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ABSTRACT

The RNA ligase-containing or L-complex is the core complex involved in uridine insertion/deletion RNA editing in trypanosome
mitochondria. Blue native gels of glycerol gradient-separated fractions of mitochondrial lysate from cells transfected with the
TAP-tagged editing protein, LC-8 (TbMP44/KREPB5), show a ;1 MDa L-complex band and, in addition, two minor higher
molecular weight REL1-containing complexes: one (L*a) co-sedimenting with the L-complex and running in the gel at around
1.2 MDa; the other (L*b) showing a continuous increase in molecular weight from 1 MDa to particles sedimenting over 70S. The
L*b-complexes appear to be mainly composed of L-complex components, since polypeptide profiles of L- and L*b-complex
gradient fractions were similar in composition and L*b-complex bands often degraded to L-complex bands after manipulation or
freeze–thaw cycles. The L*a-complex may be artifactual since this gel shift can be produced by various experimental
manipulations. However, the nature of the change and any cellular role remain to be determined. The L*b-complexes from both
lysate and TAP pull-down were sensitive to RNase A digestion, suggesting that RNA is involved with the stability of the
L*b-complexes. The MRP1/2 RNA binding complex is localized mainly in the L*b-complexes in substoichiometric amounts and
this association is RNase sensitive. We suggest that the L*b-complexes may provide a scaffold for dynamic interaction with other
editing factors during the editing process to form the active holoenzyme or ‘‘editosome.’’
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INTRODUCTION

The L-complex was first identified as a single band in a
native gel of Leishmania tarentolae mitochondrial extract,
which sedimented in a glycerol gradient at around 20S–25S
(Peris et al. 1997). The term ‘‘L-complex’’ refers to the
presence of the auto-adenylatable REL1 and REL2 RNA
editing ligases (McManus et al. 2001; Rusche et al. 2001).
Identical bands were observed for Trypanosoma brucei,
both in terms of sedimentation in glycerol gradients
(McManus et al. 2001; Panigrahi et al. 2001; Rusche et al.
2001; Schnaufer et al. 2001) and migration in native gels
(Peris et al. 1997). The term, ‘‘editosome,’’ has been used
for the homologous complex from T. brucei (Panigrahi

et al. 2003a; Stuart et al. 2005; Panigrahi et al. 2006). The
L-complex from L. tarentolae and the corresponding com-
plex from T. brucei were shown to consist of z18–20 poly-
peptides, with the functionally identified proteins being
the REL1 and REL2 RNA ligases, the REX1 and REX2
39-59 U-specific exonucleases, the REN1, REN2, and REN3
RNA editing site-specific endonucleases, and the RET2 39

uridylyl transferase (Aphasizhev et al. 2003a; Panigrahi
et al. 2003a,b; Simpson et al. 2003, 2004; Stuart et al. 2004,
2005). In addition, there are several zinc finger-motif
proteins and several additional putative RNA-binding pro-
teins with single-strand binding motifs. Evidence has been
presented for a minor L-complex heterogeneity, where the
endonucleases are associated with specific subsets of 3-4
proteins (Panigrahi et al. 2006; Carnes et al. 2008). The
z20S L-complex material purified from L. tarentolae
mitochondria by REL1-TAP pull-down showed, in addi-
tion, substoichiometric amounts of RET1 39 TUTase and
the MRP1 and MRP2 RNA-binding proteins, both of which
are associated with the editing complex by RNase-sensitive
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linkers (Aphasizhev et al. 2003a,b). The REH1 RNA heli-
case has also been shown to be an RNA-linked substoichio-
metric component of the editing complex (F Li and L
Simpson, unpubl.).

L-complex gradient fractions were shown to have several
partial editing reactions in vitro. These include gRNA-
mediated precleaved U-insertion and U-deletion reactions
(Igo et al. 2000; Kang et al. 2005) and, at a lower efficiency,
full-cycle gRNA-mediated U-insertion and U-deletion
reactions (Seiwert and Stuart 1994; Byrne et al. 1996;
Kable et al. 1996; Piller et al. 1996; Seiwert et al. 1996).
The in vitro editing data were obtained mainly for intra-
block single site editing, but a recent report (Alatortsev
et al. 2008) has demonstrated an efficient two-site in vitro
editing reaction in which the second site editing appears to
be coupled to that of the first site. There are no reports of
in vitro multi-gRNA-mediated processive editing.

Several accessory factors have also been characterized,
which appear to be involved in general mitochondrial
RNA metabolism, but also have some editing-specific
roles. The mitochondrial TbRGG2 protein binds preferen-
tially the oligo (U) tail of gRNAs and a small fraction co-
immunoprecipitates with editing complexes (Fisk et al.
2008). Down-regulation of expression of TbRGG2 led to a
dramatic decrease in pan-edited mRNA and to a moderate
stabilization of never-edited and pre-edited mRNAs (Fisk
et al. 2008). RBP16 is an oligo (U) binding protein that is
associated with z30% of the gRNA population. Depletion
of this protein led to decrease of the never-edited ND4 and
COI mRNAs and severe effects on editing of Cyb mRNA
(Pelletier and Read 2003; Miller et al. 2006). RBP16 also
stimulated in vitro RNA editing (Miller et al. 2006).

The MRP1 and MRP2 proteins act in vitro as nonspecific
RNA matchmakers and catalyze RNA annealing (Koller
et al. 1997; Allen et al. 1998; Lambert et al. 1999; Muller
et al. 2001; Aphasizhev et al. 2003b; Zikova et al. 2008).
Simultaneous down-regulation of expression of both pro-
teins showed a phenotype similar to that of down-regulation
of RBP16 (Vondruskova et al. 2005). It has been proposed
that MRP1/2 catalyzes the initial annealing of the gRNA
and the mRNA to form the anchor duplex, as well as having
a general RNA regulatory role, but there is yet no direct
evidence for the former model.

Several additional macromolecular complexes have been
identified, which are involved with gRNA metabolism,
and some of which also interact via RNA linkers with the
L-complex. The GRBC1 and GRBC2 proteins (originally
AP1 and AP2) (Aphasizhev et al. 2003b) together with
eight additional proteins form a 200 kDa heterotetramer,
which binds gRNA and acts as a gRNA-stabilizing factor
(Panigrahi et al. 2008; Weng et al. 2008; Acestor et al.
2009). This complex also interacts with the KPAP1 com-
plex that adds the poly A tails to mitochondrial mRNAs
(Etheridge et al. 2008) and with the MRP1/2 complex
(Aphasizhev et al. 2003b). The MERS1 (originally AP3)

complex of five proteins appears to control the stability of
edited mRNAs. A model for these various interactions has
recently been proposed (Weng et al. 2008).

RESULTS

Discovery of the L*-complexes

The L-complex single copy (data not shown) LC-8 (TbMP44/
KREPB5) protein was TAP-tagged and used as the target
for all TAP pull-downs. LC-8 has a highly diverged RNase
III motif (Aphasizhev et al. 2003a), and is required for cell
viability and stability of the z20S L-complex (Wang et al.
2003). LC-8 was also shown to be a common component of
the REN1, REN2, and REN3 TAP pull-downs (Panigrahi
et al. 2006; Carnes et al. 2008).

LC-8 whole cell TAP pull-down (purified through IgG
Sepharose and Calmodulin agarose) was fractionated in
glycerol gradients. The gradient fractions were electro-
phoresed in 3%–12% blue native gradient gels, which were
blotted and probed with anti-REL1 monoclonal antibody
to visualize REL1-containing complexes. The L-complex
band, which sedimented around 20S–25S in the gradient,
migrated in the blue native gels at z1 MDa (Fig. 1A, upper
panel; Fig. 1B). There was, in addition, a minor REL1-
containing band that co-sedimented in the gradient with
the L-complex, but migrated in the blue native gel separate
from the L-complex at z1.2 MDa (labeled L*a in Fig. 1,
upper panel). The same overexposed gel (Fig. 1A, lower
panel) shows the presence of a second minor band of
continuously increasing molecular weight (as observed in
Fig. 1D,E), which we labeled L*b. The progressive increase
in size of the L*b-complex can be more clearly seen in
the blue native gel of gradient fractions of whole cell LC-8-
TAP pull-down in Figure 1B. Gradient fractions of mito-
chondrial lysate of LC-8-TAP cells gave a similar blue
native gel pattern (Fig. 1C). The L*b-complex sedimented
from z20S to over 70S and became progressively more
heterodisperse in the native gel. We attribute the presence
of variable amounts of the 1 MDa L-complex band in
gradient fractions sedimenting greater than 30S to the
breakdown of L*b-complex material after gradient frac-
tionation, perhaps during the electrophoresis process
(Fig. 1A,B,C). Some preparations from both mitochondrial
TAP pull-down and mitochondrial lysate (Fig. 1D) showed
a single continuously increasing L*b-complex profile
with no indication of breakdown to the 1 MDa L-complex.
The variable profiles in different preparations probably
reflect the degree of breakdown of the L*b-complex due to
the lengthy experimental manipulations involved in TAP
isolation. A similar gel profile was obtained using wild-type
L. tarentolae UC cells, showing that L*b-complex bands
were not produced by incorporation of the TAP-tagged
Leishmania major LC-8 protein into the editing complex
(Fig. 1E).
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A gel shift to the 1.2 MDa L*a-complex could be
produced with gel-isolated 1 MDa L-complex by several
experimental manipulations (data not shown). This sug-
gests that the L*a-complex is an experimental artifact,
which occurs during or after glycerol gradient sedimenta-
tion. However, the nature of the change and any possible
cellular role remain to be determined.

The L*b-complexes are RNase sensitive and are
associated by RNA linkers with the MRP1/2
RNA-binding proteins

RNase A treatment of gradient fractions from either crude
mitochondrial lysate or LC-8-TAP pull-down caused a
breakdown of the L*b-complex and an appearance of
L-complex bands (Fig. 2A). There was no apparent effect
of RNase A on the L-complex itself (Fig. 2A). This sensi-
tivity of L*b-complexes to RNase A can also be seen in the
Western blot of the SDS gel in Figure 2B, in which the TAP
pull-down was pretreated with RNase prior to running
the gradient. There is a complete disappearance of REL1-
containing material in the L*b-complex region. These data
suggest that the L*b-complex material consists mainly of
RNA-linked L-complexes or L-complexes with additional
L-complex proteins associated by RNA linkers.

We showed previously by co-IP ex-
periments that the MRP1/2 complex
(and RET1 complex) associated in
substoichiometric amounts with the
L-complex via RNA linkers (Aphasizhev
et al. 2003a,b). This work employed
standard native gels which did not re-
solve the L*b-complexes. We examined
the localization of the MRP1/2 complex
in blue native gels of gradient fractions
of LC-8-TAP mitochondrial lysate. In
addition to the 100–400 kDa MRP1/2
complexes described previously (Zikova
et al. 2008), which sedimented between
5S and 20S, MRP also sedimented above
30S in the L*b-complexes (Fig. 2C,
upper panel). Incubation of each gradi-
ent fraction with RNase A resulted in
the loss of the bound MRP1/2 material
(Fig. 2C, lower panel). We attribute the
minor signal in the L-complex region
remaining after RNase treatment to be
due to the presence of the protein A tag,
which was recognized by the secondary
antibody.

The L*b-complexes contain a
similar set of major proteins as
the L-complex

LC-8-TAP pull-down material was frac-
tionated in a glycerol gradient. The fractions were run in a
blue native gel, which was blotted and probed with anti-
REL1 antibody (Fig. 3A). The L- and L*b-complexes are
indicated. The gradient fractions were also run in an SDS
gel, which was stained with Sypro Ruby (Fig. 3B). The
gradient fractions indicated by I and II in Figure 3A were
pooled, concentrated, and run side-by-side in an SDS gel
(Fig. 3C). The polypeptide profile of the pooled L*b-
complex fractions was very similar to that of the L-complex
fractions (Aphasizhev et al. 2003a), except for some minor
quantitative variations in the polypeptide bands and the
absence of an endogenous LC-8 band in the LC-8-TAP
pull-down (data not shown). This is consistent with the
above conclusion that the L*b-complex material consists
mainly of L-complex material. It should be noted that the
presence of substoichiometric amounts of auxiliary poly-
peptides, such as MRP1/2 in the L*b-complex fractions
would not be visualized by this method.

LC-8-TAP pull-down contains kinetoplast DNA
and kinetoplast RNA

RNA was isolated from total TAP pull-down and subjected
to RT-PCR using primer sets specific for various maxicircle
transcripts, both never-edited, pre-edited, and edited (see

FIGURE 1. Blue native Western blots with glycerol gradient fractions of whole cell and
mitochondrial LC-8-TAP pull-downs. (A) Western blot of whole cell LC-8-TAP pull-down
sedimented in a 10%–30% glycerol gradient. Anti-REL1 antibody used to visualize REL1-
containing complexes. (Upper panel) Ten second film exposure and (lower panel) 2 min
exposure to visualize the two minor upper bands labeled L*a and L*b. (B) Auto-adenylation of
whole cell LC-8-TAP pull-down with [a-32P]ATP. (C) Auto-adenylation of mitochondrial
lysate from LC-8-TAP cells. (D) Western blot of an LC-8-TAP pull-down from isolated
mitochondria. Anti-REL1 antibody used to visualize REL1-containing complexes. (E) Western
blot of wild-type mitochondrial lysate. Anti-REL1 antibody used to visualize REL1-containing
complexes. High molecular weight native marker sizes are indicated. L, L-complex; L*a, 1.2
MDa REL1-containing complex; L*b, REL1-containing complex of increasing size.
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Supplemental Fig. S3). Several extensive DNase I treat-
ments were required to remove contaminating kinetoplast
DNA molecules. RT-PCR cDNA products from the puri-
fied RNAs were obtained for several never-edited mRNAs
and for pre-edited ND7 mRNA (Fig. 4A). Partially edited
cDNA products were obtained with two pre-edited primer
sets (see Supplemental Fig. S3) that were located on adja-
cent maxicircle genes (ND7-CO3, CO3-Cyb, and CO2-
Murf2), indicating the presence of unprocessed maxicircle
transcripts in the TAP pull-down, as was previously
reported (Koslowsky and Yahampath 1997; Bessolitsyna
et al. 2005). The presence of partially edited maxicircle
transcripts was also examined by RT-PCR using down-
stream edited and upstream unedited primer sets for the
pan-edited ND8 transcripts and for the Cyb-A6 unpro-
cessed transcripts (Fig. 4B). Interestingly, these cDNA
sequences showed extensive misediting at the junction
regions between fully edited and unedited regions (Sturm
et al. 1992; see Supplemental Figs. S1, S2).

To analyze the distribution of maxicircle transcripts in
LC-8-TAP gradient fractions, RNA was isolated from each
fraction and subjected to RT-PCR. The primer set consisted
of ND8-unedited (59) and ND8-edited (39). Products of the
correct size for unedited RNA and a smear of several larger
bands were obtained with all fractions (Fig. 4C). The cDNA
products of the 20S fractions were cloned and sequenced to
confirm the identity of the 230 base-pair (bp) band as
unedited ND8 mRNA and the upper bands as partially
edited ND8 mRNAs (Fig. 4C; data not shown).

DISCUSSION

The use of blue native gel electropho-
resis has uncovered several minor
REL1-containing bands, which we have
termed the L*a- and L*b-complexes.
The 1.2 MDa L*a-complex appears to
represent an experimental artifact since
it appears de novo after glycerol gradi-
ent sedimentation and can be produced
by several experimental manipulations
with gel-isolated 1 MDa L-complex
(data not shown). The L*b-complex
migrated in the blue native gel from
around 1 MDa at 20S to an undeter-
mined higher molecular weight sedi-
menting at over 70S. L*b-complex
material from mitochondrial lysate and
from TAP pull-down of mitochon-
drial lysate contained substoichiometric
amounts of RNA-linked MRP1/2 com-
plexes. RNase A digestion of gradient
fractions led to the breakdown of the
L*b-complex bands and the appearance
of the 1 MDa L-complex band, as well
as to the removal of the bound MRP1/2

material. This breakdown of L*b-complexes also occurred
spontaneously in different preparations, especially in TAP
pull-downs from whole cells. The L-complex band was
unaffected by RNase treatment except for a slight decrease
in S value, as reported previously (Aphasizhev et al. 2003a).

FIGURE 3. Polypeptide profiles of L- and L*b-complexes are similar.
(A) Blue native gel of gradient fractions of whole cell LC-8-TAP pull-
down. Blot was probed with anti-REL1 antibody. (B) Sypro-stained
SDS gel of same fractions as in A. (C) Sypro-stained SDS-PAGE of
pooled and concentrated L- and L*b-complex gradient fractions
indicated by I and II in A and B.

FIGURE 2. Effect of RNase A on blue native and SDS-PAGE Western blot profiles. (A)
Western blot of blue native gels of LC-8-TAP pull-down gradient fractions with and without
RNase A (0.1 mg/mL). Blots were probed with anti-REL1 antiserum. (B) Western blot of SDS-
PAGE of gradient fractions with and without treatment with RNase A (0.1 mg/mL) prior to
glycerol gradient sedimentation. The blot was probed with anti-REL1 antiserum. (C) Blue
native Western blot of LC-8-TAP mitochondrial lysate gradient fractions with and without
treatment with RNase A (0.1 mg/mL). The blot was probed with anti-MRP1/2 antiserum.
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The breakdown of L*b-complexes to L-complex, as well as
the similarity of the polypeptide profiles of the L-complex
and the L*b-complex material, suggest that the L*b-
complexes consist of RNA-linked L-complex components.

We found that unedited, edited, and partially edited
maxicircle RNA transcripts could be detected in the purified
whole cell LC-8-TAP pull-down and that these RNAs were
distributed across all gradient fractions. The fact that edited
and partially edited transcripts could be obtained using
primers in the adjacent Cyb and A6 genes suggests that
editing is initiated prior to completion of RNA processing, as
has been shown previously (Read et al. 1992).

It is interesting that there was extensive kinetoplast DNA
contamination in the TAP pull-down in spite of the double
affinity purification. This could suggest that RNA editing
reactions are closely linked to sites of transcription. In
this regard, it is interesting to note that we showed recently
by immunofluorescence, that several editing enzymes
are concentrated in the kinetoplast DNA portion of the
mitochondrion (F Li and L Simpson, unpubl.).

It is likely that minor amounts of L*b-complexes were
responsible for the previously observed RNA-linked asso-
ciation of the MRP1/2 and RET1 proteins with L-complex
proteins (Aphasizhev et al. 2003b), and probably also for
the reported in vitro partial and full-cycle editing activities

of both column-purified and TAP-
isolated editing complex material. It
was, in fact, shown previously that gel-
isolated RNase-treated L-complex was
inactive in partial editing reactions in
vitro (Aphasizhev et al. 2003a)

The total substoichiometric RNA-
linked protein components of L*b-
complex are probably not limited to the
MRP1/2 complex, but also to other edit-
ing factors, including the RET1 TUTase
complex that adds U’s to the 39 end of
gRNAs (Aphasizhev et al. 2003c), the
GRBC1/2 complex that controls the sta-
bility of gRNAs (Weng et al. 2008), and
the REH1 RNA helicase, which is prob-
ably involved in multi-gRNA mediated
editing (F Li and L Simpson, unpubl.). A
complete inventory of the RNA-linked
substoichiometric polypeptide composi-
tion of the L*b-complexes remains to
be done and it indeed may be dynamic.
We suggest that the L*b-complexes may
represent a scaffold for interaction with
other editing factors during the editing
process to form the active holoenzyme
or ‘‘editosome,’’ but this remains to be
confirmed.

MATERIAL AND METHODS

Cell culture and mitochondria isolation

L. tarentolae UC strain cells were grown in brain heart infusion
supplemented with 10 mg/mL hemin at 27°C. For large-scale
mitochondria isolation, cells were grown in 22 L quantities in a
New Brunswick Bioflow 4500 Fermenter to late log phase and
harvested using a Cepa Model Z-41 continuous flow centrifuge.
Cells were washed in SET and stored as pellets at -80°C for whole
cell TAP isolation. Mitochondria were isolated from late log phase
cells using Renografin density gradients as described (Braly et al.
1974) and stored as pellets at z80°C.

Plasmid construction

The LC-8 gene from L. major was cloned into a TAP vector con-
taining a neomycin-resistance marker in frame with the calmod-
ulin binding and Protein A tags (Aphasizhev et al. 2003a).
L. tarentolae UC strain cells were transfected by electroporation
as described. Transformants were selected by plating on agarose
containing G418 and grown at 27°C with gentle agitation in
BHI-hemin with 100 mg/mL G418.

TAP isolation

A modified TAP isolation procedure was used (Aphasizhev et al.
2003a), with either whole cells or isolated mitochondria. The lysis

FIGURE 4. RT-PCR of maxicircle mRNA transcripts. (A) Never-edited (9S, 12S, ND1) and
pre-edited (CO2, ND7) mRNA transcripts were detected in the LC-8-TAP pull-down. (B) RT-
PCR of partially edited ND8 and Cyb-A6 junction regions. (C) RT-PCR of ND8 mRNA from
glycerol gradient fractions of LC-8-TAP pull-down. A 59-unedited and 39-edited primer set
was used. The 230 bp band and the smear above this band were eluted from a 20S fraction,
cloned and sequenced. The sequences confirmed the 230 bp band as unedited ND8 mRNA and
the upper smear as partially edited ND8 RNAs (data not shown). RNA templates were treated
multiple times with DNase I. PCR control lanes are indicated. Products visualized by ethidium
bromide. See Supplemental Figure S3 for primer sets used and Supplemental Tables S1, S2 for
primer sequences.
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was performed in TKM buffer (10 mM Tris-HCl at pH 7.4,
60 mM KCl, 10 mM MgCl2). The lysate was sonicated using
a Biologics Model 150 V/T sonicator for 3 3 30 s. For whole
cell TAP isolation, the lysate was clarified by centrifugation in
the SS34 rotor for 15 min at 19,000 rpm or the SW24 rotor at
20,000 rpm for 15 min, followed by filtration through a 2.7 mm
Whatman glass fiber syringe filter. TAP isolation from mito-
chondrial lysate or whole cells yielded pull-downs of equivalent
purity.

Gradient centrifugation

Gradients were 10%–30% glycerol in TKM buffer. Mitochondrial
pellets were lysed in TKM with 0.5% Triton X-100, and the lysate
clarified by centrifugation. The mitochondrial lysate or TAP pull-
down was layered on top and the gradients centrifuged for 2–4 h
at 50,000 rpm in a Beckman SW55 rotor, or for 20 h at 30,000
rpm in an SW41 rotor. Gradients were fractionated from the top
using the ISCO Model UA-6 fractionator.

Gel electrophoresis

Novex (Invitrogen) 3%–12% gradient acrylamide gels in Bis-Tris
buffer were used. Molecular weight standards from Invitrogen
were used to calibrate the gel, with the largest being 1.236 MDa
and 1.048 MDa. Electrophoresis was for 1 h at 150 V followed by
2 h at 250 V at 4°C. Blue native gels were electro-blotted onto
Immobilon-PVDF filters (Millipore), which were processed for
Western blot analysis using anti-REL1 monoclonal antibody. The
Pierce West Pico system was used to visualize the bands. SDS gel
electrophoresis was performed using Novex (Invitrogen) 4%–12%
or 8%–16% Tris-Glycine gradient gels. Gels were stained with
Sypro Ruby (Invitrogen), and visualized using a Biochimi System
(UVP) with a First Light 300 nm UV transilluminator (UVP), and
analyzed using LabWorks software (UVP).

Antibody production

The mouse monoclonal antibody against L. tarentolae REL1 was
generated by the Cal Tech Monoclonal Facility. Polyclonal
antibody against the MRP1/2 proteins were obtained from
Covance Research (Aphasizhev et al. 2003b).

PCR and RT-PCR analysis

Specific oligonucleotides for PCR and RT-PCR were commercially
synthesized (IDT). Reverse transcription reactions were per-
formed with Superscript II (Invitrogen) using gene specific prim-
ers. PCR products were visualized by ethidium bromide staining
using agarose gel electrophoresis.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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