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Abstract F16 is a mitochondria-targeted, broad-spectrumcantier
agent in the pre-clinic cancer therapy. Here westbped two fluorescent
iIsomers of F16 (0-F16 and m-F16) with entirely @iéint photophysical
properties, uncoupling activity, and cytotoxicity tmerely modifying the
linking orientation of pyridinium and indole unittndividually, o-F16
acted as a strong uncoupler to reduce the mitoctadncespiration
efficiency, while m-F16 could hardly uncouple theitonhondrial
respiration due to its poor proton dissociationatajty. Owing to their
intrinsic fluorescence, 0-F16 and m-F16 could dp=dly image
mitochondria in the green and red channel, resgagtiThis work could
provide useful information for the development atauplers and design

of mitochondrial-targeted drugs.

I ntroduction

Mitochondria have long been considered as thescghowth energy
factory’. Recent studies reveal that mitochondria also playessential
role in the control of cell death Compared with normal cells,
mitochondria in cancer cells exhibit lower oxidatiyphosphorylation,
higher trans-membrane potential, increased reaoitygen species (ROS)
and deregulated mitochondrial apoptotic pathiiv@hese features make
mitochondrial-targeted anticancer drugs a very psomg strategy for the

malignancy treatments.
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F16 (Scheme 1) is a kind of delocalized lipophitiations (DLC)
screened from approximately 16,000 small moleculE$6 selectively
accumulates in  mitochondrial matrix driven by theegative
transmembrane potential and induces a strong imdmbiof tumour
growtl’. Our previous studies indicated that the F16-tigd cell death
was closely associated with its uncoupling effeat mitochondrial
respiratiod. Treatment of cancer cells with F16 resulted isigmificant
decrease in intracellular ATP level and subseqeastgetic breakdown.
These features suggested that F16 may serve asneawupler on
mitochondria. We have also previous proved that ¢&i8d be utilized as
a targeting moiety for selective delivering of ftascent probé&sor
anticancer dru@sinto mitochondria. Based on our investigationsg F1
could act as a promising fluorescent and toxic suibs for the most
commonly used tetraphenylphosphonium (TPE)2 However, there
still exists room for improving the biological agties of F16 such as
fluorescence and toxicity. This requires a detailegestigation on the
structure-activity relationship (SAR) of F16. For example, it has been
reported that incorporation of fluorine on indolmgr of F16 could
enhance its cellular uptake and cytotoxitityn this work, we developed
two fluorescent F16 isomers (0-F16 and m-F16, Sehé&jnby simply
modifying the linking orientation of pyridinium andhdole moiety.
Cellular and sub-cellular investigations suggestbd two isomers
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significantly varied in fluorescence and toxicity.

Experimental
Chemicals and reagents Gramine, para-pyridnecarboxaldehyde,
rhodaminel23 (Rh123), dinitrophenol (DNP)xarbonyl cyanide
p-trifluo-methoxyphenylhydrazone (FCCP), 2,7-dichlorfluorescein
diacetate (DCFH-DA), 5,5%6,6'-Tetrachloro-1,1',3{8traethyl-
Imidacarbocyanine iodide (JC-1) and rotenone weteaioned from Sigma
Aldrich ~ (St.  Louis, USA). 3-(4, 5-dimethylthiazoha)-2,
5-diphenyltetrazolium bromide (MTT) was obtainednfr Amresco
(Solon, USA). Dulbecco’s modified Eagle’'s mediumMBEM) and fetal
bovine serum (FBS) were purchased from Gibco (M&A)M Modified
DMEM (no Glucose) were purchased from Thermofishaentific (MA,
USA). Annexin V-PE/7-AAD apoptosis kit was purchdsdrom
MultiSciences (Hangzhou, China). Tyrpsin-EDTA smotwas purchased
from Beyotime Technology (Shanghai, China). Antiesd were
purchased from Cell Signaling Technology (Bostor§A) All other
common reagents were of analytical reagent grae 8henshi (Wuhan,
China) and used without further purification.

Synthesis A mixture of para-pyridnecarboxaldehyde (0.30 mLQ 3
mmol), N-butyl phosphorus (0.74 mL, 3.0 mmol), ghaen(348 mg, 2.0
mmol), and 5.0 mL acetonitrile was stirred at 80f6C24 h. The mixture

4



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

was concentrated under vacuum, and the oil prodiast purified by
silica chromatography with hexanes/EtOAc (1:1 V/Md give
non-charged precursor (yield 42.5%) for F16. The-doarged precursor
(10 mg, 0.54 mmol) were added to 3 mL dry DMF amotemperature
and stirred overnight. DMF was removed and thedte=s were
recrystallized in CHGI (0.3 mL) and n-hexane to obtain F16 (9.74 mg,
yield 51.7%). 1H NMR (400 MHz, DMSO-d6)5=4.169 (s, 3H),
7.250-7.266 (m, 2H), 7.318(s, 1H), 7.526 (d, 1HB3(s, 1H),
8.110-8.126(m, 2H), 8.133-8.258(m, 2H), 8.669-8(9RH), 11.939(s,
1H); ESI-MS (m/z): calcd: 235; found: 235.2. o-Fa6d m-F16 were
synthesized from ortho- or meta- pyridnecarboxatldehusing the same
method. The yields were 35.0% and 54.3%, respdgtitél NMR for
0-F16 (400 MHz, DMSO-d6)5=4.336 (s, 3H), 7.223-7.518 (m, 3H),
7.540 (d, 1H), 7.772(s, 1H), 8.110-8.113(m, 2HR48-8.386(m, 2H),
8.523(d, 1H), 8.770 (d, 1H), 12.041(s, 1H); ESI-M&/z): calcd: 235;
found: 235.2. 1H NMR for m-F16 (400 MHz, DMSO-d6x4.334 (s,
3H), 7.187-7.237 (m, 3H), 7.449 (d, 1H),7.885(s,),181040-8.092(m,
2H), 8.688-8.711(d, 2H), 9.208(s, 1H), 12.041(s);1BSI-MS (m/z):
calcd: 235; found: 235.2.

Cytotoxicity assay Human gastric carcinoma (SGC-7901) cells, human
breast adenocarcinoma cells (MCF-7) hathan alveolar basal epithelial
cells (A549) were cultured in DMEM medium contamii0% fetal

5



111 bovine serum (FBS, Gibco) in a humidified atmospheontaining 5%
12 CO, at 37 °C. The cells were seeded onto 96-well plateld cells per
113 well and incubated for 24 h. F16 isomers with vagyiconcentrations
114  were respectively added to the cells followed hytfer culture of 24h or
115 48h, and the culture media were discarded. MTTt®ois in PBS were
116 added to each well followed by incubation for 4The supernatant was
117 discarded and 150L DMSO was added into each well. The absorbance
118 value at 570 nm at each well was recorded by aapiate reader. The
119  survival curves plotted as a function of the coticdion of F16 isomers
120 and cell viability rate (%).

121 Confocal laser scanning microscopy measurements SGC-7901 cells
122 were seeded onto 35 mm dishes and incubated for f24 attachment.
123 Cells were then treated with 0-F16 or m-F16 (M) for 4 h. Mitotracker
124 Red (0.2uM) or Mitotracker Green (0.AM) were used to stain the cells
125 for 30 min. The cells were then examined by corfdaser scanning
126 Mmicroscopy. Fluorescence images were obtained biPeeginElmer
127 UltraVIEW VoX confocal system. The 488 laser wasduifo excite 0-F16
128 or Mitotracker Green, m-F16, and 0-F16, and 56é&rlass used to excite
129 Mitotracker Red. The fluorescence emission signadse separated by
130 using a 525/25 nm filter (green channel) and a BDS5Im filter (red
131 channel), respectively.

132 Measurement of mitochondrial membrane potential The SGC-7901

6



133 cells were seeded onto 6-well plates overnighteiAficubation with F16
134 isomers (1.0 and 5,uM) for 4h, stained with JC-1 for 1 h. FCCP (2/@)
135 was set as positive control. The cells were washdnines with PBS,
136 dissociated with tyrpsin-EDTA solution, resuspended PBS, then
137 analyzed with BD ACCURI C6 flow cytometer by detegt the
138 fluorescence of JC-1 at channel 1 and 2.

139 Determination of intracellular ATP The SGC-7901 cells were grown in
140 DMEM medium without or with F16 isomers (50M) for 48 h.
141 Intracellular ATP levels were determined by a lagii-luciferase
142 method. Then the cells were harvested and lysed accortinghe
143 manufacturer’s procedure. The intracellular ATRelem SGC-7901 cells
144 cultured in glucose-free DMEM medium (supplementeth 10 mM
145 D-galactose) was also determined using the sameoihet

146  Annexin V-PE/7-AAD double staining assay SGC-7901 cells were
147 incubated in DMEM medium with 540M of F16, m-F16 or o-F16 for 48
148 h. Then the cells were harvested, centrifugated, rasuspended in 500
149 pL staining buffer containing both Annexin V-PE andhAD, to a final
150 concentration of 50 nM. After 10 min, the cells eemnalyzed with BD
151 ACCURI C6 flow cytometer to record the fluorescemtehannel 3 and
152 4.

153 Western blot analysis SGC-7901 cells were treated with F16 isomers for
154 24h. The whole cell pellets were then lysed withPRIlysis and
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extraction buffer (25 mM Tris-HCI, 150 mM NaCl, 1%P-40, 1%
sodium deoxycholate, 1% SDS, pH=7.6) for 30 minteAfL3000 rpm
centrifugation for 10 min, the supernatant was meteed by BCA
protein assay kit (Beyotime, Wuhan, China). An éguaount of the total
protein was loaded onto an SDS-PAGE minigel andteldransffered
onto PVDF membranes. Proteins were detected usinggy antibodies,
followed by HRP-conjugated secondary antibody armsiialized using
ECL substrate. Immunoblot quantification was perfed by ImageJ
software.

Isolation of rat liver mitochondria Wistar rats (200-250 g) were
purchased from Hubei Research Centre of Experirh@nianals (Wuhan,
China). Rat liver mitochondria were isolated bynsdi@d differential
centrifugatiori*. The concentration of mitochondria protein was soeed
by the Biuret method. All operations were perfornae@-4 °C.
Measurement of mitochondrial respiration Mitochondrial respiration
rates of isolated mitochondria were measured wi@laak-type oxygen
electrode in a 1 mL thermostated, water-jacketémsed chamber with
magnetic stirring. Mitochondria (1 mg/protein) weneubated in 1 mL
medium containing 250 mM sucrose, 20 mM KCI, 5 myHRO4, 10
mM HEPES, and 2 mM Mggl 1 uM rotenone, for 3 min before
energization with 5 mM succinate (state 4). Statee§piration were

initiated by adding ADP (100M).
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Measurement of mitochondrial membrane potential of isolated liver
mitochondria Changes in mitochondrial membrane potentigl{) of
isolated liver mitochondria were indicated by tleewamulation of Rh123
(250 uM) as monitored by the changes in fluorese@mission intensity
at 25 °C o, = 488 NMem = 525 nmj>.

Measurement of mitochondrial H* permeabilization Mitochondrial
swelling was measured spectrophotometrically by itoang the
absorbance at 540 nm over 10 min at 25 °C by UN#B02 UV-Vis
Double Beam Spectrophotometer. Mitochondria wespsended in 2 mL
buffer containing 135 mM K-acetate, 5 mM HEPES, @¥ EGTA, 0.2
mM EDTA and 2uM rotenone.

Measurement of mitochondrial membrane fluidity Mitochondrial
membrane fluidity was measured by the fluorescemsotropy changes
of hematoporphyrin (HP)-labeled mitochondria at 626 (lex = 520 nm)
by an LS-55 fluorophotometer (Perkin-Elmer, Norwali).

Observation of mitochondrial ultrastructure Observations of
mitochondrial ultrastructure were performed with JEM-100CX I
transmission electron microscope (JEOL, Tokyo, dapklitochondria
were incubated in the presence ofi®0 of F16, 0-F16 or m-F16 at 25 °C
for 30 min, and then fixed for 30 min at 4 °C usglgtaraldehyde at a
final concentration of 2.5% (v/v) in PBS buffereththe micropellets
were postfixed with 1% (w/v) osmium tetroxide arehgdrated.
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Molecular dynamics simulations We used NAMD 2.6 for running MD
simulations® and the Adaptive Biasing Force (ABF) method for
modeling the potentials of mean force (PMF). Thmgerature was
maintained with the Berendsen thermad$tasing a coupling parameter
of 5 ps'. The pressure was maintained at 1 atm by the hémggston
method’ with piston mass of 100 atomic mass unit and Leimge
collision frequency of 50 ps Non-bond interactions were computed
using the particle mesh Ewald method with 10 A ffufor the
electrostatic interactions and the switching fumctbetween 10 and 12 A
for the van der Walls interactions. The non-bonteriaction list was
constructed using a cutoff of 14 A, update everystfps. The covalent
bonds involving hydrogen atoms were constrainechgushe SHAKE
algorithm. MD integration step size was set to.2 fs

Molecular structure of hydrated palmitoyloleylphbspholine (POPC)
bilayer was constructed In VMD softwateThe hydrated POPC bilayer
consisted of 100 lipid unit with an aqueous phasgosinded by 5450
water molecules. The system was large enough torernbat the F16
Isomers in the middle of the membrane did not pbrtthe entire
membrane structure. Molecular force field paranedtion for F16
Isomers was obtained by the combination of thedstah CHARMM27
parameters with parameters determined by ab ioaticulations using the
GAUSSIAN 09 program. The equilibrium bond lengtimsl angles were

10
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obtained from DFT -calculations with B3LYP functidnand Pople

6-31G(d) basis set. Partial charges of atoms waleulated by

electrostatic potential fitting. At the starting nformation, the F16

molecule (or 0-F16, m-F16) was 25 A away from tipper of the lipid

membrane.

MD simulations were performed in the NPT ensembl& a 320 K and

pressure 1 atm. After initial 25 ns equilibratitine ABF calculations in

the NAMD implementation were initiated by draggitite N atom on

pyridine moiety from the bulk toward the positivalhof the z-axis

toward the bilayer. The dragging force was deteeahirwithin the

classical thermodynamic integration formalism. Tlieee energy

derivative was estimated locally as the simulatmogresses, thereby
providing a continuous update of the biasing fokt#en applied to the
system, this bias generates a Hamiltonian exempt roét average force

along z. MD simulations for each F16 isomer corgohéor 160 ns.

Results and Discussion

F16, o-F16, and m-F16 were first synthesized in tsteps from
gramine and para-, ortho- or meta-pyridinecarbcetayde, respectively
(Scheme 1). The absorption and emission spectitzedhree compounds
are shown in Fig. S1. Surprisingly, these isomeeseventirely different
in absorption and emission spectra despite thegh hsimilarity in
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chemical structures. F16 and 0-F16 gave green dhomnce with
emission maxima at 523 and 509 nm respectivelylewhiF16 gave red
fluorescence with an emission maximum at 602 nne difference in
emission maximum of m-F16 came from its significlnter energy gap
between HOMO and LUMO (Fig. S1c). Especially, tlomfguration of
LUMO of m-F16 was entirely different from F16 andrt6, while their

HOMO configurations were similar.

X QMN*— F16

N2 N
NMe2 H \N+
N.__-CHO =

\ LS BusP,MeCN> CH3I> M o-F16

\ P 80 °C DMF |

N CHO _Nl

H

Scheme 1 Synthetic route of F16, 0-F16 and m-F16.

We then turned to investigate the subcellular iaatibn of 0-F16 and
m-F16 in human gastric carcinoma (SGC-7903) aedl by their intrinsic
fluorescence. Cells were incubated with ® of o-F16 or m-F16 for 4
hours, and confocal microscopic imaging experimemtsre then
conducted as shown in Fig. 1 and Fig. S3. It camliserved that the
green fluorescence of o0-F16 was perfectly overldppath the red
fluorescence of Mito Tracker Red (Pearson’s Cotigala= 0.943), while

the red fluorescence of m-F16 was perfectly overapwith the green

12
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fluorescence of Mito Tracker Green (Pearson’s Catio;n = 0.970),
indicating that both of 0-F16 and m-F16 could beuaculated in
mitochondria of SGC-7901 cells. This might arisenir the excellent
dispersity of positive charge of the three compauirilig. S2). To

preclude cell line-specific artifacts, localizatiaxperiment was also

performed on human breast adenocarcinoma cel(fiige S4).

Fig. 1 Confocal fluorescence imaging of 0-F16 (a-c) aré16 (d-e) in
SGC-7901 cells. (a) Fluorescent image of o-F16 GC<901 cells (10
UM, Aex= 488 nm. (b) Fluorescent image of Mitotracker R&@ uM, Ao,

= 561 nm). (c) Merged image of a and b. (d) Fluoeas image of
Mitotracker Green (0.2iM, Aex = 488 nm). (e) Fluorescent image of
0-F16 (10uM, Jex= 488 nm). (f) Merged images of d and e. The ieskert

bar indicates 2Qm.
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The cytotoxicity of the three compounds againseéehdifferent tumor
cell lines were then investigated by a standard MTJ(B-(4,
5)-dimethylthiazol)-2,5-diphenyltetrazolium brom]dmethod (Fig. 2a,
Table S1). In agreement with previous reports, Kbfners displayed
strong cytotoxicity on SGC-7901 cell&C§, = 3.5 + 0.3uM). However,
the cases were entirely different for its two isosné\s shown in Fig. 2a,
0-F16 exhibited inhibitory effects on viability ampowth of SGC-7901
cells (Csp = 5.7 £ 0.7uM), while the inhibition effects of m-F18{s, >
50 uM) were feeble. The inhibition rate of SGC-7901lcdteated with
20 uM of m-F16 was less than 15%. We further inveséiddhe effects of
the three compounds on the physiological propemiesnitochondria.
Changes in mitochondrial membrane potemi#), were indicated by the
ratio of red and green fluorescence of J&-We can observe that F16
and o0-F16 significantly induced the dissipation &%, after 4 h
incubation, while the apoptosis of the cell haslrexn initiated (Fig. S5)
The effect of m-F16 oMY, dissipation was very insufficient. In
mitochondria, ATP synthesis was closely related #,. As shown in Fig.
2c, the intracellular level of ATP in SGC-7901 setlecreased about
47.2%, 42.1% and 5.1% after the treatment qfM F16, o-F16 and
m-F16. The results oAY,, dissipation and ATP synthesis blockage
indicated that m-F16 was less mitochondriotoxicntlidl6 and o-F16.
The strong inhibition effects of F16 and o-F16 oitoohondria finally

14



296 resulted in apoptosis in SGC-7901 calsrevealed by a typical Annexin
297 V-PE/7-AAD double staining assdy while the effect of m-F16 on

298 apoptosis was not significant.

120 2.0

—a—F16
(a__)I_LI —e—0-F16 ] (b)
11 —a—m-F16
100§t {—\{\1 154 I
1 .
2 801 l
> 0
= ®
S 60+ o 1.0 I
= - I
= 8]
g 40+ \{\i N 0.5
204 —
0 2 4 6 8 10 " Control | FCCP F16 o-F16  m-F16
Concentration (uM)
100
(c) i J(@)
X 1.0
s 80
o T
2 0.8- 3 1
o 2 997
5 =
w L 40
g k-1
) []
=04 <
= 204
<
0.2
0.5 1.0 5.0 Control F16 ) o-F'16 ) m-F16
299 Concentration (uM)

300 Fig. 2 (a) Cell viability of SGC-7901 cells incubated hvitifferent
301 dosage of F16 isomers for 48h. (b) The collapsemibchondrial
302  membrane potentialAfZ,,). SGC-7901 cells were incubated with F16
303 isomers for 4h, followed by JC-1 staining. The J@d/green ratios are
304 presented as mean = SD of three independent sanGxieater red/green
305 ratio values reflect more polarized?,,. (c) The change of intracellular
306 ATP level. SGC-7901 cells were treated with Flanseos for 48h, and
307 ATP level was determined. (d) The results of apsigtof SGC-7901 cells

15



308 by Annexin-PE/7-AAD double staining assay. Cellgaveeated by F16
309 isomers (5.0uM) for 48h. Experiments were all performed in three
310 replicates, and the error bars represent standadttns.

311

312 Cells cultured in DMEM medium could compensate tlog loss of
313 mitochondrial ATP by glycolysis. The intracellul&TP and apoptosis
314 assay was also conducted on SGC-7901 cells inaliatglucose-free
315 medium containing 10 mM galactose. As shown in 5, we can find
316 the ATP level significantly decreased after theitald of F16 isomers in
317 galactose supplemented medium. Notably, m-F16, wlkimuld hardly
318 impair the ATP production in glucose-containing mead reduce the ATP
319 level by ~42%. The percentage of apoptosis cefle aicreased as the
320 ATP amount decreased.

321 To character the apoptotic pathways involved inl6-fand m-F16
322 induced lethality, we determined the expressiorll®f Bcl-2 and Bax,
323 two critical apoptosis-related proteins localizedhte outer membrane of
324 mitochondria. As shown in Fig. 3, 0-F16 up-reguatBcl-2 and
325 down-regulated Bax, while the effect of m-F16 wefatively weaker.
326 These results supported 0-F16 and F16 induced delth in
327 mitochondrial apoptosis pathway. As Caspase3 isvkras the apoptotic
328 executor, we also monitored the expression levetledved-Caspase3.
329 We observed that 0-F16 significant increased th@ressions of

16



330 cleaved-Caspase3, while the effects of m-F16 wamn@nmnThese results

331 were in good agreements with the cell death experim

a b c d e
Cleaved
Caspase3
1.4
. 1 2.5
1.0 12 I ) I
1 o
0.8- 104 l g 2.0 l
T r ] Q
é 0.6 2 08 8 151
) S 05 i
X 0.4- - S 1.0-
@ Qg4 o
. Q
4 >
0.2 0.2 g 0.5
0.0 0.0 0.0
332 a b cd e a b cd e a b cd e

333 Fig. 3 F16 isomers induce apoptosis through regulatioBob2/Bax and
334 activation of Caspase3. After treatment with m-RBb@l o-F16 for 48h,
335 the expression level of Bcl-2, Bax, and cleavedp@as3 were
336 determined by western blot analysis. GADPH was oregkas a loading
337 control. a, control; b, 1M m-F16; ¢, 5uM m-F16; d, 1uM o-F16; e, 5
333 uM 0-F16. Experiments were all performed in threplicates, and the
339 error bars represent standard deviations.

340
17
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The substantial effects ax?,, collapse and ATP degradation indicated
that F16 and o-F16 might act as a mitochondrialouptef’. Isolated
mitochondria have been validated as an efficiendehto investigate the
direct toxic effects of mitochondrial-targeted dsugr poisons” ?° Rat
liver mitochondria were isolated by differentiaintefugation method as
previously describéd It has to be mentioned that there exist diffeesnc
between mitochondria of cancerous and non-cancetissse, but the
isolated mitochondrial could serve as useful tdotghe investigation of
mitochondrial respiration and uncoupling. Effectsh® three compounds
on respiration of isolated mitochondria were meadursing a standard
polarographic technique with a Clark-type oxygesctbde. As shown in
Fig. 4a, the state 3 (ADP-stimulated) respiratiates were slightly
reduced with the addition of F16, 0-F16 or m-F16jlevthe state 4 (non
ADP-stimulated) respiration increased in a doseeddpnt manner. At a
concentration of 5QuM, the state 4 respiration rates of mitochondria
treated with F16 and 0-F16 increased about twosfoldhile that of
m-F16 increased about 50%. These results indidaegdF16 and o-F16
induced a stronger uncoupling effect than m-F16e Hifficiency of

oxidative phosphorylation was assessed in Fig. #hcddculating the

respiratory control ratf (RCR), defined as the rate of state 3 and state 4

respiration. We can find in Fig. 4b that the respan efficiency
decreased after treatment of F16 isomers. Notaiblg, uncoupling
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363 efficiency of F16 and o0-F16 at 5@M was equivalent to 2,
364 4-dinitrophenol (DNP) at the same concentrationjcivhwas widely

365 regarded as a strong mitochondrial uncoupler.

(a) 40 —=—F16 States —®— o-F16 Stated —v— m-F16 Stated| (b) 3.5
v {—=—F16 Stated—3—0-F16 Stated —r—m-F16 Stated
E 35 . 1 3.04
§ *\{_\%
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367 Fig. 4 Uncoupling effects of F16, 0-F16 and m-F16. (afe&if of F16
368 isomers on state 3 and 4 respiration rates. Theo@sumption represents
369 the averaged consumption speed in incubation timBé minutes, and
370 error bars represent standard deviations. (b) &ffec respiration control
371 ratio (RCR) at a concentration of p1. DNP (50 uM) was used as a
372 positive control. (c) F16 isomers (pM1) increased the IMM permeation
373 to H'. IMM permeation to Hwas monitored by the 540 nm absorbance
374 of mitochondrial suspension in medium containingA&etate. (d)
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Protective effects of 6-Kch, CAtr, and GDP on Fl6duced
mitochondrial membrane potentidl ¥,,) collapse A%, was recorded by

the fluorescence intensity of Rh123.

To further examine the mechanism for uncouplingoactof F16
Isomers, we investigated their effects on mitoch@idswelling in
hyperosmotic potassium acetate mediurRrotonated acetate can cross
the mitochondrial inner membrane (MIM) and dissteci@ acetate anion
and H, producing a proton gradient. Matrix swelling oged when the
protongradient was dissipated. We can find in Fig. 4d di@sorbance
decreased rapidly in the presence of F16 isomadicating a quick
dissipation on proton gradient across the MIM. Enhessult represented
that the three compounds induced the proton leak the mitochondrial
matrix into the inter-membrane space, that is tp $46 and its two
isomers acted as protonophores to affect the esgpit”. The direct
influence of uncoupling of mitochondrial respiratimduced by F16 and
0-F16 was the collapse af7,, (Fig. 4d), as indicated by the increase of
fluorescence intensity of Rhodamine 12@h123). In accordance with
the measurement in SGC-7901 cells, A¥, collapse induced by m-F16
was significantly weaker than F16 and o0-F16. Thesigation inAY,
induced by F16 isomers could be partially reseriogdthe adding of
6-ketocholestanol (recoupler for FCCP), CAtr (ahilrtor of adenine
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397 nucleotide translocator) and GDP (an inhibitor doicoupling proteins),
398 indicating the uncoupling effects of the three isosnwere related with
399 various transporters located in the Mfiv

400 Recent studies have reported that dissipatiorA¥f, was always
401 accompanied by the occurrence of mitochondrial nran# permeation
a02 transition (MPT}. We then turned to investigate the effects of F16
403 isomers on MPT from the observation of mitochordrlaastructure. As
404 shown in Fig. 5(a), mitochondrial extracted front hger maintained
405  their integrity, with classical ultrastructure caimming well defined outer
406 membrane, narrow intermembrane space, and densgaecriAfter
407 incubation with F16 (b) and o-F16 (c) for 30 mirgjtan increase of
408  mitochondrial volume was observed, this indicatkedt tmitochondrial
409 swelling occurred. The mitochondria appeared tontam a globular
410 configuration with decreased matrix electron dengitustered cristae,
411 enlarged intermembrane space and expanded volunieh was the most
412 direct evidence of membrane permeability transi{ipiiPT) occurrence.
413 As for m-F16 (Fig. 5d), no visible matrix swellingas observed. In good
414 agreement with its weaker uncoupling activity, effe of m-F16 on
415 structure and function of mitochondria was minotick could be
416 revealed from the monitoring of matrix swelling dFi S7) and

417 measurement of inner membrane fluidity (Fig. S8).
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Fig. 5 Effects of F16 isomers on mitochondrial ultrastowe observed by
the transmission electron microscopy (TEM). (a) shre liver
mitochondrial were incubated in medium containi®@ 2nM sucrose, 10
mM Tris, 10 mM Mops, 1 mM N#O,, 10 uM EGTA-Tris, 0.5ug/mL
oligomycin, 5 mM succinate and aM rotenone; pH = 7.4. (b)
Mitochondria were incubated in the same medium withaddition of 50
uM F16 for 30 min. (c) 5@M o0-F16 for 30 min. (d) 5@M m-F16 for 30

min. The inserted bar represents @.
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We then turned to investigate the reason for th&crdpancy in
uncoupling efficiency of the three compounds. Its haeen widely
accepted that the uncoupling activity for an undéeuwas determined by
its proton dissociation capability and translocatibarrier across the
MIM*® (Fig. 6a). Molecular dynamic (MD) simulations appch was
then applied to stimulate the movement of F16 issrtierough a bilayer
planar phospholipid membrafigBLM). Adaptive biasing force (ABF)
was applied to the nitrogen atom on pyridine moidtge free energy
profile was constructed by integrating the mearcdoapplied to the
molecule along the membrane plane. We can findiga &b that the
transmembrane barriera@,) for F16 isomers were very low due to their
planar and hydrophilic molecular structure. Morepariantly, the
transmembrane barrier for the three isomers wag siemilar in value.
The capability of the three compounds to dissoc@@on was also
investigated by theoretic methods. The total enesfjyF16 isomers
(Epronated @nd their dissociated form&fssociaed Were calculated using
density functional theory (DFT) method with 6&3H) basis set. The
dissociation energids(AGy) for F16 or its isomers were then calculated
as Epronated - Edissociated- AS shown in Fig. 6¢, we can observe that the
dissociation energy for m-F16 was relatively higtien that of F16 and
0-F16, indicating m-F16 was more difficult to dismde proton. The
difference in proton dissociation cloud also beleact&d from the
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450 measurement of dissociation constari jpfor the compounds. In the
451 cellular mitochondrial matrix, the pH was in thenge of 7.8 to 8.1
452 depending on the cell typBsThe high K, value for m-F16 (K, = 8.83)
453  than F16 and o-F16 (7.96 and 8.15, respectivelgicated that m-F16
454  might be difficult to dissociate protons in the oathondrial matrix. These
455  results were in good agreements with the signifidawer uncoupling
456 efficiency.

@) RO — @0 e e

Intermembrane

Matrix dissociate
ﬁ-- g P90 H*
(b) P (o)

10 — F16 dissociated F16
@l : o-F16 sg¥e’ | 23 o A d
= 8 5%, @ : .’S‘d_b_."a‘o‘,:‘."
g S 4 o 2 v 2799,
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B Fal G @ @
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458  Fig. 6 (a) Scheme of F16 isomers-mediated proton trahgmvoss the
459 MIM. (b) Free energy profiles of F16 isomers traasktion across the
460 membrane calculated from MD simulations. (c) Disaten energies for

461 F16 isomers.
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Conclusion

In conclusion, we presented here two isomers of 616 and
m-F16) with different fluorescence by merely modity the linking
orientation of pyridinium and indole. Fluorescemiges of live cells and
MD simulations indicated the two isomers could rgadiffuse across
the biomembranes and accumulate into mitochondin&icological data
on SGC-7901 cell and isolated mitochondria indiddkat o-F16 acted as
a strong uncoupler to reduce the respiration efficy and subsequently
induced mitochondrial membrane permeatiwansition and cellular
apoptosis. Differently, m-F16 could hardly uncougte mitochondrial
respiration due to its poor proton dissociation atajgy. Importantly,
m-F16 was red-emitting and low toxic, making it aryw promising
fluorescent substitute for TPP to delivery speqiiobes or sensors into
mitochondria. This work may open a new door for tlewelopment of
mitochondrial uncouplers and design of novel mitoalrial-targeted

drugs.
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1. We developed two isomers of F16 with totally different fluorescence,
uncoupling activity.

2. Isolated mitochondrial were used to investigate the uncoupling
efficiency of F16 isomers.

3. Molecular ssimulations of proton dissociation energy and translocation

barrier.



