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(57) Abstract: A method is provided for treating a fatty acid oxidation metabolic condition, such as an inborn error of fatty acid oxi-
dation or oxidative phosphorylation, and/or hypoglycemia, thabdomyolysis, or cardiomyopathy in a patient. A mitochondrial-targeted
electron, radical, or ROS-scavenging agent is administered to the patient in an amount effective to treat, mitigate or prevent any fatty
acid oxidation metabolic condition, such as inborn errors of fatty acid oxidation or oxidative phosphorylation, and/or hypoglycemia,
rhabdomyolysis, or cardiomyopathy in a patient.

[Continued on next page]



WO 2017/193000 A1 {100V 010 00 Y

SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



WO 2017/193000 PCT/US2017/031312

ELECTRON, RAMCAL, OR REACTIVE OXYGEN SPECIES-SCAVENGING
AGENT BASED THERAPY OF INBORN ERRORS OF FATTY ACID OXIDATION
AND OXIDATIVE PHOSPHORYLATION

STATEMENT REGARDING FEDERAL FUNDING
{0001 This tnvention was made with govermment support under Grant Nos. GMO67082,
AIG68021 and DKO7RTTS, awarded by the National Institutes of Health. The government has

certain rights in the invention.

CROSS REFERENCE TO RELATED APPLICATIONS
{0002]  This application claims the benefit of United States Patent Application No.

621332894, filed May 6, 2016, which is incorporated herein by reference in its entivety,

{00037  Mitochondrial fatty acid oxidation is a complex process involving transport of
activated acyl-CoA moisties into the mitochowdria, and sequential removal of 2 carbon
acetyi-CoA units. It is the main source of energy for many tissues ncluding heart and skeletal
muscle and is crtically hoportant during times of fasting or physiologic siress, When the
body's glveogen stores are depleted, long-chain fatty actds are mobilized from adipose tissue
and taken up by liver and muscle cells, While short- and medium-chain fatty acids (Ca to Cizj
diffuse freely across plasma and mitochondrial membranes, the transport of longer chain
species (g to Uy depends at least in part on active transport, a high-affinity mechanism of
wajor physiological wnportance w skeletal maosele, liver, and adipoeytes. Tweo additional
enzyiatic steps are necessary for the complet oxidation of mono- and di-unsaturgted fatty
acids, 2.4 dicvoyi-CoA reductase and an enoyl-CoA isomerase, which allow for the complete
oxidation of physiologically abundant {fatty acids such as lmoleate (CI8:2) and oleate
{C18:1} Each eycle of the pathway produces a molecule of acelyl-CoA and a {atty acid with
two fewer carbons. Under physiological conditions, the latter re-enters the cycle until it is
completely consumed. In peripheral tGssues, the acetyl-CoA is terminally oxadized in the
Krebs evele for ATP production. In the hiver, the acetyl-CoA from fatty acid oxidation can
mstead be utihized for the synthesis of ketones, 3-hvdroxybutyrate, and acetoacstate, which
are then exported for final oxidation by brain mnd other tissues. Al least 25 enzymes and

specific transport proteins are responsible for carrving out the steps of mitochondrial fatty
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acid metabolism, some of which have only recently been recognized. Of these, defects in at
least 22 have been shown to canse disease in hnmans,
[0004]  Most patients with fatty acid oxidation defeets are now identified through newborn
screening by tandem wass spectrometry of carnitine esters in blood spots. Unscreened
paticnts can present throughowt life. In the fisst week of life, cardiac arvhythmias,
hypoglyeemia, sudden death, and occasionally with facial dysmorphism and malformations,
including renal eystic dysplasia are seen. Symptoms later in infancy and early childhood may
relate to the liver or cardiae or skeletal muscle dysfunction, and include fasting or stress-
related  hypoketotic hypoglyveemia or Reye-ike syadrome, conduction abanornualitics,
arthythmias or dilated or hypertrophic cardiomyopathy, and muscle weakness or fasting- and
exercise-induced rhabdomyolysis, Adelescent or adult onsel muscular symptoms, meluding
rhabdomyeolysis, and cardiomyopathy predominate. Diagnosis can usually be established
even when the patient 1 asymptomatic, though analysis of samples during scute ilness can
uncover some miild cases.
{0005]  The most mmportant single diagnostic test is analysis of acyleamitine esters in
serom, plasma, or dried blood spots by tandem mass spectroscopy, which will identify
characteristic compounds i many of these conditions. Other tests that may be useful nclade
urine organic acids and acylglycies, free and total carnitine in serum and urine, and enzyme
assays or flux studies i leukocytes or fibroblasts. Treatment of the acute encephalopathy of
hypoketotic hypoglycemia i3 by infravenous glucose and l-carmitine. Long-term therapy
involves replenishing camitine stores with I-camiting, and preventing hypoglveemia. In some
cases this can be doue by providing a snack, glacose polymers, or uncooked comstarch
before bedtime, but in others requires continuous intragastic feeding. Supplementation with
medium chain tnighyeeride (MCOT) ol provides a ft source that can be utilized by patients
with long chain defects. Safe and effective treatments for fatty acid oxidation metabolic
conditions are needed, including remedics for correcting the molecular cause and ones o
alleviate the pathophysiological consequences.

SUMMARY
{006  According to one aspect of the invention, a method of treating a fally acid
oxidation or respiratory chain metabolic condition, andfor hypoglycemia, rhabdomyolysis,
factic  acidosis, hyperammonemia,  skeletal  myopathy,  hypotonis,  {atiguabilty, or
cardiomyopathy, e.g., arising from g fatty acid oxidation or respiratory chain metabolic
condition, in a patient, is provided. The method comprises administering to the patient an
amount of a mitochondria-targeting electron, radical, or ROS-scavenging agsat effective o

2
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treat the fatty acid oxidation or respiratory chain metabolic condition, andfor hypoglycemia,
thabdonyyolysis, lache acidosts, hypersmmonemia,  skelelal wyopathy, hypotonia,
fatiguabilty, or cardiomyopathy, e.g., arising from a fatly acid oxidation ot respiratory chain
metabolic condition, in a p&timi. The fatty actd oxidation or respiratory chain metabolic
condition, -acconding 10 various aspects, may be an wborn orvor of fatty acid oxidation or
oxidative phosphorviation, wherein for example, the inbom error of fatty acid oxidation or
oxidative phosphorylation is chosen from defects in the following enzymes:  camniting
palnutoyltransterase (CPT) & CPT 1L camitine-acylearnitine translocase (CACTY); very long-
chain  acyl-CoA  dehvdrogenase (VLUADY  medivm-chain acyl-Uod  dehydrogenase
{MCAD); and long~chain hydroxyacyl-CoA dehydrogenase (LCHAD).
{0007 In other aspects, a mitochondeia-fargeting eleciron, radical, or ROS-scavenging
agent according to any aspect provided herein, is provided for use iy preparing & medicament
for use in ireatment of a ity acid oxidatibn or respivatory chain wetabolic condition, andfor
hypoelyeemnia, thabdomyolysis, lactic acidosis, byperssmmonemia, skeletal myopathy.
hypotonia, fatiguabilty, or cardiomyopathy in g patient.  In further aspeets, a mitochondria-
targeting electron, radicsl, or ROS-scavenging agent according to any aspect provided herein,
is provided for treatment of a fatty acid oxidation or respiratory chain metabolic condition,
andfor hypoglveenua, rthabdomyolysis, lactic acidosis, hyperammonemia, skeletal myopathy,
hypotonis, fatignabilty, or cardiomyopathy in & patient,

BRIEF DESCRIPTION OF THE DRAWINGS
{008]  Flgure 1 provides structures for examples of mitochondea-targeting electron,
radical and reactive oxygen species (ROS) scavengers, as describad below,
{0000]  Figure 2 provides an exemplary synthesis scheme for 1P4-039,
{0010  Pigores 3A and 3B show the effect of exposure to different concentrations of H202
on the efficiency of PCR amplification of mtDNA and nDNA. The nDNAand miDNA
damage was assessed alter a 1 h exposure in serunv-free medion containnig §, 100, 200, 300,
and 400 pM HoOp at 37°C. DNA isolated from these cells was used as template for PCR to
amplify a 12 kb antDINA section (Figure 5A, top) and & 13,4 kb section of nDNA (Figure 34,
bottom). (Figure 3B Quantification of each fragment by densttometric scanning.
0011} Figures 4A and 4B, ROS pencration in cultured cells after exposwre to 200 gM
HaOr one hour/day for four days was measured by ESR. Figure 4ALAY Mitochondria were
suspended in PBS containing 3 mM glotamate/malate, 100 pM NADH, and 100 mM
succinate, and 200 mM DMPQ. Spectrum Figure 4A{Aq) base line: Figure 4A{AD)
antreated, and Figurs 4A0A.g) untreated and grown under normal condition for 20 days. The

~
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mitochondria were separated from the cells that were exposed four times o 200 gM Ha(O and
then grown ¢ normal conduion for Figure 4ALA L) 3 days, Figwe 4A(A4) S days, Figure
4A{Ae) 12 days, and Figure JALAD 20 days. Figure 4A(B). The ROS production in the
oxidative exposure and following 20 days grown under normal culture condition ag deseribed
in Figore 4ALAD was tested. Figure 4A{B.a) in the presence of 25 uM DBH2, a subsirate for
complex I and Figore 4A(B.b) in the presence of 100 uM NADH, a substrate for complex L
{Figure 48) The ESR signal intensity s highlighted to show the change in the offspring of
oxidative exposure cells.
00121 Figwe 5. Nuclear DNA fragmentation. Total DNA was extracted from cells (A}
urtreated o day 1, (B} § davs after oxidative exposure, () 15 days after oxidative exposure
and (D) untreated cell harvested at day 13 and O.7pg were loaded on a 1 % agarose gel
Arrows indicate the position of the IINA fragments characteristic of early apopiosis.
j0013] Digure 6, Flow covtomelry analysis of HoO: treated cells. (A) Cells were doubly
labeled with 7 AAD and PhiPhilox-(:12. The mean foorescent intensity of Phifhiux-Gii
mn fower rvight quadrant {7 AAD negative) and represents apoptotic cells, (B A histogram of
PhiPhifux~ Gid: of untreated cells. The mean Huorescence intensity was ~1HL (0 A
histogram of PhiPhilox- Gy 20 days after exposure to Hp(d: The mean fluorescence
intensity increased to 308,
{0014} Figores 7A and 7B, MIDNA damage by internally generated ROS in offspring of
oxidative exposure cells, PCR of & 12 kb mtDNA fragment {Table I and Scheme 1) was used
o estimate the damage of mtDNA in cells treated with 200 uM HzOq at varions thney afier
the exposure. (Figure 7A, lane 1) Unireated cells, day 1. (Figure TA, hine 2} Untreated, day
15, (Figure TA, lane 33 3 days after exposure, and (Figure TA| lane 4) 20 days after exposure.
Sizes on the night side of the gel mndicate the main producits ol ntDNA fagiments produged at
3 and 20 days. Figure 78, Quantification of the 12 kb fragment in the gel lanes shown in
Figure TA.
{0615]  Figures S8A and BB. The susceptibitity of mtDNA {o internal generated ROS is
region specific. Oxidative damage of different sections of smtDNA caused by interasl
generaiod ROS was tested by POR. Five pairs of primers were designed to amplify the D-

foop (ine 1), 1257168 (Hne 23, ND -2 (ine 3), COX {line 4 ), and ND3-6 {line 5). Figure 8A.

3

The five DNA fragments amplified were isolsted from untrosted cells, 5 days after oxidative
stress, and 20 days after oxidative stress. OQuantification of cach fragment by scanning
densttometry is shown in Figure 88, The amount of DNA product generated from wntropted

cells was defined as 1009%.
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016]  Figure 9. BEpzyime Activity of the BETC s reduced in cells exposed to oxidative
stress. Enzyme aciivity of complexes §, B, and IV ol ETC was tested al various times afler
exposure to 200 uM HxOr. Mitochondria were separated from eells 3, §, 12 and 28 days after
exposure. The enrvme activities of the watreated cells were defined as 100%, and activity at
each day post HxOn exposure 18 presented as a percentage as compared with unireated cells.
Symbols are: (8} complex § (¢complex 1, and (&) complex IV.

{0017]  Figure 10, Superoxide production is increased in VLUAD cells (Fho71) as
compared to wild type and it is decreased to wild type levels after incubation of cells with
IP4-039.

~

{0818]  Figure 11, Basal respiration profile (A} and respiratory reserve capacity (B} of W1
{wild type, conirol cell Hine) and FbE71 (VLUCAD-deficient) fibroblasts cultured in normal
nmedia, QOCR {oxvgen consumption rate). ¥ PQ0001, compared to WT (Mann-Whitney U
fesiy,

{0019]  Figore 12, Basal respivation profile {A) and respiratory reserve capacity (B of WT
{wild type, control cell line) and Fb671 (VLCAD-deticient) fibroblasts cultured in medium

s

without ghicose for 72h, OXCR {oxygen consamption rate). ¥P<0001 |, compared to WT

{Mann-Whithey U test).

J0620]  Figure 13, Basal respivation profile (A} and respiratory reserve capacity (By of WT
{wild type, control cell line} and Fb342 (MCAD-deficient) fibroblats cultured in normal
media, OCR (oxygen consumption ratg), ¥ P<0.0001, compared fo WT (Manmn-Whitney U
test).

j0021]  Figure 14, Basal vespiration profite {A) and respiratory reserve capacity (8) of WT
{wild type, control cell line}, Fb342 and Fb752 (MCAD-deficient) fibroblasts cultured in
medinm withoot glucose for 72h, OUR (oxygen consumption rate). *A¥¥P<0.0001, conpared
to WT (Mann-Whitney 1 test).

J0022] Figwe 15 ATP production of WT (wild iype, conirol cell line) and Fba71
{VLCAD-deficient) fibroblasts coltured in nomnal wmedia {A) or medium without glucose for
48k (B). *P<0.05, compared to WT (Student t1ast}.

{0023]  Figore 16, ATP prodoction of WT (wild type, control cell line) and Fb342 (MCAD
deficient) fibroblasts cultured i normal meditm (A) or medium without glucose for 48h (B).
¥P<0.03, compared to WT (Student t test),

{0824]  Figore 17, Immunoblot for VLCAD, ND6 {complex 1 subunit), VDACI {(porin}

and MEN 1 {(nmatofusin 1), Protemn levels were measured in mutochondrial fractions from

(1
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control {WT) and VLCAD deficient Hibroblasts cultured in normal wmedium or medium
without glucose for 48h.

{0025]  Figure 18 Mitochondrial mass of WT {wild type, control cell line) and Fbe71
{VLCAD-deficient) fibroblasts cultured in nomal mediom (A) or meditun without phacose
fordSh (8).

{0026 Figore 190 Mitochondrial mass of WT {wild type, control cell line) and Fb342
{MCAD-deficient) fibroblasts enltured in normal mediuom (A} or medium without ghucose for
48h (8.

{0027} Figure 20, Superoxide production of WT (wild type, control cell line} and FbeT
{VLCAD-deficient) fibroblasts cultured in normal medium (A) or medium without glucose
for 48k (B). Daig reported in AFU gnd normalized by number of events {cells).

{0028]  Figure 21, Supsroxide production of WT {wild type, control cell ling) and Fbo71
{VLCAD-deficient) Hbroblasts cultured in normal medinm (A} or mediiun withouot glocose
for 48l (B). Data reported in AFU and normalized by number of events {celis).

{0829]  Figure 22, Superoxide production of WT (wild type, contral cell ine) and Fhe71
{(VLCAD-deficient) fibroblasts cultured in medium withowt glacose for 48h and trested with
Neacetvicysteine {A) for 24h, Bexafibrate (B) for 48h and IP4-039 (C) for 24h, Data reported
in AFU and normalized by number of events (cells).

H30]  Fianre 230 {(A) Schematic disgram delineating functional effects of electron
transpost chain inhibitors on mitochondrial respiration. The experiment involves measuning
the oxygen consumption rate (OCR) at the resting state {basal respiration) followed by
tyection of oligomyein (Jnlubitor of ATP synthase), aud the drop in the OCR represents ATP
turnover. Subsequent injection of FOCP dissipates the proton gradient and allows maximum
vespivation, The rise in OUR wpon FOCP addition represents mitochondrnial spare reserve
capacity. Finally, a cockdai! of rotenone and anthmyein A are added to completely disable the
glectron transport cham, inhibiting the tofal mitochondrial respiration, The remaining OCR
after complete inhibition of the clectron tansport chain represents non~-mitochondrial
respivation, (B) The OCR difference between oligomyvein- and rotenone and antimyyoin A-
responsive OCR reflects profon leak. Oxygen conswmption rate (OCR) of Fb671, Fb773,
Fb774, Eh777 and Fh780 fibroblasts cultured in without glueose for 72 h. Data are means +
SD, ¥ P 0001, compared to WT (7 test for unpaired samples).

{0031} Figore 24, Effect of 1P4-039 on basal respiration {A-C) and reserve capacity (D-F)
of Fhe71, Fb773 and FbR34 fihroblasts coltured in media without ghucose for 72 k. VLCAD-
deficient cells were exposed o JP4-039 (40 oM or 200 nM) during 24 k. Data are means £

6



WO 2017/193000 PCT/US2017/031312

SD. P 0001, compared to W “P<0.05, FP<001, P00t SFP<).0001,
compared to Fbi71, Fb773 or Fh834 (Tukey multiple range test),

{0032}  Figure 235, Seshorse measurements of oxygen consumption in VLCAD deficient
cells (FB671) cultured in medis without glocose. Treatment with XJIB-3-131 at 200 aM
tmproved basal respiration, and treatment at 40 oM and 200 oM bmproves the reserved
capacity of defictent but not wild type cells.

{0033} Figure 26, Reactive species production in Fb671, Fb773, FbR34 and FhE33
fibroblasts cultured in media with {A-C) or without glucose for 48 h {D-F). Data are means +
SD, #¥Po( 01, *¥F P00, compared to WT {#1est for unpaired samples).

{0034} Figore 27, Effect of N-acetyleysteine (NAC), Bezafibrate {Bex), Resveratrol
{Resv), Mito() and Trolox on superoxide levels in FbT1 or Fh773 fibroblasts cultured in
media without glucose for 48 h. VLCAD-deficient cells were expossd o the different
componnds during 24 or 48 b Dala are megns & SDL ¥¥P<0Q0S, M¥P200L, M P).001,
FHAR QD001 compared to W FP<0.01, FP0.0001, compared to VLCAD-deficient

2,

fibroblasts {Tukey mtmitipie range test).

{B838]  Figure 28, Effect of JP4-039 on soperoxide levels in Fb6T71, Fb773, FbR34 amd
Fb833 fibroblasts cultured m media without glucose for 48 h, VLCAD-deficient cells were
exposed to JP4-038 (40 or 200 uM) du:mg 24 b Data ave means 8D ¥P<0.08, S¥P<0.01,
#HRAP0.001, compared to WT; "P<0.058, ™P<0.01, compared to Fbo71, F773, Fb3d or
Fb833 {Tukey multiple range test),

{036]  Flgures 20A-29C. Nef2 protein content in nuclens (Figure 29A) and oytosol
{Figure 298) prepared from Fbo71 {ibroblasts, novmalized by the content of the protems
lamin B1 (A) or B-actin (Figure 208), Fibroblasts were cultured in media withowt glucose for
48 h and trested with DMSQ or JP4-039 for 24 . The representative wnages (Figare 29C)
show colocalization of Nef2 protein visnalized with green {in original} Huorescently tagged
antibody and nucled visualized with DAPI staining as yellow (white arrows). Calibration bar
indicates 50 pm.

{0037 Flgores 30A-30C. NE-xB protein content in nucleus (Figure 30A) and cytosel
{Figure 30B) prepared from Fhe71 fibroblasts, nommalized by the content of the proteins
famin Bl (Figure 30A) or Beactin (Figure 30B). Fibroblasts were cultured i media without
glucose for 48 h and trested with DMSO or IP4-039 for 24 h. The represeniative images
{Figare 30C} show coloealization of Nrf2 protein visughzed with green {in original}
fluorescently tagged anttbody and nuclel visualized with DAPT staining as yellow (white

arrows ). Calibration bar indicates 30 .
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{0638]  Figuves 3TA and 31B. Fatty acid oxidation (FAQ} flux (Figure 31A) and very
fong-chain acyCoA dehydrogenase (VLCAD) protein content (Figure 31B) in FhéT7]
fibroblasts cultured in media with or without glucose for 48 k. FAD flux was measured in
fibroblasts cultwred In a 24-well plate. VLUAD content was meastred in mitochondria
prepared from fbroblasts. Data are means = SD. *P<Q.08, ¥P<0.01, compared to WT,
P08, compared to Fb671 {Tukey multiple mange test),

[0039]  Figures 32A and 32B. Cell viability (Figure 32A) and VCACUporin protein
content (Figure 32B) in Fbo71 fibroblasts cultured i media with or without glucose for 48 b,
Cell vighility were measured in fibroblasts cultured 1o 8 96~well plate. VDAC Uporin content
was measured in mitochondria prepared from fibroblasts. Data are means & SD. ¥ P<0.01,
BREDP0,001, compared to WT (7 test for unpaired samples).

{0046  Frgures 33A and 338, Citrate synthase activity in Fh671 (Figure 33A Y and Fb77

,,
RN

{Figure 33B) fibroblasts caltured in media with or withowt glucose for 48 h, Data are means &
SD.FP<0.03, compared t0 WT (7 test for unpaired samples).

{0041]  Figure 34, Scaborse measurcments of oxygen consumption in isolated LCHAD
deficient cells.

j0042]  Figure 33, Seahorse measurements of oxygen consumption in MTP deficient cells,

DETAILED DESCRIPTION

{08437 The use of numerical valnes 1 the vartous ranges specified w this application,
unless expressly indicated otherwise, are stated as approximations as though the minimum
and maximum values within the staded ranges are both preceded by the word "abowt”. In this
nwanner, shight variations above and below the stated ranges can be used to achieve
substantially the same results as values within the ranges.  Also, unless indicated otherwise,
the disclosure of these ranges s mtended s a continuous range wluding every value
between the minimom and maximum values.  For defimtions provided herein, those
definitions also refer to word forms, cognates and grammatical variants of those words or
phrases.

{0044]  As used herein, the ferms “comprising,” “comprise™ or “comprised,” and variations
thereod, in reference to elements of an fem, composition, apparatas, method, process, system,
clatm ete. are ntended to be opencended, meaning that the er, composition, apparatus,
method, process, system, claim ele. includes those clements and other elements can be

included and still fall within the scopefdefinition of the desertbed Hem, composition,
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piangly

apparatus, method, process, system, claim ete.  As used herein, "a" or "an" means one or
move, As used hevein "another” may mean at least a second or more,

{0045  As used berein, the terms "patient” or "subject” refer fo members of the animal
kingdom including bat not Himited to haman beings.

{0846} “Conditions Associated with Ervors in Mitochondrial Fatty Acid Oxidation and
Oxidative Phosphorylation™ include deficieneies in expression andfor getivity of varions
mitochondrial enzymes, including enzymes related to mitochondrial uptake of fatty acids and
enzymes relating to P-oxadation, and include mitochondrial respiratory chain deficiencies,
The following desceribes examples of such conditions.

10647]  Mitochondrial uptake of fatty acids longer than Crean requires esterification to an
acyl-Cod, and the concerted action of camitine palmitoyltransterases (CPT) { and 1, and
carniing-acyicarnitine translocase (CACUT). CPT 1 in the outer mitochondrial membrane first
iransters the acyl motety from CoA to carnifine, and the translocase moves the gcylcamitine
ester across the inner membrane in exchange for free camitine. CFT H i the inner membrane
then reconstitutes the CoA esters, which enter the Broxidation spiral,

{0048}  Severe deficiency of liver CPT iz rare but more frequent milder variants have
been identified in geographically restrivted populations. Severe sympioms include episodic
hypoketotic hypoglycemis heginning 1n infancy and multi-organ- system fature, Cardiac
symptoms are oot present. Creatine kinase levels in blood are elevated in soute episodes.
Organic aciduria is nol prominent in this disorder, bul hyperammonemia may be present.
Mild CPTY deficiency i found in high frequency in first nation populations in Canada and
Alaska where it is wost frequently wentified through newbormn screening.

{0049 Deficiency of the CACT was intially reported in newboms who had a nearly
unifornt poor ouwfcome, presenting with severe hypoketotic hypoglyecemia and cardiac
arthythmias andfor hypertrophy. All have had a grossly elevated acylearnitine 1o free
carniting ratio, while dicarboxylic aciduria was reported in one. Patients with a more benign
chinical cowrse have since been idenfified who have responded well to modest carnitine
supplementation and dictary therapy., Tweo affected sibs have been reported where the
vounger sib was prospectively ireated and has not developed any sequelag 2 years later. It
appears that these patients have a higher level of residual enzyvme activity than the more
severely affected patients, Specific diagnosis of this disorder can be made via divect enzyme
or molecular analysis.

{0056]  CPT I deficiency is the most common of this group of disorders. It classically
presents in late childhond or early adubthood gs spisodes of recurrent exercise or siress
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mduced myoglobinuria. Episodes can be severe enough to lead to acute renal falure, Patients
are typically well belween episodes. There is no {endency fo develop hypoglycemia
Weakness and muscle pain are reported. The chavacteristic diagnostic finding in these
patients is a low total plasma carnitine level with increased aeylcamitine fraction and ne
dicarboxyhiv aciduria. Long cham acylearnitines may be elevated. A more severs variant of
CPT I deficiency presenting with symptoms similar to severe CACT deficiency has been
described. In these patients, the presenting symptoms were neonatal hypoglvecemia,
hepatemegaly, and cardiomyopathy. Several polymorphic varianis in the CPT gene have been
associated with an adverse negrologie outcome in influenza encephalitis in Japan.

{0051} The serum acylearniting profile is usually normal i CPT 1 deficiency, but

acylearniting lovels are low. CPT I and translocase deficiency can be identified bt not
distinguished from each other by biochemical testing, hoth showing elevated Cig esters. The
acyleamting profile may be nonmal in muilder disease. Uring organi¢ acids are either normal or
show mild dicarhoxylic aciduria. Blood amino acids are usually norsal. Free carnitine in
serint i3 2 to 3 times normal in CPT 1 deficiency, and is very low in CPT Il and translocase
deficiency. All three enzyvmes can be assaved in fbroblasts and leukooyies.

{00521 Acute episades of hypoketotic hypoglveemia should be treated with intravenous
glucose-containing fuids 1o provide at least 8-10 mgikg/min of glucose. Treatment of
hyperammonemia may require dialysis. Anumonia conjugating agents are nsually not needed
as the hypermmmonemia reverses with correction of the underlying metabolic process.
Prevention of fasting is the madpstay of therapy in all three disorders and continuous
tndragastic feeding may be necessary in severe disease. Cavnitine supplementation s not
usually effective But should be considered when free carnitine is extremely low. Bezalibrate
has been showan to indoce fatty acid oxidation in cells and tmprove flux trough fatly scid
oxidation in cells from patients with residual CPT2 activity. A subsequent small triad (6
patients) indicated fmprovement over & 3 year period of treatment. Expansion of this therapy
to other long chain fatty acid oxidation disorders may be possible.

{0053] Al three enzyme defects are inherited as autosomal recessive traits, and the genes
CPTIA, CPT2, and SLC23A20 (the gene for the translocase} have been localized to
chromosormes 11 (11gi3), 1 (1p32), and 3 (3p31.21), respectively. Discase-causing mutations
have been wentified in all three gones, with 4 relstively common mutation has present in the
late onset muscular form of CPT 1T deficiency, and mild CPTY deficiency in the Huttenite

population. Numerous coding polymorphisms of waknown significance have been identified
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in the CPTI gene. Prenatal diagnosis by mutation analysis or enzyime assay on amuniocytes is
possible i all three conditions.

{0054]  Once i the mitochondrial matrix, acyl-CoA esters enter the P-oxidation spiral in
which a sertes of four reactions successively removes two-carbon fragments of acetyl-CoA.
Albof the enzvimes of f-oxidation bave distinet (and often overlapping) substrate chain-length
speeificitics, For instance, different FAD-containing dehydrogenases oxidize very long-chain
{Ciza4), long-chain (Cpap), medinme-chain (Copg), and shortchain (Cag) acyl-CoAs, and
similar spectficities exist for the hydratases, hydroxyacy-CoA dehydrogenases, and thiolases,
Inherited defects m ahmost all of these enzymes have been deseribed, As a role, defects in
long-chain specific enzymes block oxidation more completely and cause more severe clinical
diseases than do deficils in the medivm and short chain specific enzymes. Although most of
these conditions were originally thought to be rare, defects in very long-chain acyl-CoA
dehydrogenase (VLCAD), medim-chain acyl-CoA dehydrogenase (MUAD), and long-chain
hydroxyacyl-CoA debvdrogenase (LCHAD) are among the most common metabolic defects
identified though newborn sereening with tandem mass spectrometry. Patients who wers
originally reporied with long-chain acyb-CoA dehydrogenase (LCAD deficiency have all in
fact been subsequently shown to have defects of VLCAD. Thus ne bone fide patients with
LCAD deficiency are known o exist.

{0855]  Very long-chain acyl-CoA dehydrogenase deficiency can present i the newborn
pertod with arhythmias and sudden death, or with hepatic, cardiac, or muscle presentations
fater In infancy or childbood. The hepatic presentation is characterized by fasting-induced
hypoketotic  hypoglycenia, encephalopathy, and mild hepatowegaly, often with mild
acidosis, hyperammonemia, and elevated liver ansammases. Some present with arrhvthmias
oy dilated or hypertrephic cardiomyopathy in tfaney or childhood, and sowe with
adolescence onset of exercise or fasting-induced muscle pain, rhabdomyolysis, elevated
ereating phosphokinase, and myoglobmuna. The disorder 1 inhertted a8 an antosomal
recessive trait. Tendency to develop hypoglyeemia decreases with age, but low grade, chronie
rhabdomyolvsis with acute exacerbations are common.

{036]  ACADY (VLUAD) defictency has been reported with two distinet phenotypes. In
the first publication, patients had severe recurrent hypoglyeemia with hepatocellular fatlure
reversible with  administration  of intravenous plucose. One set of sibs also had
cardiomyopathy. All reported patients appeared to have null mutations as indicated by lack of
enzyme antigen. The deliciency has alse been reported in pabicnts with deficiency of
complex T of the respiratory chain apparently dug to a sscomd function for ACADY as a
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complex | assembly or stability factor. All of these patients have had point mutations, a
finding that may be integral to defernuning the clinical picture. In fact, both phenotypes can
be explained by the existence of a multi-functional protein complex within mitochondria that
contains both the respiratory chain and fatiy acid oxidation enzymes providing close physical
and functional relationships between the two pathways,

H057]  Analysis of serwm acylearnitines by tandem mass spectrometry usually shows
elevations of saturated and unsaturated Ciaag ssters in VLUAD deficiency, even between
episedes. Organic acid analysis during acute episodes often shows Cq, Oy, and Cye
dicarboxylic aciduria, but becanse these geids can also be seen when physiological ketosis is
resolving, or following the intake of medium-chain triglycerides, this will not raise suspicion
of disease anless Ciz and Ciq dicarboxylic acids are also present. Froe carnitine tn serum is
usually low. I necessary, enzyvine defiviency can be demonsirated in fibroblaxts or
teukoevies. Molecalar testing is readily available. VLCAD deficiency is now most frequently

diagnosed by newborn screening with tandem MS. No consistent specific biochemeial

markers in blood or urine have been identified in patients with ACADS deficiency. Liver
acylearnitine profile has been reported to be abnormal with an excess of wnsaturated
compared to saturated species.

J0658]  Acute management of VLCAD deficiency involves administration of high infusion
of high rates of plucose-containing intravenous fluids to give 8-10 mp'ke/min of glucose.
Chronic management i5 somewhal controversial. Aveiding fasting and maintaining & high
carbohydrate intake are clearly indicated, and continuous tragastic feeding may be
necessary o achieve this poal cypecially overnight. Medivm-chatn triglycerides, whose
oxidation does not involve VLCATD, can be administered o provide calories but should not
be used untld a diagonosis of MCAD deficiency has been excluded. However, sale fasting
intervaly, the use of oral carnitine, and substitution in the diet of the experimental medium
chain oil triheptanoin are more controversial, As with CPT2 delficiency, bezalibrate has been
suggested as a possible means of Increasing activily o patients with partially stabrle angations
and residual enzyme activity. Treatment of ACADY deficiency reamains uncertain due to is
mfrequency. Institetion of high glocose infusion is warranted 1f hypoglycemia or elevated
fiver enzyimes are elevated, but the need for chronic management when well has not been
demonstrated.

{0659]  The ACADVL gene has been cloned and localized to clromosome 17 {17p13), and
atthough several disease-causing mutations are known there 1s no single prominent mutation.
In general, the more severs defects cause the most severe and early presenting clinical
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disease. Prenatal diagposis is possible through enzyvme assay in culfured ammniocytes, by
demousirating abnormal metabolistn of stable sotopically labeled palmitate by amniocyles,
and by mutation analysis, The ACADY gene i3 on chromosome 3q21.3. There have beep no
reported cases of prenatal diagnosis,

{0860 The mwost common of the fatty acid oxidation disorders, MCAD deficiency,
histerically most frequently presented during the first 2 years of fife with episodes of fasting-
induced vomiting, hepatomegaly, hypoketotie hypoglycemia, and lethargy progressing o
coma and setzures. Blood levels of ammonia, urie acid, lver transaminases, and creatine
phosphokinase may be elevated duning scute episodes, and liver biopsy shows microvesicular
steatosis. Antopsy shows fatty infiltration of the liver, renal tubules, and heart and skeletal
muscle, The disorder was often misdiagnosed as Reve syndrome or sudden infant death
syndrome’, becanse the mitial episode was fatal in abowt 25% of cases. Diagnosis through
chinical symptoms 18 now rare as the disorder is readily 1dentified through newbom screening
by tandem mass spectrometry. Patients thus identified ave typically well, though at risk for
hypoglyeemin with intercurrent illness, and fatalities are a rarity. A Rw enzyme-deficient
inividuals bomn prior to newbom screening have had their first presentation iy adolescence
or adult life and some have remained asymptomatic,

[08611  Analvsis of serum acylcarnitines by tandem mass spectrometry shows elevations of
C8, C8:1, and C10:1 esters pven between episodes. The same abnormalities are identified
through newborn screening. The €6, CR, and C10 dicarboxyhie aciduria that occurs dwing
acute episodes often should raise suspicion of the disease and biochemical confirmation can
be  obfaingd by measurcrment  hesanoviglveine  and  soaborylglyeive W wrine
Pheaylpropionviglycine in urine will be elevated if the gut has been colonized by adult-type
flova, but can he missed by all but the most sensttive techniques. Free carnitine o serwn 18
uzually low. Enryme deficiency can be shown in fibroblasts or lepkocytes but molecnlar
diggnosis is more readily available and often faster,

{0662]  Treatment of acute episodes in mediwmn-chain acyi-CoA dehydrogenase deficiency
ts primarily supportive and atmed at quickly reversing the catabolic state that is responsible
for stimulating the pathways of lipolysis and fatly acid oxidation. Hypoglycemia may be
eorrected with bolus administration of intravenous dextrose. Continuous infusion of dextrose
should then be given at a rate that mamtaing plasma ghucose levels at, or shightly above, the
normal range in order to stinmlate msulin seeretion and suppress adipose tissue lipolysis,
Speeific therapy for the mild hyperammonenya that may be present during scute illness has
not usaally been required. Cerebral edema has occurred during {reatment in some patients
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with severe coma, possibly as a late reflection of acute brain injury fram hypoglveemia, toxic
effects of fatty acids, or ischemia. Recovery from the acule metabolic derangements
associated with coma may require more than a few hours, but s vsually complete within 12
fo 24 hoors except where serious injury to the brain has occurred, Long-term mansgement
consists of dictary therapy to prevent excessive petiods of fasting that can lead to coma

Overnight fasting in infants should be limited o no more than 8 hoors. A duration of 12-1§

hours 18 probably safe in children =1 year of age, Home blood glucose monitoring is not
useful because symptomatic illness can begin before hypoglycentia has oceurred. Although it

i reasonable to modestly reduce dictary faf, becsuse this fuel cannot be used efficiently in
medinm-chain acyl-CoA dehydrogenase deficiency, patients appear to tolerate normat diets
without difficalty, snd severe restriction of fat intake may be onnccessary. Formulag
containing medium-chain triglycerides oil should be avoided. Although patients with
medivm-chain acvi-Cod d@hy(h‘ﬁgg:nase deficiency and other acyl-CoA oxidation defects
have secondary camitine deficiency, the use of carnitine supplementation in these disorders is
controversial, Some investigators suggest 50 to 100 mgiday of oral camnitine but its utility is
unproven.
{00637 The ACADM gene is on chromesome 1 (1p3 1), and MCAD deficiency is inherited
gy a recessive frait. The vast majorily of patients with medivneehain acylUoA
dehydrogenase deficipney have a single common missense mutation: an A-to-G transition at
cDNA position 983, which changes a lysine residue to ghutamate al amino acid 329 of the
medium-chain acyl-CoA dehydrogenase precursor protein. The mutated amino acid s far
removed from the catalytic stle of the enzyme bul appears fo make the proten unstable by
nferfering with intramstochondrial folding and assenbly of the nascent peptide. Preventing
this mistolding offers an opportunty for development of new therapeutic agenis for medium-
chain acyb-CoA dehydrogenase deficiency: The ABRSG mudation accounts for approximately
90% of the mulant alleles i medium-chain  acyl-CoA  dehydrogenase  deficiency.
Approximately 709 of patients are homozygous for the AYRSG mutation. Most of the
rematning patients are compound heterozygotes for the ASBSG allele in combination with 1
of several rarer mutations. Thus, only a few percent of medinm-chain acyl-CoA
dehydrogenase patients do not have at least ene A985G allele. The unusually high freguency
of a single common mutation has made moelecular diagnosis especially valnable i mediom-
chain acyl-CoA dehydrogenase deficiency. As more information accunulates from patients
wdentified through newbom screening, correlation of phenotype with genotype i becoming
clearsr. Patients with the common niutation accunulate the highest levels of metabolites in
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the newborn periad and are probably at risk for more severe dizease than are many other
mutations,

{0864}  Several chain length-specific NAD-dependent 3-hydroxyacvi-CoA dehydrogenases
catalyze the oxidation of 3-hydroxvacyl-CoA esters to 3-ketoaoyl esters. LCHAD acts on
hyvdroxyacyl-CoAs Jonger than C8. LOCHAD and long-thain enovi-CoA hydratase activities
are carried on the g-subunit of the mitochondrial frifunctional protein (MTP or TEP), and
long-chain 3-keteacyl-CoA thiolase is carried on the $-subunil. LCHAD deficiency can exist
alone, or together with deficiency of the other two enzymes.

{0065]  Patiends with a deficiency of LCHAD tend to fall into two clinicg! subcelasses, One
group presents primarily with symptoms of cardiomyopathy, myopathy, and hypoglycemia
Peripheral neurcopathy and recwrent myvoglobinuria may be present. These patients are
deficient in all three enzymatic activities of the trifunctional protein. The other group,
deficient only i LCHAD aclivity, has hepatocellular discase with hypoglycena with or
without pigmentary retinopathy. Cholestasis and fibrosis may also be present. Considerable
overlap in these groups has been deseribed, however, and LCHAD deficiency has also been
reported in patients with recurrent Reve syndrome-like symptoms and by sudden infant death,
Milder cases with adolescent onset of recurrent rhabdomyalysis have been reported. Fotal
LCHAD deficiency frequently causes acute fatty Hver or HELLP syndrome {hemolysis,
elevated liver enzymes, and low platelets) in the (heterozygous) mother during pregnaney,
especially when one or both mutant alleles in the folus iy E4HQ.

066] Acylcarnitine apalysis by tandem mass spectrometry is usually  diagnostic
including in the newbors period, and shows elevated saturated and unsatoraied C16 and CI8
hyvdroxyacylearnitines.  Organic  acid  analysis  often shows  elevated  (C6-14  3-
hvdroxydicarborylic acids, bul the same aboormeliies have beoen seen n patienis with
respivatory chain defeets and glyvcogenoses, and ave not specific. The enevine defedt can be
demonstrated in fibroblasts and keukoevies and, for prenatal disgnosss, in anmioeytes.

{0867}  Therapeptic oplions and controversies paraliel those for VLCAD deficiency. In
addition docosahexacnole acid, a polyunsaturated C20 acid, has been proposed to stow the
development of retinitis bai remains under investigation.

{0068} Longechain hydroxyacyl-CoA dehvdrogenase (LCHAD) deficiency, whether
isofaied or part of trifunctional protein deficiency, 1 inherited ay an awtosomal recessive trait,

s the genes for both subunits (HADHA and HADHB) are located on chromesome 2 (2p24.1-

£
s

23.3). Several disease~-causing mutations have been identified, and most affect the g~subunit,
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One of these, ES100Q (B474Q in the mature subunit), accounts for nearly 90% of mutant
alleles in patients of Buropean extraction with isolated LOHAD deliciency. Defects in the B-
subunit tend {o destabibize the trifunctional protein resalting i the muoliiple enzymatic
deficiencigs scen in some patients. Prepatal disgnosis can be made by enzyime assay i
amniocyies or chorienic villus samples or, when appropriate, by mutation analysis, and on
occasion will be indicated to avoid the complications of pregnancy.

j0069}  Electrons from the acyl-CoA dehydrogenases mvolved in mitochondrial fatty acid

and amino acid oxidation are transferred from their FAD coenzymes (o coenzyme Q in the

respiratory  chain via  clectron  transfer  Havoprotein  (E

[y and  ETFubigunone
oxidoreductase (ETEF:QQ). Defects in ETF and ETF:QOQ cause multiple acyl-CoA
dehdyrogenase deficiency (MADD), often called glutaric acidensia type 1 because of one of
the characteristic metabolites that accunulates,

{070]  Glutaric scidemia type 1 was first described in 1976 in a baby who died at 3 days
of age with severe hypoglyeemia, metabolic acidosis, and the anell of sweaty foet, and many
additional patients have sinee been described. Clinical manifestations are extremely
heferogencous. A neonatal form can be seen with severe hypotonia, dysmorphic features, and
cystic kidneys. These infants also exhibit metabolic acidosis and hypoglyeenmia, Milder
variants are common, prosenting with non-specific neurclogical signs, lipid  storage
wyopathy, fasting hypoketotic hypoglveemia, andfor intermittent acidosis. In some patients,
only fasting bypoketotic hypoglycemia andfor intermitient gcidosis is seen and can be of late
onset. In these cases, the organic acid profile in times of illness is wsually dominated by
cthylmalonic and adipic acids, leading to the alternate name of cthylmalonic-adipic aciduria
for this disorder. Structural brain abnormalbiies sre common including agenesis of the
cerebellar vermis, hypoplastic temporal lobes, and focal dysplasia of cerebral cortex.
Newonal migration sbnormalities may be present. Ribollavin responsive mutations in the
ETFDH gene have been reported.

071 Organic soid analysis usually shows ncreased  eibylmalonic, glutare, 2~
hydroxyglutaric, and 3-hydroxyisovaleric acids, together with C6, €8, and C10 dicarboxylic
acids and isovalerylglvemne, and acvicamitine analysis by tandem mass spectrometry shows
glatarylearnitine, isovalervlecarnitine, and straight-chain esters of chain length €4, C8, Q10
C10:1, and C12. Serum camitine is usually low, and serum sarcosine s oflen increased

patients with mild disease. Enzyme or imoumoblof analyses, i necessary, will show that
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some patients are deficient in ETF, and that others are deficient in ETE:QO. Molecular
testing s typeally more readily available.

{00721 Patients with complete defects often die during the first weeks of lifel usually of
conduction defects or archyvthunias, but those with incomplete defects can survive well inlo
adult life. As in other ity acid oxidation disorders, treatment relies on the aveidance of
fasting, sometimes with continuous infragastic feeding, and camitine to replenish lost stores.

Riboflavin is usually given, and appears to have helped some patients. Camniting
supplementation {100 mg'kg/day) will increase metabalite excretion and should be used.
{06731 Electron transfer flavoprotein (ETF) and electron transter flavoproteiniubiguinong
exidoreductase (ETF:QQ) deficiency are both inherited as sutosomal recessive traits, and the
genes encoding ETF:QO and the ¢- and P~ sobunuts of ETE have heen mapped o
chromosome 4 (4g32xter), 18 (15q23-23), and 19 (19q133), respectively, Discase-causing
mutations bave been identificd in all three genes, but only in the ETF4 gene is there s a
corunon mudant allele (T266M). Severe forms of the disease have been diagnosed in ntero by
demonstrating increased amounts of ghitaric acid v amniotic fluid, and in some cases renal
cysts have been seen in the fetus on ulisagound examinagtion,

Mitockondrial Respiratory Chain Defiviencies

{0074  Mitochondria play an imporiamt role In celludar onergy metabolism, free radical
generalion, and apoptosts. Muochondria are the main souwrce of reactive oxygen species
{ROS) generation #y cells, and mitochondrial dysfunction can. contribute to cell damage
through increased generation of ROS. Electrons channeling throngh the electron fransker
chain (ETC} can escape the electron wransfer complexes and react with molecular oxygen to
form superoxide radicals (7). Impaired electron transfer at complexes T and 1 have been
shown to increase intraceliular levels of O7F, Hz0s, and ROS. ROS subsequently is tmportant
in the regolation many cellolar funchions, acting to activate specific transcription factors.
However, excessive generation of ROS can also cause oxidative damage to the mitochondda
and cells. Tt has been demonstrated that the rate of production of Q7 and Hx0» and ROS in
mitochondria increases with aging in various tissues in bumans and animals.

f0075] Agents (e.g, compounds) useful in the treatment methods provided herem are
mitochondria-targeting electron, radical and reactive oxygen species {(ROS) scavengers,
comprising a mitochondria targeting moiety attached covalently to an electron, radical and
ROS scavenging moiety, An “electron, radical and ROS scavenger™ is'a compound or moiety

that captures electrons, released, for example, from the electron-transfer chain (E1C) in the

17



WO 2017/193000 PCT/US2017/031312

mner mitochondrial membrane, or a compound that reacts covalently and irreversibly with
other compounds contrining unpaived electrons, or & compound that reacts with ROS such ag
superoxide radical anion, hydroxyl radicals, or reactive nitrogen spectes (RNS). Non-limiting
exanyples of electron, radical and ROS scavengers or moicties include compounds with a N-
(O, N-OH, or N=Q -containing mofety, e.¢., a nittoxide-containing molety, that can be
attached by anyv useful chemistry to @ mitochondria~tarpeting group, such gs & specitic peplide
or alkene peptide 1sostere sequence, for example the alkene peptide isostere sequence used in
XIB-5-131, and rofains s scavenging capacity, ¢.g. in mitochondria. A “mitochondria
targeting motety™ 18 a motety (that 15, 8 part of a molecule) that partitions specifically to
mitochondria. In one aspect, a mitochondria targeting moiety is a membrane active peptide
fragment dertved from an antibiotic molecule that acts by targeling a bactenial cell wall.
Examples of such antibiotics include:  Dbactiracing, gramiciding, valinomyeins, enmiating,
alamethicing,  beawvencin, serratomolide,  sporidesmolide,  tyrociding,  polymyxing,
monamycing, and lissochinum peptides.

{0876]  The membrane-active peptide fragment derived from an antibiotic may comprise a
complete antibintic polypeptide, or 8 portion thereot having mitochondria-tavgeting shilities,
which iy readily determined, for example, by cellular partitioning experiments using
radiolabeled peplides.  Examples of wsefn] gramicidin-derived membrane active peptide
fragments are the Lew-DPhe-Pro-Val-Om and DPhe-Pro-Val-Orm-Leu hemigramicidin S
fragments. As gramicidin § 15 cyclic, any hemigramicidin S-mer is expected o be useful as a
membrane active peptide fragment, including Leu-DPhe-Pro-Val-Orn, DPhe-Pro-Val-Orn-
Lew, Pro-Val-Om-Lew-DPhe, Val-Oro-Leo~DPhe-Pro and Om-Lew-DPhe-Pro-Val {from
gramicidin 8} Any larger or smaller fragment of gramucidin, or even larger fragments
coutatning repeated gramicidin sequences {e.g., Len-DPhe-Pro-Val-Om-Leu-DPhe-Pro-Val-
Orn-Lew-DHhe-Pro} are expected to be uselal for membrane targeting, and can readily fested
tor such activity, In one aspeet, the gramicidin S~derived peptide comprises a fi-turn, which
appears to confer to the peptide a high affinity for mitochondrial membranes. Derivatives of
cramicidin, or other antibiotie fragments, nclude isosteres (molecules or fons with the same
number of atoms and the same number of valence elecirons - as g result, they can exhibit
simifar pharmacekinetic and pharmacodynamic properties), such as (E)-alkene tsosteres (see,
United States Patent Poblication Nos. 2007/0161373 and 2007/0161 5344, incorporsted herein
by reference in thewr entirety, for exemplary synthesis methods). As with gramicidin S, the
structure {amino acid scquence) of bacttracing, other gramiciding, valinomycins, coniatin,
alamethicing,  beauvericin,  serratomolide,  sporidesmolide,  tyrocidmns,  polymyxins,
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monamyeins, and lissochnun peptides ave all broadlveknown, and fagments of these can be
veadily prepared and their membrane-targeting abilities can eastly be confirmed by a person
of ordinary skill in the art.

{06771 In another aspect, peptide isosteres, e.g., amide bond replacements of a portion of
sramicidin 'S are emploved as mitochondria-targeting groups.  Among the switable 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 alliynes
for the synthesis of d-1 and irisubstituted (E) alkene and cyclopropane peptide isosteres {See
Wipl et al, Imine additions of internal alkynes for the synthesis of trisuhstituied (Eialkene
and cyclopropane isosteres, Adv Synth Catal. 2005, 347:1605-1613).  These pepiide
mimetics have been found to act as f turn promoters {(See Wipt ot al, Convergent Approach
to {E)-Alkene and Cyelopropang Peptide Isosterss, Org Lett, 2003, 7(1 1 103-106).

j0078] 1o one aspect, the mitochondria-targeting moiety 18 & membrane-active fragment of

oment of

Lot

gramicidin S or an E-alkylene isostere thereof conjugated to a cargo, wherein the fra
gramicidin 8 or E-alkylene isostere thercof has the sequence of one oft Len-"Phe-Pro-Val-
O, Leu-(E)-"Phe-Fro-Val-Om, or acylated derivatives thereof, in which pendant amines are
acviated or modified with an amine protecting group as indicated herein.

{0879 Inanother aspect, the compound hags the structure:

G RuRaz Q
R~:.<
MR )-L Ruu Rag
Rig ‘ Ry Rig % ‘ Ry
MRS Ry \ﬁ R Rz
R (i), or TR R (IV),

wherein Riz, Ris, Ry and Ryy are independently hvdrogen, hydroxyl, hale, a C-Cy straight or
branched-chain alkyl, or a C1-Ce siraight or branched-chain alkyl further comprising a phenyl
{Catz) group, wherein the C-Ce steaight or branched-chain alkyt group or the C-Cy straight
or branched-chain alkyl group comprising a phenyl group is unsobstitnted or is methyl,
hydroxyl or halo~-substituted, for exavaple, and without mstation, Rz, R Ry and Rys are
independently methyl-, hydrosyls or fluoro-substituted, including: methyl, ethyl, propyl, 2-
propyl, butyl, t-butyl, pentyl, hexyl, benzyl, hydroxybenayl (e.g., 4-hydroxybenzyl), phenyl.
or hydroxyphenyt;

Ris 18 hydrogen, a halo, a Ci-Cy straight or branched-chain alkyl or a G-Ce straight or

branched-chain alkyl further comprising a phenyl (Cells) group, wherein the CCe straight or
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branched-~chain alkyl group or the C-Cs straight or branched-chain alkyl group comprising
phenyl group is unsubstituted or s methyl-, hydroxyl- or halo-substituded;

Rig i ~C{OPR2 ~CONO-Roq, or POR{Rask, wherein Rog is C-Cy straight or branched-
cham alkyl or a (4-Cs straight or branched-chain alkyl optionally comprising one or more
{CeHx) groups that are independently unsubstituted, or methyl-, ethyl-, hydroxyi-, hale-
substitted or fluoro-substituted, for example and without Lmitation, Ris 18 Ac (Acetvl, R =
CIOYCHyY, Boe  (R=-C{OO0-rer-butyl), Chz  (R=-C{OX)-benzyl (Bn}, or a
diphenylphosphate group;

Rio 18 ~NH-Rop, ~O-Ra or ~CHa-Rae, where Rao 18 an electron, radical and ROS scavenging
moiety, such as an N-Os, N-OH, or N=O -containing moicty, ¢.2., 8 nitroxide-containing
molety, that can be conjugated by any useful chemistry {0 a miochondeia~targeting group,
such ag the alkene peptide ostere sequence in XJB-3-131 {see, generally United States
Patend Publication No, 20140018317, mcorporated herein by reference o s entirgty,
providing a list in Table t thereof of exemplary N-Q» N-OH, or N=0) ~contsining moictics);
Rig is & halo, a Cp-Cy straight or branched-chain atkyl or 8 Ci-Us stenight or branched-chain
atkyl further comprising one or more {Celx) groups that are independently unsubstituted, or
methyl-, ethyl-, hyvdroxyl- or halo-substituted; and

Rai, Roz, and Ry ave independently H or halogens (See, g, International Patent Publication
Nos. WO 2010/009405 and WO 2012/11285], ncorporated herein by reference in thelr
entirety).

{00881  In another aspect, the compound has the structore:

wherein X s

G

ypossiieupiiiissssssey

Jor & ;

Riz, Rin Rige Ruz, and Ros are cach independently bydrogen, halo, a Ci -Cestraight or

branched-chain alkyl, or a Ci-Cs straight or branched-chain alkyl further comprising a phenyl
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{Calls) group. wherein the Ci-C straight or branched-chain alkyl group or the C)-Ce straight
oy branched-chain alkyl group comprising a phenyl group is unsubstunied or 8 meihyls
hydroxyl~ or halo-substituted;

Rio is ~NH-Ra, ~0O-Ryg or ~CHo-Rap, where Rop is an electron, radical and ROS scavenging
moiety , such as an N-Oe, N-OH, or N={) -containing modety, e.g., & nitroxide-containing
moiety, that can be conjugated by any useful chemustry fo a mifochondris-targeting group,
such as the alkene peptide isostere sequence in XJB-3-131; and

Rig 18 -C{O»Rae, ~C{OI0O-Ra4, or -POM Rk, wherein Ras is C-Ce stmight or branched-
chain alkyl or a Ci-Ce straight or branched-chain alkyl optionally comprising one or more
{CgHy) groups that are independently nnsubstituied, or methyl, ethyl-, hydroxyl, halo-
substitpted or fluoro-substituted, for example and without limitation, Ry 1s Ac {Acetyl, R =
CORCH),  Boo  (R=C{O0-fert-butyl), CThbz  (R=L(O)¥)benzyl (Bn)), or a
diphenylphosphate gronp.

81 Non-Umiting examples of compounds according to (V) inclade:
ChzHN | H Pha{ OJFHN H
> M\Rm | ¥
ChzHN BooHN

>._)_-</‘\n/ . »

wherein Rz is an electron, radical, or ROS-scavenging moidety, such as an N-O», N-(OH, or
N=Q ~confaining motety, ¢.g., a miroxide-conlaining moiety, that can be covalently atlached
by any useful chemistry to a mitochondria-targeting group, such as the alkene peptide isostere
sequence i XIB-3-131L

{H082]  Duong aspect, the compound has the strocture:
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wherein Rig 18 ~NH-Rag, ~0-Rie or ~CHz-Rap, where Ry is an electron, mdical, or ROS-
scavenging agent, such as an N-Os, N-OH, or N=0 -containing molety, e.g.. 8 nitroxide~
containing moiety, that can be covalently attached by any useful chenustry to a mitechondria-
targeting group, such as the slkene peptide isostere sequence in NJB-3-131; Ry and Ra,
independently sre an amine protecting group or acylated. In one aspect, Rz and Ry are
protecting groups independenty selected from the group consisting of: 9-flucrenylmethyloxy
carbopyl  {Fmock  tbutvloxvearbonyl  (Boc),  benzhvdryloxyvearbonyl  {Bhoe),
benayloxyvarbouy! {Che), O-nttroverstryloxycarbonyl (Nvoe), beneyl (Ba), allvloxycarbouyl

{alloc), writyl (Trty, (4 4-dimethyl-2 6-dioxacyclohexylideneethyl (Dde), diathiasuccinoyl

3
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{Ixs), benzothiazole-Z-sulfonyl (Bis), dimethoxytrityl (DMT} and  monomethoxytrityt

{MMT), and Rog is H or methyl, In one aspect; Ree 1s Boe and Ryy 18 Che. Ph is phenyl.

{D083]  In another aspect, the compound has the stracture:

e
%
C.8
B
g
N
N
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i
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A 5
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wherein Rig s «~NH-Ran, ~O-Ryg or ~CHz-Rop, where Ropis an electron, radical, or ROS-
scavenging agent, such as an N-Os, N-OH, or N=0Q -containing moiety, ¢.2., a nitroxide-
containing moiety, that can be covalenily aitached by any usefud chemistry o a mitochondria-
targeting group, such as the alkene peptide 1sostere sequence in XIB-53-131,

j0084]  In another aspect, the compound has the structure:

O
F;E'E B e R".‘
-\FQ -/A N ana ag
H
P

]
Labd
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wherein Rao is an electron, radical, or ROS-scavenging agent, such as an N-O«, N-OH, or
N=Q -conjaining moiety, ¢.g., a nidroxide-containing motety, that can be covalenily attached
by any usefel chemistry to a mitochondria-targeting group, such as shown for XI8-5-131,
and Ryz is an gmine protecting group or acylated as described above for Rig and Rys. In one
aspeet, Rigis Boc or Che and Roe s TEMPO ora aifroxide-containing group and in another
Rig 1s Boc and Rap 18 TEMPO.

{0085]  In one aspeet, the compound is one or more oft XIR-5-125, XIR-5-131, XIB-5-197,
XIB-7-33, NIB-7-58, XIB-7-75, 1P4-039 and IP4- 049 (Figure 1), Synthesis of those compounds
are described i Untted Staies Patent Publication No. 20140018317, and in ULS. Patent No.
7,718,608, incorporated herein by reference in its entirety, and elsewhere. Figure 2 shows a
synthesis scheme for JP4-039.

{D086] As used berein, unless indicated otherwise, for instance v a3 structure, all
componnds  andior structures  descuibed  bherein comprise all possible  stereoisomers,
mdividually or mixtures thereof

{00871 The following are exemplary definitions of various structural elements deseribed
herem.  As used herein, "adlodd™ refers to stratght, branched chain, or cvebie hydrocarbon
groups including from 1 to about 20 carbon atoms, for example and without limitation Cis,
Cra, Cropn groups, for example and without Hmitation, siraight, hranched chain alkyl groups
such as methyl, ethyl, propyl, butyl, pentvl, hexyl, heptvl, octyl, nonyl, decyl, undecyl
dodeeyl, and the like. "Sobstifuted alkyl” refers to alkyl substituted at L ormore, 0.2, 1, 2, 3,
4, 5, or even & positions, which substituents are attached at any available atom to produce a
stable compound, with substitution as described hereine "Optionally sobstituted alkyl” refers

<]

to alkyd or substituted alkyl. "Halogen." "halide,” and "halo" refers to -F, ~C1, -Br, andfor -1
"Alkylene” and "substitoted slkyvlene” refer o divalent alkyl and divalent substituted alkyl,
respectively, including, without hmuation, ethylene (<CHe-CHz). "Optionally substitnted
alkvlene” refers fo alkvlene or substituted alkylene.

{0088]  "Alkene or alkenyl” refers to straight, branched chain, or eyvelic hydrocarbyl groups
mchuding front 2 to about 20 carbon atowms, such as, withowt Hmitation Cia Chw Ciae groups
having one or more, &g, 1. 2, 3. 4, or 5, carbonsiocarbon double bonds. "Suobstituied
alkene" refers to alkene substituted at 1 or more, 2., 1. 2, 3, 4, or 5 positions, which
substituents are attached at any avatlable atom {0 produce a stable compound, with
substittion as deseribed herein, "Optionally substituted alkene” refers to alkene or
substituted alkene. Likewise, "alkenylene” refers to divalent alkene. Examples of alkenylene
include without limitation, ethenviene ((CH=CH-) and all sterecisomeric and conformational
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womeric forms thereofl "Substituted alkenyviene” refers to divalent substituted alkene
"Optionally substituted alkenylene” refers 1o alkenylene or substituted alkenylene,

{0089 "Alkyne or "alkynyl" refers {0 a straight or branched chain onsaturated
hydrocarbon having the indicated number of carbon atoms and gt least one triple bond.
Examples of a (Co-Clalkynyi group include, but are not limited to, acetylene, propyne, 1-
butyne, 2-bidyne, 1+ pentyne, Z-pentyne, [-hexyne, 2-hexyne, 3-hexyne, I-heptyne, 2-
heptyne, 3-heptyne, l-octyne, 2-octyne, 3-octyue and doctyoe.  An alkynyl group can be
unsubstituted or optionally substituted with one or more substituents as deseribed herein
below, The term “alkynylene” refers to divalent alkvue, Examples of alkynylene include
withowt limitation, ethynylene, propynylene. "Substituted alkynylene” refers to divalent
substituted alkyne.

{009G]  The term "alkoxy" refers to an -O-alkyl group having the indicated aumbsr of
carbon atoms, Por example, a (Ci-Celalkoxy group includes ~O-methyl {methoxy), -O-ethyl
{ethoxy), ~CO=prepyl {propoxy), ~O-isopropyl (isopropoxy), ~O-buotyl (butoxy), -O-see -butyl
{see-butoxy), ~O-tert-butyl {tert-buioxy), -O-pentyl {pentoxy), ~O-isopentyl (isopentoxy), -0+
neopentvl (neopentoxy), ~O-hexyl (hexyloxy), ~O-isohexyl (schexvloxy), and ~Genechexyl
{neohexyloxy), "Hydroxyalkyl" refers to a (Gi-Chdalkyl gronp wherein one or more of the
alkyl group's hydrogen atoms is replaced with an -OH group. Examples of hydroxyalkyl
groups include, but are not Hmited to, -CHOH, -CHCHOH, -CHCHCHOH, -
CHyCHCH:CHROH,  -CHyCH:CHCHCHROH,  -CHCHCHCHCHCHROH,  and
branched versions thereofl The term Yether” or "oxygen ether” refers to (C-Crgalkyt group
wherein oue o more of the alkyl group's carbon atoms is replaced with an ~0O- group. The
term ether includes ~CH-{OUH-CH2)OF compounds where Py s a protecting group, -H, or
a {Cy-Crpdalkyl, Exemplary ethers inchide polyethylene glycol, diethvlether, methythexyl
ether and the like.

o091 “Aryl” alone or in combination refers fo an aromatic monoevelie or bicvelie ring
sysiemt stch as phenyl or naphthyl,  "Aryl” alse includes aromatic ring systems that ave
optionally fused with a cycloalkyl ring, A "substituted aryl" is an aryl that s independently
substitnied with one or more substituents attached at any available atom to produce a stable
compound, wherein the substituents are as deseribed herein. "Optionally substituted aryl®
refers to aryl or substituied aryl, "Arylene” denotes divalent aryl and "substituted arylene”
refers to divalent substituted aryl. "Optionally substituted arylene” refers to arylene or

substituted arylene.
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{0892]  “Heteroatom” refers to N, O, P and 5. Compounds that contain N or 8 atoms can
be oplionally oxidized to the correspeonding N-oxide, sultoxide or sulfone compounds.
“Hetero-substituted” refers to an organic compound in any embeodiment dexcribed herein in
which one or more carbon aloms ave subsiituted with N, O, Por S

{0093]  "Substingted” or “subsBitution” refer to replacement of a hydrogen atom of a
molecule or an Regroup with one or more additional R-groups such as halogen, alkyl, alkosy,
atkylthio, wifluoromethyl, acyloxy, hydroxy, mercapto, carboxy, arvioxy, aryl, arylalkyl,
hetercaryl, amino, alkylamino, dialkylamine, morphelino, piperidine, pyrrolidin-i-vi,
piperazin-1-yl, witro, sulfato or other R-groups.

{0094]  “Cyeloalky!" refer to monoeyclic, bicyelie, tricyelic, or polyeyclic, 3~ to 14~

membered ring systems, which are either saturated, unsaturated or momatie. The cycloglkyl
group may he attached vig any atom. Cycloatkyl also contemplates fused rings wherein the
cyeloalkyl 15 fused fo an aryl or hetroaryl ring,  Representative exanples of oyeloalkyl
mehde, but are not Himited to cyclopropyl, cyclobutyl, cyclopentyl, and cyclohexyl A
eycloatikyl group can be unsubstituted or optionally substituted with one or more substituents
as described herein below.  “Cycloalkylene” refers to divalent oycloalkyl,  The term
"optionally substituted cyeloatkyvlens” refers 1o cycloalkylene that is substituted with 1, 2 or 3
substituents; attached at auy avalable atomy to prodoce a stable compound, wherein the
substituents are as deseribed hevein,

{0095]  “Caboxyl™ or “carboxylic” refers to group having the indicated number of carbon
atoms and termdaating na ~COYOH group, thus having the structure -R-C{OOH, where R
15 a divalent orgawie group that includes Huear, branched, or cyclic hydrocarbons. Non-
timiting examples of theye include: T carboxylic groups, such as ethanoie, propanoie, 2-
wmethylpropanoie, butanoie, 2,2-dimethylpropanoic, pentanoie, efe.

0096 (Ca-Carvl-{ Ci-Celatkylene” refers to a divalent alkylene wherein one or more
hydrogen atoms in the C-Cy alkyvlene gronp 1s replaced by a (Ca-Csaryl group. Examples of
{CClaryl-{Ci-Clalkylene groups inchude withouwt Hmitation T-phenyibutylene, phenyi-2-
butylene,  Iphenyl-Z-methylpropylene,  phenylmethylens,  phenylpropylene,  and
naphthylethylene. The term "(Ue-Coeveloalkyd{C-Colalkylene” refersto a divalent alkylene
whercin one or more hydrogen atoms in the -Ce alkvlene group s replaced by a (G-
Ceieyeloalkyl group. Examples of (Ci-CeleveloalkylH{Ci-Csalkylene groups mclude without
limitation  Devcloprovibutylene,  cycloproyi-2Z-butvlene,  cyclopentyll  -phenyl-2-
methylpropylene, eyclobutybmethylene snd cyclohexyipropylens.

{0097] “Halo” refers to halogens, including F, €L, Br, and L
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{0098}  For therapeutic use, salts of the compounds are those wherein the counterdion iy
pharmaceutically  acceptables However, salts of ascids and bases which are non-
pharmaceutically acceptable may also find use, for example, in the preparation or purification
of g pharmaceutically acceéplable compound.

{00991 The pharmaceutically acceptable acid and base addition salfs as mentioned herein
are meant to comprise the therapeutically active nonstoxic acid and base addition salt forms
which the compounds are able to form, The pharmacentically accepiable acid addition salts
cant converiently he obtained by treating the base form with such appropriate acid
Appropriste acids comprise, for example, tnorganic acids sueh as hydrohalic acids, eg
hydrochloric or hydrobromic acid, sulfuric, nitric, phosphoric and the like acids; or organic
acids such as, for example, acetic, propanoie, hydroxyacetic, lactic, pyruvie, oxalic {i.e
sthanedinic), malonic, sucotnic {(Le. butanedicic acid), maleie, fumanc, malic (e
hydroxybutanediote acidy, tartaric, civie, methanesulfonie, cthanesulfonic, benzenesulfonie,
petoluenesulfonic, cyclamic, salicylic, p-aminosalicylic, pamoic and the ke acids
Conversely the salt forms can be converted by treatment with an appropriate base into the
free base form.

{00108]  The compounds containing an acidic proton may also be converted nto their non-
toxic metal or amine addition salt forms by treatment with appropriate organie and inorganie
bases. Appropriate base salt forms comprise, for example, the ammmonivm salts, the atkali and
carth alkaline metal salts, e.g. the lithium, sodhgn, polassium, magnesion, caleium salts and
the like, salts with organic bases, e.g. the benzathine, Nemethyl-D-glucamine, hyvdrabamine
salis, and salts with amino acids such as, for example, arginine, lysine and the like. The term
“addition szalt” as used hereinabove also comprises the solvates which the compounds
deseribed herein are able to form. Sach solvates are for example hydrates, aleoholates and the
fike,

j00101] The wrm “gualermary amine” as used hercinbefore defines the quaternary
amrmonium salts which the compounds are able to form by reaction between a basic nitrogen
of a compound and an appropriate quaternizing agent, such as, for example, an optionally
substitnied alkythalide, arylhalide or arylalkylhalide, e.g methyliodide or benzyhiodide, Other
reactanis  with  good  leaving  groups may  alse  be  wusad, such  as  alkyl
trifluoromethancsulfonates,  alkyl methanesulfonates, and alkyl p-toluenesulfonates. A

quaternary amine has a positively charged nitrogen,
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{00102]  Pharmaceutically  acceplable  counterions  include  cbloro,  bromw,  todo,
triflnoroacetate and acelate. The counterion of chotce can be wtroduced using 1o exchange
resins.

[00103]  "Pharmaceutically scceptable esters” includes those devived from compounds
described herein that are modified 1o include a carboxyl group. An in vive hydrolysable ester
18 an ester, which is hydrolysed in the human or animal body to produce the parent acid or
alcohol. Representative esiers thus include carboxylic acid esters in which the non-catbonyl
nmoiety of the carboxylic ackd portion of the ester grouping 18 selected from straight or
branched chain alkyl {for example, methyl, n-propyl, tbutyl, or n-butyl), coyeloalkyl,
atkoxyalkyl (for example, methoxymethyl), avalkyl (for example benzyl), aryloxyalkyl (for
example, phenoxymethyl), avyl (for example, phenyl, optionally substituted by, for example,
halogen, (g alkyl, or (g alkoxy) or amino); sulphonate esters, such as alkyl- or
aratkylsulphonyl (for example, methanesulphonyl) or amino adid esters {for example, L-
valyl or L-isoleucyl). A "pharmaceutically acceptable ester” also includes inorganic esters
such as mono~, di-, or tri-phosphate esters. In such esters, unless otherwise specified, any
atkyt moiety present advantageously contains from 1 {o IR carbon atoms, particularty from 1
to 6 carbon atoms, more particudarly from 1 to 4 carbon atoms, Any cycloalkyl moiety
present in such esters advantageously contains from 3 o 6 carbon atoms. Any aryl motety
present in sueh esters advantageously comprises a phenyl group, optionally substituted as
shown i the definilion of carbocyeylyl above, Phanmaceutically accepiable esters ihas
inclade Ci-Co fatty acid esters, such as acelyl, t-butyl or long chain straight or branched
unsaturated or omega-6 monounsaturated fatly acids such as pahwoyl, stearoyl and the ke
Alternative aryl or heteroaryl esters include benzoyl, pyridylmethyloyl and the like any of
which may be substilnied, as defined in carboevelyl above., Additions! phanmaceutically
acceptable esters include aliphatic L-amino acid esters such as leueyl, isolencyd and valyl.
j00104]  Prodrugs of the disclosed compounds alse are contemplated heremn, A prodrug is
an active or inactive compound that 5 modified chentically through in vive physiclogicat
action, such as hydrolysis, metabolism and the like, into an active compound following
administration of the prodrug o a subject. The term “prodrug” as used throughont this fext
muans the pharmacelogically acceptable derivatives such as esters, amides and phosphates,
such that the resulting i vivo biotransformation product of the derivative is the sctive drog as
defined in the compounds described heren. Prodrugs preferably have excellent aquecus
solability, increased bioavalsbility and are readily metabolized nto the active nliubilors in
vive, Pradrogs of a compounds described hersin may be prepared by modifying functional
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groups present in the compound in such 8 way that the modifications are cleaved, either by
routine manipulation or 7 vivo, to the parent compound. The suiishility and techniques
involved in making and using prodrugs are well known by those skilled in the art.

JO6105]  The term Yprodrog” also 1s intended to include any covalently bonded carriers that
release an active parent drug of the present mvention g wvive when the prodrog i3
administered to a subject. Since prodrags often have enhanced properties relative o the active
agent pharmaceutical, such as, solubility and bicavailability, the compounds diselosed herein
can be delivered in prodrug form. Thus, also contemplated are prodeugs of the presently
disclosed compounds, methods of delivering prodrogs and compostiions containing sach
prodrogs. Prodrugs of the disclosed compeounds typically are prepared by moditying one or
more functional groups present in the compound in such g way that the modifications are
cleaved, sither i routing manipulation or & vive, 1o yield the parent compound, Prodrags
tnclude compounds having a phosphonaie and/or anune gronp funclionshzed with auy group
that is cleaved in wvoe to yield the cowresponding amino andfor phosphonate group,
respectively. Examples of prodeags mchude, without limitation, compounds having an
acylated amino group and/or a phosphonate ester or phosphonate anude group. In particular
examples, a prodrug is a lower alkyl phosphonate ester, such as an isopropyl phosphonate
exter.

HIOI06]  As used herein, unless indicated otherwise, for instance in a structure, all
compounds  andfor  siractures  deseribed  hersin comprise @l possible  stercoisomers,
inghvidually or mixtores thereofl  The compound and/or stracture may be an enantiomus
proparation consisting essentially of an &) or {(+) enantiomer of the compound, or way be a
mixture of enantiomers in either equal {racemic) or unegual proportions.

BO107]  As used herein, 2 ring struchure showing g bond/group that is not attsched to any

S

-

R
single carbon atorn, for example and without Hmitation, depicted g8 ™S . vay be

'»»

substituted at any position with one or more groups designated "R, and, ualess indicated
otherwise, vach instance of R on the ring can be {independently) the same or different from
other R modeties on the ving. Thus, if R i3 H. the group contains nothing bot H groups. R
s “hale”, it is @ single halo (eg, FLCL Brand 1) group, R w one or more independently of
hado and ON, the ring may comprise one, two, three, four, halo or ON groups, sach s, for

example and withoo! lmitatione 2, 304, or S chloro; 2, 3, 4, or 5 browo; 2, 3-or 3.4 or 4.5-
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or 2d-dichioro; 3-brome-dechiorn; 3-bromo-d-cvane, and any other possible perondation of
the heted groups.

{08108] Protected derivatives of the disclosed compounds also are contemplated. Many
sultable protecting groups for wse with the disclosed componnds are broadiveknowen in the art.
In general, protecting groups are removed under conditions which will not affect the
remaining portion of the melecule. These methods are well kanown in the art and include acid
hydrolysis, hydrogenolysis and the like. One method involves the removal of an ester, such as
eleavage of @ phosphonate ester using Lewis acidic conditions, such as in TMS-Br mediated
ester cleavage to vicld the free phosphonate. A second method involves removal of a
protecting group, such as removal of @ benzy! group by hydrogenolysis utitiving palladivm on
carbon in a suitable solvent system such 8s an alcohol, acetic acid, and the bike or mixtures
thereof. A t-butoxyv-based group, including t-butoxy carbonyl protecting groups can be
removed utthizing an inorganic or organic acid, such as HC or triflaoroacetic acid, n a
suitable solvent system. such as water, dioxane andéor methylene chloride. Anether
excmplary protecting group, suitable for protecting amino and hydroxy functions aming is
trityl. Other conventional protecting groups are known and suiiable protecting groups can bg
selected by those of skill in the ant in consullation with any of the large number of broadly-
available publications. When an amine is deprotecied, the resulting salt can readily be
neutralized to vield the free amine. Similarly, when an acid motety, such as a phosphonic acid
miely is unveiled, the componnd may be isolated as the acid compound or as a salt thereof,
01091 According to one aspect, amine side chaing are protected using protective groups,
for example and without LiwnHation by acylation (See, eg., LS. Palent Nos, 7528174
7.718,603; and 9,006,186, and Intemational Patent Publication Nos. WO 2016/009405 and
WO 2012/112851, each of which are incorporated herein by reforence in thetr entirely).
Protecting groups are known in the ard and inchide, without {hmitation: 9-flucrenylmethyioxy
carbonyl  (Fmoec),  t-butyloxycarhonyl  (Boe),  benshydryloxyearbonyl  {Bhoo),
benzyloxyearbonyl (Chy), O-nitroveratvyloxyearbony! {Nvoc), benzyl (Ba), allyloxycarbonyl
{alloc), trityl (Tv), 1-(4,4-dimethyl-2 f-dioxacyclobexylidensiethyl (Dde), diathissuccinoyl
{Dis), benzothiazole-2-sulfonyl (Bts), dmmethoxyirityl (DMT) and  monomethoxytrityl
{(MMT) groups. A protecting proup also includes acyl groups, such ax acetyl groups, for
example, as described.

{8118]  The compounds typically are administered in an amount and dosage regimen to
treat a fatty acid oxidation metabolic condition, such as inborn errors of falty acid oxidation
or oxidative phosphorylation. In various aspects of the invention, the mitochondrig-targeting
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electron, radical, or ROS-scavenging compounds deseribed herein are administered in any
manner that s effective to treal, miligate or prevent any lafty acid oxidalion metabolic
condition, such as inborn ervors of fatty acid oxidation or oxidative phospherylation, as
described above, and/or hypoglveemia, rhabdemyolysis, or cardiomyopathy. e.g., as caused
by a fatty acid oxidation metabolic condition, such as inborn ervors of fatty acid oxidation or
oxidative phosphorylation.  Examples of delivery routes include, without hnsitation: topical,
for example, epicutancons, nhalational, enema, ocular, otic and infranasal delivery: enteral,
for example, orally, by gastric feeding tube and rectally; and parenteral, such as, intravencus,
infraacterial, inttamuascudsr, intracavdiae, suboptaneous, intraosseons, ntradermal, intrathecal,
intraperitoneal, transdermal, tontophoretic, transmucosal, epidural and intravitreal, with oral,
mitravenous, intramuoscular and transdenmal approaches being preferred in many instances
{30111}  As indicated above, and i the examples, depending upon the dosage of the
componnds, the compounds can exhubil electron, radical, or ROS-scavenging activities, e.g..
from 0.1 oM 0 100 aM or 0.1 mg o 2 mg IP4-039 per Kg body weight of a patient, or doses
of agents other than JP4-039 equivalent to a range of from 0.1 nM to 100 gM in a patient, or
8.1 myg to 2 mg of IP4-039 per Ko body weight, e.g., as described in the examples below,
Therefore, an “effective amount™ of the mm;‘mund or composition deseribed heretn I8 an
smount effective in a dosage regimen {amount of the compound and timing of delivery), to
achieve a desired end-point, such as maintaining concentrations at a site of treatment within a
range effective o achieve a suitable oplcome. Switable outcomes include improvement of
one or more svimptoms of a fatty acid oxidation or oxidative phosphorylation metabolic
condition, such as hypoglycenua, vhabdomyolysis, lactic acidosis, hyperammonemia, skeletal
myopathy, hypotonta, fatiguabilty, or cardiomyopathy.

{00112]  The componnds may be compounded or otherwise manufaciured into a suitable
composition for use, such as a pharmacentical dosage torm or drag product in which the
compound 1 an active mgredient.  Composifions may comprise ¢ pharmaceutically
acceptable carrier, or excipient. An excipient is an nactive substance used as a carvier for the
active ingredients of a medication, Although “inactive,” excipicnts may facilitate and aid in
mereasing the delivery or bioavailability of an active ingredient in a drog product. Non-
Hmiting exampies of useful excipients include: antindherents, binders, rheology modifiers,
cogtings, disintegrants, emudsifiers, oils, butfors, salty, acids, bases, fillers, diluents, solvents,
flavors, colorants, glidants, lubricants, preservatives, antioxidants, sorbents; vitamins,

sweeteners, etc., as are gvailable in the pharmaceuticalicompounding arts.
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{00113]  Useful dosage forms twlude: intravenous, intramuscular, or intrapesitonead
solutions, oral tablels or Hquids, topical owrtents or creamns and transdermal devices {e.g.,
patches). In one embodiment, the compound I8 a sterile solution comprising the active
ingredient {dreg, or compound), and g solvent, such as waler, saline, lactated Ringer's
solution, or phosphate-buffered saline (PBS).  Additional éxcipients, such as polyethylene
glyveol, emulsifiers, salis and buffers may be included n the solution,

{00114] In onc aspect, the dosage form is a transdermal device, or “pateh”. The general
structure of a transdernaal patel is broadly known in the pharmacentical arts. A typical pateh
inchudes, without pilation: a delivery reservolr for containing and delivering o drog 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 snd extending bevond, typically
completely strrounding the reservoir, and an adhesive on the proximal side of the backing,
surrcunding the reservolr, typically completely, for adhering the pateh to the skin of a patient.
The reservoir typically comprises @ matrix formed from a nop-woven (e.g, 8 gauze} or a
hydrogel, such as a polyvinvipyrrolidons (PVP) or polyvinyl aeetate (PVA), as are broadly
known. The reservoir typically comprises the active ingredient shsorbed into or adsorbed
onto. the reservoir matrix, and skin permeation enhancers.  The choiwe of permeation
enhancers typically depends on empirical studies. Cerfain formudationy that may be usefud as
permeation enhancers include, without Hmitation:  DMSO: 95% Propvlene Glyeol + 5%
Linoleic Acid; and 50% EtOH +40% HSO + 5% Propylene Glycol + 5% Brij30.

{00115]  Therapeutic/pharmacentical compositions ars  prepared  in accordance  with

Practice of Pharmacy, 21st edition, ed. Paul Beringer ef of., Lippincott, Willlams & Wilkins,

Baltimore, MD Easton, Pa. (2005) {(see, eg., Chapters 37, 39, 41, 42 and 4S5 {or examples of
powder, liquid, parenteral, intravenous and oral solid formudations and wethods of making
such ormulations).

{00116]  The mitochondrial respiratory chain requires hundreds of proteins encoded by the
nuelear and mitochondrial genomes for normal assembly and function. Mutations in the
genes for many of these proteins lead to a wide range of elinical phenotypes related to energy
deficiency. Mutations in the mitochondeial DNA introduce an additional variable of clinical
heterogeneity. Cells have many mitechondria, and each mitochondrion has multiple coples of
the mitochondrial chromosome, Distribution of both 15 random i dividing cells and
mitochondria, Thus a cell can contam two populations of miochondria, normal and mutant,
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i varving ratios, a genetic siuation known as heteroplasmy. The extreme phenotypic
heterogeneity of wmitochondnal respivatory cham deficiency and vaniable degrees of
heteroplasmy in different tissues {or mitochondrial DNA (mtINAY mutations pose a practical
challenge in recognizing these conditions. Estimates of the prevalence of mitochondrial
disease vary among reporis, and may be as high i3 15,008 individuals.

{0117]  Increased mitochondnal DNA (mdDNAY damage (resulting in ingetivation of ETC
profeins} is not only seen in aging, bui also M a variety of disease states including
neurodegenerative  and  peuwrommuscular  disorders such  as MELAS (Mitochondrial
encephalomyopathy lactic acidosis), LHON (Leber Heredilary Optic Neuropathy), MERRF
{myoclonic opilepsy with ragped red fibers), K88 (Keams-Sayre Syndrome), Parkinson
disease (PD), Alzheimer discase (AD), and Huntington discese (HD). In addition, tumor
development is often assoctated with mutations i and aliered expression of the mtDNA-
encaded subunits of complexes L L 1V, and V. The location and type of oxidation-induced
mDNA mwutations are often disease and tssue specific. MUINA is usually located near the
muer mitochondrial membrane, which is also the main focation of ROS generation.

{00118] Failure of superoxide dismutase with aging, and the himited DNA vepaw
mechanisims within mitochondria, results in 10- fold higher rate of mtDNA damage compared
to nuelear DNA (nDNA). Impaivment of ETC activity increases ROS geperation, and the
expenential increase in ROS production in the mitpchondria of aged mammalian cells has
been stiributed 1w existence of a “vicious vvele”, The evele starts with the generation of ROS
by the ETC that then leads to mtDNA damage. Damage to ntDNA ETC protein subunit
genes further wnpairs ETC, which i turg, generales more ROS and wove ntDNA damage.
The ‘vicious cyele’ hypothesis is based mostly on observations of increased ROS generation,
wtDNA damage, mtDNA mutations and delebons, and phospholipids exidation in antmals
and people with aging, but there is little experimental evidence to divectly support it Here, &
“mild oxidative exposure” strategy 18 used to selectively induce miDNA over nDNA damage.
The results are consistent with the ‘vicious oyele” hvpothesis and an experimental system is
described herein to study it

{00119]  Selection of “mild oxidative exposure” conditions. In order to develop a model for
mild oxidative exposure leading to miDNA damage without affecting aDNA, cells were
incubated with incregsing concentrations of HaQn for one how and the total DNA was
evahuated for evidence of oxidative damage by PCR. Reduction of the native 12 kb mtDNA
and 13.4 kb nDNA fragments gt each Ha0» concentration is shown in Figures 3A and 3B

Incregsing concentrations of Ha(h exposure led {0 incrsased mtDNA damags but much lower

Labd
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levels of nIDNA damage. Exposure to 200 uM Hotdh was selected for further experiments
stnce it resulted in substantial damage to miDINA (83.4% remaining novmal fragmenis) but
very little to nDNA (92.1% remaining normal fragments). Cells were then treated with 200
pM HROz for T hourdday for four days and returned to culiure without firther HaOs exposure,
This cell hine is normally viable for many months. However, after the short term exposure 1o
2000M H:0,, cells began to die 20 days after the last treatment.

{00120] The level of late ROS production in cells exposed to H:Or was compared o
untrested cells. Oxidation of DUFH by ROS was measured by ESR in treated and unireated
cells (Figure 4A{A)). Measurementis were made in the presence of glutamate, malate, NADH,
and succinate to ensure the presence of sufficient substrates for complex I W and I of the
clectron transfer chain, No difference in the ESR signal intensity was detectable in untroated
cells throughout the experiment (Figure 4A(AY. In contrast, cells exposed to Ha(Oy exhibited
an increase 1 BSR sigaal of 8% and 12% at 3 and 8 davs, respectively, alier exposuare
{Figares 4A{A«0), 4A(A.d) and 4B). This further mncreased by 30-30% on day 12 (Figures
4A(Ac) and 4B) and 165% by 20 days post exposure (Figures 4ALAD and 4B). ROS is

generated during oxidative phosphorylation largely through the activities of ETC complexes |

4

{the electron donor of complex ) and 2.3 dimethoxy-S-methyl-6-decyl- 1.4-benzoquine
{DBH2) {the electron donor of complex 11} were separately incubated with mitechondria
isolated from ireated cells alter 20 days, and ROS generation was measured by ESR. The
ESR signal in the presence of DBH2 alone (Figure 4A{B.a)), showed no difference compared
to univeated cells (Figure 4ALAL)). However, in the presence of NADH, the ESR sigual
{Figure 4A(B.bY) was 2.5 fold higher than in the presence of DBH2. These results suggest
that the meveased ROS is betng generated through activity of comples 1 but not complex I
and that complex T mtDNA sequences are more susceptible to internally generated ROS than
complex T atDNA sequenges.

{0121]  To measure late damage to nDNA following oxidative stress, total DNA was
tsolated and examined for appearance of fragments characteristic of apoptosis (Figure 5). Neo
damage was evident 5 days afler the final HzOs treatment (Figure §, lane B), but considerable
accumulation of smaller frapgments was present 15 davs after HoO: treatment (Figure 3, lane
) Untrested cells showed no change mitially (Figure 5, lane A) or after 15 days of growth
{Figure 3, lane D). Thus, nDDNA damage was ocowring in an ongoing fashion even afler

removal of the external oxidative exposure. These results sugpest that nDNA inttially was not
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damaged by the relatively mild oxidative exposwre. Rather, damage was by mierally
generated ROS during growth alter removal of the exiternal oxidative stress.

{08122 DNA damage 15 a strong inducer of apoptosis, which can be monttored by an
increase in the activity of caspase 3. To fest for apoptosis following HaQs ireatment, cells
were incubated with the caspase 3 substrate PRPhiLux-G1D2 3, 8, 12, and 20 dayy after the
final day of exposare, and FACS sorted. Cells gating as 7 AAD(-) and PhiPhilaxG1D2 (1)
{Figure 6(A)) represent apopiotic but not necrotic cells, By day 20 post exposare, the level of
apoptosis in treated cells was  3-fold higher than in unireated cells (Figuwre 6(B and €},
inereasing concomitantly with ROS generation and nDNA fragmentation.

{06123]  Late damage to mtDNA in cells exposed to oxidative stress was estimated by PCR
{Figures 7A and 7B). Only the full length 12 kb mtDNA band was amplified from DNA of
untreated cells at day 1 and day 20 (Figure 7A, lanes 1 and 23 However, in the HoOx-trepted
cells, the 12 kb fragment was markedly reduced with the appearance of smaller molecular
fragments as early as 3 days after the oxidative treatinent {Figure 74, lane 3} This effect was
exaggeraied after 20 days, with the appesyance of additional smaller-sized mtDNA fragments
{Figure 7A, lane 4), supgesting thal mtDNA 18 being extensively damaged by internally
geasrated ROS over time. Figure 78 provides densitometer readings of the gel of Figure 74,
Additional characterization of the 9.5 kb fragmeni by PCR revealed that the NDI3-6 portion
was absent while the DL and COX fragments were both present {data not shown).

{00124] While damage to miDNA first appeared at day 3 (Figures A and 9B), nDNA
fragmentation was fivst identified at 15 days (Figure 3}, indicating greater susceptibility of the
nDNA 0 infernally generated ROS. To identity diffevential susceplibility of regrons on all
mDNA to oxidative damage, five pairs of mtDNA primers designed to amplify different
portions of the mtDNA (Scheme 1 and Table 1), The PUR resulis ave shown in Figure 8A and
the relative change in treated vs. untreated cells in Figure 8B. Al five mtDNA fragments
{Figure 8B} were sigiuficantly redoced in treated cells over time, but the reduction of each of
the fragments varied. The Dioop fragnient was least reduced, indicating a lower sensitivity of
this region to oxidative stress, while the COX, NDI1-2 and ND3-0 fragments were most
atfecied.

J00125]  The sctivities of ETC complexes 1, 1L and IV were all reduced n cells following
exposure to HpQn (Figure 9). It 15 likely that the reduction in enzyme activities three days
after exposure is at least partially atiributable to the external oxidative exposure. However,
the progressive decrease in the activity of complexes Tand IV as well as the rebound decrease
in complex IH is well beyond the window of inittal damage and s consistent with new

35



WO 2017/193000 PCT/US2017/031312

damage related to internally generated ROS. In addition, complex I was the most affected
activity at day 20 (70% reduction), consistent with the hindings demonsivated by ESR.
{08126] Treatment of Oxidative Stress with Next Generation Anti-Oxidants. A recently
developed analog of the antibiotic granvicidin S, XIB-3-131 (XIB) targets mitochondria and
provides mitoROS and electron scavenging capacity by virtue of iy conjugation to a 4-
aming-2,2.6,6-tetramethylpiperidinooxy {(d-Amino-TEMPOY  moiety.  JP4039,  a
mitochondrial-targeted TEMPOL, can be administered by intravenous, intraperitoneal, or
swallowed route, and s associated with no acute toxicity. Reduction in cellular superoxide
production 18 demonstrated in a cell line with a fatty acid oxidation defeet (Figore 10), B i3
thus concluded thal treatment of inbom errors of fatty acid oxidation or oxidative
phosphorylation with XIB-3-131, JP4-039, and other next generation mitochondrial targeted
slectron, radical, or ROS-scavenging agents will provide physiologic benefit and ameliorate
disease.

Example 2

{00127  Mitochondrial fatty acid Proxidation (FAQ) pathway spiral 15 an essential snpplier

of acetyl-CoA, the major source of reducing equivalents that drives ATP synthesis.

o

ceessively mheriied defects are known for most of the geags of FAQ proteins, the most
common being medium-chain acyl-CoA dehydrogenase (MCAD) and very long-chain acyl-
CoA dehydrogenase (VLCAD) deficiencies, These are characterized by hypoglycemia,
rhabdomyoelysis, and cardiomyopathy, The pathophysivlogy of these abnormalities, however,
i vet to be determined.

j08128] In thus study, MCAD and VLCAD deliciont Gbroblasts were cultwred in the
absence of glucose for 4872 h to shift to fatty acids as the energy source. Oxygen
constmpiion rate {QCR) was monttored by a Seashorse XF analyzer. Mitochondrial mass was
examined by MitoTracker Green and ROS geseration by MitoSOX  dye. Protem
tnunocontent was evaluated by western blotiing.

[00129]  Cell culture: Patient skin biopsies for fibroblast culture were performed on g
clinical basis with written informed consent from patients and/or parents. Fibroblasts were
cultured in Dulbecco’s Moditied Fagle Medium (DMEM) supplemented with 102 fetal
bovine serum and 100 pedml perdcillin’streptomyein, 4.3 g/ plucose, 4 M glutamine and 2
mM pyruvate.

H8138]  Oxygen consumption assay: Fibroblasts comrels and from patients with VLCAD

deficiency were cultivated in normal media or in the ahsence of ghicose for 72 hows. The
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oxygen consumption was monitored by 8 Seahorse XFe%6 Extracellular Flux Analvzer
{Seshorse Bioscience, Billerica, MAL

{38131 Muochondrial mass: Control and patient fibroblasts with VLCAD deficiency werg
coltivated 1 normal medis or without placose for 48 hours, then incubated for 28 min with
MitoTracker Green FM (Life Technologies). Ploorescence was evaluated by flow eytomeiry.
{0132]  ROS generation: control and patient fibroblasts were cultivaied in nonmal media or
without glocose for 48 hours, then incubated for 158 min with MitoSox Red (Life
Technologies). Fluorescence was evaluated by flow eytometry,

RESULTS

{06133]  VLCAD- and MCAD-deficient fibroblasts showed a decrease of basal respiration
and reserve capseity as messteed by oxygen consumption (Figures 11-14), compared to
control (W13 ATP production was decreased 48h after treating the cells with mediom
without glucose (Figures 15 and 16) We also observed absence of VLCAD prolem,
mereased VDACT protein and a decrease of complex I subunit ND6 in VLCAD deficient
fibroblasts (Figure 17). Mitochondrial mass was increased in both cell lines (Figore 18 and
19}, and superaxide production was increased in VLUAD deficient fibroblasts {(Figures 20
and 21), which was prevented by the mitochendrially targeted ROS scavenger JP4-039, but
not by bezafibrate and Neacetyleysteine (Figure 22},

{00134]  These findings identify increased ROS production with disrupted long chain FAQ
n VLCAD deficient {ibroblasts cultivaied in the absence of glucose. In addition, respiratory
chain function is decreased in VLCAD and MCAD deficient fibroblasts, indicating that the
energy metabolisin dystunction in VLCAD deficiency ceds that of FAD alowe. We alse
verified increased mitochondsial mass in the VECAD fibroblasts cultivated in the absence of
glucose, as well as in LCAD fibveblasts. These novel pathophysiological mechanisms in FAQ
disorders suggest new possibilities for therapeuntic strategies.

j00133] These fOndings iwdentify decreased respiratory chain function m MCAD and
VELCAD deficient fibroblasts, indicating that the energy metabolism dysfimction exceeds that
of FAQ alone. In addition, mitechondrial mass 18 inoreased in hoth, while VLCAD defictent
fibroblasts also present increased ROS prodoction. These pathophysiological manifestations
in these disorders sugpest new possibilities for therapeutic strategies

Example 3

{00136]  FAD deficient fibroblasts were cultured in the absence of glucose for 48-72 h to
shifl to fatty acids as the energy source. Oxygen conswnption rate (OCR) was monitored by a

Seahorse XF analvzer (See Figure 23}, Mitochondrial mass was sxamined by MitoTracker
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rreen and ROS generation by MitoSOX dye. Protein fmmunocontent was evaluated by
western blotting. FAQ delicient cells showed decreased basal respiraiion and reserve capacity
and inereased superoxide production, which was prevented by the mitochondrial targeted
electron, radieal, or ROS-scavenging agents IP4-030 and XIB-S-131, but not by g standard
antioxidant N-acetvloysteing. Testing of NIB-3-131 was conducted essentially as described
for JP4-039.

MATERIALS AND METHODS

j00137] Subjects. Fibroblast cells with mutation in FAOQ gene were ohtained from
patients” skin biopsies, while control fibroblast cells {wild type; WT) were oblained from
three healthy individuals. Biopsies from patients were performed on a clinical basis with
written informed consent from patients and/or parents, or from anenymouns donors,

{00138] Cell culture and treatments, Cells were grown in Dulbecco’s Modified Eagle
Mediam (DMEM), Corning Lite Sciences, Manassas, VA, containing high glocose levels or
i DMEM devoid of glucose for 48-72 h. Both media were supplemented with glutamine,
109 fetal bovine serum, 4 mM glotamine, 100 IU penicillin and 100 gg/mlL streptomycin,
Corning Life Sciences, Manassas, VA,

j00139]  JP4-039 electren, radical, or ROS-scavenging agent treatment. Cells were
treated with different compounds in different concentrations 24 or 48 b before the assays.
The compounds used were Neacetyleysteine (1 mM), berahibrate (600 M), resveratrol (75
pd, MitoQ 200 nM), trolox (1 mM) and JP4-039 (40 and 200 oM.

00148] Measurement of mitochondrial respivation. Oxygen consumption rate {OCR)
was measured with a Seahorse X996 Extracellular Flux Analyzer (Seahorse Biloscience,
Billerica, MA). The apparatus contains a fluorophore that Is sensifive to changes n oxygen
concentration, which enables i to accurately moeasure the rate at which eytochrome ¢ oxidase
{complex V) reduces one Oz molecule 1o two HaOO molecules during OXPHOS. Cells were
searded in 96-well Seghorse tisspe culture microplstes in growth media at a deusity of
80,000 cells per well. To ensure equal cell numbers, cells were seeded in cell culture plates
pre-coated with Cell-Tak (BD Biosciences, San Jose, CA), All cell lines were measured with
four to six wells per cell line. Then, the entire experiments were repeated. Before running the
Seahorse assay, cells were incubated for 1 b withowt €Oy in unbuffered DMEM, Initial OCR
was measured fo establish g baseline (basal respiration). Rescerve capacity was also

determined  afler the injection of 300 oM cwrbonyl cvanide 4-{irifluoromethoxy)

phenylbvdrazone (FCCP), Seahorse XF Cell Mito Siress Test Kit, Sanda Clarg, CA. Data

were reported in pmolimin for OCR.
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{00141]  A'TP production assay. ATP production was determined by a bioluminescence
assay using an ATP detenmination ki (ATPhte ki) from PerkinBlmer Inc, Waltham, MA,
according to the manufactorer’s instructions. The luminescence was measured in a FLUOstar
Uhmega plate reader (BMG Labtech), Ortenberg, Genmany,
{08142] Muochondrial membrane mass and superoxide production. Cell suspension
containing 1x10° colls per mL were incubated for 25 min at 37°C with 130 nM Mitotracker
Green, Invifrogen, Grand lsland, NY, for mitochondrial mass evaluation or for 15 min at
37°C with 3 uM MitoSOX Red, Invitrogen, Grand Island, NY, for superoxide production
measarement. After incubation, 10,000 cells samples were aualvzed in a Becton Dickinson
FACSAria T flow cytometer, BD Biosciences, San Jose, A,
{00143] Woestern blot. Cells were grown i T175 flasks and, al 90-93% confluence, were
harvested by trypsinization, pelleted and stored at -80°C for western blot, Protein content in
samples was quantified for data nonmalization using DC™ Protein Assay kit (Bio-Rad
Laboratoriesh
{00144]  Mitochondria preparation, Cell pellets were re-suspended in 150-250 ul. of §
mM Trix buffer, pH 7.4, containing 250 mM sucrose, 2 mM EDTA, protease inhibitor
cockiail, Roche Dirgnostics, Mannhein, Germany, and 0.5 pM trichostatin A, Sigma-Aldrich
Co., St. Lowuss, M{), homogenized and cemirtfuged at 1,000 g for » min at 4°C, The pellet was
discarded and the supernatant centrifuged at 12,000 g for 15 min at 4°C, The peliet
containing mitochondria was re-suspended in 30 mM Tris buffer, pH 7.4, sonicaled and
centrifuged agam at 14,000 g for 15 min at 4°C, The supernatant was then psed for western
blotting. Briefly, 10-20 pg of protein was loaded onto the gel. Following electrophoresis, the
gel was blotied onto g nitrocetulose membrane, which was incubsted with rabbit mouse anii-
nrtofusin 1 monoclonal antibody (MENT IIIGOY Abcam, Cambridge, MA, rabbit anii-
ACAD  (very long-cham acyl-CoA dehyvdrogenase) antiserum  {1:1,000), Cocalico
Biologicals Ine., PA, Cocalico Biologicals Inc., rabbit anti-VDAC/Porin monoclonal
antthody (1:1,000), Abcam, Cambridge, MA, or IgG-HRP conjugated antibody, Bio-Rad,
Hercules, CA. Stainming of the membranes with Ponceau S, Sigma-Aldrich Co., St Louts,
MO, was used o verify equal loading.
{00145]  Nuclear and eytosolic fraction preparation, Cells pellets were washed with cold
phosphate-buffered saline (PBS) and lysed with a pre-cooled homogenizer in 300 pl. cold
buffer (10 mM HEPES, LS ;oM MpCh, P M KC and | saM DTT) plus 1 pe/ull protease,

phosphatase inhibitor cocktail, 1 mM PMSF and (.5 %% Nonidet P-40, and incubaied on ice
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for 18 min. The homogepates were centrifuged at 850 = g for 10 mmn at 4°C, and the
supornatants (oytoplasmic extracts, SN1) were collected and stored at -80°C. The pellets
ere resuspended in 200 pl. of cold buffer, transferred to pre-cooled microcenirifuge tubes
and incubated onice for 15 min. Then, 0.5 % Nonidet P-40 was added and the samples were
incubated on e for 5 min and mixed for 105, The suspensions were centrifuged at 14,000 x
¢ for 30s at 47°C, and the supernatants were collected in SNLL Then, the pellels were
resuspended in 30 pl. of complete lysis buffer 20 mM HEPES, 1.3 mM MgCh, 0.2 mM
EDTA, 20 % glycerol, 420 mM MNaCl and | mM DTT), plos 1 g/l protesse, phosphatase
inhibitor cocktail, and | mM PMSF, mixed for 10s, and incghated on ice for 40 mun {mixed
for 10 s cach & mm}. Finally, the suspensions were mixed tor 30 s and centrifuged at 14,000
% g for 10 min at 4 °C. The supernatants (nuclear exiracts, SN2} were collected and stored at
=80 *C. Inmunodetection was performed using the following primary aotibodies, sccording to
datasheet specifications: anti-Nef2 (1:500), Abo am®, Cambridge, MA, ab31163, anti-NF-xB
p-63 (1:300), Abecam®, Cambridpe, MA, ab32536, anti-Lamin Bl (1:1800) Abcam®,
Cambridge, MA, ab133741, and snti-f-actin (1:1000) Santa Cruz Bistechnology™, Dallas,
TX,
j00146] Immunofluorescence micrascopy. Fibroblasts were seeded at a concentration of
1x 107 cells/ml. on glass cover slips pre-treated with poly-D-lysine in a 12-well plate and
alfowed to grow overnight at 37°C in a 3% CO295% humidity incubator. After 80-90%
conflucnce, cells were incubated with the antibodies anti-VLUAD (1:1,000), anti-Nei2
{1:100) or ant-NF-xB (1:1,.000} at 4°C overnight. After brief washing with TBST, cells were
mcubated with donkey anti-rabbit secondary antibody Alexa Fluor 48¥, from Invirogen.
Nuelet were ymmuonostained with DAPL The coverslips were then mounted osing mounting
media betore taking fmages with an Olympus Confocal FluoraView 1000 microscope at a
magnification of 60x. Mitochondrial membrane potential was determined by quantification of
MitoTracker Red fluorescence, from Invitrogen, nsing the software Imagel, Bethesda, MDD,
and the data were normalized by number of cells,
{00147]  Fatty acid oxidation (FAQ) flux analysis, FAD analysis Hux was pertormed by

quantifying the production of *Hi0 from 9,109

‘pabmitate, PerkinEloer, Waltham, MA,
conjugated to futty acid-free albumin in fibroblasts cultured in a 24-well plate. Palmitate
bound to albunin was used at the final copeentration of 12.4 uM (0.06 Cifmmol). For cach
cell Hine, FAQ measurement was performed in triplicate. The oxidation rates were expressed

as pmol "H-fatty acid oxidized/h/myg protein}.
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{00148]  Cell viability assay, Cell viability was evalvated according to the instructions
deseribed i MTS agssay kit fromy Abcam, Cambridge, UK, sccording to the manufactuorer’s
instructions. The absorbance was read i the FLUOstar Omega plate reader at 490 nm.
{00149]  Spectrophotometric analysis of cifvate synthase aetivity.. Citrate synthase (US)
activily was measured in mitochondria obtained from Hlwoblast by measuring DTNB
reduction at k =412 nm, and caloulated as nmal TNB min™ ' mg protein™ .

{00130] Statistical analysis. Assays were performed in triplicate and the mean was used
for statistical calenlations. Duplicate or triplicate experiments were always carried out and the
mean used for the caleulations. Statistical analysis was performed with GraphPad 3.0
software. Student's ¢ test (independent) was applied for simple comparisons between groups.

Differences wore considered  signtficant when P < 005, Only significant resulls are

presented.
RESULTS
{00151] Oxygen consumption and ATP production. The biocnergetics state of the

It was observed that basal respiration and reserve capacity (Figure 24) were decreased in all
VLCAD deficient fibroblasts in media without glucose, Figare 25 provides results for XIB-
3-131 in media withoat glucose. Patient Fb671 was also tested using normal media, and the
same decrease was detected (Figares 11 and 12 (Bxample 2} Some of the patient’s
fibroblasts were alsv treated with JP4-039 for 24 hours and bassl respivation and reserve
capacity were measured. We verified that this electron, radical, or ROS-scavenging agent
significautly increased both pavameters (Figore 24).

{0152]  Next we determined ATP production to assess the consequences of reduced
oxygen consumpiion. As shown tn Figare 15 {Example 23, 8 marked redoction of ATP levels
m VECAD cells. Taken togethey, this data show energy homeostasis impairment in VLCAD
deficient fibroblasts.

{B0153] Mitochondrial mass and AV, Mitochondrial mass using MitoTracker green was
evatuated in VLCAD-deficient fibroblasts. Figure 18 (Example 2) shows an increase in
mitochondrial mass in Fhe71 fibroblasts, wheress no alterations were verified whaen cell lines
were nuaintained in media with glucose.

{08154] Mitechondrial dynamics and interaction with ETC, As the VLUCAD-deficient
cells had mitochondrial mass alterations, we measuared the protein levels of MENT and NDé6

subnnit, the main molecule implicated in fusion and a complex 1 subunit, respectively. MEN-
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i content was increased in Fbe71 fibroblasts cultured media with glucose and without
glucose as compared to control cells, Regarding ND6 subunil, we found an wmcrease of thig
protein levels in both conditions (Figure 17 (Example 23).

{00155] Superoxide production.  Since mitochondrial dysfunction may have the
mvolvement of reactive species gencration, we defermined superoxide levels with the probe
MitoSOX Red in VLCAD deficient Hbroblasts (Fbo71, Fh773, FbR34 and FBR3Z)
Nignificant alterations were observed in all VLCAD cell lines tested, in media with or
without glucose (Figure 26).

[00156] The effect of the presence of bezafibrate, N-acetyleysteine, resverarol, Mito(), and
JP4-029 in the medin as antioxidants on the inoreased levels of superexide detected in
VLCAD deficient cells was also tested, JP4-039 was the only antioxidant able to decrease
superoxide generation in the patient cellx after 24h of reatment (Figures 27 and 28).

j00157] Profein expression of the tramseription factors Nril and NE-«B.  After
ohserving evidence for oxidative stress @ the VLCAD patients” fibroblasts, we evaluated the
protein content of two imporiant transeription factors involved in redox homeostasis, after
treating the cells with J1P4-039. Increased nuclesr Nef2 and NP-xB protein levels wers
observed in the Fb671 fibroblasts, when compared o the WT fibroblasts (Figures 29A, 298,
290, 30A, 308, and 30C) The cytosolic content of Nrf2 way also increased in VLCAD
deficient fibroblasts comparing to the control, while the NF-xB cytosolic levels were not
these transeription factors, in the pucleus, as well as in the cvtosol for the NF-xB (Figure
30B).

{0158] FAO flux and VLCAD content. The flux through the FAO pathway in Fho71
fibroblasts was further investigated. Decreased FAQ fux was verified in cells in the presence
of ghucose comparing to control cells, while a slight but significant inerease was observed
in media withoot glucose (Figure 31A), Then, VLCAD protein content was examined o
correlate with the FAD fhux alterations observed. The protein expression of VLOAD was
inttially evaluated in fibroblasts cultured in media with or without glacose for 48 h. Figure
318 shows that the absence of glucose caused an increase of VLCAD tin WT cells. Decreased
VLCAD presence was also observed in VLCAD deficient cells in media with plucose as
compared to WT cells. And finally, the absence of glucose increased the VLCAD content,
correlating with the FAQ flax study,

{00139 Cell viability and VDAC porin protein confent, We cvaluated cell viability by

using MTS reduction assay in the VLCAD-deficient cells. Decreased cell viability was
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verified i fibroblasts in media with or without glucose (Figure 32A) We further determined
the content of VDACUpeorin (Figure 32B), 8 numltfunctional wttochondnal chansel that
mediates the mitochondrial ansfer of metabolites, and s involved in transition pore
tormation and apoptosis. Increased VDAU porin content was observed in Fha71 fibroblasts,
i media with or without glucose, comparing to the WT cells (Figure 32€).

{i0160] Citrate synthase activity, Cilrate synthase sctivily was measured in Fbo71 and
F773 fibroblasts, Comparing to the control cell ling, both patients” cells presented an
tnereased of this epzyme activity after being cultured in media avotded from glucose for 48h
{Figures 33A and 33B).

{06161} Additional cell measurements, LOCHAD deficient, MTP {TFP) deficient {with a
mitation in A4DHE), and additional VECAD deficient cell hnes were tested as ghove and all
showsd defects in oxygen consumption and increased accumulation of reactive oxygen
species. Treattnent with JP4 improved both pavaineters (Figure 34 and 35).

{00162]  1n sum, mitochondrial targeted clectron, radical, or ROS-scavenging agents were

etfective in reducing aconmulation of superoxide species in cells from patients with FAQ

detecty and improving fupctional measurements of bloenergetics of these cells.
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We clain:

1 A method of treating a fatty acid oxidation or respuratory cham
metabolic  condition, andior  hypoglyeemia,  rhabdomyolysis,  lactic  acidosis,
hypesammonenia, skeletal myopathy, hypolonia, fatiguabiliy, or cardiomyopathy in a
paticnt, comprising administering to the patient an amount of a mitochondria-targeting
clectron, radical, or ROS-scavenging sgent effvctive to treat the fally acid oxidase metabolic
condition, and/or hypoglycena, thabdomyolysis, or cardiomyopathy in a patient.

2 The method of claim 1, wherein the mutochondria-targeting electron,
radical, or ROS-scavenging agent 18 a compound comprising an electron, radical, or ROS-
scavenging moiety amnd a mitochondria-targeting moiety.

KR The method of claim 2, wherein the compound comprises an eloctron,
radical, or ROS-scavenging molety and a mitochondris-targeting moiety has a structare

chosen frony

wherein Rz, Ry, Rie, and Ry are independently hydrogen, hydroxyl, halo, a
£5-Cy straight or branched-chain alkyl, or a €-Ce straight or branched-chain alkyl further
comprising a phenyl {UsHs) gronp, wherein the C-Cy straight or branched-chaim alkyl group
or ‘the C3-Cq straight or branched-chain alkyl group comprising a phenyl growp is
unsubstituted or is methyls, hydroxyl- or halo-substituied, for example, and withouwt
Hitation, Ry, Ry Rie. and Ryr are independently methyl-, hydroxyl- or fluoro-substitnted,
melnding:  methyl, ethyl, propyl, Z-propyl, buiyvl, t-baiyvl, peatvl, hexyl, benzyl,
hydroxybenzyl (e.g., d-hvdroxyhenzyl), phenyl, or hydroxyphenyl;

Ris 18 hydrogen, a halo, a Ci-Cy straight or branched-chamn alkyl, or 8 O-Ce
straight or branched~chain alkyl further comprising a pheny! (Cdls) @roup, wherein the Ci-Ce
straight or branched-chain alkyl group or the C-Ce straight or branched-chain alky! group
comprising a phenyl proup is ansubstituted or is methyls, hydroxyl- or halo-substituted;

Ry i3 -C{03-Roa, -CLOMDI-Rag, or -PIOW(Ragk, wherein Rog is Ci-Cy straight or
branched-chain alkyl or g €i-Cs straight or branched-chain alkyl optionally comprising one or
more {CgHs} groups that are independently vosubstituted, or methyls, ethyl-, hydroxyl-, halo-
substituted or fluoro-substituted, for example and without imitation, Ry 18 Ac (Acetyl, R =-
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CHO-CHzy, Boe  (R=CO)0tert-butyl), Chz {(R=C{O0-benzyl  (Bo)), or  a
diphenylphosphate groupy;

Rip 18 ~NH-Rzo, ~O-Rop or ~CHo-Rag, where Rao 15 an elecivon, radical, or

)

ROS-scavenging wmoiely, such as an N-Os, N-OH, or N=0 -containing moiety, e

v, A

f

nitroxide~-containing moiety, that can be covalently attached by any wseful chemistry to a
mitochondria-targeting moiety, such as shown for XIB-5-131;

Kiq 15 a halo, a C-Cs straight or branched-chain alkyl or a C-Cy straight or
branched-chain alkyl further comprising one or more (CsHls) groups that are independently
unsubstituted, or methyls, ethyl, hydroxyl- or halo-substituted; and

e, Rop, and Ry are independently H or a halog

Rise, , Ry Rew }L
“"}l?&{ X Nﬁ X Ria
h Q {(Vy, ar
{V1h,
wherein X 18 .
O 0
, or &

Riz, Riz, Rise Ru, and Rys are each independently hydrogen, hale, a () -
Cr straight or branched-chain alkyl, or a C-Ce siraight or branched-chain alkyl further
comprising a phenyl {CeHs) group, wherein the C-Ce straight or branched-chain alkyl group
or the CeCystraight or branched-chain alkyl proup comprising @ phenyl group is
unsubstituted or is methyls, hydroxyl- or halo-substituted;

R is —NH-Ra, ~-O-Rao or ~CHx-Rap, where Rag is an electron, radical, or
ROS-scavenging moiety, such as an NoQe, N-OH, or N=O -confaining woiely, eg., a
nitroxide-containing molety, that can be covalently attached by any useful chemistry to a
mitochondria-targeting molety, such as shown for XIB-5-131; and

Rig 18 ~CLO»Raa, ~CHONO-Ray, ¢r ~PIOMR24)z, wherein Ryg i On-Cy straight of
branched-chain alkyl or a Ci-Cs steaight or branched-chain atkyl optionally comprising one or

mors {CsHys) groups that are independently unsubstituted, or methyl-, sthyl-, hydroxyl-, halo-
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substituted or fluore-substituted, for example and withowt Bmitation, Rz s Ac (Acetvl, R =
CIO»CHY,  Boo  (R=-C{O-tert-butyl), Chz  (R=CiO)¥0O-benzyl  (Bud), o a

diphenyiphosphate group; or

\N
H
O,
Ryg \g
o
}/"
NH

c. FL:? (V.

wherein Rip 18 -NH-Rao, ~O-Ras or ~<CHy-Rpe, where Rap 15 an clectron,
radical, or ROS-scavenging moiety , such a8 an N-Qe N-(GH, or N=O -containing moisty,
e.g., a nivoxide~containing wotety, that can be covalently attached by any useful chenustry to
a miltochondria-targeting molety, such as shown for XIB-3-131; Ry and Ry, independently
are an aming protecting group or acylated. In one aspect, Ras and Ryy are protecting groups
independently selected from the group consisting oft 9-fluorenyimethyloxy carbonyl {Fmoe),
t-butvloxycarbonyl (Boc), benzhydryloxycarbonyl (Bhoe), benzyloxyearbonyl (Chz), O
nitroverairvloxyearbonyl (Nvoc), henezyl {(Bay, albvloxyearbouyl {allo), totyl (Trt), 44
dimethyl-2 6-dioxacyelobexviideneiethvl (Dde), diathigsuccineyl (Dis), benzothiazole-2-
sulfonyl (Bta), dimethoxytrityl (DMT) and monomethoxyirityl (MMT), and Ry is H or
methyl. Inone aspect, Rag is Boo and Roy is Chz. Ph is phenyl,

or a pharmaceutically-acceptable salt or ester thereof,

4. The method of claim 3, having the structure of (B or (IV), or a
pharmaceutically-scceptable sall or ester thereofl

o} The method of claim 3, having the structure of (V) or (VI or a
pharmacentically-acceptable salt or ester thereof.

a. The method of claim 3, having the structure of (VI or a

pharmaceutically-acceptable salt or ester thereof,
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The method of claim 3, having the structure;

3

NHChz

wherein Rie 18 ~NH-Ras, -O-Rop or ~CH-Roe, where Roo 18 an elecivon,
radical, or ROS-scavenging moiety, such as an N-Os, N-OH, or N=0 -containing moiety,
e.g., & nitroxide-containing motety, that can be covalently attached by any vseful chemistey o
a mitochondrig-targeting moiety, such as shown for XIB-5-131, or a pharmaceutically-
acceptable salt or ester thereofl

8. The method of claim 1, wherein the smlochondria-targeting electron,
radical, or ROS-scavenging agent 15 chosen fronu XJIB-5-128, XIB-3-131, XIB-5-197, XiB-7-
33, XIB-7-55, XIB-275, IR4-039 and JP4- 048,

8. The moethod of claim 1, wherein the mitochondria-targeting electron,
radical, or ROS-scavenging agent is JP4-039.

10 The method of claim |, wherein the mitochondria-targeting olectron,

radical, or ROUS-scavenging agent is XJB-5-131.

11, The method of any one of claims 1-10, wherein the fatty acid oxidase
metabolic condition, and/or hypoglyeemis, rhabdomyolysis, ot cardiomyopathy is an inbom
error of fatty acid oxidation or oxidative phosphorylation.

12, The method of claim 11, whereln the inborn aror of fatty acid
oxidation or oxidative phosphorylation 1 chosen from defects in the following enzymes:
carnitine pabmitovitransferase (CPT) I CPT I camitine-acylcarmiting translocase (CACT);
very long-chain  acyl-CoA  dehvdrogenase  (VLCAD)Y  mediomechain  acyl-CoA
dehydrogenase (MCAD): and lengschain hydroxyacylCoA dehvdrogenase (LCHAD).

L. A mitochondria~targeting clectron, radical, or ROS-scavenging agent
as defined in claims 1-12, for use in preparing a medicament for use in treatment of a fhtty

acid  oxidation or respiratory  chain  metabolic  condition, andfor  hypoglyeemis,

47



WO 2017/193000 PCT/US2017/031312

rhabdomyyolysis,  lactic  acidosis, hyperanmmonemia, skeletal  myvopathy,  hypotonia,
fatignabilty, or cardiomyopathy in g patient,

4. Use of a mitochondria-targeting electron, radical, or ROS-scavenging

agent as delined in any one of clajms 1-12, for treatment of @ fatty acid oxidation or
respiratory chain metabolic condition, and/or hypoglyeemia, rhabdomyvolysis, lactic acidosis,
hyperammonemia, skeletal myopathy, hypotonia, fatiguabilty, or cardiomyopathy m a

patient.
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