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ATP-binding cassette (ABC) transporters use ATP to drive solute
transport across biological membranes. Members of this super-
family have crucial roles in cell physiology, and some of the
transporters are linked to severe diseases. However, understand-
ing of the transport mechanism, especially of human ABC exporters,
is scarce. We reconstituted the human lysosomal polypeptide ABC
transporter TAPL, expressed in Pichia pastoris, into lipid vesicles
(liposomes) and performed explicit transport measurements. We
analyzed solute transport at the single liposome level by monitor-
ing the coincident fluorescence of solutes and proteoliposomes in
the focal volume of a confocal microscope. We determined a turn-
over number of eight peptides per minute, which is two orders of
magnitude higher than previously estimated from macroscopic
measurements. Moreover, we show that TAPL translocates pepti-
des against a large concentration gradient. Maximal filling is not
limited by an electrochemical gradient but by trans-inhibition.
Countertransport and reversibility studies demonstrate that pep-
tide translocation is a strictly unidirectional process. Altogether,
these data are included in a refined model of solute transport by
ABC exporters.
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The transporter associated with antigen processing-like
(TAPL, ABCB9) belongs to the superfamily of ATP-binding

cassette (ABC) proteins, which is one of the largest membrane
protein families present in all kingdoms of life (1, 2). Most
members of this superfamily are transporters (3–5). ABC trans-
porters play crucial roles in many cellular processes; defects in
some of these proteins generate diseases, such as cystic fibrosis
and immune deficiency, whereas other members of this family
cause antibiotic or multidrug resistance (6, 7). Based on the
transport direction, ABC transporters are subdivided in importers
mediating solute uptake into the cytosol and exporters extruding
substrates out of the cytosol. During transport cycle, the trans-
membrane domain interconverts between inward- and outward-
facing conformations, which is driven by binding and hydrolysis of
ATP in the cytosolic nucleotide-binding domains (NBDs).
TAPL is a so-called exporter, which shuttles 6- up to 59-mer

peptides from the cytosol into the lysosome in a process that is
coupled to ATP hydrolysis. Peptide selectivity is restricted to the
N- and C-terminal residues, where positive-charged and large
hydrophobic residues are favored (8). Orthologs of TAPL are
not only found in vertebrates but also in invertebrates and even
in plants (9, 10). TAPL expression shows a broad tissue distri-
bution with high expression in dendritic cells and macrophages
(11, 12). TAPL is a homodimeric protein complex with a core
domain for peptide transport and an accessory N-terminal
membrane-embedded domain, called TMD0 (transmembrane
domain 0), responsible for correct lysosomal targeting and in-
teraction with the lysosomal associated membrane proteins
LAMP-1/2 (8, 13, 14) (Fig. 1A).
Contrary to ABC importers, there is no compelling evidence

that ABC exporters translocate solutes against their concentra-
tion gradient, and trans-inhibitory effects are poorly understood.

Generally, the activity of ABC exporters is determined by mea-
suring the rate of ATP hydrolysis, because sensitive direct
translocation assays are not available. Moreover, stimulation of
basal ATPase activity by substrates does not correlate with
transport. For Pdr5 from Saccharomyces cerevisiae, no ATPase
stimulation by substrates was detected, whereas human ABCC3
(multidrug resistance-associated protein 3) shows a weak cou-
pling between ATP hydrolysis and substrate transport for leu-
kotriene C4 but not for carboxydichlorofluorescein (15, 16). The
lysosomal transporter TAPL is an ideal model system to address
these outstanding questions because it transports hydrophilic
peptides that do not partition in the membrane and can be la-
beled by fluorophores.
Detailed mechanistic studies of membrane transport are typ-

ically performed by macroscopic measurements. With small
vesicles and high protein-to-lipid ratios, required to obtain a
good signal-to-noise ratio, it is difficult to estimate true initial
transport rates and to dissect variations in accumulation ratios
from trans-inhibitory effects. We applied dual-color fluorescence-
burst analysis (DCFBA) to determine the activity of single trans-
porters in individual liposomes (17, 18). DCFBA relies on the
coincidence of fluorescence bursts in the confocal volume of
a microscope, which originate from spectrally well-separated fluoro-
phores that report the number of TAPL molecules per vesicle
and the number of peptides translocated (Fig. 2A). DCFBA is
related to confocal fluorescence coincidence analysis and two-
color coincidence detection, but the analysis method differs (19,
20). Up to now, this technique has been used to follow high-
affinity binding of ligands to membrane-embedded proteins (21)
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or efflux of substrates out of liposomes, where the fluorescently
labeled substrates are infinitely diluted and do not interfere with
the measurements (17, 18).
By adjusting DCFBA to probe solute import, we determined

the kinetics of peptide transport via TAPL on the single lipo-
some level. Moreover, we could evaluate uphill transport and
trans-inhibition not biased by inhomogeneity in reconstitution.

Results and Discussion
Expression, Purification, and Macroscopic Transport Studies.CoreTAPL
C-terminally coupled with the fluorescent protein mVenus
(coreTAPLmVenus) or coreTAPL containing a single cysteine
(coreTAPL) were expressed in P. pastoris and purified with a
yield of ∼45 mg per liter of fermenter culture (Fig. 1B and Figs.
S1 and S2). Both homodimeric complexes were reconstituted
into liposomes composed of Escherichia coli polar lipids and
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) (7:3 weight
ratio). The reconstitution efficiency was 22% as evaluated by
sodium carbonate treatment followed by a sucrose gradient cen-
trifugation to isolate membrane-inserted TAPL (Fig. S3). As
determined by nanoparticle tracking analysis, the proteolipo-
somes had a mean particle diameter of 143 ± 49 nm (Fig. S4)
(22). On average, nine TAPL complexes were inserted per li-
posome, and one TAPL in vesicles with a diameter of ∼50 nm.
As derived from macroscopic filter assays, coreTAPL variants
followed Michaelis−Menten kinetics for the import of the pep-
tide RRYCATTO488KSTEL, a modified naturally occurring deg-
radation product of histone H3 (23). The Michaelis−Menten
constant is similar to that of wild-type TAPL in membranes
derived from Sf9 insect cells (8, 24), indicating that neither cys-
teine mutation nor fusion with mVenus or deletion of TMD0
influence TAPL activity (Fig. 3A and Table 1). However, all
former and present studies of reconstituted TAPL show a maxi-
mal transport rate of 0.1 peptides per minute, which is slow in
comparison with the activity in membrane vesicles isolated from
TAPL expressing Sf9 insect cells (8). The reasons for low activity
are loss of vesicles in the filter assay (Table S1), the inactivation of

TAPL during reconstitution, and the dual orientation of TAPL
in the proteoliposomes (Fig. S5).

DCFBA for Single-Liposome Import. To characterize the reconsti-
tuted vesicles, DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodi-
carbocyanine)-labeled liposomes (DiD:lipid molar ratio 1:4,000)
containing coreTAPLmVenus were studied by DCFBA. From the
DiD-derived fluorescence bursts (5−15 ms per vesicle), a mean
vesicle diameter of 91 ± 38 nm (n = 115 liposomes) was calcu-
lated by taking the DiD fluorescence in detergent as reference
(Figs. S4B and S6B). The DCFBA-derived vesicle sizes are

Fig. 1. Architecture and constructs of the homodimeric TAPL complex. (A)
CoreTAPL was modeled on the X-ray structure of Sav1866 (Protein Data Bank
ID: 2ONJ) (4). The core complex consists of 2 × 6 transmembrane helices and
two nucleotide-binding domains. The accessory N-terminal membrane-
embedded domain TMD0 is schematically depicted by four predicted trans-
membrane helices connected by short loops. (B) A fusion construct of human
coreTAPL (637 amino acids, 69.7 kDa) linked to the YFP derivative mVenus
via a tobacco etch virus (TEV) cleavage site and a single-cysteine coreTAPL
mutant were designed for expression in Pichia pastoris.

Fig. 2. Experimental setup and fluorescence traces of DCFBA. (A) Co-
incident fluorescent bursts caused by the diffusion of proteoliposomes and
peptides through the confocal volume. Liposomes are labeled with DiD (633-
nm He−Ne laser excitation) or reconstituted coreTAPLmVenus (488-nm argon
laser excitation); peptides are conjugated with either ATTO488 (488 nm) or
ATTO655 (633 nm). (B and C) Peptide transport using DiD-labeled proteo-
liposomes (2.5 μg coreTAPL, 50 μg lipid), incubated with 5 μM RRYCATTO488

KSTEL at 37 °C for 30 min in the absence (w/o ATP) or presence of 3 mM Mg-
ATP, was directly analyzed at the microscope (B) or after removal of external
peptide (C). Laser powers were kept constant: 488, 1.5 μW (B) and 3 μW (C);
633, 5 μW (B) and 1 μW (C). For direct measurements, the last 25 s of a 30-min
transport period are depicted.

Zollmann et al. PNAS | February 17, 2015 | vol. 112 | no. 7 | 2047

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1418100112/-/DCSupplemental/pnas.201418100SI.pdf?targetid=nameddest=SF6


somewhat smaller than those estimated by nanoparticle tracking
analysis, which relates the diffusion coefficient to particle size.
We found that 61% of all liposomes (n = 17,527) with a lipid-to-
protein mass ratio of 20 (corresponding to a molar ratio of 6,000)
contain coreTAPLmVenus. By evaluating the coincident fluorescent
bursts from ATTO488-labeled peptide (RRYCATTO488KSTEL,
3 μM), accumulated for 60 min in the presence of 3 mM ATP and
coreTAPL reconstituted in DiD-labeled liposomes, we found that
∼8% of the liposomes (n = 9,738) are active in peptide transport.
Importantly, DCFBA allows dissection of the vesicle heterogeneity
typical for reconstitutions of membrane proteins.
We adopted the DCFBA method to determine the import of

peptides into individual liposomes with one or a few functional
TAPL complexes per vesicle. The accumulation of the peptide
RRYCATTO488KSTEL in TAPL-containing proteoliposomes
(0.5 mg/mL lipids), labeled with DiD, could not be detected by
laser-scanning confocal microscopy because of a too-high back-
ground fluorescence of external peptide, even in the presence of
100 mM of the collisional quencher iodide (100 mM KI). We
thus removed external fluorescent peptide by ultracentrifugation.
The coincidence of fluorescence bursts from labeled peptide and
vesicles was observed in the presence but not in the absence of
ATP (Fig. 2). For quantification, all coincident fluorescent bursts
above a certain offset were used to calculate the average (Cav)
of the internal peptide concentration (Ci) over all liposomes
active in peptide import (Fig. 4). Offsets for the peptide channel
were derived from DCFBA traces in the absence of ATP,
whereas the offsets for the liposome channel were obtained from
DCFBA traces with nonlabeled liposomes. An increase in pep-
tide or ATP concentration as well as elongation of transport
increased the number of peptide-enriched liposomes as well as
the concentration of accumulated peptide (Fig. 4). A plot of the
mean of the log-normal Gaussian distributed histograms (Cav)
against peptide concentration shows a hyperbolic behavior with
Michaelis−Menten constant KM of 0.9 ± 0.3 μM, which is in
good agreement with that measured by conventional macro-
scopic methods (Fig. 3 and Table 1).
We used DCFBA not strictly as a single-molecule technique,

because liposomes were filled with 20–300 peptide molecules.
We estimated the absolute number of peptides accumulated in

liposomes from intensity calibration curves, using free peptide
and DiD as standards (Fig. S6 A and B). A transport rate of 21 ±
9 peptides per liposome per minute was obtained under satu-
rating ATP and peptide concentrations (Fig. 4E). The variation
in transport rates results from heterogeneity in TAPL distribution
and liposome size. In conclusion, DCFBA is a valuable method to
analyze solute accumulation in individual vesicles.

Fig. 3. Michaelis−Menten kinetics of transport by coreTAPL. Proteolipo-
somes (50 μg lipid) containing coreTAPL (0.5 μg) were incubated for 20 min
at 37 °C in the presence of 3 mM Mg-ATP, and the amount of transported
RRYCATTO488KSTEL was quantified by a filter assay (A) or DCFBA (B). Peptide
transport analyzed by DCFBA in Cav per minute was normalized at the
highest substrate concentration. Laser powers were kept constant: 488, 3 μW;
633, 1 μW. Data were fitted by the Michaelis−Menten equation, and KM values
are given in Table 1.

Table 1. Kinetic parameters of peptide transport by TAPL

Macroscopic DCFBA

KM 2.8 ± 0.5 μM 0.9 ± 0.3 μM
kcat 0.064 ± 0.004 min−1 8 ± 2 min−1

Fig. 4. DCFBA of TAPL-dependent peptide transport. (A and B) Labeled
proteoliposomes (2.5 μg coreTAPL, 50 μg lipid) were incubated at 37 °C for
1 min (A) or 3 min (B) with 5 μM RRYCATTO488KSTEL and 3 mM Mg-ATP.
DCFBA was performed with intensity traces for DiD-labeled liposomes (red)
and luminal peptide RRYCATTO488KSTEL (blue). The relative amount of
transported peptide was calculated from the ratio of fluorescence bursts in
both channels above a certain offset (22 kHz for liposomes; 25 kHz for
peptides). Only 25 s of the whole traces (5 min) are presented. Inset depicts
single burst events of approximately 8 ms (arrows indicate the duration of
the event). The laser power was kept constant: 488, 3 μW; 633, 1 μW. (C and D)
Fitting the concentration distribution of transported RRYCATTO488KSTEL
with a log Gaussian equation (black and yellow dashed lines) resulted in
a mean internal peptide concentration Cav. (E) Accumulation of peptides in
single liposomes. The actual number of transported peptides per liposome
was quantified using standards as depicted in Fig. S6. A Gaussian fit of the
transport rate distribution of liposomes (n = 51) results in a mean transport
rate of 21 ± 9 peptides per liposome per minute. (F) Turnover number of
TAPL. Proteoliposomes (50 μg lipid) containing coreTAPLmVenus (2.5 μg) were
incubated with 10 μM RRYCATTO655KSTEL for 1 min at 37 °C in the presence of
3 mM Mg-ATP. The mean transport rate per TAPL complex was determined
from individual liposomes (n = 47) containing one to three TAPL complexes.
The transport rate distribution was fitted by a Gaussian equation resulting in
a mean turnover number of 8 ± 2 peptides per minute. Laser powers were
kept constant: 488, 4.5 μW; 633, 2 μW.
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Turnover Number of Peptide Translocation. Next, we determined
the turnover number of TAPL by DCFBA. Because we could
apply only two laser lines simultaneously, we used proteolipo-
somes containing coreTAPLmVenus and followed the accumulation
of RRYCATTO655KSTEL. The number of TAPL complexes per
liposome was estimated from the mVenus fluorescence (Fig. S6 C
and D). Transport was performed for 1 min under saturating ATP
(3 mM) and peptide (10 μM) concentrations, and only liposomes
containing one to three TAPL complexes were considered for
initial rate measurements. By analyzing 47 liposomes, a turnover
number of 8 ± 2 transported peptides per minute was obtained
(Fig. 4F), which is close to the value obtained with crude mem-
branes (8). Because purified coreTAPLmVenus is very stable (Fig.
S5), it is unlikely that we overestimated the transport rate by
proteolytic cleavage of mVenus from TAPL. In addition, peptide
fluorescence bursts that are not coinciding with mVenus fluores-
cence were identical with and without ATP and may reflect some
aggregation of peptides. Our microscopic transport rate correlates
with ATP hydrolysis rates of other ABC exporters like MsbA
reconstituted in nanodiscs (19 ATP per min) (25) or ABCC3
reconstituted in liposomes (36 ATP per min) (26).

Peptide Accumulation Is Restricted by Trans-Inhibition.Although the
free energy of ATP is potentially sufficient to establish large
electrochemical gradients, the evidence that ABC exporters
pump solutes uphill is scarce (27, 28). The classical macroscopic
studies average accumulation levels over all liposomes and do
not consider vesicles with and without active transporters, as well
as possible trans-inhibitory effects in relation to volume, and thus
neglect concentration differences. In contrast, DCFBA allows
the quantification of transport into individual liposomes. For
maximal filling, we incubated proteoliposomes with 0.3–30 μM of
RRYCATTO488KSTEL. After 60 min of transport, luminal pep-
tide concentrations of 0.3–0.9 mM were obtained, which corre-
sponds to an approximate 1,000-fold and 30-fold accumulation,
respectively (Table 2). The highest level of peptide accumulation
was observed in small liposomes with a diameter of 50 nm.
Peptide accumulation was not inhibited by an electrochemical
gradient, resulting from the import of net positively charged
peptide, because peptide transport was not affected by the
ionophores valinomycin and nigericin (Fig. 5 A and B). Hence
peptide transport in proteoliposomes, prefilled with 3 mM un-
labeled peptide (RRYQKSTEL), is limited by trans-inhibition (Fig.
5 C and D). Such product inhibition has been reported for ion (29)
and amino acid transporters (30–32), including ABC importers like
MetNI from E. coli (33), the glycine/betaine importer from Lacto-
bacillus plantarum and Listeria monocytogenes (34, 35), and ModBC
from Methanosarcina acetivorans (36). However, compelling evi-
dence for trans-inhibition in ABC exporters is not available, except
for the heterodimeric ABC-transporter TAP. The trans-inhibitory
peptide concentration for TAP is 50-fold lower than for TAPL (27).
In summary, TAPL is an active pump whose activity is limited by
threshold levels of luminal peptide.

Unidirectional Peptide Translocation. Next, we determined di-
rectionality of peptide translocation by TAPL. TAPL-containing
proteoliposomes were prefilled with RRYCATTO488KSTEL. Ex-
port of fluorescently labeled peptide was studied directly at
the microscope in the presence of external unlabeled peptide

RRYQKSTEL (60 μM). We found that the fluorescence intensity
of prefilled liposomes stayed constant in the presence or absence of
external ATP, whereas the addition of the pore-forming peptide
antibiotic alamethicin induced the instantaneous release of luminal
peptide (Fig. 5E). The transport reaction was also not reversed
in the presence of ADP (3 mM) and inorganic phosphate
(20 mM) (Fig. 5F). Therefore, the peptide transporter TAPL
functions strictly unidirectionally and does not exchange internal
for external peptide.

Fig. 5. Peptide accumulation by TAPL is limited by trans-inhibition and is
unidirectional. (A and B) Proteoliposomes (50 μg lipid, 2.5 μg coreTAPL)
were incubated in 140 mM KPi, pH 7.5, containing peptide RRYCATTO488

KSTEL (3 or 30 μM) with (black) or without (white) Mg-ATP (3 mM) at 37 °C
for 60 min in the presence or absence of either 1 μM valinomycin (A) or
nigericin (B). (C) Proteoliposomes (2.5 μg coreTAPL, 50 μg lipid), empty or
prefilled with 3 mM unlabeled peptide (RRYQKSTEL), were incubated with
3 mM Mg-ATP and 3 μM RRYCATTO488KSTEL at 37 °C for 15 min. Background
fluorescence measured in the absence of Mg-ATP was subtracted. The
transport assay was performed in triplicate, with error bars indicating SD. (D)
ATPase activity of proteoliposomes (2 μg coreTAPL, 40 μg lipid), empty or
prefilled with 3 mM unlabeled peptide (RRYQKSTEL), was measured for
15 min at 37 °C in the presence of 3 mM Mg−ATP. The ATPase assay was
performed in triplicate, with error bars indicating SD. (E and F) TAPL acts as
strictly unidirectional ABC exporter. Proteoliposomes prefilled for 20 min at
37 °C in the presence of 3 μM RRYCATTO488KSTEL were incubated with either
60 μM unlabeled peptide RRYQKSTEL in the presence or absence of Mg-ATP
(E) or were incubated in phosphate buffer (20 mM) containing 3 mMMg−ADP
(F), and peptide efflux was analyzed by DCFBA over 10min at 37 °C. As control,
addition of alamethicin (9.8 μM) induced instantaneous peptide efflux. Laser
powers were kept constant: 488, 3 μW; 633, 1 μW.

Table 2. Peptide accumulation via TAPL over 60 min

peptideout, μM peptidein, μM peptidein/ peptideout Lipososome diameter, nm Liposome, number

0.3 252 ± 88 840 48 ± 12 27
3 556 ± 216 185 54 ± 18 21
30 901 ± 539 30 52 ± 8 22
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To our knowledge, this is the first report where solute import by
an ABC transporter into individual liposomes is monitored. The
high sensitivity of the method allowed us to determine true turnover
numbers, peptide accumulation, and unidirectionality of transport.
Based on this data in combination with biochemical and struc-

tural information of other ABC exporters (37–39), we propose the
following model of peptide transport by TAPL. Upon binding of
ATP and peptide at the cytosolic site, the NBDs dimerize, which
induces a conformational switch of the transmembrane domain
from inward to outward facing. After dissociation of the peptide
from the low-affinity binding site, ATP is hydrolyzed, which induces
dissociation of the NBDs and resetting of the transmembrane
domain to the inward-facing conformation. For P-glycoprotein, the
low-affinity site can be stabilized by the nonhydrolyzable ATP
analog adenosine 5′-(β,γ-imido)triphosphate (40). In the trans-
inhibited state, peptide association to the low-affinity binding site is
faster than the structural rearrangement from the outward to the
inward open conformation, which inhibits the transport.

Materials and Methods
Cloning and Expression of coreTAPL. A single cysteine variant of human
coreTAPL (Q9NP78, UniProt, amino acids 143–766) and a coreTAPL fusion
construct were designed for large-scale expression in P. pastoris (SI Materials
and Methods).

Purification and Membrane Reconstitution of coreTAPL. After membrane
preparation using the FastPrep-24 system (MP Biomedicals) and glass beads,
both coreTAPL constructs were purified via the His10-tag, using Ni-nitrilo-
triacetic acid agarose (Qiagen). Purified coreTAPL was reconstituted into
liposomes composed of E. coli polar lipids and DOPC (Avanti Polar Lipids) in
a 7:3 (wt/wt) ratio at a protein-to-lipid ratio of either 1:20 or 1:100 (wt/wt) as
described (24). To detect liposomes by DCFBA, the lipid-mimicking dye DiD
(λex/em = 648/670 nm; Invitrogen) was added in a molar DiD:lipid ratio of
1:4,000 during liposome formation. See SI Materials and Methods for
additional information.

Peptide Transport. For peptide transport, 50 μL of proteoliposomes (1 mg/mL
lipid) were incubated at 37 °C in transport buffer (20 mM Na-Hepes, 5%
glycerol, pH 7.5) containing 42.5 mM NaCl and peptides (RRYCKSTEL) la-
beled with ATTO488- (λex/em = 501/523 nm) or ATTO655-maleimide (λex/em =
663/684 nm) (ATTO-TEC) containing an ATP-regenerating system (41). For
macroscopic analysis, proteoliposomes were collected on a filter membrane
and peptide transport was quantified by a fluorescence plate reader. For
DCFBA, proteoliposomes were pelleted at 270,000 × g for 20 min, washed
with 3 mL ice-cold stop buffer (PBS, 10 mM EDTA, pH 7.5) (20 min, 270,000 × g),
and suspended in reconstitution buffer (20 mM Na-Hepes, 140 mM NaCl, 5%
glycerol, pH 7.5) to a final lipid concentration of 0.5 mg/mL (for details, see SI
Materials and Methods).

Dual-Color Fluorescence Burst Analysis. A droplet of 50 μL of proteoliposomes
(0.5 mg/mL lipid) containing TAPL was applied to a coverslip, resulting in a
vesicle density of ∼0.1 per confocal volume taking a vesicle diameter of 143 nm
and a mean lipid surface of 0.6 nm2. Fluorescence bursts were recorded on
a commercial laser-scanning confocal microscope, LSM 710 and ConfoCor3
(Carl Zeiss MicroImaging), equipped with an incubation chamber for tem-
perature control. An argon ion laser (488 nm) and a He−Ne laser (633 nm)
focused by an objective C-Apochromat 40×/1.2NA were used for excitation.
Fluorescence was collected through the same objective, separated from the
excitation beams by a dichroic mirror (MBS 488/543/633) and split into two
channels by a dichroic beam splitter (NFT 635 VIS). For 488 excitation, light
was directed through a band-pass emission filter 505–610 IR, and for 633
excitation, light was directed through a band-pass emission filter 655–710 IR
and detected by two avalanche photodiodes. For both channels, pinholes of

40 μm were used (17, 18). Acquisition was performed with constant laser
powers (1−5 μW) at 20 °C for 5 min with a bin width of 1 ms, and data were
analyzed by ZEN2010B software (Carl Zeiss MicroImaging). The confocal
volumes of 0.20 femtoliter (fL) and 0.45 fL for 488 nm and 633 nm excitation,
respectively, were determined from the diffusion time of Alexa fluor 488
and 633 in water (42). The background fluorescence was, for both channels,
∼400 counts per second.

Fluorescent bursts resulting from DiD-labeled proteoliposomes or
coreTAPLmVenus and imported fluorescent peptide were evaluated, using
DCFBA software available online at bogeert.com/DCFBA/publish.htm. This
software recognizes coincident signals in both channels above a given offset
that can be set for both channels. The relative concentration Ci of peptide
inside the vesicle for each burst i is calculated by

Ci =  

R t2
t1
Ipeptidedt�R t2

t1
Iliposomedt

�3
2

: [1]

Iliposome and Ipeptide are the fluorescence intensities from the liposomes
and peptides above an offset between t1 and t2. Because the fluorescent
lipid analogs are associated with the surface of the liposome (2D) whereas
the peptides are encapsulated (3D), a scaling factor of 3/2 is introduced.

Ci, a multiplicative parameter, is transformed to log scale, and the Ci

distribution is fitted by a log Gaussian function (43),

y=A ·exp

 
−
0:5 · ln Ci

Cav

width

!2
: [2]

Cav depicts the mean internal peptide concentration, the amplitude A
reflects the height at Cav, and the width is a measure of the geometric
SD. Transport rates in Cav per time were normalized and fitted by the
Michaelis−Menten equation,

vðSÞ= vmax ·
½S�

KM + ½S�: [3]

To investigate the turnover number kcat for peptide transport and the ac-
cumulation of peptide, the fluorescence intensity per molecule for ATTO488-
and ATTO655-labeled peptide, DiD, and coreTAPLmVenus was determined by
measuring the fluorescence as a function of concentration in the confocal
microscope. The calibration measurements resulted in count rates of 0.4–1.4
kHz per fluorophore (Isingle molecule) (Fig. S6). The number of molecules N in
liposomes was determined from individual intensity bursts by

N=

 R t1
t2
I  dt

t2 − t1
−bckg

!
× I−1single molecule: [4]

I is the fluorescence of accumulated peptide, DiD, or coreTAPLmVenus be-
tween t1 and t2, and bckg is the background fluorescence (0.4 kHz). The
diameter (d) and volume (V) of single proteoliposomes were calculated from
the DiD fluorescence, taking into account a molar ratio of DiD:lipid of
1:4,000 and assuming a mean lipid surface area of 0.6 nm2,

d =
�
NL    0:6  nm2

2π

�
;  V   =  

4
3
π

�
NL ·   0:6  nm2

8π

�3
2

,

where NL displays the number of lipids per liposome. Details for investigation
of transport directionality are provided in SI Materials and Methods.
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