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RNA editing in Trypanosoma brucei mitochondria produces mature mRNAs by a series of enzyme-catalyzed
reactions that specifically insert or delete uridylates in association with a macromolecular complex. Using a
mitochondrial fraction enriched for in vitro RNA editing activity, we produced several monoclonal antibodies
that are specific for a 21-kDa guide RNA (gRNA) binding protein initially identified by UV cross-linking.
Immunofluorescence studies localize the protein to the mitochondrion, with a preference for the kinetoplast.
The antibodies cause a supershift of previously identified gRNA-specific ribonucleoprotein complexes and
immunoprecipitate in vitro RNA editing activities that insert and delete uridylates. The immunoprecipitated
material also contains gRNA-specific endoribonuclease, terminal uridylyltransferase, and RNA ligase activities
as well as gRNA and both edited and unedited mRNA. The immunoprecipitate contains numerous proteins, of
which the 21-kDa protein, a 90-kDa protein, and novel 55- and 16-kDa proteins can be UV cross-linked to
gRNA. These studies indicate that the 21-kDa protein associates with the ribonucleoprotein complex (or com-

plexes) that catalyze RNA editing.

RNA editing produces mature mRNAs in the mitochondria
of trypanosomatids by guide RNA (gRNA)-directed posttran-
scriptional insertion and deletion of uridylates (U’s) (2). This
process can be so extensive that most of the coding sequence,
as well as the initiation and termination codons, results from
RNA editing (1, 11, 27, 28, 30). Stage-specific RNA editing
appears to regulate mitochondrial respiration in the different
life stages of African trypanosomes (9, 29). The mRNAs for
components of respiratory complex I are preferentially edited
in the mammalian stage of the life cycle, where the trypano-
somes lack cytochromes, rely on glycolysis for energy produc-
tion, and utilize complex I and alternate oxidase for terminal
respiration. In contrast, the invertebrate stage predominantly
utilizes cytochrome-mediated oxidative phosphorylation for
energy generation while editing cytochrome mRNAs only in
this stage.

The edited mRNA sequence is specified by trans-acting
small RNA molecules called gRNAs, which are complemen-
tary to their edited cognate mRNAs (4). The gRNAs have
three distinct regions. A 5- to 15-nucleotide (nt) region at
the 5’ end of gRNAs is complementary to the sequence of its
cognate preedited mRNA that is immediately 3’ to the region
that will be edited. Formation of a duplex between these re-
gions, called the anchor duplex, is an essential prelude to edit-
ing. A 55- to 70-nt guiding region, immediately 3’ to the anchor
region, contains the sequence information that can specify the
insertion or deletion of U’s at 1 to 20 internucleotide sites in
the pre-mRNA. The third region contains the 3’ end of the
gRNA, which has a 5- to 24-nt oligo(U) tail that is added
posttranscriptionally, presumably by a terminal uridylyltrans-
ferase (TUTase) activity. The function of the oligo(U) tail is
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unknown, but it may enhance the interaction between the
¢RNA and the region of the RNA that is 5" of the editing site,
which tends to be purine rich (5, 25). While gRNAs have dis-
tinct sequences, they appear to form similar structures in vitro
with 5" and 3’ stem-loops (12, 24).

In vitro studies indicate that RNA editing occurs by a series
of enzymatically catalyzed steps (13, 25, 26). These studies sug-
gest that editing is initiated by endoribonucleolytic cleavage of
the pre-mRNA at a site that is 5’ to the anchor duplex. Fol-
lowing cleavage, U’s are added or removed at the 3’ end of the
5' cleavage product by one or more enzymes that are yet to be
fully characterized. The 5’ cleavage product with the added or
removed U’s is ligated with the 3’ cleavage product by an RNA
ligase to produce the edited product. The mechanism by which
the number of U’s is specified by the gRNA is not yet deter-
mined. Chimeric RNA molecules in which gRNAs are cova-
lently linked at their 3’ end to the 3’ portion of a pre-RNA are
also detected both in vivo and in vitro (6, 13, 20). These
molecules do not appear to be editing intermediates as previ-
ously proposed but rather seem to be aberrant by-products of
the editing reaction (13, 25).

In vitro editing activity requires Trypanosoma brucei mito-
chondrial extract in addition to pre-mRNA, gRNA, divalent
cations, ATP, and UTP (for insertion) (13, 26). The in vitro
RNA editing activities that insert or delete U’s sediment at
~20S in isokinetic glycerol gradients, indicating that editing
occurs in association with a multicomponent macromolecular
complex (8). The 20S fraction also contains the gRNA-specific
endoribonuclease activity as well as TUTase and RNA ligase.
However, substantial TUTase and RNA ligase activities also
sediment at ~408S, suggesting that multiple forms of the editing
complex may exist (8, 18). Such a complex (or complexes)
would be predicted to contain multiple molecules to account
for the several catalytic activities and other functions such as
RNA binding, positioning, translocation, and unwinding. Four
RNP complexes (G1 to G4) that form with mitochondrial
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extract and gRNA have also been visualized on native poly-
acrylamide gels (10, 19). These complexes were found to be
gRNA specific, since homologous and heterologous gRNA
prevent their formation whereas non-gRNA transcripts do not.
The complexes contain protein since both sodium dodecyl sul-
fate (SDS) and proteinase K prevent their formation.

While editing occurs in association with an RNP complex,
the components of that complex remain largely unknown and
hence uncharacterized. Several candidate protein components
have been identified by their ability to UV cross-link specifi-
cally with gRNA (15, 16, 19). In T. brucei, these include 21- and
90-kDa proteins that are highly specific for gRNA, based on
RNA competition experiments (19). The 21-kDa protein
(gBP21) has been recently purified, and its gene has been
cloned and sequenced (14). The sequence predicts an arginine-
rich protein, and the recombinant protein binds gRNA with
high affinity. UV cross-linking of the 90-kDa protein requires
that the gRNAs have an oligo(U) tail, while the 21-kDa pro-
tein binds to the 3’ stem-loop of gRNA (12, 19).

The development of an in vitro assay for RNA editing (26)
permitted the enrichment of editing activity by biochemical
techniques. Material enriched for RNA editing activity was
used to produce a panel of 81 independent monoclonal anti-
bodies (MAbs), of which six are specific for a 21-kDa protein
that binds gRNA. The MADs alter the mobility on native poly-
acrylamide gels of gRNA-specific RNP complexes G1 and G2,
and they immunoprecipitate the in vitro RNA editing activity
as well as all catalytic activities and RNAs associated with
editing. The immunoprecipitate contains multiple proteins, in-
cluding some with mobilities similar to those of the eight major
proteins reported to have been found in a fraction enriched for
editing activity by biochemical techniques (21) as well as pro-
teins that specifically cross-link with gRNA (19). The data
presented here indicate that gBP21 can associate with RNP
complexes that are capable of RNA editing in vitro. The pos-
sible significance of this association is discussed.

MATERIALS AND METHODS

Antigen preparation and MAb production. 7. brucei procyclic and blood-
stream forms (EATRO 164) were grown in vitro as previously described (31).
Subcellular fractionation, storage of mitochondrial vesicles, and preparation of
mitochondrial lysate that is active for in vitro RNA editing were performed as
described by Corell et al. (8). The lysate was fractionated by slowly adding solid
(NH,),SO, at 4°C to a concentration of 30% with stirring for 1 h. The super-
natant from centrifugation at 15,000 rpm for 30 min at 4°C in a Beckman JA-20
rotor contained the in vitro RNA editing activity (assay described below). The
supernatant was raised to 45% (NH,),SO, at 4°C with stirring for 1 h and
recentrifuged. The pellet, which contained the in vitro RNA editing activity, was
resuspended in 500 pl of HHE (20 mM HEPES [pH 7.9], 50 mM KClI, 10 mM
magnesium acetate, 0.5 mM dithiothreitol) with 1 mM ATP and layered on a
11.5-ml 10 to 40% glycerol gradient. Gradients were centrifuged at 38,000 rpm in
a Beckman SW40 rotor for 5 h at 4°C and fractions of 500 wl were collected.
Fractions containing RNA editing activity were concentrated by adding (NH,),
SO, to 70% as described above to produce the antigen for MAb production,
which was performed by standard protocols (7). Five female BALB/c mice were
injected subcutaneously with ~15 pg of antigen in Freund’s complete adjuvant
and again 14 days later with antigen in Freund’s incomplete adjuvant. The mice
were injected intraperitoneally with antigen in incomplete Freund’s adjuvant on
day 35 and then both intraperitoneally and intravenously with antigen in incom-
plete Freund’s adjuvant on day 56. Three days later, splenocytes from the best
responder were fused with the SP2/O myeloma cell line and grown in 96-well
plates. Supernatants were screened by enzyme-linked immunosorbent assay
(ELISA) for antibody against the immunogen, using plates coated with immuno-
gen (10 pg/ml) and using goat anti-mouse immunoglobulin G (IgG) conjugated
with alkaline phosphatase (Bio-Rad) as the secondary antibody. Clones from
positive wells were made by limiting dilution and rescreened by ELISA to yield
a total of 81 clones.

Plasmids and RNA. gRNA expression plasmids for gA6[14]wt and gA6[14]
A16G, as well as mRNA substrates A6short/Tag.1 and A6-eEsl, were con-
structed as previously described (13, 26). gRNAs and mRNA substrates were
transcribed by using T7 RNA polymerase and purified on a 9% (wt/vol) dena-
turing polyacrylamide gel, followed by visualization by UV shadowing. Uniformly
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labeled transcripts were transcribed in the presence of [a-*?PJUTP (800 Ci/
mmol) and purified as described above except that the transcripts were visualized
by autoradiography. mRNA substrates were labeled by ligation of [**P]pCp to
the 3" end of the transcript as previously described (25), purified on a 9% (wt/vol)
denaturing polyacrylamide gel, and visualized by autoradiography.

Western blot analysis. A 600-ng aliquot of total mitochondrial lysate was
separated by polyacrylamide gel electrophoresis on an SDS-12% (wt/vol) poly-
acrylamide gel, followed by transfer to nitrocellulose by using standard protocols
(7). The filters were blocked for 1 h in phosphate-buffered saline (PBS; 4.3 mM
Na,HPO,, 1.4 mM KH,PO,, 137 mM NaCl, 2.7 mM KCI [pH 7.3]) containing
10% (wt/vol) nonfat milk and 0.2% (vol/vol) Tween 20. Tissue culture superna-
tants diluted 1:100 were incubated with the filter overnight at 4°C with gentle
agitation. After several washes in PBS, goat anti-mouse antibody conjugated to
horseradish peroxidase (Bio-Rad) diluted 1:5,000 was added, and the mixture
was incubated at room temperature for 2 h. The Amersham ECL kit was used to
visualize the MAb protein target, following the manufacturer’s protocol.

Indirect immunofluorescence. Procyclic trypanosomes grown to mid-logarith-
mic phase were washed in TDB (20 mM Na,HPO,, 2 mM NaH,PO,, 5 mM KClI,
80 mM NaCl, 1 mM MgSO,, 10 mM glucose [pH 7.4]), resuspended to 5 X 10°
cells/ml in TDB, and spotted onto printed microscope slides. The parasites were
allowed to adhere to the slide for 15 min in a moist chamber and were then fixed
for 10 min at room temperature with 1.5% (vol/vol) formaldehyde in PBS.
Bloodstream-form parasites harvested at the peak of parasitemia were washed
with TDB, fixed in suspension with 1.5% (vol/vol) formaldehyde in PBS at 2 X
107 cells/ml, and then spotted onto slides pretreated with 3% bovine serum
albumin in PBS supplemented with 0.02% (wt/vol) NaNj;. Cells were permeabil-
ized by treatment for 10 min with 0.1% (vol/vol) Triton X-100 in PBS, washed with
PBS, and then blocked for 1 h with 3% (wt/vol) bovine serum albumin in PBS
supplemented with 0.02% (wt/vol) NaN;. The cells were incubated with the
undiluted hybridoma supernatants for 1 h in a moist chamber, washed extensively
with PBS, and incubated for 1 h with fluorescein isothiocyanate-conjugated goat
anti-mouse antibody (Dianova) diluted 1:200 in PBS. The fixed cells were treated
for 5 min with 4’,6-diamidino-2-phenylindole (DAPI; 0.8 pg/pl in PBS) to stain
DNA. The cells were washed with PBS and mounted with ProLong antifade medium
(Molecular Probes) according to the manufacturer’s specifications. Fluorescence
was observed with a Nikon fluorescence microscope equipped with the appro-
priate filters.

Gel retardation assay. Ten femtomoles of radiolabeled gRNA was incubated
with mitochondrial lysate (5 pg) in 15 pl of binding buffer (20 mM HEPES [pH 7.9],
50 mM KCl, 10 mM magnesium acetate, 1 mM EDTA, 0.5 mM dithiothreitol, 750
ng of yeast RNA per pl) for 30 min at 27°C. Immediately after incubation, com-
plexes were separated on a 4% (wt/vol) nondenaturing polyacrylamide gel (acryl-
amide/methylene bisacrylamide ratio of 80:1) in 50 mM Tris-glycine (pH 8.8) at
5 to 10 V/em. After electrophoresis, gels were fixed in 10% (vol/vol) methanol-
10% (vol/vol) acetic acid for 30 min, dried, and subjected to autoradiography.
Supershift experiments included ~500 ng of MAD in the reaction mixture.

Immunoprecipitation. Inmunomagnetic beads (Dynabeads M-450; Dynal)
coated with goat anti-mouse IgG were coupled with purified MAbs at a concen-
tration of 1.5 pg of MAb/mg of immunomagnetic beads. Coupling was per-
formed in PBS for 30 min at 4°C with bidirectional mixing. After incubation, a
magnet was applied for 2 min, followed by three to four 1-min washes with PBS.
In experiments where MAbs were cross-linked to the immunomagnetic beads,
1.2 X 10° MAb-specific beads were incubated in 10 ml of 0.2 M triethanolamine
(pH 9.0) at 23°C with 52 mg of dimethyl pimelimidate dihydrochloride (Sigma)
for 45 min with mixing. After incubation, the beads were incubated in an addi-
tional 10 ml of 0.2 M triethanolamine (pH 9.0) at 23°C for 2 h and then washed
with either PBS or HHE. Immunoprecipitation of mitochondrial proteins was
performed by incubating crude mitochondrial lysate with MAb-specific immu-
nomagnetic beads at a mitochondrial protein/MAb ratio of 10:1 (vol/vol). The
mixture was allowed to incubate at 4°C with bidirectional mixing for 2 h. After
incubation, the beads were washed five times (1 min each) with cold HHE. The
final washed beads were resuspended in the amount of HHE appropriate for the
experimental design being used. For SDS-PAGE analysis of proteins, MAb-
specific immunomagnetic beads prepared as described above were incubated
after the final wash with elution buffer (25 mM glycine [pH 2.5], 150 mM KClI,
1% [wt/vol] SDS) for 10 min at 4°C with bidirectional mixing. The eluted proteins
were then dialyzed against HHE, separated by SDS-PAGE on a 10% (wt/vol) gel,
and detected by silver staining.

In vitro RNA editing, TUTase, and RNA ligase assays. The in vitro deletion
assay was modified from previously published protocols (13, 25). Three milli-
grams of MAb-specific immunomagnetic beads used in immunoprecipitation
reactions as described above was resuspended in 60 .l of assay buffer (HHE with
5 mM CaCl,, 1 U of RNasin, 1 mM ATP, 750 ng of Torula yeast RNA per pl, 0.25
pmol of gA6[14]A16G, and 2.5 pmol of [*>P]pCp-labeled A6short/Tag.1) and
incubated at 27°C for 1 h with mixing. The in vitro insertion assay was essentially
the same as the deletion assay except that (i) [**P]pCp-labeled A6-¢ESI in
combination with gA6[14]wt was used instead of A6short/Tag.1 with gA6[14]
A16G and (i) 1 mM UTP was included in the reaction mixture. After incubation,
40 pl of Tris-EDTA was added, followed by phenol-chloroform extraction. The
RNA was then precipitated by adding 5 pg of glycogen, 12 pl of 3 M sodium
acetate, and 300 pl of cold ethanol. The pellet was then washed with 70%
(volvol) ethanol and resuspended in 5 pl of diethylpyrocarbonate-treated H,O
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and 5 pl of formamide dye (95% [vol/vol] formamide, 0.09% [wt/vol] bromo-
phenol blue, 0.09% [wt/vol] xylene cyanol FF). The samples were then loaded
onto a 9% (wt/vol) denaturing polyacrylamide gel. After electrophoresis, the gels
were dried and the RNA was visualized by autoradiography.

TUTase assays were modified from previously reported protocols (8). MAb-
specific immunomagnetic beads (1.5 mg) from immunoprecipitation reactions
described above were resuspended in 20 pl of HHE with 1 mM ATP, 1 ug of
yeast tRNA, and 5 p.Ci of [«->?PJUTP (800 Ci/mmol). After incubation for 30
min at 27°C, a 5-pl aliquot of the reaction mixture was spotted onto duplicate
fiberglass disks, followed by four 15-min washes in cold 10% (wt/vol) trichloro-
acetic acid with 50 mM sodium pyrophosphate on ice. Incorporated radioactivity
was quantified by liquid scintillation counting.

RNA ligase activity was assessed by self-adenylylation of the enzyme (22).
MADb-specific immunomagnetic beads (1.5 mg) from immunoprecipitation reac-
tions described above were resuspended in 20 pl of HHE with 10% (vol/vol)
dimethyl sulfoxide, 1 pg of yeast tRNA, and 5 uCi of [a-*P]ATP (3,000 Ci/
mmol). The reaction mixture was incubated at 27°C for 30 min, and then 6.6 .l
of 3X SDS-PAGE loading dye (150 mM Tris-HCI [pH 6.8], 300 mM dithiothre-
itol, 6% [wt/vol] SDS, 0.3% [wt/vol] bromophenol blue, 30% [vol/vol] glycerol)
was added. Proteins were separated by SDS-PAGE on a 10% gel. The gel was
dried, and proteins were visualized by autoradiography.

RNA isolation and analysis. Immunoprecipitation of associated RNA was
performed with MAb-specific magnetic beads prepared as described above. Mi-
tochondrial extract was mixed with the MAb-specific beads at a ratio of 4:1
(vol/vol) for 4 h at 4°C. The RNA was extracted from the immunoprecipitated
material with an equal volume of phenol-chloroform and then precipitated with
ethanol. The RNA was then separated on either a 2% (vol/vol) formaldehyde-
containing agarose gel or a 6% (wt/vol) polyacrylamide-7 M urea gel and then
transferred to nitrocellulose as previously described (23). The membranes were
prehybridized in 5X SSPE (50 mM NaH,PO, [pH 7.0], 40 mM NaOH, 900 mM
NaCl, 5 mM EDTA)-1% (wt/vol) SDS-10xX Denhardt’s solution-50 g of de-
natured sheared salmon sperm DNA per ml for 5 h at the hybridization tem-
peratures listed below. The membranes were hybridized overnight in 5X SSPE
with 32P 5" end-labeled oligonucleotide probes MURF4.1 (CCTTTCTCCTTCA
TTTCCTCTCCTGTCTCCTTCTCTTCCGCCC) at 50°C, MURF4.14 (CACAA
TAATACATACATAATAACAAACGCAACC) at 50°C, and gA6-1 (CACTG
TCAAAATCTGATTCGTTATCGGAG) at 55°C. The membranes were washed
sequentially for 1, 2, and 3 min in 5X SSPE-1% (wt/vol) SDS at room temper-
ature and for 6 min in 1X SSPE-1% (wt/vol) SDS at the hybridization temper-
ature. The RNA was visualized by autoradiography.

UV cross-linking. The gRNA-specific cross-linking to proteins in crude mito-
chondrial extract was performed as previously described (19) except that the
buffer used was HHE. In experiments where UV cross-linking was performed
after immunoprecipitation (see Fig. 9), MAb-specific immunomagnetic beads (1.5
mg) from immunoprecipitation reactions described above were resuspended in
15 wl of HHE containing 10 fmol of radiolabeled gRNA (see above) and 250 ng
of yeast RNA per pl as a competitor. The reaction mixture was incubated for 20
min at rom temperature and then subjected to UV cross-linking as previously
described (19). Following UV cross-linking, 1.5 pl of RNase A (10-mg/ml stock) was
added, and the reaction mixture was incubated for 15 min at 37°C. After incubation,
3.5 ul of 3X SDS-PAGE loading dye was added. Proteins were then separated on an
SDS-12% polyacrylamide gel; the gel was dried and subjected to autoradiogra-

phy.

RESULTS

Production and identification of anti-gBP21 MAbs. Precip-
itation with (NH,),SO, and glycerol gradient sedimentation
allowed substantial enrichment of the in vitro RNA editing
activity (Fig. 1). All detectable in vitro RNA editing activity
precipitates at between 30 and 45% (NH,),SO, (Fig. 1A),
which represents ~10% of the protein in total mitochondrial
extract. The bulk of the precipitated activity sediments at ~20S
(fractions 16 to 18) in 10 to 40% (vol/vol) glycerol gradients
(Fig. 1B), indicating that the activity is associated with com-
plexes. (NH,),SO, precipitation did not affect the sedimenta-
tion of editing complexes compared to gradients for which
(NH,),SO, precipitation was not performed (data not shown)
(8). This ~20S fraction from the 30 to 45% (NH,),SO, frac-
tion was used to raise a panel of MADbs as described in Mate-
rials and Methods. Eighty-one independent MADs that showed
a variety of protein targets based on Western blot analysis were
obtained (data not shown). Of these, six were found to be
specific for a ~21-kDa protein by Western blot analysis, as
illustrated by assays using MADb 56, the antibody used most
extensively in this study (Fig. 2A). We examined the possibility
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FIG. 1. Antigen for MAD production. The in vitro RNA editing activity was
enriched by subcellular fractionation of mitochondria followed by (NH,),SO,
precipitation and glycerol gradient fractionation to prepare immunogen used for
the production of MAbs (see Materials and Methods). (A) In vitro editing assay
(U deletion) of fractions from sequential steps of (NH,),SO, precipitation of
crude mitochondrial lysate, showing editing activity in the 45% pellet. The
product formed by the deletion of three U’s from editing site 1 of the input RNA
(A6short/Tag.1) is indicated. (B) In vitro RNA editing assay (U deletion) of the
208 fraction from glycerol gradient sedimentation of the 45% (NH,),SO, pre-
cipitate showing the editing activity.

that this was the ~21-kDa protein previously identified as a
gRNA-specific UV-cross-linking protein that is present in mi-
tochondrial extracts (19). To do this, we incubated uniformly
labeled gRNA with mitochondrial extract, UV cross-linked the
RNA to the protein, and treated the preparation with RNase
A to remove the non-cross-linked portion of the RNA as de-
scribed in Materials and Methods. This treatment labeled sev-
eral proteins, as we previously had found (Fig. 2B, crude ex-
tract) (19). However, all six MAbs immunoprecipitated the
labeled ~21-kDa protein when coupled with magnetic beads
(Fig. 2B [data not shown for two of the MADbs]). Magnetic
beads alone or coupled with a control MAb (anti-7. brucei
dihydrolipoyl transacylase MAb ODB?2) did not immunopre-
cipitate labeled proteins. Similarly, experiments using an RNA
transcript of equal size derived from pBluescript (Stratagene)
did not immunoprecipitate any UV-cross-linked proteins (data
not shown). In addition, the MADs reacted with recombinant
gBP21 protein in Western blot analysis (Fig. 2C; data for MAb
56 shown). Thus, these six MAbs are specific for gBP21, and
this protein is present in fractions enriched for in vitro RNA
editing activity. Further Western blot analysis determined that
only four of the six MAD cell lines (MAD lines 46, 56, 61, and
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FIG. 2. Identification of target protein. (A) Western blot analysis of crude
mitochondrial lysate separated by SDS-PAGE on a 12% (wt/vol) gel. MAb 56
(and five other MAbs not shown) recognized an ~21-kDa protein. (B) Immu-
noprecipitation of gRNA UV-cross-linked proteins. Proteins that cross-link with
uniformly labeled gRNA in crude mitochondrial lysate and immunoprecipitate
with the MAbs specific to gBP21 after treatment with RNase A were separated
by SDS-PAGE on a 12% (wt/vol) gel and visualized by autoradiography as
described in Materials and Methods. The four MAbs shown (and two others not
shown) recognize an ~21-kDa UV-cross-linking protein. (C) Western blot anal-
ysis showing that the MAbs (MAb 56 shown) recognize recombinant gBP21.
Time points refer to sampling intervals after induction of culture (see Materials
and Methods). Sizes are indicated in kilodaltons at the left.



67) produced antibodies in high quantities. Consequently,
these four MAbs were used in subsequent experiments.

Immunofluorescence analysis with MAb 56 shows distinct
staining of the mitochondrion, most intensely in the kineto-
plast (Fig. 3A [DAPI] and 3B [MADb 56]). The bloodstream
forms show the typical single tubular mitochondrion (Fig. 3C),
while the procyclic forms have a network of interconnected
tubules (Fig. 3B). Thus, gBP21 appears to be exclusively local-
ized in the mitochondrion and preferentially located in the
kinetoplast region.

Anti-gBP21 MAbs recognize complexes that are associated
with editing. The anti-gBP21 MAbs supershift gRNA-specific
complexes that are visualized in 4% (wt/vol) nondenaturing
polyacrylamide gels (Fig. 4). The G1, G2, and G3 complexes
that were previously shown to be specific for gRNA (10, 19) are
shown in Fig. 4 (No MAD). The G4 complex is not resolved in
these gels. The G1 and G2 complexes, which were shown to
contain a ~21-kDa protein that UV cross-links to gRNA (19),
supershift upon the inclusion of anti-gBP21 MAbs (Fig. 4).
Supershifting of the G3 complex was not detected. As with the
formation of the RNP complexes, the supershift is not affected
by the addition of heterologous RNA transcripts (pBluescript)
as a competitor of both the formation of the RNP complexes
and the subsequent supershift (data not shown). In addition,
SDS and proteinase K digestion ablates both the formation of
the RNP complex and the subsequent supershift (data not
shown). The amount of G1 and G2 that is supershifted is
dependent on the amount of MAb added to the reaction and
thus is probably not due to differences between the MAbs
(data not shown). As seen in Fig. 4 (MAD 61), all of G1 and G2
can be supershifted by the MAbs. These studies indicate that
the G1 and G2 RNP complexes contain gBP21 and that all of
the labeled gRNA is associated with the gBP21 protein. They
also imply that while G3 contains gRNA, the specificity for
gRNA does not appear to entail gBP21 or its state is such that
anti-gBP21 MAb cannot produce a detectable mobility shift.

The anti-gBP21 MAbs can immunoprecipitate in vitro RNA
editing activity. Inmunomagnetic beads coupled with either of
four anti-gBP21 MAbs immunoprecipitated both deletion and
insertion editing activities (Fig. 5). As shown in Fig. 5A, the
four MAbs (MAbs 46, 56, 61, and 67) precipitate the activity
that specifically deletes four U’s from the synthetic mRNA
substrate. The gRNA/pre-mRNA chimeras that form in vitro
(as well as in vivo) and which are thought to be nonproductive
by-products of editing are also observed (13, 25). In addition,
the specific 3’ cleavage product of the pre-mRNA is produced.
This finding demonstrates that the gRNA-specific endoribo-
nuclease is also present in the immunoprecipitated material.
By inference, the material contains a 3" exoribonuclease activ-
ity that removes the U’s from the 3’ end of the 5’ cleavage
product of the pre-mRNA, although the reverse activity of the
enzyme that adds U’s could also be responsible. A control
MAD (ODB2) attached to immunomagnetic beads and immu-
nomagnetic beads alone do not immunoprecipitate activities
responsible for production of edited RNA, chimeras, or the
endoribonuclease activity. Similarly, the anti-gBP21 MAbs im-
munoprecipitate the activity that specifically inserts two U’s
into pre-mRNA (Fig. 5B [results for MAD 61 not shown]). The
immunoprecipitate produces edited RNA, gRNA/pre-mRNA
chimeras, and the 3’ cleavage product of the pre-mRNA that is
the result of gRNA-specific endoribonucleolytic cleavage. Mi-
crococcal nuclease treatment of mitochondrial extracts before
immunoprecipitation abolished the ability of the MAbs to im-
munoprecipitate both deletion and insertion type editing, sug-
gesting a requirement for an RNA component (data not shown).
The editing activity is in excess relative to the MAD in these
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experiments since the extract incubated with the immunomag-
netic beads is sufficient for hundreds of in vitro editing assays.
Attempts to deplete the extract of editing activity were incon-
clusive since while repeated immunoprecipitations resulted in
abolishment of activity in the supernatant, the need to use less
supernatant and to handle the material more may alone have
resulted in the abolishment of activity in the supernatant. Thus,
it is unclear if gBP21 is associated with all complexes that are
capable of editing.

In addition to the endo- and exoribonuclease activities, the
anti-gBP21 MAbs immunoprecipitate the 3’-terminal TUTase
and RNA ligase activities (Fig. 6) that are implied by the
cleavage/ligation model for RNA editing (30). The TUTase
activity, which may add U’s to the 3" end of gRNA, is present
in abundance in the material immunoprecipitated with each of
the anti-gBP21 MADs but absent from immunoprecipitates
resulting from the use of uncoated beads or beads coated with
control antibody ODB2 (Fig. 6A). Similarly, RNA ligase, as
measured by self-adenylylation, is also immunoprecipitated by
the four anti-gBP21 MADbs but not in the control immunopre-
cipitations (Fig. 6B). Thus, the anti-gBP21 MAbs immunopre-
cipitate all of the individual activities that are expected to be
associated with RNA editing as well as the overall in vitro
RNA editing activity itself. As found with in vitro RNA editing
activity, micrococcal nuclease treatment of extracts before im-
munoprecipitation abolishes the ability of the MAbs to immu-
noprecipitate TUTase or the self-adenylylatable proteins (data
not shown).

Northern blot analyses of the material that is immunopre-
cipitated by the anti-gBP21 MAbs reveal the presence of
gRNA (as expected since the MADbs are against a gRNA bind-
ing protein) as well as preedited, partially edited, and edited
mRNAs (Fig. 7). A probe that is specific for gA6[14] gRNA
reveals the presence of endogenous gRNA (Fig. 7A) (3). Hy-
bridization with the MURF4.1 oligonucleotide probe, which is
complementary to 3" A6 mRNA sequence that is not edited,
reveals preedited A6 mRNA as well as partially edited A6
mRNA in the immunoprecipitated material (Fig. 7B) (3). The
MURF4.14 oligonucleotide probe, which is complementary to
5" edited A6 sequence, reveals fully and partially edited A6
mRNA (Fig. 7C) (3). Control MAb ODB2 as well as immu-
nomagnetic beads alone do not immunoprecipitate either
gRNA or mRNA (data not shown). Thus, the material that is
immunoprecipitated by antibodies specific for gBP21 contains
all activities and RNAs that are expected to be part of the
complex that catalyzes RNA editing.

Protein profile of immunoprecipitated proteins. SDS-PAGE
analysis of the material immunoprecipitated by the anti-gBP21
antibody shows a complex pattern of proteins upon silver stain-
ing. However, multiple experiments reveal a consistent pattern
of 13 major proteins with apparent molecular masses of 18, 24,
25, 28, 30, 32, 45, 47, 50, 52, 64, 65, and 69 kDa (Fig. 8). This
pattern, which has remained consistent throughout multiple
experiments, is not seen when immunoprecipitation experi-
ments are performed with immunomagnetic beads alone or
when MAb ODB2 is used.

Immunoprecipitation of gRNA binding proteins. We exam-
ined proteins in the immunoprecipitated material that UV
cross-link to gRNA since several proteins have been implicated
in RNA editing by their ability to UV cross-link to gRNA. In
these experiments, immunoprecipitation with anti-gBP21 MAb
46 was followed by UV cross-linking to added uniformly la-
beled gRNA and RNase A treatment (see Materials and Meth-
ods). As expected, the 21-kDa gBP21 protein is prominently
seen in addition to a 90-kDa protein, which may be the same
protein that we previously observed to require the gRNA U



FIG. 3. Immunofluorescence with MADbs specific to gBP21. Procyclic and bloodstream forms of 7. brucei were fixed and stained with MADbs against gBP21 and with
DAPI (see Materials and Methods). (A) DAPI staining showing the nucleus and smaller kinetoplast of procyclic T. brucei. (B) Procyclic T. brucei after incubation with
MAD 56 and development with a goat anti-mouse antibody conjugated with fluorescein isothiocyanate. The kinetoplast is evident as an intensely staining spot in the
network of mitochondrial tubules. (C) Bloodstream 7. brucei examined as in panel B, showing the single tubular mitochondrion.
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FIG. 4. Supershift of gRNA-specific RNP complexes G1 and G2. Specific
complexes that form with uniformly labeled gRNA were separated on a 4%
(wt/vol) nondenaturing polyacrylamide gel and then autoradiographed. The lane
marked as containing no MAb shows gRNA-specific RNP complexes that form
in the absence of the MAbs. Lanes in which MAbs specific for gBP21 were added
to the reaction mixture (see Materials and Methods) show a supershift of RNP
complexes G1 and G2.

tail for UV cross-linking (19). Furthermore, a ~55-kDa and a
~16-kDa protein, neither of which has previously been de-
scribed, were also observed (Fig. 9). This finding suggests
that these proteins are closely associated with gRNA in
RNA editing complexes.

DISCUSSION

This study reports that MAbs specific for the gRNA binding
protein gBP21 can immunoprecipitate in vitro RNA editing
activity and its component activities of gRNA-specific endori-
bonuclease, TUTase, and RNA ligase (protein self-adenylyla-
tion). In addition, gRNA and preedited, partially edited, and
fully edited mRNAs are also immunoprecipitated. This finding
suggests that the antibodies immunoprecipitate functional ed-
iting complexes by virtue of their association with the gBP21
protein. The MADbs are specific for gBP21 since they reveal a
single ~21-kDa protein in Western blot analyses of samples
from isolated 7. brucei mitochondria (Fig. 2A) and from Esch-
erichia coli expressing recombinant gBP21 (Fig. 2C) and since
they immunoprecipitate a ~21-kDa protein that specifically
cross-links with gRNA (Fig. 2B). The recovery of six of 81
MADbs specific for gBP21 shows that this protein is present in
the 20S fraction from the 30 to 45% (NH,),SO, precipitate
and suggests that it may be abundant in this fraction and/or
highly immunogenic.

The immunoprecipitation of editing activity and its associ-
ated activities appears to be specific but does not definitively
demonstrate a functional association of gBP21 with the editing
complex. The specificity is evident from the results that MAbs
specific for other mitochondrial components or non-7. brucei
antigens as well as immunomagnetic beads to which additional
antibodies are not coupled do not precipitate the activities.
The inability to immunoprecipitate the activities after treat-
ment of mitochondrial extract with (and subsequent to inacti-
vation of) micrococcal nuclease suggests a functional associa-
tion between gBP21 and the editing complex which involves
RNA. However, although the addition of EGTA does not
inhibit the editing activity (and other activities), the editing
activity is not detectable in either the immunoprecipitate or
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supernatant after micrococcal nuclease treatment and inacti-
vation. In contrast, TUTase and the self-adenylylatable pro-
teins are seen in the supernatant after treatment. The loss of in
vitro RNA editing activity may have been the consequence of
the manipulations, dilution, or dissociation. Thus, a more di-
rect assessment is needed to ascertain the functional associa-
tion of gBP21 with the complex. Nevertheless, the immuno-
precipitation of RNA editing activities that insert and delete
U’s by the anti-gBP21 MADs indicates that gBP21 is associated
with complexes that perform both types of RNA editing, which
implies that they may be similar.

The coprecipitation of in vitro RNA editing activities that
insert and delete U’s, the component activities of endoribo-
nuclease, TUTase, and RNA ligase, as well as gRNA and
mRNA, suggests that all of these activities and molecules
might be assembled within a multicomponent macromolecular
complex. This is consistent with the current view that editing
occurs by a series of enzyme catalyzed steps (4, 13, 25). Ac-
cording to this model, editing is initiated by an endoribonu-
cleolytic cleavage at a site that is directed by the gRNA (25).
This gRNA-dependent endoribonuclease sediments at ~20S,
as do RNA editing complexes (8), while gRNA-independent
endoribonuclease activity remains at the top of glycerol gradi-
ents. The relationship between the two endoribonuclease ac-
tivities is unclear; they may be distinct enzymes or simply differ
in their association with the complex (17). Nevertheless, gRNA-
dependent endoribonuclease is immunoprecipitated by anti-
gBP21 MAbs (Fig. 5). The MADs also immunoprecipitate ac-
tivities that add or remove U’s at the 3’ end of the 5’ cleavage
product of pre-mRNA, since RNA edited by U insertion or
deletion is produced by the immunoprecipitate. TUTase activ-
ity, detected as the addition of U’s to yeast tRNA, is also
immunoprecipitated by the anti-gBP21 MAbs (Fig. 6A) and
may be responsible for the U insertion. It is unclear if this
enzyme is also responsible for the posttranscriptional addition
of U’s to the 3" end of gRNA or if there are multiple U-
addition enzymes. Removal of U’s during RNA editing may
conceivably occur by the reverse activity of the same enzyme
that adds U’s. However, one study (21) suggests that, at least
for TUTase, this may not be the case since UMP and not UTP
is released upon U removal, although these studies did not
examine authentic sites that are edited. The anti-gBP21 MAbs
also immunoprecipitate the 57- and (to a lesser extent) 50-kDa
self-adenylylatable proteins (Fig. 6B). These proteins are prob-
ably RNA ligases since they accumulate when incubated with
nonligatable substrates but deadenylylate and release AMP
upon incubation with ligatable substrates (22). Thus, they may
be responsible for the RNA ligase activity that catalyzes the
final step in a single round of RNA editing. The requirement
for ATP «-B bond hydrolysis for in vitro RNA editing may
reflect the ATP requirement of RNA ligase, although other
steps in editing may also require ATP hydrolysis (22, 26).

The in vitro RNA editing activity as well as the associated
gRNA-dependent endoribonuclease and RNA editing-associ-
ated U addition and deletion activities sediment with a broad
profile centered at ~20S in glycerol gradients (8). While TUT-
ase and the 50- and 57-kDa self-adenylylatable proteins also
sediment with a peak in this region of the gradient, a second
peak of TUTase and the self-adenylylatable proteins, which is
more prominent in some strains and studies, is centered at
~40S (8, 18). In addition, gRNA and preedited mRNA sedi-
ment near 30S, while partially and fully edited mRNAs sedi-
ment with a broad profile nearer 40S (8, 18). Perhaps the greater
apparent sedimentation coefficient reflects the increased mRNA
size due to RNA editing and/or gRNA or protein accumulation
during editing. One possibility, which we favor, is that com-
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FIG. 5. Immunoprecipitation of in vitro editing activity. Material that immunoprecipitates with MAbs against gBP21 was tested for its ability to support in vitro
RNA editing that deletes (A) or inserts (B) U’s. The right gel in panel B shows a longer separation of the RNA molecules that increases the resolution of the edited
product from the input RNA. Input RNA, 3’ cleavage product, chimeras, and edited product are diagramed to the right of the corresponding RNA molecule. Editing
products were identified by their comigration with known editing products. Editing activity is immunoprecipitated with magnetic beads coupled with MAbs specific for
gBP21 but not with immunomagnetic beads alone (No MAD) or with immunomagnetic beads coupled to a control antibody (ODB2).

plexes sedimenting at ~20S can edit exogenously added RNAs
whereas those sedimenting down to ~40S are associated with
endogenous RNA and thus do not edit exogenous RNA (30).
An alternative suggestion is that the ~20S and ~40S peaks
represent different complexes (18). Western blot analysis
shows that most gBP21 protein is well above the 20S fraction in
glycerol gradients, indicating that the majority of it is not (or
not stably) associated with the editing complexes (data not
shown). However, G1 and G2 gRNA-specific complexes that
contain gBP21 which form in vitro (19) can be quantitatively
supershifted by the anti-gBP21 MAbs, while the G3 complexes
that contain a 90-kDa protein but not gBP21 are not (Fig. 4).
Thus, gBP21 may be in substantial excess relative to editing
complexes and/or it does not remain associated with the edit-

ing complex during the entire editing process. One possibility
is that gBP21 plays a role in the association of the gRNA with
the editing complex. Perhaps G1 and G2 represent early steps
in the association of gRNA with a complex that associates the
gRNA with the editing complex, and the G3 (and perhaps G4)
complex represents a later step in the assembly of the complex.
The localization of gBP21 throughout the mitochondrion with
a greater concentration in the kinetoplast might imply a func-
tional partitioning (Fig. 3). Perhaps the kinetoplast, which is
the site of preedited RNA and gRNA transcription, is also a
site of assembly of the editing complexes.

Studies of gRNA structure (12, 24) indicate that gRNAs
assume a double stem-loop structure with the anchor sequence
contained within the 5" stem and the 3’ U tail extending from
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FIG. 6. Immunoprecipitation of TUTase and [a->?P]ATP self-adenylylatable proteins (RNA ligase). (A) TUTase activity, as monitored by the addition of [a-**P]
UTP to yeast tRNA (counts per minute are shown), immunoprecipitates with the anti-gBP21 MAbs but not with immunomagnetic beads alone (No MAb) or
immunomagnetic beads coupled with control MAb ODB2. (B) Anti-gBP21 MAbs immunoprecipitate the [a->?P]ATP self-adenylylatable proteins (RNA ligase) while

immunomagnetic beads and the control antibody (ODB2) do not.

and not included within the 3’ stem. In vitro footprint analysis
shows that gBP21 protects a substantial part of the 3" stem-
loop structure (12). This might leave the 5 region free to form
a duplex with the pre-mRNA. UV cross-linking to gRNA with
the 90-kDa protein, which is U tail dependent (19), sediments
at 10S to 20S on glycerol gradients after incubation with mi-
tochondrial extract, as does UV-cross-linked gBP21 (8). How-
ever, the UV-cross-linked 90-kDa protein is primarily seen in
the ~40S fraction, while most UV-cross-linked 21-kDa protein
is in a 10S fraction if the extract is fractionated before UV
cross-linking. Perhaps there is a greater affinity or stability of
the association of the gRNA with the editing complex than for
¢BP21, and most 90-kDa protein remains associated with a
complex whereas most 21-kDa protein is free in solution. Elu-
cidation of the roles of these proteins and the other proteins
associated with the editing complex will await other studies,
including gene knockout experiments.

The composition of the editing complex(es) is uncertain. In
addition to gRNA and pre-mRNA, the complex(es) likely con-
tains multiple proteins, and the possibility that other RNAs are
present has not yet been excluded. UV cross-linking has iden-
tified numerous potential protein constituents of the editing
complex, including gBP21 and the 90-kDa U-tail binding pro-
tein which become conspicuous in competition experiments
(19) and 55- and 16-kDa proteins revealed upon anti-gBP21
MAD enrichment (Fig. 9). Complexes enriched by immunoaf-
finity purification consistently contain proteins with approxi-
mate apparent molecular masses of 18, 24, 25, 28, 30, 32, 45,

FIG. 7. Immunoprecipitation of gRNA and mRNA. Northern blots of im-
munoprecipitated RNA were probed with oligonucleotide probes for gA6[14]
gRNA (A), MURF4.1 (which is complementary to 3" A6 mRNA sequence which
does not get edited; this probe reveals preedited as well as partially edited A6
mRNA) (B), and MURF4.14 (which is complementary to 5" edited A6 sequence;
this probe reveals fully and partially edited A6 mRNA) (C).

47, 50, 52, 64, 65, and 69 kDa (Fig. 8). These may include the
proteins of 16, 21, 55, and 90 kDa, given the inaccuracy of
measurements, especially in comparisons of silver-stained pro-
teins with those radiolabeled by RNA cross-linking and with
the variation in silver staining intensities seen between pro-
teins. Complexes with RNA editing and associated activities
prepared by biochemical techniques have fewer prominent
proteins. Those prepared by the Sollner-Webb group (21) have
major proteins with apparent molecular masses of 21, 45, 50,
55, 58, 66, 90, and 95 kDa. These protein profiles are quite
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FIG. 8. SDS-PAGE analysis of immunoprecipitated proteins. Proteins pres-
ent in the material immunoprecipitated from crude mitochondrial extract with
gBP21-specific MADb 56 were separated by SDS-PAGE on a 10% (wt/vol) gel and
silver stained. Thirteen prominent bands are seen; sizes of standards are indi-
cated in kilodaltons at the left.
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FIG. 9. Proteins in the immunoprecipitate that UV cross-link with gRNA.
Uniformly labeled gRNA was added to crude mitochondrial extract and to
material immunoprecipitated with MAb 46, UV cross-linked, treated with
RNase A, and separated on an SDS-12% polyacrylamide gel, followed by visu-
alization of the proteins by autoradiography as described in Materials and Meth-
ods. The cross-linked 21-kDa protein as well as proteins of ~55, ~16, and ~90
kDa are evident. Sizes are indicated in kilodaltons at the left.

similar although not identical. In any event, a demonstration of
a specific association between one or more of the proteins is
needed before it can be concluded that these proteins are
components of the editing complex.
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