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Conjugation to penetrating cations is a general approach for intramitochondrial delivery of physiologically active
compounds, supported by a high membrane potential of mitochondria having negative sign on the matrix side.
By using fluorescence correlation spectroscopy, we found here that Atto520-biotin, a conjugate of a fluorescent
cationic rhodamine-based dyewith themembrane-impermeable vitamin biotin, accumulated in energizedmito-
chondria in contrast to biotin-rhodamine 110. The energy-dependent uptake of Atto520-biotin bymitochondria,
being slower than that of the conventional mitochondrial dye tetramethyl-rhodamine ethyl ester, was enhanced
by the hydrophobic anion tetraphenylborate (TPB). Atto520-biotin also exhibited accumulation in liposomes
driven bymembrane potential resulting from potassium ion gradient in the presence valinomycin. The induction
of electrical current across planar bilayer lipid membrane by Atto520-biotin proved the ability of the compound
to permeate through lipidmembrane in a cationic form. Atto520-biotin stainedmitochondria in a culture of L929
cells, and the staining was enhanced in the presence of TPB. Therefore, the fluorescent Atto520moiety can serve
as a vehicle for intramitochondrial delivery of hydrophilic drugs. Of importance for biotin-streptavidin technol-
ogy, binding of Atto520-biotin to streptavidin was found to cause quenching of its fluorescence similar to the
case of fluorescein-4-biotin.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Mitochondrial dysfunction contributes to a wide range of patholo-
gies including cardiovascular disorders, neurodegenerative diseases,
diabetes, and cancer [1–3]. One of strategies of targeting therapeutic
substances to mitochondria consists in covalent binding of a substance
to a mitochondria-directed carrier representing a penetrating cation
with a delocalized positive charge [1]. Accumulation of such cations,
e.g. tetraphenylphosphonium, in mitochondria is driven by negative
membrane potential on the inner mitochondrial membrane [4]. Since
the pioneering work of Michael Murphy and co-authors describing the
targeting of the antioxidant ubiquinone to mitochondria [5], this
approach was successfully applied for intramitochondrial delivery of
; TMRE, tetramethylrhodamine
; FCCP, carbonyl cyanide-p-
osphatidylcholine;FCS,fluores-
tion
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a mimetic of superoxide dismutase [6], the antioxidant plastoquinol
[7], mild uncouplers quercetin [8] and fluorescein [9], imidazole-
substituted fatty acids for inhibition of peroxidase activity [10], and
others. Along with triphenylphosphonium, fluorescent carriers based
on the derivatives of rhodamine 19 and rhodamine Bwere shown to de-
liver porphyrin and the antioxidant plastoquinol into mitochondria [11,
12]. In the present study we demonstrate that the commercially avail-
able rhodamine 6G-related dye Atto520-biotin (Fig. 1), recently intro-
duced for biotin-streptavidin technology, accumulates in mitochondria
similar to other penetrating cations. Thus the cationic fluorescentmoie-
ty of Atto520 serves a role of a carrier for biotin facilitating its perme-
ation through lipid membrane. Our finding of the accumulation of
Atto520-biotin in mitochondria is unexpected because biotin, being
rather hydrophilic, permeates poorly through lipid membrane [13]. In
mammalian cells, the vitamin is transported across the plasma mem-
brane by a sodium-dependent multivitamin transporter and, in some
tissues, by a monocarboxylate transporter 1 [14]. In prokaryotes biotin
is transported by the BioMNY system [15]. Of note, in cell death studies
cell incorporation of NHS-biotin, a derivative of biotin with a capped
carboxylic acid group, has been considered to indicate the loss of mem-
brane integrity [16,17]. The present finding of the permeation
of Atto520-biotin through mitochondrial membrane suggests that
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Fig. 1. Chemical structures of Atto520-biotin, biotin-rhodamine 110 and tetramethylrhodamine ethyl ester (TMRE).
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voltage-dependent transmembrane diffusion of penetrating cations can
be used for intramitochondrial delivery of hydrophilic compounds.

2. Materials and methods

Most chemicals were from Sigma; and succinate and sucrose were
from ICN. Rhodamine 6G and TMRE (tetramethylrhodamine ethyl
ester) were from Fluka. Atto520-biotin, fluorescein-4-biotin and
streptavidin were from Sigma, and biotin-rhodamine 110 was from
Biotium. Lipids of Escherichia coliwere from Avanti polar lipids (Alabas-
ter, Alabama).

2.1. Isolation of rat liver mitochondria

Rat liver mitochondria were isolated by differential centrifugation
[18] in the medium containing 250 mM sucrose, 10 mM MOPS, 1 mM
EGTA, andbovine serumalbumin (0.1mg/ml), pH 7.4. Thefinalwashing
was performed in the same medium. Protein concentration was deter-
mined using bicinchoninic acid [19]. Handling of animals and experi-
mental procedures were conducted in accordance with the
international guidelines for animal care and use and were approved
by the Ethics Committee of A. N. Belozersky Institute of Physico-
Chemical Biology at Moscow State University.
2.2. Fluorescence correlation spectroscopy (FCS) experimental setup

FCS measurements were performed with a hand-made setup, as
described previously in [20]. Briefly, fluorescence excitation and de-
tection were provided by a Nd:YAG solid state laser with a 532-nm
beam attached to an Olympus IMT-2 epifluorescence inverted micro-
scope equipped with a 40×, NA 1.2 water immersion objective (Carl
Zeiss, Jena, Germany). The fluorescence passed through an appropri-
ate dichroic beam splitter and a long-pass filter and was imaged onto
a 50-μm core fiber coupled to an avalanche photodiode (SPCM-AQR-
13-FC, Perkin Elmer Optoelectronics, Vaudreuil, Quebec, Canada).
The output signal F(t) was sent to a PC using a fast interface card
(Flex02-01D/C, Correlator.com, Bridgewater, NJ). The signal was
quantified in Hz meaning number of photons detected in a second.
The data acquisition time Twas 30 s. The experimental data were ob-
tained under stirring conditions which increased the number of
events by about three orders of magnitude thus substantially en-
hancing the resolution of the method. The card generated the auto-
correlation function of the signal G(τ) defined as

G τð Þ ¼ δF tð Þ � δF tþ τð Þh i
F tð Þh i2

http://Correlator.com
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Fig. 2. A, B. FCS measurements of Atto520-biotin- and TMRE-uptake by mitochondria.
Time-resolved count rates of Atto520-biotin (20 nM, panel A) and TMRE (20 nM, panel
B) from a suspension of rat liver mitochondria in incubation buffer (0.1 mg protein/ml)
in the absence (curve 1) and in the presence (curves 2 and 3) of 5 mM succinate, respec-
tively. C. Kinetics of Atto520-biotin (open circles), TMRE (closed triangles) and biotin-rho-
damine 110 (open squares) uptake by mitochondria upon their energization with
succinate at t = 200 s. 1 μM FCCP was added at t = 700 s. The uptake was estimated as
the number of peaks of fluorescence exceeding the amplitude of 2 MHz. Incubation mix-
ture: 250 mM sucrose, 20 mM MOPS, 1 mM EGTA, 5 μM rotenone, 1 mg/ml BSA, pH 7.4.
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where bF(t)N is a mean fluorescence intensity and δF(t) = F(t) – b F(t) N
is a deviation from themean. TheG(τ) value in the limit of low τwasused
for quantitative estimation of an average number of fluorescent particles,
namely, for suspension of identical particles, according to [21]:

G τ→0ð Þ ¼ 1
N

whereN is the averagenumber offluorescent particles in the confocal vol-
ume. Using this equation and knowing themean signal of fluorescence of
solutions of R6G, TMRE, or Atto520-biotin, one can estimate the bright-
ness of the dyes in our FCS setup. The following values were derived for
different dyes: rhodamine 6G, 1.35 kHz; Atto520-biotin, 0.95 kHz;
TMRE, 0.37 kHz.

2.3. Treatment of the fluorescence signal (PIA procedure)

Fluorescence traceswith sampling time of 25 μswere analyzed using
the WinEDR Strathclyde Electrophysiology Software designed by J.
Dempster (University of Strathclyde, UK). The software, originally de-
signed for single-channel analysis of electrophysiological data, enables
counting of the number of peaks (n(F N F0)) of the FCS signal with am-
plitudes higher than the value F0. A program of our own design with a
similar algorithm (coined Saligat; provided on request) was also used.

2.4. Electrical current across planar lipid bilayers

Planar bilayer lipidmembrane (BLM)was formed from a 2% solution
of total lipids from E. coli (Avanti Polar Lipids, Alabaster, AL) in n-decane
on a hole (diameter 0.8 mm) in a Teflon partition separating two com-
partments of a chamber containing aqueous buffer solutions [22]. The
electric current (I) was recorded under voltage-clamp conditions. Volt-
age was applied to BLMwith two Ag–AgCl electrodes placed on the op-
posite sides of the BLM. The current measured by a patch-clamp
amplifier (OES-2, OPUS,Moscow)was digitized using anNI-DAQmxde-
vice (National Instruments, Austin, TX) and analyzed with a PC using
WinWCP Strathclyde Electrophysiology Software also designed by J.
Dempster.

2.5. Preparation of liposomes

Liposomes were prepared from lipids of E. coli in a solution contain-
ing 10mMTris, 10mMMES, 100mMKCl, pH 7.4 by extrusion through a
100-nm filter (Avanti Mini-Extruder). To monitor the uptake of
Atto520-biotin or TMRE by liposomes upon the addition of valinomycin
(5 nM), peaks of fluorescence were measured by FCS in the medium
lacking potassium ions, i.e. 100 mM choline chloride, 3 mM Tris–HCl,
pH 7.4.

2.6. Emission spectra of Atto520-biotin

The emission spectrumof Atto520-biotin (excitation at 490 nm)was
measured with a Panorama Fluorat 02 spectrofluorimeter (Lumex,
Russia).

2.7. Experiments with renal tubular epithelium cell cultures

Kidneyswere excised aseptically from3–7 day old rats, then homog-
enized and placed in balanced Hanks solution at pH 7.4. After several
washes the dispensed tissue was placed in 0.1% collagenase and incu-
bated for 20–30 min at 37 °C. Large pieces were removed, and cells
were sedimented by gentle centrifugation (50 g) for 3 min. The pellet
was resuspended in DMEM/F-12 1:1 containing 10% fetal calf serum
and seeded in culture plates and glass-bottom dishes. Atto520-biotin
solution was added to the cultured cells to concentration 500 nМ and
incubated for 60 min at 37 °C in DMEM/F-12 medium containing
10 mM Hepes-NaOH. Yielded cells were imaged with an LSM510
inverted confocal microscope (Carl Zeiss Inc., Jena, Germany). Analysis
of fluorochrome incorporation was performed in glass-bottom dishes
with excitation at 543 nm and emission collected at 560–590 nm. Im-
ages were processed using ImageJ software (NIH, Bethesda, MD, USA).
3. Results and discussion

FCS setup measures fluorescence from an observation volume with
dimensions below 1 μm, i.e. enabling the detection of a signal from indi-
vidual fluorescent particles (either molecules of a fluorophore or parti-
cles of mitochondria carrying a fluorophore). Fig. 2 shows recordings of
Atto520-biotin (panel A) and TMRE (panel B) fluorescencemeasured in
a suspension of rat livermitochondria before (curve 1) and after (curves
2 and 3) the addition of succinate. TMRE is a cationic dye which was
shown to accumulate electrophoretically in mitochondria [23,24].
Curves 2 and curves 3were recorded 1min and 9min after the addition
of succinate, respectively. In the case of TMRE, the amplitude of signal
peakswas substantially lower without succinate than 1min after its ad-
dition, which is in line with our previous results [20], corresponding to
energy-dependent uptake of the penetrating cation TMRE bymitochon-
dria. In contrast to TMRE, Atto520-biotin accumulation required more
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time to proceed and was well pronounced 9 min after the addition of
succinate (Fig. 2B, curve 3).

Panel C of Fig. 2 shows the time courses of the dye accumulation
using a parameter of n(F N 2 MHz), which is a number of peaks with
an amplitude exceeding 2 MHz calculated during 30-s recording (X-
axis shows the time of the end of each record). The kinetics of TMRE ac-
cumulation cannot be resolved by this approach because it is nearly
completed 1 min after the addition of succinate (t = 180 s), or 2 min
after the addition of the uncoupler FCCP (t = 700 s, closed triangles,
Fig. 2C). In the case of Atto520-biotin, the kinetics of both accumulation
and release were substantially slower and proceeded in the 10-min
timescale (open circles, Fig. 2C). Fig. 2C also shows that biotin-
rhodamine 110 exhibited no accumulation in contrast to TMRE or
Atto520-biotin (open squares). This result could be expected because
the molecule of rhodamine 110 is electrically neutral (a zwitter-ion,
Fig. 1), which precludes its membrane potential-dependent inward
transport.

The distribution of the number of peaks having different amplitudes
(peak intensity analysis, PIA) for TMRE in the case of energized mito-
chondria differed only slightly from that of Atto520-biotin (Fig. 3
shows the data for t = 600 of Fig. 2). As shown in [20], the fitting of
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n(F N F0) by Eq. (1) can give a mean value of brightness of one stained
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Curves in Fig. 3 showed best fits with the following parameters:
Isingle = 7.1 MHz (for TMRE), and 5.1 MHz (for Atto520-biotin). As it
was described in the Materials and methods section, brightness of
Atto520-biotin in our system exceeded that of TMRE by 2.5-fold sug-
gesting that each mitochondrion accumulated a 3.5 times higher num-
ber of TMRE molecules than Atto520-biotin during 10 min of
incubation with succinate. According to the description of themanufac-
turer, the fluorescence of Atto520-biotin decreased at pH N 7, which
could affect the measurements of its accumulation into mitochondria
by FCS because of thematrix alkalinization upon energization. However,
ourmeasurements showed that the reduction of Atto520-biotinfluores-
cence in thephysiologically relevant range of pH from7 to 9 is negligible
(data not shown).

The protein streptavidin (Stv) is known to bind biotin very tightly,
forming a membrane-impermeable complex. Fig. 4 displays the effect
of Stv on the energy-dependent accumulation of Atto520-biotin. The
addition of Stv after the accumulation (at t=450 s) led to a slow release
of Atto520-biotin frommitochondria (open circles, Fig. 4), while the ad-
dition of Stv prior to succinate prevented the accumulation (open
squares, Fig. 4). Interestingly, the addition of Stv in combination with
excess free biotin led to substantially less accumulation of Atto520-
biotin compared to the control (closed squares, Fig. 4). This result
could be associated with negative cooperativity in Atto520-biotin bind-
ing to Stv (having four biotin-binding sites), as suggested recently for
fluorescein-4-biotin [25]. The effect of biotin could not be caused by pu-
tative uncoupling action of the compound because biotin by itself with-
out Stv did not affect the accumulation of Atto520-biotin (closed circles,
Fig. 4). This control experiment also highlighted the fact that Atto520-
biotin accumulation proceeded without the involvement of protein
transporters of biotin.

To exclude the possibility that the uptake of Atto520-biotin resulted
from its binding to mitochondria rather than from its electrophoretic
permeation through the inner mitochondrial membrane, we examined
the effect of hydrophobic anions on the Atto520-biotin accumulation.
Permeation of penetrating cations through lipid membranes is known
to be accelerated by hydrophobic anions such as tetraphenylborate
me, s
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tv
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(TPB) [26–28]. Actually, the initial rate of accumulation of Atto520-
biotin was much faster in the presence of 1 μM TPB (Fig. 5, the curve
with open circles),when compared to the control accumulationwithout
TPB (closed circles). In contrast to TMRE, the steady-state levels of
Atto520-biotin accumulation were not reached during these experi-
ments. The kinetics of the TMRE uptake by mitochondria was too fast
to be resolved in our system, whereas the steady-state level of TMRE
reached after accumulation was not changed in the presence of TPB
(Fig. 5, squares). Interestingly, the stimulation of Atto520-biotin accu-
mulation by TPB was substantially lower than the stimulation of the ac-
cumulation of 1-methyl-4-phenylpyridinium observed in [26].

If the accumulation of Atto520-biotin inmitochondriawas a result of
voltage-dependent permeation of the cations through themembrane, it
should also be observed in liposomes having electrical potential built by
potassium ion gradient in the presence of the potassium ion carrier
valinomycin. Liposomes in combination with the potential-sensitive
dye DiS-C3-5 represent a conventional system used for studying
protonophores and ion channels [29]. Initially our FCS experiments
did not reveal potential-dependent accumulation of Atto520-biotin in
liposomes in contrast to the accumulation of TMRE (data not shown).
However, in the presence of TPB (1 μM) the accumulation of Atto520-
biotin was well pronounced (Fig. 6A, closed circles). Similar to the
case of mitochondria, the accumulation of Atto520-biotin in liposomes
was substantially lower, if compared to the accumulation of TMRE
(Fig. 6B, closed squares). The kinetics of Atto520-biotin accumulation
in liposomes was slow and lasted several minutes, while the accumula-
tion of TMREwas fast and reachedmaximum after the first recording of
the fluorescence. The addition of KCl led to efflux of both Atto520-biotin
and TMRE from liposomes (marked by an arrow at t = 500 s, Fig. 6).
Open circles and squares in Fig. 6 present control experiments in the
KCl medium, i.e. without potassium ion gradient and thus without gen-
erated electric potential on the membrane of liposomes. As expected,
the accumulation of the dyes was nulled under these conditions. Of
note, there was significant accumulation of TMRE in liposomes even in
the absence of valinomycin (closed squares in Fig. 6B) exceeding that
in the presence of KCl (open squares in Fig. 6B). This result could be re-
lated to intrinsic potassium permeability of the liposomal membrane
leading to the formation of some, albeit low, potential even without
valinomycin.

Direct evidence of the permeation of the cationic form of Atto520-
biotin could arise from measurements of electrical current through a
planar bilayer lipid membrane (BLM), as it has been demonstrated for
a series of penetrating cations [30,31]. Fig. 7 shows a comparison of
the induction of electrical current through BLM by TMRE (panel
A) and Atto520-biotin (panel B) upon the application of 150 mV at
t = 0. Upper curves correspond to the experiments in the presence of
phloretinwhich is known to decrease the dipole potential of lipidmem-
branes stimulating permeation of cations and inhibiting permeation of
anions [32,33]. In contrast to TMRE (Fig. 7), Atto520-biotin did not in-
duce electrical current on BLM (the current was less than 2 pA which
was close to a signal noise). However in the presence of phloretin, the
Atto520-biotin-mediated BLM current amounted to about 40 pA,
whichwasmuch larger than the resolution of the currentmeasurement.
Phloretin by itself did not induce the electrical current under the same
conditions (data not shown). Besides establishing the stationary electri-
cal current in the presence of phloretin, TMRE induced the characteristic
current relaxation from the initial value of 160 pA to about 60 pA after
10–20 s. This demonstrates the increased binding of TMRE to themem-
brane–water interface in the presence of phloretin and its transmem-
brane redistribution upon voltage application. Thus, the data on BLM
confirmed the ability of the cationic form of Atto520-biotin to permeate
through lipid membranes upon application of electrical potential.

Atto520-biotin has been introduced relatively recently and the lit-
erature lacks information about the effect of Stv on the fluorescence of
the dye. Stv has four high-affinity biotin-binding sites. Fig. 8 shows
emission spectra of Atto520-biotin in the presence of increasing con-
centrations of Stv. The spectrum of Atto520-biotin has a maximum at
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538 nm. As in the case of biotin-4-fluorescein [34], Stv quenched the
fluorescence of Atto520-biotin (Fig. 8A) and the quenching was sig-
nificant up to 4-fold excess of the dye over the protein (closed squares
in Fig. 8B). At [Atto520-biotin]/[Stv] N 4 the fluorescence increased
linearly with the concentration of Atto520-biotin (Fig. 8B). In the
presence of an excess of biotin in the medium, the quenching of
Atto520-biotin by Stv was absent (open and closed circles in
Fig. 8B). Therefore, the behavior of Atto520-biotin fluorescence with
respect to its interaction with Stv resembles that of fluorescein-4-
biotin which is conventionally used for quantification of biotin-
binding groups in different systems [35].

Confocal fluorescencemicroscopy of L929 cell culture revealed rath-
er weak accumulation of Atto520-biotin in cells (Fig. 9). However, mor-
phology of structures stained by Atto520-biotin suggests that it
localized predominantly in mitochondria. Fig. 9A shows fluorescence
images of cells after incubation with Atto520-biotin. As in the case of
isolated mitochondria, it has been previously shown that accumulation
of certain penetrating cations in cells is enhanced in the presence of the
hydrophobic anion TPB [36]. Statistical analysis of confocal images (at
least 10 fields of view per assay) shows an increase in fluorescence in-
tensity of Atto520-biotin in the presence of 10 μM TPB, whereas 1 μM
TPB was of no effect (Fig. 9D). Thus, TPB enhanced the accumulation
of Atto520-biotin in mitochondria of cells suggesting the common
mechanism with other penetrating cations.
Summarizing, it can be concluded that Atto520-biotin is accu-
mulated in isolated energized mitochondria and mitochondria in
situ by the mechanism typical for penetrating cations such as
tetraphenylphosphonium, TMRE and others. The cationic Atto520
moiety exhibited the ability to play a role of a carrier for biotin.
Low permeability of Atto520-biotin compared to TMRE could be at-
tributed to hydrophilicity of biotin which itself is membrane-
impermeable [13]. Interestingly, Atto520 was shown to be suitable
for the super-resolution imaging of cells [37,38] suggesting that
Atto520-biotin can be used for staining mitochondria in the
STORM method.

In the present study we demonstrate that the addition of Stv pre-
vents the energy-dependent accumulation of Atto520-biotin in mito-
chondria (Fig. 4). Apparently, this result implies that the benefit of the
free energy of biotin binding to the protein exceeded free energy release
upon the transfer of a positive charge through the inner mitochondrial
membrane having a potential of about 180 mV [39]. This was not sur-
prising because the affinity of biotin to streptavidin is exceptionally
high reaching a value for a covalent bond [40]. It can be assumed that
by using Stv mutants differing in the affinity to biotin, one can find a
mutant unable to prevent the accumulation of Atto520-biotin in ener-
gized mitochondria, which can serve as a method to evaluate the mito-
chondrial membrane potential knowing the biotin-binding constant for
this mutant protein. We believe that this approach can be of interest as
an independent way to estimate the electrical potential on mitochon-
dria because conventional measurements of this parameter are not
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devoid of drawbacks including energy-independent binding of pene-
trating cations to mitochondria.
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