agent in the target cancer cells.


As the logical precursor (or synthon) for the sulfhydrylalkanoyl


group is the methyldisulfanyl (MDS)-alkanoyl group, we


decided to synthesize MDS-alkanoyltaxoids. It has been shown


that the number of tumor-associated antigens on the cancer


cell surface is limited (estimated to be 105 molecules/cell).


Thus, the cytotoxic agents that can be effectively used in these


conjugates must have an IC50 value of 10-10–10-11 M


against target cancer cells.6 At that time, a couple of the sec-


ond-generation taxoids were shown to possess cytotoxicity in


the required range.16 Thus, those taxoids were chosen for


modification with a MDS-alkanoyl group. Because incorpora-


tion of a MDS-alkanoyl group into these taxoids may well


affect the cytotoxicity of the resulting taxoids, a SAR study was


necessary to determine the optimal position for the introduc-


tion of a MDS-alkanoyl group. Thus, we synthesized a series


of novel taxoids bearing a MDS-alkanoyl group at the C-10,


C-7, C-2′ , and C-2 positions, and their cytotoxicity was


assayed. The SAR study of these MDS taxoids indicated that


cytotoxicity could be retained (although it caused an 8 times


loss in activity) when a MDS-propanoyl group was attached to


the C-10 position of a taxoid. Modifications at all other posi-


tions were found to be detrimental to the potency. This was


FIGURE 2. Effect of DHA-taxoid conjugates on human ovarian
tumor xenograft A121.
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an important finding, which was totally unexpected. Accord-


ingly, a 10-MDS-propanoyl taxoid, SB-T-12136, was selected


as the warhead precursor.


Syntheses of MDS Taxoid SB-T-12136.4 We originally


planned the synthesis of SB-T-12136 using the �-lactam


ring-opening coupling protocol19,38 with appropriately mod-


ified baccatins. However, we found that the introduction of


the 3-MDS-propanoyl group at the C-10 position of a tax-


oid was not a trivial matter, because of the occurrence of


retro-Michael addition during the acylation. Accordingly, it


became obvious that this group should be introduced at a


later stage of the synthesis. After several tries and errors, we


were able to synthesize this taxoid as shown in Scheme 2


in high yield.


Conjugation of Taxoid with mAbs Targeting


Epidermal Growth Factor Receptor (EGFR).4 The EGFR is


known to be overexpressed in several human squamous can-


cers, such as head and neck, lung, and breast cancers. Murine


monoclonal antibodies directed against the human EGFR were


used as the tumor-targeting moieties in immunoconjugates.


Three such immunoglobulin G class monoclonal antibodies,


KS61 (IgG2a), KS77 (IgG1), and KS78 (IgG2a), were linked to


SB-T-12136 via disulfide bonds. The preparation of mAb-tax-


oid conjugates is illustrated in Scheme 3. SB-T-12136 was


treated with dithiothreitol (DTT) to generate SB-T-12136-SH


bearing a free thiol functionality. The anti-EGFR mAb was


modified with N-succinimidyl-4-(2-pyridyldithio)pentanoate


(SPP) to attach 4-pyridyldithio (PDT)-pentanoyl groups. Recov-


SCHEME 2a


a (i) LiHMDS (1.5 equiv), �-lactam (1.5 equiv), tetrahydrofuran (THF), -40 °C, 40 min; (ii) N2H4–H2O, EtOH, 3 h; (iii) MeSS(CH2)2CO2H (10 equiv), DIC (11 equiv),
DMAP, CH2Cl2, overnight; (iv) HF–pyridine, pyridine, CH3CN, overnight.


SCHEME 3a


a (i) DTT; (ii) SPP (10 equiv in ethanol), 50 mM potassium phosphate buffer, pH 6.5, NaCl (50 mM), EDTA (2 mM), 90 min; (iii) 50 mM potassium phosphate buffer,
pH 6.5, NaCl (50 mM), EDTA (2 mM), SB-T-12136-SH (1.7 equiv per dithiopyridyl group, in EtOH), 24 h.
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ery of the antibody was about 90%, with ∼4–5 PDT-pro-


panoyl groups linked per antibody molecule on average.


Then, the modified mAb was conjugated with SB-T-12136-SH


(2 equiv), which proceeded with virtually complete conver-


sion. The mAb-taxoid conjugates were purified by gel filtra-


tion, which separated aggregates from monomeric species,


and only the fractions corresponding to the monomeric con-


jugates were collected. Recovery of the conjugate was


65–70%. Three immunoconjugates, KS61, KS77, and KS78


taxoid, were thus prepared. Preliminary matrix-assisted laser


desorption ionization time-of-flight (MALDI–TOF) analyses of


the KS77-taxoid conjugate in comparison with KS77 strongly


support that ∼4–5 taxoids, on average, are attached to the


mAb. The final formulation of the conjugate was in phosphate-


buffer saline (PBS), containing 20% propylene glycol and


0.1% Tween 80 (v/v). A conjugate of SB-T-12136 with mono-


clonal antibody mN901 that does not bind to EGFR was also


prepared in a similar manner for comparison.


In Vitro Cytotoxicity Assay.4 In vitro cytotoxicity was


determined in a clonogenic assay after a continuous expo-


sure of the cells to the conjugates. It is expected that antigen-


expressing cancer cells could only be targeted by an


immunoconjugate bearing a mAb specific to the antigen. In


fact, mN901 taxoid exhibited no cytotoxicity against the A431


cell line, expressing EGFR. In sharp contrast, KS78 taxoid


showed high potency (IC50 ) 1.5 nM) against the same A431


cell line. It should be noted that the addition of an excess of


unconjugated anti-EGFR antibody, e.g., KS61 at 3 × 10-8 M


to the KS61-taxoid conjugate, abolished its cytotoxicity against


A431 cells, indicating that cytotoxicity depended upon the


specific binding of the conjugate to the antigen on cells. These


results demonstrate that the binding of anti-EGFR mAb-tax-


oid conjugate to EGFR is highly specific. Moreover, it is


strongly indicated that the immunoconjugate KS78 taxoid


generates a highly cytotoxic agent SB-T-12136-SH upon bind-


ing to EGFR, followed by internalization and the subsequent


cleavage of the disulfide linkage.


In Vivo Tumor Growth Inhibition Assay.4 The antitu-


mor activities of two anti-EGFR-mAb-taxoid conjugates, KS61


taxoid and KS77 taxoid, were evaluated against human tumor


xenografts in SCID mice (Figure 3). Each mouse was inocu-


lated with 1.5 × 106 A431 human squamous cancer cells,


and the tumors were allowed to grow for 11 days to an aver-


age size of 100 mm3. The mice were then randomly divided


into four groups. The first group received KS61-taxoid conju-


gate (10 mg/kg, qd × 5, administered in vivo). The second


group received KS77-taxoid conjugate in the same manner.


The third group received free taxoid (0.24 mg/kg, qd × 5,


administered in vivo) at the same dose as that present in the


conjugate. A control group of mice received PBS using the


same treatment schedule as in groups 1–3. The weights of the


mice and tumor sizes were measured twice weekly. The


results are shown in Figure 3. The tumors in the control group


of mice grew to a size of nearly 1000 mm3 in 31 days. Treat-


ment with free taxoid (same dose as that in the mAb-taxoid


conjugates) showed no therapeutic effect. Also, treatment with


mAb KS77 (2× dose of the mAb-taxoid conjugate) exhibited


only a moderate delay in tumor growth, i.e., the tumor size


reached 800 mm3 within 25 days after the treatment (data


not shown). In contrast, both anti-EGFR-mAb-taxoid conjugates,


especially KS61 SB-T-12136, showed remarkable antitumor


activity, resulting in complete inhibition of tumor growth and


elimination of tumor cells in all of the treated animals for the


duration of the experiment. Necropsy on day 75, followed by


histopathological examination, showed residual calcified mate-


rial at the tumor site but no evidence of tumor cells. These


data also indicate that targeted delivery of the taxoid using a


tumor-specific mAb is essential for the activity because an


equivalent dose of unconjugated taxoid shows no antitumor


activity. Notably, the doses of mAb-taxoid conjugates used are


nontoxic to the mice as demonstrated by the absence of any


weight loss. The results clearly indicate that the “guided


molecular missiles” combining the second-generation taxoids


with mAbs highly specific to the antigen on tumor cell sur-


faces are very promising as potential chemotherapeutic agents


with few side effects.


Second-Generation Self-Immolative
Disulfide Linkers
For the development of efficacious tumor-targeting drug con-


jugates, efficient mechanism-based linkers are essential


FIGURE 3. Antitumor activity of anti-EGFR mAb-taxoid conjugates
against A431 xenografts in SCID mice.
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because the conjugates should be stable during circulation in


the blood but readily cleavable in the tumor. Also, these link-


ers should be bifunctional so that this linker module can be


connected to the warhead at one end and the tumor-target-


ing module at the other end. As described above, we invented


novel mAb-taxoid conjugates as tumor-targeting anticancer


agents, which exhibited extremely promising results in human


cancer xenografts in SCID mice. The results clearly demon-


strate the tumor-specific delivery of a taxoid anticancer agent,


curing all animals tested, without any noticeable toxicity to the


animals.4 As the linker for these mAb-taxoid conjugates, we


used a disulfide linker, which was stable in blood circulation


but efficiently cleaved by glutathione or other thiols in the


tumor. However, in these first-generation mAb-taxoid conju-


gates, the orginal taxoid molecule was not released because


of the compromised modification of the taxoid molecule to


attach the disulfide linker. Accordingly, the cytotoxicity of the


taxoid released in these conjugates (SB-T-12136-SH) was 8


times weaker than the parent taxoid (SB-T-1213).4


To solve this problem, we have been developing the sec-


ond-generation mechanism-based bifunctional disulfide link-


ers, which can be connected to various warheads as well as


tumor-targeting modules. One of our approaches is to use self-


immolative disulfide linkers, wherein the glutathione-triggered


cascade drug release takes place to generate the original anti-


cancer agent via thiolactone formation and ester bond cleav-


age (Figure 4). This mechanism-based drug release concept


was nicely proven in a model system by monitoring the reac-


tion with 19F NMR using fluorine-labeled compounds (Figure


5).39 The strategic design of placing a phenyl group attached


to the disulfide linkage directs the cleavage of this linkage by


a thiol to generate the desirable thiophenolate or sulfhy-


drylphenyl species for thiolactonization. This type of self-im-


molative disulfide linker is readily applicable to a range of


tumor-targeting drug conjugates.


Use of Biotin as Tumor-Targeting Module
of the Fluorescent and Fluorogenic
Molecular Missiles
All living cells require vitamins for survival, but the rapidly


dividing cancer cells require certain vitamins to sustain their


rapid growth. Accordingly, the receptors involved in the


uptake of the vitamins are overexpressed on the cancer cell


surface. Thus, those vitamin receptors serve as useful biom-


arkers for the imaging and identification of tumor cells as well


as tumor-targeting drug delivery. Vitamin B12, folic acid, biotin,


and riboflavin are essential vitamins for the division of all cells


but particularly for the growth of tumor cells. The folate recep-


tors were recognized as potentially excellent biomarkers for


targeted drug delivery, and significant advancement has been


FIGURE 4. Second-generation self-immolative disulfide linkers (TTM
) tumor-targeting module).


FIGURE 5. Proof-of-concept model for the mechanism-based drug release.
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made to date.9,10,40,41 However, the biotin receptors were not


studied for this purpose until recently. Biotin (vitamin H or vita-


min B7) is a growth promoter at the cellular level, and its con-


tent in tumors is substantially higher than that in normal


tissues. Recently, it has been shown that the biotin receptors


are even more overexpressed than the folate and/or vitamin


B12 receptors in many cancer cells, e.g., leukemia (L1210FR),


ovarian (Ov 2008, ID8), Colon (Colo-26), mastocytoma (P815),


lung (M109), renal (RENCA, RD0995), and breast (4T1, JC,


MMT06056) cancer cell lines.42


Accordingly, we chose biotin as the tumor-targeting mole-


cule for our molecular missile bearing the second-generation


disulfide linker with SB-T-1214 as the warhead. We also


launched a mechanistic study on the validation of tumor-tar-


geting drug delivery by monitoring the internalization through


receptor-mediated endocytosis (RME) (Figure 6) and drug


release, using fluorescent and fluorogenic molecular probes


for the biotin-taxoid conjugate.


We designed and synthesized three fluorescence-labeled


biotin conjugates, i.e., (i) biotin–flurorescein (A), (ii) biotin–


linker–coumarin (B) (fluorogenic probe), and (iii) biotin–linker–


taxoid–fluorescein (C) (Figure 7). The conjugate A was


designed to observe RME (Figure 6), while the conjugate B was


designed for confirming the internalization via RME of the


biotin-linker unit and the release of coumarin, which becomes


fluorescent only when it is released as a free molecule (it is


conjugated to the linker via an ester bond) via disulfide cleav-


age by endogenous thiol, glutathione in particular. The con-


jugate C was designed to validate the whole internalization by


RME and drug-release processes, in which the freed fluores-


cent taxoid should bind to the target protein, microtubules, in


the cancer cells.


For the syntheses of these fluorescent and fluorogenic


probes, we used the hydrazide of biotin to couple with fluo-


rescein isothiocyanate (FITC) as well as the self-immolative


disulfide linker unit. The synthesis of biotin–linker–SB-T-


1214–fluorescein is illustrated in Scheme 4. First, fluorescein


was connected to the C7 position of SB-T-1214 via a 4-hy-


droxybutanoic acid tether. Then, mono-TIPS-ester of the self-


immolative disulfide linker carboxylic acid was coupled to


SB-T-1214–fluorescein using DIC/DMAP. TIPS was removed


by HF/Py, followed by esterification with N-hydroxysuccinim-


FIGURE 6. Receptor-mediated endocytosis of biotin–drug conjugates.
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ide (HO-Su) using DIC to form the corresponding activated


ester of the linker–SB-T-1214–flurorescein component.


Finally, the biotin unit was introduced simply by reacting


biotin–NHNH2 with the linker–SB-T-1214–flurorescein com-


ponent to give the conjugate C in good overall yield.


Cellular uptake of these three fluorescent and fluorogenic


probes was monitored by confocal fluorescence microscopy


(CFM). Figure 8a shows the observation of intense fluores-


cence when the L1210FR cell was incubated with biotin–fluo-


rescein (probe A) (100 nM) at 37 °C for 3 h, followed by


thorough washing of the cells by PBS and analysis. The result


confirms the internalization of this fluorescent probe A into the


leukemia cells. It has been shown that endocytosis is an ener-


gy-dependent process. Thus, endocytosis should be inhibited


at low temperature (4 °C). The CFM image of the probe A,


incubated at 4 °C (100 nM, 3 h), showed greatly diminished


fluorescence in the cells, which clearly indicates that the probe


A was internalized through endocytosis. To further confirm


that this was a receptor-mediated endocytosis process, excess


free biotin molecules (2 mM) were preincubated for 1 h to sat-


urate the biotin receptors on the cancer cell surface, followed


by the addition of the probe A (100 nM, 37 °C, 3 h). The CFM


image revealed the virtually total absence of fluorescence,


which confirms that this is indeed the receptor-mediated


endocytosis.


Next, the fluorogenic probe B, biotin–linker–coumarin, (1


µM), was incubated with L1210FR at 37 °C for 3 h. After wash-


ing thoroughly with PBS, glutathione ethyl ester (2 mM) was


added to the medium and cells were incubated for another


2 h at 37 °C. The addition of glutathione ethyl ester was to


ensure the cleavage of the self-immolative disulfide linker to


release free coumarin (fluorescent), as designed. As Figure 8b


shows, fluorescent coumarin molecules (blue) are indeed


released in the leukemia cells. The result confirms that the


intracellular drug release via cleavage of the disulfide link-


age by glutathione and the subsequent thiolactonization took


place as designed. In the absence of additional glutathione,


the observed blue fluorescence was substantially weaker. This


FIGURE 7. Fluorescent and fluorogenic probes for the internalization and drug release.


SCHEME 4
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means that the concentration of intracellular glutathione in


this leukemia L1210FR cell line is small under the in vitro
experimental conditions, which are significantly different from


in vivo conditions, where the glutathione supply in tumor tis-


sues is more than adequate. On the other hand, this experi-


ment using additional glutathione (ester) obviously


demonstrates that the cleavage of the self-immolative disul-


fide linkage and drug release was caused by glutathione.


Thus, this result confirms that the designed drug release using


the fluorogenic molecule in place of the taxoid warhead has


worked well.


Finally, the internalization and drug release of the biotin–


linker–SB-T-1214–fluorescein conjugate (probe C) was inves-


tigated. First, the probe C (20 µM) was incubated with


L1210FR cells at 37 °C for 3 h and analyzed. As Figure 9a


shows, the whole conjugate was internalized in the same


manner as that described above for the probe A (see Figure


8a). Next, glutathione ethyl ester (2 mM) was added to the


medium, and the cells were incubated for another 1 h to


ensure the drug release. Figure 9b shows the CFM image of


this system, which is dramatically different from Figure 9a.


This CFM image indicates that the released fluorescent tax-


oid binds to the microtubules, which are the drug target of the


taxoid, highlighting the fluorescence-labeled microtubule bun-


dles. Accordingly, the release of the taxoid warhead through


the designed mechanism is shown to have taken place in the


same manner as that observed for the fluorogenic probe B. In


addition, the binding of the released fluorescent taxoid to


microtubules is observed. Thus, it is concluded that the


“guided molecular missile” successfully delivered the active


warhead to the drug target, as designed, through receptor-


mediated endocytosis and glutathione-triggered intracellular


drug release via cleavage of the self-immolative disulfide


linker and thiolactonization.


Closing Remarks
As described above, we have successfully designed and con-


structed novel “guided molecular missiles” for potential use in


cancer chemotherapy, using the second-generation taxoids as


the warheads, omega-3 PUFAs, mAbs, and biotin as the tumor-


targeting modules, and mechanism-based disulfide linkers.


Remarkable antitumor efficacies with minimum systemic tox-


FIGURE 8. CFM images of L1210FR cells incorporating (a) biotin–fluorescein (probe A) and (b) biotin–linker–coumarin (probe B) after the
addition of glutathione Et ester.


FIGURE 9. CFM images of L1210FR cells incorporating biotin–linker–SB-T-1214–fluorescein (probe C) (a) prior to the addition of glutathione
Et ester and (b) after the addition of glutathione Et ester.
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icity have been demonstrated by DHA-taxoid conjugates as


well as mAb-taxoid conjugates in animal models. The


designed receptor-mediated endocytosis and drug-release pro-


cesses by intracellular glutathione have been confirmed using


fluorescent and fluorogenic probes bearing biotin as the


tumor-targeting module by means of confocal fluorescence


microscopy. The in vivo efficacy evaluation of the biotin-tax-


oid conjugate will begin shortly. We have also studied the use


of functionalized single-wall carbon nanotubes (SWCNTs) as a


template for multiple-warhead drug conjugates and obtained


exciting preliminary results, which will be reported elsewhere.


We have also been exploring the use of folate and aptamers


as tumor-targeting modules as well as the construction of new


generation “guided molecular missiles” bearing different mul-


tiple warheads in a molecule. Results will be reported in due


course.
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C O N S P E C T U S


The therapeutic activity of most anticancer drugs in clini-
cal use is limited by their general toxicity to proliferat-


ing cells, including some normal cells. Although, chemists
continue to develop novel cytotoxic agents with unique mech-
anisms of action, many of these compounds still lack tumor
selectivity and have not been therapeutically useful. Mono-
clonal antibodies that bind to specific markers on the sur-
face of tumor cells offer an alternative therapy that is tumor
specific and thus less toxic. Although highly selective, very
few monoclonal antibodies are therapeutically useful since
they only display modest cell killing activity. The linkage of
monoclonal antibodies to highly cytotoxic drugs can be
viewed as a means of (a) conferring higher tumor selectiv-
ity to cytotoxic drugs that are too toxic to be used on their
own or (b) conferring cell killing power to monoclonal anti-
bodies that are tumor-specific but not sufficiently cytotoxic.
This Account provides a brief history of the development of
antibody-drug conjugates and shows how the lessons
learned from the first generation of conjugates has guided
the development of more effective antitumor agents.


The three components of antibody-drug conjugates, that is, the monoclonal anitbody, the cytotoxic drug, and the linker
connecting the drug to the antibody, have been methodically studied and optimized. The antimitotic drug maytansine was
chosen for use in the targeted delivery approach because of its high in vitro potency. Analogues of maytansine bearing a
disulfide substituent that allowed linkage to monoclonal antibodies via disulfide bonds were prepared. These analogues retain
the high potency of the parent drug. The stability of the disulfide link in antibody-maytansinoid conjugates was varied by
introduction of methyl substituents on the carbon atoms geminal to the disulfide link. The optimized disulfide linker was
stable in circulation in vivo. The circulation half-life of the cytotoxic drug was increased from just a few hours for the uncon-
jugated drug to several days for the conjugate. Upon binding of the conjugate to the tumor cell, internalization and lyso-
somal processing released the potent cytotoxic agent inside the cell. These conjugates displayed high target-specific cytotoxicity
in vitro. The antitumor activity of these targeted agents was superior to that of the antibodies alone or the standard anti-
cancer drugs in human tumor xenograft models. Several conjugates from this new class of tumor-targeted anticancer agents
are currrently undergoing clinical evaluation. The progress made in the targeted delivery approach and initial clinical results
opens the door to the future development of highly potent drugs that were too toxic on their own to be therapeutically useful.


Introduction
The antitumor efficacy of clinically used antican-


cer drugs is limited by their nonspecific toxicity to


proliferating normal cells, resulting in a low ther-


apeutic index and a narrow therapeutic window.


Most anticancer drugs have to be used near their


maximum tolerated dose (MTD) to achieve a clin-


ically meaningful therapeutic effect. Multidrug
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therapy is a standard modality for the treatment of most can-


cers.1 With such intensive chemotherapy, systemic toxicity to


the host remains a drawback of cytotoxic drugs in cancer and


cures are achieved only in a small set of cancers.


The lack of tumor selectivity of anticancer drugs and the


development of multidrug resistance (mdr) have given impe-


tus to the development of target-specific agents and new


classes of cytotoxic compounds that may be able to overcome


mdr. One approach that has now been validated by clinical


success is the development of small molecules that specifi-


cally inhibit kinase enzymes that are believed to play key roles


in the development of tumors. Another tumor-selective


approach targets specific receptors or other markers that are


expressed on the surface of human tumor cells. The target-


ing molecule can be a monoclonal antibody, a peptide, a vita-


min, such as folic acid, a hormone, or a growth factor, such as


epidermal growth factor. This Account will be limited to a dis-


cussion of the use of monoclonal antibodies for the targeted


therapy of cancer.


Monoclonal Antibodies in Cancer
Comparative evaluation of human cancer tissues and normal


tissues has identified antigens that are preferentially or exclu-


sively expressed on the surface of cancer cells. Monoclonal


antibodies can be generated to recognize and specifically bind


to these tumor-associated antigens. They are large proteins


with an average molecular weight of about 150 kDa. Upon


binding to the tumor cell, a few “functional antibodies” dis-


play modest cell-killing activity by themselves. Functional anti-


bodies that are currently approved for the treatment of cancer


include Rituxan (rituximab) for B-cell lymphomas, Herceptin


(trastuzumab) for breast cancer, Campath (alemtuzumab) for


certain leukemias, and Erbitux (cetuximab), Vectibix (panitu-


mumab), and Avastin (bevacizumab) for colorectal cancers. A


majority of these antibodies display moderate antitumor activ-


ity and are often used only in combination with anticancer


drugs. Even in cases where the unconjugated antibody has


good activity, the potency is greatly enhanced by conferring


additional cell-killing ability by attaching a radioactive iso-


tope to the antibody.


Monoclonal Antibodies as Delivery Vehicles
for Cytotoxic Drugs
We have learned that monoclonal antibodies can bind selec-


tively to tumor cells, but binding does not often lead to cyto-


toxicity. On the other hand, chemotherapeutic drugs have


poor selectivity for the tumor; albeit, they have good cell-kill-


ing ability. In addition to high selectivity, monoclonal antibod-


ies offer other advantages, such as favorable pharmaco-


kinetics. A humanized antibody has a half-life of several days


to weeks in circulation in humans. Also, monoclonal antibod-


ies are nontoxic during circulation and are functional only


upon binding to the antigen on the tumor cell. How can these


desirable properties of antibodies be exploited for the spe-


cific delivery of cell-killing drugs to the desired target? Herein,


we discuss the historical development of antibody–drug con-


jugates and the principles guiding the generation of effective


conjugates and their current development status.


Antibody–Drug Conjugates
Principles. Ideally, a conjugate should be designed such that


it remains nontoxic in circulation in vivo until it reaches its tar-


get site. After binding to the target cell, the conjugate is inter-


nalized by a process called receptor-mediated endocytosis.


The extent of internalization or endocytosis of an antibody


depends upon the nature of the cell-surface molecules to


which it binds. The first category consists of various recep-


tors that accumulate in coated pits and are quickly internal-


ized. Some of these receptors, such as the transferrin receptor,


seem to internalize continuously, irrespective of whether the


ligand is bound or not. Others, such as the epidermal growth


factor receptor, seem to accelerate in their accumulation in the


coated pits upon binding by their natural ligand or with an


antibody that mimics such a ligand and subsequently inter-


nalize. Other antibodies that do not mimic the ligand may not


affect the rate of endocytosis of the receptor. The second cat-


egory of cell-surface molecules (those that are internalized


moderately) are constitutively endocytosed during plasma


membrane recycling, and there is no compelling evidence that


antibodies bound to them significantly accelerate their inter-


nalization. The third category comprises cell-surface molecules


that reside permanently on the cell surface and are poorly


internalized.


Internalization is followed by scission of the bond between


the drug and the carrier antibody molecule to release the fully


active drug inside the target cell. A pictorial representation of


an antibody–drug conjugate is shown in Figure 1. Typically,


on average, four molecules of a drug (depicted as orange


spheres) are linked per molecule of antibody, via lysine resi-


dues on the antibody. Although the linkage of drug molecules


to antibodies is a random phenomenon, with drug attachment


through the ε-amino group of any one of the ∼80 lysine res-


idues present on an antibody, typically a much fewer num-


ber of lysines (∼10) are preferentially accessible for chemical


modification. Ideally, the drugs are linked at the Fc or con-


stant region of the antibody, which does not participate in
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binding to the antigen. The antigen-binding complementar-


ity determining region (CDR) loops are shown in yellow and


green (Figure 1). Linkage of a larger number of drug mole-


cules is often not possible, because the cytotoxic drugs are


usually hydrophobic and poorly soluble in the predominantly


aqueous milieu (<5% organic solvent) required to keep the


antibody in solution. In addition, the linkage of a large num-


ber of drug molecules may adversely alter the pharmacoki-


netics of the antibody in vivo or diminish the binding affinity


of the antibody to the antigen on the target cell.


First-Generation Antibody–Drug
Conjugates
Design of a Conjugate. In the first-generation antibody–drug


conjugates, researchers aimed at enhancing the tumor spec-


ificity of clinically used anticancer drugs, such as methotrex-


ate, the Vinca alkaloids, and doxorubicin, by linking them to


monoclonal antibodies.2 It was recognized early on that the


nature of the linker connecting the monoclonal antibody and


drug was important. After internalization into a target cell, a


intracellular release mechanism should cleave the linker to


release the active drug. Among the linkers used were acid-


labile linkers that relied on the acidic pH (∼5) of the intracel-


lular compartment, the endosome, and enzymatic-labile


linkers that relied on lysosomal enzymes, such as peptidases


and esterases, for cleavage.


Biological Evaluation. In vitro evaluation of these first-


generation conjugates on target tumor cell lines revealed that,


in most cases, these conjugates were only moderately potent


and often less active than the parent drug. Target-selective


potency was rarely demonstrated in vitro. Nevertheless,


researchers pursued the evaluation of antitumor activity of


these conjugates in human xenograft models in mice. Signif-


icant localization of an antibody–methotrexate conjugate at


the tumor was demonstrated.3 Within 3 h after administra-


tion, as much as 15% of the injected dose of the conjugate


had accumulated per gram of tumor. Researchers were eager


to see whether the impressive tumor localization would lead


to significant antitumor activity in vivo. The therapeutic effi-


cacy of vinblastine4 and doxorubicin5 linked to antibodies via


acid-labile bonds was shown to be superior to that of the cor-


responding unconjugated drugs.


Clinical Evaluation. These encouraging preclinical results


led to the clinical evaluation of three candidates. A conjugate


of the KS1 antibody with the cytotoxic drug methotrexate was


evaluated in two different phase I clinical trials in patients with


nonsmall cell lung cancer.6 Immunohistochemical staining of


carcinoma samples of the patients, post-treatment, provided


convincing evidence of tumor localization of the conjugate.


However, no evidence of therapeutic benefit or clinical


response was observed in either study. Clinical results with


KS1/4-desacetylvinblastine also failed to show a therapeutic


benefit of targeted delivery. The antibody–doxorubicin con-


jugate BR96-Dox underwent evaluation in phase II human


clinical trials in gastric adenocarcinoma7 and metastatic breast


cancer.8 Little or no antitumor activity was noted in these


trials.


First-Generation Antibody–Drug Conjugates: Lessons


Learned. Several shortcomings of these first-generation con-


jugates can be identified:


(1) Insufficient potency of the effector molecule: Circulat-


ing serum concentrations in patients achieved were not in the


therapeutic range.


(2) Limited expression of the antigen: An antibody–drug


conjugate has to first bind to specific receptors on the tumor


cell surface before being internalized into the cell. Because


tumor cells express only a limited number of antigen mole-


cules on the cell surface (typically <1 × 105 receptors/cell),


the number of molecules of drug that can be delivered by an


antibody may not achieve the threshold concentration inside


the cell to cause cell death.


(3) Internalization: Internalization mechanisms of antibodies


can be inefficient; the actual number of conjugate molecules that


are delivered into the cell is often lower than the number of mol-


ecules that were bound to the cell surface.


(4) Tumor localization: The localization rate of radiolabeled


monoclonal antibodies at the tumor in patients is low (0.003–


0.08% of the injected dose/g tumor).9 In contrast, a much


higher accumulation rate (∼15–20% injected dose/g tumor)


was measured in tumor xenografts in mice.


FIGURE 1. Pictorial representation of an antibody–drug conjugate.
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(5) Linker stability: Either the linkers were too stable, result-


ing in low potency and poor efficacy, or too labile, resulting


in poor target specificity and high systemic toxicity.


(6) Immune response: Monoclonal antibodies used in the


early conjugates were either of murine origin or partly murine


and partly human (chimeric), resulting in an immune response,


and the generation of human antimurine antibodies (HAMA)


prevented repeat cycles of therapy.


Second-Generation Antibody–Drug
Conjugates
We have learned that the success of the targeted delivery


approach depends upon three components: (1) the character-


istics of the antibody, (2) the potency of the drug, and (3) the


method of linkage of the antibody to the drug. The key char-


acteristics needed in these three components to realize the


true potential of this approach are shown in Figure 2.


Antibody Selection. The antibody should be carefully


selected such that it binds selectively to tumor tissue and has


little cross-reactivity with healthy tissues. It should bind to the


tumor cells with high avidity (KD of around 0.1 nM). Prefera-


bly, antibodies to antigens with a high expression on the cell


surface should be identified. Murine antibodies should be


replaced by nonimmunogenic “humanized” forms.


Selection of the Drug. The challenge of the chemists is to


find or design new cytotoxic agents that possess the follow-


ing properties: (1) high potency in vitro toward tumor cell lines,


with IC50 values in the range of 0.01–0.1 nM (i.e., active in


the concentration range of antibody binding to tumor cells), (2)


a suitable functional group for linkage to an antibody (if a


functional group is not already present, the desired substitu-


ent has to be introduced at a suitable site to retain potency of


the parent drug), (3) reasonable solubility in aqueous solu-


tions to enable the reaction with antibodies, and (4) prolonged


stability in aqueous formulations commonly used for


antibodies.


The choice of drug could depend upon the sensitivity of the


tumor type to drugs with a given mechanism of action. For


example, ovarian and breast cancers are sensitive to tubulin


agents, while lymphomas are sensitive to DNA-interacting


agents. On the basis of these criteria, highly potent drugs with


diverse mechanisms of action are now being evaluated in


antibody–drug conjugates. The laboratories of the author


have developed new effector molecules consisting of the may-


tansinoids (DM1), which inhibit microtubule assembly,


CC-1065 analogues (DC1), which are DNA alkylators, and tax-


oids (IGT), which stabilize microtubules. These cytotoxic com-


pounds are 100–1000-fold more potent in vitro than


previously used drugs. The chemistry and use of these drugs,


along with that of analogues of calicheamicin (causes DNA


double-strand breaks) and auristatins (inhibitors of microtu-


bule assembly), will be described below.


Selection of the Linker. The linker between the antibody


and drug has to be designed in a manner that ensures stabil-


ity during circulation in blood but allows for the rapid release


of the cytotoxic drug in its fully active form inside the tumor


cells. Furthermore, the conjugate must remain intact during


storage in aqueous solution to allow formulations for conve-


nient intravenous administration. Several types of cleavable


linkers have been evaluated, notably acid- and peptidase-la-


bile linkers.6 However, initial studies in the laboratories of the


author led to the conclusion that disulfide linkers are a bet-


ter choice. Disulfide linkers take advantage of three impor-


tant factors: (1) they are stable at physiological pH; (2) levels


of reduced glutathione, an intracellular thiol-containing trip-


eptide that can cause scission of disulfide bonds and release


of the drug inside the cell, is reported to be in the millimolar


range in cancer cells;10 and (3) levels of reduced glutathione


in circulation in blood is very low (typically in the micromo-


lar range).


Second-Generation Antibody–Drug
Conjugates in Development
Antibody–Maytansinoid Conjugates. Chemistry. Maytansi-


noids are members of the ansamycin class of natural prod-


ucts. They are potent antimitotic agents that exert their


cytotoxic effect by disrupting microtubule assembly. They are


about 1000-fold more cytotoxic in vitro than clinically used


anticancer drugs. Kupchan et al.11 first isolated the parent


drug of this class, maytansine (1, Figure 3) from an Ethiopian


shrub. The antitumor activity of maytansine was extensively


evaluated in human clinical trials,12 but the results were dis-


appointing because maytansine, although potent in vitro, dis-


played a poor therapeutic window in vivo.


FIGURE 2. Key characteristics of antibody–drug conjugates.
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The high potency of maytansine made it an attractive can-


didate for targeted delivery for the selective destruction of


tumor cells. The first step was to synthesize analogues of may-


tansine incorporating a thiol-containing substituent, which


could then undergo disulfide exchange with an appropriately


modified antibody to give a conjugate. The key requirement


was that the nature and position of the substituent would not


diminish the potency of the parent molecule. We synthesized


several disulfide-containing maytansinoids and selected a lead


compound DM1–SMe (2a, Figure 3), where the N-acetyl group


in maytansine was replaced by a methyldithiopropanoyl


group.13 The disulfide bond linking the antibody and the drug


can be manipulated to achieve maximal stability during cir-


culation in the blood stream while allowing for efficient cleav-


age inside the target cell. This is achieved by the introduction


of methyl substituents on the carbon atoms geminal to the


disulfide link, conferring varying degrees of steric hindrance.


We therefore synthesized a set of disulfide-containing may-


tansinoids with varying chain length and degree of steric hin-


drance (e.g., DM3–SMe, 2b and DM4–SMe, 2c, Figure 3).14


The disulfide moiety was reduced to give the corresponding


thiol-containing maytansinoids for conjugation to antibodies.


Disulfide-linked antibody–maytansinoid conjugates, con-


taining about 3 to 4-linked maytansinoids/antibody molecule,


were prepared by modifying lysine residues on the antibody


with a bifunctional cross-linking agent to introduce


pyridyldithio groups, followed by the reaction of the modi-


fied antibody with the thiol-containing maytansinoid. To


understand the importance of the disulfide bond, we also


linked the maytansinoids to an antibody via a thioether bond


that was expected to be “noncleavable”.


Maytansinoids have been conjugated to several tumor-spe-


cific antibodies, and these conjugates are in various stages of


clinical development. The antibody–drug conjugate huC242–


DM1 (Cantuzumab mertansine) comprises the maytansinoid


DM1 linked to the humanized monoclonal antibody huC242.


The C242 antibody binds with high affinity to the carbohy-


drate antigen CanAg, which is expressed on the surface of


human colorectal, pancreatic, and gastric cancer cells and on


some nonsmall cell lung cancers. To evaluate the effect of the


linker on stability and antitumor activity, the huC242 anti-


body was also linked to maytansinoids via sterically hindered


disulfide bonds (huC242–DM4) and a thioether link (huC242–


MCC–DM1, Figure 4).


Biological Evaluation. In vitro cytotoxicity assays on a


panel of human tumor cell lines showed that the introduc-


tion of a methyldisulfide substituent in maytansine was well-


tolerated. DM1–SMe was about 3–10-fold more potent than


the parent drug maytansine (1), with IC50 values ranging from


0.003 to 0.01 nM for DM1SMe (2a).13 Maytansinoids bear-


ing sterically hindered disulfide bonds (DM3–SMe, 2b and


DM4–SMe, 2c) showed even greater potency than DM1–


SMe.14


FIGURE 3. Structure of maytansinoids.


FIGURE 4. Structural representation of antibody–maytansinoid
conjugates.


Targeted Cancer Therapy Chari


102 ACCOUNTS OF CHEMICAL RESEARCH 98-107 January 2008 Vol. 41, No. 1







In vitro, huC242–DM1 was effective in killing antigen-ex-


pressing COLO 205 cells, with an IC50 value of 0.032 nM. The


conjugate is about 1000-fold less cytotoxic toward the anti-


gen-negative human melanoma cell line A-375 (Figure 5),


demonstrating the antigen specificity of the cytotoxic effect.15


In contrast, the nonconjugated maytansinonid DM1–SMe is


equally cytotoxic toward both cell lines. The maytansinoid


conjugate huC242–DM4, bearing a sterically hindered disul-


fide was about 2-fold more potent than huC242–DM1. Sur-


prisingly, the “noncleavable” thioether-linked huC242


conjugate (huC242–MCC–DM1) was also extremely potent in
vitro toward target cells. This result prompted us to study the


mechanism of processing of antibody conjugates by cells.


Upon internalization by target cells, antibody–maytansi-


noid conjugates undergo rapid degradation of the antibody


component in the lysosome, resulting in the release of the


maytansinoid drug attached via the linker to one amino acid


(a lysine residue) of the antibody. In the case of a disulfide-


linked conjugate, the lysyl-modified maytansinoid undergoes


disulfide reduction to release the thiol-containing drug, which


then undergoes methylation, presumably catalyzed by a intra-


cellular methyltransferase enzyme to give the highly potent


S-methylmaytansinoid.16 This released drug is able to diffuse


out of the cell and kill neighboring cells to give a bystander-


killing effect.17 This phenomenon may be important in vivo
because all cells in a tumor population may not express the


antigen but can still be killed. The thioether-linked conjugate


also undergoes similar lysosomal degradation, but in this case,


the released drug remains in the lysyl-modified form, which


is presumably still able to interact with tubulin, resulting in cell


death. However, because this form of drug is charged, it is not


able to diffuse into neighboring cells and, hence, a bystander


effect is not observed (Figure 6).


The premise of the antibody–drug conjugate approach is


that linking of a small drug molecule to a large antibody mol-


ecule would confer the drug with the favorable pharmacoki-


netic properties of the antibody. A comparison of the clearance


from circulation in vivo of free maytansine and the huC242–


DM1 conjugate showed that this was indeed the case. The ter-


minal half-life of maytansine was extended from 2.1 to 44 h


by conversion into a conjugate. Similarly, the area under the


curve (AUC) of the conjugated drug was increased as much as


60-fold over that of the free drug.18


Do the increased tumor selectivity and longer circulation


half-life of the conjugated drug result in greater antitumor


activity? The antitumor efficacy of C242–DM1 was compared


to that of unconjugated maytansine and to 5-fluorouracil


(5-FU)/leukovorin and irinotecan (CPT-11), the most commonly


used anticancer drugs for the treatment of colorectal cancer.


In a subcutaneous human colon tumor (HT-29) xenograft


model, unconjugated maytansine had little antitumor activ-


ity even at its MTD. Treatment with 5-FU/leukovorin or irino-


tecan at their respective MTDs resulted in modest delays in


tumor growth. In contrast, C242–DM1 caused complete erad-


ication of the tumor (Figure 7).15 Importantly, at curative


doses, C242–DM1 was nontoxic to the animals. Thus, tar-


geted delivery using an antibody greatly improves the thera-


peutic window of the maytansinoid. This approach opens the


FIGURE 5. In vitro potency of unconjugated drug DM1–SMe and
huC242–DM1 conjugate toward target COLO 205 and nontarget
A-375 cells.


FIGURE 6. Processing of antibody–maytansinoid conjugates by
cells.
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door to the therapeutic use of highly potent compounds that


were previously too toxic to be useful.


The in vivo stability of the antibody–maytansinoid link and


the antitumor activity of two disulfide-linked huC242–


maytansinoid conjugates (huC242–DM1 and huC242–DM4)


and a thioether-linked conjugate (huC242–MCC–DM1) were


compared in mice. The in vivo stability of the thioether-linked


conjugate was the greatest, with a half-life of 134 h. The con-


jugate bearing a sterically hindered disulfide huC242–DM4


showed good stability (T1/2 ) 102 h), while huC242–DM1


had a T1/2 of 47 h (Figure 8a). Upon treatment at low, non-


curative doses, the conjugate with intermediate stability,


huC242–DM4, showed the highest efficacy in a human COLO


205 xenograft model in mice, suggesting a fine balance


between the linker stability and antitumor activity (Figure 8b).


Maytansinoids linked to monoclonal antibodies to various


targets are currently being evaluated. In the laboratories of the


author, DM1 was linked to the humanized antibody huN901,


which binds to the CD56 antigen expressed on small cell lung


cancers (SCLCs), neuroblastomas, and multiple myeloma. In a


human SCLC xenograft model in mice, treatment with


huN901–DM1 resulted in cures at nontoxic doses, while a


mixture of the unconjugated DM1 drug and the huN901 anti-


body had no effect on tumor growth. huN901–DM1 also


showed good activity in animal models of multiple


myeloma.19


Similar results were reported In human prostate tumor


xenografts in mice, where the maytansinoid conjugate J591–


DM1 (MLN2704) targeting prostate cancer was extremely effi-


cacious and caused tumor growth delays lasting 100 days.20


Preclinical results from efforts to augment the antitumor activ-


ity of trastuzumab (Herceptin), a monoclonal antibody that is


approved for the treatment of breast cancer, have also been


reported.21 In experimental tumor models, the maytansinoid


conjugate trastuzumab–DM1 exhibited greater antitumor


activity than the unconjugated antibody, supporting further


investigation in a clinical setting.


Clinical Evaluation. Conjugates containing DM1 are in


various stages of clinical evaluation. The first such conjugate,


Cantuzumab mertansine (huC242–DM1), has recently com-


pleted phase I evaluation in cancer patients.22 From these tri-


als, the investigators concluded that the conjugate was well-


tolerated. Clinical trials with unconjugated maytansine had


previously shown severe side effects in the form of neutrope-


nia, gastrointestinal toxicity, and peripheral neuropathy.12


These side effects were absent or mild in clinical trials with the


antibody–maytansinoid conjugate. As expected, the terminal


elimination half-life of the conjugate was long (average of


41 h). Patients did not elicit immune responses to either the


antibody or the maytansinoid. The investigators reported pre-


FIGURE 7. In vivo antitumor activity of the C242–DM1 conjugate.


FIGURE 8. (a) Effect of the linker on in vivo stability. (b) Effect of
the linker on in vivo antitumor activity.
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liminary evidence of tumor localization of the maytansinoid


conjugate and also encouraging signs of antitumor activity.


However, on the basis of the superior activity and greater sta-


bility of huC242–DM4 in vivo, this conjugate has replaced


huC242–DM1 in human clinical trials. Data from these early


clinical trials provide strong evidence that this targeted deliv-


ery approach may be able to overcome many of the short-


comings associated with the therapy of unconjugated drugs or


the first-generation antibody–drug conjugates.


Human clinical trials with other maytansinoid conjugates


are ongoing. These include huN901–DM1 for the treatment


of small cell lung cancer and multiple myeloma, AVE9633


(huMY9-6–DM4) for the treatment of acute myeloid leuke-


mia, and Trastuzumab–DM1 for breast cancer.


Antibody–CC-1065 Analogue Conjugates
CC-1065 is a highly cytotoxic bacterial natural product that is


1000-fold more cytotoxic than other DNA-interacting agents,


such as doxorubicin and cis-platin. CC-1065 binds in a


sequence-selective manner to the minor groove of DNA, fol-


lowed by alkylation of adenine bases on the DNA.23 Human


clinical trials24 with adozelesin, a highly potent synthetic ana-


logue, failed to show a therapeutic benefit. However, the high


in vitro potency of adozelesin and its unique mechanism of


action made it an ideal candidate for tumor-specific delivery.


We synthesized a disulfide-containing analogue of adozelesin,


called DC1 (3a, Figure 9). DC1 was extremely potent and


killed tumor cells with an IC50 value of 0.02 nM.


The antibody conjugate Anti-B4–DC1, which binds to the


CD19 antigen expressed in B-cell lymphoma was cytotoxic for


the target Namalwa cell line, with an IC50 value of 0.02 nM.25


Unlike the unconjugated DC1 drug, Anti-B4–DC1 showed


high selectivity, being at least 1000-fold less cytotoxic to the


nontarget MOLT-4 cells.25 In human tumor xenograft mod-


els, Anti-B4–DC1 was shown to be far superior to clinically


used anticancer drugs in the treatment of lymphoma. Despite


its high potency, DC1 conjugates were not further developed


because of the poor solubility of DC1 in aqueous buffers, mak-


ing conjugation reactions inefficient. A solution to this prob-


lem was found, and DC1 was converted into the water-soluble


phosphate prodrug DC4 (3c), which is now amenable to con-


jugation reactions with antibodies in aqueous buffers. Phos-


phate prodrugs (e.g., etoposide phosphate) are known to be


rapidly converted into the active drug in circulation in vivo by


the action of phosphatises.26


Antibody–Taxane Conjugates
Paclitaxel and its semisynthetic analogue docetaxel are two of


the most active agents in the treatment of cancer. Paclitaxel


and docetaxel are not sufficiently potent for use in antibody


conjugates. Recently, we have synthesized a series of highly


potent taxoids. A lead taxoid (4, Figure 10) was shown to be


100-fold more potent than paclitaxel in vitro against taxane-


sensitive and multidrug-resistant cell lines. We have intro-


duced disulfide-containing substituents that enable linkage to


antibodies while maintaining extraordinarily high


cytotoxicity.27–29 Representative examples of these taxoids (5
and 6) are shown in Figure 10. Promising initial results from


the evaluation of conjugates of some of these potent taxoids


has been reported.30


Antibody–Calicheamicin Conjugates
Calicheamicins are antitumor antibiotics that bind to the minor


groove of DNA and produce site-specific double-strand DNA


breaks, causing cell death. Calicheamicins are potent at sub-


picomolar concentrations in vitro, but their low therapeutic


index precluded further development. To link them to anti-


bodies via acid-labile bonds, a hydrazide functionality has


been introduced into calicheamicin γ1. A structural represen-


tation of an antibody–calicheamicin conjugate is shown in Fig-


ure 11.


In tumor xenograft models, antibody–calicheamicin con-


jugates displayed good antitumor efficacy, resulting in com-


plete tumor regressions.31 The most advanced of these


FIGURE 9. Structures of DC drugs.


FIGURE 10. Structures of potent taxoids.
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conjugates, anti-CD33–calicheamicin, (gemtuzumab ozogami-


cin or Mylotarg), has been approved for the treatment of acute


myeloid leukemia (AML).32 Recently, the development of a


calicheamicin conjugate of an antibody directed against the


CD22 antigen expressed in B-cell lymphomas has been report-


ed.33


Antibody–Auristatin Conjugates
Auristatins are synthetic analogues of the potent marine cyclic


pentapeptides, the dolastatins, originally isolated from the sea


hare Dolabella auricularia.34 The dolastatins are highly cyto-


toxic compounds that share a common mechanism of action


with maytansine and cause cell death by inhibiting tubulin


polymerization. Human clinical trials with dolastatins were dis-


appointing because the high systemic toxicity of the drug


dampened the hope of any therapeutic benefit. The synthetic


analogues Auristatin E and F have been linked via a pepti-


dase-labile linker to monoclonal antibodies. Therapeutic effi-


cacy, leading to tumor regressions and cures in human tumor


models in mice have been reported.35,36 Further evaluation of


these conjugates is ongoing.


Conclusions
The new generation of antibody–drug conjugates has incor-


porated drugs that are considerably more potent than stan-


dard anticancer agents. The most advanced of these agents is


the humanized anti-CD33 antibody–calicheamicin conjugate


Mylotarg, which has been approved for the treatment of AML.


The early clinical results and the approval of Mylotarg opens


the door to the future development of antibody conjugates of


highly potent drugs that are too toxic to be useful by them-


selves. On the basis of the impressive efficacy data in animal


tumor models, several more of these targeted agents are


being evaluated in the clinic. In addition, this approach makes


it possible to enhance the potency of unconjugated antibod-


ies that display little or no antitumor activity on their own.


The author thanks Drs. Victor Goldmacher and Daniel Tavares


for their contributions.
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C O N S P E C T U S


More than 170 million people worldwide are affected
by the hepatitis C virus (HCV). The disease has been


described as a “silent epidemic” and “a serious global
health crisis”. HCV infection is a leading cause of chronic
liver disease such as cirrhosis, carcinoma, or liver fail-
ure. The current pegylated interferon and ribavirin com-
bination therapy is effective in only 50% of patients. Its
moderate efficacy and apparent side effects underscore the
need for safer and more effective treatments. The non-
structural NS3 protease of the virus plays a vital role in
the replication of the HCV virus. The development of small
molecule inhibitors of NS3 protease as antiviral agents
has been intensively pursued as a viable strategy to erad-
icate HCV infection. However, it is a daunting task. The
protease has a shallow and solvent-exposed substrate
binding region, and the inhibitor binding energy is mainly
derived from weak lipophilic and electrostatic interactions.
Moreover, lack of a robust in vitro cell culture system and
the absence of a convenient small animal model have
hampered the assessment of both in vitro and in vivo effi-
cacy of any antiviral compounds. Despite the tremendous
challenges, with access to a recently developed cell-based replicon system, major progress has been made toward a
more effective small molecule HCV drug. In our HCV program, facing no leads from our screening effort, a structure-
based drug design approach was carried out. An R-ketoamide-type electrofile was designed to trap the serine hydroxyl
of the protease. Early ketoamide inhibitors mimicked the structures of the peptide substrates. With the aid of X-ray
structures, we successfully truncated the undecapeptide lead that had a molecular weight of 1265 Da stepwise to a
tripeptide with a molecular weight of 500 Da. In an attempt to depeptidize the inhibitors, various strategies such as
hydrazine urea replacement of amide bonds and P2 to P4 and P1 to P3 macrocyclizations were examined. Further
optimization of the tripeptide inhibitors led to the identification of the best moieties for each site: primary ketoam-
ide at P′ , cyclobutylalanine at P1, gem-dimethylcyclopropylproline at P2, tert-leucine at P3, and tert-butyl urea as cap-
ping agent. The combination of these led to the discovery of compound 8 (SCH 503034, boceprevir), our clinical
candidate. It is a potent inhibitor in both enzyme assay (Ki* ) 14 nM) and cell-based replicon assay (EC90 ) 0.35
µM). It is highly selective (2200×) against human neutrophil elastase (HNE). Boceprevir is well tolerated in humans
and demonstrated antiviral activity in phase I clinical trials. It is currently in phase II trials. This Account details the
complexity and challenges encountered in the drug discovery process.
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Introduction
Hepatitis C virus (HCV) infection is one of the most significant


health problems affecting humans. An estimated 170 million


individuals (3%) worldwide and more than 4 million Ameri-


cans (1.3%) are infected with HCV.1 In roughly 80% of cases,


the virus leads to a chronic form of hepatitis, a condition that


is incurable in many patients. Without therapeutic interven-


tion, it can lead to morbidity or mortality in 10–20 years


through either cirrhosis and hepatic failure or hepatocellular


carcinoma.2 It is anticipated that a significant percentage of


those currently infected will develop cirrhosis and other asso-


ciated hepatic sequelae. HCV infection is the most common


cause of liver transplantation.2


Current medical treatment options are limited. The only


drugs available are subcutaneous interferon-R (IFN-R) or peg-


ylated-IFN-R, alone or in combination with oral ribavirin.3


IFN-R is a protein that stimulates the immune system, while


ribavirin is a nucleoside analog that works in concert with


IFN-R to control the infection. The efficacy of this combina-


tion therapy against the predominant genotype 1 affecting


North America, Europe, and Japan is moderate, with only


about 50% of the patients showing sustained virological


response. Some patients also experience significant side


effects related to the treatment. With few alternatives avail-


able, more effective agents with fewer side effects are clearly


needed.3


HCV, the etiologic agent of non-A, non-B hepatitis, was


identified in 19894 and is a member of the Flaviviridae. HCV


is an enveloped, positive-strand RNA virus of approximately


9.6 kilobases. Upon entering a suitable host cell, the HCV


genome serves as a template for cap-independent translation


through an internal ribosome entry site (IRES).5 The resulting


polyprotein undergoes both co- and post-translational pro-


teolytic maturation by host and virally encoded proteases. The


virally encoded protease responsible for processing the non-


structural (NS) portion of the polyprotein is located in the


N-terminal third of the NS3 protein5 (Figure 1). Following auto-


proteolysis of the NS3-NS4A junction, the protease cleaves


the polyprotein at the NS4A-NS4B, NS4B-NS5A, and


NS5A-NS5B junctions to release the downstream NS proteins.


The mature proteins subsequently self-assemble on the endo-


plasmic reticulum to generate the replicative complex or repli-


some. The replisome, using the viral genome as a template,


generates negative-strand viral RNA intermediates, which are


then used as templates to synthesize new positive-strand


(genomic) RNAs. These are either translated to yield more


polyprotein or, later in the infection cycle, encapsulated to


generate progeny virions. Inhibition of the maturational activ-


ities of the NS3 protease would therefore suppress replisome


formation, RNA replication, and ultimately new virions.


The X-ray structures of NS3 protease, both as an isolated


domain and in the full-length NS3 protein, have been deter-


mined.6 The structural data has provided detailed insights to


facilitate rational inhibitor design. The NS3 protease is in


many ways a typical �-barrel serine protease, with a canoni-


cal Asp-His-Ser catalytic triad similar to the well-studied diges-


tive enzymes trypsin and chymotrypsin. By contrast, the NS3


protease uses an extended polydentate binding cleft, with sev-


eral recognition subsites to ensure specificity. It forms a het-


erodimeric complex with the NS4A protein, an essential


cofactor that activates the protease and assists in anchoring


the heterodimer to the endoplasmic reticulum. On the other


hand, the RNA-dependent RNA polymerase (RdRp) contained


within the NS5B protein is the catalytic component of the HCV


RNA replication machinery.5,7 This enzyme synthesizes RNA


using the RNA template. This biochemical activity is not


present in mammalian cells, offering the opportunity to iden-


tify very selective inhibitors of the viral enzyme.


Much of the recent effort has been directed toward devel-


oping drugs that inhibit viral replication. Several promising


small-molecule inhibitors of the NS3/4A protease and the


FIGURE 1. Schematic representation of the HCV genome and NS3
protease polyprotein. NS3 is a bifunctional protein with protease
and helicase activities. The green box represents the NS3 protease
domain, and thin arrows depict cleavages mediated by the NS3/
NS4A protease complex.
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NS5B polymerase are in clinical development.8 Early testing


has demonstrated strong antiviral activity both in vitro and in


patients. Inhibitors toward other potential targets such as IRES


and NS5A are in earlier stages of preclinical investigation.


Although efforts are ongoing to develop a vaccine,9 the


unusually rapid genetic drift of HCV makes this a daunting


task.


Challenges in Discovering
HCV Protease Inhibitors
Although HCV was characterized more than a decade ago, the


lack of a robust in vitro cell culture system capable of support-


ing its replication has complicated traditional approaches to


developing or evaluating antiviral compounds. Likewise, the


absence of a convenient small animal model has hampered


the assessment of in vivo efficacy. Most of our knowledge of


HCV has been derived from surrogate experimental systems


that approximate infection and often preclude definitive inter-


pretation. Only since the development of the HCV autono-


mous subgenomic replicon system,10 a severe combined


immunodeficiency disease (SCID) mouse with chimeric human


liver model,11 and the chronically infected chimpanzee


model10has the preclinical evaluation of potential anti-HCV


agents become possible.


There are currently two animal models for preclinical eval-


uation of anti-HCV therapies; both of which suffer from limi-


tations that make them less than ideal for preliminary studies.


HCV infects only humans and chimpanzees. The chronically


infected chimpanzee model,12 the “gold standard” for HCV


studies, is challenging and expensive because one out of three


chimpanzees spontaneously resolve their HCV infection. An


immune-deficient SCID mouse-human liver xenograft sys-


tem11 was developed by researchers at the University of


Alberta. In this model, the livers of neonate SCID beige mice


are colonized with infused human hepatocytes, which rescues


them from a fatal transgene. Infection of these human liver


grafts by several genotypes of HCV and the therapeutic effects


of INF-R have been reported. Unfortunately, the animals are


fragile and scale up of the colony has been slower than


expected, thus limiting access to the system.


Owing to the fact that the NS3-NS4A protease is playing


a critical role in HCV viral replication, it has been viewed as an


ideal target for the creation of new HCV therapy.8,13 How-


ever, developing HCV protease inhibitors as drugs was no triv-


ial task. At the onset of our work, there were no viable lead


structures from which to develop potential drug candidates.


Our screening effort of four million compounds did not gen-


erate any meaningful leads to initiate a drug discovery effort.


Thus, early inhibitors were designed based on the


substrate-enzyme active site interactions.14 However, the


HCV protease requires an extensive peptide substrate, with


which it establishes multiple weak interactions distributed


along an extended surface. The requirement of large sub-


strates was a major concern in the development of orally bio-


available small molecule drugs. It was feared that the enzyme


may only be inhibited by molecules large enough to mimic


the natural substrate. Indeed, early leads were long peptidic


compounds that occupied much of the substrate-binding site


to take advantage of multiple hydrogen bonding and hydro-


phobic interactions. The major challenge was to modify these


large molecules to the less peptidic and lower molecular


weight drug candidates with desirable pharmacokinetic (PK)


profiles, while retaining or improving potency in the enzymatic


and cellular assays. The resolution of the three-dimensional


structure6 of the enzyme damped the enthusiasm of medici-


nal chemists further, because the substrate-binding cleft of


NS3-NS4A protease seemed flat and featureless, lacking the


cavities, holes, and flaps, or so-called binding pockets, that had


been exploited as anchor points to design potent and selec-


tive inhibitors of other proteases.


Moreover, there was another major challenge for any suc-


cessful anti-HCV therapy: drug-resistant viruses emerge rap-


idly under the selective pressure. The fast turnover rate and


the intrinsic low fidelity of the HCV replication machinery


endowed the virus with the ability to fully explore its genome


space and quickly come up with mutations that rendered it


resistant to antiviral drugs.


As a result of all these difficulties, no HCV protease inhib-


itors have been approved yet for the treatment of HCV dis-


ease in spite of the fact that the virus was fully characterized


in 1989. However, efforts within the pharmaceutical industry


have resulted in several candidates in clinical development,8


including boceprevir.15


Our Approach for Inhibitor Design
Since our screening efforts failed to generate potential leads


to initiate a drug discovery effort, we embarked on a structure-


based design approach. Early research for inhibitors capital-


ized on the observation that the enzyme is susceptible to


marked inhibition by the N-terminal peptide products released


from the substrates upon enzymatic cleavage. Learning from


experiences from others in developing potent serine-protease


inhibitors,16 incorporation of a serine trap into the molecule


was a promising approach. We envisioned that reaction of the


active site serine (Ser139)6 with conventional electrophiles


such as aldehydes, ketones, trifluoromethyl ketones, and R-ke-
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toamides and subsequent trapping of the resulting transition-


state analogues by the active site triad (Ser139, His57, and


Asp81, Figure 2)6 would provide effective inhibition. After con-


siderable research, a few large peptidic molecules, mimick-


ing the peptide substrate structures but containing an


R-ketoamide functionality, were discovered to be potent HCV


protease inhibitors.


The R-ketoamide moiety was essential for the inhibitory


activity. When it is attacked by Ser139 of the NS3 protease,


it forms a stable, covalent, and reversible complex with the


enzyme. The time required for stable covalent adduct forma-


tion is on the order of minutes. To assess the potency of such


slowly equilibrating or “slow-binding” inhibitors accurately,


proteolytic reactions containing inhibitor are usually moni-


tored until equilibrium is evident using progress curve analy-


sis (Figure 3). In this continuous assay,17 the extent of


hydrolysis of chromogenic 4-phenylazophenyl (PAP) ester


from the peptide fragment Ac-DTEDVVP(Nva)-O-4-PAP was


spectrophotometrically determined. To underscore the slow-


binding nature of these molecules and distinguish them from


simple, instantaneous competitive inhibitors, the equilibrium


binding constant was usually designated Ki*,
18 although for


most purposes it could be considered equivalent to a tradi-


tional Ki.


Besides an enzymatic assay, a cell-based assay was also


essential for optimizing inhibitor potency. An HCV subgenomic


replicon system was developed by Bartenschlager and col-


leagues in 1999.10 The replicon cell-based assay has been


used extensively to evaluate the functional potency and sub-


sequent antiviral efficacy of HCV protease inhibitors. The HCV


replicon is essentially a defective (i.e., noninfectious) viral


genome in which the sequences encoding the structural pro-


teins at the 5′ end of the RNA have been replaced by a select-


able marker, the neomycin resistance gene (NeoR) (Figure 4).


The NeoR marker allows selection of cells harboring functional


replicons following transfection and antibiotic treatment. Rep-


licon constructs, including those developed to evaluate poten-


tial antiviral agents, use a bicistronic design where two


independent IRES elements are present. The HCV IRES


sequence drives expression of the neomycin resistance gene


to allow selection of replicon bearing cells and a second IRES


sequence from encephalomyocarditis virus (EMCV) initiates


translation of the RNA segment encoding HCV nonstructural


proteins from NS3 to NS5B.


Unlike a true HCV infection, cells bearing HCV replicons,


even full-length replicons expressing structural proteins, do not


generate progeny virions. At the time, the replicon system was


the only germane in vitro system for evaluating potential anti-


viral agents directed against the HCV nonstructural proteins


and, consequently, provided an essential and stringent sys-


tem for the evaluation of potent inhibitors of HCV protease.


The EC50 and EC90 values for suppression of the bicistronic


subgenomic replicon (genotype 1b) were obtained through a


72 h assay in HuH-7 cells. At 72 h, cells were lysed, and the


replicon RNA level was determined using real-time poly-


merase chain reaction (PCR) analysis (Taqman) that targeted


the NS5B portion of the viral genome. Changes in replicon


RNA level were compared to an internal control, cellular gly-


ceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA lev-


els, in a single-tube multiplex reaction. Dose-response curves


were generated and drug concentrations resulting in a 2-fold


or a 10-fold reduction in replicon RNA were estimated using


a grid search method to give EC50 and EC90 values.


FIGURE 2. Nucleophilic attack of the R-ketoamide by Ser139 led to
a covalent tetrahedron intermediate stabilized by residues His57
and Asp81.


FIGURE 3. Progress curve of peptide substrate hydrolysis by the
HCV protease domain showing the time-dependent inhibition.


FIGURE 4. Schematic representation of the RNA encoding the
bicistronic subgenomic HCV replicon.
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One of the key elements contributing to the potency of an


R-ketoamide is the electrophilic ketoamide functionality, which


forms a reversible covalent bond with serine 139 of the HCV


protease. However, the ketoamide motif could also be sus-


ceptible to attack by a variety of other nucleophiles present on


other proteins. Thus, to address the selectivity issue, inhibi-


tory activity against the human neutrophil elastase (HNE) was


measured as a gauge of selectivity (HNE/HCV) in the struc-


ture–activity-relationship (SAR) development. The active site of


HNE resembles closely the active site structure of HCV NS3


protease. Although the clinical relevance of this selectivity


parameter has not been demonstrated, it helped to serve as


a guide in designing selective inhibitors versus similar pro-


teases, thereby potentially minimizing side effects that could


surface in the clinic.


Our early work led to the discovery of undecapeptide R-


ketoamide inhibitors,15 which had structures with 11 amino


acid residues that spanned from P6 to P5′.19 One of the ear-


liest leads, compound 1 (Figure 5), exhibited excellent HCV


NS3 protease inhibition (Ki* ) 1.9 nM). It was a mixture of two


diasteromers at the epimerizable P1 R-center. However, with


a molecular weight of 1265 Da, it was not surprising that this


compound did not exhibit a desirable PK profile. Neverthe-


less, compound 1 and related analogs served as a starting


point for further SAR studies. Our research toward improving


the overall profile of these initial leads was greatly aided by


using X-ray structures of inhibitors bound to the HCV NS3 pro-


tease and continuous drug metabolism/pharmacokinetic


evaluation.


Truncation Effort. Starting from the lead compound 1, an


undecapeptide, a series of stepwise truncations at both the


prime and nonprime ends led to a pentapeptide inhibitor 2.20


The molecular weight was reduced to approximately half of


that of compound 1. A number of amino acids were also mod-


ified to optimize potency. Thus, P1 and P2 were replaced with


cyclopropylalanines, P3 was replaced with cyclohexylglycine,


and P2′ was substituted with phenylglycine. The compound


was capped as isobutyl carbamate at P3 and as carboxylic


acid at P2′. Inhibitor 2 was quite potent with a Ki* of 15 nM.


However, it was inactive in the cell-based HCV replicon assay


(EC90 > 5 µM), possibly due to the presence of the charged


carboxylic acid preventing it from getting into the cells.


Further optimization along the entire backbone was car-


ried out with the aid of X-ray crystal structures. The most


important discovery occurred at P2 position. The gem-dimeth-


ylcyclopropylproline was discovered to be a superior leucine


surrogate. The tert-butylglycine was found to be a good


replacement of cyclohexylglycine at P3. The capping groups


at both ends were also changed to tert-butyl carbamate for P3


and dimethylamide for P2′ , respectively. The latter would


address the cell penetration issue of compound 2. Indeed, as


a result of all these optimizations, compound 321 demon-


strated a dramatic improvement over compound 2, with good


binding affinity (Ki* ) 5 nM) and replicon activity (EC90 ) 0.1


µM). Shown in the X-ray structure of 3 bound to the protease


(Figure 6), the improvement in binding potency was a result


of favorable interaction of the P2 gem-dimethylcyclopropyl-


proline moiety with the methyl side chain of Ala156. The


cyclopropylmethyl side chain of P1 and the phenyl group of


P2′ formed a “C”-shaped clamp around the side chain of


FIGURE 5. From undecapeptide to pentapeptide HCV NS3 protease
inhibitors.
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Lys136. However, the molecular weight (725 Da) of 3 was still


larger than that of a typical drug candidate, which, prefera-


bly, should be less than 500 Da.22 Thus, it was not unex-


pected that this translated to a poor PK profile in rats and


monkeys. Generally, an oral area-under-curve (po AUC) of


greater than 1.0 µM · h and bioavailability of at least 10% are


desired. In rats, compound 3 had a po AUC of 0.35 µM · h at


10 mg/kg and a bioavailability of 4%, while in monkeys the


AUC was 0.03 µM · h at 3 mg/kg and bioavailability was 1%.


Clearly, further reduction in the molecular weight of the inhib-


itors was necessary to achieve desirable PK properties.


Due to the importance of the remaining residues at non-


prime side, we focused our additional truncation efforts on the


prime side. First, the P2′ phenylglycine residue was removed


with modest loss of potency. The P1′ glycine was replaced by


simple alkyl groups such as methyl, ethyl, or allyl. Unfortu-


nately, all secondary and tertiary P1 ketoamides were signif-


icantly less potent than compound 3. However, it was


discovered that the nonsubstituted primary ketoamides had


the best potency in both enzyme and replicon assays. The rep-


resentative inhibitor after this round of SAR development was


compound 4 (Figure 5). It had a Ki* of 25 nM, and a replicon


EC90 of 0.40 µM. Although both values were higher than


those of analog 3, the molecular weight was significantly


lower and fell within the preferred range for a developable


candidate.


Depeptization Studies. It is difficult to aquire desirable


pharmacokinetic properties from large peptides because they


are susceptible to hydrolysis by various peptidases. Thus, sub-


stantial efforts were devoted to depeptizing the lead mole-


cules. Shown in Figure 7 are several examples of that effort.


First, replacement of P2 amino acid residue with an aza motif


was executed. Thus, in compound 5,18 the cyclopropylala-


nine P2 was replaced with a substituted hydrazine urea moi-


ety. Unfortunately, that resulted in a significant loss in binding


affinity (Ki* ) 230 nM) and a total loss of potency in replicon


assay (EC90 > 5 µM).


Efforts were also made to improve potency and PK pro-


files through macrocyclization of P2 and P3 residues, result-


ing in macrocyclic inhibitors of type 623 (Figure 7). A


phenylacetamide capping from P3 was linked to C-4 of P2


proline through a tert-alkyl ether linkage. The 16-membered


macrocyclic ring formed a donut-shaped circle over the methyl


group of Ala156 as evidenced by X-ray crystallography. The


inhibitor had excellent Ki* of 6 nM and was moderately active


in the cell-based assay (EC90 ) 0.90 µM). However, it had an


oral AUC of only 0.46 µM · h at 10 mg/kg in rats with a low


bioavailability of 2.2%. Similarly sized compounds with modi-


ficaftions along the macrocyclic ring gave equally poor PK


results. When truncated at the prime side, smaller macrocy-


clic inhibitors did not have the desired level of potency in rep-


licon assay.


On the other hand, macrocyclization from P1 to P3 resi-


dues through a 16-membered ring provided novel inhibitors


such as 7.24 With these analogs, we were able to incorpo-


FIGURE 6. X-ray structure of inhibitor 3 bound to the HCV
protease.


FIGURE 7. Efforts toward depeptization of HCV protease inhibitors.
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rate the dimethylcyclopropyl-proline at P2. Compound 7 was


a single diastereomer with a nonepimerizable P1 R-center. It


had a respectable Ki* of 30 nM, and a good replicon EC90 of


0.60 µM. However, as in the other cases described above, fur-


ther exploration of this series of inhibitors did not provide an


improved PK profile.


In summary, the depeptization exercises carried out nei-


ther resulted in significant improvement in potency nor pro-


vided measurable enhancement in PK properties in these HCV


protease inhibitors.


Discovery of Boceprevir (8)
Extensive SAR investigation at the P1, P3, and P3-capping


positions from the lead primary ketoamide 4 was continued.


The dimethylcyclopropylproline moiety at P2 was established


to be optimal and was retained in all subsequent analogs. Sys-


tematic variation in chain length and ring size on the P1 side


chain led to the discovery of cyclobutylalanine as the opti-


mal choice. Rings with other sizes, such as cyclopentyl or


cyclohexyl, were found to be too large for the S1 pocket. A


large effort was also spent on exploring many P3 capping


groups. Various substituents extending from the P3 amino


group were examined; these included alkyls, aryls, amides,


carbamates, ureas, sulfonamides, and sulfonyl ureas. It was


discovered that the urea type of P3 capping gave the best


overall profile. Ultimately, the combination of various opti-


mized moieties led to the discovery of boceprevir (8, SCH


503034, Figure 8),15 which was selected for drug safety stud-


ies and potential development in clinical trials.


The R-center of the P1 residue of 8 was racemic. The two


diastereomeric compounds could be separated by HPLC. How-


ever, when either pure isomer was treated with an organic or


inorganic base (e.g., triethyl amine or lithium hydroxide), they


underwent rapid isomerization. Fast equilibration was also


demonstrated under the conditions of biological assays. This


alleviated any need for separation of the two entities for phar-


macological evaluations. The ratio of the two isomers varied


significantly depending on the experimental conditions. The


isomer with an (S)-configuration at the P1 R-center was the


major isomer in most cases.


Compound 8 had an optimal overall profile. In the HCV


NS3 protease continuous assay, it had a potency of 14 nM


(Ki*) averaged over a large number of runs. In the 72-h bicis-


tronic subgenomic cell-based replicon assay in HuH-7 cells, the


EC50 and EC90 values were determined to be 0.20 µM and


0.35 µM, respectively (Figure 9). Inhibitor 8 was also found to


be a very weak inhibitor of HNE (Ki ) 26 µM) representing a


selectivity of 2200. Additionally, the reactivity of 8 toward a


panel of other serine proteases was measured, and 8 showed


no cross-reactivity when tested up to 50 µM with trypsin, chy-


motrypsin, thrombin, and factor Xa. The cross-reactivity


against a broad panel of other general enzymes was also eval-


uated, and no major issues were identified. All these studies


indicated that compound 8 was highly selective toward the


HCV serine protease.


The pharmacokinetic profile of 8 was evaluated in several


animal species. Following oral administration, it was moder-


ately absorbed in rats, dogs, and monkeys. Absorption was rel-


atively rapid in dogs but slower in mice, rats, and monkeys,


as evidenced by mean absorption times (MAT) ranging from


0.5 to 1.4 h (Table 1). The AUC was good in dogs and rats,


moderate in mouse, and low in monkeys. The absolute oral


bioavailability was modest in mouse, rats, and dogs


(26–34%) but low in monkeys (4%). There was no issue with


CYP 2D6, 2C9, 2C19, and 3A4 inhibition, either co- or prein-


cubated. Target organ analysis in rats revealed that 8 was


FIGURE 8. HCV protease inhibitor 8.


FIGURE 9. Effect of 8 on HuH-7 cells bearing the subgenomic HCV
replicon. RNA level was measured relative to an internal control
(∆Ct). Increase in ∆Ct indicated decreasing replicon RNA levels;
each ∆Ct reflects a 2-fold change in RNA level from baseline.
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highly concentrated in liver with a remarkable liver/plasma


concentration ratio of approximately 30.


The X-ray structure of compound 8 bound to NS3 protease


was solved and is shown in Figure 10. It was clear that the


diastereomer with an (S)-configuration at the P1 R-center was


the active inhibitor. The cyclobutylalanine moiety effectively


occupied most of the space available at the S1 pocket. This


group was largely responsible for the excellent selectivity


observed with 8 versus human neutrophil elastase, which has


a much smaller S1 pocket. The P2 dimethylcyclopropylpro-


line residue adopted a bent conformation that allowed max-


imum overlap of the moiety with Ala156 of the enzyme. The


exo-methyl on the cyclopropane ring had favorable interac-


tion with imidazole of His57, and the endo-methyl had con-


tact with Ala156 and Arg155. The side chain of P3 tert-
butylglycine occupied the S3 pocket, providing good


hydrophobic interaction with the enzyme. The tert-butyl group


of the P3 urea capping group had good contact in the S4


pocket, presumably also through a pure hydrophobic interac-


tion. The ketoamide was reversibly trapped by Ser139 to form


a covalent bond and at the same time donated a hydrogen


bond to the protein backbone. In addition to van der Waals


contacts, 8 formed a series of specific hydrogen bonds with


the protein backbone, which involved P1-NH, P3-carbonyl, and


both urea NH’s. Combination of a number of hydrophobic


interactions and the array of hydrogen bonds contributed


greatly to the binding potency and the selectivity of 8.


In summary, we discovered boceprevir (8) as a novel,


potent, highly selective, orally bioavailable HCV NS3 protease


inhibitor. It has been advanced to clinical trials in human


beings for the treatment of hepatitis C viral infections. It was


well tolerated and demonstrated antiviral activity in phase I


clinical trials and is currently in phase II.


Summary and Outlook
The pursuit of a potent and orally bioavailable HCV NS3 pro-


tease inhibitor as a drug candidate for the treatment of hep-


atitis C has been a difficult task. The shallow and featureless


nature of the enzyme’s active site presented a significant chal-


lenge for the discovery of enzyme inhibitors. Without any via-


ble leads, a structure-based drug design approach guided by


X-ray crystal structures of the enzyme was pursued. System-


atic truncations and depeptidizations on both prime and non-


prime sites gave rise to smaller pentapeptides that were potent


inhibitors, but did not possess the desirable pharmacokinetic


properties. Modifications on the prime side resulted in the dis-


covery of the primary R-ketoamide moiety, which gave excel-


lent potency. Further SAR optimization identified P1


cyclobutylalanine, P2 dimethylcyclopropylproline, P3 tert-
butylglycine, and tert-butyl urea capping group as the best


combination, which led to the discovery of boceprevir (8). It


had an in vitro potency of 14 nM (Ki*) and cell-based repli-


con assay potency of 350 nM (EC90). Compound 8 demon-


strated good oral bioavailabilities in rats and dogs and was


found to be highly concentrated in the liver.


Across the pharmaceutical industry, several novel drug can-


didates have entered or will soon enter clinical evaluation to


establish their clinical effectiveness for HCV patients. Aside


from the safety and efficacy requirements common to all new


drugs, the success of HCV-targeted agents will be heavily influ-


enced by their ability to inhibit all viral variants and prevent


the emergence of escape mutants. As is the case for HIV, com-


binations of several antiviral agents attacking different tar-


gets along the viral life cycle and, perhaps, the hosts


themselves will certainly be required to control infection and


prevent the emergence of drug-resistant viral variants.


The authors wish to thank the many contributors whose efforts


resulted in the successful outcome of this project. Especially


noteworthy is the successful collaborative efforts of scientists in


the Medicinal Chemistry (SPRI and Corvas), Structural Chemis-


try, Virology, and Drug Metabolism departments.


TABLE 1. Mean (n ) 3) Pharmacokinetic Parameters of 8 Following
Oral Dosing


species mouse rat dog monkey


dose (mg/kg) 10 10 3 3
AUC (po, µM · h) 0.93 1.5 3.1 0.12
bioavailability (%) 34 26 30 4
MAT (h) 1.2 1.4 0.5 1.4
Cmax (µM) 2.3 0.66 2.3 0.09


FIGURE 10. X-ray structure of inhibitor 8 bound to the HCV
protease.
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C O N S P E C T U S


For discovery of a new type of antiatherosclerotic agents, a cell-
based assay of lipid droplet accumulation using primary mouse


peritoneal macrophages was conducted as a model of macrophage-
derived foam cell accumulation, which occurs in the early stage of ath-
erosclerogenesis. During the screening of microbial metabolites for
inhibitors of lipid droplet accumulation, 13-membered cyclodepsipep-
tides, known beauveriolide I and new beauveriolide III, were isolated
from the culture broth of fungal Beauveria sp. FO-6979, a soil iso-
late, by solvent extraction, ODS column chromatography, silica gel col-
umn chromatography, and preparative HPLC. The structure including the absolute stereochemistry of beauveriolide III was
elucidated as cyclo-[(3S,4S)-3-hydroxy-4-methyloctanoyl-L-phenylalanyl-L-alanyl-D-alloisoleucyl] by spectral analyses, amino
acid analyses, and synthetic methods. Furthermore, the absolute stereochemistry was confirmed by the total synthesis of
beauveriolides. Study on the mechanism of action revealed that beauveriolides inhibited macrophage acyl-CoA:cholesterol
acyltransferase (ACAT) activity to block the synthesis of cholesteryl ester (CE), leading to a reduction of lipid droplets in macro-
phages. There are two ACAT isozymes in mammals, ACAT1 and ACAT2. ACAT1 is ubiquitously expressed in most tissues
and cells including macrophages, while ACAT2 is expressed predominantly in the liver (hepatocytes) and the intestine (entero-
cytes). Interestingly, beauveriolides inhibited both ACAT1 and ACAT2 to a similar extent in an enzyme assay that utilized
microsomes but inhibited ACAT1 selectively in intact cell-based assays. Beauveriolides proved orally active in both low-
density lipoprotein receptor and apolipoprotein E knockout mice, reducing the atheroma lesion of heart and aorta without
any side effects such as diarrhea or cytotoxicity to adrenal tissues as observed for many synthetic ACAT inhibitors. To obtain
more potent inhibitors, a focused library of beauveriolide analogues was prepared by combinatorial chemistry in which solid-
phase assembly of linear depsipeptides was carried out using a 2-chlorotrityl linker, followed by solution-phase cycliza-
tion, yielding 104 beauveriolide analogues. Among them, diphenyl derivatives were found to show 10 times more potent
inhibition of CE synthesis in macrophages than beauveriolide III. Furthermore, most analogues showed selective ACAT1 inhi-
bition or inhibition of both ACAT1 and ACAT2, but interestingly certain analogues gave selective ACAT2 inhibition. These
data indicated that subtle structural differences of the inhibitors could discriminate the active sites of the ACAT1 and ACAT2
isozymes. Efforts of further analogue synthesis would make it possible to obtain highly selective ACAT1/ACAT2 inhibitors.


Introduction
Hypercholesterolemia consists of heterogeneous


disorders of lipid metabolism characterized by ele-


vated levels of plasma total cholesterol and low-


density lipoprotein (LDL)-derived cholesterol. It is


definitively linked to increased morbidity and


mortality because of myocardial infarction. 3-Hy-


droxy-3-methylglutaryl coenzyme A (HMG-CoA)


reductase, one of the rate-limiting enzymes in the


cholesterol biosynthetic pathway, proved to be an


effective target for inhibition for the treatment of


hypercholesterolemia, and derivatives of fungal


compactin (ML236B) and mevinolin (monacolin K)


and synthetic atrovastatin, inhibitors of this
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enzyme, have been used clinically as cholesterol-lowering or


antiatherosclerotic agents.1–6


We focused on the role of macrophages in the athero-


sclerogenic process. In the early stage of the process, macro-


phages penetrate into the intima, efficiently take up modified


LDL, store cholesterol and fatty acids as a form of neutral lip-


ids in the cytosolic lipid droplets, and are converted into foam


cells, leading to the development of atherosclerosis in the arte-


rial wall.7–9 Therefore, inhibitors of the macrophage-derived


foam cell formation would be expected to retard the progres-


sion of atherosclerosis.


We established a cell-based assay system of lipid droplet


synthesis using mouse macrophages as a model of macro-


phage-derived foam cell formation.10 Screening for inhibitors


with this system led to the discovery of fungal cyclodepsipep-


tides called beauveriolides (Figure 1) in 1999.11–13 In this


Account, we summarize the discovery, structures, molecular


targets, antiatherogenic activity, and total synthesis of beau-


veriolides and the combinatorial synthesis of beauveriolide


analogues.


Establishment of the Cell-Based Assay for
Lipid Droplet Formation
Nishikawa et al.14 reported that, when mouse peritoneal mac-


rophages are cultured in the presence of negatively charged


liposomes, they take up the liposomes via the scavenger


receptors and metabolize their components (such as phospho-


lipids and cholesterol) to form cytosolic lipid droplets contain-


ing neutral lipids of cholestryl ester (CE) and triacylglycerol


(TG). Thus, the liposomes are metabolized in a manner simi-


lar to natural ligand-modified LDL in macrophages. On the


basis of their observations, we have developed cell-based


assays10 using microscopic observation of oil red O-stained


lipid droplets (morphological assay) and also using the mea-


surement of [14C]CE and [14C]TG synthesized from [14C]oleic


acid (biochemical assay). When macrophages are cultured in


the presence of liposomes, a number of lipid droplets are


formed in the cytosol of macrophages in the morphological


assay (Figure 2).


Discovery and Absolute Structure of
Beauveriolides
For the primary screen, culture broths of actinomycetes, fungi,


and bacteria were evaluated with the morphological assay and


the culture broths that caused a reduction of the size and/or


the number of lipid droplets without having a cytotoxic effect


on macrophages were selected. Then, the inhibition was con-


firmed in the biochemical assay. From about 20 000 samples,


we discovered beauveriolides I15 and III from the culture broth


of Beauveria sp. FO-6979,11–13 and phenochalasins,16 sespen-


dole,17 spylidone,18 and isobisvertinol19 from fungal strains,


and finally, K97–0239s20 from an actinomycete strain.


The cyclodepsipeptides, beauveriolides I/III composed of


L-Phe, L-Ala, D-Leu/D-allo-Ile, and (3S,4S)-3-hydroxy-4-methyl-


octanoic acid, respectively, were first isolated from the fun-


gal culture broth.11,12 Because, for further study, it was


necessary to improve the production of these compounds


(original titers; ∼5–6 µg/mL for beauveriolides I and III) by fer-


mentation, the culture conditions were studied.21 The produc-


tion of both beauveriolides was increased about 10-fold by


fermentation in fermentation media containing tryptone. Fur-


ther studies revealed that the addition of L-Leu (0.2%) but not


D-Leu to the culture medium yielded a high and selective pro-


duction of beauveriolide I (142 versus 18 µg/mL for beauveri-


olide III), while the addition of L-Ile (0.2%) but not D-allo-Ile to


the culture medium yielded a high and selective production


of beauveriolide III (178 versus 3.6 µg/mL for beauveriolide


I). These findings suggested that a putative beauveriolide syn-


thase can epimerase L-Leu and L-Ile to the corresponding


D-amino acids to produce the cyclodepsipeptides. In fact,


Kleinkauf and von Dohren reported that nonribosomal


cyclodepsipeptide synthetases (e.g., enniatin synthetases) con-


tain amino acid epimerase domains.22–24 Despite the diffi-


culty of separating these compounds because of the similarity


of their physicochemical properties, large amounts of beau-


veriolide I (850 mg) and III (890 mg) were prepared from the


culture broth (20 L) obtained from L-Leu- or L-Ile-supplemented


FIGURE 1. Structures of beauveriolides produced by Beauveria sp.
FO-6979 and their effects on the synthesis of CE by macrophages
and ACAT activity in macrophage microsomes.


FIGURE 2. Lipid droplet formation in mouse macrophages. macro-
phage monolayers grown in a tissue culture chamber were
incubated without (A) or with (B) liposomes. Lipid droplets were
stained in red by oil red O.
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fermentation, respectively, by one-step purification using sil-


ica gel column chromatography.


Through the selective production by fermentation, we


found that different beauveriolides were produced in fermen-


tation broths supplemented with various amino acids.13


Accordingly, eight beauveriolides (I and III–IX) were obtained


as shown in Figure 1; beauveriolides IV–XIII were new com-


pounds, while beauveriolides VI and IX were identified as beau-


verolides M25 and Fa.26 The production was changed


according to the amino acids used to supplement the fermen-


tation medium.


Absolute Stereochemistry of Beauveriolides
The structures of beauveriolides were elucidated by spectral


analyses including nuclear magnetic resonance (NMR) exper-


iments and by chemical degradation.11,13 The structure of


beauveriolide III was found to be cyclo-[(3S,4S)-3-hydroxy-4-


methyloctanoyl-L-phenylalanyl-L-alanyl-D-allo-isoleucyl]. Sim-


ilarly, the structures of beauveriolides IV–IX were elucidated.


They all share the common 13-membered cyclodepsipeptide


comprising one 3-hydroxy fatty acid, two L-amino acids, and


one D-amino acid. A number of cyclodepsipeptides of this type


have been reported thus far, including beauveriolides I and


II15 and beauverolides.26–28 They were all produced by Beau-
veria sp.


The absolute stereochemistry of the amino acids in beau-


veriolides was firmly identified by amino acid analysis using


a chiral column.12 However, that of the 3-hydroxy-4-methyl-


octanoic acid moiety remained poorly understood. Mochizuki


et al. previously synthesized the corresponding 3-hydroxy-4-


methyloctanoic acid, compared the [R]20
D values between nat-


ural-derived (-19, c 0.13, CHCl3) and synthetic (-44, c 0.98,


CHCl3) ones,15 and concluded that the absolute stereochem-


istry is 3S,4S. On the other hand, our group reported that the


[R]20
D value (-29, c 0.2, CHCl3) of 3-hydroxy-4-methyloc-


tanoic acid prepared from beauveriolide III showed good


agreement with that (-27, c 0.3, CHCl3) of 3-hydroxy-4-me-


thyloctanoic acid from beauveriolide I, and we therefore con-


cluded that the stereochemistry of the 3-hydroxy-4-


methyloctanoic acid moiety in beauveriolide III is also 3S,4S.12


Thus, the [R]20
D values from Mochizuki’s report and our report


still showed a discrepancy. To clarify this point, four stereoi-


somers of 3-hydroxy-4-methyloctanoic acid were synthesized


and labeled with (S)-(+)-2-(anthracene-2,3-dicarboximido)-1-


propyl trifluoromethane sulfonate (AP-OTf), a chiral fluores-


cent reagent. The derivatives were separated by high-


performance liquid chromatography (HPLC) and compared


with the natural derivative. Finally, we demonstrated that the


absolute stereochemistry is (3S,4S)3-hydroxy-4-meth-


yloctanoic acid in beauveriolide III.29


Antiatherogenic Activity of Beauverioldes


1. Inhibition of Lipid Droplet Formation in Mouse
macrophages. In the morphological assay, beauveriolides I


and III caused a reduction in the number and size of cytoso-


lic lipid droplets in macrophages at 10 µM without any cyto-


toxic effect, such as morphological abnormality and


mitochondrial disfunction on macrophages.11 Among the


eight beauveriolides isolated from Beauveria sp. FO-6979,


beauveriolides I and III are the most potent inhibitors of lipid


droplet synthesis. Beauveriolides VII and IX also inhibited the


synthesis,13 but their potency seemed much weaker than that


of beauveriolides I and III. The other beauveriolides showed


only a slight effect on the formation. In the biochemical assay


(Figure 1), beauveriolides I and III strongly inhibited the CE


synthesis with IC50 values of 0.78 and 0.41 µM, respectively,


without showing significant effects on the TG and phospho-


lipids synthesis.29 Beauveriolides VII and IX showed moder-


ate inhibition of CE synthesis.13 From these results, it might be


that the presence of L-Phe in the X1 position and D-Leu/D-allo-


Ile in the X3 position in the molecules is important for the


inhibitory activity against lipid droplet formation and CE syn-


thesis in macrophages (Figure 2). Furthermore, the morpho-


logical and biochemical assays using macrophages showed


comparable and explainable results by various inhibitors.


These findings prompted us to study the molecular target


of the beauveriolides in macrophages. Several types of inhib-


itors of lipid droplet accumulation in macrophages have been


reported. Steroid derivatives, such as U18666A,30 progester-


one, and pregnenolone,31 inhibit the movement of choles-


terol out of the lysosome or inhibit the activity of multidrug-


resistant P-glycoproteins in the plasma membrane,32 and a


large number of acyl-CoA:cholesterol acyltransferase (ACAT)


inhibitors block cholesterol esterification in the endoplasmic


reticulum (ER). These compounds are known to specifically


inhibit CE synthesis in macrophages.33 On the other hand, tri-


acsins, inhibitors of acyl-CoA synthetase, also block lipid drop-


let accumulation, but these compounds inhibit both CE and TG


synthesis by depletion of acyl-CoA.10 Beauveriolides inhibit CE


synthesis specifically, and the inhibition occurs after choles-


terol leaves lysosomes.29 Therefore, ACAT, an ER enzyme, was


tested as a target of beauveriolides.


2. Selective Inhibition of ACAT Activity in Macro-
phages. As expected, beauveriolides I and III were found to


inhibit ACAT activity in microsomes prepared from mouse


macrophages with IC50 values of 6.0 and 5.5 µM, respectively,
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and also that in microsomes from mouse livers with IC50 val-


ues of 1.5 µM for both compounds.29 Recent molecular bio-


logical studies revealed the presence of two isozymes, ACAT1


and ACAT2.34–37 ACAT1 is ubiquitously expressed, and high-


level expression is observed in sebaceous glands, ste-


roidogenic tissues, and macrophages, while ACAT2 is


expressed predominantly in the liver and intestine.37 There-


fore, it was strongly suggested that beauveriolides I and III


inhibit both ACAT1 and ACAT2 to similar extents. The results


for ACAT inhibition by beauveriolides are essentially compa-


rable to those for the inhibition of lipid droplet formation in


macrophages.38 In mouse macrophage microsomes, 18-mem-


bered beauvericin with a large cyclic skeleton inhibits ACAT


activity more strongly than beauveriolides, but this compound


does not show specific inhibition of CE synthesis and has cyto-


toxic effects on macrophages.29 Thus, among a number of 13-


and 18-membered cyclodepsipeptides tested, beauveriolides


I and III are the only compounds that specifically and strongly


inhibit both ACAT activity and CE synthesis in macrophages,


leading to a decrease in lipid droplet formation. Accordingly,


the in vivo antiatherogenic activity of beauveriolides was stud-


ied in two mouse models.


3. Antiatherogenic Activity in Mouse Models. When


apo-E knockout or LDL receptor (LDLR) knockout mice are fed


high cholesterol diets, atherosclerosis develops in the aorta


and heart. Beauveriolide III proved orally active in both of


these knockout mice.29 After oral administration of at least 25


mg kg–1 day–1 of this compound for 2 months, the athero-


sclerotic lesions of the aorta and heart were reduced over


50%. Importantly, beauveriolide III caused no side effects,


such as diarrhea or cytotoxicity to adrenal tissues, during the


experiments even at 100 mg kg–1 day–1. Most synthetic ACAT


inhibitors, such as CL-283,546, showed toxic effects on the


adrenal gland.30 There are no conclusive data as to whether


the toxic effects on the adrenal gland are inherent in the


mechanism of action of these drugs. However, certain syn-


thetic inhibitors, such as avasimibe39 and pactimibe,40 proved


effective in vivo but had no effect on the adrenal gland. Pres-


ently, the involvement of ACAT1 and ACAT2 as targets of anti-


atherosclerogenic drugs is a matter of controversy. Some


ACAT inhibitors could reduce the development of atheroscle-


rotic lesions independently of an effect on plasma cholesterol


levels in cholesterol-fed rabbits and hamsters; however, with


other inhibitors, the reduction of cholesterol levels depended


upon their effect on plasma cholesterol levels.39,40 In phar-


macological and genetic studies in animals, it was shown that


specific inhibition of ACAT1 might increase the lesion size


because of the accumulation of free cholesterol in the lesions.


Therefore, selective ACAT1 inhibition should be approached


cautiously in humans.41,22 ACAT2-deficient transgenic mice


FIGURE 3. Building blocks in the synthesis of combinatorial library 1. (A) 24 analogues of beauveriolide consisted of 2 possible components
for part A, 3 possible components for part B, and 4 possible components for part C. (B) 81 analogues of beauveriolide consisted of 27
possible components for part B and 3 possible components for part C. Each part is shown in Scheme 1.
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have a reduction in CE synthesis in the small intestine and


liver, which in turn results in protection against diet-induced


hypercholesterolemia and gallstone formation.37 Furthermore,


ACAT2- and apo-E-deficient mice have triglyceride-rich apo-


B-containing lipoproteins and no atherogenic lesions. Selec-


tive inhibitors of ACAT2 may be useful for preventing diet-


induced hypercholesterolemia,37 but the development of such


drugs has not been successful. Fungal pyripyropene A, discov-


ered by our group, was found to be a very specific ACAT2


inhibitor.42,43 Avasimibe and pactimibe, which inhibit both


ACAT1 and ACAT2 activities, reduced atherosclerosis in sev-


eral animal models39,40 but showed no efficacy in clinical tri-


als.44 Our results show that beauveriolides having a different


chemical structure from synthetic ACAT inhibitors, which also


inhibit both ACAT1 and ACAT2 in enzyme assays, show anti-


atherogenic activity in both LDLR and apo-E knockout mice


without any side effects. Beauveriolides I and III show prom-


ise as potential lead compounds for antiatherosclerotic agents,


which prompted us to prepare a beauveriolide library.


Production of a Beauveriolide Library by
Combinatorial Synthesis


1. Strategy. Our fundamental strategy for preparing a com-


binatorial library of beauveriolide analogues is illustrated in


Scheme 1.45 Beauveriolide III was divided into three parts A


(Fmoc-L-Ala-OH), B (Fmoc-L-Phe-OH), and C ((3S,4S)-O-(Boc-D-


allo-Ile)-4-hydroxy-3-methyloctanoic acid). Each part has


diverse components, as shown in Figure 3. Peptide elonga-


tion of the synthetic parts A, B, and C using an Fmoc strategy


can be carried out on a polymer support. Cleavage from the


polymer support followed by macrolactamization will yield a


beauveriolide analogue.


2. Total Synthesis of Beauveriolide III. Before a beau-


veriolide library was prepared, four stereoisomers of beauveri-


olide III were synthesized according to the strategy to


determine the absolute stereochemistry of the 4-hydroxy-3-


methyloctanoic acid moiety.46 That is, four stereoisomers of


O-(Boc-D-allo-Ile)-4-hydroxy-3-methyloctanoic acid (C1–C4 in


Figure 3) were first synthesized.47–49 The 2-chlorotrityl chlo-


ride resin was used for the solid-phase peptide synthesis. After


Fmoc-Ala-OH (DIEA) was loaded, deprotection of the Fmoc


group (20% piperidine) and coupling of Fmoc-Phe-OH (DIC/


HOBt) were performed. Deprotection of the Fmoc group, cou-


pling of each C (C1–C4) (PyBrop/DIEA), and acid cleavage (4


M HCl) from the polymer support provided cyclization precur-


sors (93% crude yield with 97% purity). Other coupling


reagents were not effective for the coupling of C because elim-


ination of the �-acyloxy group was observed. Then, macro-


lactamization of the precursors was performed (EDCI/DIEA/


CH2Cl2/2 h) under high-dilution conditions (1 mM). Finally,


four stereoisomers of beauveriolide III were obtained with


58% overall yield. The use of both the HCl salt of the precur-


sors and EDCI was essential for reducing the formation of the


cyclic dimer in the cyclization. All of the spectra data of C1-de-


rived synthetic beauveriolide III were identical to those of the


natural one, which confirmed the absolute stereochemistry.


3. Beauveriolide Library. On the basis of the above solid-


phase strategy, we constructed a 105-member beauveriolide


library (Figure 3), namely (1) 24 analogues consisting of 2


components (A1 and A2) in part A, 3 components (B1–B3) in


part B, and 4 stereoisomers (C1–C4) in part C and (2) 81 ana-


logues consisting of 1 component (A1) in part A, 27 compo-


nents (B1 and B4–B29) in part B, and 3 components (C1, C5,


and C6) in part C. Cyclization precursors were synthesized by


a split-and-pool method using IRORI MicroKans with radiofre-


quency encodings.50,51 Cyclic products were prepared in par-


allel and purified by HPLC.


4. Biological Activity. The inhibitory activity of 104 beau-


veriolide analogues prepared by combinatorial synthesis was


evaluated against CE synthesis in mouse peritoneal macro-


phages.45 A smaller substitute in part A resulted in stronger


inhibitory activity. With regard to part B, diphenylalanine


derivatives were 10 times more potent (IC50 value, 0.040 µM)


than beauveriolide III. Two other analogues, p- and m-chlo-


rophenylalanine derivatives, were also very potent (IC50 val-


ues of 0.095 and 0.14 µM). It is interesting that the 3S
stereochemistry at the 3 position in part C is essential for the


biological activity.


Furthermore, the selectivity of these beauveriolide ana-


logues for inhibition of the ACAT1 and ACAT2 isozymes in the


cell-based assay was tested.38,46 Beauveriolides I and III


showed rather selective ACAT1 inhibition in this intact cell


assay,38 suggesting that the accessibility of the two isozymes


to the inhibitors is different between microsomes and intact


cells. Interestingly, some analogues [compounds 258 (synthe-


sized from A1, B20, and C1), 280 (from A1, B19, and C5), 274


(from A1, B11, and C5), 285 (from A1, B20, and C5), and 301


SCHEME 1. Fundamental Strategy for the Combinatorial Synthesis
of Beauveriolide Analogues
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(from A1, B11, and C6)] showed ACAT1-selective inhibition,


and compound 218 (from A2, B1, and C4) showed both


ACAT1 and ACAT2 inhibition, while others [compounds 281


(from A1, B28, and C1), 269 (from A1, B10, and C5), 249


(from A1, B25, and C1), 224 (from A2, B2, and C1), and 276


(from A1, B25, and C5)] showed rather selective ACAT2 inhi-


bition (Figure 4). These data indicated that subtle structural dif-


ferences of the inhibitors can discriminate the active sites of


the ACAT1 and ACAT2 isozymes and that it is possible to


obtain highly selective ACAT2 inhibitors from beauveriolide


analogues.


Concluding Remarks
We identified fungal beauveriolides as inhibitors of lipid drop-


let formation in mouse macrophages. Studies on the mecha-


nism of action revealed that beauveriolides inhibited


macrophage ACAT activity specifically, resulting in the block-


age of the cholesteryl ester synthesis and leading to a reduc-


tion of lipid droplets in macrophages. Furthermore,


beauveriolides I and III exerted antiatherogenic activity in


mouse models without any side effects. A number of synthetic


ACAT inhibitors have been reported, but no inhibitors have


been clinically used thus far. Recent attempts to use avasimibe


and pactimibe clinically to reduce atherosclerosis progression


failed. There are two ACAT isozymes, ACAT1 (ubiquitously


expressed) and ACAT2 (expressed in liver and intestine), which


have different functions. Avasimibe and pactimibe inhibited


both isozymes. Beauveriolides inhibited both isozymes in


microsomal assays but rather selectively inhibited ACAT1 in


the intact cell assay. A combinatorial beauveriolide library was


prepared by solid-phase split-and-pool synthesis and solution-


phase cyclization. We found that the 3S configuration in part


C is essential for the inhibitory activity and that diphenylala-


nine analogues are 10 times more potent than beauveriolides


I and III. Further studies of antiatherosclerotic agents are


underway in our laboratory.
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mouse macrophage-derived foam cell formation by triacsin C. J. Biochem. 1999,
125, 319–327.


11 Namatame, I.; Tomoda, H.; Tabata, N.; Si, S.; Ōmura, S. Structure elucidation of
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Ōmura, S. Phenochalasins, inhibitors of lipid droplet formation in mouse macro-
phages, produced by Phomopsis sp. FT-0211. J. Antibiot. 1999, 52, 851–856.


17 Uchida, R.; Kim, Y.-P.; Namatame, I.; Tomoda, H.; Ōmura, S. Sespendole, a new
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Identification of ACAT1- and ACAT2-specific inhibitors using a novel, cell-based
fluorescence assay: Individual ACAT uniqueness. J. Lipid Res. 2004, 45, 378–386.


43 Cho, K. H.; An, S.; Lee, W. S.; Paik, Y. K.; Kim, Y. K.; Jeong, T. S. Mass-production
of human ACAT-1 and ACAT-2 to screen isoform-specific inhibitor: A different
substrate specificity and inhibitory regulation. Biochem. Biophys. Res. Commun.
2003, 309, 864–872.


44 Nissen, S. E.; Tuzcu, E. M.; Brewer, H. B.; Sipahi, I.; Nicholls, S. J.; Ganz, P.;
Schoenhagen, P.; Waters, D. D.; Pepine, C. J.; Crowe, T. D.; Davidson, M. H.;
Deanfield, J. E.; Wisniewski, L. M.; Hanyok, J. J.; Kassalow, L. M. Effect of ACAT
inhibition on the progression of coronary atherosclerosis. N. Engl. J. Med. 2006,
354, 1253–1263.


45 Nagai, K.; Doi, T.; Sekiguchi, T.; Namatame, I.; Sunazuka, T.; Tomoda, H.; Ōmura,
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C O N S P E C T U S


The discovery of human immunodeficiency virus (HIV) protease
inhibitors (PIs) and their utilization in highly active antiretrovi-


ral therapy (HAART) have been a major turning point in the man-
agement of HIV/acquired immune-deficiency syndrome (AIDS).
However, despite the successes in disease management and the
decrease of HIV/AIDS-related mortality, several drawbacks con-
tinue to hamper first-generation protease inhibitor therapies. The
rapid emergence of drug resistance has become the most urgent
concern because it renders current treatments ineffective and there-
fore compels the scientific community to continue efforts in the
design of inhibitors that can efficiently combat drug resistance.


The present line of research focuses on the presumption that an
inhibitor that can maximize interactions in the HIV-1 protease active
site, particularly with the enzyme backbone atoms, will likely retain
these interactions with mutant enzymes. Our structure-based design
of HIV PIs specifically targeting the protein backbone has led to
exceedingly potent inhibitors with superb resistance profiles.


We initially introduced new structural templates, particulary non-
peptidic conformationally constrained P2 ligands that would effi-
ciently mimic peptide binding in the S2 subsite of the protease and
provide enhanced bioavailability to the inhibitor. Cyclic ether derived ligands appeared as privileged structural features and allowed us
to obtain a series of potent PIs. Following our structure-based design approach, we developed a high-affinity 3(R),3a(R),6a(R)-bis-
tetrahydrofuranylurethane (bis-THF) ligand that maximizes hydrogen bonding and hyrophobic interactions in the protease S2 subsite. Com-
bination of this ligand with a range of different isosteres led to a series of exceedingly potent inhibitors.


Darunavir, initially TMC-114, which combines the bis-THF ligand with a sulfonamide isostere, directly resulted from this line
of research. This inhibitor displayed unprecedented enzyme inhibitory potency (Ki ) 16 pM) and antiviral activity (IC90 ) 4.1 nM).
Most importantly, it consistently retained is potency against highly drug-resistant HIV strains. Darunavir’s IC50 remained in the low
nanomolar range against highly mutated HIV strains that displayed resistance to most available PIs.


Our detailed crystal structure analyses of darunavir-bound protease complexes clearly demonstrated extensive hydrogen bonding
between the inhibitor and the protease backbone. Most strikingly, these analyses provided ample evidence of the unique contribution of
the bis-THF as a P2-ligand. With numerous hydrogen bonds, bis-THF was shown to closely and tightly bind to the backbone atoms of
the S2 subsite of the protease. Such tight interactions were consistently observed with mutant proteases and might therefore account for
the unusually high resistance profile of darunavir. Optimization attempts of the backbone binding in other subsites of the enzyme, through
rational modifications of the isostere or tailor made P2 ligands, led to equally impressive inhibitors with excellent resistance profiles.


The concept of targeting the protein backbone in current structure-based drug design may offer a reliable strategy for combating drug
resistance.
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Introduction
Acquired immunodeficiency syndrome (AIDS), a degenera-


tive disease of the immune system, is caused by the human


immunodeficiency virus (HIV).1,2 The current statistics for glo-


bal HIV/AIDS are staggering, as an estimated 40 million peo-


ple worldwide are ailing with HIV/AIDS.3 The discovery of HIV


as the etiological agent for AIDS and subsequent investiga-


tion of the molecular events critical to the HIV replication cycle


led to the identification of a number of important biochemi-


cal targets for AIDS chemotherapy.4 During viral replication,


gag and gag-pol gene products are translated into precursor


polyproteins. These proteins are processed by the virally


encoded protease to produce structural proteins and essen-


tial viral enzymes, including protease, reverse transcriptase,


and integrase.5 Therefore, inhibition of the virally encoded HIV


protease was recognized as a viable therapeutic target.6 Since


the FDA approval of the first protease inhibitor (PI) in 1995,7


several other PIs quickly followed. The development of these


PIs and their introduction into highly active antiretroviral ther-


apy (HAART) with reverse transcriptase inhibitors marked the


beginning of an important era of AIDS chemotherapy. The


HAART treatment regimens arrested the progression of AIDS


and significantly reduced AIDS-related deaths in the United


States and other industrialized nations.8 Despite this undeni-


able success, there are severe limitations of the current treat-


ment regimens including (i) debilitating side effects and drug


toxicities, (ii) higher therapeutic doses due to “peptide-like”


character, and (iii) expensive synthesis and high treatment


cost. Perhaps most concerning of all is the emergence of drug


resistance which renders treatment ineffective in a short time.


The current HAART treatment regimens are not sufficiently


potent to combat multidrug-resistant HIV strains. At least


40–50% of those patients who initially achieve favorable viral


suppression to undetectable levels eventually experience treat-


ment failure.9 Additionally, 20–40% of antiviral therapy-


naive individuals infected with HIV-1 have persistent viral


replication under HAART, possibly due to primary transmis-


sion of drug-resistant HIV-1 variants.10 The development of


new PIs that address this issue is essential to the future man-


agement of HIV/AIDS.


Molecular Insight and Design Strategies To
Combat Drug Resistance
Our structural analysis and comparison of protein–ligand


X-ray structures of wild-type and mutant HIV proteases have


revealed that the active site backbone conformation of mutant


proteases is only minimally distorted.11,12 This molecular


insight led us to presume that an inhibitor which makes max-


imum interactions in the active site of HIV protease, particu-


larly extensive hydrogen-bonding interactions in the protein


backbone of the wild-type enzyme, will also retain these key


interactions in the active site of mutant proteases. Our struc-


ture-based design to combat drug resistance is guided by the


premise that an inhibitor exhibiting extensive hydrogen-bond-


ing interactions with the protein backbone of the wild-type


enzyme will likely retain potency against the mutant strains,


since the mutations cannot easily eliminate the backbone


interactions. Our objective is then focused on designing inhib-


itors that specifically target and maximize these interactions


with backbone atoms. Another critical issue of current HAART


therapies is the poor bioavailability of the current PIs. This in


turn is responsible for much of the high-dose-related severe


side effects and poor compliance issues.13 Thus, our design of


ligands and templates is also focused on designing non-pep-


tidic cyclic/heterocyclic structures with improved bioavailabil-


ity. Of particular interest, we plan to design cyclic ether or


polyether-derived templates as these features are common to


biologically active natural products. Such polyether templates


may help improving aqueous solubility and increase oral bio-


availability of PIs.


Development of Bis-THF as a High-Affinity
P2 Ligand
In a preliminary investigation based upon the X-ray struc-


ture of saquinavir-bound HIV-1 protease,14 we designed a


conformationally constrained cyclic ether-derived ligand to


mimic the asparagine carbonyl binding in the S2 subsite. As


shown in Figure 1, inhibitor 1 with a 3(S)-tetrahydrofurany-


lurethane displayed an enzyme IC50 of 132 nM. The cor-


responding 3(R)-tetrahydrofuranyl derivative was


significantly less potent (enzyme IC50 of 694 nM).15,16 The


potency-enhancing effect of 3(S)-tetrahydrofuran was fur-


ther demonstrated in inhibitor 2 with a hydroxylethylene


isostere.16 Subsequently, this 3(S)-tetrahydrofuran was


incorporated in an (R)-(hydroxyethyl)sulfonamide isostere to


provide 3 (VX-476). This low-molecular-weight protease


inhibitor was later approved by the FDA as amprenavir for


the treatment of AIDS.17


A preliminary protein–ligand X-ray crystal structure of


1-bound HIV-1 protease indicated that the oxygen atom of


the tetrahydrofuran ring may be involved in a weak inter-


action with the backbone NHs of Asp 29 and Asp 30.18 In


an effort to further improve the potency of inhibitor 1, we


speculated that a fused bicyclic tetrahydrofuran (bis-THF)


could effectively interact with both Asp 29 and Asp 30
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amide NHs. Furthermore, the bicyclic rings of the bis-THF


should offset loss of the P3-hydrophobic quinoline ring of


saquinavir. Interestingly, the bis-THF template is a subunit


of ginkgolides A–C, an important class of natural products


with significant biological activities.19 Chemistry and biol-


ogy of ginkgolides provided strong motivation for design-


ing ginkgolide-derived ligands for the HIV protease


substrate binding site.19–21 Indeed, inhibitor 4 with a


(3R,3aS,6aR)-bis-THF urethane showed a significant


improvement in potency compared to 1 and its correspond-


ing (R)-derivative (5).15 Inhibitor 4 exhibited excellent


enzyme inhibitory and antiviral potency (Figure 2).


Incorporation of the bis-THF ligand improved aqueous sol-


ubility and reduced molecular weight. Our systematic struc-


ture–activity relationship studies also ascertained that the


stereochemistry (see inhibitor 5, Figure 2), position of both


oxygens (see inhibitors 6 and 7, Figure 3), and ring sizes were


critical to the activity of the inhibitor. An X-ray structure of


4-bound HIV-1 protease revealed that both oxygens of the bis-


THF ligand are within hydrogen-bonding distance to the Asp


29 and Asp 30 amide NHs in the S2 subsite.15


Synthesis of the Bis-THF Ligand
The multistep synthesis of the optically active bis-THF ligand start-


ing from (R)-malic acid was ineffective for the preparation of struc-


tural variants. We thus developed a three-step synthesis of


racemic bis-THF followed by an immobilized lipase-catalyzed


enzymatic resolution to provide optically active (3R,3aS,6aR)-3-


hydroxyhexahydrofuro[2,3-b]furan (12) in high enantiomeric


excess (>96% ee), as shown in Scheme 1. This synthesis helped


us to extend the scope and utility of this privileged polyether-


like non-peptidic ligand.22 We recently reported two optically


active syntheses of this ligand (Scheme 2). The first synthesis


involved a novel stereoselective photochemical 1,3-dioxolane


addition to 5(S)-benzyloxymethyl-2(5H)-furanone as the key step.


The corresponding furanone was prepared in high enantiomeric


excess by a lipase-catalyzed selective acylation of 15 followed by


ring-closing olefin metathesis.23 The second synthesis utilizes an


ester-derived Ti–enolate-based highly stereoselective anti-aldol


reaction as the key step.24


Development of Darunavir
We investigated the potency-enhancing effect of the bis-THF


ligand with other isosteres. Incorporation of bis-THF in (R)-hy-


droxyethyl(sulfonamide) isosteres led to several exceedingly


potent PIs with marked antiviral potency and drug-resistance


profiles, as shown in Figure 4.25


Inhibitor 17 with a p-methoxysulfonamide as the P2′ ligand


exhibited very impressive enzyme potency and antiviral activ-


ity. This PI has shown an excellent drug-resistance profile and


good pharmacokinetic properties in laboratory animals.26,27 It


was later renamed TMC-126. In fact, inhibitor 17 showed


>10-fold higher potency than the five currently available PIs


(i.e., ritonavir (RTV), indinavir (IDV), saquinavir (SQV), nelfi-


navir (NFV), and amprenavir (APV)) in drug-sensitivity assays.


It’s IC50s consistently remained as low as 0.3 nM.26,27 Inhib-


itor 17 also displayed an unprecedented broad-spectrum activ-


ity against a large panel of primary, multidrug-resistant HIV-1


strains.27


FIGURE 1. Cyclic ether-containing protease inhibitors.


FIGURE 2. Bis-THF-containing protease inhibitors.
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Incorporation of bis-THF into a p-aminosulfonamide isos-


tere led to inhibitor 18. Inhibitor 18 also showed unprece-


dented antiviral activity and outperformed most of the other


currently available PIs against HIV-1Ba-L by a 6–13-fold dif-


ference in IC50 values (Table 1).28 Furthermore, this PI sup-


pressed the replication of HIV-2 isolates with the most potent


activity. It was later renamed TMC-114 or darunavir. When


tested against HIV-1 strains that were selected for resistance


to SQV, APV, IDV, NFV, or RTV after exposure to the various


PIs at different concentrations (up to 5 µM), inhibitor 18 con-


sistently and effectively suppressed viral infectivity and repli-


cation (IC50 values 0.003–0.029 µM) (Table 2), although


lower activity was observed with APV-resistant strains (IC50 )


0.22 µM). In addition, inhibitor 18 potently blocked the rep-


lication of seven multidrug-resistant HIV-strains, isolated from


heavily drug experienced patients with 9–14 mutations evi-


denced in their protease-encoding region.28 Subsequent stud-


ies using a large panel of HIV-1 mutant strains provided


further evidence of the remarkable profile of this inhibitor.29


X-ray Crystal Structure of Darunavir and
Evidence of Backbone Binding
High-resolution (1.10–1.34 Å) X-ray crystal structures of inhib-


itor 18 complexed with either wild-type HIV-1 protease or with


two mutant proteases consistently showed strong hydrogen


bonding of the bis-THF oxygens with the two Asp 29 and Asp


30 backbone amides (Figure 5).28,30 New polar interactions


with the Asp 30 side-chain carboxylate were also observed.30


Additional hydrogen bonds were observed between the


aniline moiety and the carbonyl oxygen and side-chain car-


boxylate of Asp 30′ . Subsequent crystal structures of


18-bound mutant proteases, including inhibitor 18-bound


resistant protease, clearly displayed a similar hydrogen-bond-


ing pattern around the bis-THF ligand. These interactions seem


to be crucial for maintaining the high affinity of the inhibitor


FIGURE 3. Structure of inhibitors 6 and 7.


SCHEME 1. Efficient Optically Active Synthesis of Bis-THF Ligand


SCHEME 2. Stereoselective Syntheses of the Bis-THF Ligand


FIGURE 4. Bis-THF-Derived Protease inhibitors.
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for the protease and appear to provide an explanation for the


high potency against mutant proteases.31–33


Clinical Development of Darunavir
Inhibitor 18, later renamed darunavir, showed a favorable


pharmacokinetic profile in laboratory animals and was sub-


sequently selected for further clinical studies. Tibotec (Belgium)


carried out clinical developments of darunavir (18).34


Darunavir (DRV) showed superior pharmacokinetic properties


when coadministered with low doses of ritonavir.35 Two-phase


IIB clinical trials, POWER 1 and 2, are currently being per-


formed on treatment-experienced patients to assess the safety,


tolerability, and efficacy of darunavir with low doses of


ritonavir (DRV/r) for 144 weeks. Early results at 24 weeks for


one trial (POWER 1) showed that 77% of the DRV/r group vs.


25% for the control PI group achieved a g1 log10 viral load


reduction, 53% under DRV/r vs. 18% reached a <50 cop-


TABLE 1. Sensitivities of Selected Anti-HIV Agents against HIV-1Ba-L, HIV-2ROD, and HIV-2EHO


PIs, mean IC50 (nM) ( SDsa


virus cell type AZT SQV APV IDV NFV RTV 18 (TMC-114)


HIV-1Ba-L
b PBMC 9 ( 1 18 ( 10 26 ( 5 25 ( 12 17 ( 4 39 ( 20 3 ( 0.3


HIV-2ROD
c MT-2 18 ( 2 3 ( 0.2 230 ( 10 14 ( 6 19 ( 3 130 ( 60 3 ( 0.1


HIV-2EHO
c MT-2 11 ( 2 6 ( 2 170 ( 50 11 ( 2 29 ( 18 240 ( 6 6 ( 3


a All assays were conducted in duplicate or triplicate; the data represent IC50 mean values ((SD) derived from the result of three independent experiments. b IC50


were evaluated with PHA–PBMC and the inhibition of p24 Gag protein production by the drug as an end point. c MT-2 cells were exposed to the virus and
cultured, and IC50 values were determined by MTT assay.


TABLE 2. Activity of 18 against Laboratory PI-Resistant HIV-1


IC50 (µM)b


virus amino acid substitutiona SQV APV IDV NFV RTV 18 (TMC-114)


HIV-1NL4–3 wild type 0.009 (1) 0.027 (1) 0.011 (1) 0.020 (1) 0.018 (1) 0.003 ( 0.0005 (1)
HIV-1SQV5µM L10I, G48V, I54V, L90M >1 (>111) 0.17 (6) >1 (>91) 0.30 (15) >1 (>56) 0.005 ( 0.0009 (2)
HIV-1APV5µM L10F, V32I, M46I, I54M,


A71V, I84V
0.020 (2) >1 (>37) 0.31 (28) 0.21 (11) >1 (>56) 0.22 ( 0.05 (73)


HIV-1IDV5µM L10F, L24I, M46I, L63P,
A71V, G73S, V82T


0.015 (2) 0.33 (12) >1 (>91) 0.74 (37) >1 (>56) 0.029 ( 0.0007 (10)


HIV-1NFV5µM L10F, D30N, K45I,
A71V, T74S


0.031 (3) 0.093 (3) 0.28 (25) >1 (>50) 0.09 (5) 0.003 ( 0.0002 (1)


HIV-1RTV5µM M46I, V82F, I84V 0.013 (1) 0.61 (23) 0.31 (28) 0.24 (12) >1 (>56) 0.025 ( 0.006 (8)
a In PR. b MT-4 cells (104) were exposed to each HIV-1 (100xTCID50s), and the inhibition of p24 Gag protein production by the drug was used as an end point.
Numbers in parentheses represent the fold changes of IC50s for each isolate relative to that of HIV-1NL4–3.


FIGURE 5. Interactions in X-ray crystal structure of 18-bound HIV
protease.


TABLE 3. Sensitivity of HIV-1LAI and HIV-1Ba-L against New PIs


IC50 (nm)


virus cell type assay 19 20 21


HIV-1LAI
a MT-2 MTT 5.3 28 0.22


HIV-1LAI
b PBMC p24 2.7 8 0.22


HIV-1Ba-L
b PBMC p24 3 9.3 0.33


a MT2 cells (2 × 103) were exposed to 100TCID50 of HIV-1LAI culture at
various concentrations of PIs. b The IC50 values were determined by exposing
the PHA-stimulated PBMC to the HIV-1 strain (50TCID50 dose per 1 × 106


PBMC) at various concentrations of PI.
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ies/mL viral load, CD4+ cell count increased from baseline by


124 cells/mL in the DRV/r arm vs. 20 cells in the others.36 A


recent report at week 48 for the two trials showed that 61%


of patients under DRV/r (600mg/100mg twice daily) main-


tained a >1 log10 reduction of viral load vs. baseline com-


pared to 15% with the control PI arms.37 Most impressively,


45% presented <50 viral copies/mL as opposed to 10% for


the control arm. Darunavir was approved by the FDA in June


2006, as the first treatment for drug-resistant HIV.38


Bis-THF-Derived Novel PIs
We have further explored a number of P2′ sulfonamide func-


tionalities to interact with the backbone atoms in the S2′ sub-


site. As shown in Table 3, inhibitors 19–21 displayed


exceedingly potent inhibitory properties. Inhibitor 21, which


contains a benzodioxolanesulfonamide derivative as its P2′
ligand, provided impressive enzyme inhibitory (<5 pM) and


antiviral potency.39 The antiviral activity of the inhibitors was


evaluated against wild-type clinical isolates HIV-1LAI and HIV-


1Ba-L in PBMC cells and HIV-1LAI-exposed MT-2 cells. Results


of drug sensitivities are summarized in Table 3. Inhibitor


21(GRL-98065) was then evaluated against both wild-type


and HIV-1 mutant strains.39 As shown in Table 4, inhibitor 21
outperformed most of the currently available PIs against mul-


tidrug-resistant HIV-1 clinical isolates, including DRV by a 2 to


10-fold improvement of activity.39 Additional studies on


TABLE 4. Activity and Cross-Resistance Profile of Inhibitor 21


EC50 (nM)


virusa SQV RTV NFV APV DRV 21 (GRL-98065)


HIV-1ERS104pre (wild-type X4) 8 ( 3 25 ( 5 15 ( 4 29 ( 5 3.8 ( 0.7 0.5 ( 0.2
HIV-1MDR/TM (X4) 180 ( 50 (23) >1000 (>40) >1000 (>67) 300 ( 40 (10) 4.3 ( 0.7 (1) 3.2 ( 0.6 (6)
HIV-1MDR/MM (R5) 140 ( 40 (18) >1000 (>40) >1000 (>67) 480 ( 90 (17) 16 ( 7 (4) 3.8 ( 0.6 (8)
HIV-1MDR/JSL (R5) 290 ( 50 (36) >1000 (>40) >1000 (>67) 430 ( 50 (15) 27 ( 9 (7) 6 ( 2 (12)
HIV-1MDR/B (X4) 270 ( 60 (34) >1000 (>40) >1000 (>67) 360 ( 90 (12) 40 ( 10 (11) 3.9 ( 0.5 (8)
HIV-1MDR/C (X4) 35 ( 4 (4) >1000 (>40) 420 ( 60 (28) 250 ( 50 (9) 9 ( 5 (2) 2.7 ( 0.3 (5)
HIV-1MDR/G (X4) 33 ( 5 (4) >1000 (>40) 370 ( 50 (25) 320 ( 20 (11) 7 ( 5 (2) 3.4 ( 0.3 (7)


a The amino acid substitutions identified in the protease-encoding region compared to the consensus type B sequence cited from the Los Alamos database include
L63P in HIV-1ERS104pre; L10I, K14R, R41K, M46L, I54V,L63P, A71V, V82A, L90M, I93L in HIV-1MDR/TM; L10I, K43T, M46L, I54V, L63P, A71V, V82A, L90M,
and Q92K in HIV-1 MDR/MM; L10I, L24I, I33F, E35D, M36I, N37S, M46L, I54V, R57K, I62V, L63P, A71V, G73S, and V82A in HIV-1 MDR/JSL; L10I, K14R, L33I,
M36I, M46I, F53I, K55R, I62V, L63P, A71V, G73S, V82A, L90M, and I93L in HIV-1 MDR/B; L10I, I15V, K20R, L24I, M36I, M46L, I54V, I62V, L63P, K70Q, V82A,
and L89 M in HIV-1 MDR/C; and L10I, V11I, T12E, I15V, L19I, R41K, M46L, L63P, A71T, V82A, and L90 M in HIV-1 MDR/G. HIV-1ERS104
preserved as a source of wild-type HIV-1.


FIGURE 6. Crystal structure of inhibitor 21-bound HIV-1 protease.


FIGURE 7. Structures of Inhibitors 22–24.


FIGURE 8. Inhibitor 23-bound X-ray structure of HIV-1 protease.
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PI-resistant HIV-1 viral strains showed little sign of cross-resis-


tance with inhibitor 21.
As shown in Figure 6, the protein–ligand X-ray crystal struc-


ture of 21 revealed a pattern of four hydrogen-bonding interac-


tions with the backbone residues of the protease similar to


darunavir.39 Because of its intriguing potency-enhancing effect


and also its ability to maintain high potency against multidrug-


resistant viral strains, the bis-THF ligand has been utilized for the


development of other potent PIs. Most notably, researchers at


GlaxoSmithKline explored an extremely potent inhibitor named


brecanavir, which was a structural variant of inhibitor 21.40 The


clinical development of this inhibitor was later abandoned report-


edly due to difficulties in its formulation.


Design of Hexahydrocyclopentanofuranyl
Ligand Based upon the “Backbone Binding”
Concept
The remarkable ability of bis-THF-derived PIs to combat drug


resistance has been documented through the clinical devel-


opment of darunavir. Numerous protein–ligand X-ray crystal


structures of bis-THF-containing PIs have now provided ample


evidence of our concept that inhibitors with strong hydrogen-


bonding interactions with the backbone atoms in the protease


active site will be likely to maintain these interactions with


mutant proteases and effectively combat drug resistance.30–32


We next sought to design and develop PIs containing other


novel ligands that could extensively interact with the back-


bone atoms. As outlined in Figure 7, we designed inhibitors


22 and 23 that contain a stereochemically defined bicyclic hexa-


hydrocyclopentanofuran as a P2 ligand.41


As shown, inhibitor 22, with a 4-aminophenylsulfonamide


as the P2′ ligand, exhibited very good enzyme inhibitory and


antiviral activity. We then introduced a hydroxymethylphe-


nylsulfonamide as a P2′ sulfonamide moiety with the inten-


tion of promoting hydrogen bonds between the hydroxyl


oxygen and suitable backbone atoms in the S2′ subsite. Inhib-


itor 23 with a P2′ hydroxymethylphenylsulfonamide provided


an impressive Ki value of 4.5 pM and antiviral IC50 of 1.8 nM.


Compound 24 exhibited a >1100-fold loss of activity com-


pared to that of inhibitor 23, indicating the importance of the


cyclopentanofuranyl oxygen’s critical interactions in the active


site. The X-ray crystal structure of 23-bound HIV-1 protease


(Figure 8) reveals that the P2 ligand oxygen forms hydrogen


bonding with the Asp 29 backbone NH.41 The hydroxymethyl


group of the P2′ sulfonamide moiety is within hydrogen-bond-


ing distance to the Asp 30′ NH as well as the side-chain car-


boxylate (through a 10–20° rotation of the RC–�C bond of


the residue).


Inhibitor 23 has shown very impressive antiviral activity


against a panel of multidrug-resistant HIV-1 variants, and the


results are shown in Table 5. It exerted high potency against


six other variants with IC50 values ranging from 4 to 52 nM.41


All the currently available protease inhibitors tested were


TABLE 5. Activity of 23 against a Wide Spectrum of HIV-1 Mutant Isolates


IC50 (nM) values


virus mutationsa SQV RTV IDV NFV APV DRV 23


1 (ET) L10I 17 15 30 32 23 nd 3
2 (B) L10I, K14R, L33I, M36I, M46I, F53L, K55R, I62V, L63P, A71V,


G73S, V82A, L90M, I93L
230 >1000 >1000 >1000 290 10.2 15


3 (C) I10L, I15V, K20R, M36I, M46L, I54V, K55R, I62V, L63P, K70Q,
V82A, L89M


100 >1000 500 310 300 3.5 5


4 (G) L10I, V11I, T12E, I15V, L19I, R41K, M46L, L63P, A71T, V82A,
L90M


59 >1000 500 170 310 3.7 20


5 (TM) L10I, K14R, R41K, M46L, I54V, L63P, A71V, V82A, L90M, I93L 250 >1000 >1000 >1000 220 3.5 4
6 (EV) L10V, K20R, L33F, M36I, M46I, I50V, I54V, D60E, L63P, A71V,


V82A, L90M
>1000 >1000 >1000 >1000 >1000 n.d. 52


7 (ES) L10I, M46L, K55R, I62V, L63P, I72L, G73C, V77I, I84V, L90M >1000 >1000 >1000 >1000 >1000 n.d. 31
8 (K) L10F, D30N, K45I, A71V, T74S 20 57 260 >1000 68 3 3


a Amino acids substitutions identified in the protease-encoding region of HIV-1ET (ET), HIV-1B (B), HIV-1c (C), HIV-1G (G), HIV-1TM (TM), HIV-1EV (EV), HIV-1 ES (ES),
HIV-1K (NFVR) as compared to consensus B sequence cited from the Los Alamos database.


FIGURE 9. Inhibitor 23-bound to the active site of wild-type HIV-1
protease superimposed upon the three most highly mutated drug-
resistant proteases.
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highly resistant to clinical strains. Overall, inhibitor 23 is highly


active against a wide spectrum of drug-resistant variants and


its activity is comparable to that of darunavir.


We have compared the X-ray structure of 23 with several


reported protein–ligand X-ray structures of mutant proteases.


A least-squares fit of the protease R-carbons atoms was per-


formed, allowing comparison of the interactions of 23 with


each of the mutant proteases. Figure 9 depicts the superim-


position of the X-ray structure of 23 with the three most highly


mutated drug-resistant proteases (PDB code and color: 2F8141


with wild type, red; 2FDD,42 blue; 1SGU,43 green; 1HSH,44 yel-


low). As can be seen, despite multiple mutations, there is only


small change in active site backbone positions. Both the P2


ligand oxygen and the P2′ hydroxymethyl group are within


hydrogen-bonding distance to the respective backbone atoms


and side-chain residues in the enzyme active site. On the basis


of this analysis, it appeared that inhibitor 23 should retain


good to excellent contacts with the backbone of mutant


proteases.


Conclusion
The emergence of drug resistance to current antiretroviral


treatment represents a major challenge that needs to be


addressed with the development of a new generation of inhib-


itors with improved pharmacological profiles. Our structure-


based design of new generation protease inhibitors


incorporating novel cyclic-ether-derived ligands provided


exceedingly potent inhibitors with impressive drug-resistance


profiles. The inhibitors are designed to make extensive inter-


actions, particularly hydrogen bonding, with the protein back-


bone of HIV-1 protease. Our extensive structural analysis of


protein–ligand X-ray structures of bis-THF-containing inhibi-


tors with wild-type and mutant proteases revealed retention of


strong hydrogen-bonding interactions with the protein back-


bone. This structural element is only slightly distorted despite


multiple amino acid mutations in the active site of HIV pro-


tease. One of our designed inhibitors, darunavir, has shown


superior activity against multi-PI-resistant variants compared to


other FDA-approved inhibitors. It has been recently approved


as the first treatment of drug-resistant HIV. This important


design concept targeting the active site protein backbone may


serve as an effective strategy to combat drug resistance.
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C O N S P E C T U S


Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
closely linked to degenerative diseases such as Alzheimer’s disease, Par-


kinson’s, neuronal death including ischemic and hemorrhagic stroke, acute
and chronic degenerative cardiac myocyte death, and cancer. As a byprod-
uct of oxidative phosphorylation, a steady stream of reactive species emerge
from our cellular energy plants, the mitochondria. ROS and RNS poten-
tially cause damage to all cellular components. Structure alteration, biomol-
ecule fragmentation, and oxidation of side chains are trade-offs of cellular
energy production. ROS and RNS escape results in the activation of cytoso-
lic stress pathways, DNA damage, and the upregulation of JNK, p38, and
p53. Incomplete scavenging of ROS and RNS particularly affects the mito-
chondrial lipid cardiolipin (CL), triggers the release of mitochondrial cyto-
chrome c, and activates the intrinsic death pathway.


Due to the active redox environment and the excess of NADH and
ATP at the inner mitochondrial membrane, a broad range of agents including electron acceptors, electron donors, and hydride
acceptors can be used to influence the biochemical pathways. The key to therapeutic value is to enrich selective redox mod-
ulators at the target sites.


Our approach is based on conjugating nitroxides to segments of natural products with relatively high affinity for mito-
chondrial membranes. For example, a modified gramicidin S segment was successfully used for this purpose and proven
to be effective in preventing superoxide production in cells and CL oxidation in mitochondria and in protecting cells against
a range of pro-apoptotic triggers such as actinomycin D, radiation, and staurosporine. More importantly, these mitochondria-
targeted nitroxide/gramicidin conjugates were able to protect against apoptosis in vivo by preventing CL oxidation induced
by intestinal hemorrhagic shock. Optimization of nitroxide carriers could lead to a new generation of effective antiapop-
totic agents acting at an early mitochondrial stage.


Alternative chemistry-based approaches to targeting mitochondria include the use of proteins and peptides, as well as the attach-
ment of payloads to lipophilic cationic compounds, sulfonylureas, anthracyclines, and other agents with proven or hypothetical
affinities for mitochondria. Manganese superoxide dismutase (MnSOD), SS tetrapeptides with 2′,6′-dimethyltyrosine (Dmt) resi-
dues, rhodamine, triphenylphosphonium salts, nonopioid analgesics, adriamycin, and diverse electron-rich aromatics and stil-
benes were used to influence mitochondrial biochemistry and the biology of aging.


Some general structural principles for effective therapeutic agents are now emerging. Among these are the presence of
basic or positively charged functional groups, hydrophobic substructures, and, most promising for future selective strate-
gies, classes of compounds that are actively shuttled into mitochondria, bind to mitochondria-specific proteins, or show pref-
erential affinity to mitochondria-specific lipids.
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Introduction
In 1956, Harman proposed the “free radical theory” of aging


and associated degenerative diseases.1 According to this


hypothesis, “...the reaction of active free radicals, normally pro-


duced in the organisms, with cellular constituents initiates the


changes associated with aging.” Consequences of these bio-


chemical alterations are an up-regulation of p53 and the acti-


vation of cytosolic stress signaling pathways. Ultimately, both


life span and life quality are severely negatively affected.


While some controversy regarding the generality of the Har-


man theory continues, experimental evidence for the link


between reactive oxygen species (ROS) and the biology of


aging is steadily solidifying.2 In particular, mitochondrial


metabolism and the oxidative phosphorylation cascade are


emerging as key factors in the generation of ROS associated


with a large number of disease states, including atherosclero-


sis, Alzheimer’s disease, Parkinson’s, neuronal death includ-


ing ischemic and hemorrhagic stroke, acute and chronic


degenerative cardiac myocyte death, and cancer.3,4


With a notable exception of NADPH oxidase in activated


inflammatory cells, the lion’s share, possibly up to 90%,2 of


intracellular ROS are generated in mitochondria during the


controlled oxidation of NADH and FADH with molecular oxy-


gen coupled with the phosphorylation of ADP to give ATP in


a cascade of multienzyme complexes embedded in the mito-


chondrial membrane (Figure 1). In addition to superoxide rad-


ical anion (O2
–•), other major reactive species generated in this


process include H2O2 and HO•. Furthermore, ROS collectively


include both oxygen radicals and nonradical oxidizing spe-


cies such as 1O2, O3, and ROOR; a large variety of these reac-


tive molecules are produced in vivo, even though the specific


reaction mechanisms involved in their generation remain still


unclear.5,6 Upon reaction with nitric oxide (NO•), O2
–• also par-


ticipates in the formation of reactive nitrogen species (RNS),


such as ONOO-. Several efficient enzymatic processes are


continuously operational to quench ROS and RNS, including


superoxide dismutase (SOD) and superoxide reductase (SOR),7


catalase,8 peroxiredoxin (Prx),9 glutathione peroxidase (GP),


and thioredoxin/thioredoxin reductase (Trx/TrxR) (Figure 2).10


However, if, as a result of aging or pathological processes, the


production of ROS and RNS exceeds the scavenging capacity


of endogenous systems, then both mitochondrial and extra-


mitochondrial cellular components, including proteins, nucleic


acids, and lipids, can be damaged. Under these circumstances,


an external chemical intervention might be beneficial. Phar-


FIGURE 1. Schematic model for generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) during oxidative
phosphorylation in the mitochondrial membrane and matrix. The formation of superoxide radical anion initiates a cascade process that can
induce programmed cell death (apoptosis).


FIGURE 2. Antioxidant scavenging reactions that eliminate ROS.
SOD ) superoxide dismutase; Prx ) peroxiredoxin; GP )
glutathione peroxidase; Trx ) thioredoxin; GSH ) glutathione.
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maceuticals that provide ROS and RNS scavenging systems


are most effective if they address the problem at its source, in


the inner mitochondrial membrane.11 This Account summa-


rizes some of the current strategies used to target antioxidants


to mitochondria, including peptide and nonpeptide delivery


systems.


In the past ten years, the search for new protective reme-


dies against damage caused by excessive free radical forma-


tion in mitochondria has accelerated. Similar to our body’s


own natural defenses against ROS, research has been prima-


rily focused on molecules combining antioxidant utilities with


recycling capacities.12 Large doses of antioxidants proved inef-


fective at preventing oxidative damage in animal disease


models, presumably because the antioxidants and proteins


such as manganese superoxide dismutase (MnSOD) cannot


penetrate cell membranes effectively and therefore do not


reach the relevant sites of ROS and RNS generation.


One solution to this general problem is to attach a mole-


cule with antioxidant properties onto a vehicle that can pen-


etrate both the cellular and outer mitochondrial membranes


and thereby deliver the “payload” to a site where it can scav-


enge ROS and ameliorate oxidative damage (Figure 3). Since


the mitochondrial membrane spans across a negative poten-


tial, most agents have a positively charged moiety that takes


advantage of electrostatic forces in locating its target.


Proteins, Peptides, and Peptide Mimetics as
Mitochondrial Targeting Systems
Proteins. For polypeptide strands to be properly recognized


and imported into mitochondria, precursor proteins that are


synthesized in the cytosol often require a specific amino acid


sequence that is recognized by an import pathway.13 While


precursor proteins are prone to misfolding and aggregation,


cytosolic chaperone proteins maintain them in an import-com-


petent form.14 The processed protein is then bound by trans-


locases of the outer and inner membranes (TOM and TIM),


which transport the target across the lipid bilayers.15


Protein import and recognition is generally directed by an


N-terminal or, less frequently, a C-terminal signal sequence


consisting of about 20–30 amino acid residues, which are


cleaved by mitochondrial processing peptidase (MPP) either


during import or once inside the mitochondrial matrix. Com-


parison of known presequences reveals that they do not share


a common primary structure. In these cases, however, a com-


mon secondary structure as well as certain basic (arginine),


hydrophobic (alanine, leucine), and polar residues (serine)


might be present. Alternatively, proteins such as cytochrome


c and superoxide dismutases are imported with minimal pro-


cessing since they contain the necessary recognition elements


as part of their primary sequence.16,17 The N-terminal regions


are postulated to fold into amphiphilic helices.18 It is proposed


that this amphiphilicity in combination with localized posi-


tive charges emanating from basic residues are the two main


features required for successful protein import. Electrostatic


interactions are thought to occur between the positive charges


found on the helix and the negative charges of the TOM


receptors.19 Consequently, in an electrophoretic event, the pre-


sequence protein is pulled across the inner membrane by the


very large membrane potential (typically 150–180 mV).20


Manganese Superoxide Dismutase (MnSOD). Superox-


ide dismutases (SOD) are responsible for catalyzing the dis-


mutation of superoxide into oxygen and hydrogen peroxide


and are therefore an important part of the antioxidant defense


in most cells exposed to oxygen.21 Several families of SOD


are known, and the activities of each family depend on a


redox-active metal cofactor such as manganese, iron, copper,


or nickel. A single metal cofactor will catalyze a single elec-


tron oxidation and reduction of two separate superoxide


anions to give oxygen and hydrogen peroxide, respectively.


FIGURE 3. Concept of dual function agents that use a vehicle to deliver an ROS scavenging payload into mitochondria.
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These reactions are self-contained and do not require an


external source of redox equivalents.


A generic mechanism for the catalytic breakdown of super-


oxide anion is:


The family of manganese superoxide dismutases (MnSOD)22


consists of dimers or tetramers of approximately 21 kDa sub-


units and contains considerable sequence homology and well


conserved protein folds across various phyla.23 Dimeric forms


of MnSOD are typical of bacteria, while in eukaryotes the tet-


ramer is most commonly observed. At the active site of the


enzyme, a single manganese atom catalyzes the dispropor-


tionation of superoxide and is coordinated in a trigonal bipy-


ramidal geometry to three histidine residues, one aspartate,


and a solvent water molecule (Figure 4).24


In the case of eukaryotic MnSOD (SOD2), the polypeptide


is initially encoded by a nuclear gene as a precursor polypep-


tide containing the requisite mitochondrial targeting sequence


at its N-terminus. The mechanism by which SOD obtain their


manganese cofactors is still unknown; however, the manga-


nese-containing form of SOD typically resides in the matrix of


the mitochondrion. Enzymatically inactive mutant forms of


Saccharomyces cerevisiae SOD2 lacking the mitochondrial tar-


geting sequence [denoted as SOD2P] were found to accumu-


late in the cytosol rather than the mitochondria.25 Their


inactivity was attributed to a manganese deficiency, and fur-


ther investigations suggested that SOD2P required mitochon-


drial localization in order to efficiently acquire manganese.


Therefore it is proposed that as the SOD2 polypeptide precur-


sor enters mitochondria, manganese is inserted into the


polypeptide, and the complex then assembles into the qua-


ternary enzyme structure.21


MnSOD plays an essential role in oxidative stress protec-


tion, and the assembly of this tetrameric peptide into the


active manganese-containing enzyme is critical for survival.


For example, in neonatal mice, the loss of MnSOD is lethal,26


while its modification in fruit flies leads to a severely reduced


adult life span.27 In contrast, due to its role as a negative mod-


ulator of apoptosis, inhibition of MnSOD in cancer cells is con-


sidered to be a promising target for anticancer therapies.28


The MnSOD gene is known to be induced by tumor necrosis


factor alpha (TNFR) and provides protection against TNF-in-


duced apoptosis.29 As such, even small amounts of this


enzyme are considered crucial for tumor cell resistance to


inflammatory stimuli, ionizing radiations, and commonly


employed anticancer drugs.28


Peptides and Peptide Mimetics. Several cell-permeable


mitochondrial targeting peptides with attached antioxidants


have been conceived and tested, including SS peptides,30


which feature a 2′,6′-dimethyltyrosine (Dmt) payload, as well


as the XJB peptide mimetics,31 which deliver 4-amino-TEMPO


(4-AT), a stable nitroxide radical.


SS Tetrapeptides. The SS tetrapeptides represent a series


of mitochondria-targeting antioxidant peptides that feature a


common structural motif of alternating aromatic and basic res-


idues (Figure 5).30 Prior to the discovery of their antioxidant


properties, these tetrapeptides were already extensively stud-


ied due to their high affinity and selectivity to the µ-opioid


receptor, and they were found to be surprisingly potent and


long-acting analgesics.32


The antioxidant properties of SS-02 and SS-31 are likely


to originate from their dimethyltyrosine (Dmt) residues.33


More specifically, tetrapeptides SS-31 and SS-02 were found


to be equally effective in scavenging H2O2 and inhibiting


linoleic acid oxidation in vitro. This result indicates that the


specific location of the Dmt residue in the sequence of the


antioxidant peptide is inconsequential. The basic residues pro-


vide for localization in the inner mitochondrial membrane, and


the Dmt phenol moieties of SS-02 and SS-31 are likely


responsible for chemically reducing reactive oxygen species


and peroxide bonds. Tetrapeptide SS-20, where Dmt is sub-


stituted with a phenylalanine residue, was devised as a con-


trol and, in agreement with the hypothesis, demonstrated no


ROS scavenging ability.


Despite the net positive charge of these small peptides at


physiological pH values, their amino acid sequence allows them


FIGURE 4. Structure of the active site of human superoxide
dismutase 2. His74, His26, His163, and Asp159 provide a tight
complex for manganese(III).
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to freely penetrate cells in an energy-independent nonsaturable


passive manner.34 A fluorescent SS-peptide analogue (Dmt-D-


Arg-PheantDap-NH2; ant ) �-anthraniloyl-L-R,�-diaminopropi-


onic acid), SS-19, was prepared to study mitochondrial and


cellular uptake in living cells. Confocal images showed that the


pattern of localization of the fluorescent analogue was similar to


that of Mitotracker TMRM, a fluorescent dye that is readily taken


up by mitochondria. To ensure that uptake was not an artifact


caused by the presence of the fluorophore, these aromatic cat-


ionic peptides were further studied by incubating [3H]SS-03 with


mouse liver mitochondria. The uptake of [3H]SS-03 reached


maximal levels within 2 min and reflected a 100-fold concen-


tration in mitochondria.


In consideration of their positive net charge, these peptides


were expected to pass through the inner membrane of the


mitochondria (IMM) into the matrix; however, pretreatment


with the mitochondrial uncoupler carbonylcyanide-p-trifluo-


romethoxyphenylhydrazone (FCCP) only decreased SS-19 or


[3H]SS-03 uptake by about 20%. This finding suggests that


the bulk of the peptide was localized in the IMM, while only


20% was delivered to the matrix in a potential-driven manner.


tert-Butyl hydroperoxide (t-BHP) is a membrane-permeable


oxidant known to induce apoptosis in treated cells.35 Apop-


tosis induced by t-BHP is triggered by a phenomenon called


the mitochondrial permeability transition (MPT),36 which deliv-


ers an increase in the permeability of the mitochondrial mem-


branes to small molecules of less than 1500 Da molecular


weight. In a series of in vitro studies, the peptides SS-02 and


SS-31 were demonstrated to be effective antioxidants, which


inhibited triggering of the MTP and partially ameliorated apo-


ptosis of t-BHP-treated cells.37


Reperfusion injury following ischemia or hemorrhagic


shock is thought to include ROS production and mitochon-


drial permeability transition.38 Once blood loss occurs, if intra-


vascular volume expansion successfully restores arterial blood


pressure before hemostasis has been achieved, then paradox-


ically, resuscitation can actually promote bleeding and reduce


the chances of survival.39 In animal models, the overexpres-


sion of SOD was associated with protection against reperfu-


sion injury, while SOD knockout animals were more


susceptible.


In an ex vivo reperfusion study of guinea pig heart, both


SS-02 and SS-31 were able to prevent myocardial stunning and


significantly improve contractile force, albeit at drastically differ-


ent doses (100 µM and 1 nM, respectively).30,40 The discrep-


ancy in activity must be attributed to the amino acid sequence


alone, since both SS-02 and SS-31 were of similar efficiency as


antioxidants in the nonenzymatic in vitro assay. SS-20, which


lacks the scavenging Dmt moiety, was unable to prevent myo-


cardial stunning when administered upon reperfusion. Further-


more in vivo testing of SS-02 was found to protect against


myocardial stunning in rats,40 thus supporting the theory that


ROS play a major role in reperfusion-induced myocardial stun-


ning. Since mitochondria contain µ-type opiod receptors, further


study on these SS tetrapeptides is required to determine whether


it is the opiod receptor association of these peptides that medi-


ates mitochondrial targeting and whether this event is the cause


of cardiac protection at reperfusion.41


XJB Gramicidin S Analogs. XJB peptides and peptide


mimetics are based on the sequence of the membrane-ac-


tive gramicidin S (GS) antibiotics (Figure 6); their antioxidant


properties stem from the attachment to the stable free radi-


cal, 4-amino-TEMPO (4-AT).42 Among the advantages of


TEMPO is the ability to use electron spin resonance (ESR) to


measure distribution of the spin label and detect oxidative


stress in the local cellular environment.43


In addition to XJB-5-131, initial proof-of-principle experi-


ments also used two different hemi-GS segments (Leu-D-Phe-Pro-


Val-Orn and D-Phe-Pro-Val-Orn-Leu) in conjugation with 4-AT


(XJB-5-125 and XJB-7-75, respectively, Figure 7). Incubation of


mouse embryonic cells with either XJB-5-125 or XJB-7-75
attenuated ActD-induced phosphatidylserine (PS) externalization


in a dose-dependent manner at a concentration nearly 1000


times lower than untargeted 4-AT. Hemi-GS-TEMPO derivatives


almost completely inhibited superoxide production in ActD-


treated mouse embryonic cells. The shortened peptide isostere


FIGURE 5. Structures of active and control SS peptides.
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sequence XJB-5-208 showed no antiapoptotic effects, and, in


accordance with the functional hypothesis, control fragments with


slightly altered sequences such as XJB-5-197 and XJB-5-194


also provided no protection.44 Most subsequent follow up stud-


ies used the peptide isostere XJB-5-131,42 since the replace-


ment of an amide bond with an alkene group often leads to an


extended bioavailability, possibly due to increased resistance


against protease action.45


The levels of internalization of XJB-5-125, XJB-5-131, and


XJB-5-208, as well as untethered 4-AT, after their incubation


with mouse embryonic cells were tested using ESR spectroscopy


and ESI-MS. XJB-5-125, XJB-5-131, and XJB-5-208 were


readily detected in mitochondria, whereas the presence of free


4-AT was not observed. The biodistribution profile of non-anti-


apoptotic XJB-5-208 indicates that the simple accumulation of


nitroxides in the mitochondria is not sufficient for preventing


ActD-induced apoptosis. It was speculated that both the nitrox-


ide functionality and the reverse turn (�-turn) of the targeting


sequence are essential for the antiapoptotic properties of the


hemi-GS-TEMPO derivatives.44


FIGURE 6. Structures of the cyclodecapeptide antibiotic, microbial lipid targeting gramicidin S, and the designed XJB-5-131, which delivers
the ROS scavenging unit 4-AT to mitochondrial membranes.


FIGURE 7. Structures of XJB-5-131 analogs.
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Since XJB-5-131 proved to be a novel and effective mito-


chondrial ROS and electron scavenger,46 a follow up study


was performed to assess its ability to prolong the survival of


rats with lethal hemorrhagic shock.39 Thirteen rats were bled


over 60 min with a total blood loss of 33.5 mL/kg or approx-


imately 55% of total blood volume. Six were randomly


assigned to receive XJB-5-131, and seven received only its


vehicle, a 1:2 (vol/vol) mixture of DMSO and normal saline. All


seven of the vehicle-treated (control) group died within 125


min, whereas animals treated with XJB-5-131 survived sig-


nificantly longer. Three survived longer than 3 h and one sur-


vived for the whole postbleeding observation period. This


study showed for the first time that acute administration of a


single dose of a mitochondria-targeting ROS scavenger, XJB-
5-131, can have a dramatic physiological effect in a whole


animal model of critical illness. Furthermore, these studies sug-


gest that treatment with XJB-5-131 might prolong the period


of time that patients can survive after losing large quantities


of blood, thereby allowing transport of otherwise mortally


wounded individuals to locations where additional care can be


provided. Further assays of these compounds to determine


toxicity, half-life, distribution, metabolism, and physiological


elimination are currently being pursued.


Non-Peptidic Mitochondrial
Targeting Species
Lipophilic Cationic Compounds. Mitochondria use ion chan-


nel pumps and oxidation pathways to maintain a constant


membrane potential of ca. -180 mV across their lipid bilayer.


The magnitude of this potental is unprecedented in any other


organelle; it is twice that of the plasma membrane of excit-


able cells and roughly six times higher than the plasma mem-


brane of nonexcitable cells.47 The unique nature of the


mitochondrial membrane distinguishes it from its intracellu-


lar counterparts and offers a unique chemical opportunity for


selectively targeting the mitochondrion.


The use of lipophilic cations as selective targeting agents


has been explored to capitalize on this physiological phenom-


enon. Rhodamine 123 (1) and similar compounds contain-


ing cationic functionality in an otherwise nonpolar framework


have the ability to traverse the mitochondrial lipid membrane


by using the negative potential gradient of the organelle as an


electrostatic driving force. According to the Nernst equation,


this can result in a 100-500-fold increase in accumulation.


Rhodamine 123 and related analogs have been used to


assess the accumulation of this class of fluorescent dyes in


mitochondria, and as a result of the success and reproducibil-


ity of their selective incorporation into mitochondria, practi-


cal rhodamine-based stains for mitochondrial assays have


been developed and are routinely employed.


Rhodamine 123 has also been successfully used as a chap-


erone to direct tethered compounds into mitochondria. The


anticancer drug cisplatin was selectively incorporated into the


mitochondria of cancer cells using this method,48 and simi-


lar approaches have been demonstrated with other small mol-


ecules. Arguably the most beneficial outcome of the


rhodamine trials has been the discovery of the utility of the


chaperone effect, which was further extended toward the


development of lipophilic triphenylphosphonium (TPP) salts.


The latter compound class includes the majority of the non-


peptidic mitochondrial targeting agents synthesized to date


(Figure 8).47–50


Given the similar uptake and selectivity profile of alkyl TPP


compounds to that of the more structurally complex rhodamine


analogues, a number of antioxidant-tethered lipophilic TPP cat-


ions have been synthesized.50,51 The common synthetic strat-


egy for constructing this class of compounds proceeds via the


displacement of the corresponding primary bromide using triph-


enylphosphine as outlined in Figure 8. Vitamin E has been


shown to diminish the amount of ROS-associated mitochondrial


damage by itself, but because the compound cannot effectively


accumulate within mitochondria and due to health concerns


related to higher dosages, only a limited effectiveness was


observed without the use of the lipophilic cation transport tether.


In contrast, MitoVit E (2), named in reference to the tethered ben-


FIGURE 8. Lipophilic cationic targeting agents.
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zopyran moiety of vitamin E, is localized in energized mitochon-


dria and protects isolated rat liver mitochondria from iron/


ascorbate- and tert-butylhydroperoxide-induced oxidative


damage.52 MitoQ (3) is a related redox-active compound using


ubiquinol as the active moiety, which selectively protects mito-


chondria against cardiac ischemia-reperfusion oxidative injury.53


Both 3 and the salen-bound manganese compound JD-29 (4)


were shown to exhibit MnSOD-like behavior and prevent mito-


chondrial oxidative damage.54 MitoPBN, MitoCP, and Tempol-


TPP (5-7) contain N-oxide moieties that scavenge ROS by


mimicking SOD (Figure 9).47,50,55 MitoPeroxidase (8) contains the


glutathione peroxidase mimic ebselen to achieve its protective


effects against Fe2+/H2O2-induced lipid peroxidation; it is part of


a larger class of biologically significant organoselenium


antioxidants.50,56


Other lipophilic cations also show selectivity for mitochon-


dria and are attractive candidates for potential therapeutic devel-


opment. Flupirtine (9) is a nonopioid analgesic localized within


mitochondria and protects against cell injury induced by N-meth-


yl-D-aspartate and against ischemic injury and prevents


glutamate-induced increase of intracellular Ca2+ levels leading to


apoptosis (Figure 10).57,58 MKT-077 (10) accumulates in mito-


chondria due to its cationic amino function and relatively non-


polar scaffold. However, instead of acting in a protective fashion,


10 displays selective toxicity to carcinoma mitochondria due to


the increased mitochondrial membrane potential in cancer cells


compared to normal cells.59,60


While lipophilic cations elicit protective effects toward mito-


chondrial injury, their dependence on the membrane poten-


tial in mitochondria also constitutes a major drawback. As


increasing numbers of lipophilic cations enter the organelle,


the potential gradient diminishes to the point where a rapid


efflux of the inhibitor from the mitochondrion results in loss


of activity until entry is regained. Therefore, unless inhibition


is irreversible, uninterrupted activity of the lipophilic cation


cannot occur. This deficiency poses a potential problem


depending on the rates of influx and efflux of cationic spe-


cies.48


Sulfonylurea and Related Compounds. Compounds


11–15 were observed to both activate and inhibit mitochon-


drial potassium ATP-regulated ion channels (mitoKATP) (Fig-


ure 11). They bind with high affinity to sulfonylurea receptors


(SURs) in the plasma membrane across a number of cell types.


A potassium channel structurally related to the SUR was


detected in the inner membrane of mitochondria and identi-


fied as the target of these compounds, although the exact


mechanism of action and specificity have not been


elucidated.58,61 Potassium channel openers and inhibitors


exhibit diverse activity ranging from vasodilation to hair


growth, and recent evidence indicates that KATP channel open-


FIGURE 9. Natural ROS scavenger mimics with TPP-based lipophilic cations.


FIGURE 10. Other lipophilic cation targeting agents.


FIGURE 11. Sulfonyl-urea and related mitochondrial targeting
agents.
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ers could prove to be effective as pharmacological lead struc-


tures for the cardioprotection of tissues against ischemic


necrosis and ultimately coronary artery disease, the main


cause for fatalities in the industrialized world.62


Anthracyclines. Adriamycin (16) and daunomycin (17)


belong to a class of anthracyclines that exhibit potent antitu-


mor activity, presumably through direct binding to DNA in an


intercalative fashion, that is, through insertion between


stacked bases and charge interaction on the outer regions of


the DNA helix (Figure 12). However, data has emerged that


suggests these compounds interact, perhaps exclusively, with


mitochondria by the disruption of major mitochondrial func-


tions.63 The cytotoxic side effects of anthracyclines have been


attributed to the accumulation of these compounds in the


mitochondrial lipid membrane and subsequent redox activ-


ity of the quinone moiety, resulting in damage of membrane-


bound proteins and enzymes. The mitochondrial specificity of


these compounds is noteworthy and has been correlated to


their high affinity toward binding an inner mitochondrial


membrane-specific phospholipid, cardiolipin. The glycosidic


amino function in 16 and 17 was critical for the observed


activity and differentiates them from related anthracycline


analogues.63


Other Structural Classes. Several other structural classes


have been shown to target mitochondria selectively, but more


detailed investigations are required before their utility can be


established. For example, resveratrol (18) and its analogues


19 and 20 selectively initiate the apoptotic mitochondrial


pathway in cancer cell lines while leaving normal cells


untouched; however, their precise mechanism of action is not


fully understood (Figure 13).64


The mitochondrial targeting ability of porphyrin-based anti-


tumor compounds such as verteporfin (21, Visudyne, Novar-


tis AG) was postulated to derive from the enrichment of these


compounds within mitochondria. Apparently, this accumula-


tion is due to an interaction with mitochondrial-specific ben-


zodiazepine receptors. The porphyrin moiety serves as a


photosensitizer and induces the apoptotic pathways in tumor


cell lines.65 BMD188 (22) is a cyclic hydroxamic acid deriva-


tive that has shown potent activity against prostate cancer, an


effect that is hypothesized to be the result of an interaction


with mitochondria. A number of other structurally diverse


compounds, including curcumin (23), the steroid betulinic acid


(24), and the retinoid CD437 (25) have also been shown to


induce mitochondrial apoptosis through an opening of the


mitochondrial transition permeability pore.65


Conclusions
Due to the high concentration of mitochondria in heart tis-


sue, it is not surprising that a major goal in cardioprotection


is a decrease in the burst of mitochondrial ROS formation that


characterizes postischemic reperfusion. Other important areas


for therapeutic intervention based on controlling the mito-


chondrial pathway for apoptosis include neurodegeneration,


diabetes, cancer, and antiviral diseases.66


Accordingly, mitochondrial targeting of ROS scavengers or


compounds that interfere with the unique biochemistry in


mitochondria is emerging as a novel and highly relevant


approach in drug discovery for the treatment of degenera-


tive diseases and acute conditions derived from surging ROS


and RNS. No pharmaceutical agents specifically designed to


deliver a therapeutic compound to mitochondria have yet


reached the market, but it is likely that a significant number


of essential nutrients, including ascorbic acid, selenium, vita-


mins E and Q10, carotenoids, etc., fulfill at least part of their


function by controlling the surge of reactive byproducts of the


FIGURE 12. The mitochondria-targeting anthracyclines adriamycin
and daunomycin.


FIGURE 13. Diverse mitochondria-targeting small molecules.


Targeting Mitochondria Hoye et al.


Vol. 41, No. 1 January 2008 87-97 ACCOUNTS OF CHEMICAL RESEARCH 95







oxidative phosphorylation process and ATP generation in


mitochondria. Since age-related conditions are rapidly becom-


ing a major source of a declining quality of life in a graying


population, we can only hope that the near future will show


the emergence of a new class of effective therapies that


involve mitochondrial survival strategies. This is an exciting


development for synthetic chemists who are being challenged


with the discovery of innovative approaches to deliver func-


tional small organic compounds as well as larger biomolecules


across cell membranes to specific intracellular targets.67
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