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    Chapter 13   

 Import of Fluorescent RNA into Mitochondria 
of Living Cells       

     Jaroslav     Zelenka     and     Petr     Ježek       

  Abstract 

   Methods of in vivo visualization and manipulation of mitochondrial genetic machinery are limited due to 
the need to surpass not only the cytoplasmic membrane but also two mitochondrial membranes. Here, we 
employ the matrix-addressing sequence of mitochondrial ribosomal 5S-rRNA (termed MAM), which is 
naturally imported into mammalian mitochondria, to construct an import system for in vivo targeting of 
mitochondrial (mt) DNA or mtRNA, in order to provide fl uorescence hybridization of the desired 
sequences.  

  Key words     5S-rRNA  ,   Mitochondrial DNA  ,   Nucleic acid import into mitochondria  ,   Fluorescent  in 
vivo  hybridization of mtDNA  ,   Mitochondrial nucleoids  

1      Introduction 

 Genetics of mitochondrial DNA (mtDNA) belongs to the least 
understood part of molecular biology [ 1 – 4 ]. Methods of manipu-
lation with mtDNA and mitochondrial gene expression are virtu-
ally absent, though some progress is being made [ 5 – 12 ]. 
Considering in vivo visualization and manipulation of mtDNA, the 
key point is the transport across the plasma membrane and across 
the two mitochondrial membranes. Even for targeting the mtDNA 
by oligonucleotides in cultured cells, carriers containing positive 
charges are required, such as DQAsomes (micelles of dequalinium 
chloride, [ 12 ]), or the MitoPorter system based on lecithin lipo-
somes doped with octylarginine stearate [ 13 ] or peptide  nucleic 
acid   directly conjugated with lipophilic cation [ 14 ]. Nevertheless, 
these carriers usually do not deliver oligonucleotide cargo directly 
to the mitochondrial matrix and hence are quite ineffi cient alone. 
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 It has been, however, demonstrated that mammalian  5S   rRNA 
[ 15 ,  16 ] is readily imported into the mitochondrial matrix through 
the TIM & TOM complexes [ 7 ,  17 – 20 ]. This import is facilitated 
by rhodanese [ 21 ] and PNPase  protein  s [ 22 – 25 ]. Alternatively, 
short synthetic RNAs comprising two domains of the tRNA also 
exhibit high effi ciency of mitochondrial import [ 26 ], and the car-
riers based on 5S r RNA   were successfully used to balance hetero-
plasmy in cells with a portion of mtDNA bearing a large-scale 
deletion associated with Kearns Sayre Syndrome [ 7 ] .  

 The investigation of the mitochondrial genetic apparatus has a 
signifi cant dynamic component due to the presence of hundreds to 
thousands of copies of mtDNA dispersed through the mitochon-
drial network. To investigate the dynamics of such a complex sys-
tem, the concept of  fl uorescent in vivo hybridization   should be 
developed to allow direct visualization of the selected  nucleic acid   
sequences directly in mitochondria. 

 We have turned our attention toward the combination of 
DQAsome delivery [ 12 ] with the natural mt 5S r RNA import 
  pathway into mitochondria [ 7 ,  17 – 20 ]. We have employed the mt 
5S rRNA mitochondria-addressing domain sequence portion and 
developed a carrier system to target mitochondrial RNA and 
mtDNA [ 27 ] .  In addition, on the basis of such a facilitated import 
system, we have developed a concept of mt fl uorescent  in vivo 
 hybridization (mtFIVH). However, the system is dependent on 
the accessibility of the desired sequence in the mitochondrial 
matrix due to the specifi city of mtDNA genetics and the structure 
of mtDNA within mtDNA  nucleoids  .  

2    Materials 

 Prepare all buffers with ultrapure water and analytical grade 
reagents.

    1.    Phosphate buffered saline (PBS): Dissolve 8 g NaCl, 0.2 g 
KCl, 1.44 g Na 2 HPO 4 , and 0.24 g KH 2 PO 4  in 800 mL of 
deionized water. Adjust pH to 7.4 with 1 M HCl. Make up to 
1 L with water. Sterilize in an autoclave and store at 4 °C for 
up to 1 month.   

   2.    DQAsomes stock solution: Dissolve 16 mg of dequalinium 
chloride in 3 mL of methanol, transfer to a 25 mL evaporation 
fl ask and evaporate on rotary evaporator at 40 °C. Resuspend 
the residue in 3 mL of PBS and transfer to a sterile centrifuga-
tion tube. Sonicate with an ultrasonic homogenizer with 
microtip until solution is clear with slight opalescence ( see  
 Note 1 ). Store at room temperature for up to 1 month.   

   3.    Acetate buffer: Dissolve 18.6 g of sodium acetate and 1.41 mL 
of glacial acetic acid in 800 mL of water. Adjust pH to 5.6 and 
make up to 1 L with water. Store at 4 °C for up to 1 month.   
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   4.    Periodate solution: Dissolve 11 mg of sodium periodate in 1 L 
of water. Prepare fresh for each labeling ( see   Note 2 ).   

   5.    Sulfi te solution: Dissolve 26 mg of sodium sulfi te in 1 L of 
water. Prepare fresh for each labeling ( see   Note 2 ).   

   6.    Labeling solution: Dissolve hydrazide-modifi ed dye in anhy-
drous DMSO to reach 10 mM concentration (e.g. 1 mg of 
AlexaFluor ®  647 hydrazide in 83 μL of DMSO or 1 mg of 
AlexaFluor ®  488 hydrazide in 170 μL of DMSO; AlexaFluor ®  
is a trademark of Life technologies, Carlsbad, CA, USA). Store 
at −20 °C in dark for up to 6 months. Avoid repeated freeze/
thaw cycles by creating small (5 μL) aliquots.   

   7.    LiCl solution: Dissolve 336 mg of LiCl in 600 μL of water and 
make up to 1 mL with water.   

   8.    75 % Ethanol: Mix 7.5 mL of ethanol with 2.5 mL of water.      

3    Methods 

   For successful import into mitochondria, each probe must be 
designed with mitochondria-addressing sequence ( MAM  ) at its 5′ 
end and with hybridization sequence on its 3′ end. MAM sequence 
is derived from the γ-domain of human 5S ribosomal RNA as 
described in [ 19 ]. 

 The composition of  MAM   sequence on RNA is:

   5-GGCCTGGTTAGTACTTGGATGGGAGACCGCCAAG
GAATACCGGGTG- 3.    

 The hybridization sequence should be ~20 nucleotides long 
and be antisense to DNA or RNA sequence of interest ( see   Note 3 ).  

   If you do not use commercial custom synthesis of the probe, it 
can be synthesized with an in vitro transcription system (e.g. 
RiboMAX™ Large Scale RNA Production System—T7 from 
Promega, Madison, WI, USA). 

 For transcription with this system, you need to purchase two 
DNA oligonucleotides. First, encoding the transcription initiation 
sequence for T7 RNA polymerase, and second, encoding the tem-
plate for your RNA probe and the antisense strand of transcription 
initiation sequence. 

 First DNA oligo: 5-TAATACGACTCACTATAGGG-3. 
 Second DNA oligo:

   5-Sequence identical with the target mitochondrial 
sequence-CACCCGGTATTCCTTGGCGGTCTCCCATC-
CAAGTACTAACCAGGCCCTATAGTGAGTCGTATTA- 3.    

3.1  Design 
of the Probes

3.2   In Vitro 
 Synthesis 
of the Probes
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 Once you have these DNA oligonucleotides, you anneal them, 
perform in vitro transcription and purify resulting RNA according 
to the manufacturer’s protocol to yield up to milligram quantities 
of the probe.  

   For fl uorescence in vivo hybridization, the RNA probe should be 
labeled on its 3′ end with fl uorescent dye. Here, we use periodate 
activation of the 3′ end according to [ 28 ] and labeling with 
AlexaFluor ®  hydrazide dyes (Life technologies, Carlsbad, CA, 
USA). This protocol yields amount of probe suitable for ten 
transfections:

    1.    Dissolve RNA probe in water to yield 10 μM solution (~22.5 
μg/100 μL).   

   2.    Transfer 100 μL of probe solution to a 2 mL microtube and 
add 100 μL of acetate buffer and 200 μL of periodate solution. 
Incubate at room temperature for 90 min.   

   3.    Stop the reaction with 100 μL of sulfi te solution and incubate 
at room temperature for 15 min.   

   4.    Add 3 μL of labeling solution and incubate at 37 °C in the dark 
for 3 h.   

   5.    Precipitate RNA by admixing 50 μL of LiCl solution and 1.25 
mL of ethanol. Incubate at −20 °C for 3 h (or overnight).   

   6.    Centrifuge at 15,000 ×  g  for 20 min.   
   7.    Remove the supernatant and wash/centrifuge the precipitate 

several times with 75 % ethanol until the supernatant is clear.   
   8.    Allow the resulting pellet to air-dry and dissolve the residue in 

10 μL of water. Store the resulting probe solution at −20 °C in 
the dark for up to 1 month.    

     Perform the procedure in media without antibiotics and pH indi-
cator. One day before transfection, seed the cells in complete media 
on coverglass slips or equivalent. The poly- l -lysination of the glass 
does not interfere with the assay. The cell confl uence on the day of 
transfection should be ~50 %.

    1.    Dilute DQAsomes stock solution with serum-free media (1 μL 
of DQA per 50 μL of media per 1 cm 2  coverglass).   

   2.    Dilute the probe solution with serum-free media (1 μL of 
DQA per 50 μL of media per 1 cm 2  coverglass).   

   3.    Combine both fractions and incubate the resulting transfec-
tion solution at room temperature for 20 min.   

   4.    Change the media in wells with coverglasses to 900 μL of 
serum-free media per 1 cm 2  of coverglass.   

   5.    Add 100 μL of transfection solution per 1 cm 2  of coverglass.   

3.3  Labeling 
of the Probe

3.4  Transfection 
of Cells
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   6.    After 4–6 h, change the media in wells with coverglasses for 
complete media ( see   Note 4 ).   

   7.    Optimal time for microscopic inspection of  imported   RNA 
may vary depending on the cell type. It is generally in the 
interval between immediately after changing the media to 24 h 
after changing the media ( see   Note 5 ). An example of cells 
transfected with labeled probe is shown in Fig.  1 .

4            Notes 

     1.    Dissolving of DQA could take up to 10 min and temperature 
of the solution may rise up to 50 °C. However, once the solu-
tion is made, it remains stable at room temperature.   

   2.    It is worth performing sequential dilution to spare water. The 
given amount of salt is dissolved in 1 mL of water. Then, 100 
μL of solution is transferred to a new tube with 900 μL of 
water. This step is repeated twice to reach 1 mL of solution 
with fi nal concentration of salt.   

   3.    The hybridization sequence should not form hairpin structures 
with the  MAM   sequence. Check this option with software for 
primer design.   

   4.    DQA is slightly toxic to cells and mitochondria. Long-term 
treatment will result in a disintegrated mitochondrial network 
and round-shaped cells.   

   5.     Import   effi ciency is never complete. You should use a colocaliza-
tion probe, for example a marker of mitochondria (Mitotracker, 
tetramethylrhodamine) or mitochondrial nucleoids (Sybr green, 
Syto 9) for every experiment. Be sure not to over- stain the sam-
ples as the signal from the probe could be quenched.         

  Fig. 1    Fluorescence in vivo hybridization of HepG2 cells stained with Syto 9 dye 
( green ) to visualize mitochondrial  nucleoids   and nuclei. Cells were transfected as 
described in this protocol with probe containing  MAM   sequence, hybridization 
sequence complementary to mtND5 gene and AlexaFluor ®  647 label ( red ). 
Bar = 5 µm       
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