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There are a variety of complex metabolic processes ongoing simultaneously in the single, large mitochondrion of Trypanosoma brucei. Understanding the organellar environment and dynamics of mitochondrial proteins requires quantitative measurement in
vivo. In this study, we have validated a method for immobilizing both procyclic stage (PS) and bloodstream stage (BS) T. brucei
brucei with a high level of cell viability over several hours and verified its suitability for undertaking fluorescence recovery after
photobleaching (FRAP), with mitochondrion-targeted yellow fluorescent protein (YFP). Next, we used this method for comparative analysis of the translational diffusion of mitochondrial RNA-binding protein 1 (MRP1) in the BS and in T. b. evansi. The
latter flagellate is like petite mutant Saccharomyces cerevisiae because it lacks organelle-encoded nucleic acids. FRAP measurement of YFP-tagged MRP1 in both cell lines illuminated from a new perspective how the absence or presence of RNA affects proteins involved in mitochondrial RNA metabolism. This work represents the first attempt to examine this process in live
trypanosomes.

T

he kinetoplastid flagellates belonging to the Trypanosoma brucei group have been a focus of research because they are etiological agents of human African trypanosomiasis, a serious disease
commonly referred to as sleeping sickness, which is spread among
humans and large mammals by the Glossina fly in sub-Saharan
Africa. Yet, T. brucei has also emerged as a powerful model for
eukaryotic cell biology as efforts to understand it as a pathogen
have revealed many fascinating biological properties. For example, its simple cell architecture (1) has been exploited to understand organelle biogenesis (2, 3).
The single, large mitochondrion of T. brucei has also become
known for a number of divergent characteristics that have been a
subject of intense research (4). Its mitochondrial genome, called
kinetoplast DNA (kDNA), is a compact network composed of
thousands of the mutually concatenated DNA minicircles and
maxicircles adjacent to the flagellar basal body. Many of the protein-coding genes located on the kDNA maxicircles require extensive RNA editing of the uridine (U) insertion and/or deletion type,
eventually yielding translatable open reading frames (ORFs).
Small noncoding transcripts called guide RNAs (gRNAs), encoded almost exclusively by the minicircles, provide the information for each U insertion/deletion event via binding to its cognate
mRNA. The resulting proteins are involved in mitochondrial respiratory complexes and translation. During its life cycle, the mitochondrion of T. brucei undergoes a transition from the large,
reticulated organelle of the insect midgut-dwelling procyclic stage
(PS), which is equipped with the electron transport chain complexes, to a morphologically reduced organelle devoid of cristae,
which is characteristic for the glycolysis-dependent slender bloodstream stage (BS) that infects mammalian hosts (1, 5).
Live-cell imaging is increasingly employed to study eukaryotic
cellular function, enabling real-time tracking of biological processes of individual cells. Advanced microscopy techniques such
as fluorescence recovery after photobleaching (FRAP), fluorescence correlation spectroscopy (FCS), and fluorescence resonance
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energy transfer (FRET) can provide informative and critical insights into protein dynamics such as diffusion, assembly, and interaction with partners (6). In order to apply these powerful techniques to T. brucei and other flagellates, the vigorous motility of
these cells must be accommodated (7), calling into need techniques that efficiently immobilize cells yet maintain them in an
appropriate physical state.
Immobilization of the BS on agarose has been employed to
study apolipoprotein L1-mediated lysis and mitochondrial membrane potential in live cells (8, 9). The PS flagellates have been
embedded in low-melting-point agarose to study Golgi compartment duplication and bilobe protein turnover (10) or sandwiched
between a slide and a coverslip to examine intraflagellar transport
by FRAP (11). While these methods were utilized to great effect in
their respective studies, the influence of the immobilization techniques on cell viability was not specifically addressed. A study in
which kinetoplastid protists were immobilized in a CyGEL matrix
did systematically assay cell viability, claiming its suitability for the
PS and Leishmania major but not for the BS (12). This immobilization method was later used to study the trafficking of surface
proteins in L. major by FRAP (13).
Here, we describe a rapid, economical, and reproducible immobilization method that can be used with an inverted microscope and compensates for the absence of a dedicated chamber for
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MATERIALS AND METHODS
Generation of cell lines. Lister 427 strains of PS and BS T. b. brucei and
Antat 3/3 T. b. evansi were cultured, transfected, and screened for the
appropriate drug resistance of a given construct as described previously
(9, 26). The construct pMT-YFP, modified from the pDEX557-Y plasmid
(27) to include the mitochondrial signal peptide from the Naegleria gruberi iron dehydrogenase gene between the HindIII and XhoI restriction
sites upstream of the YFP gene, was employed to generate MT-YFP cell
lines. For in situ C-terminal tagging of MRP1 with YFP, the full ORF
excluding the stop codon was PCR amplified with forward primer 5=-TA
TAGGGCGAATTGGATGATTCGACTCGCATGCCTGCGT-3= and re-
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verse primer 5=-ACCATTCCGCCACCGGAATGGTATCGCGATGTGT
CACTTAC-3=. The PCR amplicon was cloned into the p2937 vector (27)
via the homology flanks introduced into the PCR primers (underlined)
with the GeneArt Seamless Cloning kit according to the manufacturer’s
(Invitrogen) protocol.
Confocal microscopy. In order to visualize mitochondria, 5 ⫻ 106 to
1 ⫻ 107 PS T. brucei cells were incubated in semidefined medium 79
(SDM-79) supplemented with 200 nM MitoTracker Red CMXRos (Molecular Probes) for 20 min at 27°C, while 5 ⫻ 106 to 1 ⫻ 107 BS T. brucei
cells were incubated in Hirumi’s modified Iscove’s medium 9 (HMI-9)
with 20 nM MitoTracker Red for 20 min at 37°C. Cells were subsequently
immobilized by the method described below. They were examined on an
Olympus FluoView FV1000 confocal microscope with the accompanying
FluoView v1.7 software and a 488-nm laser for YFP scanning and a
559-nm laser for the propidium iodide (PI) and Mitotracker Red
CMXRos dyes, respectively. All images were processed and collected with
a 100⫻ oil immersion objective at 25°C. Line scanning of the merged
images was done by drawing a test line across the cell intersecting the
mitochondrion and measuring the relative fluorescence intensity along
the line with the ImageJ software (28).
Trypanosome immobilization. Research grade agarose (Serva) was
dissolved in heated phosphate-buffered saline (PBS) supplemented with 6
mM D-glucose (PBSG) to a concentration of 1% (wt/vol). A 12-ml volume
was poured into a 9.2-cm-diameter petri dish (SPL) and left to solidify,
which ensures a sheet of agarose with a thickness of about 2 mm. The
agarose block can be prepared in advance and stored for 1 month sealed at
4°C until use. In the meantime, PS, BS, and T. b. evansi cells were centrifuged at 900 ⫻ g for 2 min and washed once with prewarmed PBSG (25°C
for PS cells and 37°C for BS and AK T. b. evansi cells) under the same
centrifugation conditions. The cells were gently suspended in 200 l of
phenol red-free Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen) prewarmed to the appropriate temperature based on a given cell
stage. Five microliters was dropped onto a 24-by-60-mm coverslip (Prestige), which was immediately and gently covered with a 1-by-1-cm agarose block cut from the petri dish. The coverslip was fixed onto an inverted
Olympus FluoView FV1000 confocal microscope on top of two microscope slides with Plasticine (see Fig. 1A; also see Fig. S1 in the supplemental material). Cells were kept at the appropriate temperature with a heat
block before immobilization.
FRAP analysis. Cells that were immobilized for up to 30 min were
used in FRAP experiments. A series of 250 images (800 by 800 pixels, 10
s/pixel; frame time, 0.336 s) were acquired with a 170-m pinhole and
sequential multitrack imaging with a 488-nm laser (5% transmission for
acquisition). The simultaneous-scanning SIM Scanner system was used
with a 405-nm laser whose intensity was adjusted for 50 to 75% photobleaching in a circular region of interest (ROI) with a diameter of 0.35
m. Per replicate, an individual cell was bleached only once. The average
fluorescence intensity F(t) within the bleached region was calculated with
the FRAP accessory tool in the FluoView v1.7 program (Olympus). The
F(t) in the background and in the unbleached region of the same cell were
measured to normalize FRAP recovery curves by using the following equation (28, 29): F(t)norm ⫽ [F(t)ROI ⫺ F(t)bkgd](Fi,non ⫺ Fi.bkgd)/[F(t)non ⫺
F(t)bkgd](Fi,ROI ⫺ Fi.bkgd).
The bleached ROI intensity [F(t)ROI] and the nonbleached region intensity [F(t)non] are corrected with the background intensity [F(t)bkgd] at
each time point (t) and divided by the corrected intensity of the nonbleached region for the loss of fluorescence during the time course of the
experiment. Next, the data are normalized to the background-corrected
prebleach intensity (Fi) in the nonbleached region, the background region, and the ROI (Fi.non, Fi.bkgd, and Fi.ROI, respectively). By using the
first time point after the bleach set as t ⫽ 0, the fluorescence intensity
recovery ratio [F(t)R] at each time point can be calculated to generate
mean recovery curves (see Fig. 2D to F and 3E to F) by using the mean
value of every five sequential scanning measurements as follows: F(t)R ⫽
[F(t)norm ⫺ F (0)]/[1 ⫺ F (0)].
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maintenance of carbon dioxide tension. The method is suitable
for application to both PS and BS cells, as they remain in a viable
state for an extended time period. Furthermore, this technique
facilitates FRAP, as shown by the full fluorescence recovery of
photobleached mitochondrion-targeted yellow fluorescent protein (MT-YFP), indicating the healthy physical state of cells immobilized by our technique.
Establishing this platform for imaging of live T. b. brucei has
allowed us to analyze the dynamics of the mitochondrial RNAbinding protein 1 and 2 (MRP1/2) complex in the nanostructured compartment of the mitochondrial matrix. This abundant complex is a heterotetramer consisting of two each of the
MRP1 (TriTrypDB accession no. Tb927.11.1710) and MRP2 (accession no. Tb927.11.13280) subunits (14, 15). Although these
two proteins have low sequence identity, they remarkably share a
tertiary structure that forms a “Whirly” transcription factor fold.
The tetramerization of MRP1 and -2 creates an electropositive
face that allows the complex’s nonspecific interaction with the
negatively charged phosphate groups of the RNA backbone. This
mode of binding exposes the bases of each nucleotide outward,
which would be amenable to a suggested role for the MRP1/2
complex as an RNA matchmaker, which facilitates annealing of
gRNA and mRNA molecules (14–17). However, functional analysis of MRP1/2 has suggested that this complex may play a wider
role in mitochondrial RNA metabolism in addition to or instead
of RNA editing (18–20).
Here we address for the first time mitochondrial RNA metabolism in live trypanosomes by studying the motility and dynamics
of MRP1 under two strikingly different conditions. We contrast
the T. b. brucei BS, which has an intact kDNA encoding transcripts
that are duly processed by the elaborate pathway residing in the
mitochondrion, with T. b. evansi. The mitochondrion of this akinetoplastic (AK) subspecies is devoid of any organellar DNA or
RNA. Thus, these trypanosomes can be considered an analog to
rho0 petite mutant Saccharomyces cerevisiae, which also lacks mitochondrial DNA (9, 21, 22). Yet, AK T. b. evansi still imports the
protein machinery required for RNA processing despite the lack
of substrate nucleic acids, as well as all tRNAs (21, 23–25). Among
the imported macromolecular complexes assembled from the imported proteins are the MRP1/2 heterotetramer and a catalytically
active RNA-editing core complex (RECC) that coordinates the
enzymatic steps required for U insertion/deletion (21, 25). Indeed, C-terminally tagged MRP1, serving as a proxy for the whole
complex, exhibits less translational diffusion within the BS mitochondrion than in AK T. b. evansi, which can be explained by the
lack of mitochondrion-encoded nucleic acids in the latter compartment. These results provide a novel insight into the environment of the organelle and may be applicable to the study of other
mitochondrial proteins.
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RESULTS

Viability of PS and BS trypanosomes under immobilizing conditions. Cells constitutively expressing MT-YFP were gently centrifuged, and after the growth medium was discarded, they were
resuspended in IMDM. In addition to lacking the phenol red present in the growth medium for BS and PS in vitro cultures, which
can interfere with fluorescence assays, IMDM contains D-glucose
and HEPES, a buffer that maintains a physiological pH despite
changes in the concentration of carbon dioxide (32). A drop of the
cell suspension was applied to a coverslip fixed onto an inverted
confocal microscope (Fig. 1A; see Fig. S1 in the supplemental material). This drop was immediately covered with a thin layer of
agarose to restrain the cells and also mitigate cell desiccation.
The viability of immobilized T. b. brucei was first determined
by staining with PI added to IMDM. Because of selective penetration of the compound into dead cells, the number of viable cells
was determined by counting PI staining-negative cells. Initially,
about 99% of the PS and BS protozoa were fully viable, reflecting
the mild harvesting and immobilizing process (Fig. 1B and C).
Within 3 h under the immobilization condition at room temperature, the percentage of viable PS cells remained above 90%, with
the surviving cells exhibiting normal morphology and a homogeneous distribution of MT-YFP, a reflection of the vitality of the
organelle. Viability dropped to 80 and 60% after 4 and 6 h, respectively. At this final time point, dead cells exhibited a swollen morphology and the MT-YFP showed a fragmented distribution, representing the disintegration of mitochondria.
For BS, the percentage of viable cells remained above 90% for
the first 2 h of immobilization, with MT-YFP evenly distributed
throughout the organelle (Fig. 1D). Hence, this time frame can be
recommended for live-cell imaging experiments. After 3 h, viability under these conditions declined sharply, with the overall appearance of swollen cell morphology and mitochondrial fragmentation. Under our established immobilization conditions, viable
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cells at both stages exhibited limited membrane and/or flagellar
undulation, although they were fixed in place (see Movies S1 and
S2 in the supplemental material). Furthermore, the procedure developed promotes a population of consistently immobilized and
evenly distributed cells.
Trypanosome immobilization facilitates FRAP experiments.
Although the viability assays showed that the absolute majority of
both PS and BS cells was healthy and viable for at least 2 h, the potential effect of immobilization on mitochondrial physiology remained
unknown. Therefore, we decided first to test whether our immobilization protocol allows the application of FRAP to the mitochondrion,
which is the organelle of interest to us. Using the results of the previous experiments as a guideline, we performed immobilization within
30 min in all subsequent experiments.
We started with the measurement of the translational diffusion
of YFP, equipped with the mitochondrial import signal from N.
gruberi iron hydrogenase (MT-YFP) (33), in immobilized PS and
BS plus AK T. b. evansi cells. In all cases, MT-YFP exhibited consistent colocalization with the Mitotracker Red dye, indicating an
even distribution of the tagged protein within the mitochondrion
(Fig. 2A to C). On the basis of this, the photobleaching spots for
the FRAP analysis were randomly selected in the mitochondrial
compartment of an individual cell. In PS cells, MT-YFP reached
50% recovery (T50%) of the prebleaching fluorescence intensity
within the bleached ROI at 4.44 ⫾ 2.82 s after bleaching (Fig. 2D),
as well as achieving full recovery of fluorescence over the time
course (Rmax ⫽ 1.02 ⫾ 0.128), indicating that diffusion of YFP is
unhindered in the matrix.
In BS and AK T. b. evansi cells, the YFP recovery profiles in the
ROI appeared to be almost identical, with T50% values of 2.96 ⫾
2.30 and 3.44 ⫾ 1.67 s, respectively, and virtually full recovery of
prebleaching fluorescence intensity (Rmax ⫽ 0.97 ⫾ 0.169 and
0.94 ⫾ 0.165, respectively) (Fig. 2E and F). In summary, these data
show that our immobilization method is appropriate for FRAP
analysis of BS and PS, as well as AK T. b. evansi, cells. The recovery
of MT-YFP fluorescence in these immobilized trypanosomes is
also indicative of their viable condition, as no such recovery was
detected in the photobleached ROIs of PS cells exhibiting a fragmented mitochondrial morphology (see Fig. S2 in the supplemental material), which also stained with the dead-cell marker PI (Fig.
1D). Moreover, since a substantial fraction of YFP remained in a
diffused state and recovered rapidly after bleaching, this protein
qualifies as a suitable fluorescent tag for tracking the mobility of
other mitochondrial proteins in T. brucei.
The MRP1/2 complex exhibits different dynamics in T. b.
brucei and AK T. b. evansi. In order to investigate the dynamics of
the MRP1/2 complex, we generated both BS and AK T. b. evansi
cell lines carrying in situ C-terminally YFP-tagged MRP1 (MRP1YFP). Because the latter cell type is locked in the slender pathogenic stage (9, 21), only BS T. b. brucei was used in the comparative
FRAP analysis, which capitalized on the dramatic difference between these cell lines in terms of the absence or presence of nucleic
acids in their respective organelles.
First, we compared the abundance of MRP1-YFP in BS and
AK protozoa by immunodecoration of Western blot assays of
respective whole-cell lysates with anti-GFP antibody, which
showed no differences in expression between the two cell lines
(Fig. 3A). Next, to confirm that YFP tagging does not interfere
with the incorporation of MRP1 into the MRP1/2 complex in
vivo, we immunoprecipitated tagged MRP1 with an anti-GFP
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In order to obtain the T50% and Rmax values, which indicate the translational diffusion and motile fraction of the photobleached fluorescent
protein, the FRAP recovery curve from each replicate per sample was
fitted by the single-component exponential model in the equation F(t) ⫽
A(1 ⫺ e⫺t/TFRAP) (29).
T50% was calculated from the fitted-curve model for each FRAP experiment. The mobile fraction was equal to Rmax, the maximal recovery of
fluorescence compared to the prebleach values from this equation when
t ⫽ ⬁ (29–31). The values obtained from each FRAP experiment, see
Tables S1 to S6 in the supplemental material, and the means and standard
deviations (SDs) of these values are shown below the FRAP images in Fig.
2D to F and 3E to F. The statistical significance of the difference between
the MRP1-YFP Rmax values of BS and AK T. b. evansi was calculated by
unpaired Student t test by using the determined mean Rmax, SD, and
number of replicates (n).
Immunoprecipitation and Western blot analysis. Immunoprecipitation was carried out with 1 ⫻ 108 BS and T. b. evansi protozoa expressing
MRP1-YFP. Lysates from these cells were incubated with anti-green-fluorescent-protein (anti-GFP) monoclonal antibody 3E6 (Molecular
Probes) bound to Dynabeads protein G (Invitrogen) for 12 h at 4°C in the
presence of Complete protease inhibitor according to the manufacturer’s
(Roche) recommendation. The flowthrough fraction was collected for
subsequent Western blot analysis, and the column was washed three times
with 200 l of PBS with 0.05% Tween 40. The antibody-antigen interaction was disrupted by elution three times with 50 l of 100 mM glycine
(pH 2.5), and the eluates were neutralized with 1 M Tris buffer (pH 8.7)
and analyzed by Western blotting as previously described (26).

MRP Dynamics in the Mitochondrion of Live Trypanosomes

a 1% agarose block with an inverted microscope. (B) T. b. brucei PS viability was determined following immobilization as depicted in panel A. Harvested
trypanosomes were resuspended gently in IMDM containing 5 g/ml PI. PI exclusion was used as a marker of viability, and cell viability is plotted on the y axis
as PI-negative cells/total cells. More than 200 cells were counted per time point in triplicate. (C) BS T. b. brucei viability was determined as described for panel B.
(D) Representative imagines of PS and BS trypanosomes immobilized for 1 h. Scale bars, 10 m.

antibody (Fig. 3B) and looked for the presence of endogenous
MRP1 and MRP2 with antibodies against each of these subunits (20). Since C-terminally tagged MRP1 coimmunoprecipitated with the endogenous subunits in both BS T. b. brucei
and AK T. b. evansi, MRP1-YFP is properly assembled into the
MRP1/2 complex. The band intensities of the MRP1-YFP versus the endogenous MRP1 suggest that the stoichiometry of the
former ranges from two to one copies. Thus, the subsequent
FRAP experiment is relevant for the MRP1/2 complex as a
whole. Furthermore, coimmunoprecipitation of the intact
MRP1/2 complex in AK T. b. evansi (Fig. 3B) indicates that the
complex is properly assembled even in the absence of RNA. The
MRP1-YFP protein consistently colocalized with the Mitotracker Red signal, proving that there is an even distribution of
the tagged protein in the mitochondrial lumen of both cell lines
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and that this localization pattern is independent of the presence or absence of organelle-encoded RNA (Fig. 3C and D).
The photobleached ROIs for FRAP were selected randomly as
in the case of MT-YFP. Hence, the results reflect the general profile
of MRP1 throughout the organelle. In the FRAP analysis, MRP1YFP did not show full recovery in BS T. b. brucei or in AK T. b.
evansi. The mobile fraction of the YFP-tagged protein, as reflected
in the Rmax value in the BS ROI, was 0.47 ⫾ 0.188 (Fig. 3E), while
that of AK T. b. evansi was 0.71 ⫾ 0.175 (Fig. 3F). This difference
between the mean Rmax values obtained from fitted curves from all
of the replicates of each sample is statistically significant (P ⫽
0.001). The MRP1/2 complex thus exhibits significantly higher
motility in the mitochondrial lumen of T. b. evansi, which differs
from the BS by the absence of organellar RNA. Furthermore, the
presence of an immobile fraction, as demonstrated by the T. b.
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FIG 1 Parasite viability under agarose block immobilization conditions. (A) Schematic depicting the apparatus used to monitor trypanosomes immobilized with

Huang et al.

T. b. brucei (A), BS T. b. brucei (B), and AK T. b. evansi (C). From left to right, the YFP and Mitotracker Red channels are indicated at the top, followed by a merged
view of both images in which the trace of the line scan used to measure each channel’s fluorescence intensity is indicated by a red arrow. The plotted intensities
along the line are shown to the right of the differential interference contrast (DIC) images of the trypanosomes. (D to F) FRAP analysis of MT-YFP in PS T. b.
brucei (D), BS T. b. brucei (E), and AK T. b. evansi (F). To the left are representative images acquired in a FRAP experiment during, from left to right, the
prebleaching, bleached, and approximate T50% and maximal-recovery time points. The photobleached ROI is indicated by the red arrowhead in the bleached
image and is enlarged ⫻2.5 in the insets. To the right are the average fluorescence recovery curves from PS (n ⫽ 14 cells) plus BS and AK (n ⫽ 15 cells)
trypanosomes, normalized as described in Materials and Methods. The mean T50% and Rmax values ⫾ SDs determined from the fitted curves generated from these
measurements (for data obtained from the fitted curves for each replicate of PS, BS, and AK trypanosomes, see Tables S1 to S3 in the supplemental material) are
shown below the FRAP images. Scale bars, 10 m (A) and 5 m (B to F).
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FIG 2 FRAP analysis of mitochondrion-targeted YFP in live immobilized trypanosomes. (A to C) Mitochondrial localization and distribution of MT-YFP in PS

MRP Dynamics in the Mitochondrion of Live Trypanosomes

with polyclonal anti-GFP antibody (top) and Coomassie staining of these samples as a control to ensure equal loading (bottom). (B) Coimmunoprecipitation of
endogenous MRP1/2 with MRP1-YFP in BS T. b. brucei and AK T. b. evansi. The input and immunoprecipitated (IP) fractions of the parental cell lines, from
which the MRP1-YFP fractions are derived, and the MRP1-YFP cell lines are indicated at the top. The signal from the antibody raised against either MRP1 or -2
is indicated to the left of each Western blot. Below is a schematic depiction of the two configurations of the MRP1/2 complex bearing MRP1-YFP. (C, D)
Mitochondrial localization and distribution of MRP1-YFP in BS T. b. brucei (C) and AK T. b. evansi (D) shown as in Fig. 2A to C. (E, F) FRAP analysis of
MRP1-YFP in BS T. b. brucei (n ⫽ 17 cells) (E) and AK T. b. evansi (n ⫽ 14 cells) (F) shown as in Fig. 2D to F. The mean T50% and Rmax values ⫾ SDs obtained
from individual fitted curves for each replicate (see Tables S4 and S5 in the supplemental material for BS and AK data, respectively) are shown below the
representative FRAP images. Scale bars, 5 m.

evansi MRP1-YFP recovery curve, revealed that RNA is not the
only factor that affects the mobility of the MRP1/2 complex, implying interactions with other structures and/or molecules enclosed by the mitochondrial inner membrane.
We decided also to address this phenomenon in PS T. b. brucei. As

September 2014 Volume 13 Number 9

in the BS, MRP1-YFP was properly assembled into the MRP1/2 complex and localized throughout the mitochondrial lumen (see Fig. S3A
and B in the supplemental material). While there was indeed an immobile fraction in the PS (Rmax ⫽ 0.797 ⫾ 0.173) as well, it was
smaller than that in the BS (Rmax ⫽ 0.47 ⫾ 0.188) (see Fig. S3C).
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FIG 3 FRAP analysis of in situ YFP-tagged MRP1 in BS and AK trypanosomes. (A) Comparison of levels of MRP1-YFP expression in BS and AK trypanosomes

Huang et al.

DISCUSSION
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FIG 4 Schematic illustration of RNA-processing protein complexes in BS and
AK trypanosomes. (A) RNA-protein complex distribution in the BS. In the
presence of kDNA and its encoded RNA, MRP1/2 exists in RNA-protein complexes (large red circles), which are evenly distributed throughout the whole
mitochondrial matrix and associated with other proteins coating the same
RNA. The gray schemes below the cell models show that MRP1/2-bound RNA
is undergoing the RNA-editing process with the RECC, gRNA, and other
RNA-binding proteins (RBP) bound to the same RNA molecule. The dashed
circles represent speculated proteins bound directly to MRP1/2 and other proteins. (B) Distribution and construction of the RNA-processing protein complex with the absence of RNA in AK T. b. evansi. In the absence of kDNA and
organelle-encoded RNA, identical proteins involved in RNA processing shown
in panel A are still scattered throughout the mitochondrial matrix but as
smaller complexes not aggregating around RNA (small red circles). The gray
scheme below the cell model shows that MRP1/2 is perhaps bound to other
proteins, depicted as dashed circles as in panel A. Other proteins that interact
with MRP1/2 via RNA linkers in panel A are shown but are independent of
MRP1/2 in AK T. b. evansi.

exhibits similar dynamics within the matrix compartment of both
types of organelles. Other proteins simultaneously coating RNAs
bound to MRP1/2 may contribute to this apparent drag in BS, as
the MRP1/2 complex has been shown in the related trypanosomatid Leishmania tarentolae to associate via RNA with the RECC,
conferring the core enzymatic activities needed for RNA editing,
and members of mitochondrial RNA-binding complex 1 (17),
which plays an ancillary role in the process (36).
Surprisingly, the MRP1/2 complex in AK T. b. evansi does not
fully recover to prephotobleached levels within the MRP1-YFP1
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The development of live-imaging techniques such as FRAP and
FCS has been instrumental in advancing our knowledge of cell
biology, such as addressing spliceosome assembly in HeLa cells
(28, 34). In contrast to the situation in adherent cell types, the use
of these techniques in T. brucei and related flagellates has been
hampered by their highly motile nature, which is an essential part
of their biology (7, 12). In this work, we describe an immobilization method that overcomes this problem and opens an opportunity to exploit the simple architecture of trypanosomes for this
line of research (1). The method is rapid, economical, and reproducible, using a thin agarose block to restrain cells on top of a
coverslip for visualization with an inverted microscope. The gentle preparation protocol, which avoids the brief drying steps of
other immobilization protocols (2, 8), is robust enough for application to both PS and BS in vitro cultures, which are life stages with
very different physiological states (5).
An essential prerequisite for such studies is that the cells be
maintained in a vital state. In order to validate the method, we
assayed the viability of trypanosomes by scoring for the percentage
of dead cells that incorporate PI in the two life cycle stages tested.
According to this assay, cell viability is maintained for 3 h for the
PS and 2 h for the BS. These results were confirmed by the morphology of the mitochondrion, which eventually took on a fragmented appearance as cells began to regress, as visualized by leader
sequence-directed MT-YFP.
The MT-YFP-expressing cell lines were further investigated by
FRAP in order to better assess the condition of the trypanosomes,
as well as test the suitability of this type of immobilization for such
live-imaging techniques. In contrast to the situation with cytosolic
GFP-expressing L. major embedded in a CyGEL matrix (12), the
photobleached ROI exhibited full recovery in PS, BS, and AK MTYFP trypanosomes. This observation is consistent with a healthy
state of the immobilized flagellates, as it reproduces robust recovery results from FRAP with mitochondrion-targeted GFP in adherent mammalian cell lines (29, 35), a system that does not require
immobilization steps that could affect cell viability. Furthermore, no
such recovery was seen in dying trypanosomes upon FRAP of MTYFP. The immobilization technique also proved to restrain cells in a
manner suitable for recording of fluorescence recovery within an approximately 0.1-m2 ROI.
With the utility of FRAP on trypanosomes immobilized by our
new technique confirmed, we decided to investigate the dynamics
of the in situ C-terminally tagged MRP1-YFP, which was verified
to be incorporated into the abundant RNA-binding MRP1/2
complex (14, 15, 17). The dynamics of the MRP1/2 complex were
compared in BS and AK T. b. evansi cells to determine the influence of mitochondrion-encoded RNAs, which are absent from the
latter subspecies (9, 21, 23). In the BS, more of the MRP1/2 complex was in an immobile fraction than in AK T. b. evansi, as it
achieved an Rmax of 0.47 ⫾ 0.188 of the prebleach fluorescence
within the photobleached ROI compared to an Rmax of 0.71 ⫾
0.175 in AK cells. The presence of mitochondrion-encoded RNA
clearly hinders the dynamics of the MRP1/2 complex (Fig. 4A).
We exclude the possibility that physiological changes in the AK
mitochondrion that are due to loss of the mitochondrion-encoded subunit of F0F1-ATP synthase and compensatory mutations in the nucleus-encoded ␥ subunit (9, 22) underlie this difference in the translational diffusion of MRP1/2 because MT-YFP
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ROI. Even in this environment without mitochondrion-encoded
RNA, there is an immobile fraction of the heterotetramer. There
are some possible explanations for this phenomenon (Fig. 4B).
The first one postulates that the MRP1/2 complex interacts with
other proteins in an RNA-independent manner. However, there is
very little evidence thus far that the MRP1/2 complex interacts
with any polypeptides outside the complex (37). Alternatively, the
MRP1/2 complex may interact with tRNAs that are futilely imported into the AK mitochondrion, although proteins that normally bind these nucleic acids to facilitate their role in translation
are also present (23, 24), likely sequestering them from spurious
interaction with MRP1/2. Another possibility is that the 125- to
150-kDa MRP1/2 complex, bearing one or two copies of MRP1YFP, is more prone to molecular sieving effects within the matrix
than MT-YFP is, leading to an apparent immobile fraction. Finally, association with another structure within the mitochondrion, such as the inner membrane, may hinder a fraction of
MRP1/2. Mitochondrial RNA metabolism pathways could be located in proximity to the inner membrane, where translation of
mature mRNAs by mitochondrial ribosomes occurs to facilitate
the incorporation of nascent polypeptides into the lipid bilayer
(38). MRP1/2 association with this part of the organelle in the AK
trypanosome could be a vestige of this now obsolete process.
The translational diffusion of the MRP1/2 complex was also
assayed in PS T. b. brucei. While an immobile fraction of the complex was observed, it was much smaller than that in the BS. However, direct comparison of these results between the BS and the PS
is more complicated than that made between BS and AK T. b.
evansi. For instance, the two life cycle stages harbor mitochondria
that have very different morphological and physiological states,
which could have differing impacts on the translational diffusion
of the matrix proteins. Furthermore, the mitochondrial transcriptomes differ between the PS and the slender BS by a still unknown
mechanism and extent (39). Perhaps this observation may be due
in part to this phenomenon.
The immobilization technique developed for this study has
allowed us to exploit the availability of AK T. b. evansi in vitro
cultures to study the impact of RNA on the dynamics of the abundant RNA-binding MRP1/2 complex. Until now, the behaviors of
proteins involved in mitochondrial RNA metabolism have not
been explored in live cells. The use of FRAP has brought a different
perspective not only to our current knowledge about the MRP1/2
tetramer but also to how RNA can affect the dynamics of proteins
involved in the byzantine RNA metabolism of the trypanosome
mitochondrion, in which hundreds of proteins in several complexes are coordinated to express the few proteins encoded by
kDNA.
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