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AWARDEE’S ARTICLE

Selectivity of inhibitors of endocannabinoid biosynthesis evaluated by activity-based protein profiling
Heather S. Hoover, Jacqueline L. Blankman, Sherry Niessen, Benjamin F. Cravatt”
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Functional proteomic profiling reveals several brain hydrolase targets for endocannabinoid biosynthesis inhibitors.

SPECIAL ISSUE ARTICLES

Exploration of a fundamental substituent effect of a-ketoheterocycle enzyme inhibitors:
Potent and selective inhibitors of fatty acid amide hydrolase

p 5837

pp 5838-5841

pp 5842-5846

3.5
Jessica K. DeMartino, Joie Garfunkle, Dustin G. Hochstatter, 10 N
Benjamin F. Cravatt, Dale L. Boger " 25
g2
A series of C4 substituted a-ketooxazoles were examined as inhibitors of fatty acid Z20
amide hydrolase in efforts that further define and generalize a fundamental ¥ 15
substituent effect on enzyme inhibitory potency. 3 e e
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Correlation of inhibitor effects on enzyme activity and thermal stability for the integral membrane pp 5847-5850
protein fatty acid amide hydrolase
lan M. Slaymaker, Michael Bracey, Mauro Mileni, Joie Garfunkle, Benjamin F. Cravatt, Dale L. Boger, Raymond C. Stevens”
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Quantitating the concentration of Py-Im polyamide-fluorescein conjugates in live cells pp 5851-5855
Carey F. Hsu, Peter B. Dervan”
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Oxidative inactivation of protein tyrosine phosphatase 1B by organic hydroperoxides pp 5856-5859
Sanjib Bhattacharya, Jason N. LaButti, Derrick R. Seiner, Kent S. Gates”
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Protein tyrosine phosphatases (PTPs) are cysteine-dependent enzymes that play a central role in cell signaling. Organic hydroperoxides cause thiol-reversible, oxidative
inactivation of PTP1B in a manner that mirrors the endogenous signaling agent hydrogen peroxide.

Synthesis of macrocyclic trypanosomal cysteine protease inhibitors pp 5860-5863
Yen Ting Chen, Ricardo Lira, Elizabeth Hansell, James H. McKerrow, William R. Roush”
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A highly sensitive fluorogenic probe for cytochrome P450 activity in live cells
Melissa M. Yatzeck, Luke D. Lavis, Tzu-Yuan Chao, Sunil S. Chandran, Ronald T. Raines”
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pp 5864-5866
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Synthesis and characterization of BODIPY-labeled colchicine
Leggy A. Arnold, Patricia Ranaivo, R. Kiplin Guy "

Photo-stable and pH-independent BODIPY-labeled colchicine analogs were synthesized to allow analysis of the cellular distribution of tubulin.

pp 5867-5870
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Sensitive and selective viral DNA detection assay via microbead-based rolling circle amplification
Eric Schopf, Nicholas O. Fischer, Yong Chen, Jeffrey B.-H. Tok "
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We report a sensitive and efficient magnetic bead-based assay for viral DNA identification using isothermal amplification of a reporting probe.

pp 5871-5874
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Monoacylglycerol lipase regulates 2-arachidonoylglycerol action and arachidonic acid levels
Daniel K. Nomura, Carolyn S. S. Hudak, Anna M. Ward, James J. Burston, Roger S. Issa, Karl J. Fisher,
Mary E. Abood, Jenny L. Wiley, Aron H. Lichtman, John E. Casida”

Potent MAGL inhibitors in mice elevate 2-AG and correspondingly lower
AA levels in some but not in all tissues. Apparent direct OP displacement of
CB1 agonist binding may be due instead to 2-AG in brain membranes

which is metabolically stabilized by MAGL inhibition. / 2-AG
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Evaluating the potential of Vacuolar ATPase inhibitors as anticancer agents and multigram pp 5879-5883
synthesis of the potent salicylihalamide analog saliphenylhalamide

Sylvain Lebreton, Janis Jaunbergs, Michael G. Roth, Deborah A. Ferguson, Jef K. De Brabander "
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Conformational analysis of a covalently cross-linked Watson-Crick base pair model pp 5884-5887

Erik A. Jensen, Benjamin D. Allen, Yoshito Kishi, Daniel ]. O’Leary
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Triphenylmethylamides (TPMAs): Structure-activity relationship of compounds that induce pp 5888-5891

apoptosis in melanoma cells
Rahul Palchaudhuri, Paul J. Hergenrother”
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The pharmacophore of a peptoid VEGF receptor 2 antagonist includes both side chain and main chain residues  pp 5892-5894
D. Gomika Udugamasooriya, Geoff Dunham, Caroline Ritchie, Rolf A. Brekken, Thomas Kodadek
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The optimization of triphenylmethylamides (TPMAs) as anticancer agents is reported.
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Discovery of inhibitors of the channel-activating protease prostasin (CAP1/PRSS8) utilizing structure-based design

pp 5895-5899

David C. Tully ", Agnés Vidal, Arnab K. Chatterjee, Jennifer A. Williams, Michael ]. Roberts, H. Michael Petrassi, Glen Spraggon,

Badry Bursulaya, Reynand Pacoma, Aaron Shipway, Andrew M. Schumacher, Henry Danahay, Jennifer L. Harris

Substrate activity profiling
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X-ray co-crystal structure Structure-based design and
medicinal chemistry optimization
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Structure-based design was utilized to guide the early stage optimization of a substrate-like inhibitor to afford potent peptidomimetic inhibitors of the channel-activating

protease prostasin. The first X-ray structure of a small molecule inhibitor bound to the active site of prostasin is also reported.

Immucillins in custom catalytic-site cavities

Andrew S. Murkin, Keith Clinch, Jennifer M. Mason, Peter C. Tyler, Vern L. Schramm "~

His257 |
Gly257

ImmH PhS-ImmH
Ky (His257) 58 pM 160 nM
Ky (Gly257) 11,000 pM 6 nM

pp 5900-5903

Neighboring-group participation in the reaction catalyzed by purine nucleoside phosphorylase involves His257-facilitated compression of the 5'- and 4'-ribosyl oxygens.

The His257Gly mutant opens a space for preferential binding of 5'-substituted Immucillins, transition-state analogues of this reaction.

Targeted intracellular protein degradation induced by a small molecule: En route to chemical proteomics

Ashley R. Schneekloth, Mathieu Pucheault, Hyun Seop Tae, Craig M. Crews "

PP 5904-5908
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Synthesis of a-helix mimetics with four side-chains pp 5909-5911
Per Restorp, Julius Rebek Jr.”
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Development of novel tail-modified anandamide analogs pp 5912-5915
Fenmei Yao, Chen Li, Subramanian K. Vadivel, Anna L. Bowman, Alexandros Makriyannis *

R =-(CHy)n aryl
n=2-5

Synthesis and evaluation of a series of anandamide analogs of variable chain lengths in which the terminal carbon is functionalized with a phenyl, substituted phenyl or
heterocyclic group.

Clinical stage EGFR inhibitors irreversibly alkylate Bmx kinase pp 5916-5919
Wooyoung Hur, Anastasia Velentza, Sungjoon Kim, Laura Flatauer, Xinnong Jiang, David Valente, Daniel E. Mason,

Melissa Suzuki, Brad Larson, Jianming Zhang, Anna Zagorska, Michael DiDonato, Advait Nagle,

Markus Warmuth, Steven P. Balk, Eric C. Peters, Nathanael S. Gray "

Reactive cysteine within
Bmx active site
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Quinazoline-based e 2 s
irreversible EGFR Inhibitor Inhibition of kinase acitivty of Bmx : +

Quinazoline-based clinical irriversible EGFR inhibitors is found to inhibit Tec-family kinase Bmx by covalent modification of reactive cysteine residue within active site.

Trace amine-associated receptor 1 (TAAR,) is activated by amiodarone metabolites pp 5920-5922
Aaron N. Snead, Motonori Miyakawa, Edwin S. Tan, Thomas S. Scanlan”
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We report here the synthesis and characterization of a panel of potential amiodarone metabolites that have significant structural similarity to thyroid hormone and its
metabolites, the iodothyronamines. Several of these amiodarone derivatives act as specific agonists of the G protein-coupled receptor (GPCR) trace amine-associated
receptor 1 (TAAR;).

Mapping the subunit interface of ribonucleotide reductase (RNR) using photo cross-linking pp 5923-5925
A. Quamrul Hassan, JoAnne Stubbe "
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Molecular insight into the subunit interface of Escherichia coli RNR using peptide mapping is presented. @
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Design and synthesis of a novel DNA-encoded chemical library using Diels-Alder cycloadditions
Fabian Buller, Luca Mannocci, Yixin Zhang, Christoph E. Dumelin, Jorg Scheuermann, Dario Neri”

Synthesis and characterization of a novel 4000 compound DNA-encoded chemical library based on the Diels-Alder cycloaddition reaction.

PP 5926-5931

®+

Development of bestatin-based activity-based probes for metallo-aminopeptidases
Michael B. Harbut, Geetha Velmourougane, Gilana Reiss, Rajesh Chandramohanadas, Doron C. Greenbaum *
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pp 5932-5936

Phage display of functional, full-length human and viral membrane proteins
Sudipta Majumdar, Agnes Hajduczki, Aaron S. Mendez, Gregory A. Weiss”
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pp 5937-5940
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Recent progress with FKBP-derived destabilizing domains
Bernard W. Chu, Laura A. Banaszynski, Ling-chun Chen, Thomas J. Wandless "
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We recently engineered mutants of the FKBP12 protein that are rapidly degraded when expressed in cells. Recent results expand the utility of this

general technology to provide small molecule control over protein stability.

pp 5941-5944
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Fluorination of mammalian cell surfaces via the sialic acid biosynthetic pathway pp 5945-5947
Laila Dafik, Marc d’Alarcao”, Krishna Kumar” o
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The surfaces of living cells have been fluorinated by incubation with N-fluoroacyl mannosamines or N-fluoroacyl neuraminic acids. Fluorinated cells @"'
showed reduced adhesion to extracellular matrix biomolecules.
A red-emitting naphthofluorescein-based fluorescent probe for selective detection pp 5948-5950

of hydrogen peroxide in living cells
Aaron E. Albers, Bryan C. Dickinson, Evan W. Miller, Christopher J. Chang”
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The synthesis, spectroscopy, and live-cell evaluation of a red-emitting fluorescent probe for cellular hydrogen peroxide are reported. @

Evaluation of new migrastatin and dorrigocin congeners unveils cell migration inhibitors with dramatically pp 5951-5954
improved potency
Jianhua Ju, Scott R. Rajski, Si-Kyu Lim, Jeong-Woo Seo, Noél R. Peters, F. Michael Hoffmann, Ben Shen”

Biological evaluation of new cell migration inhibitors bearing migrastatin (MGS)-derived scaffolds is reported
unveiling structural elements crucial to activity and two new MGS analogs with superior activity.

MGS: R = H, R' = OCH3, R? = OH
14: R = OH, R' = OCHj, R? = OH
17:R=0H,R'=R%=H
Cell migration inhibitor potency:

17 >>14 > MGS

Design and synthesis of AX4697, a bisindolylmaleimide exo-affinity probe that labels pp 5955-5958
protein kinase C alpha and beta

Yongsheng Liu, Jiangyue Wu, Helge Weissig, Juan M. Betancort, Wen Zhi Gai, Phillip S. Leventhal, Matthew P. Patricelli,

Babak Samii, Anna K. Szardenings, Kevin R. Shreder”, John W. Kozarich”
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The synthesis and biochemical characterization of AX4697, bisindolylmaleimide-derived, exo-affinity probe for PKCo and B, is described.
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Kinetic isotope effects in the oxidation of arachidonic acid by soybean lipoxygenase-1 PP 5959-5962
Cyril Jacquot, Sheng Peng, Wilfred A. van der Donk "

arachidonic acid

KIEs on k., > 80 Soybean
E, 1.8 kcal/mol  |lipoxygenase-1
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Mechanism-based inhibitors of MenE, an acyl-CoA synthetase involved in bacterial menaquinone biosynthesis pp 5963-5966
Xuequan Lu, Huaning Zhang, Peter J. Tonge *, Derek S. Tan"
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The design, synthesis, and biochemical evaluation of mechanism-based OSB-CoA synthetase inhibitors is reported.
Descriptor-free molecular discovery in large libraries by adaptive substituent reordering pp 5967-5970

Scott R. McAllister, Xiao-Jiang Feng’, Peter A. DiMaggio Jr., Christodoulos A. Floudas ", Joshua D. Rabinowitz, Herschel Rabitz"
Random Ordering

Optimal Ordering
=5 T TR '

site 1

Paclitaxel succinate analogs: Anionic and amide introduction as a strategy to impart blood-brain barrier pp 5971-5974
permeability

Brandon J. Turunen, Haibo Ge, Jariat Oyetunji, Kelly E. Desino, Veena Vasandani,
Sarah Giithe, Richard H. Himes, Kenneth L. Audus, Anna Seelig, Gunda 1. Georg~

TX-67 (C10 hemi-succinate) analogs were investigated, including C7 regioisomers,
esters, amides, and one-carbon homologs for tubulin stabilization, cytotoxicity, and
Pgp interactions. All carboxylic acid analogs and several of the amides had no
apparent interactions with Pgp, whereas the ester variants displayed characteristics
of Pgp substrates. Furthermore, it was demonstrated that hydrogen-bonding
properties were significant with respect to Pgp interactions.

Series A: R! = hemi-succinate and
glutarate, methyl ester, amides; R2=H
Series B: R! = Ac; R2 = hemi-succinate
and glutarate, methyl ester, amides
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Synthesis and structural study of cyclic 5-aminovaleric acid-linked p-Ala-p-Ala dipeptides pp 5975-5977
Anne Mengel, Oliver Reiser, Jeffrey Aubé”

Evaluation of a focused library of N-aryl i.-homoserine lactones reveals a new set of potent quorum sensing pp 5978-5981
modulators

Grant D. Geske, Margrith E. Mattmann, Helen E. Blackwell”

Chemical probes for profiling fatty acid-associated proteins in living cells pp 5982-5986
Anuradha Raghavan, Guillaume Charron, James Flexner, Howard C. Hang"

Fatty acid-based chemical probes
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Synthesis of g-hydroxy-a-amino acids with a reengineered alanine racemase pp 5987-5990
Kateryna Fesko, Lars Giger, Donald Hilvert”
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The Y265A mutant of alanine racemase catalyzes the stereoselective condensation of glycine or alanine with a range of aromatic aldehydes. @
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Antibiotic evaluation and in vivo analysis of alkynyl Coenzyme A antimetabolites in Escherichia coli pp 5991-5994
Andrew C. Mercer, Jordan L. Meier, Gene H. Hur, Andrew R. Smith, Michael D. Burkart "
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A panel of pantetheine analogues was synthesized and the mechanism of their differential activity against Escherichia coli was probed with a @"'
series of kinetic and in vivo assays. The results have implications on the purported mode of action of this class of antibiotics.

Two-color labeling of temporally defined protein populations in mammalian cells pp 5995-5999

Kimberly E. Beatty, David A. Tirrell "
e 3 % B
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with .
+
Homopropargylglycine and azidohomoalanine have been used to label newly synthesized proteins in mammalian cells.
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This special Symposium-in-Print issue of Bioorganic & Medicinal
Chemistry Letters commemorates the 2008 Tetrahedron Young
Investigator Award in Bioorganic & Medicinal Chemistry awarded
to Benjamin F. Cravatt.

Benjamin F. Cravatt is the Norton B Gilula Professor of Chemical
Biology at The Scripps Research Institute. He received a B.S. degree
in biological sciences and B.A. degree in history from Stanford Uni-
versity. He then moved to The Scripps Research Institute in 1992 to
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pursue his Ph.D. under the guidance of Drs. Dale Boger and Richard
Lerner. In 1997, Dr. Cravatt joined the faculty at The Scripps Re-
search Institute, where he is currently chair of the Department of
Chemical Physiology.

The research in the Cravatt laboratory has focused on the func-
tional characterization of enzymatic pathways in mammalian biol-
ogy using integrated chemical and systems biology approaches. His
group has advanced the chemical proteomic method activity-based
protein profiling (ABPP) that uses active site-directed small-mole-
cule probes to broadly profile the functional state of enzymes in
native biological systems. They have applied ABPP in combination
with metabolomics methods to determine the function of unchar-
acterized enzymes in human cancer, as well as to map enzymes
that regulate endogenous signaling lipids in the nervous system.
Chief among the latter class of enzymes is fatty acid amide hydro-
lase (FAAH), which the Cravatt lab has shown serves as a principal
regulator of endocannabinoid signaling in vivo.

Professor Cravatt serves on the editorial boards of several jour-
nals, including Biochemistry, Bioorganic Medicinal Chemistry, Bioor-
ganic  Medicinal ~Chemistry Letters, Bioorganic  Chemistry,
ChemBioChem, Chemistry and Biology, ACS Chemical Biology, Molecu-
lar Biosystems, and Current Opinion in Chemical Biology. He has been
recognized with a number of awards, including a Searle Scholar
Award (1998-2001), Promega Early Career Life Sciences Award
from the American Society for Cell Biology (2002), Eli Lilly Award
in Biological Chemistry from the American Chemical Society
(2004), Cope Scholar Award from the American Chemical Society
(2005), Young Investigator Award from the International Cannabi-
noid Research Society (2005), and the Irving Sigal Young Investiga-
tor Award from the Protein Society (2007).
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dependent events.

The endocannabinoid 2-arachidonoylglycerol (2-AG) has been implicated as a key retrograde mediator in
the nervous system based on pharmacological studies using inhibitors of the 2-AG biosynthetic enzymes
diacyglycerol lipase o and B (DAGL-a/B). Here, we show by competitive activity-based protein profiling
that the DAGL-a/B inhibitors, tetrahydrolipstatin (THL) and RHC80267, block several brain serine hydro-
lases with potencies equal to or greater than their inhibitory activity against DAGL enzymes. Interest-
ingly, a minimal overlap in target profiles was observed for THL and RHC80267, suggesting that
pharmacological effects observed with both agents may be viewed as good initial evidence for DAGL-

© 2008 Elsevier Ltd. All rights reserved.

The endogenous cannabinoid (endocannabinoid) system con-
sists of a set of G-protein coupled receptors (CB1 and CB2), natural
lipid ligands [N-arachidonoyl ethanolamine (anandamide) and 2-
arachidonoylglycerol (2-AG)], and enzymatic pathways for ligand
biosynthesis and degradation.! The CB1 receptor is widely distrib-
uted throughout the mammalian nervous system, raising provoca-
tive questions about how endocannabinoid signaling is regulated
in specific brain regions and neural circuits. Unlike more classical
neurotransmitter systems, such as the monoamine or glutamater-
gic systems, where receptor diversification serves as a key mecha-
nism to vary signaling outputs, the endocannabinoid system
appears to achieve this goal, at least in part, by producing multiple
ligands. Indeed, the biosynthetic and degradative pathways for
anandamide and 2-AG are mediated by distinct sets of enzymes,
and accumulating evidence suggests that these pathways are dif-
ferentially regulated in the nervous system.!

Two key enzymes implicated in the biosynthesis of 2-AG are diac-
ylglycerol lipase (DAGL)-o and B.2 DAGL-o and B are both integral
membrane proteins with multiple predicted transmembrane do-
mains followed by a catalytic domain that conforms to the general
sequence requirements for a serine hydrolase (including the pres-
ence of the canonical GXSXG active site motif). Multiple lines of evi-
dence suggest that DAGL-o/f play a role in regulating 2-AG
biosynthesis in neurons. For instance, overexpression of DAGL-a in
the mouse neuroblastoma cell line Neuro-2a results in a significant
increase in basal 2-AG levels.> Conversely, RNA interference-medi-

* Corresponding author.
E-mail address: cravatt@scripps.edu (B.F. Cravatt).
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ated knockdown of DAGL-o in Neuro-2a cells reduced basal levels
of 2-AG and blocked the production of this endocannabinoid stimu-
lated by agonists of group 1 metabotropic glutamate receptors.>

DAGL-o/f are inhibited by two small-molecule agents,
RHC80267 and tetrahydrolipstatin (THL)>* (Fig. 1), which have
been used to block many of the CB1-dependent forms of neuronal
plasticity observed in in vitro preparations.® These findings have
invoked 2-AG as the principle endocannabinoid involved in retro-
grade signaling in the nervous system. However, this conclusion
is predicated on the assumption that RHC80267 and THL selec-
tively target DAGL-o/B in the nervous system, a hypothesis that,
to date, has gone largely untested. These agents likely inhibit
DAGL-a/p by covalent reaction with the enzymes’ serine nucleo-
philes (forming carbamoylated and esterified products, respec-
tively), which suggests that the compounds might target
additional serine hydrolases in the nervous system via a similar
mechanism. This is certainly the case in peripheral tissues, where,
for example, THL has found clinical utility as an anti-obesity agent
due to blockade of pancreatic lipases in the intestine.’

To more globally assess the selectivity of RHC80267 and THL,
we analyzed these inhibitors by competitive activity-based protein
profiling (ABPP).” ABPP is a chemical proteomic method that uti-
lizes active site-directed small-molecule probes to assess the func-
tional state of numerous enzymes in parallel directly in native
biological systems. In competitive ABPP, inhibitors are evaluated
for their ability to impair probe labeling of target enzymes.® Be-
cause ABPP probes typically label many members from a given en-
zyme class, competitive profiling experiments provide an excellent
assessment of both the potency and selectivity of inhibitors. Inhib-
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MAFP

Figure 1. Structures of inhibitors of the 2-AG biosynthetic enzymes DAGL-o/p.

itors of DAGL-o/f are most commonly used in nervous system
preparations®>; we therefore elected to profile these agents against
a mouse brain proteome using fluorophosphonate (FP) ABPP
probes, which broadly target enzymes from the serine hydrolase
family.® For initial comparison, we also analyzed two lipid-based
FP inhibitors, 0-3841 and MAFP (Fig. 1), which have also been
shown to inhibit DAGL-o/p.* The mouse brain membrane prote-
ome was treated with each inhibitor across a broad concentration
range (0.01-100 puM) for 30 min, after which reactions were incu-
bated with a rhodamine-tagged FP probe (FP-Rh) for 60 min, sepa-
rated by SDS-PAGE, and analyzed by in-gel fluorescence scanning.

0-3841 and MAFP were found to inhibit probe labeling of
numerous serine hydrolase activities, including fatty acid amide
hydrolase (FAAH), KIAA1363, monoacylglycerol lipase (MAGL),
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Figure 2. Competitive ABPP of DAGL-o/p inhibitors with a mouse brain membrane
proteome. (A) Profiles for the fluorophosphonate inhibitors 0-3841 and MAFP. (B)
Profiles for RHC80267 and THL. Fluorescent gel of FP-Rh labeling shown in
grayscale.
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ABHD6, and ABHD12 (Fig. 2A). Most of these enzymes with the
exception of KIAA1363 were more potently inhibited by MAFP
than 0-3841. In contrast, RHC80267 and THL showed more selec-
tive patterns of enzyme inhibition, blocking the labeling of three
and two hydrolase activities, respectively (Fig. 2B). None of these
enzymes correspond to DAGL-ao/B, large enzymes (>70 kDa) that
appear to be poorly labeled by FP probes.'®

To identify the targets of RHC80267 and THL, mouse brain pro-
teome was treated with each inhibitor (50 and 5 pM, respectively)
or DMSO (control) for 30 min and then incubated with a biotinyl-
ated FP probe (FP-biotin, 5 pM) for 120 min. Probe-labeled proteins
were enriched and characterized by a combination of avidin affin-
ity and liquid chromatography-mass spectrometry steps, following
previously described procedures.!! All samples were analyzed in
triplicate. This approach, termed ABPP-MudPIT, identified 35 brain
serine hydrolases at sufficiently high spectral counts (>15 average
counts in control proteomes) for comparative quantitation be-
tween inhibitor- and DMSO-treated proteomes (Fig. 3A).

Candidate targets of RHC80267 and THL were defined as serine
hydrolases that showed greater than 60% reductions in average
spectral counts in inhibitor-treated versus DMSO-treated proteo-
mes. This criterion identified six and three putative targets of
RHC80267 and THL, respectively (Fig. 3B). These hydrolases in-
cluded enzymes implicated in endocannabinoid metabolism, such
as FAAH'? and ABHD12,'® enzymes that regulate other signaling
molecules, such as acetylcholine [acetylcholinesterase (AChE)'],
platelet-activating factor (PLA2g7'%), and lysophosphatidic acid
(KIAA1363'9), as well as uncharacterized enzymes (BAT5). Com-
parison of these results to the gel-based profiles shown in Figure
2 led to the tentative assignment of the 60 kDa hydrolase sensitive
to both RHC80267 and THL as BAT5. Additional hydrolases de-
tected by LC-MS analysis (e.g., PLA2g7, AChE) were not visible by
gel analysis, underscoring the enhanced sensitivity of the former
analytical method. Neither DAGL-o nor  was detected by ABPP-
MudPIT, indicating that these hydrolases are either in very low
abundance in mouse brain and/or weakly labeled by FP probes.'®

We next set out to confirm a subset of the serine hydrolase tar-
gets of RHC80267 and THL. HEK293T cells were transfected with
cDNAs encoding representative targets of RHC80267 (KIAA1363,
FAAH, BAT5, PLA2g7) and THL (ABHD12, BAT5, PLA2g7), and trans-
fected proteomes were then treated with RHC80267 and THL
(0.01-100 uM), followed by FP-Rh, which permitted calculation
of ICso values for inhibition of each enzyme (Fig. 4). ABHD12,
BAT5, and PLA2g7 were inhibited by THL with high potencies
(ICsp values <100 nM) that rivaled the reported potency for THL
inhibition of DAGL-o/p (ICso value of 60nM*). Targets of
RHC80267 were inhibited with much lower potency (ICsq values
between 10 and 70 uM), as has also been observed with DAGL-a/
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B, for which treatment with 30-100 M of RHC80267 is typically
used for inhibition.?>

Our recombinant expression studies further confirmed the
selectivity that RHC80267 and THL show for individual brain
hydrolases. For instance, both FAAH and KIAA1363 were inhibited
by RHC80267, but not THL, while ABHD12 was selectively blocked
by THL. Only two hydrolases, BAT5 and PLA2g7, were inhibited by
both RHC80267 and THL. These results indicate that while
RHC80267 and THL each inactivate several brain serine hydrolases,
the overlap in their target profiles beyond DAGL-a/B is quite small

ABHD12

KIAA1363
AChE
HSL

TPP2

Figure 5. Venn diagram showing unique and overlapping serine hydrolase targets
of RHC80267 and THL.

(Fig. 5). We finally confirmed that none of the newly identified tar-
gets of RHC80267 and THL exhibited significant hydrolytic activity
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Figure 6. DAGL activity for recombinant hydrolases expressed in HEK293T cells as
measured using the substrate 1-stearoyl-2-arachidonoyl glycerol. Product forma-
tion (stearic acid, 2-AG) was monitored by LC-MS following general procedures
described previously.'?
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using 1-stearoyl-2-arachidonoyl glycerol as a substrate, indicating
that these enzymes are not themselves DAGLs (Fig. 6). Collectively,
these data lead us to conclude that pharmacological effects ob-
served with both RHC80267 and THL may be viewed as good initial
evidence for DAGL-ao/B-dependent events, especially in systems
where endocannabinoid pathways have been implicated to func-
tion. On the other hand, pharmacological effects observed selec-
tively with THL or RHC80267 may reflect the inactivation of
distinct enzymatic pathways and should therefore be interpreted
with caution.
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A series of C4 substituted o-ketooxazoles were examined as inhibitors of the serine hydrolase fatty acid
amide hydrolase in efforts that further define and generalize a fundamental substituent effect on enzyme
inhibitory potency. Thus, a plot of the Hammett ¢, versus —log K; provided a linear correlation (R = 0.90)
with a slope of 3.37 (p =3.37), that is of a magnitude that indicates that of the electron-withdrawing
character of the substituent dominates its effects (a one unit change in o, provides a >1000-fold change

© 2008 Elsevier Ltd. All rights reserved.

Fatty acid amide hydrolase (FAAH)'? is the enzyme that serves
to hydrolyze endogenous lipid amides®>* including anandamide
(1a)® and oleamide (1b),° Fig. 1. Its distribution is consistent with
its role in degrading and regulating such signaling fatty acid
amides at their sites of action.? Although it is a member of the ami-
dase signature family of serine hydrolases, for which there are a
number of prokaryotic enzymes, it is currently the only character-
ized mammalian enzyme bearing the family’s unusual Ser-Ser-Lys
catalytic triad.”®

Due to the therapeutic potential of inhibiting FAAH® especially
for the treatment of pain,'® inflammation,'! or sleep disorders,?
there has been increasing interest in the development of selective
and potent inhibitors of the enzyme.® Early studies shortly follow-
ing the initial discovery and characterization of FAAH led to the
demonstration that the endogenous sleep-inducing molecule 2-oc-
tyl a-bromoacetoacetate is an effective FAAH inhibitor,!? the dis-
closure of a series of nonselective, reversible inhibitors bearing
an electrophilic ketone (e.g., trifluoromethyl ketone-based inhibi-
tors),'*!> and the reports of a set of irreversible inhibitors'® (e.g.,
fluorophosphonates and sulfonyl fluorides). To date, two classes
of inhibitors have been disclosed that provide opportunities for
the development of inhibitors with therapeutic potential. One class
is the reactive aryl carbamates and ureas'’~2* that irreversibly
acylate a FAAH active site serine.?> A second class is the a-ketohet-
erocycle-based inhibitors2®~2° that bind to FAAH via reversible
hemiketal formation with an active site serine. Many of these latter
competitive inhibitors are not only potent and extraordinarily
selective for FAAH versus other mammalian serine hydrolases,

* Corresponding author.
E-mail address: boger@scripps.edu (D.L. Boger).
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Figure 1. FAAH Substrates.

but also members of this class have been shown to be efficacious
analgesics in vivo.?

In the course of these latter studies, we disclosed a fundamental
substituent effect in which a well-defined correlation between the
electronic character of a para substituent (Hammett o},) and the
inhibitor potency (—logK;) was observed.2” Thus, the inhibitor po-
tency was found to smoothly increase as the electron-withdrawing
character of the substituent increased, and the magnitude of the ef-
fect was remarkably large (p = 2.7-3.0)*®?7 indicating that a unit
change in o, leads to nearly a 1000-fold increase in K;. Presumably
this reflects the electronic effect of the substituent on activating
the electrophilic carbonyl toward nucleophilic attack by the FAAH
active site catalytic Ser. Herein, we further generalize this funda-
mental effect to include meta substituents on the o-
ketoheterocycle.

Whereas the former para substituents are directly conjugated
with the electrophilic carbonyl, the meta substituents would exert



mailto:boger@scripps.edu

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl



J. K. DeMartino et al./Bioorg. Med. Chem. Lett. 18 (2008) 5842-5846 5843

their effects through their inductive electron-withdrawing proper-
ties. Moreover and although intuitive expectations might suggest
that such a non-conjugated substituent effect might be small, a
comparison of Hammett ¢, and o, constants suggests that the
magnitude of the effects may be surprisingly similar and, in some
instances, even enhanced (e.g., F, Cl, Br, and I).

The candidate inhibitors bearing a varied C4 oxazole substitu-
ent were accessed from the readily available 2,%° enlisting its
in situ conversion to the isomeric 4-bromooxazole via a halogen
dance rearrangement, Scheme 1.3° Thus, C4-lithiation of 2 followed
by its in situ rearrangement to the more stable 5-lithio-4-bromo-
oxazole®! and its quench with water provided 3b, the requisite pre-
cursor for the series of derivatives to be examined. These were
accessed by metallation of 3b with n-BuLi or t-BuLi followed by
reaction with appropriate electrophiles (NCS, I, CHsl, (MeS),,
DMF, CH3CONMe,, CF3CO,Et, NCCO,Me). Similarly, the C4 pyridine
(3K, 31, and 3m) and phenyl (3n) derivatives were prepared from
bromide 3b using a Stille coupling reaction with the respective
pyridyl or phenyl tributylstannanes. Many of these derivatives
served as precursors to additional candidate inhibitors bearing fur-
ther modified C4 substituents. Methyl ester 4j was directly con-
verted to its corresponding carboxylic acid 40 and carboxamide

Z‘ 1. BusNF Zf’\‘
)\”/HE 2. Dess—Martin [0) 6Ph
4b-j 3b-j OTBS
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Scheme 1.

4p using LiOH and methanolic ammonia, respectively. Carboxylic
acid 40 was also coupled with methylamine and dimethylamine
to give the substituted carboxamides 4q and 4r. Carboxamide 4p
was dehydrated with TFAA and pyridine to provide nitrile 4s. The
trifluoromethyl derivative 3t was prepared from iodide 3d using
the method developed by Chen et al.>? and iodide 3d also served
as the precursor to methyl ether 3u.? In each case, deprotection
of the TBS ether followed by Dess-Martin periodinane oxidation>*
of the liberated alcohol yielded the corresponding o-ketooxazole
(4b-u).

The FAAH inhibition derived from the examination of the series
of inhibitors and the correlation derived from a plot of —log K; ver-
sus o, (p =3.37, R?=0.90 excluding 4e, 4m, 4p, 4u) are provided
in Fig. 2. The magnitude of the effect defined by the correlation
is large (p =3.37) and satisfyingly comparable to that observed
with g, (p = 3.0)>” where a unit change in o, leads to an increase
in the K; of more than 1000-fold. As such and although the substit-
uents may engage in additional, more subtle interactions at the en-
zyme active site, the magnitude of the electronic effect indicates
that it dominates the behavior of the FAAH inhibitors.

Importantly, this allows one to quantitatively predict a K; from
the correlation based on the Hammett substituent constant (o, and
om) or use the measured K; to draw inferences about active site
binding that might not be known a priori. As an example of the lat-
ter, we can confidently establish that 40 binds the FAAH active site
as its deprotonated carboxylate (o, = 0.02) versus carboxylic acid
(om =0.35) from the measured K;, and this conclusion is reasonable
given the pH of the enzyme assay conditions (pH = 9.0).26 More
subtly, we were able to establish that aldehyde 4g (and trifluoro-
methyl ketone 4i) exists in protic solution as a gem diol (at C4,
not C2; 'H and '3C NMR, data in Supporting Information) and that
it inhibits FAAH with a potency at a level more consistent with this
C4 substituent gem diol versus carbonyl active site binding.
Although the latter C(OH),CF5; gem diol most likely suffers signifi-
cant destabilizing steric interactions at the enzyme active site com-

T
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4a H 48 4k 2-Pyr 1.9
4b Br 3.0 4 3-pyr 18
4c Cl 4.0 4m 4-pyr 1.6
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4e CH3 520 40 COoH 53
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4u OMe 740
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Figure 2. Rat FAAH inhibition (K;, nM) and plot of oy, versus —log Ki.
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parable to that of a t-butyl substituent, the measured K; of the hy-
drated aldehyde (CH(OH),) is of a magnitude that suggests it may
provide a good estimate of the oy, for this substituent (0.02 for
CH(OH), vs 0.35 for CHO). That is, the correlation between oy,
and K; is sufficiently dependable that deviations from the expecta-
tions can be utilized to establish features of active site binding not
a priori known.

In this correlation, there are several inhibitors (4m, 4k, 4p, and
4q) that deviate productively from expectations being more potent
than predicted. All four could benefit from additional H-bonding at
the active site that may increase affinity beyond that expected.
Based on their relative K;'s, the 4-pyridyl derivative 4m and, to a
lesser extent, the 2-pyridyl derivative 4k may interact with H-bond
donors including the mobile catalytic Lys142 at the FAAH active
site*® where such a potential H-bond may be regarded not only
as a conventional H-bond stabilizing interaction, but also as a par-
tial protonation of the pyridyl nitrogen enhancing its electron-
withdrawing properties. Similarly, the primary carboxamide 4p
and, to a lesser extent, the secondary carboxamide 4q productively
deviate from correlation expectations, whereas the tertiary carbox-
amide 4r falls below extrapolated>> expectations. Attractive expla-
nations for this behavior include questions on the accuracy of the
carboxamide &, a productive H-bonding interaction of RCONHR
at the FAAH active site for 4p and 4q (but not 4r) that further in-
crease affinity, and/or destabilizing steric interactions that emerge
only with the tertiary amide 4r. Two substituents (-Me, ~-OMe) dis-
play substantial nonproductive deviations from the correlation.
Although we do not yet have attractive explanations for their
behavior, both represent electron-donating and electron-rich sub-
stituents whose activity is predicted to be among the poorest.
Thus, while additional substituent features can and will modulate
the binding affinity of the candidate inhibitors (e.g., H-bonding,
hydrophobic, or steric interactions), the magnitude of the elec-
tronic effect of the substituent (p = 3.37) indicates that the latter
will typically dominate, especially for small and simple
substituents.

Finally, the oxazole substituents in such inhibitors not only
influence the FAAH inhibitor potency, but they can have an equally
remarkable impact on the FAAH inhibition selectivity.?® Although
there are no other characterized mammalian members of the ser-
ine hydrolase family that bear the amidase signature sequence
and its unusual Ser-Ser-Lys catalytic triad and no resulting close
family of enzymes against which to counter-screen the candidate
inhibitors, a close collaboration with Professor Cravatt led to the
implementation of a proteome-wide assay capable of simulta-
neously interrogating all mammalian serine hydrolases applicable
to assessing the selectivity of reversible enzyme inhibitors.>® This
assay, which requires no modification of the inhibitor, no purified
protein for conventional substrate assay, no knowledge of candi-
date off-site targets or even the function or substrate of the en-
zymes, can globally detect, identify, and quantitate all potential
competitive enzyme targets in the human proteome for such inhib-
itors.?” To date, two enzymes have emerged at potential competi-
tive targets for inhibitors in this class: triacylglycerol hydrolase
(TGH) and a previously uncharacterized membrane-associated
hydrolase that lacked known substrates or function at the time
(KIAA1363), but has since been characterized by Cravatt and
coworkers.?® Enlisting this proteome selectivity assay, we have
been able to simultaneously optimize inhibitors for both FAAH po-
tency and selectivity, identifying key features of candidate inhibi-
tors that can increase binding at the FAAH active site while
simultaneously disrupting KIAA1363 and TGH affinity. This multi-
dimensional SAR optimization is highlighted beautifully with the
inhibitors 4t, 4s, 4k, 4m, and 40 with the results summarized in
Fig. 3. Like observations made with the 5-substituted oxazoles,?®
the addition of a 4-substituent to 4a enhances the FAAH versus

FAAH FAAH KIAA1363 TGH
Cmpd Ki,nM  IC5, UM IC50, UM IC50, UM
N
&
o]
o]
4a (H) 48 25 20 (8) 0.02 (0.008)
R
N
&
o
o]
4t (CF;) 3.7 04 10 (25) 0.06 (0.15)
4s(CN) 06 0.02 30 (1500) 0.03 (1.5)
4k (2-pyr) 1.9 0.03 >100 (>3000) 10 (330)
4m (4-pyr) 1.7 0.14 >100 (>700) 0.7 (5)
40 (CO,H) 53 05 >100 (>200) 2.5 (5)
N
g
R™ ™o
0
5a (CF;) 0.8 0.07 >100 (>1400) 0.2 (3)
50 (CN) 0.4 0.007 >100 (>14000) 0.02 (3)
5c (2-pyr) 4.7 0.002 >100 (>50000) 0.6 (300)
(

5d (CO,H) 30 09 >100 (>100)  >100 (>100)

Figure 3. Selectivity screening, ICsqo, UM (selectivity).

KIAA1363 selectivity (>25-fold selective vs eightfold for 4a), but
not always as substantially as the 5-substituted oxazoles (>100-
fold) where such inhibitors typically fail to inhibit KIAA1363. Sim-
ilarly, the addition of a 4-substituent converts the TGH selective
inhibitor 4a (>100-fold selective for TGH vs FAAH) into inhibitors
that are modestly selective for FAAH (up to fivefold selective).
The exception to this is 4k which like OL-135 (5¢) was found to
be >300-fold selective for FAAH versus TGH. This enhancement in
FAAH selectivity, while remarkable (typically >100-fold, but
>40,000 for 4Kk), is generally not as great as that observed in the
5-substituted oxazole series.

One additional feature of this study merits highlighting. In ear-
lier studies,?® we found that either a 4-substituent or 5-substituent
on the oxazole can be utilized to enhance FAAH inhibitor potency,
but candidate inhibitors bearing both were significantly less active.
Although not extensively investigated, analogous observations
were made in the course of these studies.>® This suggests that
the two classes of oxazole-based inhibitors may bind at the FAAH
active site in a manner that places the substituent in a comparable
location. This simply requires a flipped orientation of the oxazole
at the active site reversing the location of the N and O of the het-
erocycle (Fig. 4). Consistent with this suggestion, related inhibi-
tors2® bearing a C5 substituent have been shown to exhibit a
significant sensitivity to steric hindrance surrounding the analo-
gous oxazole C4 center (potency: N > O > CH) indicating that there
may be ample room for one, but not two such substituents. Provoc-
atively and while this flipped orientation of the oxazole between
the two series has little impact on the FAAH inhibitor potency, it

Figure 4. Binding models.
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may have a more significant impact on the FAAH selectivity which
often, but not always, appears to erode with the 4-substituted ser-
ies disclosed herein.

A series of C4-substituted o-ketooxazoles were examined as
inhibitors of the serine hydrolase fatty acid amide hydrolase in ef-
forts that further define and generalize a fundamental substituent
effect on enzyme inhibitory potency. A plot of the Hammett oy,
versus —logK; provided a linear correlation (R? = 0.90) with a slope
of 3.37 (p=3.37), that is of a magnitude that indicates that the
electron-withdrawing character of the substituent dominates its
effects (a one unit change in ¢, provides a >1000-fold change in
K;). Moreover, this meta substituent effect is comparable, essen-
tially identical, to that we previously defined for para substituents
(p=2.7-3.0, R? = 0.91-0.97)*%?° confirming both its generality and
magnitude independent of the site of substitution. Importantly, the
correlation provides a useful and predictive design principle for en-
zyme inhibitors and is of a sufficient accuracy that subtleties of ac-
tive site binding that are not known a priori may be established
from a measured K;. These observations may prove useful not only
to extend to other enzyme classes, but also have provided herein
an additional and useful class of potent and selective FAAH
inhibitors.
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tail groups were varied.

The melting curves of fatty acid amide hydrolase (FAAH) in the presence of 29 reversible inhibitors were
measured using a thiol-reactive fluorophore. The thermal stability (T.,) of the FAAH/inhibitor complex
varied significantly depending on the chemical characteristics of the inhibitors, notably variations in
the head group. Two separate distributions were observed when T, was plotted against K;. The majority
of the inhibitors showed a positive correlation between binding affinity and T,,, however inhibitors with
a pyridine carboxylic acid moiety in the head group fell in a distinct and uncorrelated distribution when

© 2008 Published by Elsevier Ltd.

It has been shown that the effects of ligands on an enzyme may
be observed by measuring shifts in the enzyme’s thermal stability,
which may in turn have implications on inhibitor potency. Indeed,
a potential correlation between thermal stability and ligand affin-
ity has been observed.! An additional motivation for studying the
effect of ligand binding on stability is its implications toward crys-
tallization of protein-ligand complexes since thermal stability has
been linked to an increased likelihood of improving crystal
diffraction.?

Fatty acid amide hydrolase (FAAH) is an integral membrane
protein and the primary enzyme responsible for the catabolism
of fatty acid amides in vivo including anandamide, an endogenous
cannabinoid, and oleamide, a sleep-inducing signaling molecule.?
FAAH inactivation has been shown to reduce pain and inflamma-
tion,*> which makes the enzyme a potential new drug target for
possible analgesics. Consistent with this premise, the FAAH inhib-
itors URB597 and OL-135 (compound 16 in the present study) have
shown in vivo efficacy in mouse pain models.%’ The structure of rat
FAAH was solved at 2.8 A in complex with the irreversible covalent
inhibitor methoxy arachidonyl fluorophosphonate (MAFP)8 but
additional structures with pharmacologically relevant inhibitors
remain to be elucidated. The capacity to rank new compounds by
their ability to impart structural stability may prove to be a key
in obtaining new FAAH-inhibitor structures, thereby furthering

* Corresponding author. Tel.: +1 858 784 9416; fax: +1 858 784 9483.
E-mail address: stevens@scripps.edu (R.C. Stevens).

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.06.086

our understanding of the enzyme’s mechanism and facilitating
drug design.

Mei et al.? studied the stability of FAAH as a function of guanid-
inium hydrochloride concentration and hydrostatic pressure and
concluded that conformational changes mediated by inhibitor
binding to the active site lead to tighter interaction between mono-
mers and an increase in enzyme stability. This also resulted in a re-
duced ability of the protein to bind to membranes. In a more high
throughput manner and with an increased array of inhibitors, we
report a survey of a representative library of reversible inhibitors
that has been created based on the enzyme’s natural substrates.!°
To date, these compounds have been ranked as inhibitors based
primarily on K;.''-'> We explore the relationship between K; and
stability, and the potential use of protein melting point as a com-
plementary metric for assessing ligand efficacy for crystallization
and drug candidate screening. Using a thiol-reactive fluorophore,
we determined melting curves for FAAH either alone or in the pres-
ence of a variety of inhibitors. Relationships between T,, and K; are
discussed.

The identification of suitable enzyme inhibitors is a focus of
many areas of protein biochemistry including structural studies
and drug design. A leading parameter often cited for ranking small
molecules is their inhibitory potency as measured enzymologically
by ICsg or K;. However, as these approaches are valuable, they may
prove to be insufficient for gaining a comprehensive understanding
of potential inhibitor-enzyme complexes. For example, the mea-
surement of the on-off-rates or the stabilizing potential of lead
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compounds may provide complementary yet independent insight
into molecular interactions. We have taken the latter approach to
characterize 29 compounds (in addition to the co-crystallized irre-
versible inhibitor MAFP) against the integral membrane enzyme
FAAH by measuring the protein’s melting point (T,,) once com-
plexed with these inhibitors using CPM (7-diethylamino-3-(4'-
maleimidylphenyl)-4-methylcoumarin) as an indicator (Supple-
mentary Material).!® As temperature increases, domains of the
protein unfold to expose internal cysteines to the CPM in the sol-
vent. Fluorescence increases as CPM in the solvent binds to the
newly exposed cysteines, indicating that the protein is unfolding,
and allowing T, to be measured. In comparing these results with
predetermined K; values, we find that correlations between the
two approaches differ depending on the structural characteristics
of the inhibitors themselves.

The inhibitors tested in the present study can be described as
bivalent with a hydrophilic ‘head group’ that likely binds to the en-
zyme’s catalytic triad and cytosolic port and a hydrophobic ‘tail
group’ that packs in the enzyme’s acyl chain binding pocket.® In
characterizing the effects of these compounds, two distinct distri-
butions become apparent when stability (Ty,) is plotted against
inhibition (K;) (Fig. 1). One distribution demonstrates a strong lin-
ear correlation between stability and binding affinity (R*=0.81)
and comprises a varied collection of head and tail group structures
(Supplemental Fig. 1). In contrast, a second distribution (circled) is
distinguished by a constant head group (2-pyridine-6-carboxylic
acid) with variable hydrophobic tails (Fig. 1). This group exhibits
a less clear correlation between stability and inhibition. In this
study, 1 (Fig. 2) was identified as the most stabilizing inhibitor
for FAAH despite having an intermediate Ki.

The pyridine nitrogen in the correlated and uncorrelated classes
of inhibitors has been shown to be an important factor for inhibitor
affinity and has been attributed to hydrogenbond formation in the
active site and cytosolic port of FAAH.!! The addition of a carbox-
ylic acid to this head group results in a significant increase in sta-
bility compared to the addition of alternative functionalities
(Fig. 3). An increase in stability is observed for all inhibitors sur-
veyed that contain the 2-pyr-6-CO,H portion, validating the obser-
vation that this group is an important stabilizing factor (Fig. 4).

Sh® 3
s/ O e OH
|
o Y

T =653 K;=28nM

Figure 2. Most thermally stabilizing inhibitor: compound 1. By comparison, the Ty,
for MAFP treated protein, which yielded the only available crystal structure, is 59.3.

However, it was also observed that this modification led to a de-
crease in inhibitor potency. One possible explanation for this coun-
terintuitive observation is that the on-rate may be reduced for
carboxylic acid-bearing inhibitors, and they interact more tightly
once bound. Attempts to determine the on- and off-rates of any
FAAH compound by surface plasmon resonance have not been suc-
cessful due to the incompatible nature of this particular system
(the presence of detergent, extreme hydrophobicity and low
molecular weight of the ligands, etc.). Alternatively, since the enzy-
matic assay is conducted at pH 9, where the carboxylic acids are
most likely deprotonated, while the thermal denaturations are
conducted at pH 7.5, it is possible that the enzymatic assays under-
estimate the inhibitory potency and binding affinity at physiologi-
cal pH. Indeed, in the case of 2, the K; as measured at pH 7.5 is
10.4 nM as opposed to 20 nM at pH 9.'4

To probe if the importance of the carboxylic acid head group lies
in its interaction with the catalytic base Lys142, mutant rat FAAH
K142A was tested against 16 and its carboxylic acid-bearing analog
2 (Fig. 4). Though these compounds yield different K; values toward
wild-type enzyme, they each provided indistinguishable stabiliz-
ing potential toward both the wild-type and mutant proteins
(Fig. 5). Apo Ty, in this study varies slightly from that indicated
in Figure 1 due to the K142A mutant only being available in a
slightly different construct and purification method. This indicates
that the interaction that imparts increased stabilizing potential to
the carboxylic acid-bearing compounds must lie with some other
amino acid in the protein. Monte Carlo simulations suggest that
there are other candidates available for such hydrogen-bond
formation.!”
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Figure 1. Ty, versus In(K;) showing two distinct distributions of inhibitors with (x) or without () a 2-pyridine-6-carboxylic acid head groups. The former inhibitors are
distributed with no apparent correlation between stability and inhibition (oval). Remaining inhibitors show a strong correlation between T, and K; (R?> = 0.81). The Y-axis
intersects the X-axis at the T, for the apo-enzyme. No K; value was attainable for the 2-pyr-6-CO,H compound 9, although thermal stability was substantially increased
(Tm = 61.4). MAFP is not shown on the graph due to its irreversible binding, thus a lack of K; (T, = 59.3). Efforts to fit a regression line for those inhibitors bearing pyridine-6-
carboxylic acid head groups (x) yielded poor fit (R?> = 0.72) strongly dominated by outlier compound 23. Omitting this latter compound from the regression yields no fit

(R2=0.24).





I. M. Slaymaker et al./Bioorg. Med. Chem. Lett. 18 (2008) 5847-5850

5849

28
Ki= 80 nM
Tn,=47.2
A
R= k/‘\/\/\\/\
N Nee,
R i/\o ﬁ)
\\-\
16 (OL-135) e
.
/ Ki=47nM \\
T,=58.5 \
B o ' 0 0
N Nl O N - N)-—NHZ - N )L,OH
L ’ b B T B =
A e ~ D A
o 5 I
24 21 20 o

K;=8nM K;=40nM Ki=1nM K; =20 nM
T =53.4 T = 54.7 T, =55.0 Tm=643

K; T, K T,
0
N- N
\ =7
! —
&W} ﬂ_/) 47 oM 58.5 20 nM 64.3
0
16 (OL-135)
N-N N-
TN -
643
©\/\MH/\ 0}-&‘> 0.29 1M 506 140M
1 o
‘ ==
e N- Ne
! '\> = 0.75 1M 59.9 22 M 63.6
o N/
12 0

Figure 4. The addition of a carboxylic acid significantly increases stability (T,,) but lowers inhibitory potency (K;).

70 results may arise from the differences in the energetics of binding
attributed to the hydrophobic interactions in the acyl binding

i f pocket versus the more polar and complementary ones in the cyto-

12 601 solic port of the enzyme. Additionally, the introduction of a carbox-
°e ylic acid to the aryl head group of an inhibitor is not only more
= 504 i { stabilizing, but also creates an independent relationship to inhibi-
tory potency when compared to other inhibitors. The question of

i ! how the carboxylic acid is behaving in the binding pocket of FAAH,

40 ~— T T T T T whether the inhibitors are binding in a different mode (protonated
& > g" ob"' ob'” vs deprotonated), and what specific interaction may be responsible

é\é &v Qo°° <zoé\ @Q°° Q°° remains to be established. These observations made using the ther-
c,°‘° & écP v0° mal denaturation assay provide a complementary approach to

y‘,& ~’;\v'-"v » evaluate candidate ligands providing insights not observed using

Figure 5. K142A rat FAAH showed no difference in stability when bound to
compound 16 or its carboxylic acid-bearing analog 2 compared to wild-type ATM
rat FAAH expressed from the pTrcHis vector'® (see Supplemental Material).

In conclusion, this study shows a correlation between inhibitory
potency and stabilizing potential of a class of FAAH inhibitors that
bear a variety of hydrophilic head groups that are poised to interact
with the catalytic triad and cytosolic port of the enzyme. In con-
trast, when the head group is held constant and a variety of hydro-
phobic tail groups are examined there is no clear correlation. These

more classical methods.
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Quantitative fluorescence-based methods have been developed to determine the nuclear concentration of
polyamide-fluorescein conjugates in cell culture. Confocal laser scanning microscopy and flow cytometry
techniques are utilized to plot calibration curves, from which the nuclear concentration can be interpo-
lated. Upon treatment with polyamide, the concentration in the nucleus of live HeLa cells is calculated to
be between 0.1 and 0.5 puM, which is significantly lower than the 2 pM dosage concentration. In contrast,
the observed nuclear concentration in U251 cells is closer to the dosage concentration, indicating a cell
line-specific increase in uptake for this class of compounds. Although confocal microscopy and flow
cytometry generate disparate values, taken together these experiments suggest that the polyamide con-
centration inside the cell nucleus is lower than it is outside the cell.

© 2008 Elsevier Ltd. All rights reserved.

Hairpin pyrrole-imidazole polyamides are synthetic ligands
that target predetermined DNA sequences with affinities compara-
ble to those of naturally occurring DNA-binding proteins.'? These
cell-permeable small molecules have been shown to localize to
the nucleus of living cells*>~” and regulate endogenous gene expres-
sion.8~12 Polyamides selectively bind in the minor groove of DNA
according to a set of ‘pairing rules,” where each heterocyclic ring
pair targets a specific Watson-Crick base pair.'? The antiparallel
pairing of N-methylpyrrole (Py) and N-methylimidazole (Im) aro-
matic rings targets the C-G base pair, while Im/Py discriminates
G-C.13-16 The Py/Py pair recognizes A-T and T-A, while chlorothio-
phene can be paired with Py to distinguish T-A at the N-terminus.!”

Polyamide-small molecule conjugates have been utilized in a
number of applications.’®2! In particular, with laser microscopy
it is possible to visualize the uptake of polyamide-fluorophore con-
jugates as they traffic unaided to the nucleus of live cells.>® This
advance has helped to usher in an era of gene regulation.®~!! Tra-
ditionally, we have used a qualitative scoring system to rate the ex-
tent of nuclear localization in cell culture.>® Upon incubation with
polyamide and direct imaging of cells, the fluorescence intensity in
the nucleus is compared to that in the medium. Positive scores are
assigned when the nuclear staining exceeds that of the medium.
The degree of nuclear localization varies across polyamide design,
fluorophore selection, and cell type.>~® Quantitating the polyamide
concentration within the cell nucleus would be an improvement
over the current ‘yes/no’ rating, thus creating a digital readout of
cellular uptake.

* Corresponding author. Tel.: +1 626 395 6002; fax: +1 626 683 8753.
E-mail address: dervan@caltech.edu (P.B. Dervan).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.05.063

Our quantitative approach utilizes two different fluorescent
imaging technologies. First, with confocal laser scanning micros-
copy, we can compare images of cells to images of calibration stan-
dards containing known polyamide concentrations, then
interpolate to determine the nuclear concentration in the cell.
Next, we can corroborate this value with additional evidence from
flow cytometry. Here, the fluorescence of live cells is compared to a
calibration curve built using beads functionalized with known
amounts of fluorophore, yielding the interpolated number of fluo-
rophores per cell. Taken together, these values provide a numerical
range that is not apparent from previous qualitative experiments.
In this study, we investigate the nuclear concentration of two poly-
amide-fluorescein conjugates in two cell lines using confocal laser
scanning microscopy and flow cytometry.

Polyamide synthesis. For these experiments, we wanted to exam-
ine polyamide-fluorescein conjugates that traffic strongly to the
nucleus of live cells (Fig. 1). Polyamide 1 specifically targets the
DNA sequence 5-WTWCGW-3' with an equilibrium association
constant of 3.8 x10°M~!, while polyamide 2 binds 5'-
WGGWCW-3' with an affinity of 6.3 x 10° M~! (Supplementary
Fig. S1). For these molecules synthesized with Boc-B-Ala-PAM re-
sin, the 1,3-diaminopropane (Cs) linker is used to connect the poly-
amide and fluorescein moiety.

Polyamides 1 and 2 show positive nuclear localization in HeLa
and U251 cell culture by confocal laser scanning microscopy (Fig.
1). In each of these images, the nuclear staining exceeds that of
the medium, and all are qualitatively rated as ++.>° Furthermore,
conjugate 1 binds to the hypoxia response element (HRE) and
inhibits vascular endothelial growth factor (VEGF) expression in
HeLa cells by quantitative RT-PCR, while the mismatch control
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Figure 1. (A) Structures of polyamide-fluorescein conjugates 1 and 2. Imidazole
and pyrrole are shown as filled and non-filled circles, respectively; chlorothiophene
is shown as a square; f-alanine is shown as a diamond; the 1,3-diaminopropane
linker is shown as ‘C3;’ and the chiral diaminobutyric acid turn residue is shown as a
semicircle connecting the two subunits linked to a half-circle with a plus. (B) Co-
nfocal laser scanning microscopy images of polyamide-fluorescein conjugates 1
and 2 in HeLa and U251 cell lines. Cells were incubated with 2 pM polyamide for
12-14 h at 37 °C in a 5% CO, atmosphere.

compound 2 does not downregulate gene expression (Supplemen-
tary Fig. 51).8°1°

Steady-state fluorimetry. Fluorescence enhancement is observed
when polyamide-fluorophore conjugates bind DNA.?2-2> When in
solution, the fluorescence of the conjugate is largely quenched,
but, upon DNA binding, sequestration of the polyamide in the min-
or groove restores fluorescence. The fluorescence enhancements of
polyamides 1 and 2 were 14- and 36-fold, respectively, as deter-
mined by steady-state fluorimetry (Fig. 2). The fluorescent nuclei
observed in confocal microscopy images appear much brighter
than the background medium. Does this mean that the nuclear
polyamide concentration is very high, or does the fluorescence
enhancement dominate?

In order to control for this effect, calf thymus DNA was added to
the medium prior to imaging. This allows the direct comparison of

A

16,000,000 1
14,000,000
12,000,000
10,000,000
8,000,000
6.000,000 4f
4,000,000
2,000,000

relative fluorescence units

500 550 600 650
emission wavelength (nm)

16,000,000
14,000,000
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Figure 2. (A) Overlaid fluorescence emission spectra for polyamides 1 (top) and 2
(bottom). The polyamide concentration is 2 pM. Calf thymus DNA concentrations
are 0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200, 400,
600, 800, and 1000 uM bp. (B) Confocal laser scanning microscopy images of
polyamide-fluorescein conjugate 1 in Hela cells. Cells were incubated with 2 pM
polyamide for 12-14 h at 37°C in a 5% CO, atmosphere. About 500 M bp calf
thymus DNA were added 1 h prior to imaging.

polyamide concentration inside the cell nucleus and outside the
cell by increasing the fluorescence of both simultaneously. This
experiment generates a picture of dark cells in a background of
fluorescently enhanced polyamide solution (Fig. 2). Overlay of
the fluorescence and bright-field images indicates that the fluores-
cence in the cell nucleus is significantly lower than that of the
medium. The image of the ‘dark’ nucleus implies that the nuclear
concentration is lower than the dosage concentration.

Confocal microscopy. For the first quantitative approach, the
fluorescence of cells was compared to the fluorescence of calibra-
tion standards containing known polyamide concentrations, using
images taken with a confocal laser scanning microscope. After
building a linear calibration curve with the known concentration
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Figure 3. Sample calibration curve for confocal microscopy. Squares indicate equ-
ilibration with 500 uM bp calf thymus DNA, while diamonds indicate no calf thy-
mus DNA control. R-squared values are 0.9639 (500 uM bp calf thymus DNA) and
0.9171 (no calf thymus DNA).

values, the nuclear concentration in the cell was determined
by interpolation (Fig. 3 and Supplementary Fig. S2). Cells were
incubated with 2 uM polyamide for 12-14h in a 5% CO, atmo-
sphere at 37 °C and imaged directly. Calibration standards con-
tained both polyamide and 500 uM bp calf thymus DNA. To
investigate nuclear concentration, calf thymus DNA was included
in the calibration standards to ensure that the fluorescence was
turned ‘on.” For these experiments, the concentration of calf thy-
mus DNA (500 uM bp) is lower than the estimated DNA concentra-
tion in the nucleus (5mM bp). Attempts to increase the
concentration to the low mM bp range were limited by DNA solu-
bility in medium. Similar experiments in TKMC buffer resulted in
fluorescence quenching at the highest DNA concentrations. The ac-
tual DNA bp concentration in the nucleus could produce increased
fluorescence enhancement and might bring the calculated polyam-
ide concentration closer to the values observed in flow cytometry
experiments. In addition, these experiments were performed on
cells with mixed cell cycles, that is, these cells were not grown in
synchronized culture. A minimum of three images were taken
per condition, with at least ten cells from each image used for
analysis.

The experiments in HeLa cells indicated that the concentration
in the cell nucleus was 0.5 pM and 0.3 puM for polyamides 1 and 2,
respectively (Table 1). These values were significantly lower than
the 2 UM dosage concentration, which was surprising given that
the fluorescence images show the cell nucleus lighting up brightly
against a dark background of cytoplasm and medium. The fluores-
cence signal from the nucleus exceeds the external signal even
though the nuclear concentration is lower than the external con-
centration, as a result of fluorescence enhancement upon binding
DNA.

When U251 cells were treated with 2 uM of polyamides 1 and 2,
the interpolated nuclear concentration values were 1.6 and 1.5 uM,
respectively. This observation suggests that the nuclear concentra-
tion is dependent on cell line, just as it varies for each polyamide.

Table 1

Calculated nuclear concentration from confocal microscopy?®

Polyamide Cell line 2 M

1 HeLa 0.5 (x0.1)
2 Hela 0.3 (20.1)
1 U251 1.6 (20.1)
2 U251 1.5 (£0.3)

? Calculated nuclear concentration values reported in pM; column headings
indicate dosage concentration.

The quantitative approach indicates that U251 cells are more per-
missive than Hela cells with respect to uptake of this type of
molecule.

Flow cytometry. The fluorescence of polyamide-containing cells
was compared to fluorescent beads in the flow cytometer, and
interpolation of the linear calibration curve produces the number
of fluorophores per cell (Fig. 4). Dividing this value by the volume
of the nucleus yields the calculated nuclear concentration. Based
on confocal microscopy images of HeLa and U251 cells, the cell nu-
cleus was modeled as a cylinder with radius 10 um and height
5 um to give a calculated nuclear volume of 1 x 10712 L. As above,
cells were incubated with polyamide for 12-14 h in a 5% CO, atmo-
sphere at 37 °C. After washing, fluorescence was measured by ana-
lyzing 10,000 cells in the flow cytometer. Under identical
instrument settings, SPHERO Rainbow Calibration Particles were
analyzed in the fluorescein filter set. The functionalized particles
contain eight different amounts of fluorophore per bead and are
designed to produce eight separate peaks. Due to the high fluores-
cence levels of the cells, only the five highest fluorophore peaks
were resolved within the fluorescence range and used for con-
structing the linear calibration curve. The fluorescence intensity
of each peak is correlated with a known amount of fluorophore
in solution, although the quantum yield of a fluorophore can
change upon binding.?® For analysis, 10,000 events were used in
flow cytometry experiments and calibrations.

For flow cytometry experiments, cells were dosed with three
different polyamide concentrations of 0.4, 2, and 10 pM. In Hela
cells, the calculated nuclear concentrations for compound 1 were
0.02, 0.09, and 0.20 uM (Table 2). While the concentration values
increase with dosage, each fivefold increase in dosage does not
produce a proportional increase in nuclear concentration, and this
plateau effect is more pronounced at higher dosage concentrations.
In addition, these values were lower than those observed in confo-
cal microscopy experiments. For the same dosage concentration of
2 uM, the calculated concentration from flow cytometry was
0.09 uM, which is fivefold lower than the interpolated concentra-
tion from confocal microscopy (0.5 uM). The results from experi-
ments with compound 2 in Hela cells are calculated nuclear
concentrations of 0.04, 0.14, and 0.35 pM, indicating that uptake
is polyamide core-dependent.

When U251 cells were treated with compound 1, the calculated
nuclear concentration values were 0.09, 0.34, and 0.84 puM. The rel-
atively high nuclear concentrations support the observation that
U251 cells are more permissive than Hela cells, as seen in the
above confocal microscopy experiments.

Comparison of methods. For each polyamide and cell line ex-
plored here, the confocal microscopy method produces a higher
calculated nuclear concentration value than the flow cytometry
method. For instance, at the 2 uM dosage level in Hela cells, the
polyamides exhibit 0.3-0.5 uM nuclear concentration by confocal
microscopy, as compared to 0.09-0.14 uM by flow cytometry.
However, both methods support the observation that U251 cells al-
low increased uptake of polyamide-fluorescein conjugates relative
to Hela cells. Overall, the calculations suggest that the concentra-
tion in the nucleus is much lower than that in the external med-
ium. This is the opposite of what one might expect upon seeing
brightly fluorescent cell nuclei with a dark background.

Both of the techniques explored here have strengths and limita-
tions. Confocal microscopy allows data analysis from direct images
of cell culture, requiring no further cell processing steps. This
method also uses the same compound for calibration and imaging,
as opposed to a generic fluorophore. On the other hand, flow
cytometry lends itself well to the quantitative nature of this study
and benefits from large sample sizes. However, the nuclear volume
is not known with certainty, and the flow cytometer measures the
fluorescence of the entire cell, not just the nucleus. Also, the cali-
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Figure 4. (A) Flow cytometry experiment with calibration particles. (B) Sample
calibration curve for flow cytometry. R-squared value is 0.9944. (C) Flow cytometry
experiments with HeLa cells incubated with 0 pM (top left), 0.4 uM (top right),
2 UM (bottom left), and 10 uM (bottom right) polyamide.

bration does not take into account the fluorescence enhancement
effect; therefore, the calculated nuclear concentration from flow
cytometry represents an upper bound for this value.

In this study, we elaborate methods for quantitating the con-
centration of polyamide-fluorescein conjugates in live cells, incor-
porating data gathered from confocal microscopy and flow
cytometry techniques. When cultured HeLa cells are treated with

Table 2

Calculated cellular concentration from flow cytometry®

Polyamide Cell line 0.4 uM 2 uM 10 uM

1 Hela 0.02 (+0.01) 0.09 (+0.03) 0.20 (+0.06)
2 Hela 0.04 (+0.02) 0.14 (+0.05) 0.35 (+0.08)
1 U251 0.09 (£0.04) 0.34 (+0.23) 0.84 (+0.41)
2 U251 0.04 (+0.02) 0.14 (+0.06) 0.34 (+0.17)

¢ Calculated cellular concentration values reported in pM; column headings
indicate dosage concentration.

2 UM polyamide, the calculated nuclear concentration is between
0.09 and 0.5 puM, suggesting that the intracellular concentration
is 4- to 25-fold lower than the external concentration. As observed
in previous studies, cellular uptake is cell line-dependent.>>6
Although qualitative images in HeLa and U251 cell lines both re-
ceive the same positive rating, it appears that the nuclear concen-
tration in U251 cells is actually several-fold higher than in HeLa
cells.

Experimental. Polyamides were synthesized with Boc-B-Ala-
PAM resin (Peptides International) according to published manual
solid-phase synthesis protocols.?’” The protected "™°HNy_turn
amine was deprotected with 20% piperidine in DMF and reprotect-
ed as the Boc derivative with a solution of Boc,0 (Fluka) and DIEA
in DMF. The Boc-protected resin was cleaved with 1 mL of 1,3-
diaminopropane at 37 °C with agitation for 16 h. Products were
purified by preparatory reverse-phase HPLC on a Beckman Gold
system using either a Waters Delta-Pak 25 x 100 mm, 15 um
300A C;5 PrepPak Cartridge reverse-phase column or a Varian
Dynamax 21.4 x 250 mm Microsorb 8 pm 300 A Cg reverse-phase
column in 0.1% (w/v) TFA with acetonitrile as the eluent. The
appropriate fractions were lyophilized after characterization by
analytical HPLC, UV-visible spectroscopy, and MALDI-TOF or ESI
mass spectrometry. Conjugates were formed by reacting fluores-
cein-5-isothiocyanate (FITC, Invitrogen) with the polyamide in a
solution of DIEA (20 equiv) and DMF for 1 h at room temperature.
Conjugates were deprotected with neat TFA (Halocarbon) and tri-
ethylsilane for 30 min at room temperature before purification
by preparatory reverse-phase HPLC. Lyophilization of the appropri-
ate fractions yielded the polyamide conjugates 1 and 2, which were
characterized as described above. Extinction coefficients were cal-
culated according to standard protocols.?® Chemicals not otherwise
specified were obtained from Aldrich.

CtPyPyIm-(R)H2Nvy-PyImPyPy-B-C5-FITC (1). UV-visible (H,O)
/max 310, 444 nm; ESI-MS m/z 1633.6 (C;6H74CIN,,045S, calculated
[M—H]~ 1633.48).

ImImPyPy-(R)H2Ny-ImPyPyPy-B-Cs-FITC (2). UV-visible (H,0)
Jmax 312, 444 nm; ESI-MS m/z 1597.5 (C76H77N»4015S™ calculated
[M—H]~ 1597.57).

For steady-state fluorimetry experiments, titration samples
were prepared with sonicated calf thymus DNA (GE Healthcare)
as serial dilutions with supplemented medium. Addition of 3 pL
of the 100 uM polyamide solution to each dilution yielded a final
polyamide concentration of 2 uM. Fluorescence spectra were mea-
sured with a Jobin Yvon/SPEX Fluorolog spectrofluorimeter (Model
FL3-11) equipped with a Hamamatsu R928 PMT. Samples were ex-
cited at 490 nm using 2 nm emission and excitation slits. Fluores-
cence was measured from 500 to 650 nm at room temperature.

For cell culture experiments, human cancer cell lines HeLa and
U251 were cultured in a 5% CO, atmosphere at 37 °C in supple-
mented DMEM (HeLa, GIBCO) or RPMI medium 1640 (U251, GIB-
C0)>% All media were supplemented with 10% fetal bovine
serum (HeLa, Omega Scientific) or 5% fetal bovine serum (U251,
Omega Scientific) and 1% penicillin/streptomycin solution (Media-
tech). Hela cells were purchased from ATCC. U251 cells were re-
ceived as a gift from Dr. Giovanni Melillo of the National Cancer
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Institute.?® Quantitative RT-PCR experiments were performed
using HeLa cells according to published protocols.®®

For confocal microscopy experiments, cell lines were trypsini-
zed (Mediatech) for 5 min at 37 °C, centrifuged for 10 min at 4 °C
at 100g, and resuspended in fresh medium to a concentration of
1.33 x 10° cells/ymL.>® Incubations were performed by adding
150 puL of cells into culture dishes equipped with glass bottoms
for direct imaging (MatTek). Cells were grown in the glass-bottom
dishes for 24 h. The medium was then removed and replaced with
147 pL of fresh medium, followed by addition of 3 pL of the
100 uM polyamide solution for a final polyamide concentration
of 2 uM. Cells were incubated in a 5% CO, atmosphere at 37 °C
for 12-14 h. Imaging was performed with a 40x oil-immersion
objective lens on a Zeiss LSM 5 Pascal inverted laser scanning
microscope. Polyamide-fluorescein conjugate fluorescence and
visible-light images were obtained using standard filter sets for
fluorescein.>® 12-Bit images were analyzed using Zeiss LSM and
Image] software. Calibration standards were prepared from the
100 uM polyamide solution as serial dilutions with fresh medium
and were directly imaged in glass-bottom dishes in a volume of
150 pL. Sonicated calf thymus DNA solution (GE Healthcare) was
added to appropriate calibration standards for a final DNA concen-
tration of 500 uM bp.

For flow cytometry experiments, cell lines were trypsinized
(Mediatech) for 5 min at 37 °C, centrifuged for 10 min at 4 °C at
100g, and resuspended in fresh medium to a concentration of
1.33 x 10> cells/mL. Incubations were performed by adding 3 mL
of cells into 6-well culture plates (BD Falcon). Cells were grown
in the culture plates for 24 h. The medium was then removed
and replaced with fresh medium, followed by addition of the
appropriate volume of the 100 pM polyamide solution for a final
polyamide concentration of 0, 0.4, 2, or 10 uM in a final volume
of 3 mL. Cells were incubated in a 5% CO, atmosphere at 37 °C
for 12-14 h. Following incubation, cells were trypsinized for
5 min at 37 °C, centrifuged for 10 min at 4 °C at 100g, and resus-
pended in HBSS solution (no Mg?*, no Ca®', no phenol red,
2.5 mg/mL BSA fraction V, 10 mM Hepes, pH 7.0-7.2) (Sigma). Cell
viability was checked with trypan blue stain, and >95% appeared to
be viable. Cells were centrifuged again for 10 min at 4 °C at 100g
and resuspended in the above HBSS solution to a concentration
of 5 x 10° cells/mL. The cell suspension was pipetted through a cell
strainer (BD Falcon) into a 5-mL polystyrene round-bottomed tube
(BD Falcon). Samples were analyzed using a BD FACSCalibur Sys-
tem flow cytometer. SPHERO Rainbow Calibration Particles (Sphe-
rotech) were used as calibration standards.
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Protein tyrosine phosphatases (PTPs) are cysteine-dependent
enzymes that catalyze the hydrolytic removal of phosphate groups
from tyrosine residues in proteins (Scheme 1).!~3 Thus, PTPs, in
concert with protein tyrosine kinases, play a central role in cell sig-
naling by regulating the phosphorylation status and, in turn, the
functional properties of target proteins in various signal transduc-
tion pathways.*>

The cellular activity of some PTPs is regulated by hydrogen per-
oxide (H,0,) that is produced as a second messenger in response to
extracellular stimuli such as insulin, epidermal growth factor, and
platelet-derived growth factor.6~° H,0, inactivates PTPs via oxida-
tion of the active site cysteine thiol residue to a sulfenic acid.®1° In
some cases, the cysteine sulfenic acid undergoes subsequent con-
version to an active site sulfenyl amide linkage!!"'® or disul-
fide."*'> This type of oxidative inactivation of PTPs is slowly
reversed upon reaction of the inactivated enzyme with biological
thiols (Scheme 1).10-15

Given the biological importance of PTPs, it may be useful to
identify organic reagents that regulate PTP activity through redox
mechanisms.'®-2° With this in mind, we examined the ability of
several organic hydroperoxides (1-4) to effect thiol-reversible, oxi-
dative inactivation of the archetypal member of the PTP family,
PTP1B.2" We find that peracetic acid (1) is a potent, time-depen-
dent inactivator of the catalytic subunit of PTP1B (aa 1-322)
(Fig. 1A). The observation of time-dependent inactivation is consis-
tent with a process involving covalent modification of the en-
zyme.?2 A good linear fit is obtained in a plot of the apparent

* Corresponding author. Tel.: +1 573 882 6763; fax: +1 573 882 2754.
E-mail address: gatesk@missouri.edu (K.S. Gates).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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rates of inactivation versus concentration, indicating that the inac-
tivation reaction is a second-order process (Fig. 1B). The slope of
the line reveals a rate constant of 2.1 +0.2 x 10 M~!s~! for the
reaction of 1 with PTP1B. For comparison, hydrogen peroxide inac-
tivates PTP1B with a rate constant of 10 M~ s~1.1°

The inactivation of PTP1B (250 nM) by 1 (1 uM, 3 min) is not re-
versed upon removal of excess inactivator by gel filtration of the
enzyme through G25 Sephadex. The inactivation process is signif-
icantly slowed in the presence of phosphate ion, which is an active
site-directed inhibitor of the enzyme (K;=17 mM). Specifically,
treatment of the enzyme with 1 (15 pM) for 15 s inactivates 88%
of the enzyme under standard conditions, while in the presence
of phosphate ion (50 mM) only 49% inactivation is observed. To-
gether, the results suggest that 1 inactivates PTP1B via covalent
modification of the active site.

Inactivation of PTP1B by 1 can be reversed by treatment of the
enzyme with thiols (Fig. 2). Specifically, inactivation of PTP1B
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Figure 1. Rate of inactivation of PTP1B by compound 1. (A) Progress curves for the inactivation of PTP1B by 1. PTP1B was isolated as described previously'®2° and thiol-free
samples of the enzyme were prepared by gel filtration of the protein through G25 Sephadex immediately prior to use according to reported procedures.!®2° Thiol-free PTP1B
(25 nM final) was added to a solution of 1 (250 nM-2 puM) in 3,3-dimethyl glutarate buffer (50 mM, pH 7.0) containing the substrate p-nitrophenyl phosphate (p-NPP, 20 mM)
at 23 °C. The apparent rate constant (kobs) for each concentration was calculated by the method of Voet and co-workers.?? (B) Determination of the second-order rate constant
for the inactivation of PTP1B by 1. The apparent (pseudo-first-order) rate constants for inactivation of PTP1B by 1 were plotted versus concentration and the second-order rate
constant for inactivation of PTP1B by 1 was extracted from the slope. Inactivator concentrations >10-times the enzyme concentration were used in the plot. The concentration

of 1 (and other peroxides) in stock solutions was determined by titration.2*

(750 nM) with low concentrations of 1 (800 nM, 10 min, 23 °C), fol-
lowed by treatment of the inactive enzyme with dithiothreitol
(DTT, 100 mM final concentration), led to substantial return of
enzymatic activity (73% of initial activity). (When enzyme is not
treated by 1, essentially all activity is retained under these condi-
tions). This suggests that reaction of PTP1B with 1 predominantly
converted the active site cysteine residue to the sulfenic acid oxi-
dation state. In contrast, following treatment of the enzyme with
higher concentrations of 1 (5 uM, 10 min, 23 °C), only 10% of the
original activity returned upon treatment with DTT. Under these
conditions, the active site cysteine presumably underwent signifi-
cant amounts of ‘over-oxidation’ to the sulfinic (RSO,H) or sulfonic
acid (RSO3H) oxidation states that are not readily reduced to active
enzyme by DTT. It is known that cysteine residues in redox
regulated enzymes can be irreversibly ‘over-oxidized’ to sulfinic
and sulfonic acids by hydrogen peroxide under some
conditions.!21425

Two possible mechanisms can be considered for the inactiva-
tion of PTP1B by 1. Direct reaction of the active site cysteine resi-
due with 1 would yield the inactive, sulfenic acid form of the
enzyme (Scheme 2A).2%72% Alternatively, a metal-mediated Fen-
ton-type reaction®® could generate diffusible oxygen radicals that
might oxidize the active site cysteine residue.*® Two lines of exper-
imentation argue against a Fenton-type process in the inactivation
of PTP1B by 1. First, we find that addition of the classical oxygen
radical scavenging agent mannitol®® has little effect on the inacti-
vation of PTP1B by 1. Second, addition of FeSO, (5 uM) inhibits,
rather than facilitates, the inactivation process, presumably due
to the fact that Fe(Il) mediates destruction of the peracid.?® With
the Fenton-type mechanism excluded, it is reasonable to sus-
pect?5~28 that the inactivation of PTP1B by 1 proceeds via the
mechanism shown in Scheme 2A.

We find that aromatic peracids 2 and 3 inactivate PTP1B even
more effectively than 1 (Fig. 3). For example, 2 and 3, at 150 nM
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Figure 2. Inactivation of PTP1B by 1 can be reversed by addition of dithiothreitol
(DTT). Thiol-free PTP1B (25 nM) was added to a solution of 1 (1 uM) in 3,3-dimethyl
glutarate buffer (50 mM, pH 7.0) containing the substrate p-nitrophenyl phosphate
(p-NPP, 20 mM) at 23 °C. When inactivation of the enzyme was nearly complete
(3005), a concentrated stock solution of DTT in water was added to give a final
concentration of 20 mM. The experiment was conducted in a quartz cuvette and
enzyme activity was measured by monitoring the enzyme-catalyzed release of p-
nitrophenolate ion from the substrate p-NPP at 410 nm.

7N
A %sf + HOIS)R — %S—OH + OR

B HO-OR + Fe(ll) —» HO~ + :OR + Fe(lll)

Scheme 2. Potential mechanisms for PTP inactivation by hydroperoxides.

concentrations, completely inactivate the enzyme within seconds.
In contrast, when the enzyme is treated with the same concentra-
tion of 1, a significant amount of enzyme activity remains at 1 min
(Fig. 3). For another point of comparison, 150 nM H,0, has no mea-
surable effect on enzyme activity under these conditions. Indeed
concentrations of H,O, approaching 100 uM are required to yield
inactivation rates comparable to 150 nM 1 (Fig. 3). Finally, it is
noteworthy that 1-3 can inactivate the enzyme in the presence
of the biological thiol, glutathione.' For example, treatment of
PTP1B with 1 (5 uM, 155s) causes a 29% loss of enzyme activity
even in the presence of 1 mM glutathione.

In addition, we examined the ability of 2-hydro-
peroxytetrahydrofuran (4) to inactivate PTP1B. This reagent was
synthesized by the method of Gold and co-workers.>?> We find that

control
/" (no inactivator)
06 -
~ H,0, (150 nM)
05
H50, (50 uM)

041 1 (150 nM)

0.3 4
As10

0.2 4

0.1 4 2 (150 nM)
3 (150 nM)

SN

0 50 100 150 200 250
Time (s)

Figure 3. Comparison of the inactivation of PTP1B by compounds 1, 2, 3, and
hydrogen peroxide. Thiol-free PTP1B (25 nM) was added to a cuvette containing
3,3-dimethyl glutarate buffer (50 mM, pH 7.0), p-NPP (10 mM), and the hydroper-
oxide of interest (1, 2, 3, or H,0,) at 24 °C. Enzyme inactivation progress curves
showing the amount of PTP1B activity remaining as a function of time were
obtained by monitoring the enzyme-catalyzed release of p-nitrophenolate ion from
the substrate p-NPP at 410 nm. Note: curves for control ‘no inactivator’ and 150 nM
H,0, are overlapping.

4 inactivates PTP1B with a rate constant of 20.3 + 0.8 M~ s~ 1. This
is comparable to the literature rate of 10 M~!s~! reported for
hydrogen peroxide.'® Analogous to the inactivation of PTP1B by 1
and hydrogen peroxide, inactivation by 4 (50 uM, 10 min) is re-
versed upon reaction of the enzyme with DTT (54% return of activ-
ity, following treatment with 100 mM DTT for 1 h).

In summary, we find that peracetic acid (1) is a potent oxidative
inactivator of PTP1B. At low concentrations of 1 (<1 uM), enzyme
activity was readily recovered by treatment of the inactivated en-
zyme with thiol. Overall, the results suggest that 1 inactivates the
enzyme via oxidation of the active site cysteine thiol residue to the
sulfenic acid oxidation state. Peracetic acid (1) is approximately
2000 times more potent than hydrogen peroxide, a known endog-
enous regulator of cellular PTP activity. The superior activity of 1 is
likely due to the intrinsically higher reactivity of peracids com-
pared to hydrogen peroxide.?® Similarly, the superior inactivating
power of 2 and 3 compared to 1 likely reflects their higher intrinsic
reactivity as oxidants.>? In short, the trends reported here provide
the useful predictive observation that the PTP-inactivating power
of sterically unhindered organic peroxides will track closely with
the leaving group ability of the substituent RO~ that is displaced
by thiol attack on the peroxide (Scheme 2A). In addition, inactiva-
tion by peracids such as 2 and 3 may be fast because the aromatic
rings in these compounds bind noncovalently to PTP1B prior to the
inactivation reaction via interactions with phosphotyrosine-bind-
ing residues such as Tyr46 and Phe182.

Tanner and Denu previously reported that tert-butyl hydroper-
oxide (5) and cumene hydroperoxide (6) do not inactivate PTPs.'°
As part of this work, we confirmed their findings (data not shown).
These hydroperoxides react with small-molecule thiols at rates
comparable to hydrogen peroxide3*; therefore, it seems likely that
their failure to inactivate PTPs stems, not from an inherent lack of
reactivity, but from the fact that the substituents on these tertiary
hydroperoxides form an ‘umbrella’ of steric bulk that prevents the
peroxyl residue from penetrating the deep active site cavity of
PTP1B to reach the catalytic cysteine residue. Indeed, as part of this
study, we showed that the less hindered hydroperoxide 4 inacti-
vates PTP1B with potency comparable to hydrogen peroxide. Evi-
dently, the planar peracids 1-3 clearly are not sterically
precluded from entering the enzyme’s active site.

Our observation that organic peroxides have the ability to cause
thiol-reversible, oxidative inactivation of PTPs has some significant
implications. Inactivation of PTPs could contribute to the biological
activity of some hydroperoxide-containing natural products.® Fur-
thermore, a variety of organic hydroperoxides including lipid and
amino acid hydroperoxides are generated in cells.?®37 Indeed,
while our work was in progress, Davies and co-workers reported
the inactivation of PTP1B by amino acid hydroperoxides whose
chemical structures, as yet, remain undefined.>® Our work provides
quantitative measurement of the PTP-inactivating power of several
structurally well-defined organic hydroperoxides. In addition, it is
interesting to note that 1 and other peracids are produced by a
number of bacterial and eukaryotic enzymes.?**® This offers the
possibility that peracids could be involved in the physiological or
pathophysiological regulation of PTPs and other cysteine-depen-
dent enzymes. Overall, our work provides new evidence that
endogenous and exogenous organic hydroperoxides have the po-
tential to regulate or dysregulate cellular signaling pathways. Con-
tinued investigation of PTP inactivation by this class of molecules is
warranted.
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The importance of cysteine proteases in parasites, compounded with the lack of redundancy compared to
their mammalian hosts makes proteases attractive targets for the development of new therapeutic
agents. The binding mode of K11002 to cruzain, the major cysteine protease of Trypanosoma cruzi was
used in the design of conformationally constrained inhibitors. Vinyl sulfone-containing macrocycles were
synthesized via olefin ring-closing metathesis and evaluated against cruzain and the closely related cys-
teine protease, rhodesain.

© 2008 Elsevier Ltd. All rights reserved.

Trypanosomes are parasitic protozoa responsible for several ne-
glected diseases of global health importance including Chagas’ dis-
ease and sleeping sickness. Chagas’ disease, or American
trypanosomiasis, is a chronic infection caused by the parasite, Try-
panosoma cruzi, and is the leading cause of heart failure in many
Latin American countries." T. cruzi is transmitted to humans
through the bite of the triatomine bug or by transfusion of infected
blood. The overall prevalence of human infection is estimated at
16-18 million cases with 13,000 deaths reported each year.? Try-
panosoma brucei gambiense and Trypanosoma brucei rhodesiense
are the pathogenic agents of human African trypanosomiasis, or
sleeping sickness. These parasites live extracellularly in blood
and tissue fluids of the mammalian host and are transmitted by
the bite of tsetse flies. The disease is endemic in certain regions
of sub-Saharan Africa, covering about 50 million people in 36 coun-
tries. It is estimated that 50,000 to 70,000 people are currently in-
fected; if left untreated, the disease in humans is fatal.®

Current drug therapy for trypanosomal diseases is not always
effective and is often hampered by severe side effects.® Thus, the
identification of novel targets for trypanocidal agents is needed.
One such target is the major cysteine protease of the parasitic
organisms, which includes cruzain® in T. cruzi and rhodesain® in
T. brucei rhodesiense. Both enzymes are clan CA proteases, share
70% similarity in primary structure, and are involved in critical
roles in parasite survival, such as replication, penetration into host
cells, nutrition at the expense of the host, and immunoevasion.”
Selective inhibitors of cruzain have been demonstrated to cure T.
cruzi infection both in cell culture screens and in mouse models

* Corresponding author. Tel.: +1 561 799 8880.
E-mail address: roush@scripps.edu (W.R. Roush).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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of Chagas’ disease.® In a recent report, a cruzain inhibitor was also
found to be effective in treating Chagas’ disease in beagle dogs.’

A large number of cysteine protease inhibitors have been re-
ported to date, several classes of which are potent, irreversible
inhibitors.'®!! Based on the pioneering studies by Hanzlik and
Liu'2 and Palmer et al.,!*> our group has developed peptidyl vinyl
sulfone inhibitors of parasitic cysteine proteases.!*!> The vinyl
sulfones serve as Michael acceptors for the nucleophilic active site
cysteine, and the peptidic backbone contains several hydrogen
bond acceptors that interact with complementary residues in the
active site. Several cruzain-inhibitor complexes have been solved
by X-ray crystallography, which displayed the active site Cys25
of cruzain covalently bound to the vinyl sulfone unit of the
inhibitor.'®

With the aim to improve upon the lead compounds from previ-
ous studies and to develop an inhibitor with a broad spectrum of
activity against a variety of parasitic hosts, we were interested in
the design of conformationally constrained vinyl sulfones. Limiting
conformational flexibility of the inhibitor or ligand is a well-estab-
lished strategy to improve binding energies by decreasing the
entropic barrier to binding of a particular conformation. Hence,
in principle, by tethering distal segments of the inhibitors to form
arigid structure with a conformation favorable to binding, selectiv-
ity and/or potency of the inhibitor can be improved. This approach
has been implemented in the design of various biologically active
molecules such as aspartyl protease inhibitors,'” and Grb2 SH2 do-
main-binding ligands.'®

The crystal structures of cruzain with bound vinyl sulfonyl
inhibitors are instrumental in elucidating the key factors that con-
tribute to inhibitor binding. Examination of the crystal structures
of cruzain with vinyl sulfones such as K11002 (1) reveal several
highly conserved binding interactions.'® These include hydrogen
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bonding between the side chains of GIn19, His159, and Trp177
with the sulfonyl oxygen atoms, a hydrogen bond between the P
nitrogen with the Asp158 peptide carbonyl, a hydrogen bond be-
tween the P, carbonyl and the Gly66 amide, and a hydrogen bond
between the P, amide nitrogen with the Gly66 carbonyl (Fig. 1b).16
The S, pocket is the primary recognition element for cruzain and
all other enzymes in the papain class. The Phe side chain of
K11002 and other similar inhibitors is deeply buried in the well-
defined S; pocket. However, the S}, S;, and S; pockets are very shal-
low and poorly defined, therefore the P}, P;, and P; groups are
highly solvent exposed. In addition, the urea carbonyl does not par-
ticipate in any interactions with the enzyme and thus was assumed
to be non-essential to inhibitor binding.

In designing a conformationally rigid inhibitor scaffold, we
aimed to preserve the geometry of the peptide backbone and all
of the critical hydrogen bonding interactions identified in Figure
1b. Since the P, side chain and the urea carbonyl are not involved
in specific binding interactions to the enzyme, they were selected
as the sites to form a conformationally restricted linkage. The dis-
tance between the urea carbonyl carbon and the y-carbon of hom-
oPhe in 1 when bound to cruzain is 4.51 A, therefore we reasoned
that a 10- or 11-membered macrocycle would provide the optimal
ring size to preserve the bioactive peptide backbone conformation.
In addition, introduction of a linking unit between these two units
was expected not to interfere with enzyme binding, since the P,
homoPhe residue is highly solvent exposed in the available crystal
structures.!® We anticipated that 2 would not be chemically stable,
due to the acid labile aminal moiety. This was addressed by replac-
ing the aminal unit with an o-amino amide as shown in 3. Finally,
we also elected to use leucine as the P, residue as shown in4 and 5
to facilitate the extension of this strategy to the synthesis of inhib-
itors that might be effective against other parasitic CA proteases
that are much more specific at P, than cruzain. We herein report

a
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O“s”o N 4 Jok
P J/ﬁ\f(\ﬁ N
0 L 0
Ph
K11002 (1)
Shallow in )
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) in S, pocket
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Figure 1. (a) K11002 and its 3D structure when bound to cruzain; (b) design
rationale for conformationally constrained inhibitors 4 and 5.
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Figure 2. Disconnective analysis of inhibitors 4 and 5.

the synthesis of two members of this class of compounds (4 and
5) and their inhibitory potency against cruzain and rhodesain.

As illustrated in Figure 2, we sought to assemble inhibitors 4
and 5 from scaffold 6, which could be accessible from diene 7 via
ring closing olefin metathesis. Diene 7, in turn, could be prepared
from either allylglycine or homoallylglycine which serves as the
‘Py’ fragment (8 or 9), leucine methyl ester (10), and o-hydroxyes-
ter 11.

The synthesis of the ‘P;’ fragments of 8 and 9 is illustrated in
Scheme 1. Weinreb amide 13 was prepared by functionalization
of allylglycine (12) as described by Borzilleri et al.!® Deprotection
of the Boc group afforded amine 8 as a TFA salt. The synthesis of
the Weinreb amide of homoallylglycine (9) began with asymmetric
alkylation of pseudoephedrine glycinamide (14)*° with 4-bromo-
1-butene (15) to provide 16. Removal of the chiral auxiliary fol-
lowed by Boc protection of the amine and coupling of the resulting
acid with N,0-dimethylhydroxylamine?! gave Weinreb amide 18.
Finally, deprotection of the Boc group provided homoallylglycine 9.

Allylboration of t-butyl glyoxylate 19?2 with (S,5)-20%> gave
a-hydroxyester 11 with 74% ee?* (Scheme 2). This material was
carried onto the next two steps without further enantiomeric
enrichment. The alcohol was converted to the corresponding tri-
flate and this was used to alkylate leucine methyl ester (10) which
provided 21 as a ca. 5:1 diastereomeric mixture which was sepa-
rated by silica column chromatography. Amine 21 was protected

% 0 o TFA
HO NH, @ _ MeO. N NHBoc _ b MeO\N NH;*
|
I\I/Ie Me
I | |
12 13 8

Me O c Me O d
Ph NH, ——— > Ph NH, ———
\:/LN)J\/ 2 /\/\Br \I)\N 2
OH Me 15 OH Me

A
14 16

(o} ] O
NHBoc MeO. NHBoc MeO. NH,
HO N L
Me Me
N X N
17 18 9

Scheme 1. Reagents and conditions: (a) (i) Boc,0, NaHCOs, H,0, THF, 0-23 °C, 12 h;
(ii) CH3(CH30)NHHCI, HOBT, NMM, EDC, CH,Cl,, 0-23 °C, 12 h, 84% (two steps); (b)
TFA, CH,Cly, quant.; (c) LDA, LiCl, THF, 0 °C, 29 h, 62% (de > 20:1); (d) (i) NaOH, H,0,
reflux, 3 h; (ii) Boc,O, NaOH, H,0, dioxane, 0-23 °C, 16 h, 82% (two steps); (e)
CH5(CH30)NHHCI, HOBT, NMM, EDC, CHCl3, 0-23 °C, 14 h, 88%; (f) TFA, CH,Cl,, 0-
23°C, 1 h, quant.
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Scheme 2. Reagents and conditions: (a) 16, toluene, 4 A mol. sieves, —78 °C, 3 h, 70% (74% ee); (b) (i) Tf,0, pyridine, CH,Cl,, 0-23 °C, 30 min; (ii) 10, proton sponge, CHCls,
—78 to 23 °C, 18 h, 70% (two steps); (c) CbzCl, n-BuLi, Et,0, —78 to 23 °C, 72 h, 55%; (d) (i) NaOH, THF, MeOH, 0 °C; (ii) 8 or 9, EDC, HOBT, NMM, CHCl,, 0-23 °C, 14 h (two
steps), 23 (77%), 24 (68%); (e) 25, 1,2-dichloroethane, 95 °C, 1 h; (f) H,, 10% Pd/C, EtOAc, EtOH, 36 h, 26 (65% from 23), 27 (67% from 24); (g) (i) TFA, CH,Cl,, 6 h; (ii)
benzylamine, EDC, HOBT, NMM, CH,Cl,, 0-23 °C, 14 h (two steps), 28 (89%), 29 (73%); (h) (i) LiAlH4, THF, —10 °C 30 min; (ii) 30, NaH, THF, 0-23 °C; 4-8 h (two steps), 4 (58%),

5 (51%).

with a Cbz group using n-butyllithium as the base, since attempted
ring-closing metathesis of the amine corresponding to 24 was
unsuccessful presumably due to catalyst poisoning.?> The require-
ment for a strong base in this step is most likely due to the poor
accessibility of the highly hindered amine proton. Selective hydro-
lysis of the methyl ester in compound 22, followed by coupling
with Weinreb amide 8 or 9 gave dienes 23 and 24, respectively,
which set the stage for macrocyclization via ring-closing olefin
metathesis.?® Macrocycle formation was achieved by treatment
of either 23 or 24 with 20 mol % of second generation Grubbs’ cat-
alyst 2527 in 1,2-dichloroethane (0.8 mM substrate concentra-
tion).2® Use of other solvents and higher reaction concentration
led to substantial amounts of oligomers. The resulting alkene unit
and Cbz group were removed by hydrogenation to yield 26 and 27.
Cleavage of the t-butyl ester by treatment with TFA, followed by
coupling of the resulting carboxylic acid with benzyl amine gave
28 and 29. Finally, the vinyl sulfone group was introduced by
reduction of the Weinreb amide to the corresponding aldehyde,
followed by Horner-Wadsworth-Emmons olefination with phos-
phonate 30.2° This yielded the targeted macrocyclic cysteine prote-
ase inhibitors 4 and 5 in 51% and 58% yield, respectively.

The activities of vinyl sulfones 4 and 5 as cysteine protease
inhibitors were tested against cruzain and rhodesain. Recombi-
nantly expressed cruzain or rhodesain was incubated with the
inhibitor in sequential dilution followed by addition of Z-Phe-
Arg-AMC as a fluorescent substrate. The increase in fluorescence
produced by cleavage of the substrate allows determination of pro-
tease inhibition. ICsq values were determined in the liner portion of
a plot of inhibition versus log of inhibitor concentration.

The results are summarized in Table 1. For comparison,
K11777% was also assayed under similar conditions. The conform-
ationally constrained compounds were substantially less active as
inhibitors of cruzain and rhodesain compared to the acyclic vinyl
sulfone. Owing to the very weak inhibitor potency, full kinetic
analyses of these two inhibitors were not determined. Of the two
macrocyclic inhibitors, 5 was more effective, which suggests that

Table 1
Inhibition of cruzain and rhodesain by vinyl sulfone derivatives

Ph

0, /0 H -/ J?\
Ph,S = N \n/\N N/\
H
0 (_NMe
Ph
K11777
Compounds ICs0 (UM)
Rhodesain Cruzain

4 10 >10
5 6 2
K11777 0.1 0.004

the 11-membered macrocycle may have more flexibility to adopt
a geometry that is more favorable for binding than the 10-mem-
bered ring scaffold of 4. Our current hypothesis is that P3 unit in
4 and 5 is suboptimal compared to the P; units in K11002 and
other dipeptidyl vinylsulfonyl inhibitors.!® It is possible that the
free amine in 4 or 5, which will be protonated under conditions
of the enzyme assay, may negatively impact the binding of these
inhibitors to the enzyme targets. It is also possible that the urea
units of acyclic cysteine protease inhibitors (cf. K11002) are much
more important to inhibitor binding than initially assumed. Stud-
ies addressing these issues via the synthesis and evaluation of a
second-generation series of conformationally constrained vinyl-
sulfonyl cysteine protease inhibitors will be reported in due course.
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A derivative of rhodamine 110 has been designed and assessed as a probe for cytochrome P450 activity.
This probe is the first to utilize a ‘trimethyl lock’ that is triggered by cleavage of an ether bond. In vitro,
fluorescence was manifested by the CYP1A1 isozyme with ke,/Ky = 8.8 x 10> M~! s7! and Ky, = 0.09 uM.
In cellulo, the probe revealed the induction of cytochrome P450 activity by the carcinogen 2,3,7,8-tetra-
chlorodibenzo-p-dioxin, and its repression by the chemoprotectant resveratrol.
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The cytochrome P450 (P450) family of enzymes is responsible
for the oxidative metabolism of a wide variety of compounds,
including chemotherapeutic agents and environmental toxins.!
The catalytic activity of P450 enzymes controls the rate of xeno-
biotic metabolism, and can produce undesirable byproducts.
Originally, this activity had been assessed by using HPLC or
other methods to separate and quantify metabolites. In the
1970s, 7-ethoxycoumarin and 7-ethoxyresorufin were introduced
as the first fluorogenic substrates for assays of P450 activity.*
Although these and other fluorogenic substrates have been used
to assay P450 activity in vitro and enable assays in cellulo,>®
they suffer from background fluorescence.” For example,
alkoxycoumarins exhibit moderate fluorescence and are used fre-
quently as fluorophores in peptidase substrates based on Foérster
resonance energy transfer (FRET).2 In addition, both 7-ethoxyres-
orufin and resorufin fluoresce brightly.® This problem arises be-
cause O-alkylation of the hydroxyl group of fluorophores such
as coumarin and resorufin does little to deter the oxygen elec-
trons from participating in the resonance that gives rise to
fluorescence.

* Corresponding author. Address: Department of Biochemistry, University of
Wisconsin—Madison, 433 Babcock Drive, Madison, WI 53706-1544, USA. Tel.: +1
608 262 8588; fax: +1 608 262 3453.

E-mail address: rtraines@wisc.edu (R.T. Raines).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.06.015

Here, we report on a superior small-molecule probe for assess-
ing P450 activity. Our probe employs the trimethyl lock."!" The
trimethyl lock is an o-hydroxycinnamic acid derivative in which
severe crowding of three methyl groups induces rapid lactoniza-
tion to form a hydrocoumarin.!? In this strategy, the phenolic oxy-
gen of the o-hydroxycinnamic acid is modified to create a
functional group that is a substrate for a designated enzyme, and
the carboxyl group is condensed with the amino group of a dye.
Unmasking of the phenolic oxygen leads to rapid lactonization
with concomitant release of the dye. An important attribute of this
strategy is that the fluorescence/absorbance of the dye is masked
completely by amidic resonance and the resulting lactonization
within the rhodamine moiety.>°

The human genome contains 27 genes encoding P450 iso-
zymes, along with many pseudogenes.!® Of these isozymes, cyto-
chrome P450 1A1 (CYP1A1) is known to be especially important
in the metabolism of xenobiotics.!* Unlike most P450 isoforms,
which are found primarily in the liver, CYP1A1 is present mainly
in the lungs, where it plays an important role in the metabolic
activation of chemical carcinogens.!!®> The lung is a primary site
of exposure for inhaled toxins along with carcinogens that can
ultimately yield lung carcinomas.!® CYP1A1 is strongly induced
by cigarette smoking.'> Many compounds, including some found
in cigarette smoke, are not hazardous until metabolized by
CYP1A1.'%'7 Accordingly, CYP1A1 levels could be correlated with
human disease.
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We suspected that the trimethyl lock could provide the basis for
a useful probe for CYP1A1 activity. As a dye, we chose a morpho-
lino—urea derivative of rhodamine 110 (Rhy;) that is bright
(e x @=238 x 10* M~! cm™") but has no measurable fluorescence
after N-acylation.!® We installed an ethyl group on the phenolic
oxygen of the trimethyl lock because ethyl ethers are especially
effective substrates for CYP1A1.!> The synthetic route to fluoro-
genic probe 1 is shown in Figure 1. Briefly, known intermediate
28 was alkylated with diethyl sulfate to give ethyl ether 3. Re-
moval of the silyl group followed by Jones oxidation afforded car-
boxylic acid 5. Condensation with urea-rhodamine 6 gave
fluorogenic probe 1 in 5% overall yield.

Fluorogenic probe 1 was first assayed as a substrate for human
CYP1A1 in vitro. Fluorogenesis was rapid, with key/Ky=
8.8 x 103M~'s7! and Ky =0.09 uM (Fig. 2A). These values are
comparable to the highest values obtained with other fluorogenic
substrates.!”? These data are the first to demonstrate that the
trimethyl lock can be activated by the cleavage of an ether bond.

Next, fluorogenic probe 1 was assayed as a substrate for CYP1A1
in live human cells. These experiments employed human lung

Et,SO,
OH NaH o
Et,0 ~
—
OTBS 57% OR
2 ACOH. 98Y% 3: R=TBS
CORL 992y 4:R=H
(o) Jones
H Q acetonel34%
o~

J

fluorescent

Figure 1. Scheme for the synthesis and use of fluorogenic probe 1.

adenocarcinoma cell line A549, which is especially well suited
for studying the expression of the pulmonary CYP system.!®19 A
low but observable level of CYP1A1 was apparent after a 1-h incu-
bation with fluorogenic probe 1 (Fig. 2B).
OH
g

HO
IO Y
Cl (e} Cl OH
TCDD resveratrol

Then, fluorogenic probe 1 was evaluated as a means to detect an
increase in CYP1A1 levels. To do so, A549 cells were incubated with
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; 10 nM), which is the
notorious contaminant in the herbicide Agent Orange and the most
potent known inducer of CYP1A1.2° The effect of TCDD on fluoro-
genesis within A549 cells was dramatic (Fig. 2C).

Finally, fluorogenic probe 1 was used to reveal a more com-
plex modulation of P450 activity. Levels of P450 are highly var-
iable in individuals, and there are many known P450
polymorphisms.?! Inhibitors of P450 activity have potential as
chemotherapeutic agents.?> For example, resveratrol (3,5,4'-tri-
hydroxystilbene), which is a natural phytoalexin present in
grapes and other foods, has been proposed to have a chemopro-
tective effect against lung cancer by virtue of its ability to de-
crease CYP1A1 activity.?> To test this hypothesis with
fluorogenic probe 1, live A549 cells were treated with both TCDD
and resveratrol, along the probe. After a 1-h incubation, cells
exhibited a dramatic decrease in fluorescence compared with
cells treated with TCDD (Fig. 2D). The levels appeared to be even
lower than those in untreated cells. These and other data®* pro-

>

v, (107° uM/s)

| 1 | 1 | |
0 2 4

(11 (uM)

Figure 2. Fluorogenesis from fluorogenic probe 1 in vitro and in cellulo. (A) Data for
the in vitro cleavage of fluorogenic probe 1 by human CYP1A1 (5.0 pM) in PBS
containing NADPH (8 mM) and MgCl, (8 mM). (B-D) Images of the in cellulo
cleavage of fluorogenic probe 1. A549 cells were incubated with fluorogenic probe 1
(10 pM) and an additive for 1 h and counterstained with Hoechst 33342. (B) No
additive. (C) TCDD (10 nM). (D) TCDD (10 nM) and resveratrol (50 pM). Scale bars:
10 pm.
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vide direct and conclusive evidence that resveratrol decreases
CYP1A1 activity in cellulo.

In conclusion, fluorogenic probe 1 is the first to utilize a ‘tri-
methyl lock’ that is triggered by cleavage of an ether bond. This
probe has numerous desirable attributes. Its chemical and photo-
physical properties allow for real-time imaging of P450 levels in
cellulo. The modularity of this probe enables its extension to en-
zymes throughout the P450 family, and its success indicates that
the trimethyl lock strategy can be applied to P450-activated pro-
drugs. Finally, appending the urea group with a trichloromethyl
ketone or other weak electrophile would allow the probe to react
with an intracellular thiol and enable its retention within a cell,
providing additional utility.?*
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Two BODIPY-labeled colchicine derivatives were synthesized and shown to bind to tubulin but only par-
tially inhibit tubulin polymerization in the presence of GTP. Cytotoxicity studies were carried out in HeLa,
HepG2, Raji and Vero cells. Apoptosis-inducing properties were determined by caspase 3/7 activity and
flow cytometry and interactions between the derivatives and tubulin were verified by fluorescence
microscopy of living cells.

© 2008 Elsevier Ltd. All rights reserved.

Colchicine, a natural product extracted from Colchicum autum-
nale, is used, despite serious side effects, as treatment of gout
(Fig. 1). Colchicine can bind to tubulin,'? initiating a conforma-
tional change of tubulin subunits that leads to rapid depolymeriza-
tion of microtubules.® In contrast, paclitaxel stabilizes the o,p-
tubulin dimer by occupying a different binding site than
colchicine.

We desired to take advantage of the differential binding of col-
chicine to un-polymerized tubulin in order to track sub-cellular
localization of tubulin dimers and small oligimers in living, non-
permeablized cells. We were particularly interested in the flux of
tubulin in neurons and the flagella of Chlamydomona; and in
understanding the role of sequestration in normal function of
tubulin structures in these cells.

Meeting the project goals requires a colchicine analog that is
cell permeable, non-cytotoxic, tubulin binding, stable for ex-
tended microscopy studies (non-bleaching), excited at wave-
lengths compatible with living cells (green to red, not blue), of
good quantum yield (to detect low abundance dimers), insensi-
tive to environment, and minimally inhibiting tubulin polymeri-
zation. This is a demanding set of requirements.

Prior approaches have used anti-tubulin antibodies or fluo-
rescein-labeled colchicine (FC) to study the localization of tubu-
lin in fixed cells.>”” Unfortunately, spectrofluorometry
experiments indicated that the anionic nature of FC resulted in
binding properties different from those of unlabeled colchicine.®
Additionally, FC is sensitive to photo-bleaching, is highly pH sen-
sitive, and has limited cellular permeability. These properties
indicate that FC is of low utility for long-term microscopy stud-
ies. Both dansyl-labeled colchicine (DC)° and NBD-labeled colce-
mid (NBC)'®!! have been reported. Unfortunately, both DC and

* Corresponding author. Tel.: +1 901 495 5803; fax: +1 901 495-5715.
E-mail address: kip.guy@stjude.org (R.K. Guy).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.068

NBC have low quantum yields and are highly environmentally
sensitive. Additionally, DC has an excitation wavelength in the
deep blue region. Together these properties render these two re-
agents of low utility for microscopy studies on living cells.
Hence, there is a need for optimized fluorescent colchicine
analogs.

Herein, we report the synthesis and characterization of two pH-
independent BODIPY-labeled colchicine derivatives, designated
colchicine-504 and colchicine-646, designed to meet our require-
ments (Fig. 2).

The synthesis of both probes proceeded as planned. Deacetyl
colchicine was prepared from colchicine using a published proce-
dure.’!3 Deacetyl colchicine was then coupled with the corre-
sponding BODIPY succinimidyl esters (Molecular Probes D2184
and D10001) in dimethylformamide, followed by purification using
normal phase chromatography. Structure and purity were deter-
mined by NMR and LC-MS.141>

Each conjugate exhibited a fluorescence spectra that were min-
imally perturbed from the originating dye and insensitive to sol-
vent and pH.!® The dyes were chosen for minimal overlap
between absorbance and emission spectra to give a low back-
ground signal for fluorescence based assays. Examples are shown
in Figs. 3 and 4 (fluorescence polarization) and Fig. 6 (fluorescence

Colchicine

Figure 1. Colchicine.
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colchicine-504

yield: 91%

OMe

colchicine-646

Figure 2. BODIPY-labeled colchicines.

microscopy). Standard broadband filters were sufficient for visual-
ization by the latter technique. Additionally both conjugates re-
tained their high quantum yields and were photo-stable. Overall,
the photophysical properties of each conjugate meet the project
goals.

Binding of colchicine-504 and colchicine-646 to tubulin was
measured by fluorescence polarization (FP) (Fig. 3). First, we deter-
mined the solubility of BODIPY-labeled compounds in PBS to en-
sure that both compounds were soluble under the FP conditions
used. In contrast to colchicine, which is highly soluble in
PBS + 5% DMSO, colchicine-504 and colchicine-646 were soluble
at concentration of 32 and <10 uM, respectively (Table 1). The FP
assay was carried out under the same conditions reported for tubu-
lin competitive binding SPA assays.!”"18

For both compounds saturable binding was measured with Ky
values of 5.8 uM, (colchicine-504) and 7.6 uM (colchicine-646),
respectively (Fig. 3). These binding affinities were slightly higher
than the reported values for FC® (14.5 uM) and DC® (10-20 pM).
A binding study with colchicine-504 and BSA, used in the same
concentration as tubulin, showed no unspecific binding of colchi-
cine-504 (data not shown). A 10-fold higher concentration of col-
chicine-646 was used in respect to colchicine-504 because of the
relative lower quantum yield (see supplementary data). The com-
petition FP assay was carried out in the presence of 10 uM tubulin
(roughly 2 x Ky). Both compounds showed reversible binding
using colchicine as competitor. ICsq values of 3.9 uM (colchicine-
504) and 6.4 uM (colchicine-646) were measured for colchicine
under assembly conditions (1 mM GTP, 37°C) as well as under

400
Kq (1)= 5.8 + 1.1 (uM)
3509 Kq4(2)=7.6 £3.1(uM)
300
o
£
250
200
150 T T T ]
2 -1 0 1 2

log[tubulin]( nM)

Figure 3. Direct binding assay with colchicine-504 a and colchicine-646 M to
tubulin (fluorescence polarization). Assay was carried out in black 384 well plate;
tubulin was serially diluted from 72 uM to 0.035 pM in the presence of 20 pl buffer
(10 mM, GTP'®, 80 mM PIPES, 1 mM EGTA, 1 mM MgCl,, pH 6.8, 5% total DMSO) and
colchicine-504 or colchicine-646 (10 nM or 100 nM, respectively). The binding was
measured after 2 h at 37 °C'® using fluorescence polarization. The K4 values were
obtained by fitting data to the following equation (y = min + (max — min)/1 + (x/Ky)
Hill slope). Values are means of two experiments carried out in triplicate.

non-assembly conditions (no GTP, rt), verifying binding to tubulin
and not to preformed microtubles.'® ICsq values for colchicine be-
tween 90 nM and 6.5 pM were reported using [>H] colchicine using
various amounts of tubulin.>'® Recently, a tubulin-based FP for the
paclitaxel binding site was reported?° but to our knowledge this is
the first developed tubulin-based FP assay for the colchicine bind-
ing site.

The biochemical activity of the colchicine-504 and colchicine-
646 in comparison with that of colchicine was analyzed by study-
ing depolymerization of microtubules in the presence of these
drugs using the CytoDYNAMIX™ assay (Cytoskeleton) (Fig. 5), fol-
lowing the manufacturer’s recommended protocol. Purified tubu-
lin was treated in the presence of GTP with paclitaxel, colchicine,
and colchicine-504 and colchicine-646. The degree of polymeriza-
tion was followed over time, measuring light scattering at
340 nm, which is proportional to the concentration of microtu-
bule polymer.?!?2

The polymerization reaction of tubulin showed nucleation,
growth, and steady state. In the presence of paclitaxel, microtu-
bules formation was enhanced in comparison with untreated
tubulin, due to the stabilization of the o,B-tubulin dimer. For
colchicine derivatives, we observed a weak inhibition of tubulin
polymerization for colchicine-646 and a stronger inhibition
using compound colchicine-504 at 5 uM. Colchicine itself exhib-
ited a very strong inhibition at this concentration. Because this is
a low DMSO content assay (0.5%) solubility could have influ-
enced the degree of inhibition of tubulin polymerization
observed.

175 ICs0 (2) = 6.41.3 (uM)
150 -
125

& 100+
75
50 ICso (1)= 3.9+0.7 (uM)

25 T T T
2 -1 0 1 2 3

log[colchicine]( pM)

Figure 4. Competition binding assay with colchicine and colchicine-504 a and
colchicine-646 M to tubulin (fluorescence polarization). Assay was carried out in
black 384 well plate; colchicine was serially diluted from 100 uM to 0.04 uM in the
presence of 20 pl buffer (10 mM, GTP'®, 80 mM PIPES, 1 mM EGTA, 1 mM MgCl,, pH
6.8), tubulin (10 uM), and colchicine-504 or colchicine-646 (10 nM or 100 nM,
respectively). The binding was measured after 2 h at 37 °C'® using fluorescence
polarization. The K4 values were obtained by fitting data to the following equation
(y = min + (max — min)/1 + (x/Kg) Hill slope). Values are means of three experi-
ments carried out in triplicate.
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Cytotoxicity (ECsp), permeability, and solubility of colchicine, colchicine-504, and colchicine-646

HelLa ECso (M) HepG2 ECso (uM)?

Raji ECso (UM)?

Vero ECso (UM)? Permeability” (10~®cm/s) Solubility® (uM)

Colchicine 0.039 + 0.006 0.031 £0.01 0.014 +0.002
504 0.36 £ 0.07 0.18 £0.09 0.138 £0.02
646 1.9+£0.7 1.2+0.6 0.65+0.19

0.53 £ 0.09 415 +47 >250
23+09 108 +24 3215
>10 <10 <102

2 Viability was assessed in a 96-well format. Cells were plated at 2000 cells/well, and drugs were added after 12 h. After 48 h, CellTiter-Glow solution was added, and cell
viability was measured after 10 min. The ECsq values were obtained by fitting data to the following equation (y = min + (max — min)/1 + (x/Kd) Hill slope). Values reported are

the means of two independent experiments done in triplicate.
b permeability (PAMPA) was measured as previously reported.?®

¢ Solubility (PBS + 5% DMSO) was assessed using Multiscreen Solubility assay (Millipore, 96 well plate). Briefly, each compound was serial diluted in PBS:acetonitrile (1:1)
and absorbance was measured at 350 nm (calibration). Next, 5 pL of a 10 mM solution of colchicine, colchicine-504 or colchicine-646 was added to 95 pL PBS in a filter plate
and agitated for 2 h at room temperature. After filtration, absorbance at 350 nm was measured, and concentration was determined on the basis of calibration. Two

independent experiments were done in duplicate.

Colchicine and its derivatives were incubated at various con-
centrations with cultured HeLa, HepG2, Raji, and Vero cells to
determine cell viability after 48 h of exposure (Table 1). A commer-
cially available luminescence cell viability assay, CellTiter-Glo
(Promega), was used to quantify the ATP in viable cells.

Colchicine is toxic in a low nanomolar concentration to Hela,
HepG2, and Raji cell lines. Interestingly, the ECso value found for
Vero cells was 530 nM. The cytotoxicity of the colchicine-504
and colchicine-646 was significantly less than that of colchicine.
Both compounds were less toxic to Vero cells than to other cell
lines tested. PAMPA studies showed both derivatives were less per-
meable than colchicine itself (Table 1). The decreased permeability
of the colchicine analogs might contribute to their lower cytotox-
icity values. Because we intend to apply these agents in living cells,
we chose Vero, the line that exhibited the lowest overall toxicity,
for further characterization.

Colchicine is known to activate caspase 3/7 in various cells.?*
We investigated the induction of apoptosis by measuring caspase
3/7 activity in Vero cells in the presence of colchicine and its deriv-
atives (Table 2).

The ECs (cytotoxicity) determined for colchicine and its fluo-
rescent analogs using Vero cells was similar to the ECso deter-
mined for the activation of caspase 3/7. For all compounds we
observed a 3- to 4-fold increase in caspase 3/7 activity at higher
concentrations. The apoptosis-inducing activity of colchicine and
its derivatives was also characterized by cell cycle analysis. Vero
cells were treated with compounds at various concentrations,
incubated for 18 h, stained with propidium iodide, and analyzed
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0.20 5
A
3 &
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Figure 5. Microtubule polymerization inhibition by colchicine-504 or colchicine-
646. Purified tubulin (7.2 pM) was treated with Paclitaxel (10 pM) B, or colchicine
(5 M) a, or colchicine-504 (5 uM) O, or colchicine-646 a (5 pM), or DMSO control
O at 37 °C in the presence of buffer (10 mM, GTP, 80 mM PIPES, 1 mM EGTA, 1 mM
MgCl,, pH 6.8, total DMSO (0.5%)). The formation of microtubules was followed by
measuring the absorbance at 340 nm; normalized values are the mean of two
independent experiments.

by flow cytometry. An increase in the G2/M DNA content in cells
treated with colchicine and its analogs was observed (Table 2).
The compound concentrations necessary to arrest 50% of the cells
in the G2/M phase was in the same range as the ECso values
determined for cytotoxicity and apoptosis.

To illustrate the permeability and selectivity of these analogs, we
treated Vero cells with colchicine-504 and colchicine-646 for 3 h
and visualized them by fluorescence microscopy. (Fig. 6, 1, 3,and 5.)

Both compounds penetrated the cell membranes of living
Vero cells and stained the perinuclear regions, a region known
to have high concentrations of both tubulin and microtubules.®
Additional staining was observed on the endoplasmic reticulum
and in the cytosol.’> The tubulin skeleton of fixed and permeabi-
lized Vero cells was stained with 4’,6-diamidino-2-phenylindole
(Fig. 6, 2), anti-o-tubulin antibody followed by a Texas-Red
conjugated goat anti-mouse antibody (Fig. 6, 4), and colchi-
cine-504 merged with 2 and 4 (Fig. 6, 6). Selective tubulin
labeling of colchicine-504 was demonstrated by colocalization
with antibody stain. Clearly, both compounds are permeable
and could functionally stain tubulin-rich compartments at low
concentrations.

In conclusion, we introduced two new BODIPY-labeled colchi-
cine analogs with biochemical properties similar to those of colchi-
cine. Because of their photo-stable and pH-independent
fluorescent properties, these probes are superior to FC for the anal-
ysis of the cellular distribution of tubulin. Currently work is ongo-
ing in the application of these compounds to monitoring the
dynamics of tubulin flux.

Table 2
Cell cycle and apoptosis analysis of Vero cells treated with colchicine, colchicine-504,
and colchicine-646

Compound ECs0™ (UM) [Apoptosis] ECs0™ (uM) [Cell cycle arrest]
Colchicine 0.39+0.13 0.27 £ 0.09

504 2.6+0.7 0.96 + 0.28

646 10.5+£23 6.8+3.1

@ Vero cells were treated with compounds in a dose-response manner and ana-
lyzed after 18 h.

b Cells were stained with propidium iodide (PI) using a CycleTEST Plus DNA
reagent kit (Beckton Dickinson). ECso values were determined by cell-cycle analysis
representing the concentration for 50% cells arrested in G2/M phase. The ECs values
were obtained by fitting data to the following equation (y = min + (max—min)/1 +
(x/Kd) Hill slope). Values are means of two independent experiments.

¢ Cells were treated with Caspase-Glo (Promega) and measured after 1 h. The ECsg
values were obtained by fitting data to the following equation (y=min+
(max — min)/1 + (x/Kd) Hill slope). Values are means of two independent experi-
ments carried out in duplicate.
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Figure 6. 1, 3, and 5: Living Vero cells treated with colchicine analogs for 3 h and visualized by fluorescence microscopy. (1) colchicine-504 (1 uM); (3) colchicine-646
(1 uM); (5) merge of (1) and (3); Staining was found in the perinuclear region of the Vero cell (arrow) and extended to the cell periphery. 2, 4, and 6: Fixed and permeabilized
Vero cells were incubated with (2) 4/,6-diamidino-2-phenylindole; (4) anti-a-tubulin antibody followed by a Texas-Red conjugated goat anti-mouse antibody; (6) colchicine-
504 (1 uM) merged with (2) and (4).

Acknowledgments

This work was supported by the American Lebanese and Syrian

Associated Charities (ALSAC), and St. Jude Children’s Research Hos-
pital. We thank Michele Connelly for culturing the cell lines used.

Supplementary data

Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.bmcl.2008.07.068.

References and notes

Hastie, S. B. Pharmacol. Ther. 1991, 51, 377.

. Weisenberg, R. C.; Borisy, G. G.; Taylor, E. W. Biochemistry 1968, 7, 4466.

Ravelli, R. B.; Gigant, B.; Curmi, P. A; Jourdain, I.; Lachkar, S.; Sobel, A.;
Knossow, M. Nature 2004, 428, 198.

Nogales, E.; Wolf, S. G.; Downing, K. H. Nature 1998, 391, 199.

Moll, E.; Manz, B.; Mocikat, S.; Zimmermann, H. P. Exp. Cell Res. 1982, 141, 211.
Albertini, D. F.; Clark, ]. I. Cell Biol. Int. Rep. 1981, 5, 387.

Clark, J. I.; Garland, D. J. Cell. Biol. 1978, 76, 619.

Van Craenenbroeck, E.; Engelborghs, Y. Biochemistry 1999, 38, 5082.

Das, L.; Datta, A. B.; Gupta, S.; Poddar, A.; Sengupta, S.; Janik, M. E.;
Bhattacharyya, B. Biochemistry 2005, 44, 3249.

. Hiratsuka, T.; Kato, T. J. Biol. Chem. 1987, 262, 6318.
. Sengupta, S.; Puri, K. D.; Surolia, A.; Roy, S.; Bhattacharyya, B. Eur. J. Biochem.

1993, 212, 387.

12.
13.

16.
17.

20.
21.

22.
. Ruell, J. A; Tsinman, K. L.; Avdeef, A. Eur. J. Pharm. Sci. 2003, 20, 393.
24.

Ducray, P.; Lebeau, L.; Mioskowski, C. Helv. Chim. Acta 1996, 79, 2346.
Lagnoux, D.; Darbre, T.; Schmitz, M. L.; Reymond, ]. L. Chem. Eur. J. 2005, 11,
3941.

. colchicine-504: "H-NMR (400 MHz) & = 7.22 (d, J. H., 1H), 7.17 (s, 1H), 7.03 (s,

1H), 6.95 (m, 1H), 6.75 (d, J = 10.7 Hz, 1H), 6.49 (m, 1H), 6.20 (m, 1H), 6.11 (s,
1H), 4.55 (m, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 3.88 (s, 3H), 3.65 (s, 3H), 2.68-2.54
(m, 2H), 2.55 (m, 6H), 2.36-2.22 (m, 4H); MS calcd for C34H36BF2N30g (+H)
632.47, found 632.50.

. colchicine-646: "H-NMR (400 MHz) & = 10.43 (bs, H., NH), 8.03 (bs, 1H, NH),

7.63-7.52 (m, 2H), 7.32-7.26 (m, 2H), 7.21-7.18 (m, 1H), 7.06-7.01 (m, 2H),
6.89-6.92 (m, 4H), 6.90-6.86 (m, 3H), 6.80 (d, J=10.8 Hz, 1H), 6.47 (m, 1H),
6.38 (m, 1H), 6.13 (m, 1H), 5.30 (m, 1H), 3.97 (s, 3H), 3.92 (s, 3H), 3.89 (s, 3H),
3.63 (s, 3H), 3.47-3.41 (m, 1H), 3.26-3.18 (m, 1H), 4.58-4.51 (m, 3H), 2.61-2.30
(m, 3H), 2.21-2.06 (m, 3H), 1.48-1.71 (m, 4H), 1.23 (m, 2H); MS calcd for
C49Hs50BF2N505 (+H) 886.76, found 886.69.

see Supplemental information.

Tahir, S. K.; Han, E. K.; Credo, B.; Jae, H. S.; Pietenpol, J. A.; Scatena, C. D.; Wu-
Wong, J. R.; Frost, D.; Sham, H.; Rosenberg, S. H.; Ng, S. C. Cancer Res. 2001, 61,
5480.

. Zhang, L. H.; Wu, L.; Raymon, H. K.; Chen, R. S.; Corral, L.; Shirley, M. A.; Narla,

R. K.; Gamez, ].; Muller, G. W.; Stirling, D. L; Bartlett, ]J. B.; Schafer, P. H.;
Payvandi, F. Cancer Res. 2006, 66, 951.

. No difference was observed for experiments carried out in the presence and

absence of GTP and at rt or 37 °C (data not shown).

Morais, S.; O’'Malley, S.; Chen, W.; Mulchandani, A. Anal. Biochem. 2003, 321, 44.
Shelanski, M. L.; Gaskin, F.; Cantor, C. R. Proc. Natl. Acad. Sci. US.A. 1973, 70,
765.

Lee, J. C.; Timasheff, S. N. Biochemistry 1977, 16, 1754.

Li, W.; Lam, M. S.; Birkeland, A.; Riffel, A.; Montana, L.; Sullivan, M. E.; Post, J. M.
J. Pharmacol. Toxicol. Methods 2006, 54, 313.



http://dx.doi.org/10.1016/j.bmcl.2008.07.068



		Synthesis and characterization of BODIPY-labeled colchicine

		AcknowledgementAcknowledgments

		Supplementary data

		References and notes






Bioorganic & Medicinal Chemistry Letters 18 (2008) 5871-5874

journal homepage: www.elsevier.com/locate/bmcl

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

Bicorganic & Medicinal
Chemistry Lotters

Sensitive and selective viral DNA detection assay via microbead-based

rolling circle amplification

Eric Schopf®®, Nicholas O. Fischer?, Yong Chen?®, Jeffrey B.-H. Tok **

2 BioSecurity and NanoSciences Laboratory, Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94551, USA
b Department of Mechanical and Aerospace Engineering, University of California, Los Angeles, CA 90095, USA

ARTICLE INFO ABSTRACT

Article history:

Received 23 May 2008
Revised 11 July 2008
Accepted 14 July 2008
Available online 18 July 2008

Keywords:

Rolling circle amplification
Magnetic beads

Viral DNA

Real-time detection

We report a sensitive and efficient magnetic bead-based assay for viral DNA identification using isother-
mal amplification of a reporting probe.
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Rapid, specific, and high-throughput oligonucleotide diagnostic
approaches to identify pathogenic and genetic diseases are of great
importance to both medical and biosecurity fields."? Direct and
sensitive DNA detection from samples collected directly from pa-
tients would avoid expensive and lengthy traditional assay ap-
proaches, which utilize antibodies and cell cultures. In recent
years, there have been numerous reports about the development
of ultra-sensitive DNA detection platforms.>~® Although sensitive,
most of these assays require complex and time-consuming labora-
tory-based manipulation steps and expensive equipment. Here, we
report a sensitive and efficient diagnostic magnetic bead-based
assay for viral identification based on their DNA signatures. The
readout process of our assay relies on isothermal amplification of
the reporter DNA probe, requiring only a well-plate reader for
sensitive detection. Collectively, this simple and rapid DNA sand-
wich capture assay enables both desired target binding and ampli-
fication of the readout process to render the required sensitivity for
direct viral DNA detection in clinical samples with low-cost.

An illustration of our assay is shown in Scheme 1. For real-time
monitoring of our target viral DNA, we first immobilize capture
probe DNA onto ~1 pm diameter magnetic beads (DNA sequences
are shown in Supplementary Information, Fig. S1). Blocking buffer
is then added, which has been proven to be crucial for reducing
non-specific DNA binding to both the beads and the side walls of
the reaction microfuge tube (see Supplementary Information, Fig.

* Corresponding author at present address: Micropoint Biosciences Inc., 1250
Oakmead Parkway, Suite 107, Sunnyvale, CA 94085, USA. Tel./fax: +1 650 575 9884.
E-mail address: jeff.tok@micropointbio.com (J.B.-H. Tok).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.064

S2A). After the addition of both target and reporter DNA, followed
by extensive washing, the magnetic beads are then heated to
release the reporter DNA into the supernatant. Once the released
reporter DNA has been transferred to a 384-well plate, RCA is sub-
sequently performed to elongate the reporter DNA. Amplification is
monitored in real-time by SybrGreenll using a well-plate’s fluores-
cent reader. The reporter DNA release step was necessary because
we had previously observed that the presence of magnetic beads in
the well-plate reader leads to inconclusive results when using
SybrGreenll (see Supplementary Information, Fig. S2B).

The RCA amplification process has recently been used in a vari-
ety of assays to enable enhanced target detection.'®'3 Briefly, RCA
is a polymerase-based technique that generates long ssDNA oligo-
mers (>3-5 kbp in size) comprised of tandem repeats complemen-
tary in sequence to a circular DNA primer. Unlike PCR, the final
ssDNA product remains attached to the initial RCA primer binding
domain. One benefit of RCA is that it can be used for real-time
detection as the amount of ssDNA present in the reaction increases
with time. Thus, DNA elongation can then be monitored with Sybr-
Greenll dyes, as the amount of fluorescence that the dyes emit will
increase proportionally to the quantity of ssDNA present. An
advantage of RCA, as opposed to PCR, is that it does not need to un-
dergo thermal cycling to amplify the starting oligonucleotide,
hence making it more applicable for low-cost high-speed assays.

After optimizing the RCA amplification, we first performed a de-
tailed viral DNA sandwich capture assay with one of our DNA tar-
gets, Variola virus (VV).” After immobilizing the biotinylated VV
capture DNA on streptavidin-coated magnetic beads, we per-
formed extensive washes to remove unbound capture probes. To
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Scheme 1. An illustration of the magnetic bead-based DNA detection assay.

initiate the sandwich capture, we exposed the beads to six differ-
ent concentrations of the VV DNA targets and reporter DNA for
30 min at room temperature (again with extensive washes in be-
tween steps). The magnetic beads were then suspended in RCA
buffer and both the target and reporter strands previously bound
to the magnetic beads were released at an elevated temperature
(85 °C for 2 min). The extracted DNA strands were quickly trans-
ferred to a single well within a 384-well plate. After adding the
necessary RCA components (in a final volume of 16 pL, see Exper-
imental section in Supplementary Information for details), the
available reporter DNA was subsequently extended and simulta-
neously monitored in real-time via a fluorescent well-plate reader.

As shown in Figure 1A, we observed that increasing the input
target VV DNA concentration resulted in a corresponding increase
in the measured fluorescence intensity after 60 min of RCA elonga-
tion. Furthermore, when the target VV DNA is absent (negative
control), there is no observed RCA growth. This indicates that our
blocking conditions utilized in the binding assay were optimal as
there is minimal undesired non-specific binding during the assay.
Conversely, the RCA growth can be monitored in real-time. Figure
1B illustrates the plots of three representative input VV target con-
centrations. We observed that after 1 h of RCA, there was no visible
DNA elongation process stemming from the negative control, that
is, no input VV target DNA. The trace at 100 pM VV DNA target in-
put is clearly distinguishable from the negative control. Within
10 min after RCA initiation, the 10 nM VV target plot revealed a
~32-fold higher observed fluorescence intensity compared to the
negative control (Fig. 1B). The RCA signal growth began to saturate
after 30 min, at a fluorescence intensity is ~40-fold higher than the
negative control. From Figure 1A and B, we observed that the low-
est concentration of the input VV target that can successfully be
amplified was ~100 pM. Consequently, we estimated the limit of
detection (LoD) of this assay to be between 10 and 100 pM. We also
observed that the fluorescence intensity saturated at concentra-
tions above 10 nM (Fig. 2A). We reasoned that this is due to the
limiting concentration of circular DNA molecules added to each
reaction, thus the RCA plots from both input DNA concentrations,
that is, both 10 and 100 nM, appeared to be similar.

To probe the specificity of our assay, we performed the interro-
gation in the presence of three DNA targets: Hepatitis-B virus
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Figure 1. (A) Change in intensity, as measured after 60 min of RCA at various input
concentrations of VV DNA target. (B) Representative real-time fluorescent intensity
traces of the input VV target concentrations at 0, 100 pM, and 10 nM. The dotted
black line illustrates the fluorescence intensity difference between the three traces
at 10 min after RCA initiation.
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Figure 2. (A) Real-time traces of RCA fluorescent intensity from of a simultaneous
input of three DNA targets, each at a concentration of 10 nM, for each viral set. The
negative controls presented include incorrect target inputs and non-functionalized
beads. (B) Real-time fluorescent intensity traces of EV DNA targets (10 nM) and
negative controls in increasing serum concentrations.

(HBV), Ebola virus (EV), and Variola (smallpox) virus (VV).> Each of
the three capture DNA-conjugated magnetic beads was exposed to
all three intended DNA targets concurrently (target DNA concen-
trations fixed at 10 nM). We adopted the same experimental ap-
proach as was previously described, and RCA was performed
with each of the extracted reporter DNA molecules. As shown in

Figure 2A, each of the three capture beads was able to specifically
recognize their intended target, as evident by the corresponding
RCA amplification plots. The RCA growth for each input DNA target
is observed to closely resemble the RCA amplification for VV
detection as shown in Figure 1B, in which only one correct target
was presented to the beads. These results indicate the assay’s reli-
ability for specific DNA target detection, even in a mixture of DNA
targets.

To confirm the assay’s specificity, we performed the following
two control experiments (details are shown in Supplementary
Information, Fig. S3): (1) In the presence of non-functionalized
magnetic beads, that is, containing no capture DNA, no subsequent
RCA growth was observed (Fig. 2A). Thus, there was no non-spe-
cific binding between the target or reporter probes to the magnetic
bead. Again, the non-specific binding was suppressed by the addi-
tion of blocking buffer. (2) In situations where the intended target
(from the pool of DNA targets) was removed, no subsequent RCA

growth was observed (Fig. 2A). For example, when beads function-
alized with EV capture probes were exposed to only VV and HBV
targets and EV reporter probes, no subsequent RCA amplification
was observed. This result indicates that the beads featuring EV-
capturing DNA are specific to only the EV DNA target.

Finally, we examined the feasibility of performing this assay in a
complex matrix. The same assay against EV DNA target (10 nM)
was repeated, except that the input EV DNA target was diluted in
solutions of fetal calf serum with concentrations ranging from
10% to 75% (v/v in binding buffer) during the sandwich capture
steps of the assay. The samples were then washed, and the DNA
was collected into appropriate buffer. RCA amplification was
clearly demonstrated (Fig. 2B) at all tested concentrations of ser-
um, indicating that the sensing portion of the assay is extremely
robust in tolerating the input DNA target being suspended in ser-
um. Both sensitivity and specificity of the DNA detection were
unaffected by serum concentrations up to 75% (see Fig. S5 in Sup-
plementary section for gel analysis image of RCA amplified DNA
products and explanation for not attempting higher serum concen-
trations). To demonstrate the lack of increased background poten-
tially induced by confounding components in fetal calf serum,
negative control experiments were performed in the absence of in-
put EV DNA targets. As expected, the negative control traces in ser-
um did not exhibit any RCA amplification (as there is no target
DNA present). These observations indicate that we can perform di-
rect DNA detection in serum, which is an important criterion for di-
rectly monitoring potential viral infection in clinical blood
samples.

In conclusion, we have described an assay that allows rapid,
efficient, selective viral DNA target detection, in the presence of
serum. Depending on the input target DNA concentration, we have
observed that the amplification of the reporter DNA via RCA has
enabled ~40- to 50-fold increase in the fluorescence intensity,
and most of this amplification occurs within 30 min. The entire as-
say takes place in under 4 h (un-optimized), and requires little
more than a portable well-plate reader. Furthermore, the reaction
volume for RCA is minimal as each run is performed in a single well
(within a 384-well plate), minimizing the use of costly reagents.
Last, by performing the RCA reaction in a 384-well plate, we should
be able to extend the assay to encompass up to 384 interrogations
within a single run if desired.
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The structure-activity relationships of organophosphorus (OP) and organosulfur compounds were exam-
ined in vitro and in vivo as inhibitors of mouse brain monoacylglycerol lipase (MAGL) hydrolysis of 2-
arachidonoylglycerol (2-AG) and agonist binding at the CB1 receptor. Several compounds showed excep-
tional potency toward MAGL activity with ICso values of 0.1-10 nM in vitro and high inhibition at 10 mg/
kg intraperitoneally in mice. We find for the first time that MAGL activity is a major in vivo determinant
of 2-AG and arachidonic acid levels not only in brain but also in spleen, lung, and liver. Apparent direct OP
inhibition of CB1 agonist binding may be due instead to metabolic stabilization of 2-AG in brain mem-
branes as the actual inhibitor.

Published by Elsevier Ltd.

The endocannabinoids (EC) 2-arachidonoylglycerol (2-AG) and
anandamide (AEA) regulate a diverse array of neurological and
metabolic functions and are altered by neuropathic pain, anxiety,
neurodegeneration, obesity, and cardiovascular disorders.! 2-AG
is a full agonist toward the cannabinoid receptor type 1 (CB1)
and its signaling is terminated primarily by monoacylglycerol li-
pase (MAGL). AEA levels are regulated by fatty acid amide hydro-
lase (FAAH).>"* Augmentation of EC signaling by blockade of 2-
AG or AEA degradation (Scheme 1) is proposed as a therapeutic
strategy. However, characterization of MAGL or 2-AG in brain
and peripheral tissues is hindered by the paucity of systemic MAGL
inhibitors and lack of a MAGL knockout mouse. Discovery of potent
MAGL inhibitors is therefore essential in understanding the bio-
chemical, physiological, and therapeutic roles of this enzyme.

Structural manipulation of organophosphorus (OP) and organo-
sulfur (0OS) compounds (Scheme 2) can potentially confer potency

MAGL
- 2-AG-_MAG

CB1 AA

T AEAFaan

Scheme 1. Endocannabinoids 2-AG and AEA are agonists toward CB1 and are
metabolized by MAGL and FAAH, respectively, to arachidonic acid (AA).

* Corresponding author. Tel.: +1 510 642 5424; fax: +1 510 642 6497.
E-mail address: ectl@nature.berkeley.edu (J.E. Casida).

0960-894X/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.08.007
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Scheme 2. Organophosphorus (OP 1-8) and organosulfur (0S 9 and 10) compounds
used in this study. In earlier literature OP 1, OP 2, OP 7, and OP 8 are referred to as
IDFP, MAFP, chlorpyrifos oxon, and paraoxon, respectively.*-®

and selectivity for MAGL and FAAH compared to other serine
hydrolases. OP 1 and OP 2 are previously reported as highly potent
MAGL and FAAH inhibitors.>* However, some OPs and OSs also dis-
place CB1 agonist binding through an unknown mechanism.>
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This study reports structure-activity relationships of OPs and
0Ss with MAGL, FAAH, and CB1, and uses these tools to consider
three interrelationships of the EC system components. The first is
the in vitro potency for inhibiting MAGL, FAAH, and CB1 agonist
binding as a predictor of in vivo behavioral effects and pharmaco-
logical profile. The second is the variation among tissues in their
MAGL activity and differential regulation of 2-AG and AA levels. Fi-
nally, we consider the possibility that OP displacement of CB1 ago-
nist binding is due to 2-AG in membranes which is metabolically
stabilized by MAGL inhibition.

A library of 40 OPs and OSs, mostly prepared and optimized in
the Berkeley laboratory,” was tested for potency and selectivity as
inhibitors of MAGL, FAAH, and CB1 agonist binding in mouse brain
membranes.® Five particularly potent OPs for all three targets were
phosphonyl fluorides 1 and 2 and aryl phosphorus compounds 3-
6, all with long alkyl substituents [n-Ci,H,sP, arachidonyl
(Ca0H33P) or n-CgH9SP] (Table 1 and Supplementary data). One
diethyl phosphate insecticide metabolite (OP 7) was quite potent
and another (OP 8) was only moderately active. Two sulfonyl fluo-
rides (9 and 10) with long alkyl chains were very potent on FAAH,
moderately active on MAGL, and differed greatly in activity on CB1.

Eight potent in vitro inhibitors were administered intraperito-
neally to mice at 10 mg/kg (OPs 1-6) or 100 mg/kg (0OS 9 and OS
10) to determine if they were also effective in vivo in modulating
behavior and brain 2-AG and arachidonic acid (AA) levels (Fig. 1).
OP 1 and OP 4 were very effective in vivo in all respects, whereas
OP 2 and OP 3 with similar in vitro potency to 1 and 4 were not
effective in vivo. Thus, in vitro potency is not necessarily a predic-
tor of in vivo activity with metabolic stability a likely contributor.
0S 9 and OS 10 gave the same in vivo effects as OP 1 and OP 4
although at a 10-fold higher dose. Importantly, the OP- and OS-in-
duced increase in brain 2-AG levels was always directly related to
the lowering of brain free AA level.

2-AG and AA are important signaling molecules and intermedi-
ates not only in brain but also in other tissues.""*!' OP 1 at 10 mg/
kg strongly inhibits brain MAGL activity, elevates 2-AG, and lowers
AA* suggesting that it might also do so in other tissues (Fig. 2).
2-AG hydrolase activity was higher in brain than other tissues
examined with 78-83% sensitive to OP 1 in vivo in brain, kidney, tes-
tes, pancreas, and liver and 92-99% OP 1-sensitive in vivo in heart,
spleen, and lung. The apparent coupling of 2-AG and AA levels was
also examined. Among the tissues analyzed, brain, spinal cord, liver,
spleen, and lung, but not kidney, testes, pancreas, or heart showed
the possible co-dependence of 2-AG and AA pools (Fig. 2 and
Supplementary data). Most tissues also had increased levels of other

Table 1
Inhibitory potencies of OPs and OSs for mouse brain MAGL and FAAH activities and
CB1 agonist binding

Compound ICs50 + SD (nM)

MAGL FAAH CB1
Phosphonyl fluorides
OoP1 0.8 £0.2% 3+2° 2+1
oP 2 224037 0.10 £ 0.02° 20°?
Aryl phosphorus compounds
oP3 0.14 +0.01 42+12 14+5
OoP 4 0.07 £ 0.01 12+3 412
OoP5 0.28+0.23 3+1 121
OP 6 0.31+0.03° 0.15+0.01°
Insecticide metabolites
oP 7 10 +4° 40 +3° 14+3
oP8 2300 + 1100* 540* 1200*
Sulfonyl fluorides
0s9 200 + 75* 28 7+4
0s 10 140 £ 2° 1.9+0.2° 1300 £ 300

2 Data derived from previous studies.>~>°

2-AG (nmolig) AA (nmol/g)

compound 80 60 40 20 0 20 40 60 80

control )
cannabinoid behavior

10

no cannabinoid behavior
2

3
5
6

Figure 1. Modulatory action of OP MAGL inhibitors at 10 mg/kg and OS compounds
9 and 10 at 100 mg/kg on brain 2-AG and AA levels relative to cannabinoid
behavior. Mice with cannabinoid behavior had >10 s latency in the bar test which
assesses catalepsy.'® They also qualitatively had a flattened posture and remained
motionless with their eyes open. Values are means +SD, n =3 mice/treatment
group.

2-AG hydrolase 2-AG AA
(pmol/mg/min) (nmol/g) (nmol/g)
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Figure 2. 2-AG hydrolase activities and 2-AG and AA levels in mice treated with OP
1 (10 mg/kg, ip 4 h).'? Values are expressed as means * SD, n =3 mice/treatment
group. ND, not determined. Significance expressed as “p<0.05, “p<0.01,
"p <0.001 in unpaired Student’s t-test.

monoacylglycerol species, that is, 1- and 2-palmitoylglycerol and 1-
and 2-oleoylglycerol (Supplementary data). Beyond changes in glyc-
erol esters and AA levels, OP 1 treatment also led to decreases in
other unesterified fatty acid levels (palmitic, oleic, or stearic acid)
in spinal cord, liver, and spleen, indicating off-target effects of OP
1 in these tissues. The heart interestingly showed increases in both
oleic and stearic acids (Supplementary data).
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Our results confirm the coordinate regulation of 2-AG and AA
levels by MAGL in brain,* and show that this regulation also exists
in some peripheral tissues. These findings disfavor the current
model in which AA in many tissues is released primarily through
glycerophospholipid metabolism via multiple phospholipase A2
enzymes, notably cytosolic PLA2 (cPLA2), secretory PLA2 (sPLA2),
and calcium-independent PLA2 (iPLA2). While there are multiple
studies correlating increased PLA2 expression to pro-inflammatory
outcomes, cPLA2~/~ mice (also deficient in sPLA2) have identical
levels of plasma and brain nonesterified fatty acid levels and brain
acyl-coenzyme A levels, albeit there were changes in esterified
phospholipid levels.!?> Although OP 1 is not completely selective
for MAGL, it does not inhibit iPLA2* and the degree to which OPs
1, 4, 9, and 10 lower AA is equivalent to 2-AG elevation. MAGL
inhibitors may help treat inflammatory diseases not only in brain
but also in multiple peripheral tissues through the dual EC activa-
tion via 2-AG elevation and decreased eicosanoid signaling through
AA reduction.

It was very surprising to find that many OPs are potent inhibi-
tors of CB1 agonist binding in brain membranes. One possible
mechanism is direct OP binding or phosphorylation of CB1 at the
agonist or an allosteric site, and another is indirect by OP inhibition
of MAGL or FAAH to elevate the levels of 2-AG or AEA, or both
which then serve as the inhibitor. Three lines of evidence suggest
that the OPs do not react directly with CB1. Agonist binding is
OP-sensitive in brain membranes but not in recombinant ex-
pressed CB1 (eCB1)!*!> (Fig. 3a), indicating that some factor other
than or in addition to CB1 is required. Covalently derivatized CB1 is
not observed in brain membrane preparations labeled with a bio-
tinylated fluorophosphonate probe under conditions in which
phosphorylated MAGL and FAAH are readily evident. Inhibition
by OP derivatization is expected to be essentially irreversible and
noncompetitive with the agonist, whereas inhibition by OP 7 gives
an apparent competitive Scatchard plot (Fig. 3b and Supplemen-
tary data).'®

An alternative hypothesis is that the OP inhibits MAGL and/or
FAAH and elevates the 2-AG and/or AEA level which in turn blocks
agonist binding (Schemes 1 and 3). CB1, assayed as agonist binding
with [2H]CP55940, is highly sensitive to many OPs (Table 1, Fig. 3a
and b, and Supplementary data) and OP 1 potentiates the CB1 ago-
nist action of 2-AG in vitro (measured by GTPYS binding) (Fig. 3¢).!”
OP 1 stimulates GTPYS binding at much higher concentration (ECsq
0.5 pM) (similar to the 0.3 pM ECsg of 2-AG for CB1)!” than that re-
quired to displace agonist binding (ICso 2 nM) (Table 1) in similar
preparations of brain membranes. The choice between MAGL/2-
AG and FAAH/AEA as the target can be approached by OP sensitiv-
ity and specificity considerations, and by analysis for OP-induced
elevations of EC levels. The OP sensitivity and specificity profiles
correlate better for MAGL versus CB1 (1% =0.81, n=27) (Fig. 3d)
than for FAAH versus CB1 (? = 0.68, n = 16) (Supplementary data).
Although AEA has higher CB1 affinity than 2-AG!8, the ~1000-fold
greater level of 2-AG may override the affinity difference. Impor-
tantly, there is sufficient accumulation of 2-AG on OP treatment
to strongly inhibit the CB1 site (Fig. 3e).!° These results support li-
pid rafts?® as an important compartment for 2-AG in its interac-
tions with CB1 and MAGL. The weight of evidence favors OP
action on CB1 initiated by MAGL inhibition rather than FAAH inhi-
bition or direct on the receptor.

In conclusion, we report the discovery of several OP MAGL
inhibitors with unprecedented in vitro potency (ICso<1nM), a
subset of which is effective in vivo in dramatically raising brain
2-AG levels, leading to cannabinoid behavior. These inhibitors are
attractive probes to uncover specific functions of MAGL and 2-AG
in EC signaling in vivo both centrally and peripherally, and to
investigate MAGL as a therapeutic target. The findings establish
that MAGL and 2-AG, and not phospholipases and phospholipids,

@  OP-insensitivity of eCB1 b CB1 agonist binding

100 0.12
_5 80 o 0.09 control
2 o0 S 0.06
< 40 S
X 20 20.03
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Figure 3. Mechanisms of OP action on brain CB1. (a) OP 7 displaces [*H]CP55940
agonist binding in mouse brain membranes, but not in CB1 overexpressed in
HEK293 cells (eCB1). The eCB1/brain curve used a mixture of 100 ug eCB1 and
100 pg brain membranes. ICso values (uM) refer to brain (0.01) or components of
eCB1/brain (0.003 and 25). (b) Scatchard plot for apparent competitive OP 7
(100 nM) displacement of [*H]CP55940 agonist binding. (c) Stimulation of GTP
binding by 2-AG, 2-AG plus OP 1 (150 nM), or OP 1 alone comparing CB1*/* and
CB1~/~ mouse brain membranes. (d) Similar OP sensitivity and specificity profiles
for MAGL and CB1. (e) OP 1 (10 mg/kg ip, 4 h) significantly elevated brain
membrane 2-AG levels. Values are means + SD, n = 3-6. Significance expressed as
“p=0.01.
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Scheme 3. Several lines of evidence are presented for indirect OP inhibition of CB1
agonist binding in brain membranes by inhibiting MAGL to elevate 2-AG that binds
CB1 rather than direct binding or phosphorylation of CB1.

regulate brain levels of free AA in multiple tissues. Finally, we pro-
pose a mechanism for OPs and other MAGL inhibitors to indirectly
displace exogenous CB1 agonist binding in which elevated 2-AG
levels, metabolically stabilized in brain membranes by MAGL inhi-
bition, serve as the actual inhibitor.
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displacement of [*H]CP55940 agonist binding (see Supplementary data). Kq
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for OP 7.

Guanosine-5-0-(y-thio)-triphosphate (GTPYS) binding was determined as
previously described. Stimulation of GTPYS binding by 2-AG is potentiated
by preincubation with OP 1 (150 nM) shifting the EC50 of 2-AG from 1.0 to
0.3 uM. Interestingly, there is significant 2-AG-mediated stimulation of GTP
binding in CB1~/~ mouse brain, also potentiated by OP 1, indicating the
possible existence of another cannabinoid receptor. OP 1 alone at higher
concentrations stimulates GTPYS binding in CB1*/* membranes (ECsq 0.5 HM),
but not in CB1~/~ membranes, suggesting a possible direct stimulatory action
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than the ICso of CB1 agonist binding.
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The natural product salicylihalamide is a potent inhibitor of the Vacuolar ATPase (V-ATPase), a potential
target for antitumor chemotherapy. We generated salicylihalamide-resistant tumor cell lines typified by
an overexpansion of lysosomal organelles. We also found that many tumor cell lines upregulate tissue-
specific plasmalemmal V-ATPases, and hypothesize that tumors that derive their energy from glycolysis
rely on these isoforms to maintain a neutral cytosolic pH. To further validate the potential of V-ATPase
inhibitors as leads for cancer chemotherapy, we developed a multigram synthesis of the potent salicyli-
halamide analog saliphenylhalamide.

© 2008 Elsevier Ltd. All rights reserved.

As products of evolution, natural products are selected for inter-
action with living systems. As such, an unbiased quest to study
their function will inevitably lead to discoveries in biology, poten-
tially with therapeutic implications.! By accessing congeners for
mode-of-action studies, optimization of potency and pharmacoki-
netic, toxicological, and metabolic properties, synthesis takes cen-
ter stage as an enabling tool to execute a natural product-based
discovery and development program.? Herein, we report our ef-
forts to validate inhibition of the Vacuolar ATPase (V-ATPase),
the target of salicylihalamide, as a strategy for cancer chemother-
apeutic intervention. This program led to the selection and multi-
gram synthesis of a salicylihalamide analog saliphenylhalamide (2,
SaliPhe).

The marine metabolite salicylihalamide A (1), the first member
of a family of marine and terrestrial metabolites characterized by a
signature N-acyl-enamine appended macrocyclic salicylate, has
elicited a great deal of interest from the synthetic community*—
certainly due in part because of their growth-inhibitory activities
against cultured human tumor cells and oncogene-transformed
cell lines through mechanisms distinct from standard clinical anti-
tumor agents.” The cellular target of SaliA remained elusive until
after our first total synthesis,*® when Boyd and coworkers reported
that SaliA and other related benzolactone enamides inhibit V-ATP-
ase activity in membrane preparations of mammalian cells, but not
V-ATPases from yeast and other fungi—an observation that distin-

* Corresponding author. Tel.: +1 214 648 7808; fax: +1 214 648 0320.
E-mail address: jef.debrabander@utsouthwestern.edu (J.K. De Brabander).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.003

guishes them from previously identified V-ATPase inhibitors.® Our
biochemical studies utilizing a reconstituted, fully purified bovine
brain V-ATPase confirmed this activity and demonstrated that Sal-
iA binds irreversibly to the trans-membranous proton-transloca-
ting domain via N-acyl iminium chemistry.” Structure-activity
relationship studies revealed that a macrocyclic benzolactone with
a hydrophobic N-acyl enamine side-chain is essential for potent V-
ATPase inhibition and cytotoxic activity, with SaliPhe (2) equipo-
tent to SaliA 43>8

XN XN

Salicylihalamide A
(1, SaliA)

Saliphenylhalamide
(2, SaliPhe)

Although V-ATPases have been extensively explored as a therapeu-
tic target to treat osteoporosis, many lines of evidence support the
notion that they represent a potential target for treating solid tu-
mors that grow in a hypoxic and acidic micro-environment.® In-
creased V-ATPase activity is postulated to be required for the
efficient and rapid removal of protons generated by increased rates
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of glycolysis.>™ Maintaining a slightly basic cytosolic pH protects
the cytoplasm from acidosis and prevents apoptosis, and acidificat-
ion of the extracellular environment promotes invasion,'® metasta-
sis, immune suppression,'’ and resistance to radiation and
chemotherapy.® Proper V-ATPase function is also crucial for the exe-
cution of the autophagic pathway, which has been implicated as a
protective mechanism in cancer.!? To demonstrate that inhibition
of V-ATPase activity is related to the toxicity induced by salicyliha-
lamide, we have created various drug-resistant cell lines by cultur-
ing human melanoma cells (SK-MEL-5) in increasing concentrations
of SaliA. A cell line resistant to 100 nM of SaliA (SR100) possessed a
phenotype distinguished by an increased number of acidic lyso-
somal organelles (Fig. 1A). Western blot analysis indicated that V-
ATPase subunits and lysosomal membrane proteins are strongly
upregulated in this resistant cell line (Supplementary data Fig.
S1). An independent derived cell line resistant to 40 nM of SaliA
(SR40) also displays an increased number of larger lysosomes as
compared to drug-sensitive SK-MEL-5 cells as shown by staining
with antibodies specific for the lysosomal marker proteins CD63

A

SK-MEL-5

SR-100

CD63

Lamp2

and Lamp?2 (Fig 1B). Our working hypothesis is that the more malig-
nant tumors rely on V-ATPase activity to deal with increased acid-
load from glycolysis,'> and exploit otherwise tissue-specific iso-
forms found on the cell surface of acid-extruding cells (osteoclasts,
kidney intercalated cells, and testis acrosomes) to maintain their
cytosolic pH. In support of this mechanism, we have found that
the majority of a set of 28 human tumor cell lines of different ori-
gins over-express such plasmalemmal isoforms as determined by
RT-PCR. As shown in Figure 2, the plasmalemmal V-ATPase E2-sub-
unit (ATP6V1E2) is highly expressed in cancer cell lines, but not in
the normal fibroblast cell lines IMR-90 and B]J. In normal human tis-
sues, expression of this subunit is highly enriched in the testis
where it functions to acidify the acrosome.'4

An analog of saliA, saliphenylhalamide (SaliPhe, 2) was selected
for further preclinical evaluation based on (1) in vitro cytotoxicity
and V-ATPase inhibitory activity comparable to SaliA*?; (2) stabil-
ity and ease of synthesis;'® and (3) its differential effects on normal
and tumorigenic human mammary epithelial cells.'® As shown in
Table 1, SaliPhe is a potent antiproliferative agent with activity

SK-MEL-5 SR-40

Figure 1. (A) Parental SK-MEL-5 cells cultured in the absence of drug and SaliA-resistant cells growing in 100 nM SaliA (SR100) were stained with the pH-sensitive dye
Lysotracker Green (Invitrogen) according to the manufacturer's recommendations. The dye accumulates in acidic organelles, which are few and small in the parental SK-MEL-
5 cells (top left panel), and numerous and swollen in SR100 cells (bottom left panel). (B) Parental SK-MEL-5 cells and a drug-resistant line grown continually in 40 nM SaliA
(SR40) were stained with antibodies to the lysosomal proteins CD63 (top panels) or Lamp2 (bottom panels) followed by labeling with a secondary antibody conjugated to an
Alexa 488 fluorescent dye. The drug-resistant line shows increased numbers of larger lysosomal vesicles (right panels) versus the parental SK-MEL-5 cell line (left panels).
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Figure 2. ATP6V1E2 gene expression is highly enriched in the human testis (top panel) and is also highly expressed in many human tumor cell lines (middle and bottom
panels) as determined by RT-PCR. S9 ribosomal RNA served as a control for amplification.
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Table 1
Growth-inhibitory activity of SaliPhe (2) against a panel of human tumor cell lines
Cell line IC50® (NM) Cell line ICs50 (nM)
Hep-G2P° 79.2+8.9 MG-63¢ 448.6 +33.4
SK-HEP-1° 40.7+5.8 AsPC-1f 75.9+11.3
HCT-116¢ 69.3+4.9 Panc-1° 123.6 £36.9
HCT-15°¢ 100.1+10.8 MCF-7% 155.5+£22.8
HT-29¢ 89.9+10.6 MCF-7/Dox® 160.0+3.3
SW-480¢ 4246+73.2 MDA-MB-2312 179.8 £57.4
SK-MEL-5¢ 105.9+9.6 NCI-H460" 52.9+6.9
SK-MEL-28¢ 98.5+17.2 NCI-H1299" 77.2+13.1
A2058¢ 153.9 £ 14.9 A549" 145.6 £2.1
HOS*® 48.8+5.7 SK-MES-1" 76.4+32.2

@ ICsp values are average + standard deviation of three experiments.

P Cancer type (CT) = liver.

¢ CT = colon.

d

CT = melanoma.
CT = osteosarcoma.
CT = pancreas.

& CT = breast.

" CT = lung.

e
f

against a wide variety of human tumor cell lines. There was no dif-
ference between the concentrations of SaliPhe required to inhibit
the growth of MCF-7 or MCF-7/Dox cells, the latter of which are
resistant to doxorubicin and other chemotherapeutic agents that
are substrates for P-glycoprotein (Supplementary data Table S1).
Remarkably, we observed a correlation between the resistance of
selected human tumor cell lines to radiation and their correspond-
ing sensitivity to pharmacological treatment with SaliPhe. That is,
cells that are more resistant to radiation are more sensitive to Sal-
iPhe (Fig. 3). These results are consistent with the hypothesis that
cells with higher V-ATPase activity are radioresistant.'®® Further-
more, SaliPhe is also able to sensitize tumor cells to chemother-
apy'” and radiation (Supplementary data Fig. S2)

In order to further evaluate these promising anticancer activ-
ities in appropriate animal models and perform rigorous preclin-
ical toxicology and pharmacokinetic studies, we needed to
develop a scalable synthesis of SaliPhe. Our published route to
salicylihalamide and analogs was based on the assembly of the
12-membered benzolactone I via a Mitsunobu esterification of
alcohol III with ortho-substituted salicylic acid derivative II, fol-
lowed by an E-selective ring-closing olefin metathesis (Scheme
1). After installation of the side-chain and final deprotection, Sal-
iPhe (2) was obtained in 23 steps from commercially available
starting materials (longest linear sequence) with an overall yield

8 -
y=-0.0341x + 8.2557

— = R? = 0.7469
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O 61 SK-MEL-28
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0 -

75 100 125 150 175 200
SaliPhe ICs0 (nM)

4]
o

Figure 3. The indicated cancer cell lines were treated with a range of doses of
SaliPhe or radiation and the dose of radiation (Gy) or the concentration of SaliPhe
(nM) required to inhibit growth by 50% was calculated. The radiation ICso values are
an average of five experiments and the SaliPhe ICso values are an average of three
experiments (Table 1). Error bars represent the standard deviation of the radiation
ICsq values. The SD for the SaliPhe ICsq values can be found in Table 1.
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Scheme 1. Synthesis of salicylihalamides: synthetic strategy.

of 8%.“> We have now developed a more convergent route to the
more challenging fragment III, and optimized the final steps of
our total synthesis. These efforts culminated in a scalable total
synthesis delivering 2.54 g of SaliPhe in 15-17 steps (longest lin-
ear sequence) with an improved overall yield of 9.5% (Scheme
2).

The new synthesis of fragment III (alcohol 9 in Scheme 2) is
based on a convergent aldol reaction between methyl ketone 4
and homochiral a-methyl-substituted aldehyde 6. Ketone 4 and
aldehyde 6 are available in 2 steps each from commercially avail-
able 1,3-butanediol and known (-)-pseudoephedrine-derived
amide 5.'® Addition of the dicyclohexylboronate ester derived from
ketone 4 to homochiral aldehyde 6 delivered aldol product 7 in
high yield (93%, 10.8 g) but low selectivity for the desired anti-Fel-
kin diastereomer (57:43).!° The use of homochiral diisopinocamp-
heyl enolboranes did not improve the selectivity and moreover
resulted in lower yields due to competing reduction of the B-hy-
droxy ketone product 7 to the corresponding diol.2® The mixture
of B-hydroxyketones 7 was silylated (— 8) followed by syn-selec-
tive ketone reduction to alcohol 9 and corresponding 3S,55-diaste-
reomer (86% yield, 17.1g). Mitsunobu esterification?' of the
diastereomeric alcohol mixture 9 with ortho-allyl-substituted sali-
cylic acid derivative 10*2 was followed by a ring-closing olefin
metathesis.?>?4 At this point, methanolysis of the crude benzolac-
tone mixture (11 and 11’) enabled a facile chromatographic re-
moval of all unwanted stereoisomers (12’) and yielded 5.3 g of
the desired lactone 12 as a single pure stereoisomer (25% yield
from stereoisomer mixture 9).

The final steps of the synthesis, the introduction of the essential
N-acyl enamide side-chain, follow along the lines of our published
total synthesis.*" Silylation of the phenol, oxidative deprotection of
the p-methoxybenzyl ether, and Dess-Martin periodinane? oxida-
tion to the aldehyde set the stage for a highly Z-selective Horner-
Wadsworth-Emmons homologation to afford o,f-unsaturated allyl
ester 13 in 80% yield (4.8 g) for the 4 step sequence. Palladium(0)-
catalyzed de-allylation (— 14) and acylazide formation performed
very reproducibly on large scale, delivering 4.1 g of Curtius rear-
rangement precursor 15 in 87% yield for the 2 step sequence. Addi-
tion of the isocyanate derived from refluxing acylazide 15 in
benzene to a —78 °C solution of lithium phenylacetylide afforded
4.04 g of bis-silyl protected SaliPhe 16. Final deprotection with a
buffered solution of HF pyridine completed the synthesis of
2.54 g of SaliPhe 2.

In conclusion, we have demonstrated that inhibition of Vacuolar
ATPase activity is responsible for the potent antiproliferative activ-
ity of the natural product salicylihalamide. We have further pro-
vided data that indicate the potential for V-ATPase inhibitors as
cancer chemotherapeutic leads. A potent analog of salicylihala-
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Scheme 2. Reagents and conditions: (a) NaH, 4-MeOBnCl, THF (76%); (b) SO3 pyridine, DMSO, NEts, CH,Cl, (85%); (c) LINH,BH3, THF (99%); (d) (COCl),, DMSO, NEt;, CH,Cl,
(91%); (e) 4, Cy,BCl, NEts, Et,0, 0 °C —» —78 °C, add 6; MeOH, pH 7 buffer, H,0, (93%); (f) TBSCI, imidazole, cat. DMAP, DMF (95%); (g) Me,AICl, Bu3SnH, CH,Cl, (86%); (h) DIAD,
PhsP, THF (82%); (i) 9 mol% PhCHRu(PCys),(Cl),, CH,Cly; (j) K2CO3, MeOH (30% for 2 steps); (k) TBSCI, imidazole, cat. DMAP, DMF (95%); (1) DDQ, CH,Cl,/H,0 (18:1) (92%); (m)
Dess-Martin periodinane, CH,Cl, (95%); (n) (EtO),P(O)CH,CO,CH,CHCH,, NaH, THF, 0 °C - rt (96%); (o) 10 mol% Pd(PPhs)s, morpholine, THF (97%); (p) (PhO),PNs, NEt;,
benzene (90%); (q) 15, benzene, reflux; then concentrate, dissolve in THF and add to LiCCPh in THF, —78 °C (90%); (r) HF pyridine, pyridine, THF, rt.

mide A, saliphenylhalamide, was selected for further evaluation
and was prepared in multigram quantities via total synthesis.
These studies highlight the power of synthetic chemistry as an en-
abling tool for implementing a natural product-based discovery
and development program.
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Low-temperature NMR experiments and molecular modeling have been used to characterize the confor-
mational behavior of a covalently cross-linked DNA base pair model. The data suggest that Watson-Crick
or reverse Watson-Crick hydrogen bonding geometries have similar energies and can interconvert at low
temperatures. This low-temperature process involves rotation about the crosslink CH,—C(5’) (\s) carbon-
carbon bond, which is energetically preferred over the alternate CH,—N(3) (¢) carbon-nitrogen bond

© 2008 Elsevier Ltd. All rights reserved.

The study of DNA oligomers containing covalent cross-links can
illuminate aspects of the structure/function paradigm.! The con-
cept of interstrand covalent constructs similar to Watson-Crick
hydrogen-bonded base pairs was first described by Leonard in
the mid-1980s.2 Recently, Kishi has reported that CH,-bridged base
pair models can be incorporated into DNA oligomers that exhibit
conformational properties close to those of the corresponding
native DNA duplexes.’

CH,-bridged base pairs are expected to be conformationally
flexible with respect to the covalent linkage and can adopt Wat-
son-Crick or reverse Watson-Crick hydrogen-bonded structures
as shown in Figure 1. Compound 132 is one of several base pair
mimics that have been the focus of earlier synthetic and structural
studies from the Kishi group. This and the related N(3')-Me isomer
(a T-A mimic) had been subject to preliminary low-temperature
NMR studies and both were found to exhibit a 2d AB-system for
the CH, bridge resonances. A single-point analysis at the coales-
cence temperature identified an approximate 10 kcal/mol barrier
associated with the effect. This was suggested as being consistent
with the formation of a single conformer which was observed in
the solid-state (Watson-Crick mimic 1a). The present study was
undertaken to clarify the conformational behavior of 1.

* Corresponding author at present address: Department of Chemistry, Bowdoin
College, 6600 College Station, Brunswick, ME 04011, USA. Tel.: +1 207 725 3616;
fax: +1 207 725 3405.

E-mail address: doleary@bowdoin.edu (D.J. O’Leary).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.113

To initiate our study, the barrier associated with H(o/B) 2d AB-
system formation was first reexamined by the method of complete
line shape analysis* (Fig. 2) in CD,Cl, and in ethanol-dg. Eyring
analysis of the CD,Cl, data gave AH*=7.7%2.2kcal/mol,
AS*=—-5+17 calmol "K', and AG* (25°C)=9.3 + 1.3 kcal/mol.
Ethanol-dg was utilized in order to study the dynamics under polar
protic conditions, nominally similar to aqueous solution. The val-
ues obtained in ethanol were similar to those obtained in CD,Cl,
(AH*=75+1.0kcal/mol, AS*=-5+52mol '!K™!, and AG
(25°C)=10.1 £ 0.59 kcal/mol).

A semi-empirical AM1 o/\s° grid search (Fig. 3) was used to ex-
plore rotational trajectories about the bridging methylene group.®
Four energy minima were found and used as starting points for

1 N—Me

Me Et\ )J\

H H
o \\\\“

1N Me

--I

t'

T
Et 1a Me 1b

Corresponds to
Watson-Crick base pairing

Corresponds to
Reverse Watson-Crick base pairing

Figure 1. Conformational interchange of covalently cross-linked Watson-Crick
base pair models.
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AN e AN
N e A

5.2 5.0 ppm 5.2 5.0 ppm

Figure 2. (Left) Selected variable temperature 400 MHz 'H NMR spectra for 1 in
CDCl,. The 2d AB-system visible at 173 K arises from H(ot) and H(B). The rightmost
peak is the 6’-NH, resonance. (Right) Fit data obtained using the MEXICO iterative
procedure.*

higher-level B3LYP and MP2 calculations which included both exo
and endo N-Et orientations (Fig. 4).

At each level of theory, conformer 1b was found to be more sta-
ble than 1a by approximately 0.5-0.6 kcal/mol (gas phase) or
0.2-0.4 kcal/mol (CH,Cl, or CH3CH,OH solvent continuum). The

o
AEt ¢ l

1a-exo
(102.3, 270.7)

1a-endo
(102.8; 271.3)

150 200
y(°)
Figure 3. Relaxed AM1 potential energy surface for 1 as a function of the bridging

C—C (¢) and C—N (¢) torsional angles. The contour levels are spaced by
2 keal mol ™.

exo/orientation of the N-Et group did not appear to significantly
affect the conformational energies. Because the 1a/1b energies
are so similar, the calculations suggest that if static non-intercon-
verting conformations are formed upon cooling, then a mixture of
1a and 1b would be visible as reasonably populated major and

ent-1b-exo
(259.1, 269.0)

ent-1b-endo
(258.7, 268.8)

1b-endo
(101.3, 91.2)

1b-exo
(100.9, 91.0)

ent-1a-endo
(257.2, 88.7)

ent-1a-exo
(257.7, 89.3)

Figure 4. Definition of low-energy conformations of base-pair model 1. The structures have been computed at the B3LYP/6-31G== level of theory; their relative energies in the
gas phase and solvent continuum (CH,Cl, and CH3CH,OH) are compiled in Table 1. Exo- and endo- structures interconverted by rotation of the N-Et group are labeled with ‘Et’
over the equilibrium arrows; other rotations are labeled ¢ (carbon-nitrogen bond rotation) or \ (carbon-carbon bond rotation). i and ¢ dihedral angles are listed in

parentheses below each conformer.





5886 E. A. Jensen et al./Bioorg. Med. Chem. Lett. 18 (2008) 5884-5887

P 1

TS-I
(77.6, 10.7)

TSI °
(75.6, 173.2)

TSV
(10.3, 94.8)

TS
(156.7, 97.8)

Figure 5. Representative B3LYP 6-31G++ transition state structures for rotation
along the ¢ (TS-I and TS-II) and the s (TS-III and TS-IV) trajectories. ¥ and ¢
dihedral angles are listed in parentheses.

Table 1
Relative energy (kcal/mol) as a function of computational approach and basis set for
conformers 1a-exo, 1a-endo, 1b-exo, and 1b-endo

Entry B3LYP/6-31Gxx B3LYP/6-311Gxx MP2/6-31Gxx*
Gas phase

1a-exo +0.610 +0.525 +0.570
1a-endo +0.643 +0.559 +0.515
1b-exo +0.041 +0.027 +0.153
1b-endo 0.000 0.000 0.000
PCM CHCl,

1a-exo +0.299 +0.203 +0.234
1a-endo +0.385 +0.313 +0.313
1b-exo 0.000 0.000 0.000
1b-endo +0.071 +0.006 +0.107
PCM CH5CH,0H

1a-exo +0.250 +0.196 +0.179
1a-endo +0.391 +0.231 +0.257
1b-exo +0.067 0.000 0.000
1b-endo 0.000 +0.054 +0.066

Computed with Gaussian 03.*

minor conformers. This was not observed in the low-temperature
'H NMR spectrum of 1 and the preliminary AM1 calculations sug-
gested that the observed low-temperature dynamic NMR effect is
more likely due to differential slowing about the ¢/\s linkage.”
The barrier heights were therefore computed at a higher level of
theory by calculating transition state structures along each ¢/\r
rotational trajectory using the DFT B3LYP/6-31G++ methodology.?
The barriers were determined to be 11.16 and 11.25 kcal/mol ()

Table 2

Relative energy (B3LYP/6-31G+«, kcal/mol) of representative transition state struc-
tures for ¢ bond rotation (TS-I and TS-II) and for \y bond rotation (TS-III and TS-IV) as
computed in the gas phase and using a polarizable continuum model (PCM, CH,Cl, or
CH5CH,0H)

Entry Gas phase PCM CH,Cl, PCM CH5CH,0H
TS-1 +11.16 +9.82 +9.56
TS-II +11.25 +9.78 +9.46
TS-I +5.89 +3.83 +3.45
TS-IV +10.84 +9.10 +8.77
1a-exo 0.00 0.00 0.00

Computed with Gaussian 03.%

Figure 6. Comparison of C,, gable (2a) and C, helical (2b) conformations of
diphenylmethane.

and 10.84 and 5.89 kcal/mol () in the gas phase (Fig. 5 and Table
2). When a solvent continuum was included in the calculations, the
transition state energies diminished somewhat but the general
trend was maintained. These results, which agree with the exper-
imentally determined barrier heights, support the proposition that
either ¢ bond rotation is a relatively high energy conformational
process and should be accessible by low temperature NMR exper-
iments. On the other hand, \y bond rotation involves transition
states of different energies: a higher energy process comparable
with ¢ rotation in which an NH, group is rotated past the proximal
pyrimidine residue and a lower energy trajectory moving H(4')
moving past the adjacent ring. The calculated barrier for this latter
process, 3.45-5.89 kcal/mol, is low enough to preclude it from
being accessed by low-temperature NMR experiments.

The nuclear Overhauser effect (NOE) could, in principle, be used
to differentiate between static structures 1a and 1b and a set of
structures exhibiting conformational mobility. For example, a sta-
tic conformer could be identified by irradiating H(4’) and observing
a differential enhancement at the bridging methylene protons. This
is due to, for example, in conformer 1b-endo, the closer proximity
of H(o) to H(4'). Transient excitation of H(4’) provided equivalent
enhancement of the 2d AB-system transitions associated with
H(ot/B).4 This behavior was observed for mixing times ranging from
6.25 to 200 ms. Unfortunately, the Overhauser effects in compound
1 at low temperatures are negative, which means the molecule is
in the slow tumbling region. Under these conditions, the effect of
spin diffusion makes it difficult, if not impossible, to interpret
equivalent Overhauser effects between one spin and a geminal pair
of protons.® Accordingly, this set of experiments did not reveal any
conclusive information about the low-temperature behavior of
compound 1.

These findings are discussed in light of earlier conformational
studies of structurally related diphenylmethane derivatives
(Fig. 6). Empirical force-field and MNDO studies of diphenylme-
thane 2 revealed a C,, ‘gable’ conformation that is only ca
0.5 kcal/mol lower in energy than a G helical structure.'® More re-
cent computational studies using electron correlation!" and density
functional theory'? have found the C, structure to be slightly lower
in energy than the gable conformation, which is computed to be a
transition state at higher levels of theory.

Our conformational studies suggest that the flexibility of 1 is
due to an interconversion among gable conformations, each of
which is stabilized by a hydrogen bond. The NMR and computa-
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tional data suggest that at low temperatures, the molecule is
trapped not as a single conformer but as an enantiomeric pair of
rapidly interconverting diastereomers (l1a < ent-1b and
1b < ent-1a). The conformational process that stays active at low
temperatures is very likely a 180° \ rotation that ruptures the
NH;---0=C hydrogen bond and carries H(4') across the face of
the adjacent ring (TS-III, Fig. 5). To the best of our knowledge, this
is the first diphenylmethane-like system in which a dynamic ste-
reochemical process has been accessed and quantified with low-
temperature NMR spectroscopy.'>

Base pair model 1 was recently incorporated into DNA oligo-
mers.>? Interestingly, spectroscopic and chromatographic evidence
suggests that two local conformers, presumably corresponding to
the Watson-Crick and reverse Watson-Crick base pairings, are iso-
lable at room temperature. Although the detailed structure of these
conformational isomers is not yet known, the general observation
is consistent with data presented here.
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Triphenylmethylamides (TPMAs) have been previously identified as compounds that arrest cells in the
G1-phase of the cell cycle and induce apoptotic death in melanoma cell lines in culture. Here we report
the synthesis of a series of TPMA derivatives, allowing the structure-activity relationship of this class of
molecules to be established. Several new compounds have been identified that induce death in UACC-62
and SK-MEL-5 human melanoma cell lines, including a compound with enhanced aqueous solubility.

© 2008 Elsevier Ltd. All rights reserved.

Metastatic melanoma is a particularly aggressive form of cancer
that is resistant to standard anticancer therapies. If identified early,
melanoma (Stage I/II) primary tumors can be surgically resected
with a >95% success rate.! In contrast, late-stage (Stage IV) meta-
static melanoma is one of the most deadly forms of cancer, with
the median survival of patients with distant metastases being 7-
8 months.? The current standard of care for patients with late-stage
melanoma is dacarbazine/temozolomide chemotherapy or immu-
notherapy involving interleukin-2/interferon-o.>> Few patients
respond positively to these treatments; sometimes tumor shrink-
age is observed for a few months, after which tumor growth typi-
cally resumes.>® Clearly, novel compounds and new biological
targets are needed to address the limitations of current melanoma
therapies.

Drugs that target rapidly dividing cells by interfering with DNA
synthesis (S-phase arrest) or mitosis (M-phase arrest) such as tax-
ol, etoposide, cisplatin, and doxorubicin have failed to demonstrate
efficacy in large randomized trials with melanoma patients.” The
resistance to DNA-targeted therapy may be due to down-regula-
tion of DNA mismatch repair enzymes in melanoma.® Additionally,
elevated levels of survivin, a protein that assists mitotic spindle
formation permitting the evasion of the G2/M checkpoint, may al-
low melanoma to resist the effect of anti-mitotics.”'° Given these
characteristics, we hypothesized that compounds inducing arrest
in the G1-phase of the cell cycle might prove to be effective for

* Corresponding author.
E-mail address: hergenro@uiuc.edu (P.J. Hergenrother).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.128

the treatment of certain melanomas (and other cancers).'""'? To-
wards this end, we recently identified the triphenylmethylamides
(TPMAs) as a novel class of molecules that induce G1-phase arrest
and apoptosis in several human melanoma cell lines in culture.!!
Two representative TPMAs, 4A and 4BI, are shown in Figure 1.
These compounds also reduce cellular levels of the transcription
factor NFkB in melanoma cell lines in culture.!! In addition, the
compound 4BI is relatively non-toxic against bone marrow cells
from healthy human donors,!! and [!!C]labeled TPMAs have been
synthesized for positron emission tomography (PET) imaging.!?
While the functionality on the nitrogen side of the amide has little
influence on the potency of the TPMAs (amides based on pheneth-
ylamine, 4-methoxy-phenylamine, and 2-(3-methoxy-phenyl)-
ethylamine are all potent inducers of apoptosis), the triphenyl-
methyl moiety is critical to activity as the diphenylmethylamides
are largely inactive.!!

Herein, we report our effort to optimize the anticancer proper-
ties of the TPMAs and to further define their structure-activity
relationship (SAR). This study was performed through synthesis

OO c O OO c —O
’ "
4A

CO,Me

4Bl

Figure 1. The TPMAs 4A and 4BI were previously identified as potent inducers of
cell death in human melanoma cell lines in cell culture.
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of derivatives with functionalized triphenylmethyl moieties and
extensions of the carbon chain between the triphenylmethyl moi-
ety and the amide. Various triphenylmethyl-containing carboxylic
acids were prepared (as described in Supporting information) and
coupled with phenethylamine or p-phenylalanine methyl ester
using benzotriazol-1-yloxytripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP)-mediated coupling reactions (Chart 1).

The desired TPMAs were obtained in moderate to excellent
yields (72% average yield). The compounds were named based on
the triphenylmethyl (first number), the number of methylenes be-
tween the triphenylmethyl and the amide (second number), and
whether they were derivatives of phenethylamine or p-phenylala-
nine (A or BI). The TPMA derivatives synthesized were evaluated in
cell culture against two human melanoma cell lines, SK-MEL-5 and
UACC-62. Cells were incubated with the compound (at a range of
concentrations) for 72 h, at which time growth inhibition was as-
sessed by quantification of biomass using the sulforhodamine B as-
say.14 To obtain the ICso values, the compounds were assessed on
three different occasions and the average ICsq values and standard
deviations were determined (see Supporting information for dose-
response curves).

As shown in Chart 1, introduction of functional diversity in the
triphenylmethyl group considerably affected the biological proper-
ties of the TPMAs. With the exception of 5-0-A, hydroxyl-bearing
TPMAs (such as 4-0-A, 4-0-BI, 6-0-A, 6-0-BI, 7-0-A and 7-0-BI)
were less potent than the unfunctionalized TPMAs 4A and 4BI de-
spite being more soluble in aqueous solution.

Methyl ether-substituted TPMAs, 1-0-A and 1-0-BI, were
slightly less potent than the unfunctionalized TPMAs 4A and 4BI.
Increasing the number of methyl ether substitutions reduced the
potency as evidenced by 2-0-A, 2-0-BI, 3-0-A, and 3-0-Bl. TPMAs
9-0-A and 9-0-BI bearing conformationally rigid triphenylmethyl
motifs were up to 4-fold less active than 4A and 4BI, highlighting
the importance of flexibility in the triphenylmethyl motif. Replace-
ment of one of the phenyls with a 2-thiophene (8-0-BI and 8-0-A)
resulted in a moderate decrease in potency. Curiously, increasing

1.2 equiv. PyBOP
1.2 equiv. Amine
2.4 equiv. DIPEA

_—

2R1 (o]
R ;\HJLOH
n

the length of the carbon chain between the triphenylmethyl and
the amide reduced the potency against UACC-62 cells while the
activity against SK-MEL-5 cells remained unchanged as observed
for 10-1-BI, 10-2-A, 10-2-BI, 10-3-A, and 10-3-BL

It was of interest to determine whether the TPMA derivatives
share a similar mode of action to the unfunctionalized TPMAs 4A
and 4Bl, as it was recently shown that anticancer compounds with
the triphenylmethyl motif can be placed into at least four different
categories based on their mechanisms of action, with position of
cell cycle arrest being a major discriminator.!? Thus, several of
the most potent compounds identified herein were tested for their
ability to induce cell cycle arrest. For this assay, the rapidly divid-
ing HL-60 cell line (human leukemia) was utilized. These cells were
treated with 20 pM compound for 6 h, after which the percentage
cell population distributed in the various phases of the cell cycle
was determined using cell flow cytometry and propidium iodide
staining. As shown in Figure 2, the TPMAs 1-0-A, 2-0-A, 5-0-A,

707 mGO/G1
c 601 os
2 o G2/M
® 507
a
S 401
o
Z‘; 301
w 201
[]
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o.

Control 4A 4B| 1-0-A -OA 50A 10-3 -A

Figure 2. Cell cycle analysis of HL-60 cells treated with various TPMAs. Cells were
incubated for 6h in the presence of 20 uM compound, and then analyzed by
propidium iodide staining and cell flow cytometry. Control indicates cells treated
with vehicle only.

QO

R*=H or CO,Me

CH,Clp,12 h, 25 °C n H
Compound n R! R2 R3 R4 Yield (%) SK-MEL-51C5p (1M)  UACC-62 IC5q (M)
4A (4Bl) 0 phenyl phenyl phenyl H(COMe) Ref 11 (Ref11) 5.8+0.7 (67+1.7) 83+28 (14+2)
1-0-A (1-0-BI) 0  4-methoxyphenyl phenyl phenyl H (CO;Me) 81(68) 29+13 (6.1+£2.9) 13+8 (2713)
2-0-A(2-0-Bl) 0 4-methoxyphenyl 4-methoxyphenyl phenyl H (COzMe) 100 (75) 1441 (24%1) 20+3 (>100)
3-0-A (3-0-BI) 0  4-methoxyphenyl 4-methoxyphenyl 4-methoxyphenyl H (CO;Me) 98 (83) 20+4 (49+10) >100 (>100)
4-0-A (4-0-Bl) 0  4-hydroxyphenyl phenyl phenyl H (CO;Me) 57 (20) 8.1+1.0 (8.1+£27) 13+5 (21+6)
5-0-A 0 3,4-dihydroxyphenyl phenyl phenyl H 45 4.2+2.6 21212
6-0-A (6-0-BI) 0  4-hydroxyphenyl  4-hydroxyphenyl phenyl H (CO,Me) 73(71) 8.6+27 (6.7+£1.9) 47 +11 (2012)
7-0-A (7-0-Bl) 0  4-hydroxyphenyl  4-hydroxyphenyl 4-hydroxyphenyl H (CO;Me) 61(42) 36+21 (13+5) 71+6 (27+6)
8-0-A (8-0-Bl) 0 2-thiophene phenyl phenyl H (CO,Me) 89 (74) 9.0+33 (12+2) 13+5 (21£10)
9-0-A (9-0-Bl) 0 fluorenyl phenyl H (CO;Me) 99 (86) 20+6 (23x9) 20+2 (27+9)
10-1-A (10-1-Bl) 1 phenyl phenyl phenyl H (COzMe) 75 (37) 17 #12  (5.1£1.8) 50 +16 (>100)
10-2-A (10-2-Bl) 2 phenyl phenyl phenyl H (CO;Me) 70(92) 55+25 (25+09) 50+6 (40+£5)
10-3-A (10-3-Bl) 3 phenyl phenyl phenyl H (CO,Me) 83 (75) 54+36 (5.8+3.7) 26+2 (45%8)

Chart 1. Synthesis and biological evaluation of TPMA phenethylamine (A) and p-phenylalanine (BI) derivatives with functionalized triphenylmethyl groups and varying
carbon chain lengths between the triphenylmethyl motif and amide. The values for phenethylamine derivatives are italicized while those for p-phenylalanine derivatives are
in parentheses. Compounds 4A and 4BI were synthesized as previously reported.!' Average ICs, values and standard deviations were determined from three independent
experiments. Biomass was assessed by the sulforhodamine B assay after 72 h incubation in the presence of compound.
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Figure 3. The TPMA 5-0-A induces cell death via apoptosis. U-937 cells were treated with vehicle (left) or 100 uM 5-0-A (right) for 48 h, and the cell populations were
quantified using FITC-conjugated Annexin V (FITC-A) and propidium iodide (PI-A) staining together with cell flow cytometry.

and 10-3-A all induce G1-phase arrest, similar to the parent TPMAs
4A and 4BI.

The TPMA 5-0-A, which is slightly more potent than the unfunc-
tionalized TPMAs 4A and 4BI, was further evaluated for its ability
to induce apoptotic cell death as assessed by the externalization
of phosphatidylserine that occurs prior to disruption of cell mem-
brane integrity. Phosphatidylserine externalization was assessed
by binding of FITC-conjugated Annexin V, and cell membrane
integrity was assessed by exclusion of propidium iodide as mea-
sured by flow cytometry. As shown in Figure 3, U-937 human lym-
phoma cells treated for 48 h with 100 uM of TPMA 5-0-A show a
large shift to the early apoptotic quadrant (lower right; Annexin
V positive/propidium iodide negative) indicating that 5-0-A-in-
duced G1-phase cell cycle arrest leads to apoptosis.

In order to assess whether the TPMAs 4A, 4BI, 5-0-A, and 10-2-
BI possess general anticancer properties, their ability to affect the
viability of various cancer cell lines in cell culture was evaluated.
As shown in Table 1, the TPMAs exhibited potent anti-proliferative
activity against leukemia, lymphoma, and breast cancer cell lines
in addition to melanoma. In contrast, the rat adrenal cancer PC-
12 cell line was found to be fairly resistant to the effects of the
TPMAs with 5-0-A being the most potent (ICsp =16 + 4 pM).

Triphenylmethylamides (TPMAs) show promise as anticancer
agents against human melanoma and other cancer cell lines in cul-
ture. Introduction of 3,4-dihydroxy functionality on the triphenyl-
methyl moiety modestly increased the potency but also increased
the aqueous solubility; the solubility of compound 5-0-A in phos-
phate-buffered saline (PBS, pH 7.4) is approximately 80 puM, com-
pared to approximately 20 uM for 4BI. Compounds having an
extension of the carbon chain length between the triphenylmethyl
motif and the amide, such as 10-2-BI, showed similar abilities in

Table 1
Evaluation of TPMAs 4A, 4BI, 5-0-A and 10-2-BI against various cancer cell lines in
culture

Cell line Cancer type 4A 4BI 5-0-A 10-2-BI
(ICso, pM)  (ICso, pM)  (ICso, pM)  (ICso, M)

SK-MEL-5 Melanoma (human) 5.8+0.7 57+1.7 42+2.6 25109
UACC-62 Melanoma (human) 8.3+2.8 14+2 21+1.2 40+5

HL-60 Leukemia (human) 7.7+1.6 6.2+0.5 73+1.2 6.0+1.5
U-937 Lymphoma (human) 9.5+1.1 59+03 72+18 6.8+3.2
MCF-7 Breast (human) 71+£1.0 81zx1.1 80+14 6.1+1.0
PC-12 Adrenal (rat) 3111 85+14 164 7417

Cells were incubated in the presence of compound for 72 h and cell growth/viability
was assessed as described in Supporting information. Average ICso values and
standard deviations were determined from three independent experiments.

inducing cell death in SK-MEL-5 cells as 4A and 4BI. This work adds
to a growing body of literature showing that a variety of com-
pounds possessing the triphenylmethyl group induce death in can-
cer cells, albeit by diverse mechanisms.'"'215-22 While the
biological target of the TPMAs remains unknown, the structure-
activity relationship described herein may prove useful for further
optimization and development of triphenylmethyl-containing
anticancer agents.
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Here we identify the pharmacophore in a peptoid that antagonizes Vascular Endothelial Growth Factor
Receptor-2 (VEGFR2) in vitro and in vivo. Only three of the side chains in the peptoid are required for
activity. Surprisingly, however, main chain atoms also form critical interactions with the receptor.

© 2008 Elsevier Ltd. All rights reserved.

Rapid identification of the ‘minimum pharmacophore’ of a lead
compound is a vital step in the drug development process since it
sets the stage for subsequent optimization. With peptide-based
agents, this exercise is simplified by the regular structure of the
molecule. A common practice is to evaluate a series of derivatives
in which each residue in turn is replaced with a glycine or alanine
(alanine scanning).'? Recently, we reported the effective applica-
tion of glycine scanning to a peptoid (N-substituted oligoglycine)
inhibitor of the 19S regulatory particle of the proteasome. This
allowed us to create a minimal derivative of the original hit with
about half the mass, and thus increased cell permeability and
potency.> We have also reported the isolation of highly specific
peptoid ligands for the extracellular domain of the Vascular
Endothelial Growth Factor Receptor-2 (VEGFR2)* an integral
membrane receptor that triggers angiogenesis when bound by its
cognate hormone VEGF.> A dimerized derivative (GU40C4) of one
of these nine residue peptoids (GU40C; see Fig. 1) is a low nM
ligand for the receptor’s extracellular domain, and is a potent
antagonist of angiogenesis in vivo.# Inhibition of VEGFR2-mediated
angiogenesis is a validated strategy to slow the growth of tumors
as well as to treat ‘wet’ macular degeneration.>"'* Thus, this
peptoid is of potential therapeutic interest, and its optimization
is an important goal. Therefore, we sought to identify the minimal
pharmacophore in GU40C as the initial step in this effort.

* Corresponding author. Tel.: +1 214 648 1239; fax: +1 214 648 4156.
E-mail address: thomas.kodadek@utsouthwestern.edu (T. Kodadek).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.023

Figure 1. Structure of GU40C. Residues are numbered starting from C-terminus.

First, nine derivatives of GU40C were synthesized in which each
of the nine residues in the parent peptoid was replaced with a gly-
cine. All these derivatives were synthesized with a C-terminal cys-
teine to facilitate fluorescein attachment via maleimide chemistry.
The affinity of each of these derivatives for the extracellular
domain (ECD) of VEGFR2 was then determined using an ELISA-like
binding assay described in our previous report.* The results are
shown in Figure 2 (black bars). Only two side chains (the 6th and
8th from the C-terminus) appeared to be important for binding
of GU40C to the VEGFR2 ECD.

To buttress these data, we repeated the analysis, but replaced
each monomer in the peptoid with sarcosine rather than with gly-
cine. Since secondary amides have a strong preference for a tran-
soid configuration about the peptide bond, while tertiary amides
do not, it is possible that glycine substitution could introduce con-
formational constraints not present in the parent peptoid, and thus
the comparison of the derivative to the parent molecule might re-



mailto:thomas.kodadek@utsouthwestern.edu

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl



D. G. Udugamasooriya et al./Bioorg. Med. Chem. Lett. 18 (2008) 5892-5894 5893

250
200
< 150 -
=
< 100 -
50
0"*“"""'!‘“'*"“* L — | —
OCNIDD»H OO AA DD
WO AV A AV AV A AV N L A
00 09090.0.:090909 9" 0 9 . 97O
I F T F O
NP ISR I R\
OO0 O
Peptoid

Figure 2. Glycine (black bars) sarcosine (gray bars) scan binding results of GU40C.
Please refer Fig. 1 for residue numbers.

flect issues other than simply deleting the side chain. For example,
if the preferred binding conformation of a peptoid involved a cisoid
conformation about a particular peptide bond in the molecule,
then replacement of the side chain with a hydrogen would
discriminate against this conformation and presumably inhibit
binding, even though the side chain was not involved directly. A
sarcosine scan has the effect of replacing each of the side chains
in turn with a methyl group rather than with a hydrogen, preserv-
ing the tertiary amide bond, but removing the bulk of the side
chain. Therefore, we decided to conduct a sarcosine scan in the
region of the molecule identified as being critical for binding by
the glycine scan.

As shown in Figure 2 (gray bars), substitution of the methyl
group for isobutyl moiety at position 8 or the o-methylbenzyl
group at position 6 weakened binding of the peptoid for the
VEGFR2 ECD which is significantly consistent with the glycine scan
results. However, in contrast with the glycine scanning result, sub-
stitution of the lysine-like side chain at position 7 with methyl also
reduced binding affinity. This result was confirmed by competition
binding assays that compared directly the relative affinities of the
peptoids with glycine and sarcosine substitution at position 7 (see
Supplementary Figure 5). We do not fully understand the basis of
the different results obtained using the two scanning methods at
position 7. One possibility might be that a polar substituent capa-
ble of donating a hydrogen bond to solvent might be favorable
there. In any case, the combined data from the glycine and
sarcosine scans indicate that the N-terminal region of GU40C, spe-
cifically positions 6-8 (see Fig. 1), is important for binding of the
peptoid to VEGFR2.

Based on these data, it seemed reasonable to speculate that a
trimeric peptoid including positions 6-8 would be a good ligand
for the VEGFR2 ECD, an interesting possibility since this molecule
would have a mass of less than 450 Da. To test this idea, we synthe-
sized a fluorescein-conjugated tetramer peptoid GU40C(1) that
contains the three original residues at 6-8 positions along with
an N-terminal glycine (Fig. 3A).

The affinity of this minimized GU40C derivative for the receptor
ECD was then tested, again using the ELISA-like binding assay.
Somewhat surprisingly, this molecule showed no detectable bind-
ing to the receptor ECD at any of the concentrations tested (Fig.
3B). Combined with the glycine scanning data shown in Figure 2,
this result suggested the possibility that some of the main chain
atoms in the parent peptoid might be involved in receptor
binding.
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Figure 3. Shortest derivative of GU40C, which contains only the important side
chains and its binding isotherm. (A) Structure of GU40C(1). (B) Binding isotherms of
GU40C, GU40C(1), and a control peptoid that does not bind selectively to VEGFR2
ECD.

Therefore, we decided to reintroduce the full backbone, but
leave out the side chains, except those important residues at posi-
tions 6-8 [GU40C(2)—Fig. 4A, first structure]. Interestingly, this
compound recognized the receptor ECD with an affinity similar
to that of the GU40C parent peptoid (Fig. 4B, square and circle data
points), confirming the conclusion derived from the scanning
experiments that the side chains at positions 1-5 are not involved
in receptor binding. This observation, combined with the sarcosine
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Figure 4. Structures and binding isotherms of GU40C and its derivatives. (A)
Structures of GU40C(2) and GU40C(3). R: please see Figure 3. (B) Binding isotherms
of GU40C and its derivatives. Only GU40C and GU40C(2) are able to display binding
to VEGFR2 ECD.
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Figure 5. GU40C truncation study results. (A) Downward arrows show GU40C
truncation positions (B) Competitive binding assay results; increasing concentra-
tions of unlabeled GU40C and truncated derivatives were competed with a constant
amount of fluoresceinated GU40C. Symbols represent; GU40C (OJ), 8-mer (4 ), 7-mer
(¥), 6-mer (<), 5-mer (O), 4-mer (M), control (x).

scanning data, confirms that some of the backbone amide bonds
within the first five residues participate in the binding event. We
also synthesized and tested GU40C(3) (Fig. 4A), a compound con-
taining the essential side chains and two amide groups C-terminal
to these residues, but which are out of register with the amides in
the parent peptoid. This compound had no detectable affinity for
the receptor ECD (Fig. 4B).

To identify the main chain amides important for binding, we
synthesized five different truncated versions of GU40C, each
containing all four of the N-terminal residues (Fig. 5A). Increasing
concentrations of these truncated versions were competed with a
constant amount of fluorescein-conjugated GU40C for binding to
the VEGR2 ECD. The results are shown in Figure 5B. Unlabeled
GU40C competed efficiently with its labeled counterpart as
expected (Fig. 5B). Elimination of the first C-terminal residue
weakened binding about 10-fold (Fig. 5B). Further elimination of
the next three C-terminal residues further diminished binding only
slightly. However, deletion of the next residue essentially
abolished binding of the peptoid to the VEGFR2 ECD.

In summary, the data described above have defined the minimal
pharmacophore of the peptoid VEGFR2 antagonist GU40C4. Only
three side chains are important for peptoid-receptor binding (the
6th through 8th counting from the C-terminus; Fig. 6) as shown
by glycine and sarcosine scanning (Fig. 2). However, a smaller
peptoid containing only these residues is inactive (Fig. 3). Further-
more, an analysis of truncated derivatives of GU40C showed that
elimination of the first C-terminal residue reduced the affinity of
the peptoid by about 10-fold and removal of the fifth residue
essentially abolished binding. Combined with the insensitivity of
the binding affinity to the removal of the side chains at these
residues, these data argue that it is the main chain residues at posi-

GuU40C

Figure 6. Structure of the GU40C with highlighted residues that are proposed to
constitute the minimal pharmacophore.

tions 1 and 5 that contact the receptor ECD. This model is further
supported by the fact that the nine residue peptoid GU40C(2),
which contains only the side chains at positions 6-8 but is other-
wise composed of glycines, binds the receptor ECD about as well
as the GU40C parent.

Figure 6 highlights the residues that are proposed to constitute
the minimal pharmacophore of GU40C based on these results. This
study also highlights how we can take advantage of the regular
structure of peptoids to rapidly identify the pharmacophore of a
bioactive molecule. Current efforts are focused on optimizing the
fit of the important side chains with the receptor ECD to improve
the potency of the compound.
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Structure-based design was utilized to guide the early stage optimization of a substrate-like inhibitor to
afford potent peptidomimetic inhibitors of the channel-activating protease prostasin. The first X-ray crys-
tal structures of prostasin with small molecule inhibitors bound to the active site are also reported.

© 2008 Elsevier Ltd. All rights reserved.

Prostasin (CAP1/PRSS8) is a glycosylphosphatidyl-inositol-
linked (GPI) serine protease of the chymotrypsin-fold that is ex-
pressed in the airway epithelium.!? Although the physiological
substrates of the catalytic activity are not known, prostasin has
been shown to be an activator of the epithelial sodium channel
(ENaC).>* Indeed, coexpression of prostasin and ENaC increases
the sodium current in Xenopus oocytes,>* whereas siRNA knock-
down attenuates the amiloride-sensitive sodium current in a cys-
tic fibrosis airway epithelial cell line.> Recent findings suggest that
a proteolytic cascade involving prostasin regulates Na* absorption
in the airway, and that abnormal prostasin expression contributes
to the excessive proteolytic activation of ENaC in cystic fibrosis pa-
tients.® Since ENaC and other ion transport processes control the
luminal osmolarity required for normal lung function, it is be-
lieved that inhibition of upstream ENaC activators such as prosta-
sin may be attractive therapeutic targets in the treatment of cystic
fibrosis.

To date, no small molecule inhibitors of prostasin have been
reported. High-throughput screening efforts yielded no viable
starting points for medicinal chemistry, so we instead turned to a
rational design strategy of peptidomimetic inhibitors using the

* Corresponding author. Tel.: +1 8588121559; fax: +1 8588121648.
E-mail address: dtully@gnf.org (D.C. Tully).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.029

known substrate specificity of prostasin? as a template. By
employing positional scanning combinatorial substrate libraries,
we have shown previously that prostasin exhibits trypsin-like sub-
strate specificity with a strong preference for arginine or lysine in
P1, large hydrophobic amino acids in P2, and basic residues P3.2
Here, we report the discovery of potent, reversible inhibitors of
prostasin that were initially developed using a substrate mimic ap-
proach as a starting point, and then optimized with the aid of the
crystal structure of prostasin to improve binding affinity.

We sought to convert our optimized peptide substrate
Ac-KHYR-acmc 1 into an inhibitor by replacing the labile coumarin
amide with an electrophilic transition-state analog mimic. To
accomplish this, we chose a-ketoheterocycle transition-state ana-
logs, which are well-known reversible warheads extensively
employed in serine protease inhibitors.”~® The synthesis of the pre-
ferred P1-lysine a-ketobenzoxazole intermediate 5 is shown in
Scheme 1, starting with commercially available Cbz-Lys(Boc)-OH
2 which was converted to the corresponding aldehyde 3 in two
steps. Grignard addition of benzoxazole to the aldehyde 3 gave
alcohol 4, and the subsequent hydrogenolysis of the Cbz protecting
group afforded the aminoalcohol 5 as a mixture of diastereomers.

A small number of transition-state analog substrate mimics
(compounds 8-13, Table 1) were initially made using the standard
peptide coupling (HATU) and hydrogenolysis conditions shown in
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Scheme 1. Reagents and conditions: (a) i—iso-BuOCOCI, Et3N, THF; ii—NaBH,4, H,0,
63%; (b) Dess-Martin periodinane, CH,Cl,; (c) iso-PrMgCl, benzoxazole, THF,
—20°C, 30 min, then aldehyde 3, —20°C to rt, 31-48% yield combined steps b
and c; (d) Ha (40 psi), EtOH, Pd/C, rt, 18 h, 69%.

Table 1
Prostasin inhibition constants (K;) for early substrate-like transition-state analogs®

NH,

Compound R® R? Prostasin K; (M)
8 Cbz —CH,CH(CHs), >100

9 Cbz —-CH,CH,Ph >100

10 Cbz-Lysine —~CH,CH(CHs), 15.2

11 Cbz-Histidine -CH,CH(CH3), 5.72

12 Cbz-Lysine —CH,CH,Ph 5.78

13 Cbz-Histidine —-CH,CH,Ph 2.10

@ Details of the assay conditions can
material.

be found in Ref. 2 and Supplementary

Scheme 2, followed by Dess-Martin oxidation of the penultimate
alcohol 7 and deprotection of the Boc groups in the final step. Uti-
lizing the preferred substrate specificity profile of prostasin,?
hydrophobic residues leucine and homophenylalanine (hPhe) were
initially chosen for P2, while basic residues His and Lys were cho-
sen for P3. Structure-activity relationships in Table 1 clearly dem-
onstrate the requirement for a P3 residue, as truncated analogs 8
and 9 did not inhibit prostasin at concentrations below 100 pM.
Introduction of the Cbz-Lys and Cbz-His in P3 (10-13) generated
several prostasin inhibitors with weak (low uM K;) binding affinity.

The X-ray structure of compound 12 (K; =5.78 pM) bound to
the active site of prostasin is shown in Figure 1, and clearly reveals
each of the four subsites (P4-P1) and their respective interactions.
The o-ketobenzoxazole warhead establishes the contacts in the
oxyanion hole analogous to previously reported X-ray crystal
structures of similar o-ketoheterocycles bound to the active sites
of related serine proteases.” '° Key hydrogen bonds along the main
chain of the inhibitor include the GIn192 sidechain to the P2 car-
bonyl and an anti-parallel B-sheet-like conformation between the
Gly216 and the P3-lysine moiety. The inhibitor’s P1-lysine side-
chain establishes a water-mediated H-bond with the sidechain of

Chem. Lett. 18 (2008) 5895-5899

2
R H H
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Cozs, oH H g = | de
H 5 —_— —> 89
NH,
. @ @

NH, 7 NH, 10-18

Scheme 2. Reagents and conditions: (a) 5, HATU, DIEA, DCM, rt, 86%; (b) H,
(40 psi), EtOH, Pd/C, rt, 18 h, 92%. (c) R*COOH, HATU, DIEA, DCM, rt, 81-90%; (d)
Dess-Martin periodinane, CH,Cl,, 45-65%; (e) TFA/ CH,Cl,, reverse-phase HPLC,
75-85%.

Asp189 at the bottom of the S1 pocket, while the P3-lysine is
mostly solvent exposed with no obvious interactions. The phen-
ethyl P2 moiety is sandwiched between the Glu97 and Trp215
sidechains, while the N-terminal benzyl group is stacked edge on
face with the indole ring of Trp215.

Several clues from the X-ray structure of compound 12 suggest
possible directions for the optimization of inhibitor design in order
to improve binding affinity. First, the P2 NH clearly does not partic-
ipate in any H-bonding interactions, suggesting that proline could
potentially be tolerated in P2 to add a degree of conformational
restraint to the peptidic scaffold. Second, the natural L-configura-
tion of the P3-lysine directs the sidechain out toward solvent,
and forces the N-terminal benzyl group into the hydrophobic pock-
et defined primarily by Trp215, Pro172I, His172J, and Gly98. Using
this X-ray structure as a guide, modeling suggested that the oppo-
site configuration of the P3 subunit bearing a hydrophobic side-
chain could more efficiently fill this hydrophobic pocket, and
take advantage of the m-stacking interaction with Trp215.

Incorporation of these changes into the initial inhibitor design
led us to compound 14, which has a proline in P2 and the opposite
configuration p-hPhe in P3 (Table 2). Conformational restraint con-
ferred by the proline in P2 led to a slight improvement in potency

Figure 1. Crystal structure of Prostasin with compound 12 at 1.6 A resolution (RCSB
PDB ID: 3E16). Figure generated using PyMol.





D. C. Tully et al./Bioorg. Med. Chem. Lett. 18 (2008) 5895-5899

Table 2
Effect of P2 substituents on prostasin inhibition (K;)
3
R R
N
2 N H \ ©
Cbz—N. O
H
NH»
Compound R® R? Prostasin K; (LM)
14 -H -H 1.40
15 -H -Ph 0.267
16 -H -Me 0.049
17 -OCH,Ph -H 0.040
18 -OH -H 1.04
19 -OCH;(meta-CF5)Ph -H 0.041
20 —OCH;(para-CF5)Ph -H 0.028
21 -OCH;(para-Me)Ph -H 0.045
22 -OCHj(para-F)Ph -H 0.027
23 —-OCH;(para-Cl)Ph -H 0.012
24 ~OCH,-cyclo-CeHi -H 0.019
25 ~OCH,-cyclo-CsHg -H 0.065
26 -OCONHPh -H 0.130
27 —~OCONHCH,Ph -H 0.060
28 ~OCONHCH,(p-S0,Me)Ph -H 0.176
29 Piperidinecarbonyloxy— -H 0.029
30 Pyrrolidinecarbonyloxy— -H 0.101
31 Morpholinecarbonyloxy- -H 0.510
32 -0CONMe, -H 1.55

(14, K; = 1.4 pnM) over the previous analogs 10-13. However, com-
pound 14 lacks a P2 substituent capable of extending into the S2
subsite to pick up any favorable hydrophobic interactions. To
achieve this, compound 15 was prepared using the conformation-
ally constrained analog of hPhe in P2 from commercially available
(2R,3S)-3-phenyl-L-proline. Incorporation of a phenyl substituent
onto the proline ring resulted in a fivefold improvement in potency
(Ki=0.267 uM) over 14, demonstrating the importance of the
favorable interaction gained by hydrophobic substituents that are

RZ
r
HO,__ Q
N OH 4 (Nj\!(OH b,c
| — ——
/
Boc 0 Boc o)
32
R2
r
o
H H
N N 0
f 2 : \
— / I\\ (0] R N
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H
35 HN,
Boc
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able to extend into the S2 subsite. Interestingly, the replacement
of the phenyl group for a simple methyl group at the proline 3-po-
sition (16) further improved the potency (K; = 0.049 uM). To gain
additional insight into the SAR at the P2 position, we next chose
to explore the effect of introducing substituents at the syntheti-
cally more accessible 4-position of proline. Benzyl ether 17
(K; =0.040 uM) demonstrated that comparable improvements in
inhibitory activity could be achieved by the incorporation of
hydrophobic substituents at the proline 4-position, while the 4-hy-
droxy analog 18 (K; = 1.04 uM) confirmed that larger hydrophobic
substituents were preferred over small polar moieties.

To explore the effect of substituents on the P2 benzyl ring have
on the SAR, a small subset of substituted benzyl ethers (19-25)
were synthesized according to the procedure outlined in Scheme
3 from the commercially available starting material Boc-i-
hydroxyproline. Compound 19 (K; = 0.041 uM) demonstrated that
substitution on the meta-position of the benzyl ring has no notice-
able effect on potency, while small hydrophobic substituents at the

Figure 2. Crystal structure of Prostasin with compound 23 at 1.7 A resolution (RCSB
PDB ID: 3EOP). Figure generated using PyMol.
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Cbz—N, o
H

19-25 H,N

Scheme 3. Reagents and conditions: (a) i—KOH (8.0 equiv), DMSO, 0 °C, 20 min; ii—R?*CH,Br (4.5 equiv), 0 °C, 15 min, then 20 °C, 4 h, 82%; (b) TMS-CHN, (2.0 M in Et,0), 20%
MeOH in CH,Cl,, 89%; (c) TFA (50%) in CH,Cl,, 100%; (d) Cbz-p-homoPhe-OH, HATU, DIEA, CH,Cl,, rt, 84%; (e) LiOH-H,0, 1,4-dioxane/water 50:50, 85%; (f) 5, HATU, DIEA,
CH,Cl,, 73-86%; (g) Dess—Martin periodinane, CH,Cl,, 45-65%; (h) TFA/CHCl,, reverse-phase HPLC, 75-85%.
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Scheme 4. Reagents and conditions: (a) Cbz-p-hPhe-OH, HATU, DIEA, CH,Cl,, rt, 84%; (b) para-nitrophenylchloroformate, pyridine, CH,Cl,, 76%; (c) H,NR?, CH,Cl,, 72-80%;
(d) LiOH-H,0, 1,4-dioxane/water 50:50, 85%; (e) 5, HATU, DIEA, CH,Cl,, 73-86%; (f) Dess—Martin periodinane, CH,Cl,, 45-65%; (g) TFA/CH,Cl,, reverse-phase HPLC, 75-85%.

para-position led to modest improvements, with 4-chlorobenzyl
ether 23 contributing to a threefold boost in potency
(Ki=0.012 uM) compared to 17. Cycloaliphatic ethers 24 and 25
demonstrate that a cyclohexyl ring (24, K; = 0.019 uM) is preferred
slightly over cyclopentyl (25, K; = 0.041 uM), suggesting that the
larger cyclohexyl ring is able to more efficiently occupy the S2
subsite.

A second X-ray crystal structure of prostasin with compound 23
bound to the active site is shown in Figure 2. The various interac-
tions between the P1-lysine-ketobenzoxazole moiety and the res-
idues of the catalytic triad, oxyanion hole, and S1 subsite are
essentially identical to the structure with compound 12. The
noticeable difference arises in the S2 subsite, as the loop containing
Glu97, which defines a narrow cleft occupied by the phenethyl
group in the structure of compound 12 (Fig. 1), has undergone a
significant conformational change in this second structure
(Fig. 2). This change accommodates the binding of the para-chloro-
benzylether moiety into a broad hydrophobic compartment de-
fined primarily by Trp215, Met180, and Tyr94. The adjacent S3
subsite, defined principally by Trp215 and Pro172I, accommodates
the P3 phenethyl group. This moiety occupies essentially the same
space as the benzylcarbamate moiety of compound 12, while the
N-terminal benzyl group of 23 is now situated over the small
hydrophobic patch defined by Ala218.

Next, we explored the SAR around a number of carbamates
substituted on the 4-position of the P2 proline subunit (com-
pounds 26-32), which were synthesized according to the proce-
dure outlined in Scheme 4. Both phenyl and benzyl carbamates
26 and 27 both exhibit a loss of potency from benzyl ether 23,
while addition of a polar sulfone (28, K; = 0.176 M) has a further
deleterious effect confirming the S2 subsite’s strong preference
for non-polar, hydrophobic moieties. Interestingly, the piperidine
carbamate 29 (K;=0.029 uM) is roughly equipotent with cyclo-
hexylmethyl ether 24, while the pyrrolidine carbamate results in
a several-fold loss in inhibitory activity, suggesting again that the
six-membered aliphatic rings are able to fill the hydrophobic S2
subsite more efficiently. Morpholine carbamate 31 (K;=0.510 pM),
which drops off more than 17-fold in inhibitory activity from the
piperidine analog 29, again confirms that even a single heteroatom
is not well tolerated by the S2 binding pocket. Meanwhile, the dim-

ethylcarbamate 32 (K; = 1.55 puM), which is roughly equipotent to
the unfunctionalized proline 14, demonstrates that small hydro-
phobic substituents at the proline 4-position make no significant
contribution to the binding affinity, in stark contrast to the gain
in potency conferred by a methyl substituent at the 3-position of
proline (16, K;=0.049 uM). This suggests that a possible binding
mode for 16 may be similar to that seen for compound 12, in which
the 90’s loop is closed, allowing for this methyl group to derive a
hydrophobic interaction within the narrow hydrophobic cleft.

In summary, we have utilized the substrate specificity profile as
a template for the first small molecule inhibitors of the channel-
activating protease prostasin. Direct translation of the substrate
sequence to an inhibitor sequence resulted only in marginally ac-
tive compounds. Subsequently, guided by the X-ray structure, we
were able to optimize the peptidomimetic scaffold to generate
the first low nanomolar K; inhibitors of prostasin. The structure-
activity relationships surrounding analogs from this scaffold dis-
play a clear preference for large, flexible hydrophobic substituents
at the 4-position of the P2 proline subunit, whereas at the 3-posi-
tion of proline, there is a preference for smaller hydrophobic sub-
stituents. Structure-based design and medicinal chemistry
optimization eventually led to compound 23, which is a potent,
reversible inhibitor of prostasin with K; = 0.012 uM.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2008.08.029.
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Neighboring-group participation in the reaction catalyzed by purine nucleoside phosphorylase involves a
compression mode between the 5'- and 4'-ribosyl oxygens, facilitated by His257. The His257Gly mutant
opens a space in the catalytic site. Hydrophobic 5'-substituted Immucillins are transition-state analogue
inhibitors of this mutant enzyme. Dissociation constants as low as 2 pM are achieved, with K,/Kq4 as high

© 2008 Elsevier Ltd. All rights reserved.

Purine nucleoside phosphorylase (PNP)! catalyzes the phospho-
rolytic cleavage of inosine and guanosine as well as their 2’-deoxy
analogues to (deoxy)ribose 1-phosphate and hypoxanthine or
guanine (Fig. 1).

Inhibition of human PNP activity causes accumulation of deoxy-
guanosine, which in turn leads to downstream inhibition of cell
division and apoptosis specifically in T-lymphocytes.>™ Thus,
PNP has been identified as a target for the treatment of T-cell
lymphoma, rheumatoid arthritis, psoriasis, multiple sclerosis, and
other T-cell mediated disorders.

The human PNP-catalyzed reaction has been shown to proceed
through a dissociative transition state characterized by a ribo-
oxacarbenium ion with a cationic C-1/, which is separated from
the nucleobase by >3 A.° These features were incorporated into a
family of transition-state analogue inhibitors called Immucillins
(Fig. 2), whose members typically possess low nanomolar to
picomolar affinity for human PNP. The potent inhibitors exhibit
slow-onset behavior, where a time-dependent conformational
change converts the initial enzyme-inhibitor complex (E-I), with
dissociation constant K;, to an even more stable complex (E"I), with
dissociation constant K;". The first-generation inhibitor, Immucil-
lin-H (ImmH, 1),” has a K; of 3.3 nM and a K;" of 58 pM.® Modifica-
tion of ImmH produced second- and third-generation Immucillins
represented by DADMe-ImmH (4)° and SerMe-ImmH (9),'° respec-
tively, with K;" values of 11 and 5.2 pM, respectively.

* Corresponding author. Tel.: +1 718 430 2813; fax: +1 718 430 8565.
E-mail address: vern@aecom.yu.edu (V.L. Schramm).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.047

Mutation of His257 has shown that this residue serves an
important role in transition-state formation by hydrogen-bonding
with the 5-OH, orienting it into an electron-rich ‘oxygen stack’
with 0-4' and Op from the phosphate nucleophile (Fig. 3).8 This
interaction is reasoned to provide electron density to weaken the
ribosidic bond and stabilize the developing cationic transition
state. Though mutation adversely affected the steady-state proper-
ties of PNP, mutants were capable of binding ImmH and DADMe-
ImmH with reasonably good affinity. Structural analysis revealed
that one of the mutants, His257Gly, was capable of binding these
inhibitors nearly identically to the native protein, despite side-
chain removal (Fig. 4). We envisioned that the active-site cavity
introduced in the His257Gly mutant could be exploited in the
binding of bulkier Immucillin derivatives.

5’-Methylthio-ImmH (MeS-ImmH, 2) and 5’-phenylthio-ImmH
(PhS-ImmH, 3)!! were originally developed as specific inhibitors
of PNP from Plasmodium falciparum, exhibiting 112- and 2-fold
binding preference over human PNP, respectively.'> With native
human PNP, 2 and 3 bind with weaker affinity than 1, showing
no slow-onset behavior and yielding K; values of 101 and
160 nM, respectively (Table 1). In comparison to the substrate ino-
sine (Kp, =40 nM), modification of the 5-hydroxyl of ImmH re-
sulted in a drop in relative affinity (K,/K;) from 690,000 to 400
and 250, respectively. Mutation of His257 to glycine abolished
the slow-onset character of ImmH (1), resulting in a K; of
11.0 nM. Taken in light of the elevated K, (750 uM) with this mu-
tant, the relative affinity decreased 10-fold relative to the native
enzyme [(mutant K,/K;)/(native K,/K;) = 0.099]. In the case of the
bulkier derivatives 2 and 3, however, not only was increased
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Figure 2. Three-generations of Immucillins, potent PNP transition-state analogue inhibitors. ImmH, DADMe-ImmH, and SerMe-ImmH are shown along with 5’-alkylthio and

arylthio derivatives used in this study.

absolute affinity observed (Ki=4.9 and 6.0 nM, respectively),
but also the relative affinity increased to 150,000 and 120,000,
respectively, up to 500-fold over native PNP.

The second-generation transition-state analogue DADMe-
ImmH (4) was designed to mimic the human PNP transition state
by increasing the leaving group distance through introduction of
a methylene bridge between the pseudoribosidic bond and by
moving the cationic ring nitrogen to the 1’-position, where signif-
icant positive-charge character is developed at the transition
state.!> With the native enzyme, DADMe-ImmH was found to be
a more potent inhibitor than ImmH, giving a K;" of 10.7 pM.2 Unlike
the case with ImmH, the His257Gly mutant bound DADMe-ImmH
in a slow-onset manner, with only slightly lowered relative affinity
[(mutant Kqy/Kj)/(native Kun/K;)=0.74]. 5-Methylthio-DADMe-
ImmH (MeS-DADMe-ImmH, 5) and 5’-propylthio-DADMe-ImmH

(PrS-DADMe-ImmH, 6)'?> maintained strong potency with the na-
tive enzyme with K;* values of 19.6 pM (Kn/K; = 2,000,000) and
9.8 pM (K/K;=4,100,000), respectively. These inhibitors were
found to be strikingly effective with the His257Gly mutant, exhib-
iting slow-onset inhibition and yielding K;" values of only 2.8 and
1.9 pM, respectively. Not only are these values lower than the most
potent inhibitor tested to date with native human PNP, but also the
relative affinities (Kn/K;) of 270,000,000 and 400,000,000 are the
largest ever reported for any enzyme-inhibitor system. Inhibitors
5 and 6 are therefore bound with 130- and 97-fold preference,
respectively, over the native protein.

Further derivatization of 5 to (+)-5'-deoxy-4'-fluoro-5'-methyl-
thio-DADMe-ImmH (4’-F-MeS-DADMe-ImmH, 7) was accom-
plished by functional group exchange from the fluorinated diol
precursor 11, followed by Mannich reaction of 13 with 9-deaza-
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Figure 3. Proposed role of His257 in formation of the transition state, featuring
dynamic compression of the 05-04'-Op ‘oxygen stack’. The ‘oxygen stack’ is
represented by hashed bonds connecting bolded atoms, and arrows indicate
promoting vibrational modes. Dashed bonds represent hydrogen bonds and partial
bonds. Dynamic compressive motions (larger solid arrows) from the enzyme push
0-5" and the phosphate oxygen toward the ring oxygen, providing electron density
to stabilize ribooxacarbenium-ion development and promote ribosidic bond fission.

"
&,

His257/
Gly257

Figure 4. Overlay of the crystal structures of native human PNP and His257Gly
complexed with ImmH and phosphate (PO,). Side chains of selected active-site
residues within 3.2 A of InmH have been included. Carbon atoms of these residues
and of ImmH are green in the native enzyme and cyan in His257Gly. POy is colored
yellow and black in the native and mutant PNPs, respectively. The H-bond between
His257 and the 5'-OH is indicated.

hypoxanthine and formaldehyde (Scheme 1).'4 Both the fluori-
nated derivative 7 and 5’-deoxy-4'-hydroxy-5-methylthio-DAD-

Table 1

X 0
N-Boc ﬁ NH
2 |
N
OH c,d HaCS N/)
11 X = OH N
a ( !
12 X = OMs oH @&
*(
13 X = SMe ¥

Scheme 1. Reagents and conditions: (a) Bu,SnO, toluene, reflux, then MsCl, 81%; (b)
NaSMe, DMF, 68%; (c¢) 6 N HCI; (d) 9-deazahypoxanthine, CH,0, NaOAc, water-
dioxane, 100 °C, 30%.

Me-ImmH (4’-OH-MeS-DADMe-ImmH, 8)'? resulted in the loss of
slow-onset inhibition with native and mutant enzymes. These
compounds bound nearly equally well to native PNP with relative
affinities of 7500 and 5100, respectively. As in the case with 5 and
6, when compounds 7 and 8 were tested with the glycine mutant,
the dissociation constants dropped, resulting in enhanced relative
affinities of 540,000 and 600,000, respectively, corresponding to
78- and 120-fold improvements over the native enzyme.

The third generation of PNP transition-state inhibitors consist of
acyclic analogues of DADMe-ImmH. SerMe-ImmH (9), despite its
lack of stereocenters, binds to human PNP with a K;" of 5.2 pM.1°
As was observed with ImmH, mutation of His257 resulted in the
loss of slow-onset behavior, lowering the relative affinity from
7,700,000 to 260,000. The corresponding ratio of the relative affin-
ities is 0.033, which is the lowest among the 10 inhibitors tested.
SerMe-ImmH was also derivatized to the methylthio analogue 10
in a manner similar to that outlined for compound 7 above
(Scheme 2).'> As observed for compounds 7 and 8, incubation of
MeS-SerMe-ImmH (10) with native and mutant PNP lacked the
slow-onset property of its underivatized analogue, yielding a lower
Kn/K; with the native protein (9300) but a larger value (680,000)
with His257Gly. The discrimination for 10 by His257Gly is
therefore 73-fold greater than that by native PNP.

This study has confirmed that human PNP tolerates substitution
of the 5’-hydroxyl of the transition-state analogues ImmH, DAD-
Me-ImmH, and SerMe-ImmH with alkylthio and arylthio groups;
however, except for compounds 5 and 6, the slow-onset nature
of inhibition is lost, and inhibitor dissociation constants increase
by two to three orders of magnitude. When the imidazole moiety
of residue 257 is removed by mutation, the loss of an H-bond part-
ner for the 5-OH likely accounts for the observed decreases
in binding affinity for the unmodified analogues 1, 4, and 9.

Dissociation constants of transition-state analogues with native human PNP and His257Gly*

Inhibitor Native human PNP (inosine K, = 40 uM)® His257Gly (inosine Ky, = 750 uM)° Mutant Ky, /K;
K; (nM) K (nM)* Ken /K8 K; (nM) K (nM)° Ken/ K8 Native Ki/K;
ImmH (1)° 33+02 0.0579 £0.0015 690,000 11.0£0.9 n/a 68,000 0.099
MeS-ImmH (2) 101+4 n/a 400 49+05 nfa 150,000 390
PhS-ImmH (3) 160 £ 15 n/a 250 6.0+£0.3 n/a 120,000 500
DADMe-ImmH (4)° 1.10£0.12 0.0107 £0.0011 3,700,000 e 0.27 £ 0.02 2,800,000 0.74
MeS-DADMe-ImmH (5) 0.10 £ 0.02 0.0196 £ 0.0012 2,000,000 0.11 £ 0.02 0.0028 + 0.0003 270,000,000 130
PrS-DADMe-ImmH (6) 0.117 £0.015 0.0098 + 0.0007 4,100,000 0.066 + 0.006 0.0019 + 0.0002 400,000,000 97
4'-F-MeS-DADMe-ImmH (7) 5.8+04 n/a 7500 1.40 + 0.04 n/a 540,000 78
4'-OH-MeS-DADMe-ImmH (8) 79+1.1 n/a 5100 1.26+0.11 n/a 600,000 120
SerMe-ImmH (9) 0.11 £ 0.02 0.0052+0.0004 7,700,000 2.93+0.04 n/a 260,000 0.033
MeS-SerMe-ImmH (10) 43+02 n/a 9300 1.10 £ 0.03 n/a 680,000 73

@ All inhibition constants reported here were determined by the reported xanthine-oxidase-coupled assay (Ref. 12) using native or mutant enzyme from the same

preparation.

b Values are from Ref. 8. All other values in this table are either newly determined or have been redetermined in this study to ensure reliable comparisons.
€ K; is the final, equilibrium dissociation constant for the slow-onset, tight-binding phase of inhibition. ‘n/a’ indicates that no slow-onset phase was observed.

4 This ratio is I(m/I(f in cases where slow-onset inhibition occurs.

¢ The weak inhibition phase (K;) was observed but too short to accurately quantitate, so only K;  is reported.
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Scheme 2. Reagents and conditions: (a) Boc,0, MeOH; (b) 1 equiv NaH, TBDMSCI,
THF, 71% (2 steps); (c) MsCl, EtsN, CH,Cl,; (d) NaSMe, DMF, 78% (2 steps); (e) HCI,
MeOH, H,0; (f) 9-deazahypoxanthine, CH,0, NaOAc, H,0, 80 °C, 28% (2 steps).

Nevertheless, the active-site cavity that is created accommodates
bulkier functionalities which lack H-bonding opportunities. In all
cases, the His257 mutant exhibited enhanced binding affinities rel-
ative to substrate for bulkier analogues over native PNP by factors
ranging from 73 to 500. Unprecedented selective binding was ob-
served with 5 and 6, which associate up to 400 million times more
tightly with His257Gly than inosine.

Acknowledgments

We thank Drs. G. Painter and G. Evans of Industrial Research Ltd

for providing inhibitors used in this study.

References and notes

»

Nk Ww

. Experimental

. Abbreviations: PNP, purine nucleoside phosphorylase; ImmH, Immucillin-H;

DADMe-ImmH, 4'-deaza-1'-aza-2'-deoxy-1'-(9-methylene)-ImmH; SerMe-
ImmH, serinol-N-(9-methylene)-ImmH.

Giblett, E. R.; Ammann, A. J.; Wara, D. W.; Sandman, R.; Diamond, L. K. Lancet
1975, 1, 1010.

Markert, M. Immunodef. Rev. 1991, 3, 45.

Oliver, F.; Collins, M.; Lépez-Rivas, A. Experientia 1996, 52, 995.

Schramm, V. L. Annu. Rev. Biochem. 1998, 67, 693.

Lewandowicz, A.; Schramm, V. L. Biochemistry 2004, 43, 1458.

ImmH (1) was synthesized as described in Evans, G. B.; Furneaux, R. H.;
Hutchison, T. L.; Kezar, H. S.; Morris, P. E., Jr; Schramm, V. L.; Tyler, P. C. J. Org.
Chem. 2001, 66, 5723.

Murkin, A. S.; Birck, M. R.; Rinaldo-Matthis, A.; Shi, W. X.; Taylor, E. A.; Almo, S.
C.; Schramm, V. L. Biochemistry 2007, 46, 5038.

DADMe-ImmH (4) was synthesized as described in Evans, G. B.; Furneaux, R.
H.; Tyler, P. C.; Schramm, V. L. Org. Lett. 2003, 5, 3639.

. SerMe-ImmH (9) was prepared by reductive amination between serinol and 7-

benzyloxymethyl-6-methoxy-9-carbaldehyde-9-deazahypoxanthine using
sodium cyanoborohydride, followed by protecting-group removal with conc.
HCL. Identity and purity were confirmed by NMR, ESI-MS, and elemental
analysis. Full experimental details will be published elsewhere: Clinch, K;
Evans, G. B.; Furneaux, R. H.; Kelly, P. M.; Legentil, L.; Murkin, A. S.; Li, L.;
Schramm, V. L.; Tyler, P. C.; Woolhouse, A. D., in preparation.

. Miles, R. W.; Tyler, P. C.; Furneaux, R. H.; Bagdassarian, C. K.; Schramm, V. L.

Biochemistry 1998, 37, 8615.

. Lewandowicz, A.; Taylor Ringia, E. A.; Ting, L.-M.; Kim, K.; Tyler, P. C.; Evans, G.

B.; Zubkova, O. V.; Mee, S.; Painter, G. F.; Lenz, D. H.; Furneaux, R. H.; Schramm,
V. L. J. Biol. Chem. 2005, 280, 30320.

. Lewandowicz, A.; Tyler, P. C.; Evans, G. B.; Furneaux, R. H.; Schramm, V. L. J.

Biol. Chem. 2003, 278, 31465.

procedure. (#)-cis-1-tert-Butoxycarbonyl-4-fluoro-4-
methylthiomethylpyrrolidin-3-ol (13): Racemic pyrrolidinol 11 (Mason, J. M.;
Murkin, A. S.; Li, L.; Schramm, V. L.; Gainsford, G. ].; Skelton, B. W. J. Med. Chem.
in press) (0.52 g, 2.2 mmol) and dibutyltin oxide (0.66 g, 2.7 mmol) were
heated to reflux in toluene under a Dean-Stark trap for 1 h. After cooling to rt,
methanesulfonyl chloride (0.21 ml, 2.7 mmol) was added, and the resulting
solution was stirred for 8 h. The solution was then applied to a column of silica
gel. Elution with CH,Cl,/EtOAc (1:1) gave mesylate 12 (0.49 g, 1.78 mmol,
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81%), which was taken up in DMF (7ml) and stirred with sodium
thiomethoxide (0.33 g, 4.7 mmol) for 2h. The mixture was partitioned
between water and diethyl ether, and the organic phase was concentrated
under reduced pressure. Column chromatography (silica gel, 33% EtOAc in
hexanes) gave the title compound 13 (0.28 g, 68% from 12) as a yellow oil. 'H
NMR (300 MHz, CDCl3, TMS) 6 4.23-4.16 (br s, 1H), 3.89-3.41 (br m, 3H), 3.24
(m, 1H), 3.02-2.71 (br m, 3H), 2.23 (s, 3H), 1.46 (s, 9H). '3C NMR (75.5 MHz,
CDCl3) (as mixture of invertomers, referenced to the center line of CDCl3 at
77.0 ppm) 6154.3/154.1 (C), 101.7/100.9 (d, J = 180 Hz, C), 80.1 (C), 72.8/72.3
(d, J=19Hz, CH), 53.2/52.5, d, J=27Hz, CH,), 50.2/49.3 (CH,), 36.5 (d,
J=26Hz, CH,), 28.4 (CH3), 17.8 (CHs3). ESI-MS C;;H0FNNaO3 S [M+Na]";
Calcd 288.1046, found 288.1033.(+)-cis-1-((9-Deazahypoxanthin-9-yl)methyl)-
4-fluoro-4-(methylthiomethyl)pyrrolidin-3-ol (4'-F-MeS-DADMe-ImmH, 7): A
solution of 13 (43 mg, 0.16 mmol) in methanol (1 ml) and conc. HCI (0.5 ml)
was evaporated to dryness under reduced pressure. The resulting deprotected
pyrrolidinol was taken up in water (1.8 ml) and dioxane (0.2 ml). Sodium
acetate (27 mg, 0.32 mmol), 9-deazahypoxanthine (33 mg, 0.24 mmol), and
formaldehyde (37%, 0.026 ml, 0.32 mmol) were added and the solution was
heated at 100 °C for 2.5 h. The solvents were removed under reduced pressure
and the residue was chromatographed on a column of silica gel eluted with
20% methanolic ammonia (7 M) in CH,Cl,. Fractions containing compound 4
were concentrated under reduced pressure. Trituration of this residue with
MeOH gave the title compound 4 (15 mg, 30%) as a white amorphous solid. 'H
NMR (DMSO-ds, TMS) § 11.96 (br s, 1H), 11.83 (br s, 1H), 7.80 (s, 1H), 7.30 (s,
1H), 5.03 (d, J = 6.8 Hz, 1H), 3.82 (m, 1H), 3.69 (m, 2H), 3.11-2.59 (m, 5H), 2.48
(m, 1H), 2.10 (s, 3H). '3C NMR (DMSO-ds, referenced to the solvent center line
at 39.9 ppm) 6 154.0 (C), 143.8 (C), 141.7 (CH), 127.4 (CH), 118.0 (C), 113.0 (C),
101.7 (d, J = 186 Hz, CH), 73.1 (d, J = 17 Hz, CH,), 60.4 (d, J = 24 Hz, CH,), 57.9
(CHy), 47.7 (CHy), 38.9 (d, J=26 Hz, CH,), 17.1 (CH3). ESI-MS C;3H13FN40,S
[M+H]"; Calcd 313.1135, found 313.1136. Dissolution in methanolic HCl and
concentration to dryness gave the hydrochloride salt.

Experimental  procedure. (#)-tert-Butyl  1-(tert-butyldimethylsilyloxy)-3-
hydroxypropan-2-ylcarbamate (14): Serinol (0.80g, 8.78 mmol) and Boc
anhydride (2.11 g, 9.66 mmol) were stirred together in MeOH (10 ml) at rt
for 1 h, and the solvent was evaporated. The solid residue was dried over P05
under vacuum and then added in portions to a suspension of NaH (60%, 0.35 g,
8.78 mmol) in dry THF (10 ml) with cooling in an ice bath (McDougal, P. G.;
Rico, J. G.; Oh, Y.-I.; Condon, B. D. J. Org. Chem., 1986, 51, 3388). The mixture
was stirred for 45 min, then TBDMSCI (1.32 g, 8.78 mmol) was added. After 2 h,
H,0 (4 ml) was added and the mixture was diluted with Et,0 (60 ml), washed
with brine, dried (MgSO,), and the solvent was evaporated. Chromatography
on silica gel (EtOAc/hexanes, 2:8) gave 14 as a colorless oil (1.89 g, 70.5%). 'H
NMR (300 MHz, CDCl;, TMS) ¢ 5.15 (br s, partly exchanged to D,0, 1H), 3.88-
3.57 (m, 5H), 2.86 (br s, exchanged to D0, 1H), 1.45 (s, 9H), 0.90 (s, 9H), 0.08 (s,
6H). '3C NMR (75.5 MHz, CDCls, referenced to the center line of CDCl; at
77.0 ppm) 5 156.0 (C), 79.6 (C), 64.1 (2 x CH;), 52.6 (CH), 28.4 (CH3), 25.8 (CH3),
18.2 (C), —5.6 (CH3). ESI-MS C;4H3;NNaO,4Si [M+Na]" Calcd 328.1920, found
328.1913.(¢)-tert-Butyl 1-(tert-butyldimethylsilyloxy)-3-(methylthio)propan-2-
ylcarbamate (15). Methanesulfonyl chloride (0.57 ml, 7.31 mmol) was added
to a stirred solution of 14 (1.86 g, 6.09 mmol) and Et;N (1.28 ml, 9.13 mmol) in
CH,CI; (15 ml) cooled in an ice bath. The mixture was warmed and stirred at rt
for 30 min, then diluted with CH,Cl, (60 ml) and washed with sat. aqg NaHCO3;
(3x 20 ml), dried (MgS0,), and the solvent was evaporated to give the crude
mesylate. It was dissolved in DMF (10 ml), sodium thiomethoxide (0.85 g,
12.18 mmol) added, and the mixture was stirred at rt for 3 h. Et,0 (50 ml) was
added and the mixture was washed with H,O (4x 10 ml), and brine (10 ml),
dried (MgSO04), and the solvent was evaporated. Chromatography on silica gel
(EtOAc/hexanes, 5:95) gave 15 as a colorless oil (1.59g, 78%). 'H NMR
(300 MHz, CDCl3, TMS) 6 4.89 (bd, partly exchanged to D,0, ] = 7.0 Hz, 1H), 3.86
(dd,J=9.9, 2.9 Hz, 1H), 3.75 (br s, 1H), 3.64 (dd, J = 9.9, 4.1 Hz, 1H), 2.65 (d, ] =
7.0 Hz, 2H), 2.14 (s, 3H), 1.45 (s, 9H), 0.90 (s, 9H), 0.06 (s, 6H). '>*C NMR
(75.5 MHz, CDCls, referenced to the center line of CDCl3 at 77.0 ppm) 6 155.3
(C), 79.4 (C), 62.7 (CHy), 50.8 (CH), 35.2 (CH3), 28.4 (CH3), 25.9 (CH3), 18.3 (C),
15.9 (CHs), —5.5 (CH3). ESI-MS C;5H33NNa03SSi [M+Na]* Calcd 358.1848, found
358.1846. (£)-1'-Methylthio-SerMe-ImmH (10): Compound 15 (0.40g,
1.19 mmol) was dissolved in a 1:1 mixture of MeOH/37% aq HCl (4 ml) and
left at rt for 1.5 h. The solvent was evaporated and the residue was dissolved in
H,0 (2 ml) and NaOAc (0.11 g, 1.31 mmol), aq formaldehyde solution (37%,
0.32ml, 3.99mmol) and 9-deazahypoxanthine (0.16g, 1.19 mmol) were
added. The mixture was heated and stirred at 80°C for 16h, then
concentrated onto silica gel. Chromatography (CH,Cl,/7 M NH;-MeOH,
9:1 - 85:15) gave 10 as a colorless solid, which was converted to the HCl
salt by evaporation from HCl (5% aq). Recrystallization (H,O-EtOH) gave the
HCl salt of 10 as a colorless, hygroscopic solid (0.103 g, 28.4%). Mp 224-225 °C.
TH NMR (300 MHz, D,0, referenced to internal acetone at 2.23 ppm) 6 8.74 (s,
1H), 7.86 (s, 1H), 4.61 (d, J=14.2 Hz, 1H), 4.55 (d, J = 14.2 Hz, 1H), 4.07 (dd,
J=12.8,3.6 Hz, 1H), 3.96 (dd, J = 12.8, 4.8 Hz, 1H), 3.58 (m, 1 H), 2.98-2.85 (m,
2H), 2.07 (s, 3H). 3C NMR (75.5 MHz, D,0, referenced to internal CH;CN at
1.47 ppm) 6 153.7 (C), 144.9 (CH), 135.5 (C), 132.9 (CH), 118.7 (C), 104.4 (C),
58.9 (CH,), 58.0 (CH), 39.2 (CH;), 31.8 (CH,), 15.2 (CH3). ESI-MS C;1H;7N40,S
[M+H]" Calcd 269.1072, found 269.1069.
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androgen receptor levels.

We have developed a heterobifunctional all-small molecule PROTAC (PROteolysis TArgeting Chimera)
capable of inducing proteasomal degradation of the androgen receptor. This cell permeable PROTAC con-
sists of a non-steroidal androgen receptor ligand (SARM) and the MDM2 ligand known as nutlin, con-
nected by a PEG-based linker. The SARM-nutlin PROTAC recruits the androgen receptor to MDM2,
which functions as an E3 ubiquitin ligase. This leads to the ubiquitination of the androgen receptor,
and its subsequent degradation by the proteasome. Upon treatment of HeLa cells with 10 puM PROTAC
for 7 h, we were able to observe a decrease in androgen receptor levels. This degradation is proteasome
dependent, as it is mitigated in cells pre-treated with 10 pM epoxomicin, a specific proteasome inhibitor.
These results have implications for the potential study and treatment of various cancers with increased

© 2008 Elsevier Ltd. All rights reserved.

The rational design of small molecules to probe biological sys-
tems is one of the primary goals of chemical biology. These bioor-
ganic strategies are now providing the opportunity to explore one
of the central challenges in biology: deciphering protein function
within the cell.'™* This task has traditionally been addressed by
the removal or inhibition of the protein of interest in order to
observe the biological consequences of its loss. The most common
techniques for achieving this operate at the DNA and RNA level
(i.e., genetic knockout and RNAI, respectively). Though well-estab-
lished, these methods can be cumbersome, often lack temporal
control, and generally require some level of genetic manipulation.
We are interested in developing small molecule probes to add to
the chemical biology toolbox, which would allow improved control
over protein expression levels without the need for genetic
intervention.” In recent years, we have developed a method to
accomplish this by inducing selective post-translational protein
degradation in vivo via heterobifunctional PROteolysis TArgeting
Chimeraes (PROTACs).%’ Herein, we describe a significant
improvement to the PROTAC strategy, utilizing an all-small mole-
cule-based design.

* Corresponding author. Tel.: +1 203 432 9364; fax: +1 203 432 6161.
E-mail address: craig.crews@yale.edu (C.M. Crews).
* Present address: CPM UMR 6510, CNRS, Université de Rennes 1, 35042 Rennes
cedex, France.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.114

The PROTAC strategy employs the protein degradation
machinery of the cell: the ubiquitin-proteasome pathway. Pro-
teins removed via this pathway are targeted for degradation by
the attachment of a polyubiquitin chain, leading to their recogni-
tion and subsequent degradation by the 26S proteasome.® The
selectivity of this process is governed by the recognition of the
targeted protein by an E3 ubiquitin ligase associated with an
E2 conjugating enzyme coupled to ubiquitin. Upon binding of
the target protein, ubiquitin is transferred to an accessible lysine
residue, thus labeling the protein for proteasome-mediated deg-
radation. The PROTAC strategy seeks to exploit this degradation
pathway by promoting the non-natural ubiquitination of a tar-
geted protein. The PROTAC molecule consists of a ligand that
binds an E3 ubiquitin ligase, connected by a linker to another li-
gand that binds the target protein. The association between a
protein and an E3 ligase, as induced by a PROTAC molecule, will
lead to the transfer of ubiquitin and degradation of the targeted
protein (Fig. 1).

We have previously shown that a heterobifunctional PROTAC
can actively induce selective intracellular protein degradation.®’
However, this first generation of PROTAC molecules contained a
peptide-based ligand for the E3 ligase, which limited its permeabil-
ity. The subsequent addition of a polyarginine chain mimicking the
HIV viral TAT® protein overcame cell permeability issues in the
next generation of PROTACs. While significant biological activity
was seen using these early PROTACs, the synthesis, purification,
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Ubiquitin transfer

Figure 1. PROTAC mechanism of action: the heterobifunctional PROTAC molecule contains two binding motifs: one recruits an E3 ligase, and another recruits the target
protein. Following binding to the PROTAC, the E3 ligase catalyzes the synthesis of a polyubiquitin chain on the target, leading to its recognition by the 26S proteasome, and

subsequent target protein degradation.

and stability issues associated with their high molecular weight
and vulnerable peptide bonds limited their broad applicability.
We are now able to report an all-small molecule-based PROTAC
that can efficiently induce intracellular protein degradation while
bypassing the drawbacks associated with the peptide moiety in
the previous generation of compounds.

The PROTAC molecule itself contains three distinct portions: a
ligand for binding to the target protein, a ligand for binding to an
E3 ligase, and a linker joining these two ligands. For this proof of
concept all-small molecule PROTAC, we chose to target the andro-
gen receptor (AR), as we have had success degrading this protein
previously using a peptide-based PROTAC.” In addition, AR is an
attractive target because it has been shown to promote the growth
of prostate tumor cells, while the inhibition of AR has been shown
to repress tumor cell growth.!® Moreover, there are a variety of
known small molecule ligands for AR. For this PROTAC, we opted
to use a selective androgen receptor modulator (SARM), which
binds AR with a K; of 4 nM.!!

We chose to recruit the androgen receptor via this class of
PROTACs to the E3 ligase MDM2, which is a 90 kDa protein whose
natural substrate is p53.'> Recently a new class of imidazoline
derivatives that bind MDM2 has been identified.!> These com-
pounds, called nutlins, have been shown to disrupt the binding
of MDM2 and its natural ligand p53 with ICsg values in the nano-
to micromolar range, leading to the stabilization of p53 protein
levels. For use in our all-small molecule PROTAC, a nutlin deriva-

tive (racemic nutlin-3, MDM2 binding affinity: enantiomer a
ICs0 = 13.6 uM, enantiomer b ICso=0.09 uM)13 was prepared uti-
lizing an efficient one-pot condensation/oxidation strategy
(Scheme 1).1*15 The triaryl imidazoline substrate was easily ac-
cessed via condensation of diamine 2 with substituted benzalde-
hyde 1. The intermediate 2,4,5-triarylimidazolidine was oxidized
in situ by addition of NBS to the reaction mixture to provide the
cis-imidazoline 3 in good yield. Compounds 5 and 6 were com-
bined in the presence of base to give ester 7, which was then trea-
ted under standard hydrogenolysis conditions to give amine 8.
Subsequent urea formation was performed as previously reported,
to produce the acid 4.°

A short soluble PEG linker was chosen to bridge the two termi-
nal protein ligands; synthesis of this linker is shown in Scheme 2.!”
First, azido alcohol 9 was treated with sodium iodoacetate in the
presence of base to give acid 10, which was subsequently treated
with 4-aminophenol hydrochloride under standard peptide cou-
pling conditions (EDCI, HOBt) to afford phenol 11 in good yield.
Having developed an efficient strategy for the preparation of nutlin
derivatives, the synthesis of the SARM-nutlin PROTAC 14 pro-
ceeded smoothly as shown in Scheme 3.® Epoxide 12 was pre-
pared as previously reported using bp-proline as a chiral
auxiliary.!" Epoxide opening of 12 with phenol 11 was followed
by a Staudinger reduction of the azide to provide amine 13. Cou-
pling of 13 to the acid 4 afforded a diastereomeric mixture of the
SARM-nutlin PROTAC, 14.

cl cl cl cl
cl cl 7\ HO.__O
v RO ~ o ) &
0 2 I Y
R HN  NH, AN N O o o//l\/N\r(N AN
0 o 0
1 o a (\é/ \T/ b, c d é \[/
O\ 3 O\. 4
HN/\ . %/O\H/\Br e XO\H/\N/\ f %/OT(\N/ﬁ
O%\/N\Cbz o) o] O}\/N\Cbz o] O)\,NH

5 6

7 8

Scheme 1. Synthesis of nutlin derivative 4. Reagents and conditions: (a) 2, CH,Cl,, 0 °C, 2 h, then NBS, 0 °C-1t, 16 h, 88%; (b) triphosgene, Et3N, THF, 0 °C, 2.5 h; (c) 8, CH,Cl,,
0°C, 1.5 h, 96%; (d) TFA, CH,Cly, 96%; (e) 5, NaH, DMF, 0 °C, 30 min, then 6, rt, 4 h; (f) H,, 10% Pd/C, MeOH, rt, 16 h.





5906

A. R. Schneekloth et al./Bioorg. Med. Chem. Lett. 18 (2008) 5904-5908

HO/\\/O\/\O/\/N3
9

Y

HO (0] N
\”/\O/\/ e MR

o}
10

H
N 0O N
e
0]
HO

11

Scheme 2. Synthesis of derivatized PEG linker 11. Reagents and conditions: (a) NaH, DMF, 0 °C, 30 min, then NalAg, rt, 32 h; (b) CHCl,, 4-aminophenol hydrochloride, HOBt,

DIPEA, rt, then 0 °C, EDCI, then rt, 18 h.
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Scheme 3. Synthesis of SARM-nutlin PROTAC 14. Reagents and conditions: (a) i—K,COs, 2-PrOH, 85 °C; ii—PPhs, H,0, THF, rt; (b) 4, HATU, DIPEA, DMF, rt.

The SARM-nutlin PROTAC was tested for induced intracellular
protein degradation using HeLa (human cervical carcinoma) cells
transiently expressing the androgen receptor. Cells were treated
with 10 pM PROTAC or vehicle alone, and incubated at 37 °C. Cell
lysates were prepared after 7 h, separated by SDS-PAGE, and trans-
ferred to nitrocellulose membrane. Western blots were assessed
using an anti-AR antibody to determine AR protein levels."® We
were able to observe a reproducible decrease in total AR in cells
treated with the PROTAC as compared to the vehicle-treated cells
(Fig. 2). To verify that androgen receptor degradation induced by
the PROTAC is proteasome dependent, we pre-treated cells with
the specific proteasome inhibitor epoxomicin, at 10 pM concentra-
tion for 1 h.2° These cells were then treated with either vehicle or
10 M PROTAC. Again, cells were incubated for 7 h, harvested, and
analyzed by Western blot with anti-AR antibody.?! These results,
shown in Figure 2, clearly show that PROTAC-mediated degrada-
tion is proteasome dependent, as AR degradation is inhibited in
the presence of epoxomicin. A slight accumulation of AR is notice-
able in epoxomicin-treated cells, reflecting the loss of normal pro-
tein turnover due to proteasome inhibition.

Vehicle PROTAC  Epox.
AR e — —
Tubulin TN — —

Figure 2. The SARM-nutlin PROTAC effectively degrades the androgen receptor
(AR) in vivo. HeLa cells transiently expressing AR were treated with either vehicle,
10 uM PROTAC 14, or pre-treated with 10 M epoxomicin and then 10 uM PROTAC
for 7 h. Cells were then lysed and separated by SDS-PAGE. The total level of AR was
detected by Western blotting using an anti-AR antibody (top). As a loading control,
the same membrane was probed using an anti-o-tubulin antibody (bottom).

In summary, we report here the first synthesis of an all-small
molecule PROTAC. We have shown this compound to be both cell
permeable and capable of promoting selective interaction between
an E3 ligase and a target protein, leading to specific intracellular
protein degradation. We have also shown this degradation to be
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proteasome dependent. These results are an important step in the

pursuit of small

molecule PROTAC libraries, which could

potentially provide new insights into a number of important bio-
logical pathways through loss-of-function phenotypes. In addition,
these results lend support for potential PROTAC-based therapeutic
approaches in the treatment of various diseases.
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Experimental.Ester 7: To a solution of 1-benzyloxycarbonyl-3-oxopiperazine
(234 mg, 1.0 mmol) in DMF (3 mL) at 0°C was added NaH (60%, 48 mg,
1.2 mmol). After stirring at 0 °C for 30 min, tert-butyl bromoacetate (160 L,
1.1 mmol) was added to the mixture, which was then stirred at room
temperature (rt) for 3.0 h. The resulting mixture was quenched with H,0
(10 mL) and the aqueous solution was extracted twice with ethyl acetate. The
extracts were dried over Na,SO,, filtered, and concentrated. The concentrate
was purified by flash column chromatography (1:99 methanol-
dichloromethane initially, grading to 1:19 methanol-dichloromethane) to
furnish 338 mg (97%) of ester 7. '"H NMR (400 MHz, CDs0D) § 7.37-7.35 (m,
3H), 7.33-7.30 (m, 2H), 5.15 (s, 2H), 4.14 (s, 2H), 4.05 (s, 2H), 3.75 (s, 2H), 3.45
(t, J=4.8 Hz, 2H), 1.45 (s, 9H). '*C NMR (100 MHz, CDs0D) é 169.3, 169.2,
156.1,137.7, 129.6, 129.2, 129.0, 83.3 (2C), 68.7 (2C), 50.1, 48.2, 28.2. TLC (10%
CH50H in CH,Cl,), R¢ 0.58 (UV, CAM).

Amine 8: To a solution of ester 7 (300 mg, 0.861 mmol) in MeOH (8.5 mL) at rt
was added 10% Pd/C (26 mg, 30 mg/mmol). After introducing H,, the reaction
mixture was stirred vigorously for 16 h. The resulting mixture was filtered
through Celite and the filtrate was concentrated. The concentrate was purified
by flash column chromatography (1:99 methanol-dichloromethane initially,
grading to 1:19 methanol-dichloromethane) to provide 172 mg (93%) of amine
8. '"H NMR (400 MHz, CDCls) 5 4.02 (s, 2H), 3.55 (s, 2H), 3.37 (d, ] = 5.4 Hz, 2H),
3.11 (d, ] = 5.4 Hz, 2H), 1.72 (s, 1H), 1.46 (s, 9H). '>*C NMR (100 MHz, CDCl3) 6
168.4, 167.9, 82.0, 50.0, 49.2, 48.7, 43.0, 28.0. HRMS (ES+) calcd for
CioH17N;,03Na [M+Na]® 237.1209, found 237.1204. TLC (10% CH3OH in
CH,Cl,), R¢ 0.47 (ninhydrin).

Imidazoline 3. To a solution of 2-isopropoxy-4-methoxybenzaldehyde 1 (2.5 g,
12.88 mmol) in CH)Cl, (130 mL) was added 1,2-bis(4-chlorophenyl)-1,2-
ethanediamine (3.65g, 12.98 mmol). After stirring at 0°C for 2.0h, NBS
(2.5g, 14.04 mmol) was added to the mixture. The reaction mixture was
warmed to rt and further stirred at rt for 16 h. The resulting mixture was
quenched with 10% KOH aqueous solution and the mixture was extracted three
times with CH,Cl,. The extracts were dried over Na,SO, filtered, and
concentrated. The residue was purified by flash column chromatography
(1:99 methanol-dichloromethane initially, grading to 1:19 methanol-
dichloromethane) to give 5.14 g (88%) of imidazoline 3. "H NMR (400 MHz,
CDCl3) & 8.27 (d, J=8.7Hz, 1H), 7.75 and 7.42 (d, J=8.4Hz, 1H), 7.04 (d,
J=8.4Hz, 4H), 6.90 (d, J = 8.4 Hz, 4H), 6.61 (dd, J =8.8, 2.3 Hz, 1H), 6.54 (d,
J=23Hz, 1H), 5.36 (s, 2H), 4.74-4.68 (m, 1H), 3.86 (s, 3H), 1.37 (d, J = 6.1 Hz,
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17.
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6H). 13C NMR (100 MHz, CDCl3) 6 164.1, 163.0, 157.3, 137.9, 133.0, 129.1,
128.8, 127.8, 127.4, 111.9, 105.5, 100.6, 77.2, 71.3, 55.6, 22.2. LRMS (ES+)
[M+H]" 455.4, [M+Na[* 477.4. HRMS (ES+) calcd for Cys5H24N»0,Cl, [M+H]*
455.1287, found 455.1286. TLC (10% CH30H in CHCl,), R 0.34 (UV).

Nutlin tert-butyl ester: To a solution of 4,5-bis-(4-chloro-phenyl)-2-(2-
isopropoxy-4-methoxy-phenyl)-4,5-dihydro-1H-imidazole 3 (15 mg,
0.033 mmol) dissolved in THF (1mL) at 0°C were added Et;N (24 pL,
0.174 mmol) and triphosgene (76 mg, 0.257 mmol). After stirring at 0 °C for
2.5h, the mixture was evaporated and evacuated for 0.5 h. To the residue
dissolved in CH,Cl, (0.5 mL) at 0 °C was added dropwise a solution of amine 8
(110 mg, 0.515 mmol) in CH,Cl, (0.5 mL) via cannula. The resulting mixture
was stirred at 0 °C for 1.5 h. The mixture was quenched with saturated NaHCO3
aqueous solution (5 mL). The mixture was extracted three times with CH,Cl,
and the extracts were washed with saturated NaCl, dried over Na,SOy, filtered,
and concentrated. The residue was purified by flash column chromatography
(1:99 methanol-dichloromethane initially, grading to 1:19 methanol-
dichloromethane) to give 22 mg (96%) of nutlin ester. 'H NMR (500 MHz,
CDCl5) 5 7.58 (d, J = 8.5 Hz, 1H), 7.07 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H),
6.94 (d,] = 8.4 Hz, 2H), 6.87 (d, ] = 8.5 Hz, 2H), 6.54 (dd, J = 8.4, 2.2 Hz, 1H), 6.47
(d,]J=2.2 Hz, 1H), 5.55 (d, J = 9.7 Hz, 1H), 5.47 (d, ] = 9.7 Hz, 1H), 4.64-4.57 (m,
1H), 4.02 (d, J=10.0 Hz, 1H), 3.94 (d, J=10.0 Hz, 1H), 3.84 (s, 3H), 3.76 (d,
J=9.1Hz, 1H), 3.71 (d, J = 10.9 Hz, 1H), 3.52-3.45 (m, 1H), 3.33-3.28 (m, 1H),
3.07-3.05 (m, 2H), 1.42 (s, 9H), 1.38 (dJ = 6.0 Hz, 3H), 1.34 (d, J = 6.0 Hz, 3H).
LRMS (ES+) [M+H]* 695.39, [M+Na]* 717.14. TLC (10% CH30H in CHCl3), Rf 0.54
(Uv, CAM).

Nutlin acid 4: To a solution of nutlin ester (14 mg, 0.020 mmol) dissolved in
CH,Cl, (1 mL) at 0 °C was added TFA (0.2 mL). After stirring at rt for 17 h, the
resulting mixture was diluted with toluene (1 mL) and evaporated. The residue
was purified by flash column chromatography (3:99 methanol-
dichloromethane initially, grading to 1:9 methanol-dichloromethane) to give
12.3 mg (96%) of nutlin acid 4. "H NMR (400 MHz, CDs0D) 6 7.58 (d, J = 8.3 Hz,
1H), 7.13 (d, J = 8.6 Hz, 2H), 7.08 (d, ] = 8.6 Hz, 2H), 7.03 (d, ] = 8.4 Hz, 2H), 6.94
(d, J=8.3 Hz, 2H), 6.68-6.65 (m, 2H), 5.77 (d, J=10.0Hz, 1H), 5.57 (d,
J=10.0Hz, 1H), 4.76-4.70 (m, 1H), 3.87 (s, 3H), 3.83-3.72 (m, 4H), 3.55-3.48
(m, 1H), 3.41-3.35 (m, 1H), 3.08-3.04 (m, 2H), 1.38 (d, J = 6.0 Hz, 3H), 1.35 (d,
J=6.0 Hz, 3H). '*C NMR (100 MHz, CD;0D) 6 167.0, 165.1, 163.4, 158.6, 155.6,
137.3,136.2, 134.2, 133.1, 130.7, 129.9, 129.1, 129.0, 113.4, 106.5, 101.2, 72.5,
71.7, 70.1, 56.1, 50.4, 47.8, 43.1, 42.9, 22.5, 22.4, 13.4. HRMS (ES+) calcd for
C3,H3N406Cl, [M+H]" 639.1771, found 639.1779. [0 +6.8° (c=0.365,
MeOH). TLC (10% CH30H in CHCl,), Ry 0.09 (UV, CAM).

Kong, N.; Liu, E. A.; Vu, B. T. Preparation of cis-2,4,5-triphenylimidazolines and
their use in the treatment of tumors. Patent W02003051359, 2003.
Experimental.Azido alcohol 9: To a solution of triethylene glycol (1.185 g,
7.892 mmol) in CH,Cl, (20 mL) at 0 °C were added Ag,0 (2.01 g, 8.681 mmol)
and MsCl (0.73 mL, 9.470 mmol). The black suspension was stirred at 0 °C for
10 min, allowed to warm to rt, and further stirred at rt for 26 h. The resulting
mixture was filtered through Celite with CH,Cl,. The filtrate was concentrated
in vacuo and the residue was purified by short column chromatography to give
1.8 g of mono-mesylated alcohol. To a solution of the alcohol (1.8¢g,
7.892 mmol) in DMF (25 mL) at rt was added NaN3 (770 mg, 11.838 mmol).
The reaction mixture was heated to 110 °C, stirred at 110 °C for 5.5 h, and
cooled to 0 °C. The resulting mixture was quenched with water (50 mL) and the
mixture was extracted three times with ethyl acetate. The extracts were
washed with saturated NaCl solution, dried over Na,SO, filtered, and
concentrated. The concentrate was purified by flash column chromatography
(1:99 methanol-dichloromethane initially, grading to 1:19 methanol-
dichloromethane) to give 1.285g (93%) of azido alcohol 9. 'H NMR
(400 MHz, CDCl5) 6 3.73-3.71 (m, 2H), 3.67-3.66 (m, 6H), 3.60 (t, J=4.2 Hz,
2H), 3.39 (t,] = 4.8 Hz, 2H), 2.32 (t, ] = 6.2 Hz, 1H). '>*C NMR (100 MHz, CDCl5) &
72.5, 70.6, 70.4, 70.1, 61.8, 50.6. HRMS (ES+) calcd for CgH;,N30sNa [M+Na]*
198.0849, found 198.0846. TLC (10% CH50H in EtOAc), Rf 0.58 (CAM).

Acid 10: To a solution of azido alcohol 9 (780 mg, 4.454 mmol) in DMF (4.5 mL)
at 0 °C was added NaH (60%, 178 mg, 4.454 mmol). After stirring at 0 °C for
30 min, sodium iodoacetate (926 mg, 4.454 mmol) was added to the mixture.
The reaction mixture was stirred at rt for 32 h and quenched with 1 N HCl in an
ice bath. The mixture was extracted three times with ethyl acetate. The
extracts were washed with saturated NaCl solution, dried over Na,SOy, filtered,
and concentrated. The concentrate was purified by flash column
chromatography (1:99 methanol-dichloromethane initially, grading to 1:9
methanol-dichloromethane) to provide 860 mg (83%) of acid 10. 'H NMR
(500 MHz, CDCl5) 6 8.02 (s, 1H), 4.16 (s, 2H), 3.77-3.75 (m, 2H), 3.71-3.70 (m,
4H), 3.68-3.66 (m, 4H), 3.39 (t, J = 4.9 Hz, 2H). 13C NMR (125 MHz, CDCl3) &
172.5, 714, 70.7, 704, 70.2, 70.0, 68.7, 50.6. HRMS (ES+) calcd for
CgH14N30sNa[M+Na]* 256.0904, found 256.0902. TLC (10% CH30H in EtOAc),
R¢ 0.12 (CAM).

Phenol 11: To a solution of acid 10 (250 mg, 1.072 mmol) and 4-aminophenol
hydrochloride (156 mg, 1.072 mmol) in CH,Cl, (4 mL) at rt were added HOBt
(174 mg, 1.286 mmol) and DIPEA (0.47 mL, 2.680 mmol). The mixture was
cooled to 0 °C and EDCI (226 mg, 1.179 mmol) was added to the mixture. The
reaction mixture was brought to room temperature and further stirred at rt for
18 h. The resulting mixture was quenched with H,0 in an ice bath. The mixture
was extracted three times with ethyl acetate. The extracts were washed with
saturated NaCl solution, dried over Na,SO,, filtered, and concentrated. The
concentrate was purified by flash column chromatography (1:99 methanol-
dichloromethane initially, grading to 1:9 methanol-dichloromethane) to afford
302 mg (87%) of phenol 11. 'TH NMR (400 MHz, CDCls) 6 8.69 (s, 1H), 7.36 (d,
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J=8.8Hz, 2H), 6.77 (d, J = 8.8 Hz, 2H), 4.10 (s, 2H), 3.77-3.71 (m, 6H), 3.67-
3.64 (m, 2H), 3.58 (t, ] = 5.2 Hz, 2H), 3.29 (t, ] = 5.2 Hz, 2H). '*C NMR (100 MHz,
CDCl3) 6 168.5, 153.3,129.7, 122.5,115.7, 71.1, 70.7, 70.5, 70.4, 70.3, 70.0, 50.6.
HRMS (ES+) calcd for Ci4H9N4OsNa [M+Na]* 347.1325, found 347.1324. TLC
(10% CH30H in EtOAc), Rf 0.51 (UV, CAM).

Experimental. Amine 13: To a solution of phenol 11 (31 mg, 0.094 mmol) and
epoxide 12 (19 mg, 0.065 mmol) in 2-PrOH (1 mL) at rt was added K,CO3
(14 mg, 0.097 mmol). After refluxing for 2.0 h, the resulting mixture was
cooled to room temperature and 2-PrOH was removed in vacuo. The residue
was diluted with H,0 (3 mL) and the mixture was extracted three times with
ethyl acetate, and the extracts were washed with saturated NaCl, dried over
Na,S0,, filtered, and concentrated. The concentrate was purified by flash
column chromatography (1:99 methanol-dichloromethane initially, grading to
1:19 methanol-dichloromethane) to give 48.5 mg (84%) of azide. '"H NMR
(500 MHz, CDCl3) 6 9.29 (s, 1H), 8.73 (s, 1H), 8.11 (d, J = 2.1 Hz, 1H), 8.01 (dd,
J=8.9, 22 Hz, 1H), 7.96 (d, J=8.9Hz, 1H), 7.46 (d, J=8.9 Hz, 2H), 6.83 (d,
J=8.9Hz,2H),4.39(d,] = 9.1 Hz, 1H), 4.09 (s, 2H), 3.94 (d,] = 9.1 Hz, 1H), 3.76-
3.75 (m, 2H), 3.73-3.70 (m, 4H), 3.65 (dd, ] = 4.9, 2.5 Hz, 2H), 3.59 (t, ] = 5.4 Hz,
2H), 3.30 (t,J = 5.1 Hz, 2H), 1.78 (s, 1H), 1.56 (s, 3H). '*C NMR (100 MHz, CDCl5)
5 172.7, 168.1, 154.5, 143.3, 141.5, 131.8, 127.1, 122.0, 121.8, 118.3, 115.2,
75.8, 72.7, 71.2, 70.7, 70.5, 70.4, 70.3, 70.0, 50.6, 23.0. [0]%’ +24.7° (c=0.230,
MeOH). LRMS (ES+) [M+Na]* 637.35. HRMS (ES+) calcd for CpsHygNgOgF3
[M+Na]® 637.1840, found 637.1838. TLC (5% CH3OH in CHCl,), R¢ 0.38 (UV,
CAM).

To a solution of azide (20 mg, 0.0325 mmol) in THF (0.5 mL) at rt were added
PPhs (11 mg, 0.0423 mmol) and H,O (1 drop). The reaction mixture was stirred
at rt for 34 h and concentrated. The concentrate was purified by flash column
chromatography (1:99 methanol-dichloromethane initially, grading to 1:9
methanol-dichloromethane) to afford 12.6 mg (65%) of amine 13. 'TH NMR
(500 MHz, CDs0D) ¢ 8.36 (d, J = 2.1 Hz, 1H), 8.16 (dd, J = 8.9, 2.2 Hz, 1H), 8.02
(d, J=8.9Hz, 1H), 7.46 (d, J=9.0Hz, 2H), 6.91 (d, J=9.0Hz, 2H), 4.30 (d,
J=9.5Hz, 1H), 4.09 (s, 2H), 4.01 (d, J =9.5 Hz, 1H), 3.75-3.73 (m, 2H), 3.72-
3.71 (m, 2H), 3.69-3.68 (m, 2H), 3.62-3.61 (m, 2H), 3.47 (d, ] = 5.2 Hz, 2H), 2.74
(d,J = 5.2 Hz, 2H), 1.52 (s, 3H).">C NMR (125 MHz,CD50D) § 176.2, 170.7, 157.2,
144.2,143.9,132.3,127.9,124.2,123.4 (2C), 119.4, 116.0 (2C), 76.5, 75.1, 72.9,
72.0,71.5, 71.4, 71.3, 71.1, 41.9, 23.1. TLC (20% CH50H in CHCl,), R¢ 0.06 (UV,
CAM, and ninhydrin).

PROTAC 14: To a solution of nutlin acid 4 (11 mg, 0.017 mmol) in DMF (0.5 mL) at
rt were added HATU (8 mg, 0.020 mmol) and DIPEA (10 pL, 0.057 mmol). After
stirring at rt for 30 min, a solution of amine 13 (10 mg, 0.017 mmol) in DMF
(0.5 mL) was added to the mixture and the reaction mixture was stirred at rt for
16.5 h. After the resulting mixture was quenched with H,O (5 mL) in an ice bath,
the mixture was extracted four times with ethyl acetate and the extracts were
washed with saturated NaCl, dried over Na,SOy,, filtered, and concentrated. The
concentrate was purified by flash column chromatography (1:99 methanol-
dichloromethane initially, grading to 1:9 methanol-dichloromethane) to afford
12.6 mg (61%) of PROTAC 14 as a diastereomeric mixture. '"H NMR (500 MHz,

20.
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CD;0D) 6 8.34 (d, J = 1.9 Hz, 1H), 8.15 (dt, ] = 8.9, 2.5 Hz, 1H), 8.01 (dd, J = 8.9,
4.1Hz, 1H), 7.56 (d, J=8.1 Hz, 1H), 7.46 (d, J=9.0 Hz, 2H), 7.12 (dd, J = 8.4,
1.5 Hz, 2H), 7.06 (dd, J=8.6, 3.0 Hz, 2H), 7.01 (d, J=8.4 Hz, 2H), 6.92 (d,
J=8.1Hz,2H), 6.90 (dd, ] = 9.0, 1.5 Hz, 2H), 6.63 (dd, J = 8.5, 2.1 Hz, 1H), 6.62 (s,
1H),5.73 (d,J = 10.1 Hz, 1H), 5.54 (d, ] = 10.1 Hz, 1H), 4.73-4.68 (m, 1H), 4.30 (d,
J=9.5Hz, 1H), 4.10 (s, 2H), 3.99 (dd, ] = 9.5, 3.1 Hz, 1H), 3.87-3.80 (m, 2H), 3.84
(s, 3H), 3.78-3.74 (m, 2H), 3.73-3.70 (m, 2H), 3.70 (t, ] = 3.6 Hz, 2H), 3.67-3.65
(m, 2H), 3.60-3.58 (m, 2H), 3.47 (t, ] = 5.3 Hz, 2H), 3.50-3.45 (m, 2H), 3.38-3.30
(m, 2H), 3.01-2.92 (m, 2H), 1.51 (d, J = 3.7 Hz, 3H), 1.36 (d, ] = 6.0 Hz, 3H), 1.33
(d, J=6.0 Hz, 3H). 1*C NMR (125 MHz, CD;0D)  176.1, 170.7, 169.8, 167.3,
165.0,163.1, 158.5,157.2, 155.8, 144.2, 143.9, 137.5, 136.4, 134.2, 133.0, 132.3,
130.7,129.9, 129.1, 129.0, 127.9, 124.2, 123.5, 119.7, 116.1, 106.4, 101.2, 76.5,
75.1,72.4,72.1,72.0,71.5,71.4,71.1,70.4, 70.1, 56.1, 54.8, 50.1, 48.0, 43.2, 40.3,
23.2,22.5,22.4. FTIR (neat, cm~") 3240 (br), 2957, 2923, 1722, 1700, 1653, 1635,
1576, 1559, 1506, 1457, 1399, 1316, 1224, 1083, 1027, 822. LRMS (ES+) [M+H]"
1209.74. HRMS (ES+) caled for Cs;HgiNgO14CLF; [M+H]" 1209.3709, found
1209.3694.[x]%° +32.5° (c = 0.135, MeOH). TLC (10% CHsOH in CHCl,), Ry 0.41
(UV, CAM).

. Hela cells were grown in DMEM containing 10% FBS and pen/strep at 37 °C in

a 7.5% CO, humidified atmosphere. A 10cm plate of Hela cells
(approximately 50-60% confluent) was transfected using Lipofectamine2000
with 25ng of a plasmid expressing the androgen receptor (AR). After
incubation for 8-10 h, transfected cells were collected and distributed 1:10
into the wells of a 6-well plate. Cells were allowed to adhere overnight. Fresh
medium was combined with the appropriate concentration of drug or vehicle
in an eppendorf tube (2pL of a 5mM stock of PROTAC in DMSO/
CremephorEL (50:50, v/v) into 1 mL of medium (10 uM final concentration),
or 2 pL of 50:50 DMSO/CremephorEL alone into 1 mL) and vortexed to mix.
The medium was removed from the wells of the 6-well plate, and the drug-
treated medium was carefully added so as not to disrupt the cells. Cells were
incubated at 37 °C for 7 h, then lysed in RIPA buffer with protease inhibitors.
Samples were run on an 8% SDS-PAGE gel and transferred to nitrocellulose
membrane. The membrane was probed with a mouse monoclonal anti-
androgen receptor antibody (abcam, ab9474) at a 1:2000 dilution to
determine total levels of AR. The membrane was then stripped and re-
probed with a monoclonal anti-o-tubulin antibody (Sigma, T5168) at a
1:80,000 dilution as a loading control.

Meng, L.; Mohan, R.; Kwok, B. H. B.; Elofsson, M.; Sin, N.; Crews, C. M. Proc. Nat.
Acad. Sci. US.A. 1999, 96, 10403.

Preparation of 6-well plates is same as described in Ref. 19. For the
epoxomicin-treated cells, a 10 M solution of epoxomicin in growth medium
was mixed in an eppendorf tube and added to the cells. Cells were incubated
for 1 h. Following epoxomicin pre-treatment, medium was removed from all
wells, and drug-treated medium + PROTAC was added (10 uM PROTAC, 10 pM
PROTAC + 10 uM epoxomicin (1 pL of a 10 mM stock in DMSO), and vehicle).
Following a 7 h incubation, cells were harvested and lysates were analyzed as
described in Ref. 19.
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The synthesis of a heterocyclic piperazine-based scaffold that mimics the i, i+4,i+8, i+ 11 side-chain
projections of an a-helix is described. The synthesis is designed to be modular to allow the targeting
of a range of protein-protein interactions involving ao-helices.

© 2008 Elsevier Ltd. All rights reserved.

The o-helix motif is one of the most abundant secondary pro-
tein structures and is often involved in protein-protein recogni-
tion. The projecting amino-acid residues in i, i+4, i+7/i+8,
i+ 11 positions appear at the same side of the a-helix and define
a surface interface for intermolecular interactions with other pro-
teins.! (Fig. 1) Since protein-protein interactions are involved in
several cell-regulatory processes, significant efforts have been di-
rected towards the synthesis of smaller molecules that can effi-
ciently disrupt these interactions.!"

Hamilton and coworkers pioneered the area of non-peptide-
based a-helix mimetics and developed small-molecule libraries
based on terphenyl A, terephtalimide, and oligopyridine scaffolds
that display side-chain functionalities with similar spatial and
angular orientation to those found in an o-helix (Fig. 2).> These
scaffolds were shown to efficiently disrupt protein-protein inter-
actions in biologically relevant systems such as Bak/Bcl-X;* and
p53-HDM2.” Recently, Kénig and coworkers described the synthe-
sis of functionalized 1,4-dipiperazino benzenes B and demon-
strated that these compounds adopt a staggered conformation
with the projecting side-chains closely resembling an o-helix.’
Our efforts toward the synthesis of structurally similar inhibitors
for protein-protein interactions have revolved around heterocyclic
compounds C containing a central pyridazine ring functionalized
with hydrophobic amino-acid side-chains which were intended
to reproduce the projecting i, i +4, i+ 7 residues of an o-helix.”
These compounds were intended to mimic the amphiphilic nature
of a-helices by displaying a hydrophilic surface rich in hydrogen-
bonding towards the solution and a hydrophobic surface interact-
ing with the protein target.

* Corresponding author. Tel.: +1 858 784 2250; fax: +1 858 784 2876.
E-mail address: jrebek@scripps.edu (J. Rebek).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.06.074

These scaffolds all present three hydrophobic side-chains effec-
tively mimicking the side-chain projections of two turns of an o-
helix (Fig. 2). Recently, Hamilton and coworkers have described
synthetic foldamers that mimic longer sections of the o-helix.®
Here, we describe the synthesis of an extended class of a-helix
mimetics 7. They present four hydrophobic residues and reproduce
thei,i+4,i+8,i+ 11 side-chains, that is, three turns of an a-helix.

The general synthetic approach is outlined in Scheme 1. The
synthesis is modular and allows the incorporation of structurally
different hydrophobic side-chains in the scaffold. The synthesis
of 7 commenced with Cu(l)-catalyzed N-arylation of 1 with
L-valine or L-phenylalanine which proceeded in high yields to give
2.° Treatment of 2 with 4-(benzyloxy)-2-methylaniline under

i+4

1+8

i+11

Figure 1. Orientation of the i, i+4, i+ 8, i+ 11 residues in an idealized a-helix.
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CO,H
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R N__R
® Wi ot
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Figure 2. Examples of o-helix mimetics: Hamilton’s terphenyl scaffold A, Konig’s
1,4-dipiperazino benzenes B, and the oxazole-pyridazine-based scaffold C.

standard amide-bond forming conditions afforded amide 3, which
was subsequently transformed into keto-piperazine 4.'° Saponifi-
cation of 4 using LiOH followed by a Curtius rearrangement deliv-
ered aniline 5, possessing a handle for further functionalization.
Reduction of 5 with LiAlH,'" resulted in partial deprotection of
the benzyloxy ether. This problem could be circumvented by using
BH3; DMS as reductant, which delivered amine 6 in high yield.
Reaction of 6 with ‘PrNCO or BnNCO followed by catalytic hydrog-

Figure 3. Minimized representations of a-helix mimetic 7a and an idealized
alanine o-helix (Hyper Chem 7.0 semi-empirical, AM1).

enolysis of the phenolic protecting group yielded the mimetics 7 in
excellent yields.

Figure 3 shows a minimized representation of 7a along with an
idealized o-helix consisting of alanine o-amino acids. The dis-

COQMG 2Me

o

COsMe CO,Me
a b HN_ _R ¢ d OTN R
—_— = —_— - - e I
Br R =ProrBn HN. _R HN™ 0 N” 0
1 COH
2aR="Pr
2bR=Bn OBn OBn
3a,b 4a,b
| e, f
HN’R
HN/&O NH, NH,
7aR=Pr,R =Pr ©/ ©/
7a'R=iPr,R'=Bn N. R hi N__R g Oy N._R
7bR=Bn, R =Bn [ j’ - [ ]’ = T
" = B |
7b'R=Bn, R ="Pr N N N0
OH OBn OBn
6a,b Sa, b

Scheme 1. Reagents and conditions: (a) R-CH(NH,)CO,H, Cul, K,CO3, DMF, 100 °C , 70% (R = ‘Pr), 75% (R = Bn), (b) 4-(benzyloxy)-2-methylaniline, EDCI, HOBt, CH,Cl,, rt, 75%
(R="Pr), 82% (R = Bn), (c) bromo-acetylbromide, NaHCOs(aq), EtOAc, rt, (d) CsCO3, DMF, 0 °C, 72% (2 steps, R = 'Pr), 61% (2 steps, R = Bn), (e) LiOH, THF:H,O0, rt, 88% (R = 'Pr),
92% (R = Bn), (f) DPPA, NEt5, DMF, rt — 100 °C 74% (R = 'Pr), 68% (R = Bn), (g) BH3 DMS, THF, reflux, 91% (R = 'Pr), 82% (R = Bn), (h) R*-NCO, CH,Cl,, rt, (i) Pd-black, H, (1 atm),
THF:MeOH, 95% (R = Pr, R’ = 'Pr), 89% (R = Pr, R’ = 97), X% (R=Bn, R = 'Pr), 91% (R =Bn, R’ = Bn).





P. Restorp, ]. Rebek /Bioorg. Med. Chem. Lett. 18 (2008) 5909-5911 5911

tances between the substituents in the key positions of 7a[itoi + 4
=53A i+4t0i+8=62A,itoi+8=98Ai+4t0oi+11=9.0A,
and i+ 8 toi+11=5.1A] compares favorably to those of an ideal-
ized alanine a-helix: [i to i+4=6.3A, i+4toi+8 = 6.2A, i to
i+8=119A, i+4 to i+11=102A, and i+8 to i+11=55A].
The central piperazine ring adopts a flattened chair conformation
with the Bn- or 'Pr group occupying an axial position. This confor-
mation has previously been observed by X-ray diffraction analysis
of a similar system.® The minimized representation also shows that
7a adopts a staggered conformation in close analogy to Hamilton’s
terphenyl>® and Kénig’s 1,4-dipiperazino-benzene® scaffolds and
projects the side-chain residues appropriately to replicate those
of an a-helix.

To conclude, we have prepared a new series of a-helix mimetics
in few synthetic steps, which mimics the i, i+4, i +8, i+ 11 resi-
dues of an a-helix. The synthetic methodology reported in this let-
ter should be applicable for the synthesis of a broader and more
general set of o-helix mimetics possessing hydrophobic side-
chains tailored to target specific protein-protein interactions.
Work in this direction along with biological screening of these
compounds is currently underway in our laboratory and will be re-
ported in due course.
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To explore the hydrophobic groove subsite within the CB1 cannabinoid receptor we have designed and
synthesized a group of tail-substituted anandamide analogs. Our design involves the introduction of aryl
or heterocyclic ring as terminal substituents that are connected to the last cis-arachidonyl double bond
through aliphatic chains of variable lengths. Our results indicate that there are strict stereochemical
requirements for the interaction of such analogs with the CB1 receptor. The optimal pharmacophore
includes the phenyl, p-substituted phenyl, or 3-furyl substituents attached to the cis-double bond
through a four methylene chain.

Published by Elsevier Ltd.

Anandamide,! a key endogenous cannabinoid ligand, is a partial
CB1 cannabinoid receptor agonist and is known to produce a con-
centration-dependent inhibition of the electrically evoked twitch
response of the mouse vas deferens,>* as well as antinociception,
hypothermia, hypomotility, and catalepsy in mice.*® In brain
and liver, anandamide is hydrolyzed enzymatically to yield arachi-
donic acid and ethanolamine. The reaction is catalyzed by a mem-
brane-bound amidohydrolase®'? (anandamide amidohydrolase or
fatty acid amide hydrolase, FAAH) which has been cloned and fully
characterized.'® This enzyme was shown to be co-localized in the
same brain regions as the CB1 cannabinoid receptor.'? The hydro-
lytic breakdown of anandamide can be prevented in vitro by phen-
ylmethanesulfonyl fluoride (PMSF), a general serine protease
inhibitor.>1° PMSF can be included in the competitive binding as-
says of anandamide analogs, where amidase-catalyzed ananda-
mide hydrolysis might be a complicating factor.' There is also
evidence pointing to the existence of carrier-mediated anandamide
transport,'® which is essential for the termination of the biological
effects of anandamide. Thus, anandamide interacts not only with
the CB receptors but also possibly with endocannabinoid trans-
porter system and FAAH.

Anandamide exhibits selectivity toward the CB1 cannabinoid
receptor. Additionally, structure-activity relationship (SAR) studies
of anandamide analogs have provided insight into the stereoelec-
tronic requirements for interaction with the CB1 receptor.'416-27
Although much of the reported work has addressed the head group,
SAR of the arachidonoyl side chain has revealed that this hydrophobic

* Corresponding author. Tel.: +1 617 373 4200; fax: +1 617 373 7493.
E-mail address: a.makriyannis@neu.edu (A. Makriyannis).

0960-894X/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.07.110

chain is also very sensitive to structural modifications.'®?223 Com-
plete saturation, or replacement of the olefins with alkynes, results
in the total loss of receptor affinity. Substitution of the arachidonoyl
chain with other fatty acid chains with w-olefinic bonds, with a trans
double bond or analogs with non ®w-6 structure leads to a major
reduction in affinity for CB1. Earlier studies on the hydrophobic tail
of anandamide suggested that the pentyl chain may mimic the five
carbon side chain of (—)-A°-tetrahydrocannabinol, the principal
active ingredient of cannabis.'®-1828 Sybstitution of the terminal
pentyl group of anandamide with a 1,1-dimethyl moiety leads to
significant enhancement of its affinity for CB1, as has also been
observed with (—)-A°-THC.!” The present communication further
explores this terrain through the design and synthesis of novel
chain-modified anandamide analogs.

In earlier work, we have shown that introduction of w-isothio-
cyanato and w-azido groups within the anandamide structure
leads to substantial enhancement of CB1 affinity and potency.?®
The present work describes the synthesis and evaluation of a series
of anandamide analogs of variable chain lengths in which the ter-
minal carbon is functionalized with a phenyl, substituted phenyl,
or heterocyclic rings. All the compounds carry the R-methyletha-
nolamine moiety, a headgroup which was earlier demonstrated
to provide analogs (e.g. methanandamide, AM356) with optimized
affinity for the CB1 receptor as well as robust metabolic stability.!
Our results confirm that, as with anandamide, all analogs exhibit
CB1 selectivity over CB2. Additionally, our data reveal that the ste-
reochemical features of the anandamide tail may have a major im-
pact on ligand’s affinity for CB1.

The synthesis of the anandamide analogs is illustrated in
Scheme 1. Methyl 5-hexynoate 1 was coupled with 4-chloro-bu-
tyn-1-ol in the presence of copper (I) iodide,*° and the alcohol
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Scheme 1. Reagents and conditions: (i) 4-chloro-butyn-1-ol, Cul, Nal, K,CO3, DMF, rt, overnight, 84%; (ii) PPhs, CBry4, rt, 95%; (iii) 3-butyn-1-ol, Cul, Nal, K;CO3, DMF, rt,
overnight, 80%; (iv) H,, Lindlar catalyst, quinoline, ether, 0-10 °C, 86%; (v) Dess-Martin reagent, CH,Cl,, rt, 30 min, 86%; (vi) Wittig reagent from the corresponding
phosphonium salt (see Scheme 2) with n-BuLi in THF at —78 °C, 60-80%; (vii) R-(—)-2-amino-propanol, NaCN (cat), Methanol, 55 °C, sealed vial, 74%; (viii) bis-tributyltin,

Pd(PPhs)y, toluene, reflux, 40%; (ix) I, CH,Cly, rt, 95%.

intermediate was converted to the corresponding bromide using
CBr4/PPhs. Bromide 2 was coupled in an analogous procedure with
3-butyn-1-ol to afford alcohol 3, which underwent hydrogenation
with Lindlar’s catalyst in the presence of quinoline to afford triene
4 in high yield.?'3? Dess-Martin periodinane>? oxidation of alcohol
4 resulted in the formation of the unstable aldehyde 5, which was
immediately subjected to Wittig olefination with various phospho-
nium salts to furnish cis-alkenes 6. The methanandamide analogs
were obtained by direct amidation of the corresponding esters
with R-(—)-alaninol catalyzed by sodium cyanide.>* The iodo-
substituted compound 7j was prepared from the corresponding
bromo compound 9 via the tin intermediate.

Scheme 2 illustrates the preparation of the phosphonium salts
utilized in Scheme 1. Starting with the coupling of properly func-

tionalized iodobenzene 8 and hex-5-yn-1-ol 9 catalyzed by tetraki-
striphenylphosphinepalladium(0),> the resulting alcohols were
hydrogenated to give ®-phenyl alcohols 11. lodination of alcohol
11 by I/PPhs followed by heating with PPh3 gave the desired phos-
phonium salts 13 in high yields (85-95%). All the other phospho-
nium salts were obtained from commercially available iodide and
triphenylphosphine, and were used for the Wittig reaction without
further purification. The furyl derivatives 70-7s were synthesized
by utilizing an approach published earlier by our research group.?®
This involves the coupling of furyl-substituted terminal alkynes
(14 or 15) with 13-bromo-trideca-5,8,11-triynoic acid methyl ester
16 followed by partial hydrogenation with Lindlar’s catalyst to give
esters 17 (Scheme 3), which were converted to the corresponding
amides using the same method described in Scheme 1.

OH . OH
R-l + ///\/\/ 4',_ /\/\/ L’_ R/\/\/\/OH
9 R 10 11

—‘,iii R/\/\/\/I iv » R/\/\/\/PPhS

12

+-

13

R = a-naphthyl, m-F-Ph, m-CI-Ph, m-Br-Ph, m-F;C-Ph,

0-Br-Ph, p-Br-Ph

Scheme 2. Reagents and conditions: (i) Pd(PPhs)4, Cul, piperidine, DMF, 0 °C-rt, 50-82%; (ii) H, 5% Pd-C, methanol, rt, 85-90%; (iii) I, PPhs, imidazole, 0 °C, CH,Cl,, rt, 80-

92%; (iv) PPhs, neat, 110 °C, 80-92%.

0]
= X = i-ii — N —
\/\/\ o B 3 @C{LOMe
16 — == R
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14R= | )4
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15R = Q
Y
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Scheme 3. Reagents and conditions: (i) Cul, Nal, K,CO3, DMF, rt, overnight, 60%; (ii) H,, Lindlar catalyst, quinoline, ether, 0-10 °C, 94%.
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Binding affinities for the CB1 and CB2 receptors were deter-
mined according to previously reported procedures.?62!?3 For the
CB1 receptor, binding data were obtained using a rat brain mem-
brane in the presence of phenylmethanesulfonyl fluoride (PMSF),
a general serine protease inhibitor to protect the analogs from
the hydrolytic activity of fatty acid amide hydrolase. CB2 data were
obtained using a membrane preparation from mouse spleen
known to be rich in CB2 receptor. [*’H]CP-55,940, a most widely
used radioligand, was chosen as a competing ligand for the assays
as it has high affinity for both CB1 and CB2 receptors and is
nonselective.’

The binding affinities of novel anandamide analogs are summa-
rized in Table 1, where (R)-methanandamide is included for com-
parison. It is apparent from the CB2 affinities reported here that
these novel anandamide analogs show selectivity for the CB1
receptor. Analogs 7a-7e were synthesized to assess the optimal
length for the phenyl group at the hydrophobic tail for receptor
affinity. The binding results show that 7d with four methylene car-
bons separating C;s from the phenyl group exhibited comparable
activity (K; = 13.4 nM) for the CB1 receptor as (R)-methanandamide

Table 1
Affinity (K;)* of new anandamide analogs for CB1 and CB2 receptors
o =

— — N /\/OH

_~__R H
Analogs R CB1 K; (nM) (PMSF)  CB2 K; (nM)
(R)-Methanandamide  (CH;),CH3 17.9 868
7a CH,Ph 348.5 826.3
7b (CH3),Ph 241.2 335
7c (CH2)sPh 69.2 533.7
7d (CH;)4Ph 133 1117
7e (CH;)sPh 76.6 240.6
7f (CHy)4-0i-naphthyl  678.3 3996
7g (CH3)4Ph-m-F 304 987.3
7h (CH;)4Ph-m-Cl 89.4 605.1
7i (CH,)4Ph-m-Br 95.3 1054
7j (CH5)4Ph-m-I 533.3 1564
7k (CH3)4Ph-m-CF3 284.1 2040
71 (CH;)4Ph-m-Me 344.3 839.7
7m (CH,)4Ph-0-Br 170.0 N.R.
7n (CH;)4Ph-p-Br 8.9 250.4
70 (CHy)4(3-furyl) 12.0 1027
7P (CHy)s(3-furyl) 170 869
7q (CHy)4(2-furyl) 325 749.8
7s (CHy)s(2-furyl) 561.2 3255

3 CB1 affinities were determined using rat brain membranes and 0.8 nM [*H]
CP-55,940 as the radioligand. Mouse spleen was used as source of CB2 receptor.
Data were analyzed using nonlinear regression analysis. K; values were obtained
from a minimum of two independent experiments run in duplicate.

(Ki=17.9 nM in the presence of PMSF). Decreasing the number of
methylene carbons between Cy5 cis-double bond and the phenyl
group gave analogs 7a-7c¢ and showed progressively weaker affin-
ities for the CB1 receptor with decreasing length of the alkyl chain.
Conversely, compound 7e which differs from 7d by one extra
methylene group displayed approximately over fivefold lower
affinity compared to 7d. These results clearly indicate that a four
methylene linker is optimal between the distal arachidonyl double
bond and the pendant phenyl moiety. In an effort to enhance the
polar features of anandamide analogs, we have substituted the
phenyl ring with the more polar furan moiety. A similar trend
was observed with the 3-furyl derivative (70). However, surpris-
ingly the corresponding 2-furyl derivative (7q) showed a substan-
tially weaker affinity. Introduction of terminal o-naphthyl group
(7f) resulted in the loss of CB1 receptor affinity.

Earlier data have suggested the presence of a hydrophobic
groove subsite capable of accommodating the side chain of classi-
cal cannabinoids and possibly the terminal five carbon alkyl group
of anandamide.>® Our present results are congruent with the exis-
tence of the hydrophobic subsite for the anandamide tail within
the CB1 receptor capable of accommodating a terminal phenyl
group. It can be argued that a short chain linking the phenyl ring
with the last double bond as seen in 7a (n=1) and 7b (n=2)
may not occupy a sufficient portion of this groove, resulting in
low binding affinity. Conversely, a linker that is too long, as seen
in 7e (n =5), may be too large to be fully encompassed by the sub-
site. The ideal length, given by 7d, completely fills the groove and
yet does not incur any steric penalties. The groove also accommo-
dates the 3-furyl moiety, but not the 2-furyl isomer, suggesting
that the relative position of the furyl oxygen within the receptor
subsite may affect the overall ability of the ligand for an optimal
interaction with the receptor. Substitution of the phenyl ring with
an o-naphthyl moiety results in severe loss in affinity in CB1, an ef-
fect which is probably due to its large size.

To further probe this CB1 receptor subsite, different substitu-
ents were introduced on the pendent phenyl ring. Our results indi-
cate that, while p-phenyl substituents are tolerated in the receptor
subsite, meta or ortho substitution leads to a substantial reduction
in affinity. The most potent analog is that with the p-bromophenyl
group (7n). Substitution at the meta and ortho position is not toler-
ated. However, the introduction of bromine at the para position re-
sults in an increase in CB1 receptor affinity. The above
stereochemical postulate for the anandamide distal tail pharmaco-
phore is pictorially summarized in Figure 1.

In conclusion, new anandamide analogs with structural modifi-
cations at the hydrophobic tail were synthesized and evaluated for
their affinities for the cannabinoid receptors. Introduction of a pen-
dant phenyl, aryl, or furyl group separated from the last cis double
bond of arachidonic acid by methylene chains of variable lengths

Figure 1. Pictorial representation of the CB1 binding groove for the tail of (R)-methanandamide analogs. Compound 7a (green), 7b (cyan), 7c (magenta), 7d (yellow), 7e
(pink), 7i (gray), 7m (blue), 7n (orange). Structures were minimized with the OPLS_2005 force field in Macromodel.>®
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was used to probe the cannabinoid side chain subsite with CB1 and
CB2 receptors. Our results suggest that, as with the anandamide
head group, the stereochemical requirements for the anandamide
hydrophobic tail are stringent.

The series of analogs described here provides further insight
into the SAR of the hydrophobic tail in anandamide. The results
also reveal the presence of a hydrophobic subsite at the distal
end of the groove capable of accommodating a phenyl or furyl sub-
stituent as well as a p-substituted phenyl group. Such information
will further the understanding of the binding motif of anandamide
and aid in the design of novel molecular probes for the CB1
receptor.
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Irreversible HER/erbB inhibitors selectively inhibit HER-family kinases by targeting a unique cysteine res-
idue located within the ATP-binding pocket. Sequence alignment reveals that this rare cysteine is also
present in ten other protein kinases including all five Tec-family members. We demonstrate that the
Tec-family kinase Bmx is potently inhibited by irreversible modification at Cys496 by clinical stage EGFR
inhibitors such as CI-1033. This cross-reactivity may have significant clinical implications.

© 2008 Elsevier Ltd. All rights reserved.

The activities of HER/erbB family tyrosine kinases (HER-TKs)
are abnormally activated in various human epidermal cancers,
and several anticancer drugs have been designed to specifically
target HER-TKs.! Two clinically approved quinazoline scaffold-
based drugs, gefitinib (Iressa™) and erlotinib (Tarceva™) (Fig. 1),
are selective, ATP-competitive EGFR (Epidermal Growth Factor
Receptor, HER1) inhibitors that reversibly bind to the adenosine
triphosphate (ATP) binding site of the enzyme with a high
affinity.

In the late 1990s, rational drug design efforts resulted in the
identification of the prototypical potent irreversible HER1/2 ki-
nase inhibitor PD168393.2 A reactive acrylamide moiety was
incorporated at the 6-position of a 4-anilinoquinazoline in order
to affect a Michael-addition reaction with a relatively unique
cysteine residue (Cys773) within the ATP-binding pocket of
EGFR. Notably, the irreversible nature of the inhibitor turned
out to be advantageous in achieving superior antitumor activity
in vivo, due to its rapid reaction and long-lasting inactivation of
the enzyme. Moreover, a recent study demonstrated that other

* Corresponding author. Tel.: +1 617 582 8590.
E-mail address: nathanael_gray@dfci.harvard.edu (N.S. Gray).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.062

irreversible EGFR inhibitors such as EKB-569 and CI-1033 can
strongly inhibit a gefitinib- and erlotinib-resistant gatekeeper
mutant of EGFR (T790M), demonstrating further therapeutic util-
ity for irreversible inhibitors.># Currently, six irreversible HER-TK
inhibitors are in clinical development for the treatment of a

F
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Gefitinib, Iressa™ Erlotinib, Tarceva™

PD168393

Figure 1. Chemical structures of quinazoline scaffold-EGFR inhibitors.
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variety of cancers. However, a recent clinical phase II study re-
ported that CI-1033 is associated with severe toxicity, suggesting
that further development of the drug seems unlikely.>® Here, we
report that such irreversible HER-TK inhibitors are also capable
of potently inhibiting the Tec-family kinase Bmx/Etk. To our
knowledge, this is also the first report of a sub-micromolar
Bmx/Etk inhibitor.

As both the reversible and irreversible quinazoline inhibitors
have been reported to be highly selective to HER-TKs, we hypoth-
esized that other kinases bearing this unique cysteine residue
might also be targeted by these inhibitors. We first performed a
sequence alignment to determine which other protein kinases
possess an equivalently positioned cysteine to Cys773 of EGFR.
In addition to the other HER-TKs HER2 and HER4, eight more ki-
nases were identified, including Jak3, Blk, Lkb1, and the Tec-fam-
ily kinases (Bmx, Btk, Itk, Tec, and Txk)® (Fig. 2a). In order to
determine which of these kinases might also be targeted by irre-
versible quinazoline inhibitors, we tested PD168393 and CI-1033
(Fig. 1) against a panel of 37 different Tel-tyrosine kinase
transformed Ba/F3 cell lines.” PD168393 was also tested against
a panel of sixty biochemical kinase assays. Of the reactive
cysteine-containing kinases, the biochemical panel included EGFR,
HER2/4, Jak-3, BIk, Lkb-1, Bmx, BTK, and Itk, while the cellular
panel contained Jak3, Bmx, and Blk. While moderate to no inhibi-
tion was seen for the majority of the kinases tested, CI-1033 dem-
onstrated potent inhibitory activity against Bmx and Blk in both
biochemical and cellular assays, whereas PD168393 exhibited
only moderate potency against Bmx (Fig. 2b and Supplementary
Tables 1 and 2). The observation that only a subset of the kinases
possessing an equivalently positioned reactive cysteine are signif-
icantly inhibited by these compounds demonstrates that potent
inhibition requires a combination of non-covalent recognition of
the scaffold by the kinase and proper positioning of the reactive
cysteine nucleophile. Indeed, similar principles were recently

a EGFR_EGFR
EGFR_HER2/ErbB2
EGFR_HER4/ErbB4

VQLITQLMPFGCLLDYVR
VOQLVTQLMPYGCLLDHVR
IQLVTQLMPHGCLLEYVH

JakA_JAK3 LRLVMEYLPSGCLRDFLQ
Src_BLK IYIVTEYMARGCLLDFLK
CAMKL_LKB1 QKMYMVMEYCVCGMQEML
Tec_BMX IYIVTEYISNGCLLNYLR
Tec BTK IFIITEYMANGCLLNYLR
Tec_TEC IYIVTEFMERGCLLNFLR
Tec TXK LYIVTEFMENGCLLNYLR
Tec ITK ICLVFEFMEHGCLSDYLR
b Enzymatic assay Tel-kinase Bal/F3
IC50 (uM)
PD168393 CI-1033 PD168393 CI-1033
EGFR <0.0015 0.0023 ND ND
HER2 0.024 0.048 ND ND
HER4 0.012 0.014 ND ND
Jak3 3.14 3.88 >10 2
Blk 5.47 0.05 >10 0.029
Lkb1 >10 >10 - -
Bmx 1.1 0.586 0.303 0.062
Btk 5.83 0.185 ND ND
Tec, Txk ND ND ND ND
Itk >30 5.65 ND ND

Figure 2. Irreversible quinazoline EGFR inhibitors cross-react with other tyrosine
kinases that possess a conserved reactive cysteine in their kinase domain. (a) The
sequence of EGFR active site and its alignment with ten other kinases. The common
putative nucleophilic cysteine residue is highlighted in bold. (b) Inhibition (ICso,
uM) of kinases by PD168393 and CI-1033 examined by biochemical enzymatic
assays and cytotoxicity assays using Tel-tyrosine kinase transformed Ba/F3 cells
(ND, not determined).

used to design cysteine alkylating inhibitors for Rsk,® VEGFR,®
and Tec-family kinase BTK.®

We next used mass spectrometry to confirm the covalent nat-
ure of the inhibition, the stoichiometry of binding, and the site(s)
of modification of the inhibitors on recombinantly expressed
Bmx kinase domain. After incubation with PD168393, an average
mass of 31,732 Da was measured for the Bmx kinase domain. This
represents an increase of 369 Da, which is consistent with the
covalent addition of a single inhibitor molecule (Fig. 3a and b). A
second observed species corresponds to the covalent addition of
the singly phosphorylated form of the domain by a single inhibitor
molecule. Similar results were obtained upon incubation with CI-
1033, as the expected mass increase of 485 Da was observed for
both protein signals (Fig. 3c).

To determine the site(s) of modification, the inhibitor-modified
samples were reduced with dithiothreitol, alkylated with iodoacet-
amide, and subjected to chymotryptic digestion. Subsequent anal-
ysis by LC/MS/MS identified several overlapping species that
suggest Cys496 as the dominant nucleophilic site, which is analo-
gous to Cys773 of EGFR in the sequence alignment. Figure 3d and e
show the tandem MS spectra of the chymotryptic peptide ISNGCLL
modified with PD168393 or CI-1033, respectively. It should be
noted that partial modification of Cys516 by PD168393 (Supple-
mentary Fig. 1a) was also observed. However, the signal for this
species was more than 400 times lower than the signal for species
containing modified Cys496 (Supplementary Fig. 1b). Furthermore,
iodoacetamide-modified peptides of high signal intensity were
identified for every cysteine residue in the Bmx kinase domain ex-
cept for Cys496 (data not shown).

To confirm that Cys496 of Bmx is important for the cellular
activity of the inhibitors, we created a Ba/F3 cell line stably
transformed with a Tel-C496S Bmx mutant kinase domain. This
substitution resulted in almost 30-fold less sensitivity to
PD168393 (ICs0=8.58 and 0.324puM for mutant and WT,
respectively, Fig. 4). We next examined the capability of the
compounds to inhibit full-length Bmx in a cellular context.
Flag-tagged Bmx was transfected to human prostate cancer
LNCaP cells, and an in vitro kinase assay was performed using
immunoprecipitated Flag-Bmx in the presence or absence of
reversible and irreversible clinical EGFR inhibitors (Fig. 5a).!°
The in vitro autophosphorylation of Bmx, monitored by mea-
suring incorporation of labeled phosphate from 32P-ATP to the
immunoprecipitated Flag-Bmx, was almost completely inhibited
upon treatment with either PD168393 (10 uM) or CI-1033
(10 uM), whereas it was not affected by treatment of the po-
tent reversible EGFR inhibitors gefitinib (10 uM) and erlotinib
(10 uM). The same result was obtained when Flag-Bmx was
immunopurified from the cells that were pre-treated with the
drugs for 4 h. Immunoblot analysis using anti-phosphotyrosine
antibody demonstrated only the irreversible but not the revers-
ible inhibitors, were able to inhibit phosphorylation (Fig. 5b).
These results demonstrate that both PD168393 and CI-1033 in-
hibit the activity of Bmx in cells in a Cys496-dependent
fashion.

Unlike other Tec-family kinases that are preferentially
expressed in hematopoietic cells, Bmx/Etk is expressed in other
cell types as well, including endothelial, epithelial, and impor-
tantly metastatic carcinoma cells.!’ As Bmx is involved in the
migration of both epithelial and endothelial cells,'> Bmx inhibi-
tors could potentially be used for antimetastasis and antiangio-
genesis therapies. Blk is a key player in signaling B-cell growth
inhibition in response to surface IgM cross-linking. Thus, Blk
inhibitors could also prevent B-cells from apoptosis!®> and be
used to boost immune functions. Here we have demonstrated
that kinases such as Bmx and Blk can potently be inhibited by
covalent inhibitors from the 4-anilinoquinazoline scaffold class.
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Figure 4. Cellular ICsq curves of PD168393 against Tel-wild-type and Tel-mutant
Bmx (C496S) transformed Ba/F3 cells.

Our results suggest that it will be important to test the numer-
ous other irreversible clinical EGFR inhibitors for their propen-
sity to cross-react with the cysteine-containing kinases
highlighted in this study.
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2 h, and in vitro kinase assay using >?P-ATP was performed. (b) In vitro kinase
assay using Flag-Bmx immunopurified from the cells that were pre-treated with
drugs for 4 h. Autophosphorylation was examined by using both radiography and
phosphotyrosine immunoblot analysis.





W. Hur et al./Bioorg. Med. Chem. Lett. 18 (2008) 5916-5919

Acknowledgments

We thank Dr. Dario Alessi for his help on Lkb1 biology, and Mr.

Scott Brittain for his help with the intact protein mass measure-
ments. In compliance with Harvard Medical School guidelines we
disclose that NSG has a consulting relationship with Novartis Phar-
maceuticals, Inc.

Supplementary data

Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.bmcl.2008.07.062.

References and notes

1.

2.

Sharma, S. V.; Bell, D. W.; Settleman, J.; Haber, D. A. Nat. Rev. Cancer 2007, 7,
169.

Fry, D. W.; Bridges, A. J.; Denny, W. A.; Doherty, A.; Greis, K. D.; Hicks, J. L.;
Hook, K. E.; Keller, P. R.; Leopold, W. R.; Loo, J. A.; McNamara, D. J.; Nelson, J. M.;
Sherwood, V.; Smaill, J. B.; Trumpp-Kallmeyer, S.; Dobrusin, E. M. Proc. Natl.
Acad. Sci. US.A. 1998, 95, 12022.

. Kwak, E. L.; Sordella, R.; Bell, D. W.; Godin-Heymann, N.; Okimoto, R. A.;

Brannigan, B. W.; Harris, P. L.; Driscoll, D. R.; Fidias, P.; Lynch, T. J.; Rabindran, S.
K.; McGinnis, J. P.; Wissner, A.; Sharma, S. V.; Isselbacher, K. J.; Settleman, J.;
Haber, D. A. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 7665.

4,

© 0

10.

11.

13.

5919

Carter, T. A; Wodicka, L. M.; Shah, N. P.; Velasco, A. M.; Fabian, M.
A.; Treiber, D. K; Milanov, Z. V.; Atteridge, C. E.; Biggs, W. H., 3rd;
Edeen, P. T.; Floyd, M.; Ford, J. M.; Grotzfeld, R. M.; Herrgard, S.;
Insko, D. E.; Mehta, S. A.; Patel, H. K.; Pao, W.; Sawyers, C. L.; Varmus,
H.; Zarrinkar, P. P.; Lockhart, D. ]J. Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
11011.

. Campos, S.; Hamid, O.; Seiden, M. V.; Oza, A.; Plante, M.; Potkul, R. K.; Lenehan,

P. F.; Kaldjian, E. P.; Varterasian, M. L.; Jordan, C.; Charbonneau, C.; Hirte, H.
J. Clin. Oncol. 2005, 23, 5597.

. Pan, Z.; Scheerens, H.; Li, S. J.; Schultz, B. E.; Sprengeler, P. A.; Burrill, L. C.;

Mendonca, R. V.; Sweeney, M. D.; Scott, K. C.; Grothaus, P. G.; Jeffery, D. A.;
Spoerke, J. M.; Honigberg, L. A.; Young, P. R.; Dalrymple, S. A.; Palmer, J. T.
ChemMedChem 2007, 2, 58.

. Melnick, J. S.; Janes, J.; Kim, S.; Chang, ]. Y.; Sipes, D. G.; Gunderson, D.;

Jarnes, L.; Matzen, ]. T.; Garcia, M. E.; Hood, T. L.; Beigi, R.; Xia, G.;
Harig, R. A.; Asatryan, H.; Yan, S. F.; Zhou, Y.; Gu, X. ].; Saadat, A.; Zhou,
V.; King, F. J.; Shaw, C. M.; Su, A. I; Downs, R.; Gray, N. S.; Schultz, P.
G.; Warmuth, M.; Caldwell, J. S. Proc. Natl. Acad. Sci. US.A. 2006, 103,
3153.

. Cohen, M. S.; Zhang, C.; Shokat, K. M.; Taunton, J. Science 2005, 308, 1318.
. Wissner, A.; Floyd, M. B.; Johnson, B. D.; Fraser, H.; Ingalls, C.; Nittoli, T.;

Dushin, R. G.; Discafani, C.; Nilakantan, R.; Marini, J.; Ravi, M.; Cheung, K.; Tan,
X.; Musto, S.; Annable, T.; Siegel, M. M.; Loganzo, F. J. Med. Chem. 2005, 48,
7560.

Jiang, X.; Borgesi, R. A.; McKnight, N. C.; Kaur, R.; Carpenter, C. L.; Balk, S. P.
J. Biol. Chem. 2007, 282, 32689.

Qiu, Y.; Robinson, D.; Pretlow, T. G.; Kung, H. J. Proc. Natl. Acad. Sci. U.S.A. 1998,
95, 3644.

. Pan, S.; An, P.; Zhang, R.; He, X.; Yin, G.; Min, W. Mol. Cell. Biol. 2002, 22,

7512.
Yao, X. R.; Scott, D. W. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 7946.



http://dx.doi.org/10.1016/j.bmcl.2008.07.062



		Clinical stage EGFR inhibitors irreversibly alkylate Bmx Kinasekinase

		AcknowledgementAcknowledgments

		Supplementary data

		References and notes






Bioorganic & Medicinal Chemistry Letters 18 (2008) 5920-5922

journal homepage: www.elsevier.com/locate/bmcl

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

Bicorganic
Chemistry L

Trace amine-associated receptor 1 (TAAR,) is activated

by amiodarone metabolites

Aaron N. Snead ?, Motonori Miyakawa P, Edwin S. Tan?, Thomas S. Scanlan >+

4 Graduate Program in Chemistry and Chemical Biology, University of California at San Francisco, 600 16th Street, San Francisco, CA 94143, USA
b Departments of Pharmaceutical Chemistry and Cellular & Molecular Pharmacology, University of California at San Francisco, 600 16th Street, San Francisco, CA 94143, USA
€ Department of Physiology & Pharmacology, Oregon Health & Science University, 3181 SW Sam Jackson Park Road, Portland, OR 97239-3098, USA

ARTICLE INFO ABSTRACT

Article history:

Received 16 June 2008

Revised 4 August 2008
Accepted 5 August 2008
Available online 9 August 2008

Keywords:

Amiodarone

Trace amine-associated receptor 1
TAAR,;

G protein-coupled receptors

Amiodarone (Cordarone, Wyeth-Ayerst Pharmaceuticals) is a clinically available drug used to treat a wide
variety of cardiac arrhythmias. We report here the synthesis and characterization of a panel of potential
amiodarone metabolites that have significant structural similarity to thyroid hormone and its metabo-
lites the iodothyronamines. Several of these amiodarone derivatives act as specific agonists of the G pro-
tein-coupled receptor (GPCR) trace amine-associated receptor 1 (TAAR;). This result demonstrates a
novel molecular target for amiodarone derivatives with potential clinical significance.

© 2008 Elsevier Ltd. All rights reserved.

Amiodarone (Cordarone, Wyeth-Ayerst Pharmaceuticals) has
been available in the United States since 1985 and its biological
activity and pharmacokinetics have been well studied. It blocks
myocardial potassium channels and inhibits adrenergic receptors!
as well as type-1 and type-2 5'deiodinases.” Despite what is
known, there are numerous side effects of amiodarone use in hu-
mans that suggest additional activities beyond the identified tar-
gets of amiodarone. Amiodarone is known to be a substrate of
the cytochrome P450 enzyme group. One major observed metabo-
lite of amiodarone, desethylamiodarone, has antiarrhythmic prop-
erties of its own? as well as distinct antagonistic effects on the
thyroid hormone receptor.*

By comparison to the biosynthesis and metabolism of thyrox-
ine, thyroid hormone (TH), we hypothesized that amiodarone
treatment may result in multiple other amiodarone metabolites
with potential biological activity. The hypothetical amiodarone
metabolites would result as products of known deiodination and
desethylation pathways in the body.>* As iodinated benzofuran
derivatives, these amiodarones contain significant structural simi-
larity to TH, and a recently described class of thyroid hormone
metabolites, iodothyronamines.>

Iodothyronamines rapidly and potently activate a novel family
of orphan G protein-coupled receptors (GPCRs) the trace amine-
associated receptors (TAARs). The most thoroughly characterized
of the thyronamines, T;AM, is an endogenous compound with dra-

* Corresponding author. Tel.: +1 503 494 9292; fax: +1 503 494 9275.
E-mail address: scanlant@ohsu.edu (T.S. Scanlan).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.013

matic and rapid pharmacological properties in rodents when
administered exogenously,® including significant effects on cardiac
performance. While no direct link has been made between T{AM
action with TAAR; and the observed pharmacology, a correlation
between the potency of several T{AM derivatives against TAAR;
and their ability to induce T;AMs pharmacological effects has been
noted.® This suggests T;AM activity with TAAR, may result in the
observed pharmacology.

Given that both amiodarone and thyronamines are both known
to have a variety of cardiac effects and both share significant struc-
tural similarities we sought to understand whether this clinically
used TH derivative, amiodarone or its potential metabolites, may
also target TAAR;. To test this idea, a panel of eight potential ami-
odarone metabolites was synthesized (Scheme 1 and Supplemental
Information). These derivatives include all possible permutations
of amiodarone desethylation and deiodination (Table 1). The total
panel of eight amiodarone derivatives (compounds 2-9) plus the
parent compound amiodarone 1 was then screened against several
mammalian homologs of TAAR;. Specifically, we tested these com-
pounds for both agonist and antagonist activity against mouse, rat
and a chimeric human TAAR;. This screen evaluated the amount of
intracellular cAMP levels induced by the amiodarone analogs by
stimulation of TAAR;, a GPCR coupled to a stimulatory G-protein
(Gs).

When screened against rat TAAR; (rTAAR;) four of the potential
amiodarone metabolites, compounds 6, 7, 8, and 9 demonstrated
significant activity against rat TAAR; (rTAAR;) (Fig. 1a). These com-
pounds demonstrated specific agonistic activity at doses of 10 uM
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Scheme 1. Synthesis of amiodarone panel. For compounds 1, 4, 7,12, 15, 17, and 20, R! = R? = I. For compounds 2, 5, 8, 11, 14, 16, and 19, R! = H and R? = I. For compounds 3,
6,9, 10, and 18, R! = R? = H. Reagents and conditions: (a) Cs,CO3, BocNHCH,CH,0Ms, DMF, 50 °C; (b) 3 N anhydrous HCl in EtOAc; (c) Nal, NaOCl, 5M KOH, MeOH; (d) EtBr,,
K,COs, DMF; (e) NaNs3, DMF; (f) PPhs, THF/H,0; (g) N-(2-chloroethyl)-N-ethylbenzylamine HCl, Nal, K,CO3, DMF; (h) i—5, 1-chloroethyl carbonochloride, EtCl,, reflux, 2 h; ii—

MeOH, reflux, 1 h, 3 N HCI/EtOAc; (i) Nal, Et;NCH,CH,CI'HCI, K,CO5, DMF, RT.'°

R?
O,
O,
O \/\N’R3
O N R? R4
(6]
R‘l

Table 1
Amiodarone panel

Compound R? R® R*
Ami 1 I Et Et
dE-Ami 4 I I Et H
ddE-Ami 7 I I H H
dI-Ami 2 I H Et Et
dEdI-Ami 5 I H Et H
ddEdI-Ami 8 I H H H
ddI-Ami 3 H H Et Et
dEddI-Ami 6 H H Et H
ddEddI-Ami 9 H H H H

or below with the most potent analog 7, ddE-Ami, giving an ob-
served half maximal effective concentration (ECsp) of 1 uM (data
not shown). The other five amiodarone derivatives (Ami, dE-Ami,
dI-Ami, dEdI-Ami, and ddI-Ami) did not display any antagonistic
activity when tested at 10 uM in competition with the reported
agonist T{AM at its ECso concentration of 33 nM.

To extend the conclusions of amiodarone activity, the amioda-
rone panel was tested against another TAAR; homolog the mouse
TAAR; (mTAAR;). As was seen for rTAAR; several of the amiodaro-
nes showed significant agonist activity at 10 M concentration. A
different subset of four compounds (compounds 3, 6, 8, and 9)
demonstrated significant but partial or weak agonistic activity
against m TAAR, (Fig. 1b). Additionally, distinct from the amioda-
rone activity with rTAAR;, several compounds in the amiodarone
panel appear to also demonstrate partial or weak antagonistic
activity (>10 uM ICsp against mTAAR;) (data not shown).

Lastly, the amiodarone panel was screened against a chimeric
rat-human TAAR; (r-hTAAR,). This chimera, as described previ-
ously,” was generated by exchanging portions of the N terminus
(residues 1-20), C terminus (residues 305-340), and third intracel-
lular loop (residues 204-258) of the wild-type human sequence for
that of rTAAR; to enhance expression and plasma membrane
trafficking of the receptor.” Importantly, all of the transmembrane
domains from the human TAAR; were retained. The chimeric
r-hTAAR; receptor has been shown to respond similarly to the wild
type human TAAR; (hTAAR;) in regard to ligand specificity and
potency.”®® No published reports, however, have verified the
complete ligand profile of this chimeric receptor as compared with
the reported activity of wild-type hTAAR;. In our screen of the
r-hTAAR; receptor none of the amiodarones demonstrate any
significant agonistic or antagonistic activity at any of the doses
tested (Fig. 1c). Despite the lack of amiodarone activity against
the r-hTAAR1 chimera follow-up studies with the WT receptor
are warranted because of the wide ranging ligand profiles between
the TAAR homologs.%° Despite our observations amiodarones
could have activity with the WT hTAAR1.

In summary, we synthesized several potential amiodarone
metabolites, products of desethylation and/or deiodination, and
found that several act as agonists against both mouse and rat
TAAR; and several also weakly antagonize mTAAR;. By looking at
the specific compounds that demonstrated specific activity with
either the rat or mouse TAAR a striking structure-activity relation-
ship was observed. As iodine content increases and ethylation state
decreases compounds gain efficacy and potency with rTAAR; and
amiodarones with no iodines, independent of ethylation state,
are weak agonists of mTAAR;. However, none of these compounds
had activity against the r-hTAAR; chimera. Given that the usual
therapeutic serum level of amiodarone is low micromolar, with
significant accumulation in adipose and other tissues, our data
potentially have clinical relevance. These results demonstrate a no-
vel molecular target for amiodarone derivatives, at least in rodents,
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Figure 1. HEK293 cells stably transfected with either (a) rTAAR;, (b) mTAAR;, (c) r-hTAAR;, or empty pcDNA3 vector were harvested in Krebs-Ringer-Hepes buffer (KRH) and
incubated in KRH with 133 pM IBMX and 3 pL of the test compound, forskolin (10 uM), or vehicle (dimethly sulfoxide, DMSO) for 1 h at 37 °C. The cells were boiled and the
cell lysate was analyzed for cAMP content by use of the Hithunter cAMP XS kit (DiscoveRX, Fremont, CA). Data were reported as percent maximal stimulation of reported
agonists of each TAAR1 homolog (T;AM for rat and mouse TAAR; and phenethylamine (PEA) for r-hTAAR,). Data were plotted and analyzed with Prism software (Graphpad,
San Diego, CA). Standard error of the mean was calculated for at least three separate experiments performed in triplicate.'®

and suggest another family of receptors amiodarone may target in
vivo.
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Escherichia coli ribonucleotide reductase (RNR) catalyzes the conversion of nucleoside 5’-diphosphates to
deoxynucleoside 5'-diphosphates and is a 1:1 complex of two homodimeric subunits: 2 and B2. As a first
step towards mapping the subunit interface, 2 (V365C) was labeled with ['“C]-benzophenone (BP) iodo-
acetamide. The resulting ['C]-BP-p2 (V365C) was complexed with o2 and irradiated at 365 nm for
30 min at 4 °C. The cross-linked mixture was purified by anion exchange chromatography and digested
with trypsin. The peptides were purified by reverse phase chromatography, identified by scintillation
counting and analyzed by Edman sequencing. Three ['“C]-labeled peptides were identified: two con-
tained a peptide in B to which the BP was attached. The third contained the same B peptide and a peptide
in o found in its oD helix. These results provide direct support for the proposed docking model of a22.

© 2008 Elsevier Ltd. All rights reserved.

Escherichia coli ribonucleotide reductase (RNR) catalyzes the
conversion of nucleoside 5'-diphosphates (NDPs) to deoxynucleo-
side 5'-diphosphates.!? It is a 1:1 complex of two homodimeric
subunits: o2 and p2.37> o2 binds both NDP substrates (CDP, UDP,
GDP, and ADP) and the dNTP (TTP, dGTP, and dATP)/ATP allosteric
effectors that govern the specificity and enzymatic turnover rate.
B2 contains the diferric tyrosyl radical (Ye) cofactor® that is re-
quired to initiate the nucleotide reduction in o2 by radical propa-
gation over 35 A.” No structure of an active anfn of any class la
RNR is currently available® Understanding this interaction is
essential to the elucidation of the radical propagation mechanism
between the two subunits,” the mechanism by which the allosteric
effector binding to o2 triggers electron transfer between the sub-
units,>'° and how one might take advantage of this knowledge
to design inhibitors of RNR that disrupt subunit interactions.!!
The present communication provides methodology to map the
subunit interface at the molecular level.

The interaction between o2 and B2 is weak (Kq = 0.4 uM)'? and
is largely governed by the C-terminal 20 amino acids of p2.'>' The
current model for the interactions between o2 and B2 is based on
the docking model that Eklund and coworkers constructed from
the structure of B2 and the structure of a2 complexed with a pep-
tide to the last 20 amino acids (356-375) of $2.” The binding mode
of this 20-mer peptide (only 15 residues of which are observed)
was proposed to be representative of how the C-terminal tail of
B2 binds to a2. Recent pulsed electron-electron double resonance

* Corresponding author. Tel.: +1 617 253 1814; fax: +1 617 258 7247.
E-mail address: stubbe@mit.edu (JoAnne Stubbe).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.048

experiments have provided support for the long distance radical
transfer consistent with the docking model.'>'® Molecular insight
into the subunit interactions, however, is not provided by this
method. In the absence of a structure of the class Ia RNR complex,!’
we have recently developed a methodology with the potential to
provide us with the desired molecular insight.'? The methodology
involves the site-specific labeling of a Cys at 15 different positions
within the C-terminus of B2, with the photo cross-linker benzophe-
none (BP). The photo cross-linking reaction of each BP-B2 variant
with o2 demonstrated that BP-B2 (V365C) had the highest photo
cross-linking efficiency (~18%) and was selected to identify the
residues at the interface of a2p2 in the present study.!?

To facilitate the isolation of cross-linked peptides from o232,
we synthesized a ['*C]-iodoacetamide analog of BP. Our previous
studies used BP maleimide to attach BP to a single Cys within
the C-terminus of 2.2 Due to the difficulties in making this mate-
rial ['“C]-labeled from available ['“C]-starting material, the BP
iodoacetamide (BPI) was selected as an alternative. The synthesis
of ['C]-BPI was accomplished by coupling of ['“C]-iodoacetic acid
with 4-aminobenzophenone using dicyclohexylcarbodiimide
(DCC).'® The reaction time, temperature, and the stoichiometry of
reactants were optimized to yield ['#C]-BPI in ~95% yield with a
specific activity of 6600 cpm/nmol. Labeling of B2 (V365C) with
['“C]-BPI occurred quantitatively and the photo cross-linking reac-
tion of the resultant BP variant with o2 gave ~18% cross-linked
product, estimated by SDS-PAGE.!?

The o2p2 complex has a molecular weight of ~260 kDa, pre-
senting a challenge for the identification of cross-linked peptide(s).
In an effort to enrich the desired o—fB (cross-linked) product, the
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reaction mixture was purified by anion exchange chromatography
on POROS 10 HQ by FPLC. A control experiment (Supporting infor-
mation, Fig. S1) showed that anion exchange chromatograph read-
ily separates o2 from B2, and it was hoped that this process could
remove a large amount of the non cross-linked protein. A typical
FPLC trace (Fig. 1) eluted with the indicated NaCl gradient was sub-
divided into six regions (I-VI). SDS-PAGE gel (Fig. 1, inset) showed
that region I contains free o, regions II-V contain variable mixtures
of o-['*C]-BP-B and free o and ['*C]-BP-B(V365C) and region VI
contains predominantly [!*C]-BP-p(V365C). These results were
unexpected and interesting. Instead of separation of o—f from o2
and B2, the chromatogram suggests that o—f forms a complex with
free o and B, presumably due to the tight dimerization of p2. This
(o—B)ap complex appears to have increased subunit affinity rela-
tive to the non cross-linked subunits (Supporting information,
Fig. S1). The ratio of a—B:o:B is 1:3:2 in region IIl and 1:3:6 in re-
gion IV (ratios are the average of 4 determinations). The o-f thus
retards o2 and causes B2 to elute earlier than B2 in the control. This
observation could provide a strategy for crystallization of the elu-
sive o2B2 complex. Importantly, this chromatography typically re-
moves ~50-55% of the protein, the goal of the experiment.

The partially purified mixture (regions II-V) was pooled, alkyl-
ated by standard procedures with iodoacetamide, dialyzed into
2 M urea and digested with trypsin. The peptide mixture was then
analyzed by reverse phase HPLC with a Jupiter® C18 column using
the indicated gradient (Fig. 2). Fractions of 1 mL were collected and
analyzed for radioactivity.

Three distinct radioactive regions with retention times of 49 (I),
52 (II), and 68 (III) min were observed superimposed on a radioac-
tive background that was present throughout the chromatogram.
Previous crystallographic and NMR studies have demonstrated
the flexibility of C-terminal tail of p2.'°® When complexed with
a2, however, one would have expected this C-terminus to be struc-
tured and consequently little non-specific cross-linking. Thus, the
basis for the background is not understood, but appears to be asso-
ciated with the long photolysis time (Supporting information,
Fig. S2) and the weak dissociation constant between the sub-
units.’>"' In order to identify the interaction sites, each of the
three regions (I-1II) was pooled and rechromatographed twice:
once in CH3CN/ammonium acetate at pH 6.8 and finally in
CH3CN/TFA/H,0 (Supporting information, Figs. S3-S5).

Peak Il was found to be similar to a control in which ['4C]-BP-f2
(V365C) alone was photolyzed, and digested with trypsin and
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Figure 1. Purification of the photo cross-linked mixture by anion exchange
chromatography (POROS 10 HQ) in 50 mM Tris, pH 7.6, with the indicated NaCl
gradient. The regions I-VI are shown by vertical lines (from left to right). (Inset)
SDS-PAGE gel of regions I-VI.
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Figure 2. Purification of the peptides generated by trypsin digestion of the photo
cross-linked mixture with reverse phase (Jupitor®) HPLC in 0.1% TFA/H,0 with the
indicated gradient (---) of 0.1% TFA/CHsCN. The radioactivity of each fraction
(1 mL, J-) is overlaid on the absorbance (—).

chromatographed. Edman sequencing of the resulting peptide re-
vealed S*2°NPIP (Table 1), the expected proteolytic fragment from
unreacted ['“C]-BP-p2 (V365C). Interestingly, peak I, not observed
in photolysis of ['4C]-BP-B2 (V365C) alone, gave the same peptide
sequence (S*2°NPIP). No additional amino acid sequence with com-
parable signal intensity was observed in Edman analysis, which
suggested that peak I also resulted from the unreacted [!*C]-BP-
B2(V365C). One possible origin of the peak I could be an inter sub-
unit cross-link between B! and p? (of p2). However, the molecular
weight of the resulting peptide would be twice that in peak Il and
would be expected to have a longer retention time on HPLC analy-
sis. Alternatively, if the C-terminal tail cross-linked to itself (intra
subunit cross-linking), a cyclic peptide would result which might
explain the shorter retention time of peak L.

The peptide isolated from region Il gave two amino acids in
each cycle of Edman sequencing: SNPIP and AVELF (Table 1). While
SNPIP originates from the C-terminal tail of ['“C]-BP-p2(V365C),
AVELF is the proteolytic fragment resulting from cleavage of o2
at position 395. Analysis of the crystal structure of a2’ in complex
with 20 amino acid peptide to the C-terminus of B2 shows that
A3%VELF is present in helix oD (Fig. 3). The detailed analysis of
the structure shows that the residue V365 is pointing directly to-
wards oD. Since the Edman sequencing extended to F>%°, the first
five residues of oD, cross-linking must occur within peptide
S400 MIMQER*%®. The distance between V365, and S*%° and T4%°
are ~9 and ~16 A (Fig. 3), respectively. The distance between -
CH,- of the BP analog attached directly to the thiol of C365 and
the ketone of the BP involved in hydrogen atom abstraction is
~9 A, which would bring S**°*LMMQER*°® within the reactive vol-
ume of BP.2° The cross-linking data provide the most direct evi-
dence thus far that the crystal structure of the peptide (356-375)
of 2 and a2 is an excellent model for subunit docking.”*®

As noted above, BP has been attached to 15 positions within the
C-terminus of B2 (341-375) including Y356 which plays an essen-

Table 1
The Edman analysis of peptides from peaks I-IIl and unreacted ['*C]-BP-p2(V365C)
Fractions Cycles

1 2 3 4 5
['4C]-BP-B2(V365C) S N P I P
Peak I S N P I P
Peak II S N P I P
Peak I1I S, A N,V P, E L L P, F
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Figure 3. The crystal structure of a2 (green) in complex with C-terminal tail (cyan)
of B2.7 The orientation and distances of V365 with respect to S*°°LMMQERAST*%°
(oD, light blue) are shown.

tial role in radical propagation between the two subunits.?!%2!
Since residues 341-375 are disordered in B2, cross-linking infor-
mation throughout this region would be of great value in thinking
about a model for subunit interactions. The cross-linking efficien-
cies, however, within this tail are generally low (~9%), requiring
enrichment of the peptide(s) of interest to achieve purification.
To facilitate this enrichment, we are currently incorporating p-
propargyloxyphenylalanine into B2 using a methodology pio-
neered by Schultz and coworkers?>?3 p-Propargyloxyphenylala-
nine can be used in a 3+2 cycloaddition reaction with
biotinylated azide for affinity purification by streptavidin beads.?*

A method to purify cross-linked peptides of interest in conjunc-
tion with radiolabeling should allow us to map interaction site(s)
in the presence of different substrate (ADP, CDP, UDP, and GDP)
and|/or effector (dGTP, ATP, dATP, and TTP) pairs. Our recent studies
with fluorescent probes within this tail region of 2 have shown
that the K, for subunit interactions vary up to 50-fold.!? The differ-
ences in structure may be detectable by this cross-linking method.
Additionally, it is conceivable that Y356 in f2 moves during the
radical propagation step between the subunits with different sub-
strate and/or effector pairs. The availability of ['*C]-BPI in conjunc-
tion with a method to rapidly pull out labeled peptides could be
useful in understanding the amazing gymnastics responsible for

substrate specificity communicated over ~40-50 A within the ac-
tive RNR complex.”?3
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DNA-encoded chemical libraries are increasingly being employed for the identification of binding mole-
cules to protein targets of pharmaceutical relevance. Here, we describe the synthesis and characterization
of a DNA-encoded chemical library, consisting of 4000 compounds generated by Diels-Alder cycloaddi-
tion reactions. The compounds were encoded with unique DNA fragments which were generated through
a stepwise assembly process and serve as amplifiable bar codes for the identification and relative quan-
tification of library members.

© 2008 Elsevier Ltd. All rights reserved.

The isolation of small organic molecules, capable of specific
binding to proteins, is a central problem in chemistry, biology,
and medicine. Whenever the target proteins of interest display a
measurable enzymatic activity or have labeled ligands which can
be used in displacement assays, large libraries of chemical
compounds can be screened individually (one molecule at a time)
in order to identify novel ligands. These hits are then selected for
further optimization by medicinal chemistry.! Such high-through-
put screening approaches, which are routinely used by the phar-
maceutical industry and increasingly also by academic research
centers, may be expensive both in terms of target protein require-
ments and library-associated costs (e.g., synthesis, quality controls,
library management, screening assays, robotics). Thus, practical
screening campaigns are limited to a few hundred thousand
compounds at best. Alternative screening procedures have been
proposed, such as the incubation of the target protein with a mix-
ture of ~100 compounds, followed by the separation of molecules
capable of protein interaction via gel filtration.> While these
approaches are interesting in terms of reducing screening costs
and times as well as for the identification of ligands to proteins
for which biochemical screening methods are not available, they
may nonetheless be limited by compound solubility, mass spectro-
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Benjamin F. Cravatt.

* Corresponding author. Tel.: +41 44 6337401.
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0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.038

metric detection of binding compounds, and library sizes which
can realistically be screened.

The use of DNA fragments as amplifiable ‘bar-codes’ for the
identification of chemical compounds in a library represents an
attractive avenue for the synthesis and screening of large combina-
torial libraries.3>~” Several strategies can be considered for the con-
struction of DNA-encoded chemical libraries, for example the use
of self-assembling chemical libraries where each of the two com-
plementary DNA strands carries a different chemical moiety (‘dual
pharmacophore chemical libraries’)®"1° or the use of individual
compounds covalently attached to unique DNA fragments. In turn,
these ‘single pharmacophore chemical libraries’ can be generated
by a variety of synthetic approaches, including the transfer of
chemical moieties from assisting complementary oligonucleo-
tides,*!" the oligonucleotide-assisted separation of DNA deriva-
tives followed by chemical reactions,” the stepwise alternated
growth of chemical structures and encoding DNA fragments,'? or
simply the direct coupling of reactive chemical moieties to differ-
ent amino-tagged oligonucleotides.'4

In general, the construction of DNA-encoded chemical libraries
is facilitated by the ability to perform chemical reactions at high
yields and with good purities, using synthetic methodologies
which work well in water and preserve the integrity of DNA. While
until now most libraries are relying on amide bond forming reac-
tions,*812:15 other reactions could be considered, such as reductive
amination and ether bond formation.

In this Letter, we describe the construction of a DNA-encoded
chemical library, consisting of 4000 compounds attached to indi-
vidual double-stranded DNA fragments carrying unique DNA se-
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quences that allow the unambiguous identification of the dis-
played chemical moieties. The synthesis of the library was
achieved using a split-and-pool procedure, which featured the fol-
lowing sequential steps: (i) conjugation of different dienes to dis-
tinct aminomodified synthetic oligonucleotides; (ii) pool and
split; (iii) Diels-Alder reaction with suitable maleimide derivatives;
(iv) encoding of the cycloaddition reaction by hybridization of par-
tially complementary oligonucleotides followed by Klenow-medi-
ated DNA polymerization, yielding the final compounds in a
double-stranded DNA format. The purity of the intermediate steps
in the library synthesis was extensively investigated using HPLC
and mass spectrometry, while an assessment of library perfor-
mance was provided by the decoding of selections performed
against two model target proteins.

Attracted by the mild conditions at which certain Diels-Alder
cycloaddition reactions can be performed in water,'® 1% we
investigated the possibility to generate Diels-Alder products,
which are chemically coupled to DNA. These DNA-compound
conjugates were then used for the selection of binding mole-
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cules to two well-characterized target proteins: albumin and
streptavidin.

Bicyclic Diels-Alder derivatives were obtained synthetically by
cycloaddition from 2,4-hexadienes and maleimides as dienophiles
(Fig. 1A). In order to evaluate the feasibility of library synthesis
based on this experimental strategy, we synthesized a small proto-
type library based on N-Acetyl-0-2(E),4(E)-hexadienyl-L-hydroxy-
proline, which was then coupled to a synthetic 42-mer
oligonucleotide, carrying a primary amino group connected with
a C12-linker at the 5’ extremity (Fig. 1A). The resulting DNA-conju-
gate was HPLC purified and submitted in parallel to 54 different
cycloaddition reactions with maleimide derivatives, which were
either commercially available or generated in situ from the corre-
sponding primary amines and maleic anhydride (Fig. 1A, supple-
mentary methods). HPLC and ESI-MS analysis of the reaction
confirmed the identity of all 54 products (supplementary Table
1), with an average yield of 64%. In a final synthetic step, the oligo-
nucleotide conjugates were hybridized to partially complementary
DNA-fragments, which carried a unique sequence for the identifi-
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Figure 1. (A) Reaction scheme of the 54-compound prototype DNA-encoded chemical library using Diels-Alder cycloadditions between a 2(E),4(E)-hexadienyl moiety and
maleimide derivatives. (a) Maleic anhydride/DMF. (b) Ac,O or HOAc, 80 °C. (c) EDC/sulfo-NHS mediated coupling in DMSO/H,0 75 mM TEA-CI, pH 10. (d) Diels-Alder
cycloaddition in DMF/acetate buffer, pH 4.7. (e) Klenow-Polymerase-mediated encoding of the obtained Diels-Alder structure upon hybridization with a partially
complementary oligonucleotide carrying a unique sequence. (B) Schematic representation of the strategy used for library synthesis and encoding of the 4000 compound
library. (a) Coupling of 20 carboxylic acids containing a 2(E),4(E)-hexadienyl moiety to 20 unique 5’-amino-modified oligonucleotides. (b) Pool and split of the 20-compound
sub-library into 200 vessels. (c) 200 Diels-Alder cycloadditions with maleimides and subsequent Klenow-Polymerase encoding. (d) Pooling of the 200 reactions to yield a

DNA-encoded library containing 4000 members.
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cation of individual chemical moieties. Conversion into a double-
stranded DNA fragment was achieved by Klenow polymerization
(Fig. 1A).

To assess whether a DNA-encoded chemical library based on
the bicyclic Diels-Alder scaffold could display chemical moieties
capable of selective interaction with target proteins immobilized
on a solid support, the 54-compound library was panned onto
streptavidin-sepharose and onto albumin-sepharose. Three of
the 54 building blocks used for library construction (p-desthiobio-
tin-, 6-ethoxy-6-oxohexanoyl-, and 4-(p-iodophenyl)butyl-based

F. Buller et al./Bioorg. Med. Chem. Lett. 18 (2008) 5926-5931

maleimide derivatives) had previously been characterized as suit-
able ligands for these target proteins.'®!%!° In Figure 2 the results
of decoding experiments are depicted, showing the relative abun-
dance of library compounds after capture on streptavidin resin, on
human serum albumin resin, or on empty resin produced from
CNBr-activated sepharose, which was quenched with Tris. The
DNA-encoded chemical library was submitted to an asymmetric
PCR amplification using a fluorescently labeled primer. The result-
ing mixture was then hybridized onto an oligonucleotide micro-
array, carrying oligonucleotides complementary to the individual
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Figure 2. (A) Microarray readout after PCR amplification of selections with the 54-compound library against streptavidin, human serum albumin and of a control selection
with no antigen on resin (spotted in quintuplicate). The inset highlights the signal enhancement of compounds 52-54, included as positive controls in the 54-compound
library. (B) Quantitative microarray evaluation: Enrichment of oligonucleotide-compound conjugates given as a ratio of selection versus control selection. (C) Affinity
chromatography of enriched (Streptavidin: conjugates 53 and 54, HSA: conjugates 35, 52) and non-enriched (conjugate 7) conjugates, each hybridized to a radiolabeled
complementary oligonucleotide. The retained radioactivity was monitored during multiple washing steps. (D) Structures of control conjugates 52-54 and of a novel binder to

HSA, conjugate 35.
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codes of the compounds in the library.>1%1314 Figure 2A shows the
fluorescence images of the microarrays of three selection experi-
ments, revealing a preferential enrichment of compounds 53 and
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54 in streptavidin selections and of compounds 52 and 35 in albu-
min selections. Figure 2B presents a quantitative evaluation of the
spot fluorescence intensities in the decoding microarrays, display-
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Figure 3. Synthesis scheme of 2(E),4(E)-hexadienyl derivatives. (A) Synthesis of 2a-m starting from primary amines. [I-Na,COs, THF; II—MeCN. (B) Synthesis of 4a-f starting

from carboxylic acids. [-NaH, THF; I-HATU, DIPEA, DMF.

Table 1
MS characterization of 20 synthesized diene-oligonucleotide conjugates

Oligonucleotide- 2,4-Hexadienyl-derivative 6 base-pair code Deconvoluted

mass Calculated mass Deconvoluted Calculated mass

conjugate used for conjugation of diene-oligonucleotide of diene-oligonucleotide mass of Diels-Alder of Diels-Alder
conjugate conjugate product® product
1 2a CAACGC 13666.4 13661.0 13876.0 13867.3
2 2b ACGCGC 13694.0 13689.3 13883.6 13879.6
3 2c CACGAA 13610.6 13608.0 13792.6 13790.5
4 2d GGCACA 13685.0 13680.1 13852.0 13846.3
5 2e GAGGAG 13706.8 13702.1 13794.8 13788.3
6 2f CTACCG 13663.0 13657.0 13881.6 13872.3
7 2¢g CTATAT 13627.6 13621.0 13828.8 13822.2
8 2h TTGTTT 13687.8 13682.0 13863.0 13861.2
9 2i GCTCAT 13629.2 13624.0 13831.0 13824.4
10 2j AAACAT 13681.6 13675.1 13865.2 13858.3
1 2k GGGAGC 13802.8 13797.2 139138 13907.4
12 21 CAGAGT 13658.6 13652.1 13808.2 13803.5
13 2m TGCTCT 13679.2 13673.2 13887.8 13882.5
14 4a CTGTGA 13768.6 13763.1 13930.2 139233
15 4b CGGATG 137414 137371 13878.6 13872.3
16 4c GTAGTA 13791.0 13786.1 13928.8 13922.3
17 4d CACTTT 13671.8 13666.0 13898.4 13891.3
18 4e TGGGCG 13784.6 13779.3 13903.2 13898.5
19 4f GTCGCT 13735.6 13730.1 13918.8 13914.3
20 4g TTGCGG 13576.6 13576.2 13770.4° 137704

¢ Diels-Alder cycloaddition with the maleimide product prepared from 2-phenylethylamine and maleic anhydride. Oligonculeotide code: ATC TTA.

b Oligonculeotide code: ATG GAG.
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ing ratios of fluorescence signals in the selection experiments rel-
ative to the control selection on empty resin. In order to confirm
preferential binding to the target proteins, we radiolabeled the
individual DNA conjugates and measured their ability to be cap-
tured by their cognate proteins, which were immobilized on resin
(Fig. 2C). The retention profiles correlated with the binding affini-
ties of the ligands.'®'* The relative enrichment factors are given in
Figure 2B.

Encouraged by these results, we decided to synthesize a 4000
member library, based on a two-step split-and-pool strategy, as
depicted in Figure 1B. Initially, twenty 2,4-hexadiene derivatives
carrying a carboxylic acid moiety were synthesized (see scheme
in Fig. 3 and supplementary methods) and coupled to amino-
tagged oligonucleotides carrying distinctive six base codes. The
resulting derivatives were HPLC purified and characterized by
ESI-MS (Table 1). In all cases, yields were greater than 50% as as-
sessed by HPLC. A representative HPLC profile and deconvoluted
ESI-MS spectrum of a diene conjugate are shown in Figure 4A
and B.

In order to assess the ability of the diene conjugates to effi-
ciently undergo Diels-Alder cycloaddition with maleimide deriva-
tives, a model reaction was performed for all 20 intermediates
with 2-phenylethylamine and maleic anhydride. A representative
deconvoluted ESI-MS profile for the crude single-pot reaction mix-
ture after ethanol precipitation is displayed in Figure 4C, revealing
an excellent purity. All calculated and experimental mass values
for the 20 model reactions can be found in Table 1.

We then pooled the 20 diene DNA-conjugates, split them into
200 aliquots, and performed cycloaddition reactions with 200
maleimides or maleimide-generating reagents (Fig. 1B, supplemen-
tary methods). As a final step, the second code was introduced to
each DNA-encoded compound by hybridization with partially
complementary oligonucleotides and subsequent Klenow poly-
merization (Fig. 1B), in perfect analogy with the strategy described
in the previous section. Figure 5A depicts in more detail the two-
step encoding strategy employed for the library construction.

The 200 reactions were pooled in 20 vials and analyzed by TBE/
polyacrylamide gel electrophoresis, confirming the purity and
efficiency of the Klenow encoding procedure (Fig. 5B). Finally, the
library was pooled in a single vial and aliquoted to a final concen-
tration of 100 nM (total DNA content). For selection experiments, a
total DNA concentration of 10 nM was used, corresponding to a
2.5 pM concentration of individual library members. The integrity
of library encoding was confirmed by PCR amplification of the
library with primers 5-GCCTCCCTCGCGCCATCAGGGAGCTTGTGA
ATTCTGG-3' and 5'-GCCTTGCCAGCCCGCTCAGGTAGTCGGATCCGAC
CAC-3', complementary to the extremities of the DNA fragments in
the library, followed by subcloning and sequencing. Furthermore,
the suitability of the library for selection experiments was con-
firmed by a capture experiment on streptavidin resin, which
revealed a striking preferential enrichment of library members
containing a p-desthiobiotin moiety as building block B (Fig. 1B,
incorporated as a positive control in the library construction, data
not shown).

A Diels-Alder cycloaddition reaction represented the central
step in our library synthesis, yielding bicyclic derivatives with good
purities and yields. Since only a limited number of suitable malei-
mide derivatives were commercially available, we developed a
one-pot reaction featuring the in situ formation of maleimides
starting from maleic anhydride and primary amines. After dilution
of the original reaction mixture with water and pH adjustment, the
2,4-hexadiene-oligonucleotide conjugates were added. This
approach proved to be compatible with a variety of primary
amines and 2,4-hexadiene derivatives (supplementary Table 2).
We could, however, not analyze the stereochemistry of the bicyclic
moiety when coupled to the DNA. Investigations in solution

suggest that endo diastereomers may be preferentially formed.!®
When DNA-compound conjugates preferentially bind to a target
protein of interest, individual compounds can be resynthesized in
the absence of DNA and stereoisomers can be analyzed. It is con-
ceivable that the bicyclic derivatives may be further optimized
for medicinal chemistry applications through suitable modification
strategies. As to the drug-likeliness of the Diels-Alder bicyclic scaf-
fold, it was reassuring for us that a number of lead pharmaceutical
compounds based on the Diels-Alder reaction with maleimides are
currently in preclinical and clinical development.?%2!

The DNA-encoded library presented in this article represents
one of the libraries which is currently being developed in our lab-
oratory.®12-1* While in principle DNA-encoded chemistry could
yield libraries of huge dimensionalities, if multiple reaction steps
were used within split-and-pool strategies, we have initially
focused on the construction of individual libraries containing

.
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Figure 4. Example of the purification and MS-characterization of diene-oligonu-
cleotide conjugates. (A) HPLC profile after coupling of 4c¢ to an 5’-aminomodifided
oligonucleotide (conjugate 3) (solid line: Abs,o dashed line: Abs,go). (B) LC-ESI-MS
characterization of conjugate 3 after deconvolution of the spectra. (C) LC-ESI-MS
characterization of the Diels-Alder product of conjugate 3 and the maleimide
prepared from 2-phenylethylamine and maleic anhydride. (D) Structure schemes.
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1 2 3 4 5

Figure 5. (A) Schematic representation of the Klenow encoding of an oligonucleotide-compound conjugate A,B,. x, forward primer site, compatible with primers for 454-
high-throughput sequencing. y, annealing site for the partially complementary oligonucleotides carrying code 2. z, reverse primer site, compatible with primers for 454-high-
throughput sequencing. (B) 20% polyacrylamide-TBE gel analysis of the encoding of 50 Diels-Alder reactions. M, 10 bp Marker; -, single-stranded 42-mer prior to encoding;
1-5, sub-pools after encoding of 10 reactions (68 mers). Staining was performed with Sybr green I.

1000-10,000 compounds, which featured a maximum of two syn-
thetic steps, and concentrated on reactions, which proceed with
excellent yields. Care was always taken to characterize library con-
struction intermediates by HPLC and LC-ESI-MS, and to validate the
last synthetic step with a number of model compounds. Ultimately,
a direct analytical characterization of the individual components in
a large library is not feasible.

In principle, the library could be expanded by the use of alterna-
tive diene or maleimide intermediates, or by further modification
of a suitable functional group of moiety A or moiety B (Fig. 1B).
In this case, a third code for the last reaction step can be introduced
in a sequential manner.'?

In contrast to other library screening methodologies with mix-
tures of compounds, for which identification procedures become
more and more problematic with increasing library sizes, DNA
encoding enables the use of individual library members at very
low concentrations, provided that the library is captured with a
biotinylated target protein at concentrations greater than Ky, or
on resins coated with protein at high density (>1 mg/ml), in full
analogy to peptide and antibody phage display libraries, in which
rare binders can be efficiently recovered and identified.???* The ad-
vent of high-throughput sequencing technologies, such as 454
sequencing,?* opens the possibility of profiling the relative abun-
dance of individual library members before and after a single pan-
ning step, thus providing direct information about the relative
enrichment rate for all compounds in the library.'?

In short, we have described the design, synthesis, and character-
ization of a DNA-encoded chemical library, containing 4000 com-
pounds individually coupled to DNA fragments, which serve as
amplifiable identification bar codes. The use of a Diels-Alder strat-
egy with 2,4-hexadiene modified oligonucleotides and a variety of
different maleimides proved to yield cycloaddition products in
good yields and purities, as characterized by HPLC and LC-ESI-
MS. The library is compatible with decoding strategies based on
ultra-high-throughput sequencing technologies (e.g., 454 sequenc-
ing, Roche), which enables the relative quantification of individual
library members before and after selection against target proteins
of interest.
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A novel set of activity-based probes (ABPs) for functionally profiling metallo-aminopeptidases was
synthesized based on the bestatin inhibitor scaffold, the first synthesis of bestatin analogues using
solid-phase techniques. These ABPs were shown to label metallo-aminopeptidases, using both a biotin
and a fluorophore reporter, in an activity-dependent manner. This probe class was also shown to be ame-
nable to ‘click’ chemistry labeling for possible use in live cells. Finally, we demonstrate that the ABPs are
able to label an aminopeptidase in a complex proteome. Thus, these bestatin-based probes should have
wide utility to functionally profile aminopeptidases in many biological systems.

© 2008 Elsevier Ltd. All rights reserved.

Metallo-aminopeptidases (MAPs) are exopeptidases that cata-
lyze the hydrolysis and cleavage of a single N-terminal amino acid
from a peptide or protein substrate. The families of MAPs are a
large and diverse set of peptidases and comprise the M1, M17,
and M18 families, which in humans totals 16 potential enzymes
(www.merops.org). MAPs are widely distributed in organisms
from bacteria to humans and play essential roles in protein matu-
ration and regulation of the metabolism of bioactive peptides.! In
addition, MAPs have been linked to several pathophysiological
states including cancer and hypertension.*>

A major challenge in elucidating the function of peptidases
during normal or pathological processes lies in their complex
post-translational regulation. Petidase activity is usually tightly
controlled post-translationally, with mRNA levels frequently show-
ing little correlation to active protein levels. In addition, peptidases
can be localized to any part of a cell and are frequently found in
multiple locations with different functions. A targeted proteomics
approach whereby only active proteins are enriched by the use of
activity-based probes (ABPs) can address these complicating issues
and provide complementary data to more traditional genetic and
biochemical approaches. These ABPs typically possess three main
structural components: (i) a mechanism-based inhibitor scaffold
to covalently or non-covalently target catalytic residues or the
active site of peptidases, (ii) a linker, and (iii) a reporter tag, such
as a fluorophore or biotin, for the visualization and characterization
of labeling events, and eventual affinity purification of target pro-
teins. The mechanism-based inhibitor scaffold ensures that the

* Corresponding author. Tel.: +1 215 746 2992; fax: +1 215 746 6697.
E-mail address: dorong@upenn.edu (D.C. Greenbaum).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.09.021

ABP binds to the peptidase in an activity-dependent manner. There-
fore, these ABPs can identify peptidases with differential levels of
activity during a biological process and potentially identify candi-
date enzymes that regulate the specific phenotype under study. In
addition, ABPs allow for screening of small molecule libraries and
identification of specific inhibitors that can be used to validate
the role of the target enzyme. To date, ABPs have been developed
for more than a dozen enzyme classes including: peptidases,®
kinases,” phosphatases,® glycosidases,® and oxidoreductases.'®
Although the MAP superfamily is quite large and divergent,
MAPs utilize a common catalytic mechanism by the coordination
of one or two Zn atoms in the active site to activate water for
nucleophilic attack of a peptide or protein substrate. To exploit this
mechanism several classic inhibitor scaffolds have been developed
to target the MAP family including, most prominently, phosphinic
acids,!' hydroxamic acids'?>!® and the bestatin family.'*!> Both

Glu ‘ Glu

Glu

Figure 1. General model of interactions of bestatin in the active site of metallo-
aminopeptidases.
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Scheme 1. Synthesis of bestatin-based ABPs. Reagents and conditions: (a) i-20% Piperidine/DMF; ii-Fmoc-Lys(Biotin)OH, HBTU, HOBt, DIEA; (b) i-20% Piperidine/DMF;
ii-Fmoc-BpaOH, HBTU, HOBt, DIEA; iii-20% Piperidine/DMF; iv—Fmoc-NHPEGOH (20 atoms), HBTU, HOBt, DIEA; v-20% Piperidine/DMF; vi-Fmoc-LeuOH, HBTU, HOBt, DIEA;
vii-20% Piperidine/DMF; viii-N-Boc-(2S,3R)-3-amino-2-hydroxy-4-phenyl butyric acid, HATU, DIEA; (c) 95% TFA:2.5% TIS:2.5% H,0.

phosphinic acids and hydroxamic acids have the capacity to inhibit
metallo-endopeptidases and peptide deformylase while the besta-
tin scaffold appears specific for MAPs.

We have thus chosen to explore the bestatin scaffold to develop
ABPs to specifically target the MAP superfamily. Bestatin is a natu-
ral product of Actinomycetes that inhibits most MAP families,
including the M1, M17, and M18 families. Bestatin was originally
found to be a potent aminopeptidase B'® and leucine aminopepti-
dase inhibitor and has been crystallized with leucine aminopepti-
dase,'” leukotriene A4 hydrolase,'® and aminopeptidase N.!°

Bestatin is thought to modulate many biological pathways, includ-
ing apoptosis.?®?! and inflammation.?? Therefore, MAP-specific
ABPs would be powerful tools to tease apart the functions of multi-
ple MAP pathways. In the present study, we set out to develop the
first MAP-specific ABP, exploiting bestatin for use as the inhibitor
scaffold.

Bestatin resembles a Phe-Leu dipeptide substrate. However, the
first residue contains a o-hydroxy group that, along with the
neighboring carbonyl, co-ordinates the catalytic zinc atom result-
ing in a competitive active site-directed inhibitor (Fig. 1). In
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Figure 2. Anatomy of ABPs and labeling of aminopeptidase N. (a) Structure of ABPs MHO1 and MHO2. (b) Aminopeptidase N (0.13 U) was treated with 10, 1, or 0.5 pM of
either MHO1 or MHO2 for 1 h in 50 mM Tris-HCI, pH 7.8, 0.5 uM ZnCl,, (buffer A). Certain reaction mixtures were UV crosslinked for 1 h on ice. Reactions were quenched with
SDS-PAGE buffer, and labeled protein was visualized via SDS-PAGE and western blotting for biotin. (c) Aminopeptidase N was treated with 100 uM of the aminopeptidase
inhibitor bestatin or DMSO for 1 h in buffer A followed by labeling with MHO1 for 1 h. Reactions were UV crosslinked (or not) for 1 h on ice, and labeled protein was visualized

as in Figure 2b.
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addition, the free amine of bestatin is co-ordinated by one or more
glutamate residues in the MAP active site.!® Bestatin family mem-
bers are slow- and tight-binding inhibitors!> with well-defined
interactions with the S1 and S1’ active site pockets. Thus, bestatin
represents an ideal candidate for ABP development for MAPs due
to its family specificity, potency in the low nanomolar to micromo-
lar range, synthetic tractability and potential for expansion
through variation of the amino acid side chains in its core
structure.

To design an ABP family for MAPs, we chose to derivatize the
core bestatin inhibitor scaffold using a solid-phase synthetic strat-
egy (Scheme 1). Bestatin has a free carboxyl group available for
functionalization and previous X-ray crystal structures of MAP-
bestatin complexes indicated that extension at this carboxylate
was unlikely to perturb inhibitor binding.!® Thus, we attached
the inhibitor scaffold to solid-phase resin at the carboxyl end of
the molecule. Our first attempt to develop a MAP-directed ABP
probe involved the addition of a spacer, a UV crosslinker, and a
biotin affinity tag to the C-terminus of the core bestatin scaffold
(Scheme 1). We included a benzophenone UV crosslinker since this
is a non-covalent, reversible inhibitor scaffold. Synthesis was
accomplished on solid-phase using Rink amide resin and, to our
knowledge, represents the first reported solid-phase synthesis of
this class of molecules.??

We initially explored the placement of the spacer and UV cross-
linker relative to the core bestatin scaffold (MHO1 and MHO02,
Fig. 2a) and found that there was little difference in labeling
efficiency of a model enzyme, purified porcine aminopeptidase N
(Sigma, Fig. 2b). We then assessed the ability of MHO1 to label

M. B. Harbut et al./Bioorg. Med. Chem. Lett. 18 (2008) 5932-5936

the model aminopeptidase in an activity-dependent manner
(Fig. 2c). Our results show that, indeed, the bestatin-based probe
is an activity-dependent probe of MAPs. Firstly, competition with
the unbiotinylated parental compound, bestatin, blocked all label-
ing seen in lane 1, indicating that the probe was competitive and
therefore binding at the active site (Fig. 2c, lane 2). Preheating of
the sample, a process that denatures all protein targets, abrogated
labeling (Fig. 2c, lane 3), indicating that this labeling was depen-
dent on properly folded, active enzyme. Lastly, UV exposure was
necessary for labeling owing to the fact that bestatin is a non-cova-
lent, reversible inhibitor (Fig. 2c, lane 4).

While a biotin tag is ideal for affinity tagging purposes, its use is
not optimal for higher throughput activity-based profiling due to
the time and labor involved in producing western blots. Addition-
ally, many cells and tissues contain endogenously biotinylated
proteins that complicate analysis of biotinylated probe-based
western blots. To circumvent these shortcomings we synthesized
a fluorophore-tagged version of the bestatin-based probe, which
would allow for direct detection of labeled targets in a gel-based
read-out. For the fluorescent bestatin-based probe we added a
TAMRA group in addition to the biotin, creating a dual function
ABP, MHO03, making it suitable for both affinity purification and
fluorescence applications (Fig. 3a).2* Labeling of purified porcine
aminopeptidase N with the dual label probe was performed under
the same conditions as with the original biotinylated MHO1
(Fig. 3b). Labeled proteins were analyzed by SDS-PAGE coupled
with in-gel fluorescent scanning (Typhoon, GE). MHO3 showed
similar activity-dependent labeling as MHO1 (Fig. 3b) demonstrat-
ing the robustness of this ABP scaffold. Some residual labeling was
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Figure 3. Aminopeptidase N ABP labeling by fluorophore-containing bestatin-based ABP. (a) Structure of MHO3 probe. (b) Labeling of aminopeptidase N was performed as
described in Figure 2, but using MHO3 and visualized using SDS-PAGE and in-gel fluorescent scanning. (c) Aminopeptidase N was pretreated with multiple concentrations of
bestatin (BS) for 1 h and then labeled with 10 uM fluorescent MHO3. After in-gel fluorescent scanning labeling was quantified using ImageQuant software (GE).
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Scheme 2. Reagents and conditions: (a) i-20% Piperidine/DMF; ii-Fmoc-Lys(Aloc)OH, HBTU, HOBt, DIEA; iii -20% Piperidine/DMF; iv—Fmoc-BpaOH, HBTU, HOBt, DIEA;
v-20% Piperidine/DMF; vi—Fmoc-NHPEGOH (9 atoms), HBTU, HOBt, DIEA; vii-20% Piperidine/DMF; viii—Fmoc-LeuOH, HBTU, HOBt, DIEA; ix-20% Piperidine/DMF; x-N-Boc-
(25,3R)-3-amino-2-hydroxy-4-phenyl butyric acid, HATU, DIEA; (b) i-Pd(PPh3)4, PhSiH3, DCM; ii-hexynoic acid, HBTU, HOBt, DIEA; iii-95% TFA:2.5% TIS:2.5% H,O0.

observed (Fig. 3b, lane 2), which is normal in ABP labeling experi-
ments, although this may have been enhanced since bestatin is a
slow- and tight-binding inhibitor.

Next, we wanted to demonstrate that utility of the fluorescent
MHO3 for relative quantification of enzyme labeling. To do this,
porcine aminopeptidase N was preincubated with increasing
concentrations of bestatin followed by the addition of a single con-
centration of the fluorescent MHO3. The densities of each labeled
band, representing active enzyme, were quantified using a Typhoon
flatbed fluorescent scanner (GE). In-gel fluorescent scanning of the
labeled peptidase band showed a decrease in aminopeptidase N
labeling by MHO3 relative to increasing concentration of bestatin
preincubation (insert in Fig. 3c). Percent competition values were
calculated by dividing the density of each of the bestatin preincu-
bated aminopeptidase N bands (lanes 2-5) by density of the
untreated band in lane 1 (Fig. 3c). We demonstrate a dose depen-
dent relationship that is amenable to quantification with a dynamic
range of several orders of magnitude, which will allow future
screening efforts of derivative libraries.

One of the technical challenges facing the development and use
of ABPs with biotin or fluorophore tags is limited or biased uptake
by live cells. In some cases, ABPs have been used to label enzymes
in living cells, but a more universal system for labeling would
employ a small, hydrophobic tag. We therefore chose to add a
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HN' Y00 "0 o
OH 2
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uv + + o+ +
Bestatin
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small alkyne tag to our MAP probe in order to utilize the popular
‘click’ bio-orthogonal chemistry, which employs a 1,3-dipolar
azide/alkyne cycloaddition.?>?® We thus replaced the biotin of
MHO1 with a C-terminal alkyne resulting in a click probe, MH04
(Scheme 2 and Fig. 4).27 We observed facile ‘click’ addition of a
biotinylated azide following labeling of porcine aminopeptidase
N with MHO4. Importantly the activity-dependent labeling of the
enzyme was not affected by this procedure, as illustrated by best-
atin preincubation, UV, and preheat controls.

Finally, to validate the utility of the probe as an ABP for MAPs in
the context of a complex proteome, we assessed labeling of an ami-
nopeptidase N homolog from the malarial parasite (PFA-M1) from
whole cell lysates. To facilitate the identification of PFA-M1 from
Plasmodium falciparum we utilized a parasite line that expresses
the endogenous PFA-M1 as a YFP C-terminal fusion.?® Homoge-
nized whole cell lysates from P. falciparum were labeled with
MHO1. The resulting proteome was separated by SDS-PAGE and
western blot analysis was performed to first visualize biotinylated
proteins. A 150 kDa protein was labeled by MHO1, which corre-
sponds to the approximate weight of the PFA-M1-YFP fusion pro-
tein (Fig. 5a). Preincubation of the protein lysate with
unbiotinylated bestatin (Fig. 5a, lane 2) resulted in loss of labeling
of the 150 kDa band illustrating that bestatin was competitive with
MHO1 for this protein target. Additionally, the target was labeled in

Biotin -PEG -N3 N—.NN PEG-Bioi
- -Biotin
N =~
A
CuSO 4 M
ligand
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Figure 4. ‘Click’ chemistry-based ABP labeling of aminopeptidase N. (a) Structure of MHO04 probe. (b) Aminopeptidase N labeling was performed as described in Figure 2c
using MHO4. The ligation of the biotin-azide reporter tag was performed by adding 100 pM of the biotin-azide tag, followed by 1 mM TCEP (tris(2-carboxyethyl) phosphine
hydrochloride), 100 uM ligand (tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methylJamine) (17x stock in DMSO/tert-butanol 1:4), and 1 mM CuSO,4. Reactions were allowed to
proceed for 1 h at room temperature, then quenched with equal volume of SDS-PAGE loading buffer. Labeled protein was visualized as in Figure 2b.
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Figure 5. ABP labeling of the malarial M1 metallo-aminopeptidase in cell lysates. (a) P. falciparum cells (in buffer A) were freeze/thawed 3x on dry ice. Cell debris was
removed by centrifugation, and the lysate was retained for labeling. MHO1 was incubated with parasite lysate for 1 h and then UV crosslinked for 1 h. In one reaction, 100 pM
unbiotinylated bestatin was preincubated with the lysate prior to probe addition. Labeled protein was visualized via a western blot for biotin. (b) The same blot was then

stripped and reprobed using anti-YFP.

an activity-dependent manner, as preheating of the proteome prior
to labeling abrogated any labeling (Fig. 5a, lane 3). Finally, to iden-
tify this target the blot was stripped and reprobed using an anti-
YFP antibody (Fig. 5b). The anti-YFP revealed the presence of the
expected 150 kDa fusion protein in all lanes and this band overlaid
the exact position where the biotinylated protein appeared. It
should be noted that PFA-M1-YFP fusion appeared in all lanes with
the anti-YFP antibody, whereas the biotinylated species only ap-
peared when the active peptidase was labeled. This data thus con-
firmed the specific activity-based labeling of the PFA-M1
aminopeptidase by MHO1 within a complex malarial parasite
proteome.

In conclusion, we have developed a novel activity-based probe
class, with specificity for MAPs, based on the bestatin inhibitor
scaffold. The use of a biotin, fluorophore, or alkyne moiety did
not alter the activity-dependent labeling profile for the scaffold
and, thus, the suite of ABPs presented in this manuscript should
allow for a variety of labeling methodologies. We therefore believe
that this ABP may prove to be a valuable tool for future character-
ization of MAP activity in a wide variety of biological systems. We
are now currently pursuing the expansion and application of these
probes for use against the malarial parasite.
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Phage display of protein and peptide libraries offers a powerful technology for the selection and isolation
of ligands and receptors. To date, the technique has been considered limited to soluble, non-membrane
proteins. We report two examples of phage display of full-length, folded and functional membrane pro-
teins. Consistent display required the recently reported KO7* helper phage. The two proteins, full-length
caveolin-1 and HIV gp41, display well on the surface of the phage, and maintain their binding activities as

© 2008 Elsevier Ltd. All rights reserved.

As cellular gatekeepers, membrane proteins regulate the bulk of
information and molecules flowing across the plasma membrane.
Reflecting the importance of these functions, roughly 30% of
eukaryotic genomes encode membrane proteins,! and the trans-
membrane G-protein coupled receptors (GPCRs) represent the
largest family of drug targets.? Yet despite the physiological impor-
tance of membrane proteins, the paucity of high resolution struc-
tural information and high-throughput mutagenesis assays limits
insight into this class of proteins. A major rate-limiting step in
studying membrane-associated proteins remains purification of
sufficient quantities of folded and homogenous proteins.> Phage
display could offer abundant quantities of soluble, purified mem-
brane-associated proteins.

Anecdotal reports of failures resulting from attempts to display
membrane proteins on the phage surface buttress the conventional
dogma that the technique only works for soluble proteins.* How-
ever, our laboratory reported phage display of full-length HIV-1
Nef for inhibitor discovery and library versus library applica-
tions.>® After our publications appeared, the Harris laboratory re-
ported that Nef even without post-translational myristoylation
can associate with membranes.” The experience with Nef suggests
an important exception to the requirement for protein solubility in
phage display. Thus, we chose two proteins exemplifying this class
to further demonstrate this capability—caveolin-1 and HIV-1 gp41.

The three isoforms of caveolin exhibit distinct tissue profiles
with human caveolin-1 (featured here, and hereafter referred to
as caveolin) found most typically in adipocytes, endothelial cells
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E-mail address: gweiss@uci.edu (G.A. Weiss).
* These authors contributed equally to this work.
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and smooth muscles.® At the cell surface, caveolin binds choles-
terol, which triggers assembly of homo-oligomers of 12-18 U.°
The caveolin oligomers associate with the Polymerase Transcript
and Release Factor (PTRF aka Cavin), various cytoskeletal proteins
and lipid rafts, which are detergent-resistant glycosphingolipid-
rich membrane microdomains. The resultant complexes generate
flask-shaped caveolae,'® and are involved in dynamic cellular pro-
cesses including signal transduction and endocytosis (Fig. 1).1112
Residues 102-134 of caveolin embed in the membrane without
crossing the lipid bilayer. The N- and C-termini remain inside the
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Figure 1. Schematic representation of caveolin membrane topology and function.
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cytosol.® Also in contact with the membrane, the caveolin scaffold-
ing domain (CSD residues 82-101)'2 is responsible for caveolin
oligomerization'*'®and for binding to and inhibiting PKA (Protein
Kinase A), eNOS (endothelial Nitric Oxide Synthase) and adenylyl
cyclase, cellular proteins involved in signal transduction and endo-
cytosis.'® A number of pathogens, including viruses, also use cave-
olin and other lipid raft-associated proteins to enter the cell.!”!®

The HIV-1 transmembrane protein gp41 is thought to bind
caveolin and lipid rafts during viral infection.'® HIV gp120 initiates
viral entry into CD4" T-cells, macrophages and dendritic cells,
through cell specific binding receptors. Next, gp41 undergoes a
conformational change triggered by gp 120-chemokine receptor
binding and decreased pH, which leads to the insertion of the gly-
cine rich, hydrophobic “fusion” peptide into the membrane of tar-
get cells2®22 Two hydrophobic heptad repeat domains
characteristic of coiled-coil motifs at the N- and C-termini of the
gp41 ectodomain play an essential role in membrane fusion.?? In
close proximity to the membrane, the CSD binds to the gp41 ecto-
domain putatively as part of viral entry.'31°

As an integral, monotopic membrane protein associated with
detergent insoluble lipid rafts, both full-length caveolin and gp41
fail to express in E. coli in the absence of fusion to the phage coat
protein (data not shown). Prokaryotes have different lipid bilayer
compositions and lack the protein processing machinery of eukary-
otes. As a result, bacteria often have difficulty with the over-
expression, folding, assembly and stabilization of eukaryotic mem-
brane proteins. Although some success has been reported in bacte-
rial systems,?* the success rate of membrane protein expression in
prokaryotes is around 10-30% compared to 45-76% in eukary-
otes.?> The results described here demonstrate that simply improv-
ing protein solubility by tethering caveolin and gp41 to the large
solubilizing phage coat can solve the membrane protein expression
problem in prokaryotes.

To demonstrate successful phage display of membrane proteins,
we assayed display (Fig. 2) of the monotopic, integral membrane
protein caveolin (Fig. 3A) and the transmembrane protein gp41
(Fig. 3B) on M13 phage, through fusion to the major coat protein
(P8) of M13 phage. To further verify the membrane protein func-
tionality, we demonstrate the binding of caveolin with gp41 ecto-
domain (Fig. 4).

HRP-conjugated antibody

ZHPRA

Caveolin displayed on
phage P8 coat protein

/ . FLAG epitope

Figure 2. Diagram of the phage ELISA experiment. Anti-FLAG antibody coated on
the plate binds to a FLAG epitope on the N-terminus of the phage-displayed protein.
An anti-P8, HRP-conjugated antibody binds specifically to the phage.
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Figure 3. Phage display of two full-length membrane proteins. Using the format
shown in Figure 2, display of caveolin or gp41 is assayed by binding to a FLAG
epitope fused to the N-terminus of the protein. (A) Full-length human caveolin
displayed on phage. Data points for caveolin phage binding to the negative control,
BSA, overlay with data for the negative control KO7* (no protein displayed on the
helper phage KO7"). All error bars indicate standard error (n = 3 with the exception
of 3B where n = 2). (B) Full-length trimeric gp41 displayed on phage, assayed by an
analogous method.

First, the open reading frames (ORFs) encoding caveolin and
gp41 were subcloned into a conventional phage display vector
for display on the surface of the M13 bacteriophage. This plasmid
encodes a fusion between the protein of interest and the major
coat protein P8, which anchors the displayed protein to the surface
of the phage. A linker (amino acid sequence of GGSG) separates the
displayed protein from P8, and the FLAG peptide (amino acid se-
quence DYKDDDDK) fused to the N-terminus provides an antibody
epitope for monitoring protein display levels. A conventional signal
peptide encoded by the phagemid at N-terminal domain of the P8
fusion protein insures secretion into the periplasm. Although the
phagemid also encodes an IPTG inducible promoter, the experi-
ments reported here do not require induction. DNA sequencing
verified construction of the phage display vector.

Figure 3A shows successful phage display of full-length caveolin
(residues 2-178). In this ELISA, binding to the FLAG epitope on the
N-terminus of phage-displayed caveolin demonstrates display of
the full-length protein (Fig. 2). Display levels were similar to those
observed for phage display of soluble proteins. Some batches of
anti-FLAG antibody resulted in high background binding between
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Figure 4. Phage-displayed, full-length caveolin binds to the gp41 ectodomain. In a
format similar to the diagram in Figure 2, binding between phage-displayed
caveolin and gp41 is assessed by ELISA targeting plate-bound gp41. High display
levels of caveolin were demonstrated by anti-FLAG ELISA (data shown in graphical
abstract).

the control phage lacking a displayed protein and the antibody.
However, consistently successful assays were obtained when the
phage was packaged by a new type of helper phage, based upon
f1.K first reported by Jamie Scott and co-workers.?® This variant
of the M13 phage, referred to as KO7%, contains a short peptide
(amino acid sequence AKAS) near the solvent-exposed N-terminus
of the P8 coat protein; the additional lysine residue can disrupt
non-specific binding between high pl target proteins (e.g., some
anti-FLAG antibodies) and the negatively charged phage coat. Re-
cently, our laboratory has shown that the use of KO7" for phage
display can remove or greatly reduce background binding in bind-
ing assays.?’ For consistency, every figure in this Letter uses KO7*
as the helper phage. Additionally, more consistent preparations of
phage were obtained from phage-displayed caveolin, and gp41 was
produced using this helper phage. We cannot rule out the possibil-
ity that the extra positive charge on the surface of KO7" virions
assists in the display of caveolin and gp41.

Phage display of full-length gp41 was also successful (Fig. 3B).
Full-length gp41, corresponding to residues 512-868 of the precur-
sor protein gp160, was subcloned into the phagemid as described
above. In the gp41-P8 ORF, an amber stop codon between the
two genes ensured the production of both free and P8-fused
gp41 monomers, when grown in an amber suppressor strain of
E. coli (XL-1 Blue). The two gp41 constructs can form trimeric pro-
tein in the periplasm before display on the surface of the phage. A
similar anti-FLAG ELISA format demonstrated efficient display of
full-length gp41 on the phage. The nonlinearity of the data in Fig-
ure 3B could result from pipetting error. Previous reports suggest
that C-terminal membrane-spanning helices anchor gp41 to the
viral membrane. Notably, neither full-length gp41 nor caveolin—
detached from the phage coat—express to any degree in E. coli,
likely due to insolubility of such transmembrane regions.

After confirming phage display of caveolin, soluble gp41 ecto-
domain (residues 546-578 and 624-655 attached by glycine-rich
linker) produced as described previously served as a target to dem-
onstrate display of functional caveolin.?® As described above, the
two proteins have been shown to interact both by immunoprecip-
itation and SPR binding assays with the 20-residue CSD and gp41
ectodomain.'® Various concentrations of phage displaying full-
length caveolin were added to plate-adhered gp41 ectodomain,
for a phage-based ELISA analogous to the assays with anti-Flag
antibody (Fig. 4). The results demonstrate a strong interaction be-

tween the two proteins at nanomolar phage concentrations. Thus,
amongst its many functions, caveolin could also facilitate HIV
entry.

In addition to the binding studies with membrane-associated
proteins described here, the approach could allow high-throughput
mutagenesis to link specific residues from membrane proteins to
their function. For example, shotgun scanning could identify resi-
dues required for binding interactions and protein stability.2%-°
Other proteins too insoluble for conventional E. coli expression
could also prove amenable to this strategy, which leverages the
16.5 mD size of the bacteriophage as a solubilizing fusion protein.
Recently, phage-displayed proteins have been used directly in bio-
sensors and screens for small molecule probes.>53! With their
wide range of important activities and binding specificities,3?
membrane proteins displayed on phage could extend drug screen-
ing and virus electrodes into new areas.
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The FKBP-derived destabilizing domains are increasingly being used to confer small molecule-dependent
stability to many different proteins. The L106P domain confers instability to yellow fluorescent protein
when it is fused to the N-terminus, the C-terminus, or spliced into the middle of yellow fluorescent pro-
tein, however multiple copies of L106P do not confer greater instability. These engineered destabilizing
domains are not dominant to endogenous degrons that regulate protein stability.

© 2008 Elsevier Ltd. All rights reserved.

It is generally appreciated that cell-permeable small molecules,
typically ligands for cellular proteins, can be useful as conditional
perturbants of biological processes.! However, the discovery and
characterization process for new molecules to perturb a protein
of interest can be lengthy and uncertain. Our approach to develop
a general ‘chemical genetic’ strategy to regulate any protein of
interest involved two elements. We first required a small protein
domain that was unstable when expressed in cells. Further, we
required that this instability be faithfully transmitted to any fused
partner protein. Secondly, we desired cell-permeable ligands for
these protein domains that bind with high affinity and protect
these protein domains from being targeted for degradation. We call
these FKBP mutants ‘destabilizing domains’ (DDs), and we have
used both unbiased screening and data-driven design to identify
protein-ligand pairs that display the desired ligand-dependent sta-
bility when expressed in mammalian cells.>™

The human FKBP12 protein is the parent molecule for our early
studies, and we have shown that a variety of different FKBP ligands
can be used to stabilize destabilizing domains derived from this
protein fold. This technology can be used to regulate protein levels
in cultured mammalian cells as well as in living mice and other
organisms.>”” In this manuscript we report several lines of investi-
gation that significantly expand the utility of this regulatory tech-
nique for the research biology community.

The L106P FKBP mutant was one of the most potent DDs
identified during our initial screening process, and Shield-1 is the
ligand that stabilizes this domain. We fused L106P to the N-termi-

* Corresponding author. Tel.: +1 650 723 4005; fax: +1 650 725 4665.
E-mail address: wandless@stanford.edu (T.J. Wandless).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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nus of yellow fluorescent protein (L106P-YFP) and used a MMLV-
based retroviral expression system to stably transduce NIH3T3
cells. When these cells are cultured in the absence of Shield-1
the YFP levels fall to only 1-2% of levels in the presence of
Shield-1. Addition of Shield-1 stabilizes L106P-YFP in a dose-
dependent fashion, and full stability is achieved with 1uM
Shield-1.2 When L106P is fused to the C-terminus of YFP, trans-
duced into cells, and cultured in the absence of Shield-1, YFP is
expressed at approximately 10% of maximum fluorescence levels
observed.?

In the initial analysis of the hits from our screen, we character-
ized FKBP mutants possessing only single point mutations. To
identify more potent C-terminal DDs, we tested all of the mutants
obtained from our original screen. We tested 48 different clones
and identified two additional triple-mutants (E31G-R71G-K105E
called FKBP #24, and D79G-P93S-D100R called FKBP #29) that
conferred additional instability to YFP when fused to the C-termi-
nus. Using cells stably transduced with YFP-DD fusion proteins,
these two DDs were compared to the two most destabilizing C-ter-
minal DDs (L106P and D100G) from our original analysis. Both of
the triple-mutants were more destabilizing than L106P or D100G
with residual YFP levels of 4-5% of the Shield-1-stabilized levels
(Fig. 1A). A dose-response analysis revealed that both achieve full
stabilization with 3 uM Shield-1 (Fig. 1B).

To determine if two or more DDs fused in series confer addi-
tional instability, we prepared retroviral constructs encoding one,
two, or three L106P domains fused to the C-terminus of YFP. Stably
transduced cells were treated with vehicle or Shield-1, and Figure 2
shows that additional DDs fused to the C-terminus of YFP actually
decrease rather than increase the dynamic range (i.e., the
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Figure 1. (A) Mean fluorescence intensity of C-terminal FKBP mutants in the
absence of Shield-1. (B) NIH3T3 cells stably expressing YFP-FKBP fusions were
treated with varying concentrations of Shield-1 (1 nM to 10 pM) for 24 h and
analyzed by flow cytometry. Data for (A) and (B) are presented as a percentage of
the maximum fluorescence intensity observed for the individual mutant for an
experiment performed in triplicate (+SD).
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Figure 2. The L106P domain was PCR amplified and inserted into YFP-L106P to
obtain YFP fusion proteins with one (1x L106P), two (2x L106P) or three (3x
L106P) copies of L106P at the C-terminus of YFP. NIH3T3 cells stably expressing
these fusion proteins were mock-treated (—) or treated with 1 uM Shield-1 (+) for
24 h. Fluorescence of the fusions was determined by flow cytometry.

difference in YFP levels in cell populations treated with vehicle vs
Shield-1). In the absence of Shield-1 the residual YFP levels
increase as L106P domains are concatenated to YFP. Furthermore,
in the presence of Shield-1 YFP levels decrease with increasing

numbers of L106P domains. The dynamic range decreases from
7.7- to 4.7- to 2.4-fold with one, two, or three L106P domains,
respectively.

Not all proteins tolerate fusion partners at their N- or C-termini,
so we wanted to examine the ability of the L106P domain to confer
instability when spliced into the middle of a protein. The overall
folding topology of YFP is known to tolerate additional peptide
spliced between residues 157 and 158.% To test the stability of a
FKBP internal fusion, we prepared retroviral constructs encoding
a stable FKBP(F36V) domain spliced into this loop. We tethered
the N- and C-termini of the F36V domain to YFP using short (8
and 6 residues), medium (13 and 14 residues), and long (both 18
residues) linkers. The short linkers significantly attenuated YFP
expression, the medium linkers less so, and the long linkers
allowed nearly full expression of YFP (data not shown). Based on
these results, we created a construct with an internal L106P
domain using the long linkers. The resulting dynamic range of this
experimental configuration is 19-fold (Fig. 3A), and as expected,
Shield-1 stabilizes YFP in a dose-dependent fashion (Fig. 3B). Wes-
tern blot analysis (Fig. S1) confirms the results from analytical flow
cytometry.

Our studies thus far, taken together, lead us to think of these
DDs as ligand-dependent switches for the rate of degradation or
ligand-dependent degrons. The rate of protein synthesis does not
appear to be affected by Shield-1. We wished to compare our
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Figure 3. (A) NIH3T3 cells stably expressing NYFP/FKBP/CYFP fusions were mock-
treated (—) or treated with 1 M Shield-1 (+) for 24 h. Fluorescence of the fusions
was determined by flow cytometry. (B) NIH3T3 cells stably expressing NYFP/L106P/
CYFP were either mock-treated or treated with varying concentrations of Shield-1
(10 nM to 10 uM) for 24 h. Mean fluorescence intensity was normalized to 100% at
24 h, 10 uM Shield-1. The experiment was performed in triplicate (+SD).
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L106P DD with another conditional degron, in this case the cell
cycle dependent degron of Cyclin B1. Cyclin B1 is a mitotic cyclin

A 1500
Oh
» 1000 1
©
O
©
H*
500 -
0 T T 7 7 7
1200
8h
900
»
S
o 600 -
S)
H*
300
0 & T T T T 7
1200
24h
900 -+
0
©
O
w5 600 +
*
300 o
0 b =
2n 4n
DNA Content
B o
H Hela
E L106P-CycB1 -Shid
60 - W L106P-CycB1 +Shld
[ L106PA65-CycB1 -Shid
W L106PA65-CycB1 +Shid
= 50
K<)
©
2
S 40
o
3
= 30
20 -
10 A
0 -

G1 S G2/M

Figure 4. Hela cells expressing Cyclin B1 constructs were treated with Shield-1 or
mock-treated following release from cell cycle arrest and incubated for the
indicated periods of time. Cells were then analyzed by flow cytometry for DNA
content. (A) Analysis of Shield-1-treated (red) and mock-treated (black) cells
expressing L106P-A65Cyclin B1 at 0, 8, and 24 h post-release from arrest. (B)
Analysis of Shield-1-treated (faded colors) and mock-treated (solid colors) cells
expressing L106P-Cyclin B1 (red) or L106P-A65Cyclin B1 (blue) 12 h after release
from arrest. The experiment was performed in triplicate (+SD).

that builds up through S phase and G2 phase, and then is degraded
in an APC-dependent manner at the onset of anaphase.®'° The N-
terminal 65 amino acids of Cyclin B1 have been shown to be
required for degradation and cell progression into anaphase.!

Hela cells were stably transduced with a Cyclin B1 construct
where L106P replaces the N-terminal 65 residues. Cells were syn-
chronized at the G1/S transition using a double thymidine block,
released, treated with either vehicle or Shield-1, fixed and stained
with propidium iodide. Figure 4A shows a cell cycle analysis of
these cells using analytical flow cytometry, where DNA content
serves as a metric to assess cell cycle status. The two populations
matched very closely until the 24-h mark, when the Shield-1-trea-
ted population showed a marked increase of cells in G2/M com-
pared to the mock-treated population.

To determine if the DD was dominant over an endogenous deg-
ron we prepared two additional constructs encoding full-length
Cyclin B1 with either a stable FKBP(F36V) domain or the L106P
mutant fused to the N-terminus. HeLa cells were transduced with
virus encoding (1) full-length Cyclin B1, (2) F36V-Cyclin B1, (3)
L106P-Cyclin B1, or (4) L106P-A65-Cyclin B1. Untransduced HeLa
cells were included as the unperturbed control. These populations
of cells were synchronized at the G1/S transition, treated with
either vehicle or Shield-1 for 12 h to allow the majority of cells
to pass through both S and G2/M phases, and then evaluated for
DNA content using analytical flow cytometry. Overexpression of
full-length Cyclin B1 did not perturb the cell cycle profile
(Fig. S2), suggesting that the regulatory machinery governing Cy-
clin B1 stability can accommodate variations in Cyclin B1 levels.
Overexpression of the stable F36V domain fused to Cyclin B1
caused only a modest increase in the G2/M population and a corre-
sponding decrease in G1 in the ligand-treated population (Fig. S2),
indicating that an N-terminal fusion protein is tolerated by full-
length Cyclin B1.

The cell cycle profiles of the cell line expressing unstable L106P
fused to the N-terminus of full-length Cyclin B1 were not signifi-
cantly perturbed by Shield-1. If the ligand-bound L106P domain
were able to override the endogenous Cyclin B1 degron, we would
have expected to see some degree of G2/M arrest in the Shield-1-
treated L106P-Cyclin B1 population relative to the mock-treated
population, but treatment with Shield-1 caused no significant
changes (Fig. 4B). As before, cells harboring the L106P domain
fused to the truncated (A65) Cyclin B1 construct showed a dra-
matic ligand-dependent increase in both the S and G2/M popula-
tions and a corresponding reduction in cells in G1. This
observation is consistent with the data in Figure 4A. Taken to-
gether these data suggest that the D-box of Cyclin B1 is sufficient
to cause APC-mediated degradation of the Cyclin B1 protein,
regardless of the ligand-bound (i.e., stabilizing) state of the FKBP
DD.

The destabilizing domain technology is a general method that
allows investigators to conditionally perturb biological systems
with excellent specificity. We have characterized additional FKBP
mutants that confer greater instability when fused to the C-termini
of proteins. The L106P domain provides ligand-dependent stability
when spliced into the middle of YFP, however multiple DDs fused
in series are not as effective as a single DD. Additionally, the L106P
domain, under permissive conditions (i.e., treated with stabilizing
ligand), is not dominant to the existing degron within human Cy-
clin B1. These findings significantly expand the utility and poten-
tial applications of this new technology.
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Metabolic oligosaccharide engineering has been employed to introduce fluorine-containing groups onto
mammalian cell surfaces. Incubation of HeLa, Jurkat, and HL60 cells in culture with fluorinated sialic acid
and mannosamine analogues resulted in cell-surface presentation of fluorinated glycans. Metabolic con-
version of fluorinated precursors was detected and quantified by DMB-derivatization and HPLC ESI-MS
analysis. Between 7% and 72% of total membrane-associated sialosides were fluorinated, depending on
the precursor used and the cell type. Fluorination of mammalian cell surfaces provides a means for intro-
ducing a bioorthogonal surface for modulating noncovalent interactions such as those involved in cell

© 2008 Elsevier Ltd. All rights reserved.

The ability to decorate the exterior of living cells with cova-
lently attached chemical entities not normally found on cell sur-
faces provides a means for low background detection and highly
specific chemical modification of the modified cells. Metabolic gly-
coengineering has proven to be a very successful tactic for attach-
ing unnatural functionalities to cells.' In this approach, a
synthetic monosaccharide similar in structure to a natural precur-
sor in a biosynthesis pathway for a cell-surface glycan, but bearing
an unnatural functional group, is incubated with cells. If the mod-
ified monosaccharide enters the cell and is processed by the bio-
synthetic enzymes similarly to the natural precursor, then the
resulting cell-surface glycan bears the unnatural functional group.
The sialic acid pathway has been extensively used for metabolic
glycoengineering of cell surfaces because of its tolerance of precur-
sors with unnatural N-acyl groups. Both unnaturally acylated neu-
raminic acids*® and mannosamines’"!* are processed by the
pathway and have been used to present unnatural functional
groups on the surfaces of cells, both in culture and in live ro-
dents.’>"17 A wide range of unnatural groups have been success-
fully installed onto cell-surface  sialoconjugates via
glycoengineering, including chain-extended N-acyl groups such
as N-propanoyl-,* N-butanoyl-,'>!3 and N-pentanoyl-,'® as well as
N-acyl groups comprising fluoromethyl-° trifluoromethyl-,%°
keto-2° azido-2! thio-,'" succinato-,° and aryl>!?> moieties at the
5-position of sialic acid, and amino-, acetamido-, succinatamido-,

* Corresponding authors. Tel.: +1 4089244962; fax: +1 4089244945 (M.D.), tel.:
+1 6176275651; fax: +1 6176273443 (KK.).
E-mail addresses: marc.dalarcao@science.sjsu.edu (M. d’Alarcao), krishna.
kumar@tufts.edu (K. Kumar).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.09.010

iodo-, thio-, methylthio-, and methylsulfonyl- in place of the 9-po-
sition hydroxyl group of sialic acid.® Since none of these functional
groups is normally found on cell surfaces, their installation imbues
the engineered cells with covalent or noncovalent chemical prop-
erties distinct from those normally found on cells. This technique
has been effective in modulating several biological phenomena
including cell adhesion, %922 differentiation,®° viral infection,'®3
and immunogenicity.'? Recently our laboratory has extended this
strategy to permit presentation of fluoroalkyl groups on the glyco-
calyx of cultured mammalian cells.’® Fluorination of cell surfaces
in vivo imparts several new attributes to the cells because: (1) flu-
orocarbons provide a means of generating interaction interfaces
that are simultaneously hydrophilic and lipophobic, a feature that
has been valuable in modulating interaction in other engineered
biomolecules;?*?> and (2) fluorine is virtually absent in soft tissue.
Accordingly, fluorination of cells results in reduced adhesion to
normal (unfluorinated) extracellular matrix biomolecules,'® and
may provide a means of patterning cells on surfaces via altered
noncovalent interactions. Also, since tumor cells typically express
elevated levels of sialic acids, especially as sialyl Lewis* and sialyl
Lewis® epitopes, on their glycocalyx compared with non-trans-
formed cells,?%?” treatment with fluorinated precursors in the sia-
lic acid pathway may allow low-background detection and imaging
of tumors by fluorine MRIL

The present study examines the scope and limitations for fluo-
rination of cells using the sialic acid biosynthetic pathway, and re-
ports the adhesion of labeled cells to the matrix biomolecule
fibronectin. A panel of unnatural mannosamine and sialic acid ana-
logues with differing fluoroalkyl groups (Scheme 1) was synthe-
sized and incubated with cells. Biosynthetic conversion and
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Scheme 1. Synthesis of modified mannosamines and sialic acids.

expression on cell surface was measured by hydrolysis of the oligo-
saccharides and HPLC analysis of a fluorescent derivative,?® and
cell adhesion was measured to fibronectin-coated culture plates.

Mannosamine analogues 5a-g (Scheme 1) were prepared by
HBTU-mediated acylation of mannosamine with the corresponding
alkanoic acid, followed by peracetylation. Sialic acids analogues
6a-g were prepared from the corresponding acylated mannosam-
ines 2a-g by sialic acid aldolase (EC 4.1.3.3) catalyzed condensa-
tion with pyruvate, followed by formation of the methyl esters
with methanolic HCl and peracetylation. The compounds were pre-
pared as the peracetylated derivatives to facilitate diffusion across
the cell membrane.’

To determine if cells would process the fluorinated mannosam-
ines and display them on their cell-surface glycans, cultured
HL60,%° Jurkat, and HeLa cells were incubated with 5a-g and the
membrane-bound sialic acids were released by acid hydrolysis,
derivatized with the fluorogenic reagent 1,2-diamino-4,5-methy-
lene-dioxybenzene (DMB), and analyzed by HPLC, according to
Hara et al.?® Synthetic sialic acid standards 3a—g were also deriva-
tized to establish retention times. The results were similar for all
three cell types, with HL60 typically showing the greatest extent

Table 1
Presentation of modified sialic acid derivatives on cellular membranes of HL60 cells
treated with compounds 5 and 6

Incubation N-Ac-Neu acid?® Modified Total sialic No. of CF3
compound sialic acid® acid? groups/cell”
None 1.00 — 1.00 —

5a 1.10 0.60 1.70 —

5b 0.90 0.20 1.10 2.0 x 107
5¢ 1.00 0.20 1.20 —

5d 0.30 0.50 0.80 4.4 %107
6b 0.29 0.62 0.91 4.5 x 107
6d 0.35 0.89 1.24 6.8 x 107
Ge 0.84 0.30 1.14 3.9 x 107
6f 1.49 0.12 1.61 1.5 x 107
6g 1.20 — 1.20 —

The relative amounts were determined by DMB-labeling, integrated areas in HPLC,
and the cell count.

2 Values are normalized to N-acetylneuraminic acid (3-Me) in untreated cells.

b Calculated number of CF; groups based on total sialic acid as determined by the
DMB labeling standard curve.

of cellular membrane presentation of the unnatural sialic acids
(Table 1). The incorporation was confirmed by HPLC analysis and
the identities of the peaks were confirmed by co-injection of the
synthetic standards and LC ESI MS. Incubation with fluorinated
mannosamines 5b and 5d resulted in cells displaying fluorinated
sialic acids comprising 22% and 63% of their total cellular mem-
brane sialic acids. However, incubation with mannosamines 5e-
g, possessing longer fluoroalkyl chains, resulted in no detectable
cellular membrane fluorination.

Incubation of cells with fluorinated sialic acids 6b, d, e, and f re-
sulted in higher levels of cellular membrane presentation of the
modified glycans than with the corresponding mannosamine, as
expected since sialic acid is later in the biosynthetic pathway than
mannosamine. This circumvents the most stringent enzyme in the
pathway with respect to substrate tolerance.>® For example, incu-
bation of HL60 cells with 6d resulted in cells displaying the fluori-
nated sialic acid comprising 72% of their total cellular membrane
sialic acids (Table 1). Incubation of HL60 cells with 6f lead to mod-
ification of 7% of the cellular membrane sialic acids with the pen-
tafluoropentanoyl group, a modification not possible by incubation
with mannosamine 5f. Incubation with 6g led to no detectable cel-
lular membrane modification, suggesting that the size limit for the
fluoroacylated sialic acid to be processed by the biosynthetic path-
way had been exceeded.

To rule out the possibility that the modified sialic acids detected
were due to contamination by the precursor with which the cells
were incubated rather than cellular membrane-derived, we per-
formed a pulse-chase experiment with two different analogues.
HL60 cells were incubated with compound 6d for 72 h, then 6b
was added at an equimolar concentration for 4 h prior to harvest-
ing the cells. Analysis of the membranes as described above
showed only 6d on the cellular membrane, with no detectable
6b. This result confirms that the detected modified sialic acids
are not the result of precursor contamination, and establishes that
flux through the biosynthetic pathway from fluorinated sialic acids
to cellular membrane glycans does not occur to any significant ex-
tent in 4 h.

By comparing the HPLC peak fluorescence intensities of the
DMB derivatives of the cellular membrane-derived fluorinated sia-
lic acids with a standard curve generated from the synthetic stan-
dards, an estimate of total sialic acid and of the modified sialic acid
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Figure 1. Adhesion of HL60 cells bearing unnatural sialic acids on their surface to
fibronectin. Cells incubated with 6-Me, 6b, 6d, or no additive (-) were fluorescently
labeled with Calcein-AM and their adhesion to fibronectin-coated wells was
measured by fluorescence emanating from adhered cells (see Supplementary data).
Only 6d showed a significant (*P < 0.05) reduction in adhesion relative to untreated
cells. Bars represent the average of at least five replicates.

per cell was obtained. In every case where incorporation of a fluo-
rinated derivative occurred, there were 107-10% CF; groups present
on the membranes of each cell (Table 1).

The extent to which fluorinated sialic acids on the cell surface
alter cellular adhesion to fibronectin was assessed by first incubat-
ing cells with 5a-d, 6a-d, or 6-Me at 200 utM concentrations for
72 h to present the various unnatural sialic acid glycans on the cell
surface, then labeling the cells with live-cell specific fluorescent
dye Calcein-AM. The fluorescent cells were allowed to adhere to
wells in microtiter plates coated with fibronectin collagen. Cells
were allowed to adhere to the plates for 2 h, then the wells were
washed with PBS buffer. The fluorescence in each well before
and after washing revealed the extent of cell adhesion to protein
adsorbed on plates. Cells treated with fluorinated sialic acid 6d
exhibited significantly reduced adhesion compared with untreated
cells (Fig. 1).

In conclusion, we have probed the tolerance of the sialic acid
glycan biosynthetic pathway in cultured mammalian cells toward
unnatural fluorinated sialic acid and mannosamine derivatives.
Our studies indicated that mannosamines containing N-acyl
groups of up to four carbon atoms with a terminal trifluoromethyl
group and neuraminic acids containing N-acyl groups of up to five
carbon and five fluorine atoms are processed and expressed on the
cell membranes. Interestingly, two substrates with the same length
chain but with different degree of fluorination have different met-
abolic efficiencies. AcsSiaCsF3 6e bearing five carbon atoms with a
trifluoromethyl group was metabolized and incorporated with
higher efficiency than AcsSiaCsFs 6f bearing the same number of
carbon atoms with an additional two fluorine atoms. Of the three
cell types tested, HL60 cells showed higher levels of incorporation

than HelLa or Jurkat cells, but all three cell types behaved qualita-
tively similarly. Cells with surfaces modified by trifluorobutanoyl
groups showed reduced adhesion to fibronectin. Studies are under-
way to elucidate the physical basis for this phenomenon.
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We report the synthesis, properties, and cellular application of Naphtho-Peroxyfluor-1 (NPF1), a new
fluorescent indicator for hydrogen peroxide based on a red-emitting naphthofluorescein platform. Owing
to its boronate cages, NPF1 features high selectivity for hydrogen peroxide over a panel of biologically
relevant reactive oxygen species (ROS), including superoxide and nitric oxide, as well as excitation and
emission profiles in the far-red region of the visible spectrum (>600 nm). Flow cytometry experiments
in RAW264.7 macrophages establish that NPF1 can report changes in peroxide levels in living cells.

© 2008 Elsevier Ltd. All rights reserved.

The chemistry and biology of hydrogen peroxide (H,0,) is of
current interest owing to its dual roles as a canonical marker for
oxidative stress and as a newly recognized mediator for cellular
signaling.'~” Because the dynamic production, accumulation, and
clearance of H,0; in living systems can have disparate physiologi-
cal and/or pathological consequences, new methodologies that al-
low selective and sensitive detection of this reactive oxygen
metabolite in biological settings offer promise for helping to eluci-
date the complex contributions of peroxide to health, aging, and
disease. Optical imaging with H,0,-responsive emissive probes of-
fers an attractive approach to this goal, and several systems for
H,0, visualization in biological samples have been reported re-
cently, including those using small-molecule,®!” protein,'®'® and
nanoparticle,?° reporters. In this context, luminescent indicators
that possess excitation and emission profiles in the visible far-
red to near-infrared region of the electromagnetic spectrum are
highly desirable owing to reduced background interference from
endogenous cellular components in this energy range, resulting
in enhanced optical transparency of tissue and the ability to inter-
rogate thicker specimens. In this report, we present the synthesis,
spectroscopy, and live-cell evaluation of Naphtho-Peroxyfluor-1
(NPF1), a new small-molecule fluorescent probe for hydrogen per-
oxide based on a red-emitting naphthofluorescein dye platform.
NPF1 utilizes a caged boronate switch to provide specific detection
of H,0, over competing reactive oxygen species (ROS), including
superoxide, nitric oxide, and hydroxyl radical, and excitation and

* Corresponding author. Tel.: +1 510 642 4704; fax: +1 510 642 7301.
E-mail address: chrischang@berkeley.edu (C.J. Chang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.035

emission profiles in the visible far-red region (>600 nm). We fur-
ther show that the red-emitting indicator is capable of reporting
changes in H,0, levels in living cells by flow cytometry.

Scheme 1 summarizes the design, synthesis, and activation of
NPF1. Previous work from our laboratory established that the
chemoselective conversion of aryl boronates to phenols provides
a reaction-based approach to specific detection of H,O, over other
ROS.12717 To extend this strategy to a system that possesses lower
energy absorption/emission profiles, we turned our attention to
fluorescein derivatives with extended naphthalene conjuga-
tion.2'~2> In particular, we reasoned that appending boronates to
the 4 and 9’ positions of a naphthalene-expanded xanthenone
scaffold would force this platform to adopt a closed, colorless,
and non-fluorescent lactone form and furnish a caged, red-emit-
ting naphthofluorescein compound that could be unmasked in
the presence of H,0,. Related sulfonate- and phosphinate-capped
naphthofluorescein have been reported for fluorescence detection
of peroxide,!' and superoxide?® respectively. NPF1 is readily
obtained in two steps from naphthofluorescein according to
Scheme 1.

NPF1 was evaluated in aqueous solution at physiological pH
(20 mM Hepes buffer, pH 7.5, 37 °C). In the absence of H,0,,
NPF1 displays no discernable absorption or emission bands in the
visible region of the spectrum, as expected for the parent com-
pound in the closed lactone form. The compound does possess an
absorption in the ultraviolet region due to the naphthalene chro-
mophore (Amax=345nm, £¢=2.24 x 10* M~! cm™!). Treatment of
NPF1 with H,0, triggers an increase in red-colored fluorescence
centered at 660 nm with concomitant growth of an absorption
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Scheme 1. Synthesis and activation of Naphtho-Peroxyfluor-1 (NPF1). Reagents and conditions: (i) N-phenyl-bis(trifluoromethanesulfonimide), DIPEA, DMF, 25 °C, 24 h; (ii)

Pd(dppf)Cl,-CHCl,, dppf, bis(pinacolato)diboron, KOAc, 1,4-dioxane, 100 °C, 24 h.

feature centered at 598 nm characteristic of the ring-opened naph-
thofluorescein product.?>?” Figure 1 shows the fluorescence re-
sponse of NPF1 to H,O, from O to 60 min. NPF1 exhibits a >25-
fold increase in emission intensity after H,O, treatment under
these conditions. We note that deprotections of NPF1 are kineti-
cally controlled and are not complete at these early time points.
NPF1 is highly specific for H,O, over competing ROS. Figure 2
shows the relative reactivities of the indicator toward various oxi-
dants. NPF1 is selective for H,0, over a variety of reactive oxygen
and nitrogen metabolites, including superoxide, nitric oxide, hy-
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Figure 1. Fluorescence response of 5uM NPF1 to 100 uM H,0,. The dashed
spectrum was acquired before H,0, addition (dotted line) and the solid line spectra
shown were acquired after 10, 20, 30, 40, 50 and 60 min incubation with H,0,.
Spectra were acquired in 20 mM Hepes, pH 7.5, at 37 °C (Jexc = 598 nm).
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Figure 2. Fluorescence responses of 5 1M NPF1 to 100 uM reactive oxygen species
(ROS). Hydrogen peroxide (H,0,), tert-butyl hydroperoxide (TBHP), and hypochlo-
rite (OCI™) were delivered from 30%, 70%, and 5% aqueous solutions, respectively.
Hydroxyl radical ("OH) and tert-butoxy radical (-O'Bu) were generated by reactions
of 1 mM Fe?* with 100 uM H,0, or 100 uM TBHP, respectively. Superoxide (0, ")
was generated enzymatically using a xanthine/xanthine oxidase system. NO* was
delivered using S-nitrosocysteine (SNOC). NO was delivered using NOC-5. Spectra
were acquired in 20 mM Hepes, pH 7.5, and all data were obtained after incubation
with the appropriate ROS at 37 °C. Bars represent relative emission responses
(Zexc = 598 nm, e = 660 nm) at 0 (white), 15 (light gray), 30 (gray), 45 (dark gray),
and 60 min (black) after addition of the appropriate ROS.

droxyl radical, and tert-butyl hydroperoxide. Kinetics measure-
ments of the fluorescence response of NPF1 to H,0, under
pseudo-first-order conditions (1 puM NPF1, 1 mM H,0,) give an ob-
served rate constant of kops = 3.1(1) x 1074 s~ (Fig. 3).

With spectroscopic data demonstrating the H,0,-specific re-
sponse of NPF1 in aqueous media at physiological pH, we turned
our attention to evaluating the ability of the dye to report changes
in H,0; levels in live-cell systems. To this end, RAW264.7 macro-
phages were treated with either (i) 20 uM NPF1 only for 2 h at
37 °C or (ii) 20 pM NPF1 for 1 h followed by 100 uM H,0, for an
additional 1 h at 37 °C, and the relative fluorescence intensities of
these cells were analyzed by flow cytometry. A clear population
shift is observed in cells exposed to H,0, compared to control cells
without H,0, exposure, with the H,0,-treated cells displaying a
marked increase in red-colored fluorescence over their untreated
counterparts (Fig. 4). Dynamic light scattering measurements also
confirm that the cells are viable throughout the experiments (Sup-
plementary data). As observed for other diboronate reagents,'” ini-
tial attempts to use NPF1 for intracellular H,0, detection under
oxidative signaling conditions were unsuccessful, and confocal
microscopy measurements were also hampered by the relative
dimness of the naphthofluorescein product relative to fluores-
cein.2>?7 Nevertheless, these results establish that NPF1 is cell-per-
meable and is capable of responding to intracellular changes in
H,0, levels in living mammalian cells.

In summary, we have described a new boronate-based red-
emitting fluorescent indicator for hydrogen peroxide in living cells.
NPF1 possesses good selectivity for H,O, over competing ROS, far-
red visible excitation and emission profiles, and is capable of
responding to changes in H,0, levels within living cells. Ongoing
and future efforts are focused on utilizing NPF1 and analogs for
studies of peroxide biology in situations of oxidative stress, as well
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Figure 3. Time-course kinetics measurement of the fluorescence response of NPF1
to H,0,. Data were collected under pseudo-first-order conditions (1 uM NPF1,
1mM H,0,). Spectra were acquired in 20mM Hepes, pH 7.5, at 25°C
(Zexc =598 nm, /.y, = 660 nm), and data are plotted as relative emission intensities
over initial background.
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Figure 4. Flow cytometry analysis of NPF1-loaded live RAW264.7 macrophages in
response to increases in H,O, levels. Two aliquots of cells were incubated with
20 pM NPF1 for 1 h. 100 uM H,0, was subsequently added to one of the aliquots,
and the cells were incubated for an additional 1 h. Cells were then analyzed by flow
cytometry. (a) Representative flow cytometry trace from one experiment described
above. Data are shown for NPF1-loaded control cells in the absence of H,0, (gray)
and cells treated with H,0, (red). (b) Mean relative fluorescence for populations
shown in panel (a) from three replicate experiments. Error bars represent the
standard deviation from the mean for the three experiments. The data represent at
least 10,000 cells for each analysis.

as increasing the sensitivity and optical brightness of probes that
emit in the far-red visible and near-infrared region for use in
live-cell and in vivo imaging applications.
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Lactimidomycin (LTM, 1), iso-migrastatin (iso-MGS, 2) and migrastatin (MGS, 3) are macrolide antitumor
antibiotics differing in macrolide ring size but all bearing a glutarimide side chain. To further develop
these natural products and related analogs as drug candidates we have produced and evaluated the bio-
logical activities of a small library of iso-MGS and LTM-derived agents; congeners evaluated bear either
the MGS scaffold or related acyclic (dorrigocin) scaffolds. Scratch wound-healing (SWH) assays with 4T1
mouse and MDA-MB-231 human mammary tumor cell lines, respectively, reveal structural elements cru-
cial to inhibition of cell migration by these compounds. Moreover, two substances, 14 and 17, with activ-
ity far superior to that of MGS are unveiled by SWH assays.

© 2008 Elsevier Ltd. All rights reserved.

Lactimidomycin (LTM, 1) and iso-migrastatin (iso-MGS, 2) are
macrolide antibiotics characterized by a biosynthetically rare glu-
tarimide side chain and unsaturated 12-membered lactone cores
(Fig. 1).1* The relationship shared by these two natural products
is unique in that both compounds typify discreetly different, yet
interrelated molecular scaffolds. LTM, first discovered in 1992 from
fermentations of Streptomyces amphibiosporus ATCC53964, was
found to display strong in vitro cytotoxicity against a number of
human cell lines (ICso = 3.0-65 nM), in vivo antitumor activity in
mice, antifungal activity, and inhibited both DNA and protein syn-
theses.! Iso-MGS on the other hand has been only recently identi-
fied from fermentations of S. platensis, and investigations into its
bioactivity have, to date, been limited.>? However, enthusiasm for
this compound is extremely high by virtue of its relationship to

* Corresponding author. Address: Division of Pharmaceutical Sciences, University
of Wisconsin—Madison, Madison, WI 53705-2222, USA. Tel.: +1 608 263 2673; fax:
+1 608 262 5345.

E-mail address: bshen@pharmacy.wisc.edu (B. Shen).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.072

the very potent tumor cell migration inhibitor migrastatin (MGS,
3).2 Displaying molecular topology similar to 2, 3 contains an ex-
panded 14-membered macrolide in contrast to the 12-membered
macrolide characteristic of both iso-MGS and LTM. In addition to
1-3, a number of other glutarimide-containing polyketide natural
products have been identified including the antifungal antibiotic
cycloheximide,* streptimidone,” NK30424A.° dorrigocin (DGN) A
(4a), 13-epi-DGN A (4b), and DGN B (5).”

MGS was first isolated from Streptomyces sp. MK929-43F13? and
later from S. platensis,? and represents a novel natural product lead
for anticancer drug design, in part, because of its potent activity as
an inhibitor of tumor cell migration. Association of this activity
with that of antimetastatic activity has been validated by exten-
sive chemical and biological studies.®~'° Production and biological
evaluation of truncated MGS analogs 6-8 has shown that macrok-
etone 7 and lactam 8 show improved biological profiles (by up to
three orders of magnitude for 6) by inhibiting in vitro®® and
in vivo'® tumor cell migration. Notably, macrolactone 6, though
significantly more active than 3 in cell migration assays, is extre-
mely prone to degradation (t;> ~ 5 min) in mouse plasma whereas
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Figure 1. Structures of the natural products lactimidomicin (1), iso-migrastatin (2), migrastatin (3), dorrigocin A (4a), 13-epi-dorrigocin A (4b), and dorrigocin B (5) and fully

synthetic macrolactone (6), macroketone (7), and macrolactam (8) analogs of 3.

3 is not.® Total synthesis of 2 and 3 continues to hasten our under-
standing of this class of clinical candidates.'""?

Besides their fascinating and important bioactivities these nat-
ural products have provided extraordinarily fertile ground for bio-
synthetic study as reflected by our findings that (i) 3-5 are shunt
metabolites of 2 despite the fact that 3 has been the predominantly
studied product from S. platensis,'? (ii) 2 and related congeners un-
dergo H,0-mediated rearrangement to afford the linear DGN and
14-membered macrolide MGS scaffolds, (iii) 2 and related ana-
logs undergo a thermally induced [3,3]-sigmatropic rearrange-
ment to afford 14-membered macrolides; 1, bearing the C-8, C-9
olefin, is incapable of such ring expansions,'® and (iv) S. amphibi-
osporus produces, along with 1, 12-membered macrolides capable
of hydrolytic conversion to the DGN and MGS scaffolds.'® We now
present data validating a sequence of biosynthetic starting mate-
rial production and subsequent semi-synthetic conversion of such
natural products into linear DGN analogs and 14-membered mac-
rolides of the MGS class as a way to improve upon 3-5. These ap-
proaches complement strictly synthetic strategies®!? and shed
insight into the structure and activity relationship for this family
of natural products.

The thermolytic and hydrolytic lability of 2 and related congen-
ers 28-36 is now widely appreciated, and has figured prominently
in the production of compounds 9-27 (Figs. 2 and 3).!*!> Similarly,
recently identified compounds 37 and 38 have been found in opti-
mized fermentations of S. amphibiosporus and are known to under-
go hydrolysis to 16 and 17, respectively (Fig. 3).1°

The effects of 3, 4a, 4b, 5, and semi-synthetic derivatives 9-27
on the migration of 4T1 mouse mammary tumor cells were inves-
tigated. The rapid spread of 4T1 cells to lymph nodes, lungs, and
other proximal organs mimics tumor cell metastasis in humans,
and provides an excellent model.® In parallel MDA-MB-231 human
breast tumor cells were also used to ascertain cell migration inhi-
bition. Compound cytotoxicities were determined, and cell migra-
tion studies employed a standardized scratch wound-healing
(SWH) assay at compound concentrations sufficient to avoid dele-
terious effects resulting from cell death. Standardized scratches
(i.e., wounds) were made through confluent cell layers using a
96-well floating pin tool followed by addition of test compounds
to each well. Incubation for 4 days at 37 °C followed by fixing,

staining, and fluorescence measurement in the area of the wound
allows for quantification of wound closure (Fig. 4).

Figure 4 depicts representative visual display of SWH results.
Evident in the absence of test compound is that scratches in conflu-
ent cell layers are almost completely covered over (‘healed’) after 4
days. However, at concentrations of 50 uM 3 and 12.5 uM 14 the
scratches originally incurred upon cell layers remain, the result
of inhibited cell migration.!”'® SWH assay data and the results of
cytotoxicity assays (Table 1) provide clear insight into structure
and activity relationships for these glutarimide-containing polyke-
tides, and support earlier work with synthetic analogs 6-8.871°

As summarized in Table 1, of the compounds tested, 3, 4a, 4b, 5,
and 9-27, only 3, 14, and 17 displayed ICsos below 100 uM for
wound-healing inhibition. The poor activity displayed by the
majority of MGS and DGN analogs tested reveals several key find-
ings relating the activity of 3, 4a, 4b, 5, and 9-27 to their corre-
sponding structures. First, and most generally, it is clear that
inhibition of cell migration is critically dependent upon the macro-
lide structure; all DGNs and related acyclic analogs were com-
pletely inactive in SWH assays. The most vivid illustrations of
macrolide importance come from comparison of activities of natu-
ral products 3 to 4a and 4b but also from comparison of MGS ana-
log 14 to its hydrolysis product 23. Cell migration inhibition by 14
is significantly greater than observed for 3 in both cell lines (by
~10-fold), yet 23 completely lacks inhibitory activity. Even more
dramatic is the comparison of activities between macrolide 17
and its corresponding hydrolysis products 18 and 21.

Secondly, comparison of cell migration inhibition by compound
14 to that of compounds 3 and 9 suggests a crucial role for the glu-
tarimide side chain of these intact macrolides. Specifically, hydrox-
ylation at C-17 profoundly improves activity of 14 relative to the
fully saturated 3 and the 16,17-didehydro analog 9. It is notewor-
thy also that compound 17, which is almost two orders of magni-
tude more potent at cell migration inhibition than 3, bears a C-17
OH moiety. These results contrast those of Danishefsky and co-
workers in which 7 and 8, both devoid of the glutarimide side
chain, were found to inhibit cell migration far more potently than
3. This suggests the possibility of multiple molecular targets or that
different drug-target binding motifs avail themselves to different
MGS congeners.
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Figure 2. MGS and DGN analogs produced semi-synthetically from biosynthesized 12-membered macrolides. Compounds 9-13 are derived semi-synthetically via
thermolytic [3,3]-sigmatropic rearrangement of 29, 34, 35, 31, and 32, respectively.!”> Semi-synthetic hydrolysis of biosynthetic products (underlined) afforded the
corresponding products (italics) as follows: 30 — 14, 23, 26;'* 31 - 19, 22, 25;'* 34 - 20, 24, 27;'* 36 — 15;'* 37 - 16;'° 38 - 17, 18, 21.°

28 (R =R® R' = OCH,)
29 (R =R* R' = OCHy)
30 (R = R%, R' = OCHj,)
0 31 (R =R% R'=0H)
32 (R=R* R'=0OH)
33 (R=R% R'=0H)
34 (R=R5R'=H)
35(R=R%R'=H)

36 (R=R*R'=H)

Figure 3. Biosynthetically derived starting materials for semi-synthetic production of 9-27. Compounds 28-36 originate from fermentations of the iso-MGS producer S.

platensis; 37 and 38 originate from S. amphibiosporus.

A B
50 uM 3 12.5 uM 14
25 uM 3 6.25 uM 14
125 uM 3 3.13 uM 14
OuM 3 1.56 pM 14
0OuM14

Figure 4. Representative SWH assays with 4T1 cells performed on (A) natural
product 3 and (B) semi-synthetic MGS congener 14.

Further evaluation of Table 1 reveals two additional key find-
ings. It is clear by comparing the SWH data of compound 14 to

those of 15 and 16 that, all other features remaining the same, sub-
tle changes in macrolide substitution patterns impact activity. This
too is noted in comparing cell migration inhibition by compound
17 to that of compounds 14-16. These data support earlier asser-
tions regarding the importance of the macrolide core. Finally, it
is interesting to note that cytotoxicity data generated for all com-
pounds were generally low indicating that results obtained for
SWH assays are independent of effects induced by cell killing.
Cytotoxic ICsgs for all new compounds were determined to be well
above those found for cell migration inhibition, a property that is
highly desirable for an antimetastatic agent.

The biosynthetic efforts detailed here, complementary to those
of total synthesis-directed efforts, have afforded compounds other-
wise difficult to access. The crucial nature of glutarimide side chain
modifications and the integrity and substitution of the macrolide
core of 3 and related congeners are apparent and will be crucial
to the continued development of cell migration/metastasis inhibi-
tors. However, the most striking feature of this work is the dra-
matic potency of 17 revealed by SWH assays. The activity of 17
rivals that of stable synthetic agents 7 and 8 previously reported
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Table 1
Summary of cell migration inhibition® and cytotoxicity ICsq values for compounds 3-5
and 9-27°

Compound Migration Migration Cytotoxicity  Cytotoxicity
inhibition ICs¢° inhibition IC5o¢ IC50° (M) 1C50% (UM)
(uM) (uM)

3 17 (1.1) 14 (1.2) 46 (1.0) 5.8 (0.61)

4a >100 >100 >100 >100

4b >100 >100 >100 >100

5 >100 >100 >100 >100

915 >100 >100 >100 >100

10" >100 >100 >100 >100

11"° >100 >100 >100 8.5

121° >100 >100 >100 44

13'° >100 >100 29 32

14415 1.8 (0.21) 1.8 (0.11) 5.2 (0.72) 5.3 (1.4)

1514 >100 >100 >100 >100

16'¢ >100 >100 13 10

176 70nM (44nM)  0.33 (0.010) 1.0 (0.16) 0.98 (0.16)

18'6 >100 >100 >100 81

19'4 >100 >100 >100 >100

20'4 >100 >100 >100 >100

2116 >100 >100 >100 >100

2214 >100 >100 >100 >100

231 >100 >100 >100 20

2414 >100 >100 >100 >100

2514 >100 >100 >100 >100

26'4 >100 >100 >100 >100

2714 >100 >100 >100 >100

2 Values derived from SWH assays.

P SE values in parentheses, references for 9-27 provided in left column.
¢ Using MDA-MB-231 human mammary adenocarcinoma cells.

4 Using 4T1 mouse mammary adenocarcinoma cells.

to have ICsps in 4T1 cell-based SWH assays of 100 and 255 nM,
respectively.®'° Similar assays using MDA-MB-231 cells revealed
7 to have an ICso of 350 nM and 8 to have an ICsq of 2.7 uM, clearly
comparable to 17.1° The absence of C-8 or C-9 oxygenation of 17
suggests a possible correlation between compound hydrophobicity
and activity since 17 is so much more potent than 14, 15, or 16.
However, because 14 with oxygen functionalities at both C-8 and
C-9 is much more potent than either 15 or 16, attempts to directly
correlate hydrophobicity with activity would appear premature in
the absence of a more detailed understanding of inhibitor-to-target
contacts responsible for cell migration inhibition. Although not as
potent a cell migration inhibitor as 17, 14 also is significantly more
active than its corresponding lead compound 3.

In sum, these studies highlight structural features critical to
the potential of MGS analogs as antimetastatic agents; no fea-

tures investigated here are sufficient to compensate for the func-
tionally deleterious impact of macrolide linearization observed
for the DGNs. Macrolide integrity and elaboration play clear
roles in activity attenuation as does glutarimide side chain mod-
ification. These findings and dramatically improved MGS analogs
14 and 17 advance efforts, both synthetic and biosynthetic, to
develop antimetastatic agents for the control and eradication of
many cancer types.
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The synthesis and biochemical characterization of AX4697, a fluorescent, bisindolylmaleimide-derived
probe for PKCa and B, is described. AX4697 was able to quantify changes in PKC expression in drug-trea-
ted Jurkat cells and was shown to covalently label PKCo on €619, a residue that sits just outside the active
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Interrogation of the 500+ member kinase family using probes
capable of measuring changes in kinase activity is a growing area
of interest. Protein kinases have been implicated in a wide array
of complex cellular functions and pathways, ranging from meta-
bolic regulation to tumorigenesis. As a result, kinase specific chem-
ical probes can be useful tools to deconvolute the physiological role
of kinases and to profile inhibitors against kinases in their native
state. To date, kinase probes fall into two classes: those based on
nucleotides and those based on synthetic kinase inhibitors. Re-
cently, we described examples from the first class, ADP and ATP
based probes containing an O-biotinoyl group linked to the termi-
nal nucleotide phosphate via a reactive acyl phosphate moeity.'
These probes were shown to selectively biotinylate lysines in the
ATP binding sites of at least 75% of the known human protein ki-
nases. We and others have reported probes from the second class
based on kinase inhibitors such as wortmannin,? anilinoquinazo-
lines,> pyridinyl imidazoles,® 5-p-fluorosulfonylbenzoyl adeno-
sine,® and fmk.®

Herein, we describe the synthesis and biochemical characteriza-
tion of AX4697, a bisindolylmaleimide-derived probe which cova-
lently labels both recombinant and endogenous PKCo and PKCB
(Fig. 1).” Similar to the design of the fluorophosphonate serine
hydrolase probes pioneered by Cravatt et al..® AX4697 incorporates

* Corresponding authors. Tel.: +1 858 558 5558.
E-mail addresses: kevins@activx.com (K.R. Shreder), johnk@activx.com (J.W.
Kozarich).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.045

Figure 1. Structure of AX4697, a 5(6)-TAMRA conjugate.

the three structural elements present in all activity-based probes
(ABPs): an enzyme specific recognition group containing a protein
reactive functionality, a linker, and a tag that can be used for quan-
titation and/or capture of the covalently modified enzyme.® Be-
cause bisindolylmaleimides have been identified as potent
inhibitors of various PKC family members,'® this structure was
chosen for the design of a probe to target PKC kinases. However,
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because such inhibitors are reversible, a reactive o-chloroacet-
amide group was incorporated into the probe to covalently label
residues in or around the active site. Finally, carboxytetramethyl-
rhodamine (TAMRA) was used as a tag because of its previous
demonstration as a sensitive fluorescent tag for ABPs. TAMRA de-
rived ABPs can be conveniently used in SDS-PAGE analyses, and
probe-labeled proteins/peptides can be captured using an anti-
TAMRA antibody affinity column.!!

AX4697 was synthesized incorporating these design elements
as shown in Scheme 1. Deprotonation of indole using sodium hy-
dride followed by N-alkylation with MsO(CH,)sOTHP gave the in-
dole 1 in excellent yield. Subsequent treatment of this THP
protected compound with oxalyl chloride followed by esterifica-
tion using sodium methoxide in MeOH provided compound 2. Fol-
lowing a methodology described by Faul et al. to synthesize
bisindolylmaleimides,'? the indolyl-3-glyoxylyl ester 2 was con-
densed with 1-methylindole-3-acetamide under basic conditions
followed by an acidic workup. This process not only created the
requisite bisindolylmaleimide core but also resulted in the depro-
tection of the THP group to give the alcohol 3. Esterification of
Fmoc-Lys(Boc)-OH with compound 3 followed by deprotection of
the Fmoc group using diethylamine yielded compound 4 in a
two-step yield of 48%. The a-chloroacetamide 5 was obtained in
70% yield by treatment of the amine 4 with chloroacetyl chloride
under basic conditions. Deprotection of the Boc group of com-
pound 5 with TFA followed by amidation of the resulting amine
with the succinimidyl ester of 5(6)-carboxytetramethylrhodamine
(TAMRA) yielded the mixed TAMRA conjugate AX4697. AX4697
was purified using C18 reverse phase chromatography and gave
satisfactory 'H NMR, ESI-MS, and HPLC (>98% purity) analyses.

To test the reactivity of AX4697 with PKC, we added recombi-
nant PKCa (0.7 pmol) to MDA-MB-435 soluble proteome (25 p,
0.3 pg of protein per pL) and incubated the proteome with
AX4697 (50 nM) for 60 min with or without pre-incubation with

staurosporine (500 nM), a potent inhibitor of various PKC family
members (e.g., PKCo ICso=45nM, PKCBI ICso=23 nM, PKCBII
ICs0 =19 nM).'° As seen in Figure 2A, AX4697 specifically labeled
PKCo. This labeling of PKCa was blocked when PKCo was pre-incu-
bated with 500 nM staurosporine for 10 min prior to treatment
with the probe (Fig. 2A). When the enzymatic activity of PKCo
was abolished by heat denaturation, AX4697 did not label the pro-
tein (data not shown). AX4697 was also found to label PKCp but
not staurosporine-inhibited PKCB (data not shown). Next, the

A Staurosporine - - +
PKCo -  + 4
100 -
75 4 — +PKCa
50 A — —_— P
37
B —
PKCB (fmol) - 37 185 7.4 3.7
AX4B9T [ == — |-PKcp

Figure 2. AX4697 specifically labels PKC. (A) Recombinant PKCa (0.7 pmol) was
added to MDA-MB-435 soluble proteome (25 pl, 0.3 pg of protein per pL) and
incubated with or without staurosporine (500 nM) for 10 min and then treated with
AX4697 (50 nM) for 60 min. Reactions were quenched with standard 2x SDS/PAGE
loading buffer (reducing), separated by SDS/PAGE, visualized in-gel with a flatbed
laser-induced fluorescence scanner (MiraBio). (B) AX4697 labeling of serially
diluted recombinant PKCB added to MDA-MB-435 soluble proteome.
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Scheme 1. Synthesis of AX4697.
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sensitivity of AX4697 was examined by incubating this reagent
with serially diluted recombinant PKCB added to MDA-MB-435
soluble proteome. Under these conditions AX4697 could detect
as few as 3.7 fmol of PKCB (Fig. 2B). This quantity of PKCB, which
corresponded to about 5600 copies per cell, approximates the sen-
sitivity of other ABPs that target other enzyme families and is in
line with the requirements of profiling low-abundance proteins
in complex proteomes.'>!* These results indicated that AX4697
serves as an effective functional proteomic probe for at least two
members of the PKC enzyme family.

To determine whether AX4697 could inhibit PKC substrate
phosphorylation, we performed an in vitro PKCa assay using prot-
amine as a substrate.!>'® When AX4697 was added simulta-
neously with substrate (i.e, at time zero), an ICsy value of
200 nM was obtained. When AX4697 was pre-incubated with
PKCa prior to substrate addition, increased inhibition of protamine
phosphorylation was observed with longer pre-incubation times
(data not shown). This time-dependent inhibition was taken as evi-
dence of the irreversible nature of AX4697 binding.

We next examined whether AX4697 could detect PKC derived
from cells and tissues. Soluble proteomes of mouse brain or human
white blood cells were incubated with this probe (50 nM) for
60 min with or without pre-incubation with staurosporine. As seen
in Figure 3A and B, AX4697-labeled PKC from mouse brain and hu-
man white blood cells, respectively. The labeling of PKC by AX4697
was completely inhibited by staurosporine. Western blot analysis
using a monoclonal anti-PKC antibody showed the presence of
equivalent levels of PKC in both staurosporine-treated and un-
treated samples. These results indicated that AX4697 could detect
PKC directly from a complex proteome and that AX4697 was an
effective activity-based probe for PKC.

To examine whether AX4697 could record changes in PKC
expression in cells treated with drugs, we treated Jurkat cells with
staurosporine and calyculin A, a serine/threonine phosphatase PP1
and PP2A inhibitor. As shown in Figure 3C I, as expected, the
AX4697-labeled PKC was strongly inhibited in Jurkat cells treated
with staurosporine compared with control Jurkat cells, whereas
AX4697-1abeled more PKC in Jurkat cells treated with calyculin A
compared with control Jurkat cells. PKC expression, as quantified
by integrated fluorescent band intensity, was 1.8-fold higher in
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calyculin A-treated Jurkat cells relative to control Jurkat cells
(Fig. 3D). Western blot analysis using a monoclonal anti-PKC anti-
body confirmed these observations (data not shown). These results
indicate that PKC expression was dramatically decreased in stauro-
sporine-treated cells and was significantly increased in calyculin A-
stimulated cells and that AX4697 could detect these changes.
Affinity isolation of the probe-labeled protein band (I) by virtue
of the TAMRA tag of AX4697 and mass spectrometric analysis iden-
tified the 75 kDa protein (I) as PKCo and PKCB, further confirming
that AX4697 performed as designed to covalently label the PKC
family. Additionally, AX4697 was found to label a 73 kDa enzyme
that was present only in calyculin A-treated Jurkat cells (Fig. 3C,
band II). This enzyme was not detected in control Jurkat cells. To
determine whether this calyculin A-stimulated enzyme belongs
to the PKC family, we did a Western blot against a PKC antibody.
The 73-kDa protein band was neither detected by the western blot
nor was AX4697 labeling of this band inhibited by GF 109203X
(30 uM, data not shown), a potent inhibitor of PKC o, B, v, and g,
which suggested this enzyme was not a PKC.!” Collectively these
data demonstrated that AX4697 can identify both unanticipated
and PKC activity differentially expressed in drug-treated cells.

In order to determine the site of labeling of PKCo, mass spec-
trometry was employed. When PKCo (1.4 uM in 0.1% Triton X-
100, 50 mM Tris, pH 8) was incubated with AX4697 (1 uM), gel fil-
tered to remove unreacted probe, and the resulting filtrate di-
gested with trypsin, a HPLC analysis indicated the presence of
two fluorescent peaks in a 1:1 ratio. LC/MS analyses indicated both
peaks had identical masses and fragmentation patterns. Thus, both
peaks were assigned to the same species labeled with the 5'-TAM-
RA and 6’-TAMRA isomers of AX4697. The mass of these species
(m/z 714.58, doubly charged) was consistent with that of the
probe-labeled tryptic peptide VCgoGK (calculated m/z for
AX4697+VCGK-HCI, doubly charged: 714.49). To determine the
specific residue that was labeled, MS/MS analysis of this ion was
undertaken. Fragmentation yielded two critical ions that pin-
pointed the labeled residue as C619: 665.0 and 1224.4. The former
ion was assigned to a doubly charged ys ion (relative abundance
100%, calculated m/z for C(AX4697-labeled)-G-K: 664.9) and the
latter to a b, ion (relative abundance 34%, calculated m/z for V-
C(AX4697-labeled): 1224.5). Additional ions were consistent with
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Figure 3. AX4697 can detect PKC in proteomes and can detect changes in PKC expression in cells treated with drugs. Soluble proteome from mouse brain (A) or white blood
cells (B) was pre-incubated with or without staurosporine (500 nM) for 10 min and then treated with AX4697 (50 nM) for 60 min. Reactions were quenched with standard 2 x
SDS/PAGE loading buffer (reducing), separated by SDS/PAGE, visualized in-gel with a flatbed laser-induced fluorescence scanner (MiraBio). The scanned gels were transferred
to nitrocellulose and immunoblotted with anti-PKC antibody. (C) Jurkat cells were treated with staurosporine (1 uM), calyculin A (25 nM) or control DMSO for 30 min, and
soluble proteome derived from these cells were treated with AX4697 (50 nM) for 60 min. Reactions were quenched with standard 2x SDS/PAGE loading buffer (reducing),
separated by SDS/PAGE, and visualized in-gel with a flatbed laser-induced fluorescence scanner (MiraBio). Protein band II has not been identified. (D) Fluorescently labeled
PKC (band I) was quantified by measuring integrated band intensities (normalized for volume).
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Figure 4. A model of a simplified version of AX4697 covalently bound to PKCBII
(PDB 2I0E) is shown in comparison with the pose of the bisindolylmaleimide
inhibitor PDS (shown in red) present in the original crystal structure. Backbone
atoms of PKCBII are shown in a ribbon representation and colored in turquoise. The
side chain of the covalently bound cysteine residue C622 as well as the atoms for
AX4697 is shown in a CPK coloration and tube representation. The TAMRA moiety
including its 3-carbon linker was omitted as described in Ref. 18 and the linker
attachment point is labeled with an asterisk (x).

probe containing fragments of the ys ion, for example, 1056.5 (rel-
ative abundance 37%, calculated m/z for AX4697-CI+SH: 1056.4).
No y or b ions were seen that collectively supported probe labeling
of K621.

To visualize the residue-specific AX4697 labeling of PKCa, a
model of AX4697 bound to PKCpII was constructed (Fig. 4).'® Over-
all, the PKCBII sequence is 84% identical to PKCa with 93% con-
served residues between the two sequences. The active site
residues are 100% identical between both proteins. In addition, this
sequence variant of PKCP contains a cysteine residue (C622)
homologous to the AX4697-labeled cysteine residue in PKCo
(C619).° Furthermore, the crystal structure of PKCBII, available
from the Protein Data Bank?® (accession number 2I0E), contains
the bound bisindolylmaleimide inhibitor PDS which was used as
a template to orientate AX4697 into the active site for modeling
purposes. After linking AX4697 to C622, a full force-field based en-
ergy minimization of the model indicated a favorable pose of
AX4697 in the active site of PKCBII with very little shift of the bis-
indolylmaleimide atoms compared to the original crystal structure.
Importantly, this modeling result supports the idea that the linker
of the AX4697 is of an appropriate length to place the electrophilic
a-chloroacetamide group within striking distance of the C619 thiol
group of PKCa. Interestingly, because C619 sits outside the active
site, AX4697 can be classified as an exo-affinity label, a type of
affinity label in which the protein reactive group is not part of or
directly attached to the ligand but rather is separated by a linker.?!

In summary, AX4697 has been shown to be a sensitive probe for
PKCa and PKCB, and able to quantify PKC activity directly in com-
plex proteomes. PKCs have been linked to carcinogenesis and, in
particular, the PKCo and PKCR isozymes have been linked to malig-
nant phenotypes. As a result, PKC inhibitors have been developed
to treat cancer and selected examples have reached the clinic.??
AX4697 provides a unique tool for the discovery of inhibitors that
selectively target these kinases as well as study the role PKCs play
in tumor biology.
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The reaction of soybean lipoxygenase-1 with linoleic acid has been extensively studied and displays very
large kinetic isotope effects. In this work, substrate and solvent kinetic isotope effects as well as the vis-
cosity dependence of the oxidation of arachidonic acid were investigated. The hydrogen atom abstraction
step was rate-determining at all temperatures, but was partially masked by a viscosity-dependent step at
ambient temperatures. The observed KIEs on k., were large (~100 at 25 °C).

© 2008 Elsevier Ltd. All rights reserved.

Lipoxygenases are non-heme iron-dependent proteins that cat-
alyze the oxidation of polyunsaturated fatty acids to hydroperox-
ides.! These enzymes occur in plants and animals, and have also
been detected in certain bacteria.>* Lipoxygenase products are fur-
ther elaborated by downstream enzymes to give a variety of phys-
iological regulators and pain mediators. In plants, lipoxygenases
convert fatty acids into jasmonates and aldehydes, which are in-
volved in signaling, germination and senescence.* Soybean lipoxy-
genase-1 (sLO-1) exhibits high structural similarity with
mammalian lipoxygenases despite only sharing 25% sequence
identity.”> sLO-1 acts on polyunsaturated fatty acids in which a
1,4-diene unit is located six carbons away from the methyl termi-
nus (o-6 fatty acids). Its natural substrate is linoleic acid (LA), a
C18 bisunsaturated fatty acid, which it converts into 13-hydro-
peroxyoctadienoic acid (13-HPODE). sLO-1 can also catalyze the
oxidation of arachidonic acid (AA), a C20 tetraunsaturated fatty
acid found in animals, to 15-hydroperoxyeicosatetraenoic acid
(15-HPETE).

Lipoxygenases abstract a hydrogen atom from the substrate to
form a radical, which then reacts with molecular oxygen.®” In rest-
ing lipoxygenase, the iron is in the ferrous form and the enzyme is
inactive.® Before catalysis can occur, the iron must be converted to
the active ferric hydroxide form by autooxidized compounds. A
subsequent proton-coupled electron transfer from the substrate
to the ferric hydroxide forms an intermediate radical and a ferrous
species (Fig. 1).219 After stereoselective reaction of the substrate
radical with molecular oxygen, the peroxyl radical oxidizes the
iron back to the active ferric state and the peroxide product is re-
leased from the enzyme.

Lipoxygenases have drawn considerable attention due to the
large kinetic isotope effects (KIEs) exhibited in reactions with
LA.''-14 The observed values of 50-100 for k., are much larger

* Corresponding author. Tel.: +1 217 244 5360; fax: +1 217 244 8024.
E-mail address: vddonk@uiuc.edu (W.A. van der Donk).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.108

than the semi-classical limit. Quantum chemical tunneling in the
rate-determining hydrogen atom transfer step, mediated by pro-
tein dynamics, has been proposed to account for these large val-
ues.’>1® Thus far, KIE studies have focused on LA due to the
availability of its deuterium-labeled analogs. Previously, our labo-
ratory reported the synthesis of site-specifically deuterium-labeled
AA analogs.!”~'® With these compounds in hand, the reaction of
sLO-1 with AA was investigated, revealing a large isotope effect
of 97 for k¢,: and a more modest effect of 8.0 for k¢,¢/Kr,, compared
to 64 and 25 for the corresponding parameters for the sLO-1-cata-
lyzed oxidation of LA under similar conditions. In addition, an unu-
sual isotope effect on substrate inhibition by AA was discovered.?’
In this contribution, the temperature dependence of these isotope
effects is presented as well as studies to assess whether the hydro-
gen atom abstraction step is fully rate-limiting with AA as sub-
strate. Furthermore, the substrate inhibition by AA is shown to
be consistent with a high affinity of this fatty acid for the ferrous
form of the enzyme.

Previously, the unusual observation was made that substrate
inhibition was alleviated by isotopic substitution at the site of
hydrogen atom abstraction in the reaction of sLO-1 and AA.%°
Based on a series of experimental observations including a more
than 10-fold decrease in the K, for oxygen with deuterium-labeled
substrate,?® a model was proposed to account for the unusual
observation. For protiated substrate, the reaction of the substrate
radical with O, (kox) was proposed to compete with dissociation
of the radical intermediate from the enzyme (kq) (Fig. 2). The inac-
tive ferrous enzyme generated by substrate radical dissociation
could then be sequestered by AA, giving rise to the observed sub-
strate inhibition (Fig. 2). Three different explanations were sug-
gested for the finding that substrate inhibition is not observed
with LA despite KIEs of similar size. HPODE, the oxidation product
with LA, could be more effective than HPETE, the oxidation product
of AA, at reoxidizing the ferrous enzyme back to the active form.
Alternatively, AA might have a higher binding affinity for the
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Figure 1. Oxidation of linoleic acid and arachidonic acid to 13-HPODE and 15-HPETE, respectively, catalyzed by soybean lipoxygenase-1.
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Figure 2. Proposed model for substrate inhibition of the sLO-1 reaction with AA.
The relatively slow capture of the substrate radical with O, kca¢/Km o, results in the
dissociation of a subset of radicals from the ferrous enzyme. AA can bind this
inactive enzyme. The oxygen capture of radical when using deuterium-labeled
substrate is more efficient and no substrate inhibition is observed.

reduced enzyme than LA. Finally, k4 might be larger when AA is the
substrate.? A subsequent independent study showed that the two
hydroperoxides (HPODE and HPETE) are in fact equally efficient at
oxidizing ferrous sLO-1.2' In this work, we set out to investigate
whether AA has a higher affinity for the ferrous enzyme than LA.
Since direct binding studies are complicated by the requirement
of rigorous anaerobic conditions as well as by an allosteric binding
site on sLO-1,272% an indirect measurement was used to compare
the relative affinities of LA and AA for the ferrous enzyme. Lag
phases are typically observed in sLO-1 assays as the inactive fer-
rous form is oxidized to the active ferric form. We noticed that
the lag phase with HPLC-purified AA was significantly longer than
that observed with purified LA (Fig. 3), suggesting a higher affinity
of AA for the ferrous enzyme. The longer lag phase with AA is con-
sistent with a previous report,?® but the difference between the
two substrates was more pronounced in this work (see Supporting
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Figure 3. Formation of oxidized product in the reaction of sLO-1 with LA (red), AA
(green), and a combination of the two substrates (blue). In all cases, the reaction
was initiated by addition of enzyme. The assay was performed in oxygen-saturated
sodium borate buffer (100 mM, pH 10.0) without the addition of activator. The
substrate and enzyme concentrations were 60 and 0.75 nM, respectively.

information). To rule out that the LA sample contained an oxidized
impurity that resulted in more efficient oxidation of the ferrous
form of sLO-1, AA was first incubated with the enzyme before
the addition of LA. The rate of product formation again indicated
that the presence of AA significantly increased the observed lag
phase. The long lag times were also observed when LA and AA were
presented at the same time (Fig. 3). Hence, these observations sup-
port a higher affinity of AA than LA for the ferrous form of sLO-1.
The current work does not rule out, however, a lower affinity of
the arachidonyl radical for the reduced enzyme compared to the
linoleyl radical (i.e. larger kp for the former).
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In the presence of 13-HPODE, the lag phase is effectively sup-
pressed, and therefore the temperature dependence of the KIEs
in the reaction of sLO-1 with AA and 13,13-d,-AA was determined
in the presence of this activator. The use of 13,13-d,-AA results in
both primary and secondary KIEs, but the secondary KIE is ex-
pected to be very small compared to the large primary KIEs. Fur-
thermore, the use of dideuterated substrate prevents any erosion
in the stereoselectivity of hydrogen atom abstraction as a result
of the large KIE; such a reduced stereoselectivity was previously
reported for stereospecifically singly deuterium-labeled LA.2” With
13,13-d,-AA, Pk, decreased over the temperature range studied,
from 150 at 5 °C to 82 at 35 °C (Fig. 4). On the other hand, Pkc,/
K, was much smaller and exhibited very little temperature depen-
dence, with the values at all temperatures close to within experi-
mental error. The K, values for 13,13-d,-AA are very small
(<2 uM) and have relatively large uncertainty due to the limit of
detection using non-competitive methods (see Supporting infor-
mation). As a result the Pke,;/K presented here is an upper limit
and could be even smaller. Competitive methods may provide
more accurate values.

Arrhenius plots using the values for k.,; provide an apparent
activation energy of 1.4 + 0.4 kcal/mol for the protiated AA and
4.1 £ 0.6 kcal/mol for the dideuterated analog (Fig. 5). For compar-
ison, the corresponding energies for the reaction with LA were
1.8 £ 0.4 kcal/mol for protiated substrate and 2.2 + 0.3 kcal/mol
for dideuterated substrate.’® These low energies suggest tunneling
is occurring for both isotopes in the reaction of AA, similar to pre-
vious conclusions for the reaction of LA. Due to the large errors in
the pre-exponential terms, no conclusions can be drawn from the
value of Ay/Ap.

The temperature dependence of solvent isotope effects (SIEs)
was investigated next to probe if any steps involving solvent or sol-
vent exchangeable positions on the enzyme were kinetically signif-
icant. However, the SIE on k. remained close to unity over the
temperature range investigated (Fig. S1). The SIE on kca/Ky, was
also temperature-independent and close to unity.

In a final set of experiments, the dependence of the reaction rate
on viscosity was determined. The k.,¢/K, values for the oxidation
of AA by sLO-1 (3.1 x 107 M s™! at 25 °C) approach diffusion-con-
trolled rates. If the encounter of substrate and enzyme is (partially)
rate-limiting, the rates should decrease in a predictable manner
with increasing viscosity.?® The viscosity of the reaction buffer
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Figure 4. Temperature dependence of the KIE of the reaction of sLO-1 with AA and
13-d,-AA. Pk, is shown in red while P(kea/Krm) is shown in blue. The assays were
performed in oxygen-saturated sodium borate buffer (100 mM, pH 10.0) in the
presence of 13-HPODE (16 puM) to activate the enzyme.
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Figure 5. Arrhenius plot for the reaction of sLO-1 with AA (red line) and
13,13-d,_.AA (blue line) between 5 and 35°C. The assay was performed in
oxygen-saturated sodium borate buffer (100 mM, pH 10.0) in the presence of
13-HPODE (16 uM).

was varied by the addition of glucose as described previously for
similar studies for the oxidation of LA by sLO-1.!3 For a completely
diffusion-controlled reaction, the dependence of the rate on viscos-
ity has a slope of 1.28 At 20 °C, the rate of oxidation of AA by sLO-1
was 56 + 5% diffusion-controlled (slope of 0.56, Fig. 6). The corre-
sponding values at 5 and 37 °C were 18 +4% and 28 + 5% respec-
tively (Figures S3 and S4). This pronounced viscosity effect at
ambient temperature, which dissipates at higher and lower tem-
peratures, mirrors the behavior observed in the reaction of sLO-1
with LA."3

The kinetic behavior in the reaction of sLO-1 with AA can be
compared to that with LA. For both substrates, a very large sub-
strate KIE is observed on kcat that greatly exceeds the semi-classi-
cal limit. Furthermore, for both substrates the activation energies
are very small for both protiated and deuterated substrates. There-
fore, the enzymes appear to promote similar tunneling contribu-
tions for these fatty acids. These findings are in contrast to
human 15-lipoxygenase-1 that displays very different substrate
KIEs on kcat with LA (~40)?° compared to AA (~10).3° Similarly,

3.5 4

0.5 : : T x
0.5 1 1.5 2 25 3 3.5
relative viscosity

Figure 6. The effect of viscosity on the reaction of sLO-1 and AA at 20 °C (red line).
The blue line indicates the behavior of a fully diffusion-controlled reaction. The
assays were performed in CHES buffer (100 mM, pH 10.0) in the presence of
13-HPODE (16 pM) to activate the enzyme.
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the KIEs on kcat/Km are also quite different for the reaction of sLO-
1 with AA and LA. For LA, D(kcat/Km) is large (25) at 20 °C with the
rate being limited to a large extent (48% at pH 9) by diffusion.'® The
reaction with AA is also limited largely by diffusion (56%) but a
much more noticeable masking of the KIE is observed (~8). A sol-
vent isotope sensitive step is not responsible for this more pro-
nounced decrease in the KIE on kcat/Km. We tentatively
conclude that a slower off-rate of AA results in increased commit-
ment to catalysis which results in smaller observed KIEs. The high-
er affinity of AA for the ferrous form of sLO-1 and the lower Km for
catalysis (15 pM for AA versus 39 uM for LA) are consistent with a
higher affinity of AA for the enzyme.

In summary, the reaction of sLO-1 with AA displays many sim-
ilarities in its kinetic behavior compared to that with LA. In both
cases, the hydrogen abstraction step displays high KIEs on kg,
due to tunneling contributions. The only difference in the reactions
is the lack of solvent-dependent rate-limiting steps at lower tem-
peratures with AA as substrate, a smaller KIE on k¢,¢/Ky, and a high-
er affinity of the enzyme for AA.
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Menaquinone (vitamin Kj) is an essential component of the electron transfer chain in many pathogens,
including Mycobacterium tuberculosis and Staphylococcus aureus, and menaquinone biosynthesis is a
potential target for antibiotic drug discovery. We report herein a series of mechanism-based inhibitors
of MenE, an acyl-CoA synthetase that catalyzes adenylation and thioesterification of o-succinylbenzoic
acid (OSB) during menaquinone biosynthesis. The most potent compound inhibits MenE with an ICsq

© 2008 Elsevier Ltd. All rights reserved.

The growing incidence of drug-resistant strains of pathogens
such as Mycobacterium tuberculosis and Staphylococcus aureus
poses a serious threat to human health and necessitates the devel-
opment of novel antibiotics." While humans and some bacteria use
ubiquinone as the lipid-soluble electron carrier in the electron
transport chain, this function is fulfilled solely by menaquinone
(vitamin K;) in M. tuberculosis, most Gram positive bacteria,
including S. aureus, and some Gram negative organisms. Although
menaquinone plays an important role in the mammalian blood
clotting cascade,®> humans lack the biosynthetic pathway for gen-
erating this compound and instead obtain it from the diet or intes-
tinal bacteria. Thus, bacterial menaquinone biosynthesis is an
attractive target for drug discovery.* Toward this end, we report
herein a series of mechanism-based inhibitors of MenE, an acyl-
CoA synthetase used in menaquinone biosynthesis.

Menaquinone is biosynthesized from chorismate by the action
of at least eight enzymes (Fig. 1).° The first studies on menaquin-
one biosynthesis focused on Escherichia coli, Mycobacterium phlei,

* Dedicated to Professor Benjamin F. Cravatt, in honor of his outstanding
contributions to chemical biology and his receipt of the 2008 Tetrahedron Young
Investigator Award.

* Corresponding authors. Tel.: +1 631 632 7907; fax: +1 631 632 7960 (P.J.T.); tel.:
+1 646 888 2234; fax: +1 646 422 0416 (D.S.T.).
E-mail addresses: peter.tonge@sunysb.edu (P.J. Tonge), tand@mskcc.org (D.S.
Tan).
* These authors contributed equally to this work.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.130

and Bacillus subtilis, and the pathway is best understood in E. coli,
where the first six enzymes are present in an operon. These and
other genetic experiments delineated many of the components of
the pathway and also demonstrated the essential role menaquin-
one plays in bacterial viability.>®

Our initial efforts to target this pathway have focused on MenE,’
an acyl-CoA synthetase (ligase) that is essential in M. tuberculosis.5"
MenE converts o-succinyl-1-benzoate (OSB) to OSB-CoA via a two-
step process involving initial ATP-dependent adenylation of OSB to
form a reactive OSB-AMP intermediate, followed by thioesterifica-
tion with CoA to form OSB-CoA.

Acyl-CoA synthetases® belong to a superfamily of structurally
and mechanistically related adenylate-forming enzymes that also
includes non-ribosomal peptide synthetase (NRPS) adenylation
domains® and firefly luciferase.!® Analogous adenylation reactions
are also catalyzed by structurally unrelated aminoacyl-tRNA syn-
thetases.!! We and others have used 5'-O-(N-acylsulfamoyl)adeno-
sines (acyl-AMS) and related compounds to inhibit such
adenylate-forming enzymes by mimicking the cognate, tightly
bound acyl-AMP intermediates.’®!2-* These molecules were in-
spired by a class of sulfamoyladenosine natural products that in-
cludes nucleocidin and ascamycin.'® To avoid potential liabilities
of the aromatic carboxylate moiety with respect to cell permeabil-
ity or chemical instability via spirodilactone formation (observed
for OSB-CoA), we posited that it might be replaced with a neutral
methyl ester, since this carboxylate is not directly involved in the
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Figure 1. Bacterial biosynthesis of menaquinone from chorismate. The acyl-CoA XK=
synthetase MenE catalyzes initial adenylation of OSB (o-succinyl-1-benzoate) to 121 X = CHz

form an OSB-AMP intermediate, followed by transthioesterification with CoA to
form an OSB-CoA thioester adduct. MenB then catalyzes Dieckmann condensation
to form DHNA-CoA, which is ultimately converted to menaquinone.

reaction mechanism.'® Thus, we envisioned that MeOSB-AMS (1)
or its sulfamide analog MeOSB-AMSN (2) might be effective inhib-
itors of MenE and menaquinone biosynthesis (Fig. 2).

We also considered that the corresponding vinyl sulfonamide
MeOSB-AVSN (3) might inhibit MenE through covalent binding to
the incoming CoA thiol nucleophile during the second half-reaction
(Fig. 3), forming a mimic of the tetrahedral intermediate. Michael
acceptors have been used extensively to inhibit cysteine prote-
ases,'” and also to target protein thiol nucleophiles in polyketide
and non-ribosomal peptide synthetases.'® Based on studies of
Roush and coworkers on the inherent reactivities of various sulfo-
nyl-based Michael acceptors,'® we selected the vinyl sulfonamide
moiety to provide the requisite balance of reactivity and selectivity
to bind CoA in the MenE active site without reacting promiscu-
ously with other nucleophiles.

Synthesis of these inhibitors began with the preparation of
MeOSB (11, Fig. 4). OSB was first synthesized by Roser in 1884 from
phthalic anhydride and succinic acid.2° MeOSB has also been synthe-
sized by selective monohydrolysis of the corresponding CDI-derived

Figure 4. Synthesis of MeOSB (11) and the corresponding exo-methylene analog 12.

bis(acylimidazole), followed by methanolysis.'® To provide more
efficient and flexible access to OSB and analogs thereof, we devel-
oped a new synthesis from the known vinyl bromide 7, prepared
by alkylation of tert-butyl acetate with 2,3-dibromopropene
(Fig. 4).2! Suzuki cross-coupling with aryl boronate 8 provided sty-
rene 9. Ozonolysis of the vinyl group afforded the orthogonally pro-
tected OSB diester 10. Acid deprotection of the tert-butyl ester then
yielded the desired aromatic monoester MeOSB (11). This modular
approach should provide access to a wide range of OSB analogs. In-
deed, the exo-methylene intermediate 9 provided immediate access
to the corresponding OSB analog 12, which we envisioned would al-
low us to remove the potentially enolizable ketone functionality in
OSB-AMP analogs 4-6 (Fig. 2)and to assess its importance in binding.

The corresponding vinyl sulfonyl chlorides 20 and 21 were also
prepared by a similar route (Fig. 5), featuring selective Horner-
Wadsworth-Emmons coupling of ketoaldehyde 15 with sulfonyl
phosphonate 1722 to afford the vinyl sulfonate 18. The exo-methy-
lene analog 19 was similarly prepared from 16. The esters were
purified and converted to vinyl sulfonyl chlorides 20 and 21, which
were used without further purification.

o NH, 0 NH, 0 NH,
N
N
OMeO 0O O j\)\ OMeO 0O O j\)\ OMe 4
SNy 4 LNy g ¥ NA@fN L7
X a .,/ X a \: 5 X H M~
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Figure 2. Structures of designed inhibitors of MenE. The sulfamate (1, 4) and sulfamide (2, 5) functionalities (red) are designed to mimic the phosphate group in the cognate
OSB-AMP reaction intermediate. The vinyl sulfonamide moiety (3, 6) is designed to trap the incoming CoA nucleophile covalently. The corresponding exo-methylene analogs
(4-6) are designed to probe the importance of the aromatic ketone functionality (green) for binding.
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Figure 5. Synthesis of vinyl sulfonyl chloride reagents 20 and 21.

With these OSB analogs in hand, MeOSB-AMS (1) and its exo-
methylene analog 4 were synthesized by analogy to our estab-
lished procedures,'*" via N-acylation of a protected 5'-O-sulfa-
moyladenosine derivative with 11 and 12, respectively, followed
by deprotection.?? Sulfamide analogs 2 and 5 were synthesized
similarly from a protected 5'-N-sulfamoylaminodeoxyadenosine.?3
The vinyl sulfonamide analogs 3 and 6 were prepared by acylation
of a protected 5'-aminodeoxyadenosine with 20 and 21,
respectively.??

To test these compounds for inhibition of MenE, we used a cou-
pled assay with MenE and MenB, the DHNA-CoA synthetase that
follows MenE in the biosynthetic pathway.*?* E. coli MenE and
M. tuberculosis MenB were separately cloned and expressed with
N-terminal Hisg-tags in E. coli (BL21) cells, then purified to homo-
geneity using affinity chromatography. Reactions were initiated by
adding MenE (final concentration 20 nM) to a solution containing
MenB (7.2 utM), ATP (240 LM), CoA (240 puM), OSB (240 uM) and
inhibitor (0-200 uM). Formation of DHNA-CoA was monitored at
392 nm, and ICsq values were determined.

We were gratified to find that both the sulfamate MeOSB-AMS
(1) and sulfamide MeOSB-AMSN (2) were effective inhibitors of
MenE (Table 1). Moreover, the vinyl sulfonamide analog MeOSB-
AVSN (3) proved to be the most potent inhibitor, with an ICsq of
5.7 £+ 0.7 uM; kinetic analysis indicated that this compound is a
slow-binding inhibitor, suggesting a conformational change during
binding. In contrast, none of the corresponding exo-methylene ana-
logs (4-6) inhibited the enzyme at up to 200 puM concentration. No
inhibition was observed when assays were performed using a lim-
iting concentration of MenB (100 nM) in the presence of excess
MenE (5 puM), indicating that the compounds do not inhibit MenB
directly. In a preliminary experiment, 1-6 (up to 300 uM) did not
inhibit M. smegmatis growth, suggesting that additional pharmaco-
logical issues may need to be addressed. Further investigations of
cellular activity are ongoing.

Table 1

Inhibition of MenE by designed inhibitors 1-6

Compound ICs50 (UM)? Compound IC50 (UM)
1 38.0+3.0 4 >200

2 34128 5 >200

3 5.7+0.7 6 >200

¢ Values are means of three experiments with standard deviation indicated.

It is interesting to note that the vinyl sulfonamide analog
MeOSB-AVSN (3) is the most potent inhibitor of MenE. In contrast
to the sulfamate and sulfamide analogs 1 and 2, this compound
lacks the carbonyl and adjacent heteroatom of the acyl phosphate
group in OSB-AMP, which may be involved in hydrogen bonding
interactions, based on the cocrystal structure of a related fatty
acyl-CoA synthetase with myristoyl-AMP.2¢ These results also con-
trast with the relative potencies of related inhibitors of the NRPS
salicylate adenylation enzyme MbtA."8? This may be due to a vari-
ety of factors, including possible structural differences between
these enzymes,?* different binding requirements for the inhibitors
or resulting covalent adducts, and/or the different thiol nucleo-
philes involved: CoA in the case of MenE and a protein (MbtB)
phosphopantetheine group in the case of MbtA. Our results also
suggest that the OSB ketone group is required for inhibition, as
shown by the complete lack of activity in exo-methylene analogs
4-6.

In conclusion, we have designed, synthesized, and evaluated a
series of mechanism-based inhibitors of the OSB-CoA synthetase
MenE, which is used in bacterial menaquinone biosynthesis. This
work expands the scope of sulfonyladenosine-based inhibitors to
the acyl-CoA synthetase class of the adenylate-forming enzyme
superfamily and sets the stage for future assessment of these
inhibitors and additional analogs in cellular and animal models
of infection to evaluate the potential of targeting MenE in antibac-
terial drug discovery.
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Molecular discovery often involves identification of the best functional groups (substituents) on a scaf-
fold. When multiple substitution sites are present, the number of possible substituent combinations
can be very large. This article introduces a strategy for efficiently optimizing the substituent combina-
tions by iterative rounds of compound sampling, substituent reordering to produce the most regular
property landscape, and property estimation over the landscape. Application of this approach to a large
pharmaceutical compound library demonstrates its ability to find active compounds with a threefold
reduction in synthetic and assaying effort, even without knowing the molecular identity of any

© 2008 Elsevier Ltd. All rights reserved.

The discovery of new molecular entities with desired properties
is a key objective in the chemical sciences. Finding such molecules
can be a difficult task even with the assistance of combinatorial
chemistry and high-throughput screening given the enormous
number of potential candidate molecules.! To enhance the
cost-effectiveness of molecular discovery, quantitative structure—
activity relationship (QSAR) methods are often employed.*~® These
methods quantify molecular properties as multi-variable functions
of relevant molecular descriptors,” whose associated coefficients
are usually determined from a training set of molecules, and the
resultant parameterized functions can be utilized to predict the
properties of structurally related molecules and guide laboratory
synthesis. Despite their widespread use, different descriptor sets
and functional forms are often needed for different classes of mol-
ecules and target properties, producing difficulties in many QSAR
applications.

The general strategy of optimal substituent reordering was re-
cently introduced to enable descriptor-free molecular discovery
using minimal a priori knowledge of the molecules and the target
properties.®® For a molecular library under synthesis with a com-
mon scaffold, N substitution sites on the scaffold and S; distinct
substituents (functional groups) on the ith site, the technique
expresses a specific molecular property y as an N-dimensional
function f of the substituents bonded to the sites (Fig. 1). The

* Corresponding authors.
E-mail address: xfeng@princeton.edu (X.-J. Feng).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.09.068

collection of all potential library compounds and their property
values then form an N+ 1-dimensional property landscape. The
nature of the substituents is captured by assigning each of the S;
substituents on the ith site a random, but distinct, integer value
X; € [1,5;]. As a result, the structure and property function value
of each molecule is uniquely associated with the integer assign-
ment for each substituent on each site. Note that this indexing
method does not require any traditional molecular descriptors.

Based on this substituent indexing scheme, molecular discovery
is performed by (1) randomly sampling the variables (i.e., synthe-
sizing a small random subset of the potential library molecules)
and measuring the targeted property value for each molecule
(Fig. 1, Step (1.a)), and (2) estimating/interpolating over the prop-
erty landscape to find molecules with desirable property values.
From an initial random integer assignment, however, the N+ 1-
dimensional property landscape will most likely be highly irregular
(Fig. 1, Step (1.b)) and provide no estimation/interpolation capabil-
ity for finding the desired molecule(s). In order for the technique to
have predictive power, the critical operation in Step (2.a) identifies
the optimal substituent ordering (i.e., the optimal integer assign-
ment for each substituent) on each site that results in a property
landscape with regular structure. Property estimation/interpola-
tion over the landscape can then be readily implemented (Fig. 1,
Step (2.b)).3°

When the size of the molecular library is large, the most effi-
cient implementation of the reordering technique involves itera-
tive rounds of compound synthesis and data reordering, starting
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X,: CHy=12, Br=5, CHO=8, ...
X; X,: CH,y=3, C,H=9, HOCH,=18, ...

affold
Step (1.a): Randomly choose molecules for
synthesis and property measurement
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Step (1.b): Assign a distinct random integer
index to each functional group on
each substitution site

Step (2.a): Optimize the substituent indices to produce
the most regular landscape (red bars)

Step (2.b): Property prediction from the
regular landscape (grey bars)

Figure 1. General operation of the adaptive substituent reordering technique. As an example, for a library with a common scaffold and two substitution sites, the property y
of any molecule is represented as a two-variable function f (with a priori unknown form) of the substituents (X; and X;) on the two sites. Each substituent on each site is
represented by a distinct integer, hence the property of each compound is uniquely determined by the integer assignments on both sites. Step (1.a): Molecular discovery
begins with initial synthesis and property measurement of a random subset of the library, resulting in (most likely) an irregular property landscape (with little predictive
capability) from a random ordering of the substituents (i.e., the collection of random integer assignments for each substituent, Step(1.b)). Step (2.a): Suitable optimization
algorithms are employed to identify the substituent orderings that generate the most regular landscape. Step (2.b): The resultant smooth landscape can be used to make
property predictions of the unsynthesized compounds (the gray bars). The process operates iteratively (the dashed line) until desired property prediction is obtained. The 3-D
bar graphs are made from the data in Ref. 8 for a co-polymer library with y being the glass transition temperature; the gray bars are laboratory data placed at locations dicated

by the optimal orderings of the substituents associated with the red bars.

with a minimal sampling of the library space (Fig. 1).° In each iter-
ation, Step (2.b) provides an estimation/prediction of the library
domain most likely to be enriched in promising compounds. Com-
pound synthesis and property assaying can then be guided by this
estimate, providing additional data to further enhance the reliabil-
ity of substituent reordering and property prediction. This adaptive
operation can be viewed as a process of attaining enhanced resolu-
tion and regularity over the landscape with each iteration until the
full property landscape is revealed to the desired degree.

Previous applications of the reordering strategy were to small
compound libraries®® and without iterative operation. This arti-
cle provides the first illustration of the technique on a large
pharmaceutical compound library utilizing the adaptive reorder-
ing procedure, where the measured property is percent inhibi-
tion of a protein function.!> All of the compounds have a
common scaffold with N=2 (§;=151 and S,=93). Of all the
14,043 potential library compounds, data is available for 4110
(29%) (Fig. 2(a)). The goal is to identify the high-inhibition com-
pounds over the whole library space from sampling a small
number of compounds.

In this work, the regularity of the property landscape is quanti-
fied by a global pairwise difference measure

Sn—

N N Si Sm. Sm 1 X mn m.ny2
- BEEEE (D) -]

where N is the number of substitution sites, S, and S,, are the total
number of substituents on the mth and the nth site, respectively,
alfg'” is the measured property value of a sampled molecule whose
substituents are assigned to integer i at the mth site and integer j
at the nth site, alf,”d'." is the property value of another compound that
differs only in the integer assignment (i) at the mth site, d]} = |i —{|
is the distance between these two compounds at the mth site, and
w™ is the number of compound pairs where both a;;" and a;" val-
ues are available from synthesis and property assaying over i and i'.
With this form, minimization of Q tends to place together com-
pounds with similar property values, resulting in the most regular
property landscape(s). Other appropriate forms of Q can be used
as well.®° The minimization of Q can be achieved by several deter-
ministic'® and stochastic'' optimization algorithms. The results
presented in this paper are from the deterministic method.

The effectiveness of the reordering technique without iterative
operation was first evaluated. We randomly selected 2055 com-
pounds (i.e., 50% of the available data and 15% of the whole library)
and determined the optimal substituent orderings (Fig. 2(b)) on
both sites that resulted in the most regular inhibition landscape.
Figure 2(c) applies the identified best ordering in Figure 2(b) to
all the available compounds in the library. In both figures, there
is a significant clustering of the high-inhibition compounds (red)
in the upper left corner of the property landscape.

The capability of the reordering technique is evident from con-
sideration of Figure 2(b) and (c). One can view Figure 2(b) as ‘pre-
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Figure 2. Heat maps of inhibitor efficacies'? prior to, (a), and following, (b) and (c), substituent ordering optimization. Percentage inhibition is color coded (see key at right
side of figure) with white indicating unsynthesized compounds, dark red the best inhibitors, and light blue the worst inhibitors. Each square in the matrix reflects a specific
compound with different substituents at the two substitution sites. There are 151 substituents on site 1 and 93 on site 2. Data is available for 29% of the full library.'? Relative
data error is estimated to be ~15% from repetitive measurements of some compounds; the mean inhibition values are used in the analysis. (a) The property landscape with a
random substituent ordering. (b) The optimal substituent ordering obtained by using a random subset of 15% of the library space (i.e., 50% of the available data in (a)). (c) The
library landscape containing all available data, using the optimal ordering shown in (b). Without knowing the identity of any compound, the algorithm predicts that
unsynthesized compounds located in the upper left corner of Figure 2(b) should be enriched in effective inhibitors. This is confirmed by the remaining data (Fig. 2(c)).
Performing synthesis in the indicated boxed region of Figure 2(b) is ~50 times more effective than random synthesis for finding effective inhibitors (i.e., compounds with

>70% inhibition).

dicting’ that further synthesis in the upper left corner would be
more effective than anywhere else in the property landscape, and
utilization of the remaining data in Figure 2(c) confirms this pre-
diction. In order to quantitatively assess the algorithm’s prediction
capability, we conservatively select a box of size 40 x 30 at the
upper left domain of the library in Figure 2(b), which includes 52
out of 64 high-inhibition compounds (i.e., those with inhibition va-
lue greater than 70%). When all the remaining compounds are
placed in the landscape (Fig. 2(c)), this box includes 98 out of
121 high-inhibition compounds, corresponding to synthesis in this
domain being nearly 50 times more effective than if it were per-
formed elsewhere over the landscape.

Following the above test, the more efficient iterative reordering
procedure was examined, as iterative operation is most likely to
occur in practical applications. This test was performed by first
randomly selecting a small initial subset of the available com-
pounds. The optimal substituent ordering corresponding to this
subset was then determined, and linear interpolation was em-
ployed to estimate the 50 unsampled compounds with the highest
inhibition values. The laboratory data for these compounds were
then combined with that of the initial subset to improve the reli-
ability of substituent reordering and property estimation. This iter-
ative process was carried out until the data for 3000 compounds
were utilized.

Figure 3 shows the number of desired compounds (i.e., those
with >70% inhibition) discovered in the iterative process. Each
curve corresponds to a particular number of initially sampled com-
pounds. All curves exhibit a sharp slope in the beginning, indicat-
ing that most of the desired compounds may be discovered at the
early stage of the adaptive operation. Interestingly, starting from a
smaller initial sampling generally results in the most rapid discov-
ery of similar number of high-inhibition compounds. For example,
if the iterative process terminates when 1/2 of the available com-
pounds above 70% inhibition are found, then the number of com-
pounds needed to be synthesized is ~650 for an initial sampling
of 5% of the available compounds, compared with >1,000 for the
initial sampling of 25% (Fig. 3). For the non-iterative method,
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Figure 3. The number of desired compounds (i.e., those with >70% inhibition)
discovered through the iterative reordering procedure. The red, green, blue, and
purple curves correspond to initial samplings of 5%, 10%, 25%, and 50% of the
available data, respectively. Based on the predicted property values in each
iteration, 50 new compounds are then added. The horizontal black dashed line at
137 shows the total number of desired compounds. The orange dashed lines show
the number of compounds required for synthesis to discover 1/2 of the desired
compounds. Significantly, the algorithm is the most efficient by starting with
minimal initial sampling; only 650 compounds out of a total library of ~14,000
potential compounds suffices when operating in this fashion.

>2000 samples are required (starting point of the purple curve in
Fig. 3). Thus, a factor of ~3 savings in synthesis and property assay-
ing effort arises from the iterative operation by starting from an
absolute minimal library, which can make a significant difference
in many circumstances.

The reordering technique has an important feature of
not requiring any traditional molecular descriptors. When the
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molecular scaffold and the substituents are chosen, the indexing
scheme always provides a complete and unambiguous set of
‘canonical descriptors’ to represent functionally related mole-
cules. One does not even need to know the structure of the mol-
ecules!? to apply the reordering technique, as all relevant
information lies in the encoded relationship between the substi-
tuent indices and the property measurements. In addition,
knowledge of the explicit form of the property-structure rela-
tionship function y = f{X1,Xs,...,Xyn) is not necessary for the reor-
dering operation. Due to these features, the reordering technique
may be readily applied to a diverse array of molecular discovery
problems, regardless of molecular types (e.g., from small mole-
cules to peptides) or target properties (e.g., from electronic prop-
erties to biological attributes). The reordering technique can be
implemented to any case where (a) the library molecules can
be identified by site and substituent indices (i and X;, respec-
tively) and (b) property data y is available for an adequate sub-
set of the molecules. In cases where the library molecules
contain more than one common scaffold or it is hard to define
a common scaffold, different means of uniquely encoding the li-
brary molecules are required. This topic is a subject of ongoing
research.

The reordering strategy and traditional QSAR methods should
not be viewed as competing techniques. Substituent reordering is
inherently an interpolation method, hence unlike QSAR, it cannot
extrapolate over substituents that are unsampled across all related
substitution sites. In addition, the reordering strategy does not di-
rectly provide structure-property relationships. However, the
strategy can enhance the effectiveness of QSAR methods by identi-
fying functionally similar substituents (with respect to the molec-
ular property of interest), which locate adjacently on a particular
substitution site in the optimal orderings. In this case the nature
of the compounds and property assay must be known. However,
the example in this paper shows that the substituent reordering
technique can successfully function even without this knowledge.
Considering their complementary advantages, suitable integration
of the reordering technique and standard QSAR methods is ex-
pected to synergistically benefit each other and enable more effi-
cient molecular discovery and more reliable understanding of
structure-property relationships.

In summary, the adaptive reordering technique provides a prac-
tical and easy-to-use means for a broad variety of molecular dis-
covery tasks. On the laboratory side, one only needs to randomly
sample a small subset of the target compound library, assign dis-
tinct random integers to the functional groups on each substitution
site, and measure the target property of the subset. The data is then
fed to the reordering algorithm(s), which will generate property
predictions and provide suggestions on further laboratory synthe-
sis and assaying. We are building an easily understandable graph-
ical user interface to the core algorithms for the convenience of the
end users.
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A focused library of TX-67 (C10 hemi-succinate) analogs has been prepared, including C7 regioisomers,
esters, amides, and one-carbon homologs. These were prepared to investigate whether the lack of TX-
67 interaction with P-glycoprotein (Pgp) is due to the presence of the carboxylic acid moiety and whether
this phenomenon was restricted to C10 analogs. Tubulin stabilization ability, cytotoxicity, and Pgp inter-

actions were evaluated. All carboxylic acid analogs and several of the amides had no apparent interac-
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tions with Pgp at the concentrations used, whereas the ester variants displayed characteristics of Pgp
substrates. Furthermore, it was demonstrated that hydrogen-bonding properties were significant with
respect to Pgp interactions. Calculations of logD and cross-sectional areas revealed that these analogs
are predicted to partition into the membrane and can compete for Pgp binding sites. The anionic and
amide introduction strategy may allow for delivery of paclitaxel into the CNS and may be a potential
approach for the delivery of other, structurally complex and lipophilic non-CNS permeable drugs.

© 2008 Elsevier Ltd. All rights reserved.

Paclitaxel (Taxol, 1, Fig. 1), a structurally complex natural
product derived from the bark of the Pacific Yew, is one of the most
studied and active anti-cancer agents known.!=® Although its clin-
ical success is remarkable, the efficacy of the parent compound has
limitations.*>

One such shortcoming is paclitaxel’s inability to cross the
blood-brain barrier (BBB).%” Accordingly, paclitaxel is not an effec-
tive treatment for primary or metastatic brain cancer despite its
potent anti-proliferative activity. In addition to paclitaxel’s well
known anti-tumor properties, it has been shown to protect pri-
mary cortical neurons from beta amyloid (Ap)-induced cell death
as well as being non-toxic to primary cortical neurons.? Indeed, a
paclitaxel derivative that could permeate the CNS is highly desir-
able from both the standpoint of chemotherapy as well as an inves-
tigational therapy for neurofibrillary pathology.

* Corresponding author. Tel.: +1 612 626 6320; fax: +1 612 626 6318.
E-mail address: georg239@umn.edu (G.1. Georg).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.09.103

A primary mechanism limiting the distribution of paclitaxel and
other highly lipophilic substances into the brain is active efflux by
the multidrug resistance gene product 1 (MDR1) P-glycoprotein
(Pgp).2~1! We have recently described a series of recognition ele-
ments required for Pgp interactions based upon the analysis of
over one hundred known Pgp substrates.'>”'* This analysis
revealed clusters of spatially distinct hydrogen bond acceptor
units, which correlated, in their relative frequency, with the
strength of Pgp interaction. We have demonstrated that deletion
or modification of these “recognition elements” in paclitaxel
reduces interaction with Pgp in bovine brain microvessel endothe-
lial cells.’1® These studies also bolstered our ascertation that the
C10 region of paclitaxel is particularly important for Pgp affinity.

Thissame examination'?~'* of knownPgpsubstratesalsorevealed
thatcompoundsthat carry anegative chargeat physiological pH,such
as those that contain a carboxylic acid, sulphonate, or nitro group,
with few exceptions, are not substrates for Pgp efflux.'®~'* One caveat
to this observation was that chemical structures that contain addi-
tional recognition elements, maintain their affinity for Pgp.
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With this in mind we prepared a C10-modified taxane, TX-67
(3, Fig. 2), which only differs from paclitaxel by the addition of
an acetic acid unit to the terminus of the C10 acetyl ester.!”
TX-67 (3) contains all of the recognition elements of paclitaxel,
however, our studies suggest Pgp efflux mechanisms are substan-
tially reduced or absent completely.!”'® Compound 3 demon-
strates improved distribution across the BBB without
co-administration of Pgp inhibitors both in vitro and in situ.!”

Herein, we describe the synthesis and biological evaluation of a
focused library of TX-67 analogs that include C7 regioisomers,
esters, amides, and one-carbon homologs. These were made to
determine if the acid functionality was essential for Pgp evasion
and if this phenomenon was restricted to only C10 analogs.

The C10 functional group analogs were prepared from common
intermediate 4 (Scheme 1). TX-67 (3) was prepared as previously
described!” while compounds 7-10 were accessed via acid 5. Acid
5 is cleanly and quantitatively converted to the methyl ester via
treatment with diazomethane (Scheme 1), which, after treatment
with HF-pyridine solution provides methyl ester 7 in good yield.
The primary amide analog 8 is prepared via mixed anhydride for-
mation with BOC,0 followed by amide formation via ammonium
bicarbonate (NH4CO3) under basic conditions. The N-methyl and
N,N-dimethyl, amides (9 and 10 are generated via standard cou-
pling procedures (Scheme 1). The described functional group trans-
formations were each followed by fluoride anion assisted

PN O T o s weecorcHCcoM)
Ao R | ¢ 9 68%)_ 7 (R2=CO(CH,),COMe)
OR! o T 51 4907R)_ g (Re-CO(CH,),CONH,)
B20 AcO -t | ©9G%%)_ g (Ry=CO(CH,),CONHMe)
b (93%) asw  —-2E8%L 10 (R=CO(CH,),CONMe;)

4 (R'=TBS, R%=H, R3=TES)
g (70%)
_9(70%)

.
L . . | 9.9 (B0%)_ 45 (R2=CO(CH,)3CONHy)
= - = 6—| o
6 (R'=TBS, R2=CO(CH,);CO,H, R3=TES ©.9 (60%)_ 13 (R2=CO(CH,),CONHMe)

9
L. 9 (64%),_ 14 (R2=CO(CH,);CONMey)

11 (R3=CO(CH,)3CO,H
5 (R'=TBS, R2=CO(GH,),CO,H, R3=TES (RE=CO(CH,)5COH)

‘ Compounds 3, 7-14 R1=R3=HI

Scheme 1. Synthesis of C10-modified TX-67 analogs. Reagents and conditions: (a)
succinic anhydride, DMAP, toluene 85 °C; (b) glutaric anhydride, DMAP, toluene
85 °C; (c) CH,N,, THF; (d) NH4HCO3, THF, BOC,0, pyridine; (e) NH,Me-HCI, EDCI,
NMM, CH,Cl,; (f) NHMe,-HCl, EDCI, NMM, CH,Cl,; (g) HF-pyridine, pyridine.
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Scheme 2. Synthesis of C7 TX-67 analogs.'® Reagents and conditions: (a) succinic
anhydride, DMAP, toluene 85 °C; (b) glutaric anhydride, DMAP, toluene 85 °C; (c)
MeOH, EDCI, DMAP; (d) NH4HCOs, THF, BOC,0, pyridine; (e) NH,Me-HCl, EDCI,
NMM, CH,Cl,; (f) NHMe,-HCl, EDCI, NMM, CH,Cl,; (g) HF-pyridine, pyridine.

protecting group removal. Compounds 11-14 were prepared in
the same manner from glutaric acid derivative 6.

The desired C7 analogs were accessed in short synthetic
sequences from common intermediate 15 (Scheme 2). The C7 suc-
cinic acid analog 18 was prepared by acylating the C7 hydroxyl
group with succinic anhydride, giving 16, followed by removing
the 2’0OTBS protecting group. The methyl ester analog 19 was gen-
erated from a coupling between acid 16 and MeOH followed by the
same deprotection. The remaining compounds 21-26 were synthe-
sized as described for the C10 analogs.

All compounds were first evaluated for tubulin assembly ability
and their effectiveness against the MCF7 breast cancer cell line and
the drug resistant breast cancer cell line NCI/ADR-RES (Table 1).

In the tubulin assembly assay, all analogs maintained similar
activity to the parent compound (entries 2-19, Table 1). Against
the MCF7 breast cancer cell line most analogs maintained effec-
tiveness. The carboxylic acid analogs (entries 2-5), as a functional
group class, showed the largest drop in activity (approx. 20-fold).
The methyl ester variants (entries 6 and 7) maintained similar
potency as compared to paclitaxel while the amides (entries
8-19) generally experienced an approximate 5-fold reduction in
cytotoxicity. Most analogs were similar to paclitaxel against the
NCI/ADR-RES cancer cell line. We had originally hypothesized an
increase in effectiveness of these analogs against the Pgp over-

Table 1
EDs ratios (compound/paclitaxel) for in vitro tubulin assembly and cytoxicity.
Entry Compound Tubulin assembly MCF7 NCI/ADR-RES
1 Paclitaxel (1) 1.0 1.0 1.0
2 TX-67 (3 - C10 CO,H) 1.7 133 1.3
3 C10 CH,CO>H (11) 1.8 27.9 5.8
4 C7 CO,H (18) 3.8 >30.0 5.8
5 C7 CH,COzH (23) 1.0 8.8 13.6
6 C10 CO;Me (7) 1.0 2.5 04
7 C7 COMe (19) 1.2 0.54 0.5
8 C10 CONH, (8) 0.4 10 6.0
9 C10 CH,CONH, (12) 1.8 10 53
10 C7 CONH; (20) 0.6 3.2 0.6
11 C7 CH,CONH, (24) 0.6 5.0 6.5
12 C10 CONHMe (9) 0.8 7.9 6.0
13 C10 CH,CONHMe (13) 1.8 23 >6.3
14 C7 CONHMe (21) 0.8 2.2 1.0
15 C7 CH,CONHMe (25) 0.8 3.7 32
16 C10 CONMe, (10) 1.6 2.1 2.7
17 C10 CH,CONMe; (14) 2.2 5.6 >6.3
18 C7 CONMe; (22) 1.1 10.8 0.8
19 C7 CH,CONMe; (26) 0.7 3.9 3.0

Paclitaxel has a mean EDsq of 3.2 nM = 1.8 and 1.5 pM £ 1.3 in the MCF7 and NCI/
ADR-RES lines, respectively.
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Figure 3. Rhodamine uptake results for compounds 1 (paclitaxel), C10 and C7 acids (3, 11, 18, and 23), C10 and C7 esters (7 and 19), C10 and C7 primary amides (8, 12, 20,
and 24), C10 and C7 secondary amides (9, 13, 21, and 25), and C10 and C7 tertiary amides (10, 14, 22, and 26) in BMEC’s. Paclitaxel and the derivatives were present at a
concentration of 10 uM. The concentration of rhodamine was 5 pM. C, control. Compounds that significantly increase rhodamine 123 uptake are show as red bars.

Compounds causing decreased or limited rhodamine 123 uptake are shown in blue.

expressing cancer cell line MCF7-ADR. However, this was not the
case as none of the analogues in Table 1 had superior potency
compared to paclitaxel.

Our next screen was the rhodamine 123 uptake assay
(Fig. 3).2921 This assay is a preliminary screen to evaluate a com-
pound’s interaction with Pgp in bovine brain microvessel endothe-
lial cells (BMECs). In this assay, rhodamine 123 is used as a
surrogate Pgp substrate. The effect of the test compound on rhoda-
mine 123 is determined by monitoring intracellular fluorescence. If
the test compound has higher affinity to Pgp than rhodamine 123,
then uptake of the latter will increase relative to the negative
control.

All analogs containing a carboxylic acid functionality (3, 11, 18,
and 23) showed no apparent interaction with Pgp. When the
carboxylic acid is capped with a methyl group (methyl esters 7
and 19), a type I Pgp recognition element, in both the C7 and C10
series, a marked increase in rhodamine accumulation is observed.
This is in agreement with our previous results suggesting that
the carboxylic acid functionality is advantageous for Pgp evasion.!”

Many members of the amide series (8-10, 12-14, 20, 21, and
24) did not significantly increase rhodamine accumulation. The
weak interaction of secondary and primary amides with Pgp had
already been suggested by us in an analysis of Pgp substrates
and non-substrates.'? As the secondary amides are converted from
hydrogen bond donors (8, 9, 12, 13, 20, 21, and 25) to tertiary
amides, hydrogen bond acceptors (10, 14, 22, and 26), increased
rhodamine uptake is noted indicating that the molecules are inter-
acting more strongly with Pgp. This is in accord with our hypoth-
esis that H-bond donors will not interact significantly with Pgp
and that H-bond acceptors will serve as substrates.

It is also of note that the succinic amides 8, 20, 9, 21, and 10
showed less rhodamine uptake than the corresponding one carbon
homologs, the glutaric amides 12, 24, 13, 25, and 14, indicating
that the length of the tether plays a role in binding to Pgp.

Our data further suggest that groups added to decrease Pgp inter-
actions are generally more effective at the C10 position on the paclit-
axel structure than on the C7 position. For example, the 10-linked
methylamides 9 and 13 showed less rhodamine uptake than the
07-linked methylamides 21 and 25. This implies that the C10 region
on these analogs has a very intimate relationship with Pgp.

Our results suggest that Pgp evasion may not only be achieved
by the introduction of a carboxylic acid moiety but also by the
introduction of a primary or secondary amide into Pgp substrates.

To compare the different analogs with respect to their ability to
partition into the membrane and bind to Pgp we modeled the
membrane-binding conformations and calculated the respective
cross-sectional areas, Ap. In addition we calculated the log D values
at pH 7.4 using an ionization constant pK, 4.2 for the carboxylic
acid group (Fig. 4).!! The former varied between logD 0 and 4
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Figure 4. Calculations of cross-sectional areas, Ap and logD values at pH 7.4 for
paclitaxel and analogues. x = paclitaxel, A = CO,H, ¥ = CO,Me, ¢» = CONH,, O = CON-
HMe, ® = CONHMe, [0 = CONMe,, B CONMe, (filled symbols = Pgp substrates).

and the latter between Ap 125 and 143 A.2 The analogs of paclitaxel
are thus clearly more hydrophobic and larger than rhodamine 123
with a logD — 3.13 and an Ap 69 A2 and can therefore be predicted
to compete for Pgp binding sites provided they carry the relevant
recognition elements.

In summary, we have prepared a focused library of paclitaxel
analogs in short synthetic sequences from the parent molecule.
Biological evaluation in tubulin stabilization and cytotoxicity
assays demonstrated that the designed analogs maintained the
desired properties of paclitaxel. The rhodamine assay indicated
that the introduction of esters at C10 and C7 increased rhodamine
123 uptake, whereas the placement of a carboxylic acid functional-
ity on either the C7 or C10 position resulted in decreased uptake.
Since carboxylic acid transporters are known to exist in the BBB,
it should also be considered that the carboxylic acid functionality
may be a substrate for an influx pump, in a similar fashion that
paclitaxel acts as a substrate for cellular efflux. It is possible that
this influx transport system is shuttling TX-67 into the cell, past
the Pgp efflux system, allowing for the observed increase in BBB
permeation. Furthermore, we have illustrated that positioning an
acid or amide at C10 of paclitaxel is generally more effective than
C7 attachment and that succinic acid and succinic amides lead to
less rhodamine 123 uptake than the corresponding glutaric acid
and amide analogs. We have also discovered that the hydrogen-
bonding character of the amide analogs plays a significant role
and that the primary amides were generally superior compared
to the secondary and tertiary amides analogs in evading interac-
tion with Pgp.
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The anionic introduction strategy and the introduction of a
primary amide into the molecule may allow for delivery of
paclitaxel into the CNS. This strategy could also hold promise for
the delivery of other, highly complex, non-CNS permeable drugs,
provided they are highly lipophilic.
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probed by NMR, CD, and computational means. The data suggest that these non- or monosubstituted ver-
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B-Peptides have captured the imagination of a wide range of
researchers, from those interested in basic principles of macromo-
lecular design to nanotechnologists.! For medicinal chemists,
B-amino acids hold promise as components of potential therapeu-
tic agents because they provide a diversity of shape and function-
ality similar to that found in standard peptides.? In addition, p-
peptides may be less likely to undergo deleterious metabolism.
Cyclization is a useful strategy for the discovery of B-peptide-based
therapeutics for the same reason as in o-peptides: to bias com-
pound conformation in a given (hopefully bioactive)
conformation.?

The use of unsubstituted* and substituted® versions of e-amino-
caproic acid (Aca) as a linker in cyclic peptide derivates has become
well established as a means of constraining a dipeptide into a -
turn-like conformation. In some cases, control over the conforma-
tion of the mimetic (e.g., type I vs type II B-turns) may be exerted
by either the dipeptide or the Aca linker portion of the molecule.
Given the success of the Aca cyclization strategy in conferring
B-turn conformations onto standard dipeptides, we decided to
pursue the synthesis and evaluation of two cyclic versions of
B-Ala-B-Ala using a related strategy (Fig. 1).

Molecular modeling’ carried out in a series of o,w-amino acids
(n=1-3, Fig. 1) combined with B-Ala-B-Ala suggested that the
optimal spacer length in structures of type 2 would be n=2

* In honor of the bestowal of the 2008 Tetrahedron Young Investigator Award in
Bioorganic and Medicinal Chemistry to Professor Benjamin F. Cravatt.
* Corresponding author. Tel.: +1 785 864 4496; fax: +1 785 864 5326.
E-mail address: jaube@ku.edu (]. Aubé).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.082

1.94-2.65 A
1, cyclo(Aca-Ala-Ala) 2a,X=H
2b, X = NHCbz

Figure 1. Structures of an Aca-cyclized Ala-Ala dipeptide (1) and the two cyclized
B-Ala-B-Ala-containing structures targeted in this study (2 and 3). Note the C-N
distance in 1, which complies with one standard definition of a p-turn.®

(Fig. 2). These studies also suggested that a turn structure includ-
ing the depicted intramolecular NH-OC hydrogen bond would also
be favored for these structures. Thus, for 2a, an energy minimum

Figure 2. Energy minimum found for 2a by molecular modeling.



mailto:jaube@ku.edu

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl



5976 A. Mengel et al./Bioorg. Med. Chem. Lett. 18 (2008) 5975-5977
Boc-B-Ala-OH (0] (0] b
a
R . —
H-B-Ala-OBn HZNNOR
4 5 X

(0] (0] (0]
YHN/\)J\N/\)LNNOR L l-LJ/‘\/\/\
H H X 0O
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Scheme 1. Synthesis of cyclic peptides 2. Reagents and conditions: (a) i—EDC, HOBt, NEts, 81%; ii—Pd/C, Ha, 91%; (b) 7a: 6a HCl, EDC, HOBt, NEts, 81%; 7b: 6b, EDC, HOBt,
NEts, 57%; (c) 8a: Pd/C, Hy, trifluoroethanol, 96%; 8b: TFA, CH,Cl,, quant. (crude); (d) 2a: i—EDC, CsFsOH 53%; ii—TFA, CH,Cl,; iii—DIPEA, 43% (2 steps); 2b: (EtO),P(O)CN, NEts,

27%.

was found in which NH-OC of the C- and N-terminal part of the -
Ala-p-Ala fragment was aligned with a distance of 1.8 A. Shorter
(n=1)orlonger (n=3;i.e., Aca) spacers resulted in minimized con-
formations that did not reside in B-turn-like structures, and fur-
thermore lacked hydrogen bonding between the NH and CO
fragments.

Consequently, 5-aminovaleric acid (Ava) and ornithine were
chosen as spacers to bridge the B-Ala-B-Ala dipeptide. N-Boc-B-
Ala-B-Ala-OH 5, readily prepared from N-Boc-B-Ala-OH (3) and
H-B-Ala-OBn (4) by standard peptide coupling followed by hydro-
genation of the benzylic ester, served as a convenient starting
material for the envisaged peptides 2 (Scheme 1). Elongation of 5
by coupling with 6a or 6b again followed by deprotection gave rise
to 8. Solubility problems of 7a called for its hydrogenation in an
alcoholic solvent: while methanol resulted in some transesterifica-
tion of 7a to the corresponding methyl ester, the use of trifluoro-
ethanol cleanly allowed deprotection of the benzyl ester to give
8a in almost quantitative yield. For the final cyclization, activation
of 8a as its pentafluorophenyl ester turned out to be necessary be-
cause the acid was not soluble in standard peptide coupling sol-
vents. N-deprotection of this ester then led to the cyclized
peptide 2a. The amine-containing analog 8b could be directly cyc-
lized by activation with diethylcyanophosphonate, yielding 2b. The
moderate yields in which 2 was obtained in the final cyclization
were a result of the very low solubility of the products, making
purification a laborious task. In both cases, sufficient quantities
of peptides were made available for standard characterization.?

The structural analysis of 2a and 2b was hampered by solubility
concerns. For example, it proved necessary to obtain IR spectra in
pyridine at relatively high concentrations (ca. 5 mmol). Under
these conditions, N-H stretching bands were observed at
3272 cm™! for 2a and 3276 cm~! and 3296 cm™! for 2b. Although

a b
(0]

= 24 "
bi B 0 1 —— Q ‘/Y 5:
SE 5l thH HN
®oo 4
= § &1 \—NH HN;z
o g o}

B 10 O)’\)""'

-12 , ,
190 210 230 250
Wavelength (nm) 9

Figure 3. (a) CD spectrum of 2b taken in methanol. (b) Cyclic B-peptide reported by
Seebach.'®

values of less than 3400 cm ' are generally considered consistent
with internal hydrogen bond formation under standard conditions
(typically 1 mmol in DCM),° we hesitate to read too much into
these results due to the differences in solvent and concentration.
However, it is not unreasonable to suggest that the hydrogen
bonding pattern indicated in Figure 2 is at least possible. In addi-
tion, ROESY NMR studies were done on 2a and 2b. These results
were ambiguous, suggesting that these macrocycles have a highly
dynamic structure. Only a few significant crosspeaks were ob-
served between distant protons (defined as 1,6 relationship or lar-
ger). There were a greater number of these peaks in the ROESY of
2b, suggesting a greater population in this compound, possibly
due to the conformational bias of NHZ substituent. One approach
that will be taken in future work will be to add further substituents
and other constraints to try to add more of a bias to the
macrocycles.

Compound 2b was also subjected to circular dichroism spec-
troscopy in methanol solution (Fig. 3a). The resulting spectrum,
as well as that of the B-peptide-derived macrocycle 9 reported by
Seebach (Fig. 3b, spectrum not shown),!® was similar to that ex-
pected for a random coil. The structural differences between these
different systems preclude any meaningful interpretation of this
result at the present time.

In conclusion, the present work demonstrates the synthetic fea-
sibility of cyclizing B-dipeptides with Ava linkers in a manner sim-
ilar to our previously published use of Aca linkers with o-
dipeptides. The resulting compounds are likely to take up turn con-
formations due to the simple fact that they are cyclic, but prelimin-
ary data are most consistent with a fairly extensive range of
possible interconverting conformations for the simple substitution
types shown. Future work will add substituents and further con-
straints!! in attempts to obtain more highly ordered and possible
biologically interesting structures.
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Bacteria do not always act alone. Rather, many bacteria can
assemble into multicellular communities and initiate processes
as a group that they are incapable of as individual cells.! These
group behaviors are largely under the control of a cell-cell signal-
ing pathway called quorum sensing (QS), and can play a significant
role in the establishment of both symbiotic and pathogenic rela-
tionships with eukaryotic hosts.? For example, virulence factor
production and biofilm formation is under the control of QS in
many clinically relevant pathogens.® QS is mediated by a chemical
language of low molecular weight signals, or autoinducers, and
their cognate protein receptors. Autoinducer-receptor binding oc-
curs once the bacteria reach a threshold cell density, and this bind-
ing event controls the transcription of genes necessary for bacterial
group functions. Interception of this binding event represents a
strategy to attenuate bacterial group behaviors, and has attracted
considerable interest in the drug development and chemical biol-
ogy fields.* Our laboratory recently developed several synthetic
autoinducer mimics that are capable of strongly antagonizing
and agonizing autoinducer receptors in a range of Gram-negative
bacteria.> Here, we report a third-generation set of autoinducer
mimics that are derived from these initial lead compounds and
that display significantly improved activities, most notably in the
symbiont Vibrio fischeri and pathogen Agrobacterium tumefaciens.

Proteobacteria use N-acylated i-homoserine lactone signals
(AHLs, Fig. 1) and cytoplasmic LuxR-type signal receptors as their
primary QS circuit.® One of the first approaches to modulate QS
in these bacteria was the development of non-native AHLs capable

* Corresponding author.
E-mail address: blackwell@chem.wisc.edu (H.E. Blackwell).
 These authors contributed equally to this work.
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Figure 1. Generic structure for AHLs (top left), structures of selected naturally
occurring AHLs (top right), and structures of our previously reported non-native
AHLs (PHLs 1-5, POHL 6, and PPHLs 7 and 8; bottom). Acyl chain carbon numbers
are shown for clarity for native AHLs.

of blocking or intercepting native AHL-LuxR-type receptor bind-
ing.” These autoinducer mimics retained the native L-homoserine
lactone, yet contained non-native acyl tails. The majority of our
synthetic QS modulators are of this structural class, and selected
AHLs (1-8) are shown in Figure 1. Compounds 1-6 and 8 represent



mailto:blackwell@chem.wisc.edu

http://www.sciencedirect.com/science/journal/0960894X

http://www.elsevier.com/locate/bmcl



G. D. Geske et al./Bioorg. Med. Chem. Lett. 18 (2008) 5978-5981 5979

X = | (0] o o
e St S
X2+/ Xs_:/
E1: X4 = 3-CHj E14: X, =H E26: X3 = 4-CHjy
E2: X4 = 3-OCH3 E15: X, = 4-CHj E27: X3 = 3-CHj3
E3: X4 =3-CF3 E16: X, = 3-CHj E28: X3 = 4-OCHj3
E4: X, = 4-CN E17: X, = 4-OCHj E29: X3 =4-F
E5: X, =3-CN E18: X, = 3-OCHj; E30: X3 =4-Cl
E6: X4 = 4-SCH3 E19: X, = 4-F E31: X3 =3-Br
E7: X4 = 3-SCH3 E20: X, = 4-Cl E32: X3=4-
E8: X, = 4-SCF3 E21: X, = 4-Br E33: X3=3-I
E9: X4 = 3,5-CF3 E22: X, = 4-| E34: X3 =4-SCHj3
E10: X; = 3-CF3, 4-F E23: X, = 4-CF4 E35: X3 =4-CF3
E11: X; = 3,4-Cl E24: X, = 4-NO, E36: X3 = 3-CF3
E25: X, = 3-NO, E37: X3 = 4-NO,
E38: X3 = 3-NO,

AL, Qs i
¥ O 7 ° ¥
E12 E13 <O E39

Figure 2. Structures of the acyl groups of the AHLs in Library E (E1-E39). All 39
AHLs have L-stereochemistry.

some of the most potent agonists and antagonists of LuxR-type
receptors that we have reported.’> These compounds are active
in V. fischeri, A. tumefaciens, and/or the opportunistic pathogen
Pseudomonas aeruginosa, and can be classified as phenylacetyl
HL (PHL, 1-5), phenoxyacetyl HL (POHL, 6), or phenylpropionyl
HL (PPHL, 7-8) derivatives. Our initial studies revealed that subtle
structural changes to the PHL phenyl ring, some as simple as
moving a substituent by one carbon, had marked effects on ligand
activity;>® our examination of the POHL and PPHL structure clas-
ses was far more limited, however. In the present study, we
sought to further explore the PHL, POHL, and PPHL structure clas-
ses as non-native QS modulators, and delineate additional SARs
for antagonists and agonists of LuxR-type receptors in A. tumefac-
iens, P. aeruginosa, and V. fischeri (TraR, LasR, and LuxR, respec-
tively). In addition, we sought to determine structural features
that rendered ligands selective for one receptor, or more. We de-
signed a 39-member library (Library E) that incorporated acyl
group functionalities that broadly fit into the PHL, POHL, and
PPHL structure classes (shown in Fig. 2). A brief discussion of
our choice of functional groups is valuable at the outset. In exam-
ining the PHLs, we sought to study the effects of the incorporation
of an expanded set of 3- and 4-substituents on agonistic and
antagonistic activity against LuxR-type receptors. We focused pri-
marily on 3-substituted PHLs, as these ligands are capable of
inhibiting LasR in P. aeruginosa, and in turn, strongly activating
LuxR in V. fischeri.>® In both organisms, substituents with some
steric bulk and electron-withdrawing capability yielded the most
active PHLs (e.g., 3-NO, PHL 4; Fig. 1). We also examined a small
set of PHLs with electron-withdrawing substituents in the 4-posi-
tion, as these compounds are strong inhibitors of TraR in A. tum-
efaciens and LuxR in V. fischeri (e.g., PHLs 1, 3, and 5). In this initial
study of the POHL and PPHL structure classes, we also selected
3-and 4-substituted derivatives for further examination. The 4-
OCF; POHL 6 was shown previously to be a moderate to strong
inhibitor of LasR and TraR, respectively.” In addition, 4-bromo
PPHL 8 is a potent inhibitor of TraR, LasR, and LuxR, while the
non-substituted PPHL 7 displays minimal activity against all three
receptors, suggesting that phenyl ring substitution patterns are
also important for activity in this structure class.

Table 1
ICso values for most active antagonists across the three strains®
Entry Compound A. tumefaciens E. coli V. fischeri
TraR® (uM) LasR® (uM) LuxRY (uM)
1 1 1.25¢ 7258 0.86°
2 2 —8 463 =
3 3 2.25¢ = 0.96°
4 4 = 0.61f -
5 5 0.81¢ = 0.61
6 6 0.46°" 4.67°f =
7 8 0.92¢ 0.34f 1.35
8 E1 - — 2.0 (91%)"
9 E2 = = 2.5 (85%)"
10 E3 - - 1.4
11 E6 8.4 = 2.1
12 E7 = = 15
13 E8 4.7 - 13
14 E10 = = 1.0%f
15 E11 2.4¢ = =
16 E12 42 = 0.94
17 E13 - = 13
18 E15 1.8 (84%)" - -
19 E16 1.1¢ 7.8¢ =
20 E17 43 - =
21 E19 2.7%f — —
22 E20 0.62¢ 4.7¢
23 E21 0.51%" 2.1 (67%)" 3.0
24 E22 0.44%" 2.0 (63%)" 1.9
25 E23 1.6°f — —
26 E24 0.29°f = =
27 E25 - - 2.4
28 E26 — 4.3¢f 2.2
29 E27 = 8.9°f 2.1
30 E28 - 6.8% -
31 E29 — 12¢f 2.7
32 E30 3.3 2.28f 0.97
33 E31 - 3.38f 0.53
34 E32 2.1 = 0.63
35 E33 — 1.8°f 0.39
36 E34 1.1¢ = 1.7
37 E35 0.21° = 22
38 E36 - - 0.50
39 E37 1.6¢ 3.0 (67%)" 0.99
40 E38 = 3.4°f 0.88
41 E39 - 3.4 -

2 See text for details of reporter strains. Values determined by testing compounds
over a range of concentrations (0.01-1 x 10° nM) against native ligand. All assays
performed in triplicate. See Supplementary data for plots of dose-response curves.
Bold italicized compounds are controls; key data for Library E is bolded. Control ICsq
data from Ref. 5a; see also Ref. 12.

> Determined against 200 nM OOHL.

¢ Determined against 20 nM OdDHL.

4 Determined against 3 tM OHHL.

¢ Dose-response curve upturned at higher concentrations; ICs5o value calculated
from partial antagonism dose-response curve. See Ref. 13.

f Dose-response curve did not fully level off over the concentrations tested due
to upturn.

& Not determined.

" Dose-response curve levels off, yet not at 100% inhibition. This could indicate
eventual upturn. Maximal inhibition level is indicated.

We synthesized Library E according to our previously reported
microwave-assisted synthetic route to AHLs.>® The 39 library
members were isolated in moderate to good yields (55-80%) and
high purities (91-99%) on a 10-20 mg/compound scale (see Sup-
plementary data).

Library E was evaluated for antagonistic and agonistic activity
in TraR, LasR, and LuxR using cell-based reporter gene assays
according to reported procedures.>® We utilized the following
three reporter strains that lack native AHL synthases: A. tumefac-
iens WCF47 (pCF372)° Escherichia coli DH5a. (pJN105L pSC11)'°
and V. fischeri ES114 (A-luxI)'! The A. tumefaciens and E. coli strains
produce the enzyme B-galactosidase upon TraR or LasR activation,
respectively, and ligand activity is measured using Miller absor-
bance assays. LuxR activation or inhibition in the V. fischeri strain
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Table 2

ECsp values for most active agonists across the three strains®

Entry Compound A. tumefaciens E. coli LasR V. fischeri

TraR (uM) (uM) LuxR (nM)

1 OOHL 0.20 s =
2 OdDHL — 0.01 —
3 OHHL — — 3.0
4 4 — — 0.35
5 6 = 6.3 (30%)° =
6 E5 = = 0.30 (75%)°
7 E8 — 3.4 (65%)° -
8 E9 - - 0.37 (70%)°
9 E32 - >10¢ -

10 E35 - >10¢ -

11 E39 = >10¢ =

2 See footnote a for Table 1. Control ECso data from Ref. 5a.

> Not determined.

¢ Dose-response curve reached a plateau over the concentrations tested, yet the
level of maximal induction was lower than that for the native ligand; ECsq value
calculated from this dose-response curve. Value in parentheses equals the maxi-
mum induction value achievable (at 100 pM ligand) relative to native ligand.

4 Dose-response curve did not fully plateau over the concentrations tested.

is reported by luciferase production. Antagonism assays were per-
formed in the presence of library compound and native AHL ligand
(at its approximate ECsq value), while agonism assays were per-
formed with library compound alone (see Supplementary data)
The native AHL ligands for A. tumefaciens (OOHL), P. aeruginosa
(OdDHL), and V. fischeri (OHHL) and compounds 1-8 (Fig. 1) were
used as controls for these assays.

The reporter gene assays of Library E revealed that 36 of the 39
library members exhibited strong antagonistic or agonistic activity
against one or more LuxR-type receptor. This high percentage of
‘hits’ (92%) serves to validate our third-generation library design
focused on PHLs, POHLs, and PPHLs. Thirty-four compounds were
identified that displayed inhibitory activities of >70% against TraR,
LasR, and/or LuxR. In turn, six compounds were identified as either
LasR or LuxR agonists, with activities of >50% in LuxR and/or >20%
in LasR (see Supplementary data for primary assay data.) To obtain
more quantitative data about the activity of these hits, we per-
formed dose-response assays in the three reporter strains and
determined either ICsq or ECsq values for the 36 compounds. These
values are listed in Tables 1 and 2, respectively. Here, we focus on
the most active LuxR-type receptor antagonists and agonists iden-
tified in Library E for brevity.

The most active TraR antagonists in Library E were POHLs and
PPHLs containing electron-withdrawing groups in the 4-position
(Table 1), with POHLs representing the largest subset of actives.!>
4-CF; PHHL E35 and 4-NO, POHL E24 were the most potent TraR
antagonists overall, with ICsq values 2- to 4-fold lower than control
PPHL 8 and control POHL 6 (~0.25 uM).!? Notably, E35 and E24
were capable of inhibiting TraR by 50% at a ~1:1 ratio with the na-
tive ligand OOHL, and represent the most active TraR inhibitors
that we have identified to date. The next three most active TraR
antagonists in Library E were all 4-halo POHLs (E20-E22), and dis-
played increasing antagonistic activity as halogen size increased
(Cl - Br — I). We previously found that 4-halo PHLs exhibit the
same pattern for TraR antagonistic activity,” and interestingly this
trend is continued in these one-atom-longer homologs. This activ-
ity trend was less apparent in the 4-halo PPHL series, however. In
terms of TraR agonists, no compounds with appreciable agonistic
activity were found in Library E (Table 2), again suggesting that
this receptor has stringent ligand-binding requirements (i.e., spe-
cific to OOHL) to adopt an active conformation.®

Similar to TraR, the most active LasR antagonists in Library E
were POHLs and PPHLs (Table 1). However, PPHLs were the largest
set of actives overall, with 3-1 PPHL E33 being the most active LasR
antagonist in the library (ICso = 1.8 uM). The four next most active

compounds were, in contrast to E33, all 4-substituted derivatives:
4-Br and 4-1 POHLs (E21 and E22), and 4-Cl and 4-NO, PPHLs (E30
and E37). The 4-halo POHLs exhibited the same activity trend in
LasR as they did in TraR, with 4-1 POHL E22 being the most active
antagonist in the series (ICso = 2.0 uM) and 2-fold more active than
control POHL 6. Notably, POHL E22 was also identified as a strong
TraR antagonist (see above). The 4-halo PPHL series, however, did
not exhibit a consistent antagonistic activity trend relative to the
POHLs, similar to the data for TraR. Surprisingly, the PHLs in Li-
brary E failed to exhibit appreciable antagonistic activity against
LasR. Indeed, the overall activities of the LasR antagonists identi-
fied in Library E were low relative to the controls, most notably
PPHL 8 and PHL 4. These data, along with those from an earlier
study,”® suggest that the PHL, POHL, and PPHL structure classes
contain more individual, potent LasR antagonists as opposed to
families of highly active ligands (as seen for TraR above and LuxR
below).

Turning next to LasR agonists, we identified four compounds in
Library E that showed weak LasR agonistic activity, one PHL and 3
POHLs (Table 2). The 4-SCF; PHL E8 was the most active agonist
overall, capable of activating LasR to 65% the level of native ligand
(OdDHL) at 300-fold higher concentration. Interestingly, PHL E8 is
also a weak antagonist of both TraR and LuxR (Table 1). To our
knowledge, no PHL activator of LasR has been reported to date,
so the identification of E8, despite its low activity, is noteworthy.

In contrast to the TraR and LasR screening data, the most active
LuxR inhibitors identified in Library E were all PPHLs (Table 1). Fur-
ther, the most active subset of these compounds had electron-
withdrawing substituents in the 3-position, as opposed to the 4-po-
sition (e.g., E31, E33, E36, and E38). The three most potent PPHLs
(3-1 E33, 3-CF3 E36, and 3-Br E31) all had lower ICsq values than
that of control PHL 5 and control PPHL 8 (~0.47 vs 0.61 and
1.35 uM, respectively), and were capable of inhibiting LuxR by
50% at a ~6-fold lower concentration than native ligand (OHHL).
These ligands are among the most potent LuxR antagonists that
we have discovered to date. Of note, 3-1 PPHL E33 was also identi-
fied as the strongest LasR inhibitor in this study (see above), fur-
ther highlighting the utility of PPHLs as a general class of LuxR-
type receptor modulators. This activity trend for PPHL antagonists
is intriguing, as we had previously observed that the one-carbon
shorter homologs, that is, PHLs, exhibit higher LuxR inhibitory
activity with substituents in the 4-position as opposed to the 3-po-
sition (see above).” Indeed, the PHLs in Library E, the majority of
which were 3-substituted, were all weaker LuxR antagonists rela-
tive to the 3-substituted PPHLs (see Table 1).

The 3-substituted PHLs did provide some exciting results in the
LuxR agonism assays, however (Table 2). Here, two 3-substituted
PHLs were uncovered as highly potent LuxR agonists (3-CN PHL
E5 and 3,5-CF; PHL E9), with ECsq values ~10-fold lower than that
of the native ligand (OHHL). Notably, PHL E9 has an ECsqy value
comparable to our previously reported LuxR activator, 3-NO, PHL
4, yet does not activate to the same threshold level (70% vs
~100%).2 (Intriguingly, the mono-substituted 3-CF; PHL E3 failed
to activate LuxR, and was a moderate antagonist instead; Table
1). Few synthetic LuxR-type receptor activators have been re-
ported; thus, the discovery of LuxR agonists E5 and E9 in Library
E is significant. In addition, this result serves to further refine our
previous SAR data for LuxR activators to include PHLs with specific
electron-withdrawing groups in the 3- or the 3- and 5-position.?

In summary, analysis of Library E has yielded a new set of syn-
thetic LuxR-type receptor antagonists and agonists. The most ac-
tive antagonists were largely POHLs or PPHLs with electron-
withdrawing groups in the 4- or 3-position, respectively. Several
antagonists had markedly improved activities relative to our initial
lead compounds, most notably E24, E33 and E35 in TraR or LuxR.
In addition, PHLs E5 and E9 were identified as strong activators
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of LuxR. These results serve to further underscore the utility of
screening focused AHL libraries for the optimization of existing
and the identification of new LuxR-type receptor modulators.
Ongoing work in our laboratory is focused on evaluating the Li-
brary E hits in phenotypic QS assays and will be reported in due
course.
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Chemical probes appended with reactive electrophiles afford powerful tools for profiling discrete protein
families in living cells. Herein, we have synthesized cell-permeable chemical probes that target fatty
acid-associated proteins. These fatty acid-based chemical probes contain acyloxymethylketone or
fluorophosphonate functional groups and an alkyne click chemistry tag for visualization of covalently
modified proteins by in-gel fluorescence scanning. Our fatty acid-based chemical probe affords new tools
to evaluate the activity/expression of lipid-associated proteins that should facilitate their functional
characterization and inhibitor discovery.

Published by Elsevier Ltd.

Fatty acids control diverse biological processes in microbes and
animals. The metabolism of fatty acids provides a principle carbon
source for energy in cells, the mis-regulation of which is at the
heart of metabolic disorders. Besides being a source of nutrients,
the composition of fatty acids inside cells influences basic pro-
cesses such as vesicle trafficking and protein activity.!> Moreover,
the covalent attachment of fatty acids onto proteins directly
modulates their subcellular localization and signaling properties.>
While some key functions of fatty acids have emerged, the
mechanisms that link lipid metabolism to discrete cellular pro-
cesses is less clear. New tools for fatty acid-associated proteins
(transporters, chaperones and enzymes) in cells should facilitate
their characterization in physiology and disease.

Chemical probes appended with detection tags have provided
new opportunities to analyze complex proteomes.*"® These mech-
anism- or activity-based probes covalently label specific protein
families and provide excellent tools to measure the expression
and/or activity of proteins in complex mixtures by virtue of the
appended detection tag.#~® The selectivity of these chemical probes
towards various protein families is determined by the reactive
functional groups chosen for covalent labeling, and the surround-
ing chemical scaffold.*® A variety of chemical probes have been
generated using covalent electrophilic traps for enzyme classes
with active-site nucleophiles such as serine hydrolases, cysteine
proteases, glycosidases, kinases, phosphatases and other protein
families.*® For enzyme families without reactive nucleophiles,
photocrosslinking groups have been appended onto chemical

* Corresponding author. Fax: +1 212 327 7276.
E-mail address: hhang@mail.rockefeller.edu (H.C. Hang).
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scaffolds to target proteases’~'! and histone deacetylases.
Non-directed chemical probes have also been generated to label
unanticipated protein activities.!* Furthermore, these chemical
probes also label amino acid residues beyond the active site of
enzymes and provide unique pharmacological tools to profile
diverse enzyme/protein families.!>~!” Attachment of detection tags
such as biotin onto chemical probes enables visualization and
identification of labeled proteins with streptavidin reagents. Alter-
natively, the introduction of fluorophores onto chemical probes
provides quantitative means for profiling the expression/activity
of protein families by in-gel fluorescence scanning.*-® In addition
to profiling specific protein families in different cell types, mecha-
nism- or activity-based probes have provided powerful tools for
annotating the function of uncharacterized gene products, classifi-
cation of small molecule inhibitor specificities and even revealed
novel regulatory mechanisms of enzymes.*®

The application of chemical probes to living cells should provide
new insight into the function of protein families not apparent in
cell lysates (Fig. 1A). Direct attachment of detection tags to chem-
ical probes has enabled the labeling of specific proteins in cell
lysates, but the pharmacological properties of biotin or fluorescent
dyes often precludes their passive diffusion into cells and also
influences specificity of protein labeling.>® The emergence of
bioorthogonal chemical reactions such as the Staudinger ligation
and Huisgen [3 +2] cycloaddition or click chemistry (Fig. 1B)
allows the installation of detection tags onto chemical probes after
protein labeling in living cells (Fig. 1A).'® For example, the intro-
duction of alkynes or azides onto various chemical probes enabled
the labeling of diverse protein families in living cells."®-22 Cell
lysates can then be prepared and reacted with phosphine- or
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Figure 1. Chemical probes targeted at fatty acid-associated proteins in living cells. (A) Administration of fatty acid-based chemical probes to live cells, followed by click
chemistry/in-gel fluorescence detection of labeled proteins. (B) Cu'-mediated Huisgen [3 + 2] cycloaddition or click chemistry. CuSO,, tris(2-carboxyethyl)phosphine (TCEP)
and tris-(triazolyl)benzyl amine (TBTA) reagents for click chemistry. (C) Fatty acid-based chemical probes. (D) Detection tags for click chemistry/in-gel fluorescence scanning.

azide-functionalized detection tags for the visualization of specifi-
cally targeted proteins.’®2? This two-step protein labeling and
detection approach has even allowed the imaging of the cysteine
protease cathepsin B within the endocytic vacuoles of primary
macrophages infected with intracellular bacterial pathogens such
as Salmonella typhimurium.2' Application of mechanism-based
probes to living cells therefore affords new opportunities to ana-
lyze the function of specific protein families in vivo. Herein we
describe the synthesis and characterization of cell-permeable
chemical probes targeted at fatty acid-associated proteins in living
cells and the detection of labeled proteins using click chemistry/
in-gel fluorescence scanning.

To explore the diversity of fatty acid-associated proteins in
cells, we designed azide/alkyne-modified fatty acid-based chemical
probes functionalized with reactive electrophiles (acyloxymethylk-
etone (AOMK) or fluorophosphonate) to target enzymes or proteins
that would utilize or bind fatty acids as well as fluorescent detection
tags for click chemistry analysis of covalently labeled proteins
(Fig. 1C). Fatty acid-based chemical probes containing the AOMK
functionality were synthesized to specifically target lipid-associated
proteins with reactive cysteines (1-4) (Fig. 1C). Chemical probes
containing the AOMK moiety have been shown to react with cys-
teine residues of proteases.?>?4 We also synthesized alkyne-modi-
fied fatty acid derivatives bearing alkyl- and fluorophosphonate
groups that should target nucleophilic serine residues (5 and 6)
(Fig. 1C).2>26 The synthesis of the AOMK probes proceeded by isobu-
tylchloroformate activation of azide/alkyne-fatty acids followed by
reaction with diazomethane generated in situ (Scheme 1). The
corresponding chloromethylketones formed were then reacted with
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(4) alk-14-AOMK =n: 2, R’  ss—H

di-2,6-trifluoromethybenzoate in the presence of potassium fluo-
ride to afford the azide/alkyne-modified fatty acid-AOMKs (1-4)
(Scheme 1). The alkyne-modified phosphonates were generated by
reaction of the terminal alkynyl-alkyl bromide with trimethylphos-
phine to yield the 16-carbon alkynyl-dimethylphosphonate (5)
(Scheme 1). Partial hydrolysis of compound 5 followed by fluorina-
tion with diethylaminosulfur trifluoride (DAST) afforded the 16-car-
bon alkynyl-methylfluorophosphonate (alk-14-MFP, 6) (Scheme 1).

With the fatty acid-based chemical probes in hand, we charac-
terized the ability of the AOMKs (1-4) and phosphonates (5 and
6) to selectively label proteins in living cells. The compounds
(1-6) were incubated in HeLa cells, a commonly used tumor cell
line, at 50 uM for 1 h. Cell lysates were then prepared and reacted
with azide/alkyne-rhodamine detection tags (az-rho or alk-rho)
under standard click chemistry conditions,?° separated by gel elec-
trophoresis and analyzed by in-gel fluorescence scanning. Cells
were lysed with buffer containing high detergent to maximize the
recovery of proteins from various cellular compartments and in
the presence of protease inhibitor cocktail to minimize
post-lysis labeling of proteins with chemical probes. A number of
proteins are labeled with the fatty acid AOMKs and phosphonate
probes (Fig. 2). The profile of polypeptides selectively targeted by
azide- and alkynyl-fatty acid AOMKs were similar, but the non-spe-
cific labeling of proteins with the alk-rho detection tag is more pro-
nounced (Fig. 2). We therefore proceeded with the alkyne-modified
chemical probes and az-rho for optimal click chemistry detection.
While the fatty acid AOMK probes have some overlap in the labeled
proteins, the shorter chain (1 and 3) and long chain (2 and 4) fatty
acid AOMK probes also labeled unique sets of proteins (Fig. 2).

B
NN N NN

(6) alk-14-MFP

Scheme 1. Synthesis of fatty acid-based chemical probes. Reagents and conditions: (A) acyloxymethylketones. i—(a) IBCF, NMM, CH,Cl,. (b) CH,No. (c) HCl/acetic acid (48-
50%). ii—KF, bis-2,6-trifluoromethybenzoic acid (35-45%). (B) Phosphonates. iii—P(OMe)s.(73%). iv—TMSBr, CH,Cl,. v—DAST, 0 °C (49%).
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These data demonstrate that different profiles of proteins are
targeted depending on the chain length of fatty acid AOMK probes.
In comparison to the AOMKs, the dimethylfluorophosphonate
probe (5) did not label proteins under conditions of the assay,
whereas the methylfluorophosphonate analog (6) targeted a large
number of proteins (Fig. 2). The differential reactivity of the dial-
kylphosphonates compared with fluorophosphonates in our exper-
iments is consistent with their observed inhibitory activities with
serine hydrolases in vitro.?’” Time- and dose-dependent analysis
of the fatty acid-based probes in cells demonstrates that the AOMK
probes (alk-12-AOMK 3 and alk-14-AOMK 4) protein labeling is
optimal at 50 pM and 30 min (Supplementary Fig. 1). The meth-
ylfluorophosphonate probe (6) protein labeling saturates at
approximately 20 pM and labels proteins after 10 min of incubation
with cells (Supplementary Fig. 1). These experiments demonstrate
our fatty acid-based chemical probes label unique profiles of
proteins in cells and that the alkyne-modified probes (3, 4 and 6)
provide superior visualization of labeled proteins using click chem-
istry/in-gel fluorescence scanning as compared to azide-modified
probes.

To survey the protein labeling selectivity of our fatty acid-based
probes, we performed competition experiments in cells with com-
pounds that react with nucleophilic cysteine and serine residues
on proteins or hydrolytic enzymes. Reactive amino acid residues
on proteins were blocked with either N-ethyl maleimide (NEM)
or broad-spectrum cysteine protease inhibitors?’: E-64 (cathep-
sins) and z-VAD(OMe)-fmk (caspases). Alternatively, nucleophilic
serine residues were blocked with phenylmethylsulfonylfluoride
(PMSF) or phospholipase A, inhibitors?®: methyl arachidonyl fluor-
ophosphonate (MAFP) or bromoenol lactone (BEL). HeLa cells were
pretreated with cysteine and serine reactive compounds for 1h
and subsequently incubated with our fatty acid-based probes
(3, 4 and 6), harvested and evaluated for selective protein labeling
(Supplementary Fig. 2). The majority of proteins targeted by fatty
acid AOMK (4) were blocked by NEM (Supplementary Fig. 2B),
whereas the profile of polypeptides labeled with fatty acid AOMK
(3) was only partially inhibited and altered by NEM (Supplemen-
tary Fig. 2A). Proteins targeted by the fatty acid AOMKs (3 and 4)
were not blocked by serine reactive compounds such as PMSF or
MAFP (Supplementary Fig. 2A and B). Interestingly, pre-incubation
of cells with BEL did not compete with protein labeling by the
AOMKs (3 and 4), but altered the profile of proteins that were tar-
geted. The competition experiments with alk-14-MFP (6), demon-
strated that NEM, PMSF, MAFP and BEL partially abrogated protein
labeling and also altered the profile of targeted proteins (Supple-
mentary Fig. 2C). The cysteine protease inhibitors E-64 and z-VA-
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D(OMe)-fmk did not reduce the labeling of any proteins targeted
by the fatty acid-based chemical probes (3, 4 or 6) (Supplementary
Fig. 2). These competitive labeling experiments in cells suggest
that the fatty acid AOMKs (3 and 4) label cysteine residues on
target proteins that are distinct from known cysteine proteases,
whereas alk-14-MFP (6) reacts primarily with proteins containing
nucleophilic serine residues. Interestingly, the fatty acid-based
probes (3, 4 and 6) appear to target discrete sets of proteins that
are not entirely blocked by known cysteine and serine hydrolase
inhibitors.

The generality of the fatty acid-based chemical probes (3,4 and 6)
was determined with a variety of cell lines. Compounds (3, 4 and 6)
were incubated with a panel of cell lines and the profiles of selec-
tively labeled proteins were evaluated. In general, unique profiles
of proteins were labeled in different cell types for all three chem-
ical probes (Fig. 3). Direct comparison of the fatty acid AOMKs (3
and 4) revealed both discrete and overlapping profiles of polypep-
tides labeled in various cell types, even though these two fatty
acid-based chemical probes only differ in structure by two methy-
lene units. The profile of proteins targeted by the fatty acid AOMKs
(3 and 4) also varies between cell types (Fig. 3), suggesting that
these compounds do not just target abundant house keeping pro-
teins but may indeed label specific proteins associated with the
function of individual cell types. The profile of proteins targeted
by the alk-14-MFP (6) in the different cell types was significantly
broader than the AOMKs (Fig. 3). Between the various cell types,
the alk-14-MFP (6) labeled overlapping as well as discrete sets of
proteins (Fig. 3). In general, our experiments with alk-14-MFP (6)
are consistent with other fluorophosphonate probes reported,?-°
although the exact chemical scaffold and cell types examined are
different. Collectively, these experiments demonstrate that our
fatty acid-based chemical probes (3, 4 and 6) function in a variety
of cell types and label a diverse profile of proteins, which depends
upon the fatty acid chain length and the reactive electrophile of the
probe.

To determine the reactivity of our chemical probes with a
fatty acid-associated protein or enzyme, we evaluated the label-
ing of cytoplasmic phospholipase A, in living cells. Cytoplasmic
phospholipase A, (cPLA;) is a broadly expressed serine hydrolase
that cleaves fatty acids such as arachidonic acid from glyceroli-
pids and is associated with cellular differentiation, cytotoxicity
as well as inflammation.>! HelLa cells were incubated with DMSO
or our fatty acid-based chemical probes (3, 4 and 6), lysed and
analyzed for cPLA, labeling after immunoprecipitation with
specific anti-cPLA, polyclonal sera. While the fatty acid AOMK
probes (3 and 4) do not covalently react with cPLA;,, the fluor-
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Figure 2. Analysis of fatty acid-based chemical probes in cells. Approximately 20 ng of cell lysate was loaded in each lane. Fluorescently labeled proteins were visualized with

Amersham Biosciences Typhoon 9400 variable mode imager with ex/em 532/580 nm.
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Figure 3. Profile of proteins targeted by fatty acid-based chemical probes in various cell types. Fatty acid probes 3, 4 and 6 were administered at 50 mM for 1 h. Cell lysates
were prepared and analyzed for selective protein labeling as described in Figure 2. HeLa, cervical cancer cells; DC2.4, murine monocytes; Jurkat, human T cell lymphoma; NIH

3T3, murine fibroblasts; RAW 264.7, murine macrophages.

ophosphonate probe alk-14-MFP (6) effectively labeled cPLA, at
the expected molecular weight (~96 kDa) as visualized by click
chemistry/in-gel fluorescence scanning and Western blot analysis
of cPLA, protein (Fig. 4). These results demonstrate that our
chemical probes can efficiently label fatty acid-associated pro-
teins/enzymes in cells.

Our studies with the fatty acid-based chemical probes describe
progress towards new chemical tools for targeting lipid-associ-
ated proteins in living cells. The global identification of specific
proteins labeled by our chemical probes is currently underway
and should afford important insight into the reactivity profile of
AOMKs and fluorophosphonate group in cells. These studies
should complement the analysis of other electrophilic chemical
probes!”” as well as fatty acid chemical reporters that target
fatty-acylated proteins.>? The ability to profile the expression/
activity of fatty acid-associated proteins/enzymes in living cells
should provide new opportunities to dissect their functions in
physiology and disease.

Cell lysate IP: cPLA,

MBP: = 6 3 4 - 6 3 4
120
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Figure 4. Chemical probe labeling of fatty acid-associated enzyme, cPLA,. Fatty
acid-based chemical probes 3, 4 and 6 were administered at 50 mM for 1 h in HeLa
cells. HeLa lysates and cPLA, immunoprecipitates were analyzed by click chemis-
try/in-gel fluorescence scanning as described in Figure 2 (upper panel). The amount
of cPLA; in cell lysates and immunoprecipitates were analyzed by Western blot
(lower panel).
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Aldol reaction

The Y265A mutant of alanine racemase (alrY265A) was evaluated as a catalyst for the synthesis of
B-hydroxy-oi-amino acids. It promotes the PLP-dependent aldol condensation of glycine with a range
of aromatic aldehydes. The desired products were obtained with complete stereocontrol at C,
(ee>99%, D) and moderate to high selectivity at Cs (up to 97% de). The designed enzyme is thus
similar to natural p-threonine aldolases in its substrate specificity and stereoselectivity. Moreover,
its ability to utilize alanine as an alternative donor suggests an expanded scope of potential utility
for the production of biologically active compounds.

© 2008 Elsevier Ltd. All rights reserved.

Aldolases are proficient catalysts for the stereoselective forma-
tion and cleavage of carbon-carbon bonds.! As a consequence,
they have found wide application in the production of diverse chi-
ral building blocks.* Nevertheless, natural biocatalysts are not nec-
essarily optimized for reactions outside the cell, so there is
considerable interest in expanding their scope and selectivity
through enzyme engineering.’

We recently showed that an alanine racemase (alr) from Geoba-
cillus stearothermophilus, can be converted into a retro-aldolase by
a single point mutation.® Replacement of one of the catalytic bases,
a tyrosine at position 265, with alanine decreases the starting epi-
merase activity by more than three orders of magnitude.” How-
ever, this same mutation also enables a completely new reaction,
the cleavage of p-configured B-phenylserines to give glycine and
benzaldehyde. The retro-aldol reaction exploits the inherent chem-
ical reactivity of the enzyme’s pyridoxal-5-phosphate (PLP) cofac-
tor together with the altered binding properties of the enlarged
active site.®9 In both activity and mechanism, alrY265A thus
resembles threonine aldolases,'® a completely different class of
PLP-dependent enzymes.

Natural threonine aldolases have been shown to be useful cata-
lysts for the synthesis of -hydroxy-o-amino acids, which are valu-
able precursors of pharmaceuticals and agrochemicals.'®'* In the
course of the enzymatic reaction, glycine is condensed with an
appropriate aldehyde to form two chiral centers. The stereoselec-
tivity of this process is typically highly stringent at C, either L or

* Corresponding author. Tel.: +41 44 632 31 76; fax: +41 44 632 14 86.
E-mail address: hilvert@org.chem.ethz.ch (D. Hilvert).
* These authors contributed equally to this work.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.031

D depending on the source of the enzyme, but less strict at Cg. Gi-
ven the functional similarities between alrY265A and threonine
aldolases, we wondered how well the reengineered racemase
would compare with its natural counterparts in the biocatalytic
production of B-hydroxy-o-amino acids—the microscopic reverse
of the previously studied cleavage reaction. Here we describe the
efficiency, selectivity and substrate scope of this catalyst.

The synthesis of B-phenylserine from glycine and benzaldehyde
was chosen as a model reaction to assess the synthetic capabilities
of alrY265A. The enzyme-catalyzed aldol condensations were car-
ried out in aqueous buffer, supplemented with PLP. Although the
solubility of benzaldehyde in water is limited, high concentrations
of both substrates are desirable to maximize the rate of the biomo-
lecular reaction. Moreover, as shown previously,'! a large excess of
glycine helps to shift the reaction equilibrium towards the aldol
product. We therefore used a 10-fold excess of donor over acceptor
(1 M of glycine, 100 mM benzaldehyde) in all cases. Typical reac-
tion times were 24 h. Since equilibrium is reached relatively slowly
in these systems (>48 h), the reactions are under kinetic control
under these conditions.'®

All reaction mixtures were monitored by analytical HPLC to as-
sess both yield and stereoselectivity. After 24 h at pH 8 and 30 °C,
p-B-phenylserine is formed in low yield but excellent de (Table 1,
entry 1). To optimize production of the aldol product several reac-
tion parameters were varied. Unlike p-threonine aldolases, which
require divalent metal ions for activity,'® addition of magnesium
ions had no effect on either the activity or selectivity of alrY265A.
However, the enzyme was found to be more efficient at higher
temperature, as expected given its thermophilic origin (Table 1,
entries 1-3). Raising the pH has an even greater effect (Table 1,
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Table 1
Effect of temperature and pH on the alrY265A-catalyzed synthesis of b-p-
phenylserine

Entry T (°C) pH Yield (%) de (%)
1 30 8 4 97
2 40 8 5 95
3 50 8 8 87
4 50 9 15 85
5 50 9.5 17 76

Conditions: 1 mL buffer solutions (pH 8-9.5) containing glycine (1 M), benzalde-
hyde (100 mM), PLP (50 pM) and alrY265A (4 U), ee >99% for all reactions. See
Supplementary Information for details.

Table 2
Substrate specificity of alrY265A in aldol reactions

? O
H) + R'\:)J\OH

NH,

PLP, alrY265A

50 °C, pH 9.5

K. Fesko et al./Bioorg. Med. Chem. Lett. 18 (2008) 5987-5990

entries 3-5). The highest yields of p-p-phenylserine were obtained
at pH 9.5 and 50 °C (Table 1, entry 5), although diastereoselectivity
decreases with increasing temperature and pH. For comparison,
natural threonine aldolases afford up to 80% yields of B-phenylser-
ine, reflecting their greater specific activity. Nonetheless, the dia-
stereoselectivity of alrY265A is comparable to that of the p-
specific enzyme from Alcaligenes xylosoxidans (98% de at 5 °C and
73% de at 40 °C) and superior to that of typical L-specific enzymes
like the threonine aldolase from Pseudomonas putida (20% de at
25°C).1?

Because the Y265K variant of alanine racemase has been re-
ported to promote the cleavage of p-B-phenylserine with some-

OH O OH O
H”%OH + H%OH
g¢ NH; R NH,
s anti
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Reaction time (h) Analytical yield (%) de (%) (syn)
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3 10 97
24 17 76
3 1

24 1 >97
3 20 93
24 55 85
3 12 40
24 36 40
3 <1

24 3 70
3 <1 —
24 <1 —
3 1

24 5 70
3 0 —
24 0 =
3 0 —
24 0 —
3 <1 —
24 <1 —
3 5 80
24 12 65

Conditions: 1 mL buffer solution (pH 9.5) contains glycine or alanine (1 M), aldehyde (100 mM), PLP (50 uM), alrY265A (4 U, 0.6 mM) at 50 °C, ee > 99% (D) for all reactions.

For details, see Supplementary Information.

@ The stereochemical assignment is based on the secondary coupling constants of the C; proton with the protons of the C, methyl group.
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what higher ke, and keai/Km parameters than alrY265A,° it was also
tested under the optimized conditions. It proved to be less effective
for the synthetic reactions, affording lower yields of the aldol prod-
uct than alrY265A (data not shown). It is possible that alrY265K is
less stable under the preparative conditions or that high concentra-
tions of benzaldehyde favor non-productive reactions with Lys265
at the active site, blocking the binding pocket.

The substrate scope of the alrY265A variant was subsequently
evaluated using a representative panel of aldehyde acceptors. As
shown in Table 2, the enzyme accommodates a range of benzalde-
hyde derivatives (Table 2, entries 1-7), but aliphatic aldehydes ap-
pear to be poor substrates (Table 2, entries 8 and 9). The observed
aldol products are formed with high stereoselectivity with respect
to the configuration at C,, affording exclusively p-amino acids
(ee >99%), and moderate to high selectivity at Cg (de, 40-97%).
The syn diastereomer is the dominant product in all cases.

As seen previously for threonine aldolases,'? the best substrates
are aromatic aldehydes bearing electron-withdrawing groups. The
highest conversion was obtained with 3-nitrobenzaldehyde, which
gave p-3-nitro-p-phenylserine in 55% yield and 85% de (entry 3).
When the nitro group is in the para position, both yield and diaste-
reoselectivity decrease somewhat: p-4-nitro-p-phenylserine, a pre-
cursor of a chloramphenicol isomer,'”"'® was obtained in only 36%
yield and 40% de (entry 4). 2-Nitrobenzaldehyde is an even poorer
substrate (entry 2), presumably for steric reasons. Benzaldehyde
derivatives with electron-donating amine or hydroxyl substituents
are weak electrophiles and generally give less than one percent
conversion (entries 5, 6). Judging from color changes in reaction
mixtures containing 2-hydroxy-, 3-hydroxy-, 4-hydroxy- and 3,4-
dihydroxybenzaldehyde (yellow to orange), oxidative side reac-
tions are a potential problem and may compete with the desired
aldol condensation. Nevertheless, reaction with piperonal (entry
7) appears promising, despite the low yield, since it provides a ster-
eoselective route to p-3,4-methylenedioxyphenylserine (70% de), a
precursor of DOPS and noradrenaline isomers.!%-2°

Interestingly, alrY265A also accepts p-alanine as a donor in the
aldol reactions. Such activity has not been seen with natural thre-
onine aldolases, but follows from the observation that the modified
racemase is able to cleave p-o-methyl-p-phenylserine.® Although
the aldol reaction between alanine and benzaldehyde did not re-
sult in detectable amounts of product under the standard reaction
conditions (entry 10), the more reactive 3-nitrobenzaldehyde gave
o-methyl-3-nitro-B-phenylserine in 12% yield and 65% de (entry
11).

Our results thus demonstrate that alrY265A can be used for the
semi-preparative production of B-hydroxy-o-amino acids. The
lower yields obtained with the reengineered racemase compared
with the natural enzymes presumably reflects its 100- to 1000-fold
lower specific activity. As a consequence, higher catalyst concen-
trations and longer reaction times are needed to achieve significant
conversions. Under these conditions, catalyst stability may be an
issue. Applications of natural aldolases have been optimized by
continuously removing the product from the reaction mixture.?!
The unfavorable equilibrium has also been successfully shifted in
the desired direction by coupling the aldol reaction with an irre-
versible decarboxylation catalyzed by a highly diastereoselective
tyrosine decarboxylase.?? This bienzymatic approach not only re-
sulted in quantitative conversions but also improved Cg selectivity.
Similar strategies are likely to extend the utility of alrY265A.

The stereoselectivity of the reengineered racemase (ee > 99%,
de > 40%) is of particular note, since it is at least comparable to that
of the best p-threonine aldolase in the literature,'>'>23 and signif-
icantly better than typical L-specific enzymes.!%13:152224-26 Thege
findings are consistent with genetic analyses showing that alanine
racemases and p-threonine aldolases share a common evolutionary
heritage, whereas L-threonine aldolases are evolutionarily unre-

lated.?” Furthermore, since the related enzymes are members of
the same structural class of PLP proteins, it will presumably be pos-
sible to augment the activity of alrY265A, and perhaps its selectiv-
ity, either via additional site-directed mutagenesis or by subjecting
the enzyme to multiple rounds of directed evolution.?®

The ability of the reengineered racemase to utilize alanine as a
donor in the synthetic aldol reactions is even more striking, as such
activity is unprecedented in other catalysts. It reflects the racemase
origins of alrY265A and highlights the advantage of an engineering
approach for accessing novel activities unavailable to naturally
occurring catalysts. B-Hydroxy-o,a-disubstituted-oi-amino acids
are interesting as enzyme inhibitors?*-3! and as conformational
modifiers of physiologically active peptides.>?** As a consequence,
improved versions of the reengineered racemase could be of con-
siderable synthetic utility, affording these densely functionalized
molecules in a single step from simple starting materials, namely
alanine and an aldehyde.

In summary, the Y265A mutant of alanine racemase is a viable
catalyst for the synthesis of B-hydroxy-o-amino acids. Although its
activity must still be optimized, its favorable stereochemical prop-
erties and unusual scope suggest promising opportunities for fu-
ture applications.
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Pantothenamides have been the subject of much study as potential inhibitors of CoA and carrier protein
dependent biosynthetic pathways. Based on an initial observation of growth inhibition in Escherichia coli
by 3, we have synthesized a small panel of pantetheine analogues and re-examined the inhibitory prop-
erties of this class of antibiotics with an emphasis on understanding the ability of these compounds to act
as substrates of native CoA and carrier protein utilizing biosynthetic pathways. Our findings suggest that
a secondary structure-activity relationship is an important factor in the antibiotic activity of these

© 2008 Elsevier Ltd. All rights reserved.

Coenzyme A (CoA)is an essential cofactor in living systems, func-
tioning as the major acyl group carrier in numerous metabolic path-
ways.! The bacterial CoA biosynthetic pathway was first elucidated
in Escherichia coli, where it was shown that five enzymes (CoaA,
CoaB, CoaC, CoaD, and CoaE) are responsible for the conversion of
pantothenate (vitamin Bs) to CoA (Fig. 1A).2 While this pathway also
exists in humans, comparison of the individual enzymes of the pro-
karyotic and eukaryotic CoA biosynthetic pathways has shown that
the two demonstrate very little sequence homology.> With reports
of bacterial resistance to traditional antibiotics becoming increas-
ingly common, the design of selective inhibitors of bacterial CoA bio-
synthesis presents a potentially novel antibiotic target.*

In addition to functioning directly as an acyl group carrier, CoA
is also the source of the 4’-phosphopantetheine arm used for acyl
group transfer in fatty acid biosynthesis (Fig. 1A).° In this pathway,
a phosphopantetheinyltransferase (PPTase) enzyme functions to
transfer the 4’-phosphopantetheine arm of CoA to a conserved ser-
ine residue of an apo-acyl carrier protein (ACP). The free thiol of
this posttranslational modification is then used as the site of
acyl-intermediate tethering during the loading, condensation,
and reduction reactions necessary for production of fatty acids.
ACPs and peptidyl carrier proteins (PCPs) are used similarly in
polyketide and nonribosomal peptide biosynthesis.®

In the past several years, it has been shown that many PPTases,
most notably Sfp from the surfactin synthetase pathway in B. sub-
tilis, have a relaxed substrate specificity which allows for the mod-

* Corresponding author. Tel.: +1 858 534 5673; fax: +1 858 822 2182.
E-mail address: mburkart@ucsd.edu (M.D. Burkart).
* These authors contributed equally to this work.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.078

ification of ACPs with CoA analogues in vitro.” When derivatized
with fluorescence or affinity tags, this property can be used for
the selective visualization and isolation of carrier protein utilizing
biosynthetic enzymes.® Our group has had a long-standing interest
in using PPTase promiscuity as a strategy for the investigation of
primary and secondary biosynthetic pathways in bacterial organ-
isms, which has lead us to investigate methods for the manipula-
tion of intracellular CoA pool as a means of labeling carrier
proteins. As CoA analogues cannot cross the cell membrane due
to their strong negative charge, we have examined the utility of
CoA precursors as in vivo carrier protein labels.’

Perhaps the most thoroughly investigated CoA precursors to
date have been the antibacterial pantothenamides.'® This class of
antibiotics, typified by N5-Pan (1), has been shown to inhibit E. coli
and Staphylococcus aureus growth.!! Originally postulated as inhib-
itors of the pantothenate kinase (CoaA) enzyme, it has since been
shown that these compounds act as competitive substrates of
CoaA, and are believed to exert their antibacterial activity through
interference with fatty acid biosynthesis by labeling of the E. coli
fatty acid ACP (Fig. 1B).'>13

During our own studies of CoA precursors we encountered an
interesting phenomenon relevant to the continued development
and study of this antibiotic class. Through the synthesis and eval-
uation of a large number of CoA precursors (henceforth referred
to as pantetheine analogues), we identified a single compound
(2) capable of modifying the E. coli fatty acid ACP in the native
organism (Fig. 1B).!4 Further, these studies showed that compound
2 was non-toxic to E. coli grown in minimal media at concentra-
tions >1 mM, while a structurally similar alkynyl pantetheine ana-
logue (3) possessed cytotoxic activity near equivalent to that of 1
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Figure 1. (A) Pathway for CoA biosynthesis and posttranslational modification of carrier proteins. (B) Pantetheine analogues can act as alternate substrates for these
pathways to form CoA antimetabolites. These CoA analogues can be processed by PPTases to form crypto-carrier proteins. (C) Structures of pantothenate and pantetheine

analogues (1-15) examined in this study.

(Table 3). These observations ran contrary to expectations, as it
was anticipated that the most toxic pantetheine analogues would
be those which labeled the E. coli fatty acid ACP most efficiently,
according to the proposed mode of action of these compounds.'?
These findings lead us to synthesize a small panel of pantethe-
ine analogues in order to examine in detail the influence of chain
length (4-9), oxidation state (10-11), and functionality (12-15)
on the ability to serve as CoA antimetabolites and inhibit growth
in E. coli (Fig. 1C).!> We first tested these compounds as substrates
of CoaA, the first enzyme of CoA biosynthetic pathway and the
rate-limiting step for the accumulation of CoA metabolites.!® In
past studies, we have correlated good turnover by CoaA with

Table 1

in vivo CoA production and carrier protein modification.!” As can
be seen in Table 1, many of the analogues exhibit good turnover
with some (1-3, 5, 10-11, 13) approaching the kinetic efficiency
of pantothenate. When examining the effect of chain length on
turnover of alkynyl pantetheines, 4 shows very poor catalytic effi-
ciency due mainly to its high Ky,,. This is indicative of weak binding,
a conclusion consistent with the crystal structure of E. coli CoaA
which shows the terminal acid of pantothenate having an impor-
tant role in binding. This can be replaced by interaction with an
amide which is missing in compound 4.* In contrast, 3 and 5 show
catalytic efficiencies in the range of the native substrate, while 6-9
show a decrease in efficiency that correlates to the length of the

Kinetic data for CoaA turnover of natural substrate (pantothenate) as well as pantetheine analogues 1-15°

Compound # Kin (UM) Vinax (UM s 1) Keae (min—1) Keat/Kmy (MM~ min—1)
Pantothenate 35.81 (+£6.00) 0.31 (+£0.01) 0.76 (£0.03) 21.13 (£1.93)
1 33.98 (+7.11) 034 (+0.02) 0.84 (+0.05) 24.59 (+2.88)
4351 (+3.4) 0.28 (+0.002) 0.69 (+0.01) 16.1 (0.53)
3 36.04 (+6.05) 031 (£0.02) 0.77 (+0.04) 21.38 (+2.11)
4 39650 (+123.7) 0.26 (+0.05) 0.64 (+0.12) 1.62 (£0.61)
5 34,04 (+10.72) 0.33 (£0.03) 0.81 (+0.07) 23.78 (+4.23)
6 40.34 (+12.95) 0.29 (£0.03) 0.72 (+0.07) 17.95 (+3.41)
7 40.00 (+14.26) 0.29 (+0.03) 0.72 (£0.07) 17.97 (+3.75)
8 47.80 (+14.62) 0.23 (+0.02) 0.56 (+0.05) 11.70 (2.22)
9 48.49 (+10.99) 022 (+0.02) 0.54 (+0.04) 11.11 (+1.53)
10 41.16 (+5.94) 0.38 (£0.02) 0.94 (+0.04) 22.85 (+1.96)
1 36.91 (+7.52) 037 (+0.02) 0.91 (x0.05) 24.65 (+2.88)
12 34,57 (+6.07) 0.22 (+0.01) 0.53 (+0.03) 15.43 (+1.52)
13 27.78 (+5.21) 0.26 (+0.01) 0.65 (+0.03) 23.49 (+2.33)
14 33.70 (£3.98) 0.25 (+0.01) 0.62 (+0.02) 18.29 (£1.20)
15 57.97 (+12.01) 0.26 (+0.02) 0.64 (+0.04) 10.96 (+1.49)

@ Values are means of three experiments, standard deviation is given in parentheses.
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analogue. This decrease in efficiency is from both binding and turn-
over, as Ky, increases and V,,,x decreases with the growing length
of the alkynyl pantetheine substrates. Compounds 8 and 9 high-
light another interesting trend seen in this panel, which is the det-
rimental effect of an amide bond at the natural thiol position of
pantetheine on CoaA turnover. This effect is most readily observed
by comparison of 12, 13, and 14, which demonstrates a steady de-
crease in catalytic efficiency with decreasing polarization of the
carbonyl (amide < carbamate < ester) at this position (see Table 1).

In comparing what effect degree of unsaturation has on turn-
over of pantetheine analogues by CoaA, the overall trend appears
to indicate marginally improved turnover for fully saturated al-
kyl-pantetheine analogues. While this effect is slight among those
pantetheine analogues terminating in propyl-derived chains (3, 10,
11), it can be clearly observed upon comparison of 1 to 6. A similar
effect is observed on comparison of amide bond-extended ana-
logues 12 and 15.

While kinetic values of pantetheine analogues with CoaA are a
good predictor of in vivo activity, many other factors, including cell
permeability and susceptibility to efflux pumps, impact the perfor-
mance of antimetabolites when administered to living cells. To
analyze the ability of these compounds to be processed by the
CoA biosynthetic pathway in vivo and to interact with carrier pro-
teins as CoA analogues, we utilized an in vivo assay.!” This assay
provides a qualitative measure of the ability of pantetheine ana-
logues to be processed by the endogenous CoA biosynthetic en-
zymes of E. coli by coupling CoA analogue production to the
modification of a carrier protein. To facilitate detection and isolate
CoA biosynthesis from variables such as carrier protein expression
and PPTase promiscuity, E. coli are first transformed with expres-
sion plasmids for a carrier protein, in this case the Fren-ACP from
the frenocylin polyketide synthase, as well as the PPTase Sfp, which
is known to have a very broad substrate specificity. After growth to
mid-log phase, the pantetheine analogue (1-15) is added at the
same time as IPTG, which induces expression of the reporter sys-
tem.'”> Compounds that exhibit uptake and processing by the na-
tive E. coli CoA biosynthetic pathway produce modified ACPs,
which demonstrate a mass shift characteristic of posttranslational
modification by each analogue, and can be observed by MALDI-TOF
(Table 2).

Having confirmed that the majority of these compounds are
capable of formation of CoA analogues in vivo, we sought to corre-
late our findings with their antibacterial activity in native E. coli. To
investigate the effects that additives present in the media might

have on antibiotic activity, we determined the MIC values for 1-
15 using E. coli K12 grown in both minimal (M9) media, as well
as in a richer, 1% tryptone broth which had been used to determine
MIC values in an earlier study of pantothenamides.!’!*

Inspecting the results, all of the analogues tested showed greater
growth inhibition in minimal media compared to rich media (Table
3).Theseresults show a direct correlation between toxicity and CoaA
kinetic profile for these compounds. This is to be expected, as it has
previously been shown that CoaA is the rate-limiting step for CoA
biosynthesis in vivo, and the antibacterial activity of these com-
pounds is believed to be dependent on their in vivo transformation
to CoA analogues. The major outliers in this respect are 2 and 13,
which possess good kinetics but do not show inhibition of E. coli at
concentrations up to 500 pM even in minimal media. Additional evi-
dence that these compounds act as CoA antimetabolites was pro-
vided by the observation that the inhibitory effects of the most
toxic members of this panel (1, 3, 5-6, 10-11) were greatly de-
creased by addition of the CoA precursors pantothenate and B-ala-
nine to the growth medium (Table 3). Among the alkynyl
analogues which initially inspired this study (3, 5-9), an increasing
MIC value is observed with growing chain length, mirroring the de-
clinein catalyticefficiency observed among this group. Interestingly,
among alkyl pantetheine analogues of the same chain-length (3 and
11, 1 and 6), changing the oxidation state from an alkyne to a satu-
rated alkyl chain lowers the MIC by a factor of two to four. However,
while 11 is sixfold more active than 1 in minimal media, administra-
tion of these same compounds to E. coli grown on rich media shows
11 to be at least 10x less toxic under these conditions.

The kinetic profiles, in vivo analysis, and inhibitory data gener-
ated here all support the previously held hypothesis that the antibi-
otic activity of pantetheine analogues is due to the production of CoA
analogues in vivo.'? However, the finding that saturated and unsat-
urated pantetheine analogues demonstrate rates of CoaA turnover
within error of one another (i.e., 3 and 11), yet show drastically dif-
ferent MICs suggests that CoA analogue production alone is not suf-
ficient for antibacterial activity. Based on our results it appears that
of the pantetheine analogues processed efficiently by CoaA, those
terminating in fully saturated alkyl groups are ideal for activity,
while substitution by unsaturated alkynyl chains and polar terminal
groups on the pantetheine chain (i.e., 2 and 13) results in decreased
or no growth inhibition. This suggests a secondary structure-activity
relationship for pantetheine analogue inhibition, in which one set of
structural characteristics is necessary for biosynthetic processing
and formation of CoA or ACP-analogues in vivo, while the identity

Table 3
Minimum inhibitory concentrations of pantetheine analogues 1-15 to E. coli grown in
different media and effect of additives

Table 2
MALDI-TOF data for in vivo modification of Fren-ACP by compounds 1-15
Compound # apo Modified Difference Expected
None (control) 8663 9000* 337° 342°
1 8660 9011 351 351
2 8663 9018 355 358
3 8663.7 8982 318.3 319
4 8661.1 — — 248
5 8664.9 8996 331.1 333
6 8662.2 9008 345.8 347
7 8665.8 9025.9 360.1 361
8 8663.4 9065 401.6 404
9 8666 9042 & 9350° 376° 376
10 8658 8979 321 321
11 8660 8982 322 323
12 8660 9042 382 380
13 8660 9046 386 381
14 8660 9058 398 396
15 8666 9039 373 376

Media compound # M9 Tryptone M9 + Pan?® M9 + B-Ala®
MIC (uM) MIC (uM) MIC (uM) MIC (uM)
1 6 50 500 250
2 >500 >500 nd® nd
3 4 >500 >500 >500
4 500 >500 nd nd
5 7.5 >500 >500 >500
6 15 >500 >500 >500
7 500 >500 nd nd
8 >500 >500 nd nd
9 >500 >500 nd nd
10 3 >500 250 125
1 1 500 500 250
12 >500 >500 nd nd
13 500 >500 nd nd
14 >500 >500 nd nd
15 500 >500 nd nd

2 Modification by native CoA of E. coli results in the expected mass shift.
> Compound 9 gives a large peak at 9350 in addition to the expected peak at
9042, possibly due to matrix interactions with the unsaturated activated alkyne.

2 Pan, addition of 1 mM pantothenate to growth medium.
b B-Ala, addition of 1 mM p-alanine to growth medium.
¢ nd, not determined.
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of the terminal group facilitates interaction of the CoA or ACP-ana-
logue with a biologically relevant target.

In E. coli, fatty acid ACP is estimated to be present in the cytosol
at concentrations approaching 1 mM. This abundance may explain
the observation that 2 is capable of ACP modification in native E.
coli without toxicity. Why then do alkyl pantetheine analogues 1
and 10-11 show increased inhibitory properties? Based on their
kinetics with CoaA, these analogues seem unlikely to modify ACP
at substantially higher levels than 2 in vivo. More likely, and in
agreement with the secondary structural features of antimicrobial
pantetheine analogues observed here, is the hypothesis that the
activity of alkyl pantetheine analogues is due to the differential
activity of alkyl-ACP-prodrugs to bind and disrupt the associated
lower abundance enzymes of fatty acid biosynthesis. Further eluci-
dation of this process may have important implications for design
of new members of this antibiotic class.
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fication and imaging. Here, we describe the application of two reactive methionine (Met) analogues,
azidohomoalanine (Aha) and homopropargylglycine (Hpg), to label two protein populations in fixed cells.
Reactive lissamine rhodamine (LR), 7-dimethylaminocoumarin (DMAC), and bodipy-630 (BDPY) dyes
were prepared and examined for use in selective dye-labeling of newly synthesized proteins in Rat-1

KEJ" words: fibroblasts. The LR and DMAC, but not BDPY, fluorophores were found to enable selective, efficient label-
Azide . . o L.

Alkyne ing of subsets of the proteome; cells labeled with Aha and Hpg exhibited fluorescence emission three- to
Proteomics sevenfold more intense than that of control cells treated with Met. We also examined simultaneous and
Fluorescence sequential pulse-labeling of cells with Aha and Hpg. After pulse-labeling, cells were treated with reactive
Click chemistry LR and DMAC dyes, and labeled cells were imaged by fluorescence microscopy and analyzed by flow
Microscopy cytometry. The results of these studies demonstrate that amino acid labeling can be used to achieve

selective two-color imaging of temporally defined protein populations in mammalian cells.
© 2008 Published by Elsevier Ltd.

Metabolic labeling provides a powerful approach to the charac-
terization of changes in the cellular proteome. Proteins in complex
biological mixtures can be labeled with ketones,'™ azides,>® or

alkynes® ! and subsequently affinity-tagged through a variety of Slmu”lagi%uépwse\ :’iﬁ‘;?ﬂ’ K \If-vi?]e_l*opmtems :Q%‘#
bioorthogonal  transformations.!>612-16  Metabolic  labeling '_j\._‘ lé 2) Labol Bpronie "‘\_7‘ lg
strategies have enabled the identification of proteins containing Sequential Pulse gl e vith g @ ‘.I-" =
many different post-translational modifications, including glyco- 1)H 20
sylation,'”~!° phosphorylation,?®?! farnesylation,?? and fatty acyla-
tion.23-25 o) \

Similarly, reactive amino acid analogues can be used to track HzN\AOH N 00 ide: Rz ¥ ~N3

’ T DMAC-azide: R=

spatial and temporal changes in protein synthesis.2®! In previous B = -
work, the Met analogues Aha and Hpg were used both to identify>? Met \S\ N DMAC-alkyne: Re 3L 2
and to visualize®® temporally defined subsets of the proteome
(Scheme 1). The amino acid tagging method is reminiscent of con- o K
ventional pulse-labeling with radioactive amino acids; the endog- HaN \;)koH AN~
enous cellular machinery places a reactive Met analogue at sites > LR-azide:R= 32~ Nz
normally occupied by Met within polypeptide chains. The newly \‘h . _
synthesized proteins, which contain either Aha or Hpg, are then Hpg LR-alkyne:R= 5,22
labeled with a fluorophore or affinity purification tag by selective o
copper-catalyzed azide-alkyne ligation.'*!> HoN \AOH

Fluorescent proteins or tetracysteine tags can be genetically z
fused to proteins to enable microscopic analysis of one or more N o 0
pre-selected proteins inside cells.>4=>® Genetic fusions have been Ana  Ng \_q 0 Y

BDPY-alkyne HN*(CHz)s‘SN/
* Corresponding author. Tel.: +1 626 395 3140; fax: +1 626 568 8743. Scheme 1. Two-dye labeling strategy and structures of Met, Hpg, Aha, and the
E-mail address: tirrell@caltech.edu (D.A. Tirrell). reactive fluorophores.
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used to image many cellular processes, including organelle dynam-
ics®”38 and biogenesis,*® protein phosphorylation,*® and protein
trafficking.354! Recently, Tsien and coworkers described a new
method, ‘TimeSTAMP’, which can define the age of genetically
modified proteins by clever use of drug-controlled, protease cleav-
age of epitope tags.*?

Two-color labeling of protein populations in cells can provide
new insight into global processes that rely on spatial and temporal
control of protein synthesis,>' such as bacterial infection,*
cancer,** or secretion.*>*® The method described here relies on
the simultaneous or sequential addition of two distinct reactive
metabolites to enable the fluorescent tagging of two protein popu-
lations within cells (Scheme 1). The first demonstration of two-dye
labeling of metabolically tagged cells was described in 2007 by
Chang and coworkers,*” who used flow cytometry to show that
cells treated with two reactive sugars could be labeled with dis-
tinct fluorophores.

Here, we report selective fluorophore-labeling of two tempo-
rally defined sets of proteins in mammalian cells. We prepared
three types of reactive, spectrally distinct fluorophores based on
the rhodamine, coumarin, and bodipy dye scaffolds (Scheme 1).
The reactive fluorophores were prepared by coupling 3-azidopro-
pylamine®® or propargylamine to commercially available amine-
reactive dyes. The combined use of two reactive fluorophores
(e.g., LR and DMAC) to dye-label proteins displaying Aha or Hpg
enables two-color fluorescence imaging of cells. We used fluores-
cence microscopy to evaluate each fluorophore for selective dye-
labeling of a single population of newly synthesized proteins in
Rat-1 fibroblasts. Cells were pulse-labeled for 3 h in media supple-
mented with 1 mM amino acid (Aha, Hpg, or Met). Cells were also
pre-treated with the protein synthesis inhibitor anisomycin (aniso)
prior to pulse-labeling to determine the contribution to labeling
from free amino acid. After pulse-labeling, cells were washed,
fixed, and blocked before dye-labeling. Cells were dye-labeled
in PBS (pH 7.5) containing 1 mM CuSO,4, 1 mM triscarboxyethyl-
phosphine (TCEP), 100 uM tris((1-benzyl-1H-1,2,3-triazol-4-yl)-
methyl)amine (TBTA),®*® and an optimized concentration of each
reactive dye: 10 uM DMAC-alkyne; 50 uM LR-alkyne; 10 uM
BDPY-alkyne; 50 uM DMAC-azide; 50 uM LR-azide. Cells were
washed before imaging on a confocal fluorescence microscope.

The reactive DMAC and LR fluorophores each provided bright,
selective labeling of newly synthesized proteins inside cells (Fig. 1).
The dyes had access to both the nucleus and cytoplasm, and both

Aha+aniso

Aha

LR-alkyne DMAC-alkyne

BDPY-alkyne

K. E. Beatty, D. A. Tirrell/ Bioorg. Med. Chem. Lett. 18 (2008) 5995-5999

types of fluorophore appeared to brightly stain the protein-rich
nucleoli.>® We did not observe dye-specific accumulation in any par-
ticular organelles (e.g., mitochondria or lysosomes). Both of the
DMACdyes and the LR-azide dye enabled consistent staining of cells,
while the LR-alkyne gave more varied levels of labeling among differ-
ent cells in a population. We recommend use of LR-azide, rather than
LR-alkyne, for this reason.

Flow cytometry was used to determine the extent of fluores-
cence enhancement. Cells treated with Aha or Hpg for 5h were
characterized by a mean fluorescence three- to sevenfold higher
than that of cells pulse-labeled with Met (see Supporting Informa-
tion, Fig. S2). Addition of anisomycin to cells prior to addition of
the reactive analogue reduced the mean fluorescence intensity to
the level observed for the Met controls.

Flow cytometry suggested that BDPY-alkyne also labels newly
synthesized proteins with good selectivity; Aha-treated cells
exhibited a 6.5-fold enhancement in mean fluorescence compared
to Met-treated cells (Fig. S2). In contrast, imaging experiments re-
vealed two problems. First, we observed large differences in the
level of staining from cell to cell. Second, and more problematic,
is the fact that the dye stained the same cytoplasmic structures
in control cells treated with Met or with [Aha+aniso] as in cells
treated with Aha. BDPY-alkyne might be useful for other applica-
tions, such as labeling of purified azide-tagged proteins, but we
cannot recommend it for labeling azide-treated cells. We are un-
sure why BDPY-alkyne appears to be selective by flow cytometry
but not by microscopy.

As described above, our preliminary experiments showed that
the LR and DMAC fluorophores enable selective labeling of newly
synthesized proteins in cells. Simultaneous pulse-labeling with
two reactive amino acids provides the simplest means of introduc-
ing two distinct tags into cells.*’ Rat-1 fibroblasts were pulse-
labeled for 5 h with 1 mM Met and several ratios of Aha to Hpg.
Different ratios of Aha to Hpg were evaluated because the kinetics
of aminoacylation probably differ for the two amino acids. We
found previously, using purified Escherichia coli methionyl-tRNA
synthetase, that k.,/Ky for Aha is approximately 25% larger than
that for Hpg.>! After the pulse, cells were labeled for 1 h with
50 uM LR-azide, washed, and labeled for 1h with 10 uM
DMAC-alkyne before imaging. Examination of individual cells by
fluorescence microscopy revealed that it is possible to selectively
dye-label both Aha and Hpg residues in newly synthesized proteins
(Fig. 2). Because the analogues were added simultaneously, the

Hpg+aniso

Met

ide

DMAC

LR-azide

Figure 1. Selective dye-labeling of newly synthesized proteins using azide or alkyne fluorophores. Confocal fluorescence imaging of Rat-1 fibroblasts grown for 3 h in media
containing 1 mM Met, 1 mM Aha, or 1 mM Hpg. Control cells were pre-treated with the protein synthesis inhibitor anisomycin (aniso) prior to pulse-labeling. Cells were dye-
labeled with 10 uM DMAC-alkyne, 50 uM LR-alkyne, 10 uM BDPY-alkyne, 50 pM DMAC-azide, or 50 uM LR-azide. Scale bar represents 20 pum. Corresponding DIC images can

be found in the Supporting Information (Fig. S1).
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DMAC-alkyne
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180
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Figure 2. Fluorescent images of Rat-1 fibroblasts simultaneously pulse-labeled with two reactive amino acids. Cells were pulse-labeled for 5 h with 1 mM Met, 1 mM Aha,
and 1 mM Hpg (1:1), 3 mM Aha and 1 mM Hpg (3:1), or 1 mM Aha and 3 mM Hpg (1:3). Cells were fixed and blocked before dye-labeling with LR-azide and DMAC-alkyne.

Images were false-colored in Image]. Scale bar represents 20 pm.

Pulse A: 3 h

Hpg
Pulse B: 2 h

Aha

Aha Hpg

Hpg Met

DIC

DMAC

LR

Met

Figure 3. Fluorophore labeling of two distinct populations of proteins in Rat-1 fibroblasts. Cells were pulse-labeled for 3 h with an amino acid (Pulse A), washed, and then
pulse-labeled for 2 h with a second amino acid (Pulse B). Cells were fixed and blocked before dye-labeling for 1 h with 50 pM LR-azide and 1 h with 10 uM DMAC-alkyne. The
overlay shows both the DMAC (green) and LR (red) fluorescences. Scale bar represents 20 pm.

distribution of labeling should be similar for the two fluorophores.
The false-colored micrographs indicate that both dyes label the en-
tire interior of the cell, although LR-azide appears to stain the
nucleus more brightly than DMAC-alkyne. Background labeling
by LR-azide is also slightly higher than that observed for DMAC-al-
kyne. While ideally the dyes would behave identically, we are
satisfied that we have identified two reactive fluorophores that
stain similarly.

We sought to label two temporally defined populations of pro-
teins by sequential addition of two amino acid analogues. Rat-1
fibroblasts were pulse-labeled for 3 h in media supplemented with
either Aha, Hpg, or Met. At the end of the first pulse, cells were
washed and incubated 15 min to deplete the first amino acid.
The medium was replaced, and the fresh medium was supple-
mented with one of the three amino acids for the second pulse
(2 h). As described above, fixed cells were dye-labeled for 1 h with
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Figure 4. Flow cytometry contour plot of two-dye labeled fibroblasts. Cells were
pulse-labeled for 3 h with 1 mM amino acid (Pulse I), washed, and then pulse-
labeled for 2 h with 1 mM of a second amino acid (Pulse II). Cells were fixed and
blocked before dye-labeling with LR-azide and DMAC-alkyne. A: Cells were pulse-
labeled with 1 mM Aha, followed by 1 mM Met [Orange: Aha—Met]. B: [Magenta:
Aha—Hpg]. C: [Green: Hpg—Aha]. D: [Gray: Met—Met]. E: [Blue: Hpg—Met]. For
each sample, 50,000 total events were collected. Dead cells and debris were
excluded from analysis using forward scatter and side scatter.

LR-azide followed by 1 h with DMAC-alkyne. Individual cells were
examined for two-color labeling using confocal fluorescence
microscopy (Fig. 3). For cells treated with both reactive analogues,
bright LR and DMAC fluorescences were observed. As expected, for
cells treated with Met and Hpg or with Met and Aha, only LR fluo-
rescence or DMAC fluorescence, respectively, was detected. For
cells pulse-labeled twice with Met, only background fluorescence
was observed. The imaging results were validated by flow cytom-
etry of cells sequentially pulsed with two analogues (Fig. 4). Com-
pared to cells pulse-labeled with Met, cells pulse-labeled with both
Aha and Hpg showed substantial LR and DMAC labelings. Cells
treated with a single reactive amino acid were labeled by a single
dye.

We obtained similar results upon reversing the order of addi-
tion of the dyes (i.e., DMAC-alkyne for 1 h, then LR-azide for 1 h).
We also tested two-dye labeling with DMAC-azide and LR-alkyne,
and observed efficient labeling by fluorescence microscopy and
flow cytometry (Figs. S3 and S4). As mentioned above, LR-azide
is a more reliable reactive fluorophore than LR-alkyne for one-
dye labeling, and this holds true for two-dye labeling. Finally, it
should be noted that two-dye labeling of proteins worked in every
cell type examined. Notably, the rat exocrine cell line AR42] en-
abled sequential pulse-labeling with shorter (1 h) pulse lengths
(Fig. S5).

The work described here introduces reactive LR and DMAC dyes
that enable two-color labeling of temporally defined protein popu-
lations in mammalian cells. Labeling is easily observed by flow
cytometry and fluorescence microscopy. The dyes and methods
developed in this work should find many uses in studies of the
temporal and spatial character of protein translation.
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The peptide ligase subtiligase, derived from subtilisin, has been employed in the identification of protein
N-termini in complex mixtures. Here, the peptide ester substrates for the ligation reaction were opti-
mized with respect to solubility, resulting in greater incorporation of the N-terminal tags. Additionally,
the quantitation of the incorporated tags was explored, and a ‘click’ chemistry-based derivatization pro-
vided the ability to quantitate the tag to low nanomolar concentrations by sandwich ELISA. These new
tags should expand the utility of subtiligase for the proteomic study of N-termini.

© 2008 Elsevier Ltd. All rights reserved.

The study of the proteome is aided by tools that can separate
specific subsets of proteins. For example, in studying post-transla-
tional modifications (PTM), methods for enriching phosphopro-
teins and phosphopeptides have been developed.! One common
PTM in biology is the production of new N-termini by proteolysis;
another is the modification of N-termini through acetylation®* or
myristoylation.* Several laboratories have described indirect
means for isolation or enrichment of N-terminal peptides. These
techniques include strong cation exchange chromatography of
tryptic peptides,®> and the chemical labeling of amine-containing
functionality in the proteome® followed by either diagonal chro-
matography’ or affinity purification.® Alternatively, our laboratory
has developed a direct enzymatic method to affinity tag and enrich
for the subset of proteins with free N-termini in order to character-
ize cellular substrates of proteolysis, or, more generally, character-
ize the ensemble of native N-termini. A recent study using this
method identified nearly three hundred caspase substrates and
their precise cleavage sites from apoptotic Jurkat cells.’?

This method utilizes subtiligase, a variant of the protease subtil-
isin BPN’ that contains a cysteine residue in place of the active site
serine-221 and an alanine residue replacing proline-225.1° Unlike
the wild-type enzyme, the resulting double mutant has negligible
protease activity, yet it can efficiently acylate free N-termini of
peptides or proteins using ester substrates. The workflow for the
application of subtiligase to the study of the proteome is outlined
in Scheme 1. A complex mixture of proteins is N-terminally labeled
with subtiligase using a peptide ester containing a biotin affinity

* Corresponding author. Tel.: +1 415 514 4498; fax: +1 415 514 4507.
E-mail address: jim.wells@ucsf.edu (J.A. Wells).
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tag and a TEV protease!!!? cleavage site. Tagged proteins are sep-

arated from the unincorporated tag and digested with trypsin.
Tagged N-terminal peptides are captured on avidin beads, cleaved
off the beads by TEV protease treatment, and analyzed by LC-MS/
MS. While approximately 80% of N-termini are blocked in mamma-
lian cells, mostly due to acetylation,'>!* certain populations of pro-
teins are believed to have a greater fraction of free N-termini.
These include signal-sequence-dependent proteins transported
across membranes, such as nuclear-encoded mitochondrial
proteins.!>®

While this approach is a powerful and sensitive tool for identi-
fying free protein N-termini and the precise sites of proteolysis, it
has limitations. Subtiligase will hydrolyze the ester substrate and
ligation yields vary depending on the accessibility and, to some ex-
tent, on the nature of the N-terminal residues.'® In principle,
increasing amount of peptide ester will increase the extent of the
ligation reaction by providing more ester for ligation before it is
consumed by hydrolysis. TEVest2 (1, Table 1), the prototypical
peptide ester, is somewhat insoluble in aqueous solution and can-
not be used at concentrations higher than 1 mM.

Here, we explored whether it would be possible to improve the
yield of the tagging reaction and increase proteomic coverage by
producing more soluble peptide esters. The general strategy in
these designs was to add basic or acidic residues such that the
net charge of the ester would be strongly positive or negative at
neutral pH. Some of the esters were conjugated to biotin using a
PEG-type linker instead of the two aminohexanoic acid residues
in 1. In addition, to facilitate the routine quantitation of the tagged
proteins in complex mixtures by sandwich ELISA, the incorporation
of 3-nitrotyrosine and propargylglycine residues into the esters
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Scheme 1. (A) Structure of peptide ester 1 with ligation and TEV protease cleavage
sites annotated. (B) Proteomics workflow for N-terminal labeling using subtiligase.
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was also investigated. The primary structures of the peptide esters
and their solubilities are listed in Table 1.

Ester 2, a derivative of TEVest2 (1) that contained an additional
four glutamic acid residues at the N-terminus of the peptide por-

Table 1
Peptide ester structures and solubilities

Ester  Sequence Solubility (mM)

Biotin-AhxAhXxGGTENLYFQSY-glc-Y-NH2 ~1-2
Biotin-AhxAhx-EEEE-GGTENLYFQSY-glc-Y-NH2 ~10
Biotin-Linker-dRARARAR-prG-TENLYFQSY-glc-R-NH2 >40
Biotin-Linker-dRARARAR-GTENLYFQS-prG-glc-R-NH2 >50
Biotin-Linker-dRARAR-prG-TENLYFQSY-glc-RR-NH2 >40

Biotin-Linker = HN\@ \/\)L /\/6\ /V JK/\/U\S‘e

Ahx = 6-aminohexanoyl
prG = L-propargylglycinyl
glc = glycoloyl

Gbh WN =

tion, showed improved solubility. However, a much greater in-
crease in solubility was observed with analogs that instead
contained additional arginine residues (3-5). We chose to incorpo-
rate p-arginine in order to preserve the integrity of the tag during
the trypsin digest step of the proteomic workflow.

We also wished to produce peptide analogs that could be used
to introduce functionality for quantitation and labeling post-TEV
protease cleavage. Quantitation would be an important new fea-
ture allowing users to analyze how much labeling one has in the
sample prior to any further fractionation and LC-MS/MS. We chose
to test incorporating 3-nitrotyrosine since this single residue can
be used in very quantitative and sensitive ELISA assays.!” Peptides
containing this residue, however, were significantly less soluble.
Alternatively, we found that propargylglycine could be incorpo-
rated without loss in solubility. The terminal alkyne side chain of
propargylglycine provides a ‘click’-able handle for derivatization
with a variety of functional groups post-subtiligase labeling using
the copper-catalyzed alkyne-azide cyclization reaction'®!® with
an azide-bearing chemical tag. Ester 4 was thus designed to com-
bine some of the features of a highly soluble peptide ester and con-
tain a propargylglycine residue immediately N-terminal to the
ester group. Since non-B-branched hydrophobic residues at this
position are good substrates for subtilisin?>?! it was anticipated
that the propargyl side chain would be well tolerated. At this posi-
tion, the propargylglycine residue can function in two roles. First, it
can function as a tag for derivatization and quantitation, in
principle along the entire workflow and not only prior to the TEV
protease cleavage step as with 3. Second, as a non-natural amino

A 1 mM 10 mM
Ester 1 3 4 5 3 4 5
188 — ! !
98 — 1
) [ +
62 = N :
5 =4 gy B L S -
38 - o ’
| . &
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17 | =
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Figure 1. Avidin blots of ligation reactions in Jurkat cell lysates. (A) Comparison of
peptide esters at 1 mM and 10 mM. The limited solubility of 1 precludes its use at
10 mM. (B) Lysates incubated with increasing concentrations (1, 2, 4, 7 and 10 mM)
of peptide ester in the presence of 10 uM subtiligase.
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acid, it will produce unique a, and b, ions when tagged peptides
are fragmented during tandem mass spectrometry. Abundant a,
and b, ions, corresponding to the residual serine and tyrosine res-
idues of the tag, are observed with a QqTOF instrument when ana-
lyzing proteomic samples labeled using ester 1 and are a hallmark
of tagged N-terminal peptides. The incorporation of propargylgly-
cine instead could provide an even more distinct signature.

The performance of the new esters was assessed by small-scale
ligation reactions with Jurkat cell lysates, which were then ana-
lyzed by SDS-PAGE and blotted with streptavidin to detect the
incorporated tag (Fig. 1). At 1 mM, all the esters show comparable

A

tagged protein

B Nitrotyrosine ELISA
50000
r
O 25000
0 T T
10 100 1000

Concentration 3 (nM)

Figure 2. Quantitation of tagging by derivatization and ELISA. (A) Tagged proteins are
captured on an analytical scale in neutravidin-coated 96-well plates. The propargyl-
glycine residue is derivatized using a copper(I)-catalyzed azide-alkyne cyclization
reaction and the incorporated 3-nitrotyrosine is quantitated using an antibody
conjugated to horseradish peroxidase (HRP). (B) ELISA using peptide ester 3.

or modest improvements in labeling compared to 1. However, at
higher concentrations the more soluble penta-Arg containing es-
ters (3, 4, and 5) showed significantly higher levels of labeling.
Redistribution of some of the Arg residues from the N- to the C-ter-
minal side of the ester (compare 3 vs 5) did not significantly alter
their performance. Ester 4, which introduces a propargylglycine
residue directly adjacent to the ligated protein’s N-terminus, does
not appear to perform as well with respect to labeling as 3 or 5 but
is still significantly better than 1. We note that esters 3, 4, and 5
caused some protein precipitation in cell lysates. It is known that
proteins containing N-terminal polyarginine tags are less thermo-
stable,?? but we could prevent precipitation by the addition of so-
dium chloride, urea or guanidinium chloride.

As a model to test the performance of a quantitation strategy
involving derivatization of a propargylglycine residue (Fig. 2a),
tripeptides consisting of (Ac)GlyTyr(NO2)Ala, a PEG linker and an
azide group were prepared. The derivatization of the propargylgly-
cine residue of 3 pre-bound to neutravidin in 96-well plates pro-
ceeded efficiently under typical conditions (Fig. 2b). The large
excess (250 equivalents or greater) of the azide-bearing nitrotyro-
sine peptide appears to ensure the complete reaction of the avidin-
immobilized 3, as standard curves using peptides containing
nitrotyrosine residues and pre-derivatized peptides showed simi-
lar sensitivity compared to standard curves prepared by on-plate
derivatization. Using this assay, 3 can be reliably detected at
30 nM, a level of sensitivity that allows quantitation of ligated N-
termini to an estimated lower limit of 0.2% of free N-termini in a
eukaryotic cell lysate. In practice, the material analyzed would be
a complex mixture of proteins, with some fraction N-terminally la-
beled and any residual unreacted tag removed by gel filtration.

In summary, we have developed new peptide esters as subtilig-
ase substrates for use in the proteomic labeling of free N-termini.
By incorporating several additional arginine residues, the solubility
of the peptides is markedly improved, and the ligation reaction can
be driven further by the addition of more ester. Adding propargyl-
glycine residues into the peptide esters allows the quantitiation of
the labeled N-termini by sandwich ELISA following derivatization
with a nitrotyrosine and azide containing peptide. These features
should to expand the utility of subtiligase for the study of proteol-
ysis and other PTMs of protein N-termini.
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ing an amber suppressor ECtRNAEE“A with at least eight different amino acids including methionine and
cysteine homologs, as well as straight chain aliphatic amino acids. In addition we show that incorporation
yields for these amino acids can be increased substantially by mutations in the editing CP1 domain of the
E. coli leucyl-tRNA synthetase.
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Site-directed mutagenesis has proven to be a powerful tool in H,N s H,N SH
protein biochemistry, making it possible to systematically analyze I\Nrn\ pn
protein structure-function relationships, as well as to generate HO™ ™0
proteins with new or enhanced properties. However, this method
is limited to substitutions among the 20 canonical amino acids, se- 1n
verely restricting the nature of structural modifications that can be 2n
made. We have developed methods that significantly expand the
number of amino acids that can be genetically encoded in bacteria,
yeast, and mammalian cells."”® This approach not only allows HoN
building blocks with novel properties and reactivities (e.g., photo- W
crosslinkers,* metal ion chelators,” a-hydroxy acids,® keto contain- HO™ "0
ing amino acids,” fluorophores®® etc.) to be site-specifically

. . .. . ; 6 n = 3; 2-aminodecancic acid
introduced into proteins, it also allows one to precisely tailor the 7 n =2: 2-amihononanoic acid
structure of a particular amino acid in a manner that cannot gener- 8 n =1; 2-aminocaprylic acid

ally be achieved with classical mutagenesis methods. In an effort to
provide new thiol and thioether containing amino acids, we now
report the generation of an orthogonal, amber suppressor tRNA/
aminoacyl-tRNA synthetase pair in yeast that incorporates a vari-
ety of methionine (1 and 2, Fig. 1) and cysteine homologs (3-5),
as well as straight chain aliphatic amino acids (6-8). These amino
acids should prove useful in exploring the effects of side-chain
packing and disulfide bonds on protein folding and stability, and
may provide novel ligands to metal ions in metalloproteins. 2-aminocaprylic acid (8, Fig. 1),'° and was therefore expected to
To incorporate methionine and cysteine homologs into proteins provide a good starting point for evolving active sites that bind

in yeast, we used an Escherichia coli-derived amber suppressor leu- amino acids 1-5. To alter the specificity of ECLRS, the active site
cyl-tRNA/leucyl-tRNA synthetase (ECtRNAq, /ECLRS) pair that has residues Met40, Leu41, Tyr499, Tyr527, and His 537 were random-
ized by NNK saturation mutagenesis. Since no structure for the

~* Corresponding author. ECLRS has been published to date, these sites were chosen on the
E-mail address: schultz@scripps.edu (P.G. Schultz). basis of the crystal structure of the highly homologous Thermus

Figure 1. Structures of thiol, thioether, and aliphatic amino acids.

been previously shown to function efficiently in Saccharomyces
cerevisiae, but does not cross react with any of the endogenous
tRNAs and aminoacyl-tRNA synthetases in yeast (i.e., this pair is
orthogonal in yeast). Moreover, this aminoacyl-tRNA synthetase
has already been mutated to incorporate the unnatural amino acid

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.09.050
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thermophilus leucyl-tRNA synthetase (TtLRS).!' The construction of
these libraries has been described elsewhere.'® Selections were
performed in S. cerevisiae strain MAV203:pGAD-Gal4(2TAG). This
strain harbors a Gal4 transcriptional activator that has amber
(TAG) codons at two permissive sites, Thr44 and Arg110. Suppres-
sion at these site controls the expression of three reporter genes
lacZ, his3, and ura3. For positive selections, aminoacylation of
EctRNAY}, in the presence of 1 mM unnatural amino results in
growth on media deficient in uracil (—Ura). Aminoacyl-tRNA syn-
thetases that charge EctRNALY, with endogenous amino acids are
then removed by selection in the absence of unnatural amino acid
on 0.1% 5-fluoroorotic acid, which is converted to a toxic com-
pound by the ura3 gene product.'?

Selections were initially performed using the methionine and
cysteine homologs 1 and 3, respectively, and 2-aminocaprylic acid
(8) as a positive control. After selection on 1 (3 positive and 2 neg-
ative rounds) two unique clones were obtained that permitted
growth on —Ura media in the presence of 1 mM of the unnatural
amino acid. Similarly nine unique clones were obtained for the po-
sitive control (8). Unfortunately, no hits were obtained from selec-
tion on the long-chain cysteine analog, 3. Table 1 summarizes the
active site mutations obtained for each of the selected EcLRSs.
Analysis of these sequences reveals that residues 40, 41, 499, and
527 are enriched for hydrophobic residues (Ala, Val, Leu, Met,
and Ile) which likely allow for packing around the hydrophobic al-
kyl chain of both 1 and 8. His537 showed complete convergence to
glycine for all selected synthetases. This same mutation was pres-
ent in previously reported aminoacyl-tRNA synthetases selected
against 2-aminocaprylic acid.’® Analysis of the TtLRS crystal struc-
ture shows that His537 (His545 in TtLRS) lies just above the leucine
side chain.!" Mutation of this residue to glycine likely produces a
larger cavity in the active site which allows longer amino acids
such as 1 and 8 to bind while at the same time reducing the affinity
of the enzyme for its cognate leucine amino acid.

The striking similarity between EcLRS mutants isolated from
selections with 1 and 8, as well as the structural similarity of the
two amino acids suggested that there could be some cross reactiv-
ity of the mutant enzymes to both amino acids. To examine this
potential, ECLRS mutant DHE6 (EcLRS-DHE6) was cotransformed

Table 1
Active site mutations for ECLRSs selected on either dihomomethionine (1)* or 2-
aminocaprylic acid (8)°

Synthetase 40 41 499 527 537
Wild-type Met Leu Tyr Tyr His
DHA5? Leu Trp Ile Thr Gly
DHEG*? Ile Leu Ile Ala Gly
CapB11® Ile Leu His Val Gly
CapD7° His Leu Ser Ser Gly
CapE9® Ile Met Leu Thr Gly
CapE11 Ala Thr Ser Val Gly
CapF9P® Val Ser Gln Val Gly
CapG5P Ala val Trp Met Gly
CapG9°¢ Ala Val Trp Met Gly
CapH9"¢ Thr Pro Ile Met Gly
Cap2X>¢ Ala Lys Ser Leu Gly
NW:1D7¢ Ala Ala Pro Val Gly
NW:1G8¢ Val Met Leu Leu Gly
NW:2F2°¢ His Pro Ala Met Gly
NW:2F5°¢ Val Tyr Leu Leu Gly

2 Synthetase clones selected on 1 mM 1.

b Synthetase clones selected on 1 mM 2-aminocaprylic acid (8).

¢ Synthetase clones selected on 1 mM 2-aminocaprylic acid previously published
in Ref. 9.

4 Mutants contain an additional point mutation of Glu410Gly that was not
included in the original library.

€ Mutant contains an additional point mutation of Glu20Lys that was not inclu-
ded in the original library.

48.8 kDa
37.1 kDa
25.9 kDa
19.4 kDa
14.8 kDa
6.0 kDa

Figure 2. EcLRS-DHE6-dependent expression of hSOD-Trp33TAG with either 1 mM
1 or 8. Lane 1 contains wild-type hSOD as a reference; lane 2 contains protein
expressed in the absence of unnatural amino acid; lane 3 contains protein
expressed in the presence of 1 mM 1; and lane 4 contains protein expressed in
the presence of 1 mM 8.

into SCY4 yeast cells with plasmid pC1hSOD33TAG that contains
a 6x His tagged variant of the human superoxide dismutase
(hSOD) gene with an amber codon in place of Trp33 and a consti-
tutive TDH3 promoter.!? Cells were grown in the presence of either
1mM 1 or 1 mM 8, or no amino acid for 48 h at 30 °C. Cells were
then lysed and hSOD was purified by Ni-NTA chromatography.
SDS-PAGE analysis confirmed that hSOD was produced when
either 1 or 8 was added to the media; however, only a low back-
ground level of hSOD was observed in the absence of amino acid
(Fig. 2), indicating little activity toward Leu, Ile, Met, or other
hydrophobic amino acids. Incorporation of each amino acid was
confirmed by MALDI-TOF mass spectrometry (1 calcd
16,643 M + acetyl, obsd. 16643; 8 calcd 16,625 M + acetyl, obsd
16626; Fig. S1a and b). Yields for expression of 1 and 8 in this sys-
tem were 0.5 and 0.3 mg/L, respectively.

To further examine the substrate promiscuity of the selected
aminoacyl-tRNA synthetase DHE6, MAV203:pGAD-Gal4(2TAG)
cells containing EcLRS-DHEG6 were spotted on minimal —Ura agar
plates that were individually supplemented with amino acids 1-
8, as well as N-methyllysine or N,N-dimethyllysine, which are also
structurally similar. Colonies were observed after 48 h on plates
supplemented with methionine analogs 1 and 2, cysteine analogs
3,4, and 5 and aliphatic amino acids 6, 7, and 8. No growth was ob-
served on either lysine derivative (Fig. 3). Optimal cell growth was
observed on amino acids with side chains six atoms in length (1, 3,
and 8). Cells grown in the presence of amino acids with longer and
shorter chains also survived but grew less well in this assay. Amino
acids 1, 6, 7, and 8 were independently introduced into hSOD-
Trp33TAG as described above and their incorporation was con-
firmed by MALDI-TOF (Figs. S1a and b, and S2a and b). Incorpora-
tion of cysteine analogs 3 and 4 into hSOD was confirmed by
tryptic digest followed by LC-MS/MS (Fig. S3a and b). Database

Amino Acid - 1 2 3 4 5 6 7 8

e & ® 9 & o ® &

Figure 3. Promiscuous activity of ECLRS-DHEG. Cells harboring pGAD-Gal4(2TAG)
and EcLRS-DHE6 were grown on —Ura minimal media in the presence of the
indicated amino acids. Pictures of respective colonies are shown above. Numbers
correspond to amino acids listed in Figure 1.
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Figure 4. Expression of hSOD-Trp33TAG by editing domain mutants of the EcLRS-
DHES6 in the absence (—) or presence (+) of 1 mM 1. Group 1, unmodified EcLRS-
DHESG; group 2, ECLRS + 3 tRNAs; group 3, ECLRS-DHE6-Thr247Val/Thr248Val; group
4, EcCLRS-DHE6-Thr252Phe.

searches of other tryptic fragments revealed an increased back-
ground incorporation of Leu, Gln, Thr, and Lys. While DHE6 shows
activity for amino acids 1-8, further evolution will be required to
achieve complete selectivity. Protein yields for each amino acid
were comparable to that of 1 and 8 (data not shown).

It is known that the wild-type E. coli leucyl-tRNA synthetase it-
self aminoacylates endogenous amino acids other than its cognate
leucine. In vitro studies have shown that the enzyme can charge
E. coli leucyl-tRNA with similar amino acids, such as isoleucine
and methionine.’>'* To overcome this promiscuity, the enzyme
has evolved an aminoacyl editing domain (the CP1 domain) that
removes misacylated amino acids, thereby maintaining high fidel-
ity for leucine incorporation.'> One potential consequence of the
editing domain with our selection methodology is that the enzyme
may remove an unnatural amino acid of interest after it is attached
to the tRNA, decreasing the yield of incorporation. Mutation of
Thr252Ala in the CP1 domain is known to decrease the ability of
the editing domain to discriminate leucine from other amino acids
while mutation of Thr252 to Phe has been shown to decrease edit-
ing domain activity presumably by obstructing the editing domain
binding site.!> Two other mutations, Thr247Val and Thr248Val,
have been shown to decrease editing domain activity by prevent-
ing proper orientation of the aminoacylated tRNA into the CP1-
binding site.'® Finally, we have previously shown that Thr252,
which lies at the back of the editing domain, can be mutated to ala-
nine to increase the fidelity of wunnatural amino acid
incorporation.®

To test whether mutations to the editing domain would in-
crease the fidelity or yield of unnatural amino acid incorporation
by EcLRS-DHE6, two mutants (Thr247Val/Thr248vVal and
Thr252Phe) were constructed using a modified quick change muta-
genesis procedure.!” These mutants were cotransformed with
pC1hSOD33TAG, and hSOD was expressed as described above in
the presence or absence of 1. In addition, a second plasmid contain-
ing the unmutated EcLRS-DHEG6 plus an additional two copies of
EctRNAEY, was also created to examine the effects of increased
tRNA levels on expression. We have previously shown that in-
creased tRNA levels can have beneficial effects on the suppression
yields of certain unnatural amino acids. As shown in Figure 4,
increasing tRNA copy number from 1 to 3 produced only a slight
increase in hSOD levels in the presence of 1. Mutations to the edit-
ing domain, however, showed significant increases in hSOD pro-
duction (>10-fold) versus that of the wild-type editing domain.
As expected, the background incorporation in the absence of
unnatural amino acid is also increased somewhat due to the inabil-

ity of the synthetase to remove misacylated endogenous amino
acids.

In summary, we have demonstrated that a mutant leucyl-tRNA
synthetase that was evolved to incorporate the long-chain methio-
nine homolog (1) into proteins can also accommodate various
long-chain methionine, cysteine, and alkyl analogs. Such promiscu-
ous protein activity is not uncommon in nature. In fact enzymes
that display low levels of promiscuous (“moonlighting”) activity
have been implicated in the evolution of novel enzymatic function
through gene duplication and subsequent random mutagene-
sis.’®19 In this regard, we are currently applying error-prone PCR
and DNA shuffling to increase the activity and specificity of
EcLRS-DHEG6 towards each of the aforementioned amino acids as
well as other amino acids of similar structure including methylated
and acetylated lysine analogs. In addition, it is likely that other
evolved aminoacyl-tRNA synthetases may display promiscuous
activity profiles towards various unnatural amino acids and that
the simple screening of existing mutant aminoacyl-tRNA syntheta-
ses may yield novel hits without the need for library design and
selection.
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The generation of a series of analogs of erythromycin A (EryA, 2) is described. In this study, we compared
two peptide-based catalysts—one originally identified from a catalyst screen (5) and its enantiomer (ent-
5)—for the selective functionalization of EryA. The semi-synthetic analogs were subjected to MIC evalu-
ation with two bacterial strains and compared to unfunctionalized EryA.

© 2008 Elsevier Ltd. All rights reserved.

The use of venerable natural product scaffolds as lead structures
for new drugs and drug candidates has generally been a successful
endeavor.' In this spirit, molecules such as penicillin (1) and eryth-
romycin (2), among others, have been used for decades as tem-
plates in the continuing battle against the numerous antibiotic
resistant bacterial strains such as methicillin-resistant Staphylococ-
cus aureus>* (Fig. 1).

The generation of analogs of natural products is challenging, in
part due to the complexity of the interesting structures. If one were
to desire analog compounds that are derived from natural products
readily available from fermentation, then the direct, selective func-
tionalization of the natural product could provide rapid access to
site-specifically modified natural compounds without recourse to
de novo synthesis or biosynthesis of each analog. In the case of pol-
yol natural products, the specter of differentiating the same func-
tional groups (R—OH, R'—0H, etc.) within the molecule provides
a daunting challenge for catalysis. Polyketides present a particu-
larly interesting class for this challenge, due to the complexity of
structure and the typical presence of an abundance of hydroxyl
groups available for synthetic derivatization. Differential function-
alization of these polyol arrays has been met with limited success.
Semi-synthetic techniques typically employ enzymatic catalysts.
Natural product modification using small molecule catalysts is also
possible.%”

The inherent reactivity of erythromycin A (EryA, 2) toward cat-
alytic functionalization with achiral catalysts is known and had

* Corresponding author.
E-mail address: scott.miller@yale.edu (S.J. Miller).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.09.019

been previously employed to produce analogs that were then
tested for activity against S. aureus and Klebsiella pneumoniae.® It
was found that the 11-hydroxyl is the least reactive of the second-
ary hydroxyl groups; access to 11-acylated materials required pro-
tecting group strategies to block the 2’-position and 4'-position.
The 2’-position is subject to autocatalytic acylation, owing to the
vicinal dimethylamine. We focused our attention on overturning
this reactivity pattern by employing peptide-based catalysts to
produce 2’,11-diacylerythromycin analogs (3) directly, rather than
via the 2’,4”-diacylerythromycin analogs 4, followed by an addi-
tional step involving potentially complicated ester hydrolyses.
After careful screening of peptide-based catalysts, a lead (5,
Fig. 2) was identified by examination of product ratios achieved
at a common level of reaction conversion.® (*H NMR proved to be
an effective technique for the initial determination of product ra-
tios.) Acetic anhydride was utilized initially as the acyl donor with

Figure 1. Penicillin G and erythromycin A (EryA).
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Figure 2. Catalyst-dependent functionalization of EryA.

triethylamine employed as base. Catalyst loadings of 5-10 mol %
were found to be satisfactory. Notably, catalyst 5 was effective at
reversing the inherent selectivity observed with N-methylimidaz-
ole (NMI) as a catalyst. Product distributions with catalytic NMI
typically produce 3-4 ratios ranging from 2:1 to >10:1, depending
on the anhydride employed. Catalyst 5, on the other hand, exhibits
reversals of this selectivity, with ratios of 3-4 ranging from 1:3.5 to
1:>10, depending on the nature of the anhydride.

While various analogs of catalyst 5 were studied in the initial
screen, we also seized the opportunity to perform an intriguing,
targeted experiment. We wished to compare the performance of
5 to its enantiomer (ent-5), to see how its performance might dif-
fer. Typically, in studies of enantioselective catalysis, enantiomeric
catalysts are employed to produce the opposite enantiomer of a

Table 1
Comparative selectivities obtained with catalysts 5 and ent-5
o Me
'\[{/IIe H HN °
« j//," O
N NHBoc ~ O™y “—NBoc
Lo
Catalyst ent-5 o)
Me

Entry Compound R Cat. 5 Ratio 3 : 4 Cat. ent-5 Ratio 3 : 4

1 4 Me 1:45 1:7
6 Et 1:35 1:>10
7 So~F 1:5 1:8

4 8 S “NHBoe 1210 1:10

r‘f\(v)s/\Me 1:9
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Table 2
2/,11-Functionalized analogs of EryA

o O
R)J\O)L R'

Ery A
y CHCly, EtgN
10 mol % cat. .
(0] ‘0 OMe
M (o xme
(0] OH
Me
Entry Compound R Cat. 5 yield (%) Cat. ent-5 yield (%)
1 4 Me 37 44
2 6 Et 28 50
3 7 So~F 56 52
4 8 e 68
5 9 e"\MS/\ Me 58 71

product of interest. In addition, they may be employed as mecha-
nistic probes of so-called ‘non-linear effects’.® In the present con-
text, however, enantiomeric catalysts offer a special opportunity
to probe robust, alternative (i.e., enantiomeric) catalyst architec-
tures in the common spatial context of a stereochemically com-
plex, single-enantiomer natural product substrate.'® Notably, when
the enantiomer of peptide catalyst 5 (ent-5) was evaluated, it
proved to be more selective than 5. Intriguingly, catalyst ent-5 also
leads to preferential formation of 4 over 3. As shown in Table 1,
catalyst ent-5 actually leads to an enhancement of selectivity for
the production of compound 4 in all cases we examined, with reac-
tions run to a common level of conversion. Most notably, with sim-
ple anhydrides, product ratios were enhanced from modest levels
to more useful levels when catalyst 5 was exchanged for catalyst
ent-5 (acetate: 1:4.5-1:7, entry 1; propionate: 1:3.5-1:>10, entry
2). Presumably the molecular recognition issues leading to analo-
gous sense of selectivity are different for the two enantiomeric cat-

Table 3
Synthesis of tris-functionalized EryA

Q
~R~opn
2,11 OPh
Erythromycin  DMAP, NEt3
CHCly
Entry Compound R R’ Yield (%)
1 10 Et Et 82
2 11 S~ So~F 52
3 12 A Me 69
4 13 r"‘J\HS/\ Me r‘:r\(v)s/\ Me 58






Table 4
MIC testing of erythromycin analogs

C. A. Lewis et al./Bioorg. Med. Chem. Lett. 18 (2008) 6007-6011

6009

Entry Compound R R R” MIC (pg mL)
S. aureus 29213 E. faecalis 29212
(e} (6]
1 6 )J\/M N )J\/M 5 H 32 32
LS b
O (0]
’ ’ E)K/\/ ”11)]\/\/ H > >32
O (0]
3 8 H >32 >32
E)v NHBoc 'H,_)K/\NHBOC
O (0]
4 9 H >32 >32
Me Me
'1‘1_ 6 LLL'- 6
O O
5 10 )K/Me */Me P(0)(OPh), >32 >32
LS %y
O (0]
6 11 “‘1,_)]\/\/ E)W P(0)(OPh), >32 >32
O O
7 12 P(0)(OPh), >32 >32
‘HL)J\/\ NHBoc E)J\Me
(6] O
3 13 )J\WMe AWMG P(0)(OPh), >32 >32
WM Wt
(0] (0]
9 14 )]\/\ )J\ H 32 >32
%y NHBoc % Me
0 (0]
10 15 )I\MMe H )J\(\*Me >32 >32
M R
(0]
11 16 Me H H 16 32
%
(0]
12 17 - )J\/\/ H H 16 32
(0]
13 18 H H 32 >32
K)J\/\ NHBoc
(0]
14 19 )]\(\*Me H H 32 32
K
15 2 H H H 1 2

alysts, a situation that is mirrored in biological ligand-receptor
interactions.!

Operationally, catalyst ent-5 also leads to increased overall

yield of the 2’,11-functionalized products (Table 2). Comparing

the catalysts for the acetylation, it was found that the yield
increased from 37% to 44% (entry 1). A more dramatic example
of the effect of ent-5 was observed for the reaction of erythromycin
A and propionic anhydride, with an increase in yield from 28% to
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Figure 3. Ketalization of 2’,11-functionalized EryA.

50% (entry 2). Yield increases were also observed for the p-alanyl
(Boc) derivative (53-68%, entry 4) and the octanoyl derivative
(58-71%, entry 5). Improved yields of natural product analogs in
derivatization studies are no small matter, as isolation of pure
materials is often difficult from complex mixtures of products,
with each component present in minute and comparable
quantities.

Upon isolation of the 2’,11-functionalized substrates (i.e., com-
pounds like 4), the corresponding 'H and '>C NMR spectra reveal a
subtle molecular rearrangement involving the hemiketalization of
the C9 ketone. As shown in Figure 3, functionalization of the C11-
OH leads to the loss of a hydrogen bond between the 11-hydroxyl
to the C9 ketone, and this event has been suggested as the basis for
the rearrangement. The hemiketalization has furthermore been
suggested to involve engagement of the C12-OH group,'? leading
to the formation of structures like 4 (macrolide form B). The alter-
native possibility for hemiketalization, involving the C6-hydroxyl,
has also been discussed. However, the '"H NMR data collected for
the analogs in this study is most consistent with that reported by
Everett et al. for related compounds,'® suggesting preferential for-
mation of the 9,12-hemiketal.

Utilizing peptide catalysts 5 and ent-5 for derivatization of EryA
with other anhydrides allowed straightforward access to a number
of analogs directly and differentially functionalized at the 2’- and
11-positions (Table 2). Synthesis of these derivatives in sufficient
quantities (at least 8.0 mg, each) permitted biological testing of
the first generation analogs. In addition, each provides a valuable
precursor for further functionalization reactions. The isolated
2’,11-diacylated products could be either hydrolyzed to the 11-
functionalized products, or the 4”-position could be phosphory-
lated to provide tris-functionalized erythromycins. Resistance to
EryA has been associated with the phosphorylation of the natural
product by a number of bacteria.'®> Phosphorylation of the 4"-posi-
tion was easily achieved with the chemical methods reported in
this study. A representative list of the trifunctionalized analogs
we produced is shown in Table 3.

These analogs, along with those noted above, were evaluated
for their activity against S. aureus and Enterococcus faecalis. Utiliz-
ing the MIC method (minimum inhibitory concentration),'* the
performance of analogs is summarized in Table 4.

In comparison to EryA (entry 15), the analogs generally did not
exhibit the impressive levels of activity against the bacterial

strains. Two analogs that retained some of the activity of EryA
against S. aureus were the propionate analog 16 (entry 11, 16 pg/
mL) and the 4-pentenoate derivative 17 (entry 12, 16 pg/mL).
The presence of esters at the 2’-position has been previously re-
ported to require hydrolysis for activity.!> Consistent with these
findings, the analogs with free 2’-hydroxyl did exhibit some in-
crease in effectiveness (e.g., entry 1 vs entry 11; entry 2 vs entry
12).

In summary, we have used two peptide-based catalysts to
reorder the inherent reactivity offered by the natural product
scaffold provided by EryA. These catalysts have allowed the
straightforward access to useful quantities of a number of natu-
ral product analogs, which were then evaluated against two
strains of bacteria. The ability to use chiral catalysts for selective
modification of complex molecules could prove to be a useful
tool in the direct modification of natural products quite broadly.
Such experiments also raise fascinating issues in the area of
asymmetric catalysis, which are aggressively under study in
our laboratory at the present time.
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Here we report the X-ray structures of chemically synthesized HIV-1 protease and the inactive
[D25N]HIV-1 protease complexed with the ketomethylene isostere inhibitor Ac-Thr-Ile-Nley/[CO-
CH,]Nle-Gln-Arg.amide at 1.4 and 1.8 A resolution, respectively. In complex with the active enzyme,
the keto-group was found to be converted into the hydrated gem-diol, while the structure of the complex
with the inactive D25N enzyme revealed an intact keto-group. These data support the general acid—-gen-
eral base mechanism for HIV-1 protease catalysis.

© 2008 Elsevier Ltd. All rights reserved.

Three distinctly different chemical mechanisms have been pro-
posed for catalysis of peptide bond cleavage by aspartic proteases.
In the first one, a nucleophilic aspartic acid side chain carboxylate
attacks the carbonyl-group of the peptide bond, forming a covalent
enzyme-substrate tetrahedral intermediate, followed by expulsion
of the amine component.! Second, is the general acid-general base
mechanism, where one catalytic aspartate side chain carboxylate
(COO7) acts as a general base to remove a proton from the water
molecule nucleophile, while another aspartic acid side chain car-
boxyl (COOH) general acid donates a proton to the carbonyl oxygen
atom of the scissile peptide bond.>* In the third ‘kinetic isomech-
anism’, a 10-membered cyclic structure is formed, involving the
two aspartic acid side chain carboxyl groups (COO~), with a proton
between them, and the water molecule nucleophile; this mecha-
nism allows for energy-inexpensive proton shuffling within the
cyclic structure along the reaction coordinate. The last two mech-
anisms also invoke a low-barrier hydrogen bond (LBHB); in the
general acid-general base mechanism the LBHB would stabilize

“ A publisher’s error resulted in this article appearing in the wrong issue. The
article is reprinted here for the reader’s convenience and for the continuity of this
special issue. Anyone wishing to cite this article should use the details of the
original publication [Torbeev, V.Y., Mandal, K. Terechko, V.A., Kent, S.B.H., 2008.
Crystal structure of chemically synthesized HIV-1 protease and a ketomethylene
isostere inhibitor based on the p2/NC cleavage site. Bioorg. Med. Chem. Lett. 18,
4554-4557, doi:10.1016/j.bmcl.2008.07.039].
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0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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the transition state,>® while in the kinetic isomechanism it allows
for hydrogen tunneling.*

X-ray structures of aspartic protease enzymes cocrystallized
with inhibitors that are available in the Protein Data Bank do not
contain the lytic water molecule. Thus, the hypothesis that the lytic
water is not initially present in the active site and that catalysis oc-
curs via a covalent enzyme-substrate tetrahedral intermediate
cannot be ruled out. A ketomethylene isostere, in which the scissile
peptide bond [C(O)NH] is substituted by a {/[C(O)CH;] linkage, is
the most suitable substrate surrogate to test the ‘covalent interme-
diate’ hypothesis. If a water molecule is initially present in the ac-
tive site, then the active enzyme should catalyze the hydration of
the keto group to form the gem-diol; on the other hand, direct
nucleophilic attack by an ionized aspartic acid side chain would
lead to a covalent adduct with the inhibitor that would be readily
observed by X-ray crystallography.

Chemical synthesis of substrate-derived ketomethylene inhibi-
tors and their tight binding to HIV-1 protease was reported previ-
ously (ICso down to 4.6 nM).” We have reproduced the chemical
synthesis for the selected ketomethylene isostere (IC5o 6.3 nM,’
mimicking the p2/NC cleavage site) and cocrystallized the result-
ing substrate-derived inhibitor with wild-type HIV-1 protease
(based on the SF2 isolate) and with the inactive [D25N]HIV-1 pro-
tease analogue.

Total chemical synthesis of the HIV-1 protease® was based on a
two segment native chemical ligation (Fig. 1a).® Both segments
were prepared by in situ neutralization Boc chemistry SPPS,!°
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Figure 1. (a) Total chemical synthesis of wild-type HIV-1 PR and the [D25N]HIV-1 PR analogue. Native chemical ligation of two unprotected synthetic peptides was followed
by alkylation with 2-bromoacetamide to convert Cys41 to y-homo-GIn41. After deformylation of Trp6 and Trp42 and reverse phase HPLC purification, the (1-99)-polypeptide
was folded by two-step dialysis against 10 mM NaOAc, pH 5.6. MPaArg, = 3-mercaptopropionate tetraarginine.amide (i.e. the thioester leaving group). Analytical HPLC traces
(4=214 nm) and ESI-MS of purified wild-type HIV-1 protease (b) and the [D25N]HIV-1 PR analogue (c). In (d), the structure of the ketomethylene isostere inhibitor is shown.
After the synthesis it exists as a mixture of diastereomers (with respect to the carbon atom corresponding to the a-carbon of Nle4), which were separated by reverse phase
HPLC. (e) Analytical HPLC traces (4 =214 nm) and ESI-MS of the (R)-‘Nle4’ diastereomer (KVS-1) and the (S)-‘Nle4’ diastereomer (KVS-2). See Supplementary Data for more

information.

and after ligation the Cys41 residue at the ligation site was alkyl-
ated with 2-bromoacetamide to form a y/-homo-Gln41 residue.
After removal of the formyl groups from Trp6 and Trp42, the (1-
99)-polypeptide was purified by reverse-phase HPLC and folded
by two-step dialysis to form fully active enzyme (Kcat
23.4%04s7 !, Ky 25.1 £ 1.2 uM). The inactive [D25N]HIV-1 prote-
ase analogue was synthesized according to the same strategy.

Chemical synthesis of the ketomethylene isostere Ac-Thr-Ile-
Nley/[CO-CH;,|Nle-GIn-Arg.amide (Fig. 1d) gave two diastereo-
mers (abbreviated as KVS-1 and KVS-2), differing in their stereo-
chemistry at the tertiary carbon corresponding to the o-carbon of
the Nle4 residue. The diastereomers could be readily separated
by reverse phase HPLC on C18, 10 x 250 mm column (see Fig. 1e;
and Supplementary Data), and their stereochemical identity was
inferred on the basis of their cocrystallization behavior with HIV-
1 protease. For the KVS-1 diastereomer, crystals could be obtained
within 1-2 days using standard crystallization conditions'! devel-
oped for HIV-1 protease/inhibitor complexes.

Use of a ketone functionality in aspartic protease inhibitors was
originally suggested for ketone analogues of statines (statones) to
mimic the presumed tetrahedral intermediate.'>!3 It was further
discovered that statones are weaker binders than their hydroxy
counterparts; this was attributed to the unfavorable equilibrium
for hydration of the ketone function.' The [C(O)CH,] moiety was
thus substituted by 2,2-difluorostatone moiety [C(O)CF,] which is
readily hydrated in water to give the gem-diol.'® The 2,2-difluoro-
statones were found to be 50- to 1000-fold better inhibitors than
non-fluorinated analogues.!® In contrast to statones, peptide sub-
strate-derived non-fluorinated ketomethylene isosteres are 5-10
times more potent inhibitors of HIV-1 protease than their hydroxy-
ethyl counterparts.’

In the work reported here, we have determined high resolution X-
ray structures for a substrate-derived ketomethylene isostere com-
plexed with fully active (‘wild type’) HIV-1 protease, and for the
complex of the same ketomethylene inhibitor with inactive
[D25N]HIV-1 protease (Table 1). In the complex with inactive
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Table 1
Crystal parameters, data collection, and refinement statistics

Complex [D25N]HIV-1 PR + KVS-1

wt HIV-1 PR + KVS-1

Data collection

Beamline APS 23ID-D
Wavelength, A 0.97934
Space group P 222
Cell dimensions

a(A) 51.028

b (A) 58.551
c(A) 61.584
a=p=y(°) 90.00
Resolution (A) 50.00-1.80
Rmerge 0.089 (0.590)*
/ol 31.3(3.9)
Redundancy 7.8
Refinement

Resolution (A) 20.00 - 1.80
Completeness (%) 98.61

No. reflections

Work/free set 16491/882
Ruwork/Reree 0.194/0.223
No. protein atoms 1518

No. inhibitor atoms 55

No. water atoms 83

Average B-factor (A?) 24.05
R.m.s. deviations

Bond lengths (A) 0.017

Bond angles (°) 1.595

PDB ID 3DCK

APS 23ID-B
1.03320
P 242124

51.200
58.077
61.658
90.00
50.00-1.40
0.084(0.384)
23.9 (6.3)
6.8

20.00 - 1.40
99.66

35053/1846
0.204/0.215
1518

56

113

11.995

0.017
1.684
3DCR

¢ Highest resolution is in parentheses.
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[D25N]HIV-1 protease, the ketone group was found to be intact indi-
cating that the ketone exists predominantly in the non-hydrated
form in water solution (see Fig. 2a and c), which is in agreement with
previous studies of the variety of carbonyl compounds.!” The com-
plex with the wild type HIV-1 protease, however, clearly demon-
strated the tetrahedral geometry of an hydrated ketone group
(Fig.2b and d). This result unambiguously demonstrates that hydra-
tion of the ketomethylene isostere is due to the first step of the pro-
teolytic catalytic mechanism of HIV-1 protease.

Recently, Kumar et al.!® have been able to directly view by X-
ray crystallography an actual tetrahedral intermediate by soaking
peptide substrate into a crystal of apo-HIV-1 protease. In the crys-
tal, the enzyme is locked in a ‘closed’ conformation and, presum-
ably, this inflexibility prevents dissociation of the tetrahedral
intermediate to release products. With an alternative approach,
Kovalevsky et al.'"® successfully crystallized the tetrahedral inter-
mediate by incorporating Thr at the P1’ position, which is known
to greatly diminish the ability of protease to hydrolyze the peptide
bond. Figure 3 depicts the superposition of the active site region in
the HIV-1 protease and hydrated KVS-1 (this work), and tetrahe-
dral intermediates for wild-type and 154V mutants, determined
at 1.46 and 1.50 A resolution, respectively. Although the substrate
peptide sequences are not the same, the methylene unit serves as a
very natural replacement for NH-moiety. A number of short H-
bonds were observed in the complex of wild-type HIV-1 protease
with KVS-1 inhibitor (Fig. 2d). However, whereas in the structures
of actual tetrahedral intermediates very short, strong hydrogen

e ol )
. avas.

Figure 2. Active site region in complexes of: (a) inactive D25N chemical analogue of HIV-1 PR and intact keto-form of KVS-1 inhibitor; and, (b) wild type HIV-1 PR and
hydrated ‘gem-diol’ KVS-1 inhibitor. (c) Residues Asn?> and Asn?> hydrogen-bonded to the ketomethylene isostere in the inactive complex; and, (d) catalytic Asp*> and Asp®>
hydrogen-bonded to the gem-diol, in the wild type complex. The |2Fo-Fc| electron density map for selected residues was contoured at 2.0¢ (in a and b) and 1.8¢ (in c and d).
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Figure 3. Superposition of the active site regions of wild-type HIV-1 protease
complexed with KVS-1 inhibitor (gray) onto structures of tetrahedral peptide
intermediates of wild-type HIV-1 protease (PDB ID:3B7V, in cyan) and 154V mutant
(PDB ID:3B80, in magenta).

bond has been observed between one of the aspartates and one hy-
droxyl group of the gem-diol moiety (2.3 A in PDB ID:3B7V and
2.5 A PDB ID:3B80),'° in the structure with KVS-1 the identical
H-bond is loosened to 2.7 A (Fig. 2d).

Our present data do not support the ‘covalent intermediate’
mechanism of catalysis in HIV-1 protease; if direct attack had ta-
ken place one would expect for this inhibitor (KVS-1) to be cova-
lently bound to one of the aspartates. On the other hand, the
structure of the inhibitor mimics a natural tetrahedral intermedi-
ate very closely and hence may be of use in advanced studies by
X-ray crystallography and neutron diffraction to elucidate the nat-
ure of short, strong hydrogen bonds in the active sites of aspartic
acid proteases.
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