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Electromagnetic Radiation 

http://commons.wikimedia.org/wiki/File:EM_Spectrum_Properties_edit.svg 
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Ionizing Radiation 

http://www.bioterrorism.slu.edu/dirty/dirty.pdf 

Units of Radiation 
•  Gray (Gy) 

•  1 J/kg 
•  Independent of IR type, location 

•  Sievert (Sv) 
•  Equivalent dose 
•  Factors in IR “quality,” area exposed 
  

Exposure to IR 
•  Unintended exposure 

•  Industrial accidents (Fukushima) 
•  Nuclear weapons 

•  Intentional exposure 
•  X-rays 
•  Radiation therapy (cancer) 

Dose	  Reference	  Scale	  
Yearly	  Background 	   	  	  	  	  	  	  ~	  2-‐4	  mSv	  
Full	  Body	  CT 	   	   	   	  	  	  	  	  	  <	  30	  mSv	  
Highest	  Dose	  at	  Fukushima	  	  	  	  ~	  670	  mSv	  
Predicted	  Dirty	  Bomb	  Dose	  	  	  	  <	  10	  mSv 	  	  
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Manhattan Project (1945, 1946): 
 Harry Daghlian: ~3.3 Gy (2.2 n + 1.1 γ), died 25 d 
 Louis Slotin: ~11.1 Gy (10 n + 1.1 γ), died 9 d 

Wood River Junction (1964): ~100 Gy dose, died 49 h 
 

Whole-Body Irradiation Effects 

Merck Manuals 
A Review of Criticality Accidents, Los Alamos Labs 

Current treatment: Supportive 
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Cellular Effects of Radiation 

Rad. Prot. Dosim. 2006, 122, 124 
Cancer Res. 2001, 61, 3894 

•  Protein	  damage	  

O2
SOD

H2O2
Cat

H2O +  O2O2 e-+

HO•, HOCl, NO2•, GS•

•  DNA	  damage	  (ss	  and	  ds	  breaks,	  base	  damage,	  crosslinking)	  
•  ROS	  generaQon	  

•  Occurs	  in	  mitochondria	  
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Mitochondria 
• Origin likely from endosymbiosis 
•  Large number per cell 
•  Energy production through OxPhos 
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ROS Production by ETC 

Trends Biochem. Sci. 2010, 35, 505 
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ROS and Apoptosis 

Trends Cell Biol. 2000, 10, 369 
Biochem. Biophys. Res. Commun. 2008, 368, 145 

J. Biol. Chem. 2011, 286, 26334 
Phys. Behav., 2007, 92, 87 
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Cardiolipin: 
•  Mitochondrial inner membrane 
•  Oxidized by ROS 
•  Translocates to outer membrane 
•  Allows release of Cyt C; triggers apoptosis 
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Mitochondrial ROS and Disease 

J. Biomed. Biotech. 2012, Article ID 936486 
NIST via http://www.oxidativestressresource.org 
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Nitroxides and ROS 

J. Phys. Chem. A, 2006, 110, 3679 
 Free Rad. Biol. Med. 2007, 42, 1632 

Nat. Neuro. 2012, 15, 1407 
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Mitochondrial Targeting Strategies 

Environ. Mol. Mutagenesis, 2010, 51, 462 
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Gramicidin S 

Acta Cryst. 1997, D53, 151 
Biochim. Biophys. Acta, 1999, 1462, 201 

•  Cyclic Peptide (B. brevis) 
•  Used as topical antibiotic 
•  Disrupts bacterial inner membrane 
•  Destabilizes lipid packing 

•  Shape 
•  Antiparallel β-sheet 
•  Type II’ β-turns 

•  Amphiphilicity 
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Modified Gramicidin S: XJB-5-131 
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•  Shape 
•  Type II’ β-turn 
•  New H-bond arrangement 

•  Site to attach “payload” 
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Synthesis of XJB-5-131 

J. Am. Chem. Soc., submitted 

OH OTBDPSTBDPS-Cl

Im, CH2Cl2
rt, 18 h

1) Cp2ZrHCl, 
    CH2Cl2, rt, 5 min

2) Me3Al, 0 °C, 10 min
3)

N S
O t-BuOSHN OTBDPS

1) HCl/dioxane,
    Et2O, 0 °C, 1 h

2) Boc2O, Et3N
    CH2Cl2, rt, 18 h
    70% from alcohol
    [76%]

BocHN OTBDPS

1) TBAF, THF, rt, 4 h, 96%

2) Jones, acetone
    0 °C, 1 h, 99% BocHN OH
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2) Evans aux., BuLi
    74%; 70% from OTBDPS
    [67% from OTBDPS]
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83%

[94%]

THF, -78 – -20 °C, 3 h
64%
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1) NaOH, MeOH

2) 4-AT, EDCI, HOBt
    DMAP, CH2Cl2, rt, 18 h
    [95% over 2 steps]
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65%
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Boc-Pro-Val-
Orn(Z)-OMe

78% from 
H-Orn(Z)-OMe

34%	  from	  commercial,	  12	  steps	  LLS,	  15	  steps	  total	  
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Mitochondrial Localization of XJB 

Erin Skoda; Julie Goff 
J. Am. Chem. Soc., submitted 

BODIPY	  

XJB-‐5-‐131	  

MitoTracker	  CMXRos	   Overlay	  

N
H

H
N

O

NHCbz

O

O

N

BocHN

Ph

O

MeO

4 steps

19%

N
H

H
N

O

NHCbz

O

O

N

N
H

Ph

O

H
N

O
N

N
BF F

BODIPY-FL XJB

NO

Josh Sacher @ Wipf Group Page 15 of 25 12/17/2012



Mitochondrial Localization 

J. Am. Chem. Soc. 2005, 127, 12460 

Quantified by EPR, MS: 
 Mitochondria has ~600x concentration! 

cells (Figure 3B), caspase activation (Figure 3C), and DNA
fragmentation (Figure 3D). 5a (Figure 3) and 5b reduced the number
of annexin V-positive cells and prevented caspase-3 activation and
DNA fragmentation. In contrast, 4-AT afforded no protection.
Protective effects of 5a and 5b were achieved at relatively low

10 µM concentrations. At higher concentrations, both 5a (Figure
3E) and 5b were either less protective or exerted cytotoxicity. Both
5a and 5b are very hydrophobic compounds with a cLogP of 6.4
and 4.5, respectively. To determine whether their protective anti-
apoptotic effects resulted from unspecific lipophilicity rather than

from specific interactions with cellular and mitochondrial mem-
branes, we tested nitroxide conjugate 5c, which is similarly
lipophilic (cLogP 5.5) but does not have a complete targeting
moiety. We found that 5c was ineffective in protecting MECs
against ActD-induced apoptosis (Figure 3B,C). Thus, the GS-
peptidyl targeting structure is required for anti-apoptotic activity
of nitroxide conjugates. Since the reduction of 5a and 5b could
also cause inhibition of mitochondrial oxidative phosphorylation,
we tested whether ATP levels were changed in cells treated with
these compounds. At concentrations at which anti-apoptotic effects
were maximal (5a, 10 µM, Figure 3E), nitroxide conjugates did
not cause significant changes in the cellular ATP level (Figure 3F).
Thus, synthetic GS-peptidyl conjugates migrate into cells and
mitochondria, where they are reduced (likely by electron-transport-
ing proteins) and exert protection against apoptosis. Previously, spin
trapping nitrones have demonstrated promise in aging research.17
Our radical scavenger delivery approach is based on the use of
specific GS-derived mitochondria targeting sequences11 and offers
similar potential for future anti-apoptotic interventions.6b,c,18
Acknowledgment. We thank DARPA (W81XWH-05-2-0026)

for financial support.
Supporting Information Available: Experimental procedures, 1H

and 13C spectra, and procedures for biological assays. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 3. Effect of nitroxide conjugates on ActD-induced apoptosis in
MECs. Cells were pretreated with 10 µM 4-AT, 5a, 5b, or 5c for 1 h, then
incubated with ActD (100 ng/mL). (A) Superoxide production: mean
fluorescence intensity from 10 000 cells. (B) PS externalization. (C) Cas-
pase-3 activation. (D) DNA fragmentation. (E) PS externalization at different
concentrations of 5a. (F) ATP levels in MECs in the presence or absence
of 5a or 2-deoxyglucose (2-DG), as a positive control. Data are means (SD
(n ) 3), #p < 0.01 vs control, *p < 0.01 vs ActD-treated cells.

Figure 2. EPR-based analysis of integration and reduction of nitroxide
GS-peptidyl conjugates in MECs. Cells (10 million/mL) were incubated
with 10 µM of 4-AT or 5a for 15 min. Recovered nitroxide radicals in
whole cells, mitochondria, or cytosol fractions were resuspended in PBS
in the presence or absence of 2 mM K3Fe(CN)6 (JEOL-RE1X EPR
spectrometer under the following conditions: 3350 G center field; 25 G
scan range; 0.79 G field modulation, 20 mW microwave power; 0.1 s time
constant; 4 min scan time). (A) Representative EPR spectra of 5a in different
fractions of MECs in the presence of K3Fe(CN)6. (B) Assessment of
integrated nitroxides (n ) 3); *p < 0.01 vs K3Fe(CN)6; #p < 0.01 vs 5a
under the same conditions.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 36, 2005 12461
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Simplification of XJB: JP4-039 

Calcs: QikProp 
Synthesis: Marie-Céline Frantz 

Solubility: Kayla Lloyd 
Org. Lett. 2011, 13, 2318  
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cLogP   4.8       3.6 
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Localization of JP4 

Erin Skoda, Julie Goff 
J. Am. Chem. Soc., submitted 

Overlay BODIPY MitoTracker CMXRos 
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EPR & MS Measurements: ~30x enrichment  

JP4-039 
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Radioprotection of GS-Nitroxides 

Mike Epperly 
Rad. Res. 2011, 126, 603 

added after irradiation, JP4-039 increased the radiation
resistance of FancD2–/– (PD20F) and FancD2 transgene-
restored cells, as shown by an increase in ñ (P¼ 0.001 and
0.02, respectively) (Table 1). Tempol was a less effective
mitigator for FancD2–/– (PD20F) and FancD2 cells (Table
1). Both Fanc-A–/– and Fanc-C–/– cells were protected and
mitigated by JP4-039 (Table 2).

JP4-039 Localization in Mitochondria Increases
Effectiveness Compared to Tempol

We evaluated the importance of mitochondrial localiza-
tion of JP4-039, comparing it to Tempol. Table 3 shows
greater radiation protection at lower concentrations of JP4-
039 compared to Tempol. To confirm that mitochondrial

TABLE 2
Effect of GS-Nitroxide, JP4-039 Added before or after

Irradiation on the Radiosensitivity of Fanconi Anemia A and
C Patient Cells

Cell line D0 (Gy) ñ

Fanc-A–/– (OH-SU-974) 1.6 6 0.1 4.2 6 1.1
Tempol (10 lM) þ Fanc-A–/– 2.5 6 0.2 3.2 6 1.3

before (P ¼ 0.007)
JP4-039 (10 lM) þ Fanc-A–/– 1.9 6 0.1 4.3 6 0.6

before (P ¼ 0.02)
Fanc-A–/– þ Tempol 2.1 6 0.1 3.5 6 1.5

after (P ¼ 0.02)
Fanc-A–/– þ JP4-039 2.1 6 0.1 2.2 6 0.7

after (P ¼ 0.002)
Fanc-C–/– (VU-113) 1.6 6 0.1 3.3 6 0.3
Tempol (10 lM) þ Fanc-C–/– 1.9 6 0.1 2.4 6 0.2

before (P ¼ 0.003)
JP4-039 (10 lM) þ Fanc-C–/– 2.3 6 0.2 2.4 6 1.0

before (P ¼ 0.02)
Fanc-C–/– þ Tempol 1.6 6 0.2 10.3 6 1.0

after (P ¼ 0.003)
Fanc-C–/– þ JP4-039 1.5 6 0.2 8.5 6 1.1

after (P ¼ 0.01)

TABLE 3
JP4-039 is More Effective than Tempol in Radioprotective

Capacity

Cell line Concentration (lM) ñ

FancG 0 2.5 6 0.3
Tempol þ FancG 0.1 4.5 6 1.3

1 4.9 6 0.9
10 7.2 6 0.7

(P ¼ 0.001)
JP4-039 þ FancG 0.1 4.0 6 0.1

(P ¼ 0.04)
1 5.3 6 0.1

(P ¼ 0.01)
10 20.5 6 4.5

(P ¼ 0.002)

Notes. FancG cells were preincubated in 0, 0.1, 1.0 or 10 lM
tempol or JP4-039 for 1 h and then irradiated with 0–8 Gy as
described in the Methods. Colonies were stained with crystal violet 7
days later, and colonies of greater than 50 cells were counted. The data
were analyzed by linear-quadratic and single-hit, multitarget models.
At 0.1, 1 and 10 lM, the cells incubated with JP4-039 had a
significantly increased ñ compared to cells treated with the same molar
concentration of Tempol. At 0.1 or 1.0 lM, Tempol was not
radioprotective. The mitochondrial localization of JP4-039 was .10-
fold more effective than Tempol by molar concentration.

FIG. 2. JP4-039-BODIPY colocalizes to mitochondria in Fanc-D2 and Fanc-D2–/– (PD20F) cells. Cells were
stained with MitoTracker Red and JP4-039-BODIPY. Panels A and B: MitoTracker only (red); panels C and D:
JP4-039-BODIPY only (green); panels E and F: JP4-039-BODIPY/MitoTracker colocalization (yellow).
Original magnification 10003.

RADIOSENSITIVITY OF FANCONI ANEMIA PATIENT CELL LINES 607
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MMS-350 

Melissa Sprachman; Mike Epperly 
Rad. Res. 2012, accepted 
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Radiation Oncology 

Nat. Rev. Cancer, 2006, 6, 702 
Curr. Mol. Pharmacol. 2009, 2, 122 

•  Used in >50% of all cancer treatments 
•  Doses  
•  Side effects 

•  Acute 
•  Skin damage 
•  Swelling 
•  Area-specific 

•  Late (months to years after) 
•  Fibrosis 
•  Epilation 
•  Area-specific 

Current project: Reduce late side effects of upper body irradiation 
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Other Applications of XJB-5-131 

•  Hemorrhagic Shock (Ann. Surg. 2007, 245, 305) 
•  Anti-inflammatory (Crit. Care Med. 2007, 35, S461) 
•  Huntington’s Disease (Cell Rep., 2012, 2, 1137) 
•  Traumatic Brain Injury (Nat. Neuro. 2012, 15, 1407) 

Focus has been on JP4-039 for radiation: 
•  Physical properties 
•  Ease of synthesis 
•  Good initial results 

But XJB-5-131 may work BETTER 
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Modifications of XJB 

J. Pharmacol. Exp. Theor. 2007, 320, 1050 

Cardiolipin

Active Hemigramcidin S - Tempo 
Conjugates Prevent Cardiolipin 
Peroxidation

Active peptide –TEMPO 
conjugate

J. Pharmacol. Exp. Ther. 2007, 320, 1050; Am. J. Physiol. 2010, 299, L73.
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Other Challenges and Opportunities 

•  Streamline synthesis of alkene isostere portion 
•  Chiral sulfinamide 
•  Evans auxiliary   

• New applications 
•  Kidney disease 
•  Diabetes 

• New uses for hemi-GS 
•  Targeted chemotherapeutics 
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