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TARGETED NITROXIDE AGENTS

Inventors
Marie-Céline I'rantz
Peter Wipf

Provided herein are novel compounds and compositions of matter comprising a nitroxide
group-containing cargo (or "nitroxide containing group") and a mitochondria-targeting group (or
"targeting group"). The targeting group is believed, without any intent to be bound, to have the
ability to selectively deliver the composition to mitochondrial, delivering the antioxidant and
free-radical scavenging activity of the nitroxide group to cells, including but not limited to an
enrichment in mitochondria. These compounds are useful, generally, for their anti-oxidant and
free-radical scavenging capacity, and, more specifically, for example and without limitation, for

their radioprotective abilities and prevention as well as mitigation of degenerative diseases.

Oxidation stress in cells typically manifests itself by way of generating reactive oxygen
species ("ROS") and reactive nitrogen species (‘“RNS”). Specifically, the cellular respiration
pathway generates ROS and RNS within the mitochondrial membrane of the cell, see Kelso et al.,
Sclective Targeting of a Redox-active Ubiquinone to Mitochondria within Cells: Antioxidant
and Antiapoptotic Properties, J Biol Chem. 276:4588 (2001). Reactive oxygen species include free
radicals, reactive anions containing oxygen atoms, and molecules containing oxygen atoms that can
either produce free radicals or are chemically activated by them. Specific examples include
superoxide anion, hydroxyl radical, and hydroperoxides. In many disease states, the normal

response to ROS and RNS generation is impaired.

Naturally occurring enzymes, such as superoxide dismutase ("SOD") and catalase salvage
ROS and RNS radicals to allow normal metabolic activity to occur. Significant deviations from cell
homeostasis, such as hemorrhagic shock, lead to an oxidative stress state, thereby causing "electron
leakage" from the mitochondrial membrane. This "electron leakage" produces an excess amount of
ROS for which the cell's natural antioxidants cannot compensate. Specifically, SOD cannot
accommodate the excess production of ROS associated with hemorrhagic shock which ultimately
leads to premature mitochondria dysfunction and cell death via apoptosis, see Kentner et al., Early
Antioxidant Therapy with TEMPOL during Hemorrhagic Shock Increases Survival in Rats, J Trauma

Inj Infect Crit Care., 968 (2002).

Cardiolipin ("CL") is an anionic phospholipid exclusively found in the inner mitochondrial
membrane of eukaryotic cells, see Iverson, S. L. and S. Orrenius, The cardiolipincytochrome ¢

interaction and the mitochondria) regulation of apoptosis, Arch Biochem. 423:37-46 (2003). Under
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normal conditions, the pro-apoptotic protein cytochrome c is anchored to the mitochondrial inner
membrane by binding with CL, see Tuominen, E. K. J.. et al. Phospholipid cytochrome c interaction:
evidence for the extended lipid anchorage, J Biol Chem., 277:8822-8826 (2002). The acyl moieties
of CL are susceptible to pcroxidation by rcactive oxygen specics. When ROS are generated within
mitochondria in excess quantities, cytochrome C bound to CL can function as an oxidase and induces
extensive peroxidation of CL in the mitochondrial membrane, see Kagan, V. E. et al., Cytochrome ¢
acts as a cardiolipin oxygcnase required for release of proapoptotic factors, Nat Chem Biol. 1:223-232
(2005); also Kagan, V. E. et al., Oxidative lipidomics of apoptosis: redox catalytic interactions of

cytochrome ¢ with cardiolipin and phosphatidylserine, Free Rad Biol Med. 37:1963-1985 (2005).

The peroxidation of the CI. weakens the binding between the CL. and cytochrome C, see
Shidoji, Y. et al., Loss of molecular interaction between cytochrome C and cardiolipin due to lipid
peroxidation, Biochem Biophys Res Comm. 264:343-347 (1999). This leads to the release of the
cytochrome C into the mitochondrial intermembrane space, inducing apoptotic cell death. Further,
the peroxidation of CL has the effect of opening the mitochondrial permeability transition pore
("MPTP"), see Dolder, M. et al., Mitochondria creatine kinase in contact sites: Interaction with porin
and adeninc nucleotide translocase, role in permeability transition and sensitivity to oxidative damage,
Biol Sign Recept., 10:93-111 (2001); also Imai, H. er al., Protection from inactivation of the adenine
nucleotide translocator during hypoglycaemia-induced apoptosis by mitochondria/ phospholipid
hydroperoxide glutathione peroxidase, Biochem J., 371:799-809 (2003). Accordingly, the
mitochondrial membrane swells and releases the cytochrome C into the cytosol. Excess
cytochrome C in the cytosol leads to cellular apoptosis, see Iverson. S. L. et al. The cardiolipin-
cytochrome c interaction and the mitochondria regulation of apoptosis, Arch Biochem Biophys.

423:37-46 (2003).

Moreover, mitochondrial dysfunction and cell death may ultimately lead (o multiple organ
failure despite resuscitative efforts or supplemental oxygen supply, see Cairns. C.. Rude Unhinging
of the Machinery of Life: Metabolic approaches to hemorrhagic Shock, Curr Crit Care., 7:437
(2001). Accordingly, there is a need in the art for an antioxidant which scavenges the ROS, thereby
reducing oxidative stress. Reduction of oxidative stress delays, even inhibits, physiological

conditions that otherwise might occur, such as hypoxia.

Also, there is also a need to improve the permeability of antioxidants' penetration of the
cellular membrane. One of the limitations of SOD is that it cannot easily penetrate the cell
membrane. However, nitroxide radicals, such as TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl)
and its derivatives, have been shown to penetrate the cell membrane better than SOD. Further,
nitroxide radicals like, for example and without limitation, TEMPO prevent the formation of ROS,
particularly superoxide, due to their reduction by the mitochondrial electron transport chain to

hydroxyl amine radical scavengers, see Wipl, P. er al., Mitochondria targeting of selective electron
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scavengers: synthesis and biological analysis of hemigramicidin-TEMPO conjugates, ] Am Chem
Soc.127:12460-12461. Accordingly, selective delivery of TEMPO derivatives may lead to a
therapeutically beneficial reduction of ROS and may delay or inhibit cell death due to the reduction

of oxidative stress on the cell.

Selective delivery may be accomplished by way of a number of different pathways - e.g., by
a biological or chemical moiety having a specific targeting sequence for penetration of the cell
membrane. ultimately being taken up by the mitochondrial membrane. Selective delivery of a
nitroxide SOD mimic into the mitochondrial membrane has proven difficult. Accordingly, there is
a need in the art for effective and selective delivery of antioxidants that specifically target the
mitochondria and its membranes as well as inter-membrane space to help reduce the ROS and RNS
species. The antioxidants also help prevent cellular and mitochondria apoptotic activity which often
results due to increased ROS species, see Kelso et al., Selective Targeting of a Redox-active
Ubiquinone to Mitochondria within Cells: Antioxidant and Antiapoptotic Properties, J Biol Chem.,
276: 4588 (2001). Examples of mitochondria-targeting antioxidants are described in United States
Patent Publication Nos. 20070161573 and 20070161544

There remains a very real need for a composition and associated methods for delivering cargo
of various types to mitochondria. In one embodiment, a composition comprising membrane active
peptidyl fragments having a high affinity with the mitochondria linked to cargo is provided. The
cargo may be selected from a large group of candidates. There is a need for compositions and
methods for effectively treating a condition that is caused by excessive mitochondria production of
ROS and RNS in the mitochondrial membrane. There also is a need for compounds that can protect

cells and tissues of animals against radiation damage.
Radiation Exposure

The biologic consequences of exposure to ionizing radiation (IR) include genomic instability
and ccll death (Little JB, Nagasawa H, Pfenning T, et al. Radiation-induced genomic instability:
Delayed mutagenic and cytogenetic effects of X rays and alpha particles. Radiat Res 1997;148:299—
307). It is assumed that radiolytically generated radicals are the primary cause of damage from IR.
Direct radiolysis of water and the secondary reactive intermediates with a short lifetime (10"°-10°¢
seconds) mediate the chemical reactions that trigger the damage of cellular macromolecules, including
DNA and proteins, as well as phospholipids in membranes (Mitchell JB, Russo A, Kuppusamy P, et
al. Radiation, radicals, and images. Ann N Y Acad Sci 2000;899:28-43). The DNA is believed to be
the primary target for the radical attack, resulting in single and double DNA strand breaks (Bryant PE.
Enzymatic restriction of mammalian cell DNA: Evidence for double-strand brcaks as potcntially
lethal lesions. Int J Radiat Biol 1985;48:55-60). To maintain the genomic integrity, multiple pathways

of DNA repair and cell-cycle checkpoint control are activated in response to irradiation-induced DNA
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damage (Elledge SJ. Cell cycle checkpoints: Preventing an identity crisis. Science 1996;274:1664—
1672). Failure of these repair and regulatory systems leads to genotoxicity, malignant transformation,
and cell death (Sachs RK, Chen AM, Brenner DJ. Proximity effects in the production of chromosome

abcrrations by ionizing radiation. Int J Radiat Biol 1997;71:1-19).

One of the major mechanisms of IR-induced cell death is apoptosis, most commonly realized
through a mitochondria- dependent intrinsic pathway (Newton K, Strasser A. Ionizing radiation and
chemotherapeutic drugs induce apoptosis in lymphocytes in the absence of Fas or FADD/MORT]1
signaling. Implications for cancer therapy. J Exp Mcd 2000;191:195-200). The latter includes
permeabilization of mitochondria followed by the release of cytochrome (cyt) ¢ and other
proapoptotic factors (Smac/ Diablo [second mitochondrial-derived activator of caspase/ direct
inhibitor of apoptosis-binding protein with low pl], EndoG [endonuclease G], Omi/HtrA2, and AIF
[apoptosisinducing factor]) into the cytosol as the key events in the execution of the death program.
The released cyt c facilitates the formation of apoptosomes by interacting with apoptotic protease
activating factor 1 (Apaf-1) and then recruits and activates procaspase-9 and triggers the proteolytic
cascade that ultimately leads to cell disintegration. Release of proapoptotic factors and caspase
activation designate thc commencement of irrcversible stages of apoptosis. Thercfore, significant drug
discovery efforts were directed toward the prevention of these events, particularly of the
mitochondrial injury representing an important point of no return (Szewczyk A, Wojtczak I..
Mitochondria as a pharmacological target. Pharmacol Rev 2002;54:101-127). However, the exact
mechanisms of ¢yt ¢ release from mitochondria are still poorly understood. It was postulated that
generation of reactive oxygen species (ROS). likely by means of disrupted electron transport, has a
crucial role in promoting cyt ¢ release from mitochondria (Kowaltowski AJ, Castilho RF, Vercesi AE.
Opening of the mitochondrial permeability transition pore by uncoupling or inorganic phosphate in
the presence of Ca2+ is dependent on mitochondrial-generated reactive oxygen specics. FEBS Lett
1996;378:150-152). Notably, ROS can induce mitochondria membrane permeabilization both in vitro
and in vivo, and the mitochondrial membrane transition pore was shown to be redox sensitive

(Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med 2000;6:513-519).

Conversely, antioxidants and reductants, overexpression of manganese superoxide dismutase
(MnSOD) (Wong GH, Elwell JH, Oberley LW, et al. Manganous superoxide dismutase is essential
for cellular resistance to cytotoxicity of tumor necrosis factor. Cell 1989;58:923-931), and
thioredoxin (Iwata S, Hori T, Sato N, et al. Adult T cell leukemia (ATL)-derived factor/human
thioredoxin prevents apoptosis of lymphoid cells induced by L-cystine and glutathione depletion:
Possiblc involvement of thiol-mediated redox regulation in apoptosis causcd by pro-oxidant state. J
Immunol 1997;158:3108-3117) can delay or inhibit apoptosis. Previous studies showed that early in
apoptosis, a mitochondria- specific phospholipid-cardiolipin (CI.) translocated from the inner to the

outer mitochondrial membrane and activated cyt ¢ into a CL-specific peroxidase (Fernandez MG,
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Troiano L, Moretti L, et al. Early changes in intramitochondrial cardiolipin distribution during
apoptosis. Cell Growth Differ 2002;13:449-455 and Kagan VE, Tyurin VA, Jiang J, et al.
Cytochrome c acts as a cardiolipin oxygenase required [or release of proapoptotic factors. Nat Chem
Biol 2005;1:223-232). The activated cyt ¢ further catalyzed the oxidation of CL by using
mitochondrially generated ROS (Kagan VE, Tyurin VA, Jiang J, ef al. Cytochrome c acts as a
cardiolipin oxygenase required for release of proapoptotic factors. Nat Chem Biol 2005;1:223-232).
Most importantly, oxidized CL is an important contributor to the relcasc of cyt ¢ from mitochondria
(Kagan VE, Tyurin VA, Jiang J, et al. Cytochrome c acts as a cardiolipin oxygenase required for
release of proapoptotic factors. Nat Chem Biol 2005;1:223-232 and Petrosillo G, Casanova (5, Matera
M, et al. Interaction of peroxidized cardiolipin with rat-heart mitochondrial membranes: Induction of
permeability transition and cytochrome c release. FEBS Lett 2006;580:6311-6316), which might be
attributed to changes in microcnvironment for the intcraction between this phospholipid and cyt ¢ (Ott
M, Robertson JD, Gogvadze V., et al. Cytochrome c release from mitochondria proceeds by a two-step
process. Proc Natl Acad Sci U S A 2002;99:1259-1263 and Garrido C, Galluzzi L, Brunet M, et al.
Mechanisms of cytochrome c release from mitochondria. Cell Death Differ 2006; 13:1423-1433)
and/or participation of oxidized CL in the formation of mitochondrial permeability transition pores
(MTP) in coordination with Bcl-2 family proteins (Bid, Bax/Bak), as well as adenine nucleotide
translocator (ANT) and voltage-dependent anion channel (VDAC) (Petrosillo G, Casanova G, Matera
M, et al. Interaction of peroxidized cardiolipin with rat-heart mitochondrial membranes: Induction of
permeability transition and cytochrome c release. FEBS Lett 2006;580:6311-6316 and Gonzalvez F,
Gottlieb E. Cardiolipin: Setting the beat of apoptosis. Apoptosis 2007;12:877-885). In addition to
their essential role in the apoptotic signaling pathway, ROS were also implicated in perpetuation of
the bystander effect (Narayanan PK, Goodwin EH, Lehnert BE. Alpha particles initiate biological
production of superoxide anions and hydrogen peroxide in human cells. Cancer Res 1997;57:3963—
3971 and Iyer R, Lehnert BE. IFactors underlying the cell growth-related bystander responses to alpha
particles. Cancer Res 2000;60:1290-1298) and genomic instability after irradiation exposure (Spitz
DR, Azzam EI, Li JJ, et al. Metabolic oxidation/reduction reactions and cellular responses to ionizing
radiation: A unifying concept in stress response biology. Cancer Metastasis Rev 2004;23:311-322;
Limoli CL, Giedzinski E, Morgan WF, et al. Persistent oxidative stress in chromosomally unstable
cells. Cancer Res 2003; 63:3107-3111; and Kim GJ, Chandrasekaran K, Morgan WF. Mitochondrial
dysfunction, persistently elevated levels of reactive oxygen species and radiation-induced genomic
instability: A review. Mutagenesis 2006;21:361-367). Hence, elimination of intracellular ROS,
particularly its major source, mitochondrial ROS, by antioxidants may be an important opportunity for
developing radioprotectors and radiomitigators. Protection by antioxidants against IR has been studied
for more than 50 years (Weiss JF, Landauer MR. Radioprotection by antioxidants. Ann N'Y Acad Sci
2000;899:44-60).
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One of the major mechanisms of ionizing irradiation induced cell death is apoptosis, most
commonly realized through a mitochondria dependent intrinsic pathway. Oxidation of cardiolipin
catalyzed by cytochrome ¢ ("cyt ¢"), release of cytochrome ¢ and other pro-apoptotic factors into the
cytosol and subscquent caspase activation arc the key events in the execution of the dcath program

designating the commencement of irreversible stages of apoptosis.

In Belikova, NA, et al., (Cardiolipin-Specific Peroxidase Reactions of Cytochrome C in
Mitochondria During Irradiation-Induced Apoptosis. Int. J. Radiation Oncology Biol. Phys., Vol. 69,
No. 1, pp. 176-186, 2007), a small intcrfering RNA (siRNA) approach was used to engincer HelLa
cells with lowered contents of cyt ¢ (14%, HeLa 1.2 cells). Cells were treated by y-irradiation (in
doses of 5-40 Gy). Lipid oxidation was characterized by electrospray ionization mass spectrometry
analysis and fluorescence highperformance liquid chromatography—based Amplex Red assay. Release
of a proapoptotic factor (cyt ¢, Smac/DIABLO) was detected by Western blotting. Apoptosis was
revealed by caspase-3/7 activation and phosphatidylserine externalization. Theyshowed that
irradiation caused selective accumulation of hydroperoxides in cardiolipin (CL) but not in other
phospholipids. HeLa 1.2 cells responded by a lower irradiation-induced accumulation of CL
oxidation products than parental Hel a cells. Proportionally decreascd release of a proapoptotic factor,
Smac/DIABLO, was detected in cyt c-deficient cells after irradiation. Caspase-3/7 activation and
phosphatidylserine externalization were proportional to the cyt ¢ content in cells. They concluded that
cytochrome c is an important catalyst of CL peroxidation, critical to the execution of the apoptotic
program. This new role of cyt ¢ in irradiation-induced apoptosis is essential for the development of

new radioprotectors and radiosensitizers.

Significant drug discovery efforts have been directed towards prevention of these events,
particularly of the mitochondrial injury that represents an important point of no return. Although the
exacl mechanisms are still not well understood, generation of reactive oxygen species (ROS) and
oxidation of cardiolipin by the peroxidase function of cytochrome c/cardiolipin complexes are
believed to play a critical role in promoting cytochrome c release from mitochondria. ROS -
superoxide radicals dismutating to H,O, - feed the peroxidase cycle and facilitate accumulation of
oxidized cardiolipin. Hence, elimination of intracellular ROS, particularly its major source,
mitochondrial ROS, by electron and radical scavengers is a promising opportunity for developing
radioprotectors and radiomitigators. Significant research has been conducted in the field of radiation
protection to use antioxidants against ionizing irradiation (Weiss et al. Radioprotection by

Antioxidants. Ann N Y Acad Sci 2000;899:44-60).

A new class of antioxidants, stable nitroxide radicals, has been suggested as potent
radioprotectors due to multiplicity of their direct radical scavenging properties as well as catalytic
enzyme-like mechanisms (Saito et al. Two reaction sites of a spin label, TEMPOL with hydroxyl

radical. J Pharm Sci 2003;92:275-280; Mitchell et al. Biologically active metal-independent
6
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superoxide dismutase mimics. Biochemistry 1990;29:2802-2807). TEMPOL (4-hydroxy-2,2,6.6-
tetramethylpiperidine-N-oxyl) is a nitroxide whose properties as a radioprotector in vitro and in vivo
have been extensively studied (Mitchell er al. Nitroxides as radiation protectors. Mil Med
2002;167:49-50; Hahn et al. In vivo radioprotection and cftects on blood pressure of the stable frec
radical nitroxides. Int J Radiat Oncol Biol Phys 1998;42:839-842. Mitchell et al. Inhibition of oxygen-
dependent radiation-induced damage by the nitroxide superoxide dismutase mimic, tempol. Arch
Biochem Biophys 1991;289:62-70; Hahn et al. Tempol, a stable free radical, is a novel murine
radiation protector. Cancer Res 1992;52:1750-1753). Currently, TEMPOL is in clinical trials as a
topical radiation protector to prevent hair loss during cancer radiotherapy. While found promising and
relatively effective, the required high millimolar concentrations of TEMPOL, mainly due to its poor
partitioning into cells and mitochondria, set a limit for its broader applications (Gariboldi et al. Study
of in vitro and in vivo cffects of the piperidine nitroxide Tempol--a potential ncw therapeutic agent
for gliomas. Eur J Cancer 2003;39:829-837). In addition, it has been demonstrated that TEMPOL
must be present during irradiation to exert its radioprotective effect (Mitchell ef ¢l. Radiation,
radicals, and images. Ann N 'Y Acad Sci 2000;899:28-43; Mitchell et al. Inhibition of oxygen-
dependent radiation-induced damage by the nitroxide superoxide dismutase mimic, tempol. Arch
Biochem Biophys 1991;289:62-70), This suggests that the protective mechanisms of TEMPOL are

limited to its interactions with short-lived radiolytic intermediates produced by irradiation.

Sufficient concentrations of antioxidants at the sites of free radical generation are critical to
optimized protection strategies. A great deal of research has indicated that mitochondria are both the
primary source and major target of ROS (Reviewed in Orrenius S. Reactive oxygen species in
mitochondria-mediated cell death. Drug Metab Rev 2007;39:443-455). In fact, mitochondria have
been long considered as an important target for drug discovery (Szewczyk et al., Mitochondria as a
pharmacological target. 221 Pharmacol. Rev. 54:101- 127; 2002; Garber K. Targeting mitochondria
emerges as therapeutic strategy. J. Natl. Cancer Inst. 97:1800-1801; 2005).

Chemistry-based approaches to targeting of compounds to mitochondria include the use of
proteins and peptides, as well as the attachment of payloads to lipophilic cationic compounds,
triphenyl phosphonium phosphate, sulfonylureas, anthracyclines, and other agents with proven or
hypothetical affinities for mitochondria (Murphy MP. Targeting bioactive compounds to
mitochondria. Trends Biotechnol. 15:326-330); 1997; Dhanasekaran et al., Mitochondria superoxide
dismutase mimetic inhibits peroxideinduced oxidative damage and apoptosis: role of mitochondrial
superoxide. Free Radic. Biol. Med. 157 39:567-583; 2005; Hoye et al., Targeting Mitochondria. Acc.
Chem. Res. 41: 87-97, 2008). Howcver, at the time of this writing, no cvidence has been presented

that GS-nitroxides
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SUMMARY

There remains a very real need for a composition and associated methods for delivering
cargo of various types to mitochondria, specifically antioxidants. Provided herein are compounds
comprising a targeting group and a cargo that is a nitroxide-containing group and compositions
comprising the compounds. As illustrated in the Examples, below, compounds and compositions
described herein have use in the prophylaxis and treatment of exposure to ionizing radiation, in anti-
ageing therapies and, generally, in treating conditions that benefit from antioxidant treatment.

Examples of these compounds are provided below and in the claims.

For example, the effective mitochondrial concentration of mitochondria targeted conjugated
nitroxides (-N-Oe, —-N-OH or N=0O containing compounds and groups) against y-irradiation could be
increased up to 1,000 times (and their required tissues concentrations can be reduced 1,000 times from
10 mM to 10 uM) compared with parent non-conjugated nitroxides. Enrichment in mitochondria of
mitochondria targeted nitroxides has been demonstrated by EPR spectroscopy as well as by MS
analysis of their content in mitochondria obtained from cells incubated with mitochondria targeted
nitroxides. Delivery of mitochondria targeted-nitroxides into mitochondria does not depend on the
mitochondrial membrane potential. Therefore, mitochondria targeted nitroxides can accumulate not
only in intact but also in de-energized or damaged mitochondria with low membrane potential.
Moreover, mitochondria targeted nitroxide conjugates are delivered into mitochondria without
affecting the mitochondrial membrane potential. Hence, they do not impair the major mitochondrial
function, the energy production, in cells. In addition, the conjugated nitroxides provide a new

important feature, post irradiation protection.

Like other nitroxides, conjugated mitochondria targeted nitroxides might potentially lower
blood pressurc and sympathetic nerve activity. However, the dramatically reduced dose of
mitochondria targeted nitroxides (about 1,000-fold), compared to non-conjugated parental nitroxides,

may be significantly below of those inducing side effects.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 provides non-limiting examples of certain nitroxides. The logP values were
estimated using the onlinc calculator of molccular properties and drug likencss on the Molinspirations
Web site (www.molinspiration.com/cgi-bin/properties). TIPNO = tert-butyl isopropyl phenyl

nitroxide.

Figure 2 provides examples of structures of certain mitochondria-targeting antioxidant

compounds referenced herein, and the structure of TEMPOL.

Figure 3 depicts an cxample of a synthetic pathway for the TEMPO-hemigramicidin

conjugates.
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Figure 4 shows an EPR-based analysis of integration and reduction of nitroxide Gramicidin S

peptidyl-TEMPO conjugates in MECs.

Figure 5 shows a fluorescein isothiocyanate-dextran (FD4) read-out which reflects the effect
of Gramicidin-S TEMPO conjugates on rat ileal mucosal permeability following profound
hemorrhagic shock. Data are expressed as a percentage of the change permeability relative to that
observed in simultaneously assayed control segments loaded during shock with normal saline
solution. Figure 5A shows an FD4 read-out of TEMPOL which is used as a "positive control” for the
gut mucosal protection assay. Figure SB shows an FD4 rcad-out of TEMPO conjugate XJB-5-208
reflecting gut mucosal protection. Figure SC shows an FD4 read-out of XJB-5-125 which has the
TEMPO payload, but fails to provide protection against gut barrier dysfunction induced by
hemorrhage. Figure SD shows an FD4 read-out of XJB-5-127 which lacks the TEMPO payload and
fails to provide protection against gut barrier dysfunction induced by hemorrhage. Figure SE shows
an FD4 read-out of TEMPO conjugate XJB-5-131 reflecting gut mucosal protection. Figure SI' shows
an FD4 read-out of XJB-5-133 which lacks the TEMPO payload even though it possesses the same
hemigramicidin mitochondria targeting moiety as the most active compound, XJB-5-131. Figure 5G
shows an FD4 rcad-out of XJB-5-197 which has the TEMPO payload, but fails to providc protcction
against gut barrier dysfunction induced by hemorrhage. Figure SH shows an FD4 read-out of XJB-5-
194 which lacks the TEMPO payload and fails to provide protection against gut barrier dysfunction

induced by hemorrhage.

Figure 6 shows graphical representations of the effect of nitroxide conjugates on ActD-
induced apoptosis. Figure 6A is a graphical representation of superoxide production based upon mean
fluorescence intensity from 10,000 ileal cells. Figure 6B is a graphical representation of
phosphatidylserine (PS) externalization as indicated by the percentage of annexin V-positive cells.
Figure 6C is a graphical representation of caspase-3 activity as indicated by amount of its specilfic
substrate present, Z-DVED-AMC, in nmol/mg protein. Figure 6D is a graphical representation of
DNA fragmentation as indicated by propidium iodide fluorescence. Figure 6F is a graphical
representation of PS externalization at different concentrations of the compound 5a (as shown in
Figure 3). Figure 6F is a graphical representation of adenosine triphosphate (ATP) levels in
mitochondria in the presence or absence of 5a or 2-deoxyglucose. Figure 7 illustrates the effects of
intraluminal XJB-5-131 on hemorrhage-induced peroxidation of phospholipids in intestinal mucosa.
Figure 7A is a graphical representation of the peroxidation of phosphatidylcholine (“PC™). Figure 7B
is a graphical representation of peroxidation activity with respect to phosphatidylethanolamine
(“PE”). Figure 7C is a graphical represcntation of peroxidation activity with respect to
phosphatidylserine (“PS™). Figure 7D is a graphical representation of peroxidation activity with

respect to cardiolipin (“CL.”).

Figure 8 is a graphical representation of caspase 3 and 7 activity that illustrates the effects of

9



20

25

30

35

WO 2010/009405 PCT/US2009/051004

intraluminal XJB-5-131.

Figure 9 is a graphical representation of permeability of XJB-5-131 with respect to Caco-
2BBe human enterocyte-like monolayers subjected to oxidative stress. The permeability of the

monolayers is expressed as a clearance (pLeh-lecm?2).

Figure 10A is a graphical representation of the effects of intravenous treatment with XJB-5-
131 on MAP (mean arterial pressure, mm Hg) of rates subjected to volume controlled hemorrhagic
shock. Figure 10B is a graphical representation of the effects of intravenous treatment with XJB-5-

131 on survival probability of rates subjected to volume controlled hemorrhagic shock.

Figure 11A is a schematic of a synthesis protocol for JP4-039. Figure 11B provides a

synthesis route for a compound of Formula 4, below.

Figure 12 shows that nitroxide conjugate XJB-5-125 integrates into cells and mitochondria
much more efficiently than their parent non-conjugated 4-amino-TEMPO in mouse embryonic cells.
(A) shows their cellular and mitochondrial integration efficiencies in mouse embryonic cells, and (B)

shows representative FPR spectrum of nitroxides recovered from mitochondria.

Figure 13 reveals that nitroxide conjugate XJB-5-125 protects mouse embryonic cells against
gamma irradiation induced superoxide generation and cardiolipin peroxidation. (A) superoxide
generation. Cells were exposed to 10 Gy of y-irradiation. XJB-5-125 (20 uM) was added to cells
either 10-min before or 1-h after irradiation and removed after 5-h incubation. Cells were incubated
with 5 uM DHE for 30 min at the indicated time points. Ethidium fluorescence was analyzed using a
FACScan flow cytometer supplied with CellQuest software. Mean fluorescence intensity from 10,000
cells was acquired using a 585-nm bandpass filter. (B) Cardiolipin oxidation. Cardiolipin
hydroperoxides were determined using a fluorescent HPLC-based Amplex Red assay. Data presented
are means + S.E. (n=3). *p<(.01 vs non-irradiated cells; *p<(.01(0.05) vs irradiated cells without
XJB-5-125 treatment under the same condition. Insert is a typical 2D-HPTLC profile of phospholipids

from cells.

Figure 14 reveals that nitroxide conjugate XJB-5-125 protects cells against gamma irradiation
induced apoptosis. (A) XJIB-5-125 blocks y-irradiation induced accumulation of cytochrome c in the
cytosol of mouse embryonic cells. (B) Densitometry ratio of cytochrome c/actin. Semi-quantitation of
the bands was carried out by densitometry using Labworks Image Acquisition and Analysis Software
(UVP, Upland, CA). The lcvel of cytochrome c¢ relcase was expressed as the mean densitometry ratio
of cytochrome c¢ over actin. (C) Dose (5, 10 and 20 uM) dependent radioprotective effect of XJB-5-
125 (pre-treatment) on y-irradiation (10 Gy) induced phosphatidylserine (PS) externalization. After 48
h post-irradiation incubation, cells were harvested and stained with annexin-V-FITC and propodium
iodide (PI) prior to flow cytometry analysis. (D) Time (2. 3, 4, 5, and 6 h) dependent radioprotective

effect of XIB-5-125 (20 uM) on y-irradiation (10 Gy) induced PS externalization (48 h post
10
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irradiation) in mouse embryonic cells. (E) Effect of XIB-5-125 on y-irradiation (10 GGy) induced PS
externalization in human bronchial epithelial cell line BEAS-2B cells. Cells were treated with 5-125
(5 or 10 uM) before (10-min) or after (1-h) irradiation. Externalization of PS was analyzed 72 h post-
irradiation exposure. Data shown are mcans + S.E. (n=3). *(&)p<0.01(0.05) vs irradiated cells without

5-125 treatment, #p<0.05 vs cells pre-treated with 5-125.

Figure 15 shows the effect of nitroxide conjugate XJB-5-125 on gamma-irradiation dose
survival curves of mouse embryonic cells. Cells were pre- (10-min) or post-treated (1-h) with XJB-5-
125 (20 uM), which was removed after 4-h incubation period. The surviving fraction was calculated
as the plating efficiency of the samples relative to that of the control. The data was fitted to a single-
hit multitarget model using SigmaPlot 9.0 (Systat Software). Data presented are the mean + S.E.
(n=3).

Figure 16 illustrates the effcct of GS conjugated nitroxide, XJB-5-125, on gamma-irradiation
dose survival curves of 32D cl 3 murine hematopoietic cells. The cells incubated in XJB-5-125 or
Tempol had an increased Do (1.138 or 1.209 Gy, respectively) compared to the 32D cl 3 cells (0.797
Gy). The cells incubated in XJB-5-125 had an increased shoulder on the survival curve with an n of

18.24 compared to 5.82 for the cells incubated in tempol.

Figures 17A and 17B are graphs showing GS-nitroxide compound JP4-039 increases survival

of mice exposed to 9.75 Gy total body irradiation.

Figure 18 is a graph showing that GS-nitroxide compound JP4-(39 increases survival of mice

exposed to 9.5 Gy total body irradiation.

Figure 19 is a graph showing that GS-nitroxide JP4-039 is an effective hematopoietic cell

radiation mitigator when delivered 24 hr after irradiation.

Figure 20 is a graph showing that JP4-039 is an effective mitigator of irradiation damage to

KM 101 human marrow stromal cells.

Figure 21A shows results with detection of human cells in NOD/SCID mouse marrow
harvested 27 days after cord blood transplanted 1.V, showing flow cytometric analysis and
identification of human CD45+ (light gray) hematopoietic cells in NOD/SCID mouse BM following

irradiation, proximal tibia bone drilling (see below), and human cord blood injection.

Figure 21B is a photomicrograph of cross-section through a tibial wound 7-days after surgical
construction with a drill bit of a unicortical 2-mm diametcr wound in the lateral aspect of the tibia 2-

mm below the proximal epiphyseal plate.

Figure 22 is a schematic diagram of a Bronaugh diffusion system for studying in vitro

transdermal flux.
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Figure 23 is a graph showing delivery of XJB-5-125 into mouse skin after 24 hours.

Figure 24 shows typical EPR spectra of GS-nitroxides recorded from different fractions
obtained after the filtration through the mouse skin. 1- donor fluid, 2- receiver fluid after 6 h of
solution A filtration, 3- receiver fluid after 6 h of solution B filtration, 4- skin after 24 h exposure to
solution A. The EPR spectra of GS-nitroxide radicals in medium, or skin homogenates were recorded

in 28.5% of acetonitrile with addition of 2 mM K;Fe(CN)g

Figure 25 is a graph showing cumulative transdermal absorption of XJB-5-125 through

mouse skin over 24 hours

Figures 26A and 26B provides structures for compounds JED-E71-37 and JED-E71-58,

respectively.

Figure 27 shows a treatment paradigm for study to determine the impact of XJB-5-131 on the
age at onset of signs of aging in progeroid Ercc/™ mice. XJB-5-131 was 2 mg/kg prepared from a 10
pg/uL stock in DMSO mixed with 50 pL of sunflower seed oil and injected intraperitoneally. As
control littermate Erccl™ mice were treated with an equal volume of sunflower seed oil only, in

double-blind twin study.

[Figure 28 is a summary table showing effects of treatment with XJB-5-131 (“XJB” in this
figure), relative to control (sunflower seed oil) on the age at onset (in weeks) of various indicia of
aging in Erccl™ mice, using the protocol of Figure 27. The duration of (reatment of mice in this
figure was three times per week, beginning at 5 wks of age and continuing throughout their lifespan.
Cells highlighted in the XJB column indicate a significant delay in onset of the age-related

degenerative change in mice treated with XJB relative to isogenic controls treated with vehicle only.

Figure 29 is a bar graph showing glycosaminoglycan (an extracellular matrix protein that is
essential for disc maintenance and flexibility) content of intervertebral discs of Ercel™ mice cither
treated with XJB-5-131 (“XJB™ in this figure) or vehicle (sunflower seed oil) according to the
protocol shown in Figure 27. The duration of treatment of mice in this figure was three times per

week, beginning at 5 wks of age and continuing throughout their lifespan.

Figure 30 provides photographs showing the effects of (photo)aging in Erccl™ mice either
treated with XJB-5-131 (80 pg emulsified in a topical cream) or cream only, according to the protocol
shown in Figure 27. The duration of treatment of mice in this figure was daily for [ive days post-UV

irradiation.

Figures 31A-B are graphs showing weights as a function of age of (A) male and (B) female
Erccl™ mice either treated with XJB-5-131 or vehicle (sunflower seed oil) according to the protocol

shown in Figure 27. XJB-5-131 does not cause weight loss as does the parental compound TEMPO.

Figure 32 provides photomicrographs of SA-f3 galactosidase (a marker of cellular senescence)
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staining in mouse embryonic fibroblast (“MEF") cells prepared from Erccl” mice, where the MEF
cells were either treated with XJB-5-131 (“XJB” in this figure; S00 nM dissolved in media) or media

alone continuously for 48 hr prior to fixing and staining the cells.

Figure 33 provides photomicrographs of YH2AX immunostaining (a marker of DNA double
strand breaks and cellular senescence) of mouse embryonic fibroblast (“MEF") cells prepared from
Erccl” mice, where the MEF cells were either treated with XJB-5-131 (“XJB” in this figure; SO0 nM

dissolved in media) or media alone continuously for 48 hr prior to fixing and staining the cells.

Figure 34 is a graph showing apoptosis in mouse embryonic fibroblast (“MEF") cells
prepared from Erccl” mice, where the MEF cells were either treated with XJB-5-131 (“XJB” in this
figure; S00 nM dissolved in media) or media alone continuously for 48 hr prior to fixing and staining

the cells.

Figure 35 provides photomicrographs showing the effects of varying doses of JP4-039 on
proliferation and growth of mouse embryonic fibroblast (“MEF”) cells prepared from Erccl” mice.

JP4-039 is not toxic to cells at concentrations as high as 10 pM.

Figure 36 provides photomicrographs showing the effects of varying doses of JP4-039 on
proliferation and growth of mousc cmbryonic fibroblast (“MEF") cells preparcd from wild-type mice.

JP4-039 is not toxic to cells at concentrations as high as 10 pM.

Figure 37 provides photomicrographs showing levels of p16, a marker of irreversible cellular
senescence, in mouse embryonic fibroblast ("MEF") cells prepared from Erccl™ mice, where the
MEF cells were either treated with either JP4-039 (“0-39" in this figure; 10uM dissolved in media) or

media alone for 48 hrs prior to fixing and immunostaining the cells.

Figure 38 provides photomicrographs showing cell proliferation of primary mouse embryonic
fibroblast (“MEF") cells prepared from Erccl” mice and grown in conditions of oxidative stress (20%
oxygen), where the MEF cells were either treated with either JED-E71-37, JED-E71-58 91 uM

dissolved in media), or media alone for a duration of 48 hrs prior to fixing and staining the cells.

Figure 39 provides photomicrographs showing YH2AX immunostaining (a marker of DNA
double strand breaks and cellular senescence) of mouse embryonic fibroblast (“MEF") cells prepared
from Erccl ™ mice and grown in conditions of oxidative stress (20% oxygen), where the MEF cells
were either treated with either JED-E71-58 (1 uM dissolved in media, or media alone for a duration of

48 hrs prior to fixing and staining the cells.
Figure 40 is a schematic showing alternative designs of nitroxide analogues.

Figure 41 is a schematic of a synthesis protocol for various alternative designs of nitroxide

analogues.
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Figure 42 is a schematic of a synthesis protocol for an alternative nitroxide moiety of 1,1,3,3-

tetramethylisoindolin-2-yloxyl (TMIO).

Figure 43 is a schematic of a synthesis protocol for an alternative nitroxide moiety of 1-

methyl 2-azaadamantane N-oxyl (1-Me-AZADO).
DETAILED DESCRIPTION

As used herein, the term “‘subject” refers to members of the animal kingdom including but not
limited to human beings. The term "reactive oxygen species” ("ROS") includes, but is not limited to,

supcroxide anion, hydroxyl, and hydroperoxide radicals.

An antioxidant compound is dectined hercin as a compound that decrcases the rate of oxidation
of other compounds or prevents a substance from reacting with oxygen or oxygen containing
compounds. A compound may be determined to be an antioxidant compound by assessing its ability
to decrease molecular oxidation and/or cellular sequellae of oxidative stress, for example, and without
limitation, the ability to decrease lipid peroxidation and/or decrease oxidative damage to protein or
nucleic acid. In one embodiment, an antioxidant has a level of antioxidant activity between ().01 and
1000 times the antioxidant activity of ascorbic acid in at least one assay that measures antioxidant

activily.

Provided herein are compounds and compositions comprising a targeting group and a cargo,
such as a nitroxide-containing group. The cargo may be any useful compound, such as an antioxidant,
as are well known in the medical and chemical arts. The cargo may comprise a factor having anti-
microbial activity. For example, the targeting groups may be cross-linked to antibacterial enzymes,
such as lysozyme, or antibiotics, such as penicillin. Other methods for attaching the targeting groups
to a cargo are well known in the art. In one embodiment, the cargo is an antioxidant, such as a
nitroxide-containing group. In another embodiment, the cargo transported by mitochondria-selective
targeting agents may include an inhibitor of NOS activity. The cargo may have a property selected
from the group consisting of antioxidant, radioproteclive, protective, anti-apoplotic, therapeulic,
ameliorative, NOS antagonist and combinations thereof. In another embodiment, the cargo may have
the ability to inhibit nitric oxide synthase enzyme activity. It will be appreciated that a wide variety of
cargos may be employed in the composition described herein. Non-limiting examples of cargos
include: a 2-amino-6-methyl-thiazine, a ubiquinone analog, a ubiquinonc analog fragment moicty, a
ubiquinone analog fragment moiety lacking a hydrophilic tail, a superoxide dismutase mimetic, a

superoxide dismutase biomimetic and a salen-manganese compound.

While the generation of ROS in small amounts is a typical byproduct of the cellular
respiration pathway, certain conditions, including a disease or other medical condition, may occur in
the patient when the amount of ROS is excessive to the point where natural enzyme mechanisms

cannot scavenge the amount of ROS being produced. Therefore, compounds, compositions and
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methods that scavenge reactive oxygen species that are present within the mitochondrial membrane
of the cell are useful and are provided herein. These compounds, compositions and methods have
the utility of being able to scavenge an excess amount of ROS being produced that naturally
occurring enzymes SOD and catalase, among others, cannot cope with.

In one embodiment of the present invention there is provided a compound having the

structure:

(Formula 1)

wherein X is one of { or ;
R and R; are hydrogen, or a C,-Cg straight or branched-chain alkyl; R, is hydrogen,
C,-Cs straight or branched-chain alkyl, or a C;-Cs straight or branched-chain alkyl further
comprising a phenyl (CsHs) group, that is unsubstituted or is methyl-, hydroxyl- or fluoro-
substituted; R3 is -NH-Rs, -O-Rs or -CH,-Rs, and Rs is an -N-Os, -N-OH or N=0 containing
group; R is -C(0)-Re, -C(O)O-Rs, or -P(O)-(Re),, wherein Rg is C;-Cg straight or branched-chain
alkyl or C,-C; straight or branched-chain alky! further comprising one or more phenyl
(-CsHs) groups that are independently unsubstituted, or methyl-, ethyl-, hydroxyl- or
fluoro-substituted.

In another non-limiting embodiment, the compound has the structure:

wherein X is one of , and
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Ry, R, and Ry are, independently, hydrogen, C,-Cg straight or branched-chain alkyl, optionally
including a phenyl (C¢Hs) group, that optionally is methyl-, hydroxyl- or fluoro-substituted,
including: methyl, ethyl, propyl, 2-propyl, butyl, t-butyl, pentyl, hexyl, benzyl, hydroxybenzyl
(e.g., 4-hydroxybenzyl), phenyl and hydroxyphenyl. R; is -NH-Rs, -O-Rs or -CH,-Rs, where Rs is
an —N-Oe,

CH,

NJ
-N-OH or N=O containing group. In one embodiment, R is 0. (1-Me-
AZADO or 1-methyl 2-azaadamantane N-oxyl). In another embodiment R3

Y

H

(TMIO; 1,1,3,3-tetramethylisoindolin-2-yloxyl).

. Ris -C(0)-Rg, -C(0)O-Rs, or -P(0)-(R¢),, wherein Rg is C,-Cg straight or branched-chain alkyl

optionally comprising one or more phenyl (-C¢Hs) groups, and that optionally are methyl-, ethyl-,
hydroxyl- or fluoro-substituted, including Ac (Acetyl, R =-C(0)-CHj3), Boc (R=-C(O)O-tert-butyl),
Cbz (R=-C(0)O-benzyl (Bn)) groups. R also may be a diphenylphosphate group, that is,

15A
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R= NI . Excluded from this is the enantiomer XJB-5-208. In certain embodiments, R, is

t-butyl and R, and R, are H; for instance:

NHCbz

mi129-37

jmf120-52 Imi126-83

As used herein, unless indicated otherwise, for instance in a structure, all compounds and/or

5 structures described herein comprise all possible stereoisomers, individually or mixtures thereof.

As indicated above, Rs is an -N-Oe, -N-OH or -N=0 containing group (not -N-Oe, -N-OH or
-N=O alone, but groups containing those moieties, such as TEMPO, etc, as described herein). As is
known to one ordinarily skilled in the art, nitroxide and nitroxide derivatives, including TEMPOL
and associated TEMPO derivatives are stable radicals that can withstand biological environments.
10 Therefore, the presence of the 4-amino-TEMPO, TEMPOL or another nitroxide "payload” within
the mitochondria membrane can serve as an cffcctive and cfficient clectron scavenger of the ROS
being produced within the membrane. Non-limiting examples of this include TEMPO (2,2,6,6-
Tetramethyl-4-piperidine 1-oxyl) and TEMPOL. (4-Hydroxy-TEMPQ), in which, when incorporated

into the compound described herein, for example, when R; is -NH-Rs, -O-Rs:
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H,C CH, H,C CH,
- N Ne= 0O~ =0 N0
H
HC Ch H,C Oy

L)

Additional non-limiting examples of -N-Oe, -N-OH or N=O containing group are provided in
Table 1 and in Figure 1 (from Jiang. J., et al. “Structural Requirements for Optimized Delivery,
Inhibition of Oxidative Stress, and Antiapoptotic Activity of Targeted Nitroxides”, J Pharmacol Exp
S Therap. 2007, 320(3):1050-60). A person of ordinary skill in the art would be able to conjugate
(covalently attach) any of these compounds to the rest of the compound using common linkers and/or
conjugation chemistries, such as the chemistries described herein. Table 1 provides a non-limiting
excerpt from a list of over 300 identified commercially-available -N-Oe, -N-OH or N=0O containing

compounds that may be useful in preparation of the compounds or compositions described herein.

10 Table 1 - Commercially-available -N-Oe, -N-OH or N=O containing groups
Structure Name CAS No.
N
N Trimethylamine N-Oxide 1184-78-7
/N Y

3 e e e e e N.N-Dimethyldodecylamine | 1643-20-5
N CH,
e N-Oxide 70592-80-2

3
CH,

O
N-Benzoyl-N-
304-88-1
/N Phenylhydroxylamine
HO

N,N-Diethylhydroxylamine | 3710-84-7
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N.N-
O 14165-27-6
i Dibenzylhydroxylamine
§ 621-07-8
L;
><\’7< Di-Tert-Butyl Nitroxide | 2406-25-9
~ - N.N=
o fi\i Dimethylhydroxylamine 16645-06-0
Hydrochloride
(0]
y )\\ /O~ cH,
N N\ Metobromuron 3060-89-7
H CH,
OH
\N“ Benzyl-Di-Beta-Hydroxy
I Ethylamine-N-Oxide
HO
O
g: . Bis(Trifluoromethyl)Nitroxi
3( X 2154-71-4
SN de
\/»(/\ Triethylamine N-Oxide 2687-45-8
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o\\s//o
7\
HO  CH

0 OH 0 CH
; N

T NN NN N NN 5
| " !
OH (@] OH

o
N N-Methoxy-N-
A 6919-62-6
SN Methylcarbamate

Cl
Cl

N,N-Bis(2-Chloro-6-
Fluorobenzyl)-N-[(([2,2-
Dichloro-1-(1,4-Thiazinan-
4-yl+)ethylidene]

amino)carbonyl)oxy]amine

Tri-N-Octylamine N-Oxide | 13103-04-3

Diethyl (N-Methoxy-N- 124931-12-
Methylcarbamoylmethyl)Ph | 0

osphonate

N-Methoxy-N-Methyl-2-
129986-67-

(Triphenylphosphoranyliden 0

e)Acetamide
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N-Methoxy-N-Methyl-N'-
[5-Oxo-2-
(Trifluoromethyl)-5h-
Chromeno[2,3-B]Pyridi+

N-3-YI]Urea

Cl

N-[(4-Chlorobenzyl)Oxy]-
N-([5-Oxo0-2-Phenyl-1,3-
Oxazol-4(5h)-
Yliden]Methyl+

)Acetamide

/ \ L N-Methylfurohydroxamic 109531-96-
© ? Acid 6
1!\’U N.N-Dimethylnonylamine
~ ’ 2536-13-2
N-Oxide
o N-(Tert-Butoxycarbonyl)-L-
Alanine N'-Methoxy-N'- 87694-49-3

Methylamide

1-(4-Bromophenyl)-3-
(Methyl([3-
(Trifluoromethyl)Benzoyl]
Oxy)Amino)-2-Prop+ En-1-
One

Cl >— NH

2-
([[(Anilinocarbonyl)Oxy](
Methyl) Amino]Methylene)-
5-(4-Chlorophenyl)-1,3+

-Cyclohexanedione

20




WO 2010/009405

PCT/US2009/051004

\N oo

N-Methoxy-N-Methyl-2-
(Trifluoromethyl)-1,8-
Naphthyridine-3-

Carboxamide

N-Methoxy-N-Methyl-

Indole-6-Carboxamide

ZT

| T :
\/\/\/N /\/\/\
N N o)
I H I
OH o)

Desferrioxamin
F
Q 78\ 127408-31-
o —_— CH, AKOS 91254
o = 5
0
~
HO
NH,
o
)J\ N-[(3s,4r)-6-Cyano-3,4-
HO(_ )
N CH, Dihydro-3-Hydroxy-2,2-
N | 31-
\\ (AL \OH Dimethyl-2h-1-Benzopyran- 127408-31
(S Ry 5
CH, T
o N .
o, L]-N-Hydroxyacetamide
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N-Methoxy-N-Methyl-1,2-
Dihydro-4-Oxo-
Pyrrolo[3,2,1-1j]Quinoline-

5-Carboxa+
Mide
i
N Y Fr-900098
o
2 2,2'-(Hydroxyimino)Bis-
N\ NG - 133986-51-
- \\C o Ethanesulfonic Acid 3
. &
Na* i.:;ﬁ\g Disodium Salt
i Fmoc-N-Ethyl-
Hydroxylamine
0
)\ N/\ *
o \
OH
\ .
§ }'N o— BIS(N,N'
[0 RS Dimethylhydroxamido)Hyd
i
- N\ G roxooxovanadate
0 <I:H3
)J\ ©
0 N X
| 175013-18-
Pyraclostrobin 0
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C
(@] / R
N
\
cl O— CH, 1-Boc-5-Chloro-3-
A\ .
Methoxy-Methyl-
/N He CH, ( y y
N Carbamoyl)Indazole
CH,
)
0
o 8 N O N-Methoxy-N-Methyl-
E />_<\ Thiazole-2-Carboxamide
N ¢}
i 4,4-Difluoro-N-Methyl-N-
Newes
N Methoxy-L-Prolinamide Hcl
o
3-Fluoro-4-

o o ‘ 913835-59-
\ ) (Methoxy(Methyl)Carbamo 3
;o yl)Phenylboronic Acid

0 /N — o\

A o N\\ 1-Isopropyl-N-Methoxy-N-
| | Methyl-1h- 467235-06-
-
HC N}\ Benzo[D][1.2.3]Triazole-6- | 9
© s Carboxamide
H,C
o] (Trans)-2-(4-Chlorophenyl)-
O
N-Methoxy-N-
/’,"(S)—(S) N CH, Methylcyclopropanecarboxa
| .
CH, mide

23




WO 2010/009405 PCT/US2009/051004

(S ) Bicyclo[2.2.1]Heptane-2-

TCH, Carboxylic Acid Methoxy-

y y

(R) Methyl-Amide
H
HI/II,
'llll H
Akos Bc-0582
N
Ho”
3-(N,0-
H,C 0 5 o Dimethylhydroxylaminocar
G | bonyl)Phenylboronic Acid,
s © e AN o Pinacol Ester
H,C 3 |
CH, CH,
O
~O~ = ) .

H,C ’I\l | \ 1-Triisopropylsilanyl-1h-

CH, \N \ o, Pyrrolo[2,3-B]Pyridine-5-

Carboxylic Acid Methoxy+

-Methyl-Amide

According to one embodiment, the compound has the structure
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Ch,
H,C

BocHN /\/U\ R

, or the structure

CH,
H,C

BocHN R

wherein R is -NH-R|, -O- R; or -CH,- R}, and R is an -N-Oe, -N-OH or N=0 containing group. In
one embodiment, R is —-NI-R;, and in another R is -NH-TEMPO.

5 According to another embodiment, the compound has the structure:
R1 R2 9
/R4
R=—N N
H H
R3

(Formula 2)

in which R1, R2 and R3 are, independently, hydrogen, C,-C; straight or branched-chain alkyl,
optionally including a phenyl (C¢Hs) group, that optionally is methyl-, hydroxyl- or fluoro-substituted,
including 2-methyl propyl, benzyl, methyl-, hydroxyl- or fluoro-substituted benzyl, such as 4-

10 hydroxybenzyl. R4 is an-N-Oe, -N-OH or N=0O containing group. In one embodiment, R4 is

H
- N

O- (1-Me-AZADO or 1-methyl 2-azaadamantane N-oxyl). In another
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N

H
embodiment R4 is (TMIO; 1,1,3,3-tetramethylisoindolin-2-yloxyl).

R is -C(0O)-RS, -C(O)O-RS, or -P(0)-(RS),, wherein RS is C;-C; straight or branched-chain alkyl,

optionally comprising one or more phenyl (-C¢lIs) groups, and that optionally are methyl-, ethyl-,
hydroxyl- or fluoro-substituted, including Ac, Boc, and Cbz groups. R also may be a

-y O
D S - I
R——d E\
rzﬁ- "«\J
diphenylphosphate group, that is, R= R

In certain specific embodiments, in which R4 is TEMPO, the compound has one of the structures A,

Al, A2, or A3 (Ac=Acetyl=CH;(C(O)-):

, and

According to another embodiment, the compound has the structurc
R1 R2 G

R4

R3
(Formula 3)

In which R1, R2 and R3 are, independently, hydrogen, C,-Cs straight or branched-chain alkyl,
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optionally including a phenyl (C¢Hs) group, that optionally is methyl-, hydroxyl- or fluoro-substituted,
including 2-methyl propyl, benzyl, methyl-, hydroxyl- or fluoro-substituted benzyl, such as 4-

hydroxybenzyl. R4 is an -N-Oe, -N-OH or N=O containing group. In one embodiment, R4 is

H
- N
CH,
N o
* (1-Me-AZADO or 1-methyl 2-azaadamantane N-oxyl). In another
H
embodiment R4 is (TMIO; 1,1,3,3-tetramethylisoindolin-2-yloxyl).

R is -C(O)-RS5, -C(0O)O-RS, or -P(0)-(RS),, wherein RS is C-Cg straight or branched-chain alkyl,
optionally comprising one or more phenyl (-C¢Hs) groups, and that optionally are methyl-, ethyl-,

hydroxyl- or fluoro-substituted, including Ac, Boc, and Cbz groups. R also may be a

f'l: ““““ W\ 'C’)
e
diphenylphosphate group, that is, R= Li;r"J . In certain specific embodiments, in which R4

is TEMPO, the compound has one of the structures D, D1, D2, or D3 (Ac=Acetyl=CH;C(O)-):

D2

In another non-limiting embodiment, the compound has the structure:
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(Formula 4),

wherein X is one of : and

, and

R, and R, arc, independently, hydrogen, C;-Cg straight or branched-chain alkyl, optionally including a
phenyl (C¢Hs) group, that optionally is methyl-, hydroxyl- or fluoro-substituted, including: methyl,

5 ethyl, propyl, 2-propyl, butyl, t-butyl, pentyl, hexyl, benzyl, hydroxybenzyl (e.g., 4-hydroxybenzyl),
phenyl and hydroxyphenyl. Rj;is —-NII-Rs, -O-Rs or —CI1,-Rs, where R is an -N-Oe, —-N-OII or N=0O

H
- N
CH,
N o
containing group. In one embodiment, R; is © (1-Me-AZADO or 1-methyl
| N-O
“~
N
H

azaadamantane N-oxyl). In another embodiment R; is
(TMIO; 1,1,3,3-tetramethylisoindolin-2-yloxyl).

10 R is -C(O)-Rs, -C(0O)0O-Rg, or -P(0O)-(Re),, wherein R is C,-Cg straight or branched-chain alkyl
optionally comprising one or more phenyl (-CsHs) groups, and that optionally are methyl-, ethyl-,
hydroxyl- or fluoro-substituted, including Ac (Acetyl, R =-C(0O)-CH:), Boc (R=-C(0Q)O-tert-butyl),
Cbz (R=-C(0O)O-benzyl (Bn)) groups. R also may be a diphenylphosphate group, that is,

P
SN :
"// ‘,\} _____ p ......
S J
S [
PPORN
]
R= S
15 In one non-limiting embodiment, the compound has one of the structures
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and . In yet another

.NH——R5

Boc —NH

non-limiting embodiment, the compound has the structure 4 ,in

which R, is hydrogen or methyl.

The compounds described above, such as the compound of Formula 1, can be synthesized by
any useful method. The compound JP4-039 was synthesized by the method of Example 8. In one
embodiment, a method of making a compound of Formula 1 is provided. The compounds are
synthesized by the following steps:

A. reacting an aldehyde of structure R;-C(O)-, wherein, for example and without limitation, R, is
C,-Cg straight or branched-chain alkyl, optionally including a phenyl (C¢Hs) group, that optionally is

methyl-, hydroxyl- or fluoro-substituted, including including: methyl, ethyl, propyl, 2-propyl, butyl, t-
butyl, pentyl, hexyl, benzyl, hydroxybenzyl (e.g., 4-hydroxybenzyl), phenyl and hydroxyphenyl, with

(R)-2- methylpropane-2-sulfinamide to form an imine, for example

B. reacting a terminal alkyne-1-ol (HCC-R,-CH,-OH), wherein, for example and without
limitation, R, is not present or is branched or straight-chained alkylene, including methyl, ethyl,

propyl, etc., with a tert-butyl diphenylsilane salt to produce an alkyne, for example
/ R ™~ O

C. reacting (by hydrozirconation) the alkyne with the imine in the presence of an

———TBDPS

)

organozirconium catalyst to produce an alkene, for example
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TBDPS

DI. acylating the alkene to produce a carbamate, for example

N

2 -
R/ \/\ R_j/ N O—— TBDPS

wherein, for cxample and without limitation, R; is C,-Cg straight or branched-chain alkyl, optionally
including a phenyl (CsHs) group, that optionally is methyl-, hydroxyl- or fluoro-substituted, including
including: methyl, ethyl, propyl, 2-propyl, butyl, t-butyl, pentyl, hexyl, benzyl, hydroxybenzyl (e.g.,
4-hydroxybenzyl), phenyl and hydroxyphenyl;

D2. optionally, cyclopropanating the alkene and then acylating the alkcne to produce a carbamatc,

for example

S o———TBDPS

)

wherein, for example and without limitation, R; is C,;-Cj straight or branched-chain alkyl, optionally
including a phenyl (CgHs) group. that optionally is methyl-, hydroxyl- or fluoro-substituted, including
including: methyl, ethyl, propyl, 2-propyl, butyl, t-butyl, pentyl, hexyl, benzyl, hydroxybenzyl (e.g.,
4-hydroxybenzyl), phenyl and hydroxyphenyl;

E. removing the t-butyldiphenylsilyl group from the carbamate to produce an alcohol, for

cxample
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R' R OH

F. oxidizing the alcohol to produce a carboxylic acid, for example
N~ ‘
R, /i
~
TN
N ~
R(/ ' R; OH
h ;and

G. reacting the carboxylic acid with a nitroxide-containing compound comprising one of a

5 hydroxyl or amine in a condensation reaction to produce the antioxidant compound, for example

/

N e R,
R”/K///\ R/ d ~ R

9

s

wherein R, is -NH-R, or -O-R,, and Ry is an -N-Oe, -N-OH or N=0 containing group, such as

described above.

In another non-limiting embodiment, a compound is provided having the structure R1-R2-R3
10 in which R1 and R3 are a group having the structure -R4-RS5, in which R4 is a mitochondria targeting
group and RS is -NH-R6, -O-R6 or —CH,-R6, wherein R6 is an -N-Oe, -N-OH or N=O containing
group, such as TEMPO. R1 and R2 may be the same or different. Likewise, R4 and RS for each of
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R1 and R3 may be the same or different. R2 is a linker that, in one non-limiting embodiment, is
symmetrical. Figure 26A and 26B depicts two examples of such compounds. In one embodiment, R1
and R2 have the structure shown in formulas 1, 2, or 3, above, with all groups as defined above,
including structures A. Al. A2 A3. D, D1, D2 and D3, above. an example of which is compound
JED-E71-58, shown in Figure 26B. In another embodiment, R1 and R2 are, independently, a
gramicidin derivative, for example, as in the compound JED-E71-37, shown in Figure 26A.
Examplcs of gramicidin derivatives arc provided hercin, such as XJB-5-131 and XJB-5-125 (scc,
Figure 2), and are further described both structurally and functionally in United States Patent
Publication Nos. 20070161573 and 20070161544 as well as in Jiang, J, et al. (Structural
Requirements for Optimized Delivery. Inhibition of Oxidative Stress, and Antiapoptotic Activity of
Targeted Nitroxides, J Pharmacol Exp Therap. 2007, 320(3):1050-60, see also, Hoye, AT et al.,
Targeting Mitochondria, Acc Chem Res. 2008, 41(1):87-97, see also. Wipf, P, et al., Mitochondrial
Targeting of Selective Electron Scavengers: Synthesis and Biological Analysis of Hemigramicidin-
TEMPO Conjugates, (2005) J Am Chem Soc. 2005, 127:12460-12461). The XJB compounds can be
linked into a dimer, for example and without limitation, by reaction with the nitrogen of the BocHN
groups (e.g.,as in XJB-5-131), or with an amine, if present, for instance, if one or more amine groups

of the compound is not acylated to form an amide (such as NHBoc or NHCbx).

In Jiang, J, et al. (J Pharmacol Exp Therap. 2007, 320(3):1050-60), using a model of ActD-
induced apoptosis in mouse embryonic cells. the authors screcned a library of nitroxides to explore
structure-activity relationships between their antioxidant/antiapoptotic properties and chemical
composition and three-dimensional (3D) structure. High hydrophobicity and effective mitochondrial
integration were deemed necessary but not sufficient for high antiapoptotic/antioxidant activity of a
nitroxide conjugate. By designing conformationally preorganized peptidyl nitroxide conjugates and
characterizing their 3D structure experimentally (circular dichroism and NMR) and theoretically
(molecular dynamics), they established that the presence of the B-turn/B-sheet secondary structure is
essential for the desired activity. Monte Carlo simulations in model lipid membranes confirmed that
the conservation of the D-Phe-Pro reverse turn in hemi-GS analogs cnsures the specific positioning of
the nitroxide moiety at the mitochondrial membrane interface and maximizes their protective effects.
These insights into the structure-activity relationships of nitroxide-peptide and -peptide isostere
conjugates are helpful in the development of new mechanism-based therapeutically effective agents,

such as those described herein.

Targeting group R4 may be a membrane active peptide fragment derived from an antibiotic
molecule that acts by targeting the bacterial cell wall. Examples of such antibiotics include:
bacitracins, gramicidins, valinomycins, enniatins, alamethicins, beauvericin, serratomolide,
sporidesmolide, tyrocidins, polymyxins, monamycins, and lissoclinum peptides. The membrane-

active peptide fragment derived from an antibiotic may include the complete antibiotic polypeptide, or
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portions thereof having membrane, and preferably mitochondria-targeting abilities, which is readily
determined, for example, by cellular partitioning experiments using radiolabeled peptides. Examples
of useful gramicidin-derived membrane active peptide fragments are the Leu-D-Phe-Pro-Val-Orn and
D-Phe-Pro-Val-Orn-Leu hemigramicidin fragments. As gramicidin is cyclic, any hemigramicidin 5-
mer is expected to be useful as a membrane active peptide fragment, including Leu-D-Phe-Pro-Val-
Orn, D-Phe-Pro-Val-Orn-Leu, Pro-Val-Orn-Leu-D-Phe, Val-Orn-Leu-D-Phe-Pro and Orn-Leu-D-
Phe-Pro-Val (from Gramicidin S). Any larger or smaller fragment of gramicidin, or even larger
fragments containing repeated gramicidin sequences (e.g., Leu-D-Phe-Pro-Val-Orn-Leu-D-Phe-Pro-
Val-Orn-I.eu-D-Phe-Pro) are expected to be useful for membrane targeting, and can readily tested for
such activity. In one embodiment, the Gramicidin S-derived peptide comprises a (3-turn, which
appears to confer to the peptide a high aflfinity for mitochondria. Derivatives of Gramicidin, or
other antibiotic fragments, includc isosteres (molccules or ions with the same number of atoms and
the same number of valence electrons - as a result, they can exhibit similar pharmacokinetic and
pharmacodynamic properties), such as (E)-alkene isosteres (see. United States Patent Publication
Nos. 20070161573 and 20070161544 for exemplary synthesis methods). As with Gramicidin, the
structure (amino acid sequence) of bacitracins, other gramicidins, valinomycins, enniatins,
alamethicins, beauvericin, serratomolide, sporidesmolide, tyrocidins, polymyxins, monamycins, and
lissoclinum peptides are all known, and fragments of these can be readily prepared and their

membrane-targeting abilities can easily be conlirmed by a person of ordinary skill in the art.

Alkene isosteres such as (E)-alkene isosteres of Gramicidin S (i.e., hemigramicidin) were
used as part of the targeting sequence. See Figure 3 for a synthetic pathway for (I¥)-alkene isosteres
and reference number 2 for the corresponding chemical structure. First, hydrozirconation of alkyne
(Figure 3, compound 1) with Cp,ZrHCl is followed by transmetalation to Me,Zn and the addition of
N-Boc-isovaleraldimine. The resulting compound (not shown) was then worked up using a solution
of tetrabutylammonium fluoride (“TBAF") and diethyl ether with a 74% yield. The resulting
compound was then treated with acetic anhydride, triethylamine (TEA), and 4-N,N1-
(dimethylamino) pyridine (“DMAP”) to provide a mixture of diastereomeric allylic amides with a
94% yield which was separated by chromatography. Finally, the product was worked up with K,CO;
in methanol to yield the (I)-alkene, depicted as compound 2. The (E)-alkene, depicted as compound
2 of Figure 3, was then oxidized in a multi-step process to yield the compound 3 (Figure 3) - an

example of the (E)-alkene isostere.

The compound 3 of Figure 3 was then conjugated with the peptide H-Pro-Val-Orn (Cbz)-
OMe using 1-ethyl-3-(3-dimcthylaminopropyl carbodiimide hydrochloride) (EDC) as a coupling
agent. The peptide is an example of a suitable targeting sequence having affinity for the mitochondria
of a cell. The resulting product is shown as compound 4a in Figure 3. Saponification of compound

4a followed by coupling with 4-amino-TEMPO (4-AT) afforded the resulting conjugate shown as
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compound 5a in Figure 3, in which the Leu-DPhe peptide bond has been replaced with an (E)-alkene.

In an alternate embodiment, conjugates 5b in Figure 3 was prepared by saponification and
coupling of the peptide 4b (Boc-Leu-DPhe-Pro-Val-Orn(Cbz)-OMe) with 4-AT. Similarly, conjugate
5c in Figure 3 was prepared by coupling the (E)-alkene isostere as indicated as compound 3 in Figure
3 with 4-AT. These peptide and peptide analogs are additional examples of suitable targeting

sequences having an affinity to the mitochondria of a cell.

In another embodiment, peptide isosteres may be employed as the conjugate. Among the
suitable peptide isosteres are trisubstituted (E)-alkene peptide isosteres and cyclopropane peptide
isosteres, as well as all imine addition products of hydro- or carbometalated internal and terminal
alkynes for the synthesis of d-i and trisubstituted (E)-alkene and cyclopropane peptide isosteres.
See Wipf et al. Imine additions of internal alkynes for the synthesis of trisubstituted (E)-alkene and
cyclopropane isosteres, Adv Synth Catal. 2005, 347:1605-1613. Thesc peptide mimetics have becen
found to act as B-turn promoters. See Wipf et al. Convergent Approach to (E)-Alkene and

Cyclopropane Peptide Isosteres, Org Iett. 2005, 7(1):103-106.

The linker, R2, may be any useful linker, chosen for its active groups, e.g., carboxyl, alkoxyl,
amino, sulthydryl, amide, etc. Typically, aside from the active groups, the remainder is non-reactive
(such as saturated alkyl or phenyl), and does not interfere, sterically or by any other physical or
chemical attribute, such as polarity or hydrophobicity/hydrophilicity, in a negative (loss of function)
capacity with the activity of the overall compound. In one embodiment, aside from the active groups,
the linker comprises a linear or branched saturated C4-C, alkyl. In one embodiment, the linker, R2

has thc structurc

In which n is 4-18, including all integers therebetween, in one embodiment, 8-12, and in another

embodiment, 10.

A person skilled in the organic synthesis arts can synthesize these compounds by crosslinking
groups R1 and R3 by any of the many chemistrics available. In onc embodiment. R1 and R3 are to
R2 by an amide linkage (peptide bond) formed by dehydration synthesis (condensation) of terminal
carboxyl groups on the linker and an amine on R1 and R3 (or vice versa). In one embodiment, R1
and R3 are identical or different and are selected from the group consisting of: XJB-5-131. XJB-5-

125, XJIB-7-75, XJB-2-70, XJB-2-300, XJB-5-208, XJB-5-197, XJB-5-194, .JP4-039 and JP4- 049,
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attached in the manner shown in Figures 26A and 26B.

In a therapeutic embodiment, a method of scavenging free-radicals in a subject (e.g., a patient
in need of treatment with a free-radical scavenger) is provided, comprising administering to the
subject an amount of one or more compound described herein and having a free-radical scavenging
group, such as a nitroxide-containing group effective to scavenge free radicals. As described above, a
number of diseases, conditions or injuries can be ameliorated or otherwise treated or prevented by

administration of free radical scavenging compounds, such as those described herein.

In any case, as used herein, any agent or agents used for prevention, mitigation or treatment in
a subject of injury caused by radiation exposure is administered in an amount effective to prevent,
mitigate of treat such injury, namely in an amount and in a dosage regimen effective to prevent injury
or to reduce the duration and/or severity of the injury resulting from radiation exposure. According to
one non-limiting embodiment, an cffective dose ranges from 0.1 or 1 mg/kg to 100mg/kg, including
any increment or range therebetween, including 1 mg/kg, 5 mg/kg, 10 mg/kg, 20 mg/kg, 25 mg/kg,
50mg/kg, and 75 mg/kg. However, for each compound described herein, an effective dose or dose
range is expected to vary from that of other compounds described herein for any number of reasons,
including the molecular weight of the compound, bioavailability, specific activity, etc. For example
and without limitation, where XJB-5-131 is the antioxidant , the dose may be between about 0.1 and
20 mg/kg, or between about 0.3 and 10 mg/kg, or between about 2 and 8 mg/kg, or about 2 mg/kg and
where either JP4-039, JED-E71-37 or JED-E71-58 is the antioxidant, the dose may be between about
0.01 and 50 mg/kg, or between about 0.1 and 20 mg/kg, or between about 0.3 and 10 mg/kg, or
between about 2 and 8 mg/kg, or about 2 mg/kg. The therapeutic window between the minimally-
effective dose, and maximum tolerable dose in a subject can be determined empirically by a person of
skill in the art, with end points being determinable by in vitro and in vivo assays, such as those
described herein and/or are acceptable in the pharmaceutical and medical arts for obtaining such
information regarding radioprotective agents. Different concentrations of the agents described herein
are expected to achieve similar results, with the drug product administered, for example and without
limitation, once prior to an expected radiation dose, such as prior to radiation therapy or diagnostic
exposure to ionizing radiation, during exposure to radiation, or after exposure in any effective dosage
regimen. The compounds can be administered continuously, such as intravenously, one or more times
daily, once every two, three, four, five or more days, weekly. monthly, efc., including increments
therebetween. A person of ordinary skill in the pharmaceutical and medical arts will appreciate that it
will be a matter of simple design choice and optimization to identify a suitable dosage regimen for

prevention, mitigation or treatment of injury duc to cxposure to radiation.

The compounds described herein also are useful in preventing, mitigating (to make less
severe) and/or treating injury caused by radiation exposure. By radiation, in the context of this

disclosure, it is meant types of radiation that result in the generation of free radicals, ¢.g., reactive
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oxygen species (ROS), as described herein. The free radicals are produced, for example and without
limitation, by direct action of the radiation, as a physiological response to the radiation and/or as a
consequence of damage/injury caused by the radiation. In one embodiment, the radiation is ionizing
radiation. Ionizing radiation consists of highly-encrgctic particles or waves that can detach (ionizc) at
least one electron from an atom or molecule. Examples of ionizing radiation are energetic beta
particles, neutrons, and alpha particles. The ability of light waves (photons) to ionize an atom or
molccule varics across the clectromagnetic spectrum. X-rays and gamma rays can ionize almost any
molecule or atom; far ultraviolet light can ionize many atoms and molecules; near ultraviolet and
visible light are ionizing to very few molecules. Microwaves and radio waves typically are
considered to be non-ionizing radiation, though damage caused by, ¢.g., microwaves, may result in

the production of [ree-radicals as part of the injury and/or physiological response to the injury.

The compounds typically are administered in an amount and dosage regimen to prevent,
mitigate or treat the effects of exposure of a subject to radiation. The compounds may be
administered in any manner that is effective to treat, mitigate or prevent damage caused by the
radiation. Examples of delivery routes include, without limitation: topical, for example,
cpicutancous, inhalational, encma, ocular, otic and intranasal dclivery; cnteral, for cxample, orally, by
gastric feeding tube and rectally; and parenteral, such as, intravenous, intraarterial, intramuscular,
intracardiac, subcutaneous, intraosseous, intradermal, intrathecal, intraperitoneal, transdermal,
iontophoretic, transmucosal, epidural and intravitreal, with oral, intravenous, intramuscular and

transdermal approaches being preferred in many instances.

The compounds may be compounded or otherwise manufactured into a suitable composition
for use, such as a pharmaceutical dosage form or drug product in which the compound is an active
ingredient. Compositions may comprise a pharmaceutically acceptable carrier, or excipient. An
excipient is an inactive substance used as a carrier for the active ingredients of a medication. Although
“inactive,” excipients may facilitate and aid in increasing the delivery or bioavailability of an active
ingredient in a drug product. Non-limiting examples of useful excipients include: antiadherents,
binders, rheology modifiers, coatings, disintegrants, emulsifiers, oils, buffers, salts, acids, bases,
fillers, diluents, solvents, flavors, colorants, glidants, lubricants, preservatives, antioxidants, sorbents,

vitamins, sweeteners, etc., as are available in the pharmaceutical/compounding arts.

Useful dosage forms include: intravenous, intramuscular, or intraperitoneal solutions, oral
tablets or liquids, topical ointments or creams and transdermal devices (e.g., patches). In one
embodiment, the compound is a sterile solution comprising the active ingredient (drug, or compound),
and a solvent, such as water, saline, lactated Ringer’s solution, or phosphate-buffered saline (PBS).
Additional excipients, such as polyethylene glycol, emulsifiers, salts and buffers may be included in

the solution.
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In one embodiment, the dosage form is a transdermal device, or “patch”. The general
structure of a transdermal patch is broadly known in the pharmaceutical arts. A typical patch
includes, without limitation: a delivery reservoir for containing and delivering a drug product to a
subject, an occlusive backing to which the reservoir is attached on a proximal side (toward the
intended subject’s skin) of the backing and extending beyond, typically completely surrounding the
reservoir, and an adhesive on the proximal side of the backing, surrounding the reservoir, typically
completcly, for adhering the patch to the skin of a paticnt. The reservoir typically compriscs a matrix
formed from a non-woven (e.g., a gauze) or a hydrogel, such as a polyvinylpyrrolidone (PVP) or
polyvinyl acetate (PVA), as are broadly known. The reservoir typically comprises the active
ingredient absorbed into or adsorbed onto the reservoir matrix, and skin permeation enhancers. The
choice of permeation enhancers typically depends on empirical studies. As is shown in Example 12,
below, certain formulations that may be useful as permeation enhancers include, without limitation:
DMSO; 95% Propylene Glycol + 5% Linoleic Acid; and 50% EtOH +40% HSO + 5% Propylene
Glycol + 5% Brij30.

Examples 1-7 are excerpts from United Stated Patent Application No. 11/565,779, and are
rccited herein to provide non-limiting illustrations of uscful synthetic methods and efficacies of
certain mitochondria-targeting free-radical scavenging compounds utilizing Gramicidin S-derived

mitochondria-targeting groups.
Example 1

Materials. All chemicals were {rom Sigma-Aldrich (St Louis, MO) unless otherwise noted.
Heparin, ketamine HCI and sodium pentobarbital were from Abbott Laboratorics (North Chicago,
IL). Dulbecco's modified Eagle medium (“DMEM™) was from BioWhittaker (Walkersville, MD).
Fetal bovine serum (FBS; <0.05 endotoxin units/ml) was from Hyclone (I.ogan, UT). Pyrogen-free

sterile normal saline solution was from Baxter (Deerfield, IL).

General. All moisture-scnsitive rcactions were performed using syringe-scptum cap techniques under
an N2 atmosphere and all glassware was dried in an oven at 150°C for 2 h prior to use. Reactions
carried out at -78°C employed a CO;-acetone bath. Tetrahydrofuran (THF) was distilled over
sodium/benzophenone ketyl; CH,Cl, (DCM), toluene and Et;N were distilled from CaH,. Me,Zn

was purchased from Aldrich Company.

Reactions were monitored by thin layer chromatography (“TLC”) analysis (EM Science
pre-coated silica gel 60 F254 plates, 250 pm layer thickness) and visualization was accomplished
with a 254 nm UV light and by staining with a Vaughn's reagent (4.8 g (NH4)sM070,44H;0, 0.2 g
Ce(S0,);4H,0 in 10 mL conc. H,SO, and 90 mL. H,0O). Flash chromatography on SiO, was used

to purify the crude reaction mixtures.

Melting points were determined using a [Laboratory Devices Mel-Temp II. Infrared spectra
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were determined on a Nicolet Avatar 36() FT-IR spectrometer. Mass spectra were obtained on a
Waters Autospec double focusing mass spectrometer (“EI”") or a Waters Q-Tof mass spectrometer
(“ESI"). LC-MS data were obtained on an Agilent 1100 instrument, using a Waters Xterra MS CH
3.5 uym RP column (4.6 x 100 mm).

Synthesis, Example I. Prepared as a colorless oil (Iigure 3, compound 1) according to the literature

procedure, see Edmonds, M. K. et al. Design and Synthesis of a Conformationally Restricted Trans
Peptide Isostere Based on the Bioactive Conformations of Saquinavir and Nelfinavir, J Org Chem.
66:3747 (2001); see also Wipf, P. et al., Org Lett. 7:103 (2005); see also Xiao, J. et al., Electrostatic
versus Steric Effects in Peptidomimicry: Synthesis and Secondary Structure Analysis of Gramicidin §

Analogues with (E)-Alkene Peptide Isosteres, ] Am Chem Soc. 127:5742 (2005).

A solution of 2.20 g (5.52 mmol) of compound 1 (Figure 3) in 20.0 mL of dry CH,Cl, was
treated at room temperaturc with 1.85 g (7.17 mmol) of Cp.ZrHCI. The rcaction mixturc was
stirred at room temperature for 5 min, CH,Cl, was removed in vacuo and 20.0 mL of toluene was
added. The resulting yellow solution was cooled to -78°C and treated over a period of 30 min with
2.76 mL (5.52 mmol) of Me,Zn (2.0 M solution in toluene). The solution was stirred at -78°C for
30 min, warmed to 0°C over a period of 5 min and treated in one portion with 2.05 g (11.1 mmol) of
N-Boc-isovaleraldimine, see Edmonds, M. K. et al. J Org Chem. 66:3747 (2001); see also Wipf, P.
et al.,J Org Lett. 7:103 (2005); see also Xiao et al., ] Am Chem Soc. 127:5742 (2005).

The resulting mixture was stirred at 0°C for 2 h, quenched with saturated NH,Cl, diluted
with EtOAc, filtered through a thin pad of Celite, and extracted with ELOAc. The organic layer was
dricd (MgSO,), concentrated in vacuo, and purificd by chromatography on SiO, (20:1,

hexane/EtOAc) to yield 3.13 g (97%) as a colorless, oily 1:1 mixture of diastereomers.

A solution of 4.19 g (7.15 mmol) of product in 100 mL of dry tetrahydrofuran (“THF") was
treated at 0°C with 9.30 mL (9.30 mmol) of tetrabutylammonium(luoride (TBAF, 1.0 M solution in
THF). The rcaction mixturc was stirred at room tempcraturc tor 20 h, diluted with EtOAc, and
washed with brine. The organic layer was dried (MgSO,), concentrated in vacuo, and purified by
chromatography on SiO, (4:1, hexane/EtOAc) to yield 1.89 g (76%) as a light yellowish, foamy 1:1

mixture of diastereomers.

A solution of 1.86 g (5.23 mmol) of product in 40.0 mL of dry CH,Cl, was trcated at 0°C
with 1.46 mL (10.5 mmol) of triethylamine (“TEA™), 2.02 mL (21.4 mmol) of Ac,0. and 63.9 mg
(0.523 mmol) of 4-N ,Nl-(dimethylamino) pyridine (“DMAP”). The reaction mixture was stirred at
0°C for 15 min and at room temperature for 3 h, diluted with EtOAc, and washed with brine. The
organic layer was dried (MgSO,), concentrated in vacuo, and purified by chromatography on SiO,
(20:1, hexanc/Et,0) to yicld 1.97 g (94%) of acctic acid (2S)-benzyl-(SR)-tert-
butoxycarbonylamino-7-methyloct-(3E)-enyl ester (807 mg, 38.7%), acetic acid (2S)-benzyl-(5S)-
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tert-butoxycarbonylamino-7-methyloct-(3E)-enyl ester (826 mg, 39.6%), and a mixture of the

aforementioned species (337 mg, 16.2%).

A solution of 350 mg (0.899 mmol) of acetic acid (2S)-benzyl-(5S)-tert-
butoxycarbonylamino-7-methyloct-(3E)-enyl ester in 8.00 mL of MeOH was treated at 0°C with
62.0 mg (0.449 mmol) of K,CO;. The reaction mixture was stirred at 0°C for 1 h and at room
temperature for an additional 4 h, diluted with EtOAc, and ashed with H,O. The organic layer was
dried (MgSO,), concentrated in vacuo, and purilied by chromatography on SiO, (4:1, hexane/EtOAc)

to yicld 312 mg (quant.) of compound 2 (Figurc 3) as a colorlcss oil.

A solution of 23.0 mg (66.2 umol) of compound 2 (Figure 3) in 2.00 mL of dry CH:Cl, was
treated at 0°C with 42.1 mg (99.3 umol) of Dess-Martin Periodinane. The reaction mixture was
stirred at 0°C for 1 h and at room temperature for an additional 4 h, quenched with saturated Na,S,0;
in a saturated NaHCOj; solution, stirred for 30 min at room temperature, and extracted with CH,Cl,.
The organic layer was dried (Na,SO,), concentrated in vacuo to give a colorless foam and
subsequently dissolved in 3.00) mL of THF, and treated at 0°C with 300 ulI. (600 pmol) of 2-methyl-
2-butene (2.0 M solution in THF) followed by another solution of 18.0 mg (199 umol) of NaClO,
and 18.2 mg (132 umol) of NaH,PO,*H,0 in 3.00 mL of H,O. The reaction mixture was stirred at
0°C for 1 h and at room temperature for an additional 3 h, extracted with EtOAc, and washed with
H,O. The organic layer was dried (Na,SO,) and concentrated invacuo to yield compound 3 (Figure 3)

as a crude colorless foam that was used for the next step without purification.

A solution of crude compound 3 (Figure 3) (66.2 nmol) in 3.00 mL of CHCl; was treated at
0°C with 10.7 mg (79.2 umol) of 1-hydroxybenzotrizole (“HOBt) and 14.0 mg (73.0 umol) of 1-
ethyl-3-(3-dimethylaminopropyl) carbodimide hydrochloride (“EDC"), followed by a solution of
62.9 mg (132 pmol) of H-Pro-Val-Orn(Cbz)-OMc, see Edmonds, M. K. et al. JOrg Chem. 66:3747
(2001); see also Wipf, P. et al., J Org Lett. 7:103 (2005); see also Xiao, J. et al., ] Am Chem Soc.
127:5742 (2005), in 1.00 mL of CHCI; and 0.8 mg (6.6 pmol) of DMAP. The reaction mixture was
stirred at room temperature for 2 d. diluted with CHCl;, and washed with I1,0. The organic layer
was dried (Na,SQ,), concentrated in vacuo, and purified by chromatography on SiO, (from 2:1,
hexanes/EtOAc to 20:1, CHCI;/MeOH) to yield 51.3 mg (94%) of compound 4a (Figure 3) as a

colorless foam.

A solution of 53.7 mg (65.5 pmol) of compound 4a (Figure 3) in 2.00 mL of MeOH was
treated at 0°C with 655 pL (655 pmol) of 1 N NaOH. The reaction mixture was stirred at room
temperature for 6 h, and treated with 655 pL (655 umol) of 1 N HCIL. The solution was extracted
with CHCI; and the organic laycr was dried (Na,SO,) and concentrated in vacuo to give the crude
acid as a colorless form. This acid was dissolved in 5.00 mL of CHCI; and treated at room

temperature with 10.6 mg (78.4 pmol) of HOBt, 15.1 mg (78.8 umol) of EDC, 20.2 mg (118
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umol) of 4-amino-TEMPO and 8.0 mg (65.5 pumol) of DMAP. The reaction mixture was stirred
at room temperature for 36 h, diluted with CHCl;, and washed with H,O. The organic layer was
dried (Na,SO,), concentrated in vacuo, and purified by chromatography on SiO, (from 1:1,
hexane/EtOAc to 20:1, CHCI;/MeOH) to yield 62.0 mg (99%) of compound Sa (Iligure 3) as a
colorless solid. The following characterization data were obtained: LC-MS (Rt 8.81 min, linear
gradient 70% to 95% CH;CN (H,0) in 10 min, 0.4 mL/min; m/z = 959.5 [M+H]", 981.5
[M+Na]™) and HRMS (ESI) m/z calculated for Cs3;HgoN;OgNa (M+Na) 981.5915, found 981.5956.

A solution of 60.0 mg (71.7 umol) of compound 4b (Figurc 3), see Tamaki, M. et al. 1. Bull
Chem Soc Ipn., 66:3113 (1993), in 2.15 mL of MeOH was treated at room temperature with 717
tL. (717 umol) of 1 N NaOH. The reaction mixture was stirred at room temperature for 5 h, and
treated at 0°C with 717 uLL (717 umol) of 1 N HCI. The solution was extracted with CHCl; and
the organic layer was dried (Na,SO,) and concentrated in vacuo to give the crude acid as colorless
foam. The acid was dissolved in 6.04 mL of CHCl; and treated at room temperature with 11.6 mg
(85.8 umol) of HOBt, 16.5 mg (85.1 umol) of EDC, 18.5 mg (108 umol) of 4-amino-TEMPO and
8.8 mg (72.0 umol) of DMAP. The reaction mixture was stirred at room temperature for 20 h,
diluted with CHCl;, and washed with H,O. The organic layer was dried (Na,SO,). concentrated in
vacuo, and purified by chromatography on SiO, (from 2:1, hexane/EtOAc; to 20:1, CHCI;/Me OH)
to yield 69.6 mg (99%) of compound 5b (IFigure 3) as a yellowish solid. The following
characterization data were obtained: LC-MS (Rt 7.02 min, linear gradient 70% to 95% CH;CN
(H,0) in 10 min, 0.4 mL/min; m/z = 976.5 [M+H] , 998.4 [M+Na]*) and HRMS (ESI) m/z
calculated for Cs,H;sNgO;(Na (M+Na) 998.5817, found 998.5774.

A solution of crude compound 3 (FFigure 3) (40.3 pumol) in 3.00 mL of CH,(Cl, was treated at
0°C with 10.4 mg (60.7 pmol) of 4-amino-TEMPO, 7.7 mg (40.2 umol) of EDC, and 5.4 mg (44.2
pumol) of DMAP. The reaction mixture was stirred at room temperature for 20 h, diluted with
CHCl53, and washed with H,O. The organic layer was dried (Na,SQ,), concentrated in vacuo, and
purified by chromatography on SiO, (from 4:1 to 1:1, hexane/EtOAc) to yield 18.8 mg (91%) of
compound Sc (Figure 3) as a yellowish solid. The following characterization data were obtained:
LC-MS (Rt 7.01 min, linear gradient 70% to 95% CH;CN (H,O) in 10 min, 0.4 ml./min; m/z =
537.3 [M+Na]") and HRMS (ESI) in/z calculated for C30H48N30O4Na (M+Na) 537.3543, found
537.3509.

Determination of intracellular superoxide radicals Oxidation-dependent fluorogenic dye,

dihydroethidium (“DHE”, Molecular Probes) was used to evaluate intracellular production of
superoxide radicals. DHE is cell permeable and, in the presence of superoxide, is oxidized to
fluorescent ethidium which intercalates into DNA. The fluorescence of ethidium was measured
using a FACscan (Becton-Dickinson, Rutherford, NJ) flow cytometer, equipped with a 488-nm

argon ion laser and supplied with the Cell Quest software. Mean {luorescence intensity from
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10,000 cells were acquired using a 585-nm bandpass filter (FLL-2 channel).

Determination of intracellular ATP levels. Cells were incubated with 10 pm of compound 5a

(Figure 3) for indicated periods of time (2, 4, 6, 12, and 14 h). At the end of incubation, cells were
collected and the content of intracellular ATP was determined using a bioluminescent somatic cell
assay kit (Sigma, St. Louis, MA). As a positive control, cells were incubated with 2 mM of 2-dexy-
glucose, a glucose analogue which competitively inhibits cellular uptake and utilization of glucose,

for 12 and 14 h.

Cells. Caco-2BBe human enterocyte-like epithelial cells were obtained from the American Type
Culture Collection (Manassas, VA). Cells were routinely maintained at 37°C in under a humidified
atmosphere containing 8% CO2 in air. The culture medium was DMEM supplemented with 10%
FBS, non-essential amino acids supplement (Sigma-Aldrich catalogue #M7145), sodium pyruvate
(2 mM), streptomycin (0.1 mg/ml), penicillin G (100 U/ml) and human transferrin (0.01 mg/ml).

The culture medium was changed 3 times per week.

Surgical procedures to obtain vascular access. All study protocols using rats followed the

guidelines for the use of experimental animals of the US National Institutes of Health and were

approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh.

Male spccific pathogen-free Spraguc Dawley rats (Charles River Laboratories, Wilmington, MA),
weighing 150-250 g. were housed in a temperature-controlled environment with a 12-h light/dark
cycle. The rats had free access to food and water. For experiments, rats were anesthetized with
intramuscular ketamine HCI (30 mg/kg) and intraperitoneal sodium pentobarbital (35 mg/kg).
Animals were kept in a supine position during the experiments. Lidocaine (0.5 ml of a 0.5% solution)
was injected subcutaneously to provide local anesthesia at surgical cut-down sites. In order to secure
the airway, a tracheotomy was performed and polyethylene tubing (PE 240; Becton Dickinson,

Sparks, MD) was introduced into the trachea. Animals were allowed to breathe spontaneously.

The right femoral artery was cannulated with polyethylene tubing (PE 10). This catheter was
attached to a pressure transducer that allowed instantaneous measurement of mean arterial pressure
(M AP) during the experiment. For experiments using the pressure-controlled hemorrhagic shock
(HS) model, the right jugular vein was exposed, ligated distally, and cannulated with polyethylene
tubing (PE 10) in order to withdraw blood. For experimcents using the volume-controlled hemorrhagic
shock (HS) model. the jugular catheter was used to infuse the resuscitation solution and the right
femoral vein, which was cannulated with a silicon catheter (Chronic-Cath, Norfolk Medical, Skokie,

IL), was used to withdraw blood.

All animals were instrumented within 30 min. Heparin (500 U/kg) was administered
immediately after instrumentation through the femoral vein. Animals were placed in a thermal

blanket to maintain their body temperature at 37°C. The positioning of the different devices
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aforementioned was checked postmortem.

Intestinal mucosal permeability assay. Animals were allowed access to water but not food for 24

h prior to the experiment in order to decrease the volume of intestinal contents. The rats were
instrumented as described above. A midline laparotomy was performed and the small intestine was
exteriorized from the duodenojejunal junction to the ileocecal valve. A small incision was made on
the antimesenteric aspect of the proximal small intestine and saline solution (1.5 ml) was injected.

The bowel was ligated proximally and distally to the incision with 4-0 silk (Look, Reading, PA).

The small intestine was compressed gently in aboral direction along its length to displace
intestinal contents into the colon. Starting 5 cm from the ileocecal valve, the ileum was partitioned
into six contiguous water-tight segments. Each segment was 3 cm long and was bounded proximally
and distally by constricting circumferential 4-0 silk sutures. Care was taken to ensure that the

vascular supply to intestine was not compromiscd, and each scgment was well-perfused.

Two randomly sclected segments in each rat werc injected with 0.3 ml of vehicle and
served as "no treatment” controls. In order to fill the segments, a small incision was made and the

solution was injected using a Teflon catheter (Abbocath 16Ga, Abbot [.aboratories).

The remaining four other segments were injected with solutions containing either 4-hydroxy-
2,2,6,6-tctramcthylpipcridine-N-oxyl ('EMPOL) or one of the Gramicidin S-based compounds.
Four different final concentrations of TEMPOL in normal saline were evaluated: 0.1, 1, 5 and 20
mM. The hemigramicidin-based compounds were dissolved in a mixture of dimethylsulfoxide

(DMSO) and normal saline (1:99 v/v) and injected at final concentrations of 0.1, 1, 10 or 100 uM.

After the segments were loaded with saline or the test compounds, the bowel was replaced
inside the peritoneal cavity and the abdominal incision was temporarily closed using Backhaus

forceps.

After a 5 min stabilization period, hemorrhagic shock was induced by withdrawing blood
via the jugular catheter. MAP was maintained at 30 + 3 mm Hg for 2 hours. The shed blood was re-

infused as needed to maintain MAP within the desired range.

After 2 h of shock, the animals were euthanized with an intracardiac KCl bolus injection.
The ileum was rapidly excised from the ileocecal valve to the most proximal gut segment. The tips
of each segment were discarded. In order to assay caspases 3 and 7 activity and phospholipids
peroxidation, mucosa samples were collected from gut segments immediately after hemorrhage and
stored at -80 °C. [or permeability measurements, each segment was converted into an everted gut
sac, as previously described by Wattanasirichaigoon et al., see Wattanasirichaigoon, S. et al., Effect
of mesenteric ischemia and reperfusion or hemorrhagic shock on intestinal mucosal permeability and

ATP content in rats, Shock. 12:127-133 (1999).
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Briefly, as per the Wattanasirichaigoon protocol referenced above, the sacs were prepared in
ice-cold modified Krebs-Henseleit bicarbonate buffer (“KHBB™), pH 7.4. One end of the gut
segment was ligated with a 4-0 silk suture; the segment was then everted onto a thin plastic rod.
The resulting gut sac was mounted on a Teflon cathcter (Abbocath 16 GA, Abbot Laboratorics)
connected to a 3 ml plastic syringe containing 1.5 ml of KHBB. The sac was suspended in a beaker
containing KHBB plus fluorescein-isothiocyanate labeled dextran (average molecular mass 4 kDa;
FD4; 0.1 mg/ml). This solution was maintaincd at 37 °C, and oxygcnated by bubbling with a gas
mixture (O, 95%/CO, 5%). After 30 min, the fluid within the gut sac was collected. The samples

were cleared by centrifugation at 2000 g for 5 min.

Fluorescence of FD4 in the solution inside the beaker and within each gut sac was measured
using a fluorescence spectrophotometer (LLS-50, Perkin-Elmer, Palo Alto, CA) at an excitation
wavelength of 492 nm and an emission wavelength of 515 nm. Mucosal permeability was expressed
as a clearance normalized by the length of the gut sac with units of nLemin"ecm’, as previously
described, see Yang, R. et al., Ethyl pyruvate modulates inflammatory gene expression in mice

subjected to hemorrhagic shock, Am J Physiol Gastrointest Liver Physiol 283:G212-G22 (2002).

Results for a specific experimental condition (i.e., specific test compound at a single
concentration) were expressed as relative change in permeability calculated according to this
equation: Relative change in permeability (% ) = (Cys exp — Croma) / Chis cont = Cromar) X 100, where Cys
oxp 18 the clearance of FD4 measured for a gut segment loaded with the experimental compound,
Crormal 18 the clearance of FD4 measured in 6 gut segments from 3 normal animals not subjected to
hemorrhagic shock, and Cy .., 1S the mean clearance of FD4 measured in 2 gut segments filled with

vehicle from the same animal used to measure Cys ey,

Measurement of permeability of Caco-2 monolayers. Caco-2gp, cells were plated at a density

of 5 x 10° cells/well on permeable filters (0.4 um pore size) in 12-well bicameral chambers
(Transwell, Costar, Corning, NY ). After 21 to 24 days, paracellular permeability was determined

by measuring the apical-to-basolateral clearance of FD4.

Briefly, the medium on the basolateral side was replaced with control medium or medium
containing menadione (50 uM final). Medium containing FD4 (25 mg/ml) was applied to the apical
chamber. In some cases, one of the gramicidin S-based compounds, XJB-5-131, also was added to
the apical side at final concentrations of 0.1, 1, 10 or 100 uM. After 6 hours of incubation, the
medium was aspirated from both compartments. Permeability of the monolayers was expressed as
a clearance (pLsh"'eci’®), see Han, X. et al., Proinflammatory cytokines cause NO dependent and
independent changes in expression and localization of tight junction proteins in intestinal epithelial

cells, Shock. 19:229-237 (2003).

Caspases 3 and 7 activity assay. Caspases 3 and 7 activity was measured using a commercially
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available assay kit, Caspase GIoTM 3/7 assay kit (Promega, Madison, WI). Briefly, 50 ul of rat gut
mucosa homogenate (20 jug protein) was mixed with 50 ul of Caspase-G10TM reagent and
incubated at room temperature for 1 hour. At the end of incubation period, the luminescence of
each samplc was mcasured using a plate reading chemiluminometer (ML1000, Dynatech
Laboratories, Horsham, PA). Activity of caspases 3 and 7 was expressed as luminescence intensity
(arbitrary units per mg protein). Protein concentrations were determined using the BioRad assay

(Bio-Rad Laboratorics, Inc., Hercules, CA).

Assay for peroxidation of phospholipids. Gut mucosal samples were homogenized. Lipids

were extracted from homogenates using the Folch procedure, see M. Lees and G. H. Sloan-Stanley, A
simple method for isolation and purification of total lipids from animal tissue, J. BIOL. CHEM.
226:497- 509 (1957), and resolved by 2D HPTLC (High Performance Thin Layer Chromatography)
as previously described, see Kagan, V. E. et al., A role for oxidative stress in apoptosis: Oxidation
and externalization of phosphatidylserine is required for macrophage clearance of cell undergoing
Fas-mediated apoptosis, J Immunol. 169:487-489 (2002). Spots of phospholipids were scraped
from HPTLC plates and phospholipids were extracted from silica. Lipid phosphorus was
determincd by a micro-method, see Bottcher, C. J. F. et al., A rapid and sensitive sub-micro

phosphorus determination, Anal Chim Acta. 24: 203-204 (1961).

Oxidized phospholipids were hydrolyzed by pancreatic phospholipase A2 (2U/ul) in 25 mM
phosphate buffer containing 1 mM CaCl,, 0.5 mM EDTA and 0.5 mM sodium dodecyl sulfate
(SDS) (pH 8.0, at room temperature for 30 min). Fatty acid hydroperoxides formed were
determined by fluorescence HPLC of resorufin stoichiometrically formed during their
microperoxidase 11-catalized reduction in presence of Amplex Red (for 40 min at 4°C) (8).
Fluorescence HPLC (Eclipse XDB-C18 column, 5 pm, 150 x 4.6 mm, mobile phase was composed
of 25 mM disodium phosphate buffer (pH 7.0) / methanol (60:40 v/v); excitation wavelength 560
nm, emission wavelength 590 nm) was performed on a Shimadzu LC-100AT HPLC system
equipped with fluorescence detector (RF-10Ax1) and autosampler (SIL-10AD).

Survival of rats subjected to volume-controlled hemorrhagic shock. Following surgical

preparation and a 5-min stabilization period to obtain baseline readings, rats were subjected to

hemorrhagic shock. Blecding was carricd out in 2 phascs.

Initially, 21 ml/kg of blood was withdrawn over 20 min. Immediately thereafter, an
additional 12.5 ml/kg of blood was withdrawn over 40 min. Thus, hemorrhage occurred over a total
period of 60 min and the total blood loss was 33.5 ml/kg or approximately 55% of the total blood
volume. Rats were randomly assigned to receive XJB-5-131 (2 umol/kg) or its vehicle, a 33:67
(v/v) mixture of DMSO and normal saline. XJB-5-131 solution or vehicle alone was administered

as a continuous infusion during the last 20) min of the hemorrhage period. The total volume of fluid

44



10

15

20

25

30

35

WO 2010/009405 PCT/US2009/051004

infused was 2.8 ml/kg and it was administered intravenously using a syringe pump (KD 100, KD
Scientific, New Hope, PA). Rats were observed for 6 hours or until expiration (defined by apnea
for >1 min). At the end of the 6 hour observation period, animals that were still alive were

cuthanized with an overdose of KCL.

Blood pressure was recorded continuously using a commercial strain-gauge transducer,
amplifier, and monitor (S90603a, Spacel.abs, Redmond, WA). Blood samples (0.5 ml) were
collected from the jugular vein at the beginning of hemorrhage (baseline), at the end of hemorrhage
(shock) and at the end of resuscitation (resuscitation). Hemoglobin concentration [Hb], lactate and
glucose concentration were determined using an auto-analyzer (Model ABL 725, Radiometer

Copenhagen, Westlake, OH).

Data presentation and statistics. All variables are presented as means + Standard Error Mean

(SEM). Statistical significancc of diffcrences among groups was determined using ANOVA
(analysis of variance) and LSD (Least Significant Difference) tests, or Kruskal-Wallis and Mann-
Whitney tests as appropriate. Survival data were analyzed using the log-rank test. Significance was

declared for p values less than 0.05.
Example 2

Sclective dclivery of TEMPO to mitochondria could lcad to therapcutically bencficial
reduction of ROS; therefore, investigation of the use of conjugates of 4-amino-TEMPO (*4-AT")
was explored. In order to selective target the mitochondria, a targeting sequence using the
membrane active antibiotic Gramicidin S ("GS”) as well as corresponding alkene isosteres, shown
in Figures 2 and 3. Accordingly, using the Gramicidin S peptidyl fragments and alkene isosteres as

"anchors," the TEMPO "payload" could be guided into the mitochondria.

The Leu-"Phe-Pro-Val-Orn fragment of hemigramicidin was used as a targeting sequence.
Alkene isosteres such as (E)-alkene isosteres of Gramicidin S (i.e., hemigramicidin) were used as
part of the targeting sequence. See Figure 3 for the synthelic pathway for (E)-alkene isosteres and
compound 3 for the corresponding chemical structure. The (E)-alkene as depicted in compound 2
of Figure 3 was then oxidized in a multi-step process to yield the compound as depicted in

compound 3 an example of the (E)-alkene isostere.

Then, the compound depicted as compound 3 of Figure 3 was conjugated with the tripeptide
H-Pro-Val-Orn(Cbz)-OMe using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
("EDC”) as a coupling agent. The tripeptide is an example of a suitable targeting sequence having
affinity for the mitochondria of a cell. The resulting product is shown as compound 4a in Figure 3.
Saponification of compound 4a followed by coupling with 4-amino-TEMPO (**4-A'1") afforded the
resulting conjugates shown as compound Sa in Figure 3, in which the Leu-"Phe peptide bond has

been replaced with an (E)-alkene.
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In an alternate embodiment, conjugates Sb and Sc in Figure 3 by coupling the peptide 4b
(Boc-Leu-"Phe-Pro-Val-Orn(Cbz)-OMe) and the (E)-alkene isostere as indicated as compound 3 in
Figure 3 1o 4-AT. The peptide is another example of a suitable targeting sequence having an

affinity with the mitochondria of a cell.

Electron paramagnetic resonance ("EPR") spectroscopy was used to monitor the cellular

delivery of compounds 5a and 5b shown in Figure 3 in mouse embryonic cells ("MEC").

The following conditions were used during the EPR-based analysis of the integration and
reduction of nitroxide Gramicidin S-peptidyl conjugates in MECs. The MECs at a concentration of
10 million MECs per mL were incubated with 10 uM of 4-AT and compound Sa, respectively.
Recovered nitroxide radicals in whole cells, mitochondria, and cytosol fractions were resuspended
in phosphate buffer saline (“PBS”) in the presence and absence, respectively, of 2 pM K;Fe(CN)g.
In brict, Figure 4A shows a representative EPR spectra of compound 5Sa in different fractions of
MEC:s in the presence of KsFe(CN)s. Further, Figure 4B shows an assessment of integrated

nitroxides.

Distinctive characteristic triplet signals of nitroxide radicals were detected in MECs
incubated with 10 uM of compound 5a (Figure 3) as well as in mitochondria isolated from these
cells. The cytosolic function did not elicit EPR signals of nitroxide radicals; similar results were

observed with conjugate 5b (Figure 3) (data not shown).

Incubation of MECs with compound Sa (Figure 3) resulted in integration and one-electron
reduction of compound 5a, as evidenced by a significant increase in magnitude of the EPR signal
intensity upon addition of a one-electron oxidant, ferricyanide (Figure 4B). (Note: EPR results for
incubation of MIECs with 5b are not shown in Figure 4; however, EPR results for Sb were similar
when compared to 5a). In contrast to Sa and Sb, however, 4-amino-TEMPO (4-AT) did not
elfectively permeate cells or the mitochondria, as shown by the absence of significant amplitude

changc in the EPR results for 4-AT.

The ability of 5a, Sb (Iigure 3), and 4-AT to prevent intracellular superoxide generation by
flow cytometric monitoring of oxidation of dihydroethidium ("DHE") to a fluorescent ethidium was
tested. The ability of 5a, 5b, and 4-AT to protect cells against apoptosis triggered by actinomycin D
(**ActD”) was also tested. MECs were pretreated with 10 uM 4-AT, Sa, or 5b then incubated with
ActD at a concentration of 100 ng/mL. It was found that 5a and 5b completely inhibited nearly two-
fold intracellular superoxide generation in MECs (sec Figure 6A). 4-AT had no effect on the

superoxide production in MECs.

Apoptotic cell responses were documented using three biomarkers: (1) externalization of
phosphatidylserine (“PS”) on the cell surface (by flow cytometry using an FITC-labeled PS-binding

protein, annexin V. see I'igures 6B and 6E); (2) activation of caspase-3 by cleavage of the Z-
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DEVD-AMC substrate (see Figure 6C), and, (3) DNA fragmentation by flow cytometry of
propidiium iodide stained DNA (see Figure 6D).

Phosphatidylserine (“PS”) is an acidic phospholipid located exclusively on the inner leaflet
of the plasma membrane; exposure of PS on the cell surface is characteristic of cell apoptosis.
Externalization of PS was analyzed by flow cytometry using an annexin V kit. Cells were harvested
by trypsinization at the end of incubation and then stained with annexin V-FITC and propidium
iodide ("PS™). Ten thousand cell events were collected on a FACScan flow cytometer. Annexin V-

positive and Pl-ncgative cells were considcred apoptotic.

Activation of capase-3, a cysteine protease only activated in the execution phase of apoptosis,

was determined using an EnzChek capsase-3 assay Kkit.

Further, calcium and magnesium dependent nucleases are activated that degrade DNA during
apoptosis. These DNA fragments are eluted, stained with propidium iodide and analyzed using
flow cytometry. A cell population with decreased DNA content was considered a fraction of

apoptotic cells.

Anti-apoptotic effects of compounds 5a and 5b were observed at relatively low
concentrations of 10 pM. Compounds 5a and 5b (Figure 3) reduced the number of annexin
V-positive cells as shown in Figure 6B, prevented caspase-3 activation as shown in Figure 6C, and
prevented DNA fragmentation as shown in Figure 6D. At concentrations in excess of 10 uM, both
Sa and Sb were either less protective or exhibited cytotoxicity (Figure 6F). In contrast, 4-AT

afforded no protection.

In contrast, compound Sc, which does not have a complete targeting moiety, was ineffective
in protecting MECs against ActD-induced apoptosis (Figures 6B and 6C) at low concentrations.
Accordingly, the hemigramicidin peptidyl targeting sequence is essential for anti-apoptotic activity

of nitroxide conjugates such as those containing TEMPO.

Finally, the reduction of compounds 5a and Sb could also cause inhibition of mitochondrial
oxidative phosphorylation, so the ATP levels of MECs treated with these compounds were tested.
As is known to one ordinarily skilled in the art, ATP serves as the primary energy source in biological
organisms; reduction of ATP levels would greatly impair normal cell function. ATP levels in
MEC:s in the presence or absence of S5a or 2-deoxyglucose (“2-DG”) were used as a positive control
(sce Figure 6F). At concentrations at which anti-apoptotic cffects were maximal (~10 uM, Figure
6E), nitroxide conjugates did not cause significant changes in the cellular ATP level. Therefore,
synthetic GS-peptidyl conjugates migrate into cells and mitochondria where they are reduced

without affecting the ability of the mitochondria to produce A'TP.
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Example 3

In an in vivo assay, the ileum of rats was divided into a series of well-vascularized
components in a manner akin to links of sausage. The lumen of each ileal compartment was filled
with a 3uL aliquot of test solution. Two of the ileal compartments were filled with vehicle alone
(i.e., a solution containing at least in part the TEMPO derivative). These two components served as
internal controls to account for individualistic variations in the severity of shock or the response of

the mucosa (o the shock.

Using this assay system, eight compounds were evaluated as shown in Figure 5: TEMPOL
(Iigure SA), one dipeptidic TEMPO analog (Figure 5B - XJB-5-208), 3 hemigramicidin-TEMPO
conjugates (Figures S5C XJB-5-125, SE XJB-5-131, and 5G XJB-5-197), and 3 hemigramicidin
compounds that do not have the TEMPO moiety (Figures 5D - XJB-5-127, SF - XJB-5-133, and 5SH
- XIB-5-194).

Hemorrhagic shock in rats lcads to marked derangements in intestinal mucosal barrier
function - in other words, the mucosal permeability of shocked intestinal segments was significantly
greater than the permeability of segments from normal rats (52.3 +0.5 versus 6.9 + 0.1 nlsmin'scm™,
respectively; p < 0.01), see Tuominen, E. K. J.. Phospholipid cytochrome c interaction: evidence for
the extended lipid anchorage, J. BIOL. CHEM., 277:8822-8826 (2002); also Wipf, P. et al.,
Mitochondria targeting of selective electron scavengers: synthesis and biological analysis of
hemigramicidin-TEMPO conjugates, J. AM. CHEM. SOC. 127:12460-12461. Accordingly, mice
were subjected to 2 hours of shock (Mean Arterial Pressure ("MAP") =30 { 3 mun Hg), the gut
scgments werce harvested and mucosal permeability to flourescein isothiocyanate-dextran (“FD47)
measured ex vivo. Data in Figure 5 are expressed as a percentage of the change permeability
relative to that observed in simultaneously assayed control segments loaded during shock with

normal saline solution.

Accordingly, intraluminal TEMPOL was used as a "positive control” for gut mucosal
protection assay. TEMPOL concentrations >1 mM in the gut lumen ameliorated hemorrhagic
shock-induced ileal mucosal hyperpermeability (Figure 5A). Two of the TEMPO conjugates,
namely XJB-5-208 (Figure 5B) and XJB-5-131 (Figure 5C), also significantly ameliorated
hemorrhagic shock-induced ileal mucosal hyperpermeability. The lowest effective concentration
for XJB-5-208 (I'igure 5B) and XJB-5-131 (Iigure SI) was 1uM; i.e., both of these compounds
were ~1000-fold more potent than TEMPOL. Two other compounds carrying the TEMPO payload,
XJB-5-125 (Figure 5C) and XJB-5-197 (Figure 5G) failed to provide protection against gut barrier
dysfunction induced by hemorrhage. XJB-5-133 (Figure 5F) has the same (hcmigramicidin-based)
mitochondrial targeting moiety as XJB-5-131 (Figure 5E) but lacks the TEMPO payload. It is

noteworthy, therefore, that XJB-5-133 (Figure S5F) did not afford protection from the development
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of ileal mucosal hyperpermeability.

Ineffective as well were the two other hemigramicidin-based compounds that also lacked the
TEMPO payload, XJB-5-127 (Figure 5D) and XJB-5-194 (Figure SH). Of the compounds
screened, XJB-5-131 (Figure SE) appeared to be the most effective, reducing hemorrhagic shock-

induced mucosal hyperpermeability to approximately 60% of the control value.

Based upon the results as reflected in Figures SA-5H, both the TEMPO payload and the
"anchoring" hemigramicidin fragment are requisite moieties that should be present in order for
effective electron scavenging activity by the XJB-5-131 compound. Accordingly, it was found that
XJB-5-131 ameliorates peroxidation of mitochondrial phospholipids (i.e., ROS activity) in gut

mucosa from rats subject to hemorrhagic shock.

In the subsequent series of in vivo studies, the affect of intraluminal XJB-5-131 on
hemorrhage-induced peroxidation of phospholipids in intestinal mucosa was examined. Isolated
segments of the ilcum of rats werc divided into a scries of well-vascularized componcnts in a manner
akin to sausage and the lumen of each ileal compartment was filled with the same volume of test
solution containing either vehicle or a 10 pM solution of XJB-5-131, which was previously
indicated to be the most active of the hemigramicidin-TEMPO conjugates. In a preferred

embodiment, 0.3 mL of test solution filled the lumen of each ileal compartment.

After two hours of HS, samples of ileal mucosa from the gut sacs filled with the vehicle and
XJB-5-131 were obtained and compared with ileal mucosa of normal MECs. All samples were
assayed with caspase 3 or caspase 7 activity as well as the peroxidation of phosphatidylcholine
(*‘PC”), phosphatidylethanolamine (“PE”), phosphatidylserine (*‘PS”), and cardiolipin ("“CL"),

summarized in Figure 7.

As can be seen in Figures 7A-7D, treatment with XJB-5-131 significantly ameliorated
hemorrhage-induced peroxidation of CL, the only phospholipid tested found in mitochondria.
However, treatment with XJB-5-131 only had a small effect on PE peroxidation and no effect on
peroxidation of PC and PS. Based upon these trends, hemorrhagic shock is associated with
substantial oxidative stress even in the absence of resuscitation. Further, this data also establishes that
XJB-5-131 is an effective ROS scavenger as it localizes predominantly in mitochondria and protects

CL from peroxidation.

Relative to the activity measured in samples from normal animals, the activity of caspases 3
and 7 was markedly increased in vehicle-treated mucosal samples from hemorrhaged rats (Figure 8).
However, when the ileal segments were filled with XJB-5-131 solution instead of its vehicle, the
level of caspase 3 and 7 activity after hemorrhagic shock was significantly decreased. Accordingly,
hemorrhagic shock is associated with activation of pro-apoptotic pathways in gut mucosal cells.

Moreover, the data support the view that this process is significantly ameliorated following
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mitochondrial treatment with XJB-5-131.
Example 4

In another series of experiments, monolayers of enterocyte-like cells, Caco-2g3., were
studicd for physiological and pathophysiological purposcs for detcrmining intestinal barrier function.
Just as with the prior Examples with respect to ROS exposure, the permeability of Caco-2gp.
monolayers increases when the cells are incubated with the ROS, hydrogen peroxide, or menadione
(a redox-cycling quinine that promotes the formation of superoxide anion radicals), see Baker, R. D.
et al., Polarized Caco-2 cells, Effect of reactive oxygen metabolites on enterocyte barrier function,
DIGESTIVE DIS. SCI. 40:510-518 (1995); also Banan, A. et al.. Activation of delta-isoform of
protein kinase C is required for oxidant-induced disruption of both the microtubule cytoskeleton and

permeability barrier of intestinal epithelia, . PHARMACOL. EXP. THER. 303:17-28 (2002).

Due to the results with respect to XJB-5-131 and its amelioration of hemorrhage-induced CL
peroxidation in mucosal cells in vivo (sce aforementioncd Examples 1 and 2), a possible
treatment using XJB-5-131 was investigated to determine if menadione-induced epithelial
hyperpermeability could be ameliorated in vitro. Consistent with the prior in vivo observations,
Caco-2gp. monolayers were incubated in the absence and in the presence of menadione,
respectively. After 6 hours, incubation of Caco-2g5, monolayers with menadione caused a marked
increase in the apical-basolateral clearance of I'D4 (I'igure 9). Treatment with 10 uM XJB-5-131

provided significant protection against menadione-induced hyperpermeability.
Example §

As reflected by the above in vivo and in vitro studies, XJB-5-131 had significantly
beneficial effects on several biochemical and physiological read-outs. Accordingly, systemic
administration of XJB-5-131 was investigated with respect to whether it would prolong survival of
patients subjected to profound periods of hemorrhagic shock with massive blood loss in the absence
of standard resuscitation with blood and crystalloid solution. As in the above studies, rats were

utilized as test patients.

A total of sixteen rats were tested in this study. Rats were treated with 2.8 ml/kg of vehicle
or the same volume of XJB-5-131 solution during the final 20 min of the bleeding protocol. The
total dose of XJB-5-131 infused was 2 pmol/kg. Following profound hemorrhagic shock consistent
with the protocol described above for the prior studies. thirtcen survived for at least 60 min and
received the full dose of either XJB-5-131 solution or the vehicle, a 33:67 (v/v) mixture of DMSO
and normal saline. As shown in Table 2, blood glucose, lactate and hemoglobin concentrations
were similar in both groups at baseline and before and immediately after treatment. None of the

between-group differences were statistically significant.
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Table 2
End of first End of second
Parameter Compound Baseline phase of phase of
hemorrhage hemorrhage
Blood glucose Vehicle 143 +5 255+ 30 219 + 26
concentration
(mg/dL) XJIB-5-131 134+ 4 228 +24 201 =38
Blood lactate Vehicle 1.8+04 606 +0.8 59+13
concentration
(mEg/L) XJB-5-131 1.8+£0.2 5.7+0.8 5612
Blood Hb Vehicle 12.7+0.5 11.1£0.3 9.4+0.2
concentration
(g/dL) XJB-5-131 12.7+£0.3 10.7+£0.3 9.4+0.3

Shortly after treatment was started, mean arterial pressure (“MAP”) increased slightly in both
groups (see Figure 10A). In both groups, mean arterial pressure (“M AP’") decreased precipitously
during the first phase of the hemorrhage protocol and remained nearly constant at 40 mm Hg during
the beginning of the sccond phase. Six of the scven animals in the vehicle-treated (control) group
died within one hour of the end of the bleeding protocol and all were dead within 125 minutes (Figure
10B). Rats treated with intravenous XJB-5-131 survived significantly longer than those treated
with the vehicle. Three of the six rats survived longer than 3 hours after completion of the
hemorrhage protocol; one rat survived the whole 6 hour post-bleeding observation period (Figure

10B).

Accordingly, analysis of the XJB-5-131 studies indicate that exposure of the patient to the
compound prolongs the period of time that patients can survive after losing large quantities of blood

due to traumatic injuries or other catastrophes (e.g., rupture of an abdominal aortic aneurysm).

By extending the treatment window before irreversible shock develops, treatment in the field
with XJB-5-131 might "buy” enough time to allow transport of more badly injured patients to
locations where definitive care, including control of bleeding and resuscitation with blood products
and non-sanguineous f{luids, can be provided. The results using a rodent model of hemorrhagic shock
also open up the possibility that drugs like XJB-5-131 might be beneficial in other conditions

associated with marked tissue hypoperfusion, such as stroke and myocardial infarction.

The results presented here also support the general concept that mitochondrial targeting of
ROS scavengers is a reasonable therapeutic strategy. Although previous studies have shown that

trcatment with TEMPOL is bencficial in rodent HS situations, a relatively large dosc of the compound
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was required (30 mg/kg bolus + 30 mg/kg per h). In contrast, treatment with a dose of XJB-5-131 that
was about 300 fold smaller (~0.1 mg/kg) was clearly beneficial. The greater potency of XJB-5-131 as
compared to TEMPOL presumably reflects the tendency of XJB-5-131 to localize in mitochondrial
mcmbrancs, a kcy embodiment of the invention. As indicated above, two hemigramicidin-4-amino-
TEMPO conjugates (namely XJB-5-208 and XJB-5-131, see Figure 2) are concentrated in the
mitochondria of cultures mouse embryonic cells following incubation with solutions of the

compounds.

Further, the use of XJB-5-131 significantly prolonged the survival of the rats subjected to
massive blood loss, even though the animals were not resuscitated with either blood or other non-

sanguineous fluids and they remained profoundly hypotensive.

In light of the above, synthetic hemigramicidin peptidyl-TEMPO conjugates permeate
through the ccll membrane and also thc mitochondrial membrane where they act as frec radical
scavengers for ROS such as, but not limited to, superoxide anion radicals. The conjugates are then
reduced within the mitochondria by electron-transport proteins which are involved with the cellular
respiration pathway, thereby coupling the decoupled ROS species. These conjugates also have the
advantage, as discussed above, of being anti-apoptolic, especially in the case of compounds such as 5a

and 5b.

By effectively reducing the amount of ROS species, a patient's condition, including an illness
or other medical condition, may be ameliorated and, in some cases, survival may be prolonged as
described in the Example IV study. Examples of such conditions, including diseases and other
mcdical conditions, include (but arc not limited to) the following medical conditions which includc
diseases and conditions: myocardial ischemia and reperfusion (e.g., after angioplasty and stenting for
management of unstable angina or myocardial infarction), solid organ (lung liver, kidney, pancreas,
intestine, heart) transplantation. hemorrhagic shock, septic shock, stroke, tissue damage due to
ionizing radiation, lung injury, acute respiratory distress syndrome (ARDS), necrotizing pancreatitis,

and necrotizing enterocolitis.
Example 6

In a further embodiment, in support of the inter-changeability of cargoes of the mitochondria-
targeting groups. a composition for scavenging radicals in a mitochondrial membranc compriscs a
radical scavenging agent or an NOS inhibitor and a membrane active peptidyl fragment having a high
affinity with the mitochondrial membrane. The membrane active peptidyl fragment preferably has a
property selected from the group consisting of antioxidant, radioprotective, protective, anti-apoptotic,
therapeutic, ameliorative, NOS antagonist and combinations thereof. In a related embodiment, with
respect to compounds with antibiotic properties. it is generally preferable to employ compounds

whose mode of action includes bacterial wall targets.
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In another embodiment, the membrane active compound is preferably selected from the group
consisting of bacitracins, gramicidins, valinomycins, enniatins, alamethicins, beauvericin,

serratomolide, sporidesmolide, tyrocidins, polymyxins, monamycins, and lissoclinum peptides.

In a related embodiment, the NOS antagonist is selected from the group consisting of XJB-5-

5 234 (a), XIB-5-133 (b), XJB-5-241 (c), and XJB-5-127 (d), comprising AMT NOS antagonist cargos:
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Example 7

The following examples provide protocols for additional cargo usable in compounds

described herein which serve as NOS antagonists.

~ATNG
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Compound (1) is Boc-Leu-y[(E)-C(CH;)=CH]-"Phe-Pro-Val-Orn(Cbz)-AMT (XJB-5-241)
and was prepared according to the following protocol. A solution of 11.0 mg (13.2 pumol) of Boc-

Leu—\p[(ﬁ)-C(CH;)=CH]~DPhe-Pro-Val-Orn(Cbz)-OMe (2-48) in 400 pL. of MeOH was treated at 0 °C
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with 132 pL (132 pmol) of 1 N NaOH. The reaction mixture was stirred at room temperature for 8 h,
and treated with 132 pLL (132 pmol) of 1 N HCL The solution was extracted with CHCl; and the
organic layer was dried (Na,SO,) and concentrated in vacuo to give the crude acid as a colorless form.
This acid was dissolved in 2.00 mL of CHCl, and treated at room temperature with 2.1 mg (16 pwmol)
of HOBt, 3.0 mg (16 umol) of EDC, 3.3 mg (20 wmol) of 2-amino-5,6-dihydro-6-methyl-4H-1,3-
thiazine * HCI and 3.5 mg (27 wmol) of DMAP. The reaction mixture was stirred at room temperature
for 48 h, diluted with CHCl;, and washed with H,O. The organic layer was dried (Na,SO,),
concentrated in vacuo, and purified by chromatography on SiO, (1 : 1, hexanes/EtOAc followed by 20
: 1, CHCls/MeOH) to yield 11 mg (89%) of XJB-5-241 as a colorless powder. The following
characterization data were obtained: LC-MS (R, 8.37 min, linear gradient 70% to 95% CH;CN (H,O)
in 10 min, 0.4 mlL/min; m/z = 932.4 [M+H]", 954.3 [M+Na]*) and HRMS (ESI) m/z calculated for
CsoH74N70S (M+H) 932.5320, found 932.5318.
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Compound (2) is Boc-Lcu-\u[(E)-CH=CH]-DPhc-Pro-Val-()rn(Cbz)-AMT (XJB-5-133) and
was prepared according to the following protocol. A solution of 20.0 mg (24.3 pmol) of 2-85 (XJB-5-
194) in 800 pL of MeOH was treated at O °C with 243 plL (243 pmol) of 1 N NaOH. The reaction
mixture was stirred at room temperature for 6 h, and treated with 243 pl. (243 pmol) of 1 N HCL. The
solution was extracted with CHCl; and the organic layer was dried (Na,SO,) and concentrated in
vacuo to give the crude acid as a colorless form. This acid was dissolved in 1.00 mL of CHCl; and
trcated at room temperature with 3.9 mg (29 pmol) of HOBt, 5.6 mg (29 pmol) of EDC, 6.1 mg (37
pmol) of 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine « HCl and 7.4 mg (61 pmol) of DMAP. The
reaction mixture was stirred at room temperature for 20 h, diluted with CHCl;, and washed with H,O.
The organic layer was dried (Na>SQ.), concentrated in vacuo, and purified by chromatography on
SiO; (1 : 1, hexanes/EtOAc followed by 20 : 1, CHCls/MeOH) and an additional preparative C g
reverse phase HPLC purification was performed: 80% to 100% CH;CN (H>O) in 20 min, 5.0 mL/min)
to afford 12.9 mg (58%) of XJB-5-133 as a colorless powder. The following characterization data
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were obtained: LC-MS (R, 7.89 min, linear gradient 70% to 95% CH;CN (H,0) in 10 min, 0.4
mL/min; m/z = 918.3 [M+H]", 940.3 [M+Na|*) and HRMS (ESI) m/z calculated for C,oH7,N;05S
(M+H) 918.5163, found 918.5185.

3

Compound (3) is Boc-I.eu-"Phe-Pro-Val-Orn(Cbz)-AMT (XJB-5-127) and was prepared
according to the following protocol. A solution of 24.0 mg (28.7 umol) of Boc-Leu-"Phe-Pro-Val-
Orn(Cbz)-OMe in 800 pL. of MeOH was treated at room temperature with 287 ul. (287 umol) of 1 N
NaOH. The reaction mixture was stirred at room temperature for 5 h, and treated at 0 “C with 287 pL
(287 umol) of 1 N HCI. The solution was extracted with CHCl; and the organic layer was dried
(Na,SO,) and concentrated in vacuo to give the crude acid as a colorless foam. The crude acid was
dissolved in 2.00 mL of CHCI; and treated at room temperature with 4.6 mg (34 pmol) of HOBt, 6.6
mg (34 pmol) of EDC, 5.7 mg (34 pmol) of 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine « HCI and
8.8 mg (72.0 umol) of DMAP. The reaction mixture was stirred at room temperature for 24 h, diluted
with CHCl;, and washed with H,O. The organic layer was dried (Na,SQOj), concentrated in vacuo, and
purified by chromatography on SiO, (2 : 1, hexanes/EtOAc followed by 20 : 1, CHCl;/MeOH) to
yield 17.0 mg (63%) of XIB-5-127 as a colorless powder. The following characterization data were
obtained: LC-MS (R, 6.32 min, linear gradient 70% to 95% CH;CN (H,O) in 10 min, 0.4 m[./min;
m/z=935.3 [M+H]*, 957.3 [M+Na]*) and HRMS (ESI) m/z calculated for C,sH, Nz;O,S (M+H)
935.5065, found 935.5044.

C))

Compound (4) is Boc—Leu-\p[(lD-CIIzCI'I]-DPhe-AMT (XJIB-5-234). A solution of crude
Boc—Leu-\p[(E)-CHzCH]-DPhe-OH (2-84) (30.5 umol) in 2.00 mL of CH,Cl, was treated at 0 °C with
6.1 mg (37 umol) of 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine » HCI, 7.0 mg (37 umol) of EDC,
4.9 mg (37 umol) of HOBL, and 9.3 mg (76 umol) of DMAP. The reaction mixture was stirred at

room temperature overnight, concentrated in vacuo, and purified by chromatography on SiO, (2 : 1,
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CH,CL/EtOAC) to yield 9.1 mg (63%) of XJB-5-234 as a colorless foam. The following
characterization data were obtained: LC-MS (R, 8.42 min, linear gradient 70% to 95% CH-CN (H,O)
in 10 min, 0.4 mL/min; m/z = 474.5 [M+H]") and HRMS (ESI) m/; calculated for C,;sH4,N;0,S
(M+H) 474.2790,found 474.2781.
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Compound (5) is Boc-Leu-y[(Z)-CF=CH]-"Phe-Pro-Val-Orm(Cbz)-TEMPO (XJB-7-53). A

solution of 3.4 mg (4.1 umol) of Boc-Leu—W[(Z)-CF=CHJ-DPhe—Pro—Val—Orn(Cbz)AOMe XJB-5-66) in
400 pL of MeOH was treated at O °C with 41 uLL (41 pmol) of 1 N NaOH. The reaction mixture was
stirred at room temperature for 12 h, and treated with 41 pl. (41 umol) of 1 N HCL. The solution was

10 extracted with CHCl; and the organic layer was dried (Na,SO,) and concentrated in vacuo to give the
crude acid as a colorless form. This acid was dissolved in 400 uL. of CHCl5 and treated at room
temperature with (.7 mg (5 pmol) of IHOBt, 0.9 mg (5 umol) of EDC, 0.5 mg (4 umol) of 4-amino-
TEMPO and 1.1 mg (6 umol) of DMAP. The reaction mixture was stirred at room temperature for 12
h, diluted with CHCl;, and washed with H>O. The organic layer was dried (Na,SO,), concentrated in

IS5 vacuo, and purified by chromatography on SiO, (1 : 1, hexanes/EtOAc followed by 20 : 1,
CHCl15/MeOH) to yield 3.6 mg (91%) of XJB-7-53 as a colorless powder. The following
characterization data were obtained: I.C-MS (R, 8.45 min, linear gradient 70% to 95% CH;CN (11,0)
in 10 min, 0.4 mL/min; m/z =977.5 [M+H]*, 999.5 [M+Na]") and HRMS

(ESI) m/z calculated for Cs:H0FN;OgNa (M+Na) 999.5821.

P

BocHid,

N
l -

S o o
T g4
) Al I N

h \NA \I \; r ; N \,_Y. \].‘ \

" o A\M ,l 5)
TN

20 (6)

Compound (6) is Boc-"Phe-y[(E)-C(CH;)=CH]-Ala-Val-Orn(Cbz)-Leu-AMT (XJB-7-42)

and was prepared according to the following protocol. A solution of 4.5 mg (5.6 pmol) of Boc-"Phe-
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Y[(E)-C(CH;)=CH]-Ala-Val-Orn(Cbz)-Leu-OMe (2-119) in 0.35 mL of MeOH was treated at 0 °C
with 56 puL (56 pmol) of 1 N NaOH. The reaction mixture was stirred at room temperature for 12 h,
and treated with 56 pl. (56 pmol) of 1 N HCI. The solution was extracted with CHCl; and the organic
layer was dried (Na;SO,) and concentrated in vacuo to give the crude acid as a colorless form. This
acid was dissolved in 0.80 mL of CHCl; and treated at room temperature with 0.9 mg (6.7 pmol) of
HOBY, 1.3 mg (6.7 pmol) of EDC, 1.4 mg (8.4 pmol) of 2-amino-5,6-dihydro-6-methyl-4H-1,3-
thiazine « HCI and 1.7 mg (14 pmol) of DMAP. The reaction mixture was stirred at room temperature
for 36 h, concentrated in vacuo, and purified by chromatography on SiO, (20 : 1, CHCl:/MeOH) to
yield 5.0 mg (99%) of XJB-7-42 as a colorless foam. The following characterization data were
obtained: LC-MS (R, 6.61 min, linear gradient 70% to 95% CH;CN (H,0) in 10 min, 0.4 mL/min;
m/z=907.3 [M+H]", 929.4 [M+Na]*) and HRMS (ESI) m/z calculated for CssH7,N705S (M+H)
906.5163, found 906.5190.
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Compound (7) is BOC-DPhc-\u[(E)-C(CH3)=CH]-Ala-Val-AMT (XJB-7-43). A solution of
14.3 pmol of crude Boc-DPhe-\p[(E)»C(CHﬁ:CH]—Ala—Val—OMe (2-111) in 1.00 mL of CHCl; was
treated at room temperature with 2.3 mg (17 pmol) of HOBt, 3.3 mg (17 umol) of EDC, 3.6 mg (22
umol) of 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine « HCI and 4.4 mg (36 pmol) of DMAP. The
reaction mixture was stirred at room temperature for 36 h, concentrated in vacuo, and purified by
chromatography on SiO, (20 : 1, CHCl/MeOH) to yield 7.5 mg (96%) of XJB-7-43 as a colorless
foam. The following characterization data were obtained: LC-MS (R, 5.41 min, linear gradient 70%
to 95% CH,CN (H,0) in 10 min, 0.4 mL/min; m/z = 545.3 [M+H]", 567.3 [M+Na]*) and HRMS
(ESI) m/z calculated for CooH43N,0,S (M+Na) 567.2981, found 567.2971.

Among the preferred radical scavenging agents are a material selected from the group
consisting of a ubiquinone analog, a ubiquinone analog fragment moiety, a ubiquinone analog
fragment moiety lacking a hydrophilic tail, a superoxide dismutase mimetic, a superoxide dismutase

biomimetic or a salen-manganese compound.

As is known (o one ordinarily skilled in the art, ionizing radiation activates a mitochondrial
nitric oxide synthase (“mtNOS”), leading to inhibition of the respiratory chain, generation of excess
superoxide radicals, peroxynitrite production and nitrosative damage. The damage done by ionizing

radiation is believed to be alleviated [See Kanai, A.J. et al., Am J Physiol. 383: F1304-F1312 (2002);
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and Kanai, A.J. et al., Am J Physiol. 286: H13-1121 (2004)]. The composition of this embodiment is
characterized by the property of inhibiting mtNOS, thereby resisting generation of excess superoxide

radicals, peroxynitrite and nitrosative damage.

Protection again irradiation damage using systemic drug delivery can result in unwanted side
effects. One approach to limit or prevent these adverse side effects is to target drug delivery to the

mitochondria using a peptide carrier strategy.

In one embodiment, a potent NOS inhibitor, the non-arginine analog of 2-amino-6-methyl-
thiazine (“AMT™), was selected as a cargo. Irradiation of the ureopithelium results in increased
production of superoxide and nitric oxide (“NO7), mouse bladders were instilled with AMT or 4-
amino-TEMPO to determine if inhibition of N O or scavenging free radicals is more

radioprotective.

An unconjugated and conjugated NOS antagonist, (AMT, 100 uM) and an unconjugated
and conjugated nitroxide derivative (4-amino-TEMPO, 100 uM) were incubated for two hours at

37°C with 32D c13 hemopoietic cells.

NH ~
NYS
h NH,
0
4-NH,-TEMPO AMT

Following incubation, the cells were lysed and the mitochondria isolated for a mass
spectrometry analysis where compounds isolated from mitochondria were identified as Na+
adducts. The resulting spectra (not shown) demonstrate that 4-amino-TEMPO only permeate the
mitochondrial membrane with the assistance of the attached GS-derived targeting sequence. Further
spectra (not shown) indicate that unconjugated AMT do not enter the mitochondria membrane in
substantial quantities. Thus, the targeting peptides successfully direct a NOS antagonist and a

nitroxide to the mitochondria.

Further physiological studies were conducted to determine the effects of peptide-targeted
AMT and 4-amino-TEMPO on NO and peroxynitrite production in irradiated uroepithelial cells.
The cells were cultured in an 8-well slide chamber for 3 days and then microsensor measurements

were taken 24 hours after irradiation.

In untreated irradiated cells and cells treated with unconjugated 4-amino-TEMPO (100 uM)
or unconjugated AMT (10 uM), capsaicin evoked NO production and resulted in the formation of
comparable amount of peroxynitrite. In cells treated with high-dose conjugated 4-amin-TEMPO (100

uM), peroxynitrite production was decreased by approximately 4-fold. In non-radiated cells or
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