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To identify specific proteins interacting with guide RNAs (gRNAs) in mitochondrial ribonucleoprotein
complexes from Leishmania tarentolae, fractionated and unfractionated mitochondrial extracts were subjected
to UV cross-linking with added labeled gRNA and also with [a-32P]UTP-labeled endogenous RNA. An abun-
dant 110-kDa protein (p110) localized in the T-V complex, which sediments in glycerol gradients at the leading
edge of the 10S terminal uridylyltransferase peak, was found to interact with both types of labeled RNAs. The
p110 protein was gel isolated and subjected to microsequence analysis, and the gene was cloned. The sequence
revealed significant similarity with mitochondrial glutamate dehydrogenases. A polyclonal antiserum was
raised against a recombinant fragment of the p110 gene and was used to demonstrate a stable and specific
gRNA-binding activity by coimmunoprecipitation and competitive gel shift analyses. Complex formation was
strongly inhibited by competition with poly(U) or by deletion or substitution of the gRNA 3* oligo(U) tail. Also,
addition of a 3* oligo(U) tail to an unrelated transcript was sufficient for p110 binding. Both the gRNA-binding
activity of the p110 protein and in vitro gRNA-independent and gRNA-dependent uridine insertion activities
in the mitochondrial extract were inhibited by high concentrations of dinucleotides.

RNA editing in trypanosomatid mitochondria involves the
insertion and deletion of uridine (U) residues at multiple sites
mainly within the coding regions of transcripts of more than
half of the structural genes in the maxicircle genome (2, 24, 53,
57). The sequence information required for editing is provided
by guide RNAs (gRNAs), which are small RNAs (40 to 70
nucleotides) that are complementary (if G:U and, rarely, C:A
pairs are allowed) to edited blocks of the mature RNA (3, 42).
The gRNAs also possess 39-terminal nonencoded oligo(U)
tails (4) that are created by the action of a mitochondrial
terminal uridylyltransferase (TUTase) (1).

Several models for the mechanism of the U insertion-dele-
tion type of RNA editing have been proposed (3, 5, 12). Re-
cent results from partial in vitro systems with both Trypano-
soma brucei (28, 48, 49) and Leishmania tarentolae (10, 15, 20,
21) suggest that the original enzyme cascade model is essen-
tially correct. This model postulated an initial cleavage of the
preedited mRNA at the first editing site, followed by an addi-
tion of U residues to the 39 end of the mRNA 59 fragment. It
was initially proposed that the number of U’s added was di-
rectly determined by base pairing with the guide A or G nu-
cleotides in the cognate gRNA (3), but recent evidence sug-
gests that multiple U’s are first added to the 59 fragment and
those terminal U’s not base paired to the gRNA are then
deleted by a 39 exonuclease (10, 18, 28, 48). The final step is a

ligation of the 59 fragment and the 39 fragment. Guide RNA-
dependent U deletions would involve the removal of all of the
added U’s and the encoded U’s due to the lack of guiding
nucleotides in the gRNA at that site. Religation of the frag-
ments without complete removal of non-base-paired 39-termi-
nal U’s from the mRNA 59 fragment results in the formation of
gRNA-mediated misedited sequences (10, 28).

Several enzymatic activities required by the enzyme cascade
model have been identified in mitochondrial extracts from kin-
etoplastid protozoa. These include the mitochondrial TUTase
(1), a preedited sequence-specific endoribonuclease (26, 51), an
RNA ligase (1, 39, 45), an RNA helicase activity (36), and a 39
U-specific exonuclease (18). To date, however, only the RNA
helicase gene has been cloned (37), although two adenylated
polypeptides have been identified as putative components of the
RNA ligase (39, 45). Several of these activities have been shown
to comigrate in glycerol gradients and in native gels with gRNAs
and in some cases mRNAs, in the form of complexes ranging
from 10S to 35S in size (22, 30, 40, 41, 44, 50).

In mitochondrial extracts from L. tarentolae, several classes
of RNP complexes have been identified. (i) The 10S T com-
plexes contain RNA components which can be labeled in vitro
by incubation with [a-32P]UTP (9, 38). The approximately 200-
kDa T-IV complexes exhibit TUTase activity in an in situ assay
and contain gRNA (38). A 70-kDa polypeptide component of
T-IV has been identified by Western analysis (39). Other
classes are (ii) a 20S complex that contains the p45 and p50
adenylated polypeptides which are putative RNA ligase com-
ponents (39) and (iii) a set of heterodisperse high-molecular-
weight complexes that may represent oligomers of T-IV com-
plexes bound to mRNAs (39).

A gRNA-independent U insertion activity from L. tarentolae
mitochondrial extract (15, 20, 21) was shown to sediment at
20S in glycerol gradients (38), and gRNA-dependent U dele-
tion (48, 49) and U insertion (28) activities from mitochondrial
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extracts of T. brucei were shown to also sediment at approxi-
mately 20S (17). Peris et al. (38) have proposed that the ligase-
containing 20S complex and the p70-gRNA-containing hetero-
disperse complexes interact in the editing process. Clearly a
detailed knowledge of the individual components of the editing
machinery and biochemical reconstitution of activities in vitro
is required to understand this process in detail.

In this study, we isolated and cloned the gene for a 110-kDa
polypeptide from the T-V complex of L. tarentolae, which was
shown previously by UV cross-linking experiments to interact
with added gRNA (7), and we provide evidence for a stable
and specific gRNA-binding activity of the p110 protein, which
may prove to be biologically relevant.

MATERIALS AND METHODS

Cell culture, mitochondrial isolation, and preparation of mitochondrial and
cytosol extracts. L. tarentolae (UC strain) was grown to late log phase (1 3 108

to 2 3 108 cells/ml) (52). The kinetoplast-mitochondrial fraction was isolated by
flotation in Renografin density gradients (6). The extent of cytosolic contamina-
tion of the mitochondrial fraction was measured to be 1 to 5% in various
preparations, as determined by Northern blot detection of 18S rRNA in the
mitochondrial fraction, as described previously (33). A clarified mitochondrial
Triton extract (TS) was prepared as described previously (1). Fractionation of
the mitochondrial extract by Superose 6 gel filtration and by sedimentation in
36-ml 10 to 30% glycerol gradients in an SW28 rotor was performed as described
previously (38). A cytosolic fraction was obtained from the initial supernatant
after cell disruption. This fraction also contained the contents of nuclei ruptured
in the hypotonic lysis conditions but had little contamination with mitochondria,
since these remained intact under the cell rupture conditions and were pelleted
in the initial centrifugation step. The proteins were precipitated overnight at
220°C in the presence of 4 volumes of acetone. After centrifugation, the pellet
was resuspended in 0.1% sodium dodecyl sulfate (SDS). The quantity and quality
of the precipitated proteins were checked before the Western blot analysis was
performed.

Construction and transcription of synthetic gRNAs. The synthetic gRNA
genes gCybII, gND7-II1polyC, and gND7-II 2 polyU were obtained from PCR-
amplified DNA. The gCybII construct was designed so that in vitro transcription
from the T7 promoter (35) yielded RNA molecules with 13 U’s at the 39 termi-
nus. The construct gND7-II1polyC encoded RNA transcripts with 13 C’s at the
39 terminus, while the construct gND7-II-polyU did not encode a poly(U) tail. To
obtain synthetic gND7-II gRNA, a PCR construct, designed to contain a DraI
site after 13 T residues at the 39 end of the gRNA, was cloned into pUC19. The
resultant plasmid, pUC19-gND7-II, was linearized with DraI prior to in vitro tran-
scription. The negative control transcripts were obtained from pU1AmutCAT (56)
and pGem-7Zf(2) (Promega), linearized with XbaI and ClaI, respectively. The
pGem transcript was 66 nucleotides long and had 41% A1T; the pU1AmutCAT
transcript was 66 nucleotides long and had 39% A1T. Plasmid pGem-poly[U] was
constructed by using the pGem-7Zf(2) vector. Labeled RNAs were obtained by
transcription with T7 RNA polymerase and [a-32P]ATP and purified by denaturing
acrylamide gel electrophoresis following standard procedures.

UV cross-linking. For UV cross-linking of the TS extract, aliquots (10 ml) of
TS were incubated for 40 min at 27°C in a mixture containing 1 mM ATP, 1 mM
GTP, 20 mM dithiothreitol (DTT), 12.5 mM HEPES-KOH (pH 7.5), 40 mM
KCl, 6 mM magnesium acetate, 3 mM KPO4 (pH 7.5), and 10 mCi of [a-32P]UTP
or 5 3 105 cpm of [a-32P]ATP-labeled synthetic gND7-II gRNA. The samples
were irradiated with 254-nm UV light for 30 min at 4°C (Stratalinker UV box
[Stratagene]; 5 cm from the UV source), incubated with RNase A (100 mg/ml)
for 30 min at 37°C, and then boiled for 2 min in 50 mM Tris (pH 6.8)–100 mM
DTT–2% SDS–0.1% bromophenol blue. The samples were loaded on an 8%
acrylamide–0.1% SDS-gel for electrophoresis (47), and the gels were vacuum
dried before autoradiography either on X-ray film or on a PhosphorImager
cassette (Molecular Dynamics).

For UV cross-linking of native gel bands (7), aliquots (10 ml) of TS were
incubated for 40 min at 27°C in 1 mM ATP–1 mM GTP–20 mM DTT–12.5 mM
HEPES-KOH (pH 7.5)–40 mM KCl–6 mM magnesium acetate–3 mM KPO4
(pH 7.5)–10 mCi of [a-32P]UTP (800 Ci/mmol). The samples were loaded on a
native acrylamide gradient (4 to 16%) gel, which contained 0.1% Tween 20 and
was stabilized with a 10 to 30% glycerol gradient (38, 55). The gels (14 by 14 cm)
were run at 125 V for 24 h at 4°C in 40 mM Tris-acetate–1 mM EDTA (pH 8).
The wet gels were exposed to X-ray film, and the experimental lanes were
excised. The excised acrylamide blocks containing labeled nucleoprotein com-
plexes were irradiated with 254-nm UV light for 5 min at 25°C as described
above, incubated with RNase A (10 mg/ml) for 30 min at 37°C, and then incu-
bated with 50 mM Tris (pH 6.8)–100 mM DTT–2% SDS–0.1% bromophenol
blue for 30 min at 25°C. The gel blocks were layered on a 12% acrylamide–0.1%
SDS gel. After electrophoresis, the gel was processed for autoradiography.

Two-dimensional separation of proteins and peptide sequencing. An aliquot
(10 ml) of the TS extract was first separated in a native gradient gel as described

above. The lane was excised and incubated with 50 mM Tris (pH 6.8)–100 mM
DTT–2% SDS–0.1% bromophenol blue for 30 min at 25°C. The gel slice was
layered on a 10% acrylamide–0.1% SDS gel for the second-dimension electro-
phoresis. The proteins were electroblotted onto Immobilon-PSQ filters (Milli-
pore) as described previously (25) and stained with Coomassie brilliant blue. The
protein comigrating with the UV cross-linked p110 spot was eluted and digested
with trypsin, and peptides were isolated by high-pressure liquid chromatography.
N-terminal sequences of the major peptides were determined by standard pro-
cedures. See Fig. 1D in reference 7 for a photograph of the two-dimensional gel
used for this experiment.

Cloning and analysis of the gene encoding the p110 protein. Total RNA from
L. tarentolae was prepared as described previously (34), and poly(A)1 RNA was
purified by using a poly[A] Quick kit from Stratagene. Single-stranded cDNA
primed by random hexanucleotides was synthesized from poly(A)1 RNA and
used as a substrate for PCR amplification. The Sp110-5 (59-AT,ATC.AT,A
TC.GT,GATC.GA,GA.GG,GATC.GC,GATC.AA,TC.,TC.T-
39) and Sp110-6 (59-,GAT.AT,GATC.GC,GA.TT,GA.AA,TC.TC
,GATC.A-39) degenerate primers were constructed by reverse translation of
the amino acid sequences of the p110 tryptic peptides, pp59A (IIVEGA
NLFISQDA) and pp59B (LEFNAI), and used as 59 and 39 PCR primers, re-
spectively. The cDNA and primers were denatured for 10 min at 95°C, and then
30 cycles of PCR (10 s at 95°C, 30 s at 60°C, and 30 s at 72°C) were performed
in 50-ml reaction volumes (46). The amplified fragment was gel isolated and
cloned into the pT7blue T-vector (Novagene). Both strands of four independent
clones were sequenced by dideoxy-chain termination (U.S. Biochemical Seque-
nase kit), using a 19-mer oligo(U) primer and the T7 promoter primer (No-
vagene). The PCR clone pPCR110-16, containing a 275-bp fragment of the p110
gene, was used for further analysis.

By screening an L. tarentolae (UC strain) cosmid genomic DNA library (kindly
provided by D. Campbell) (11) with a cloned a-32P-labeled PCR fragment, a
clone containing a large genomic DNA fragment containing the p110 gene was
obtained. Several DNA fragments containing portions of the p110 gene were
subcloned into the pUC18 vector and sequenced by the dideoxy-chain termina-
tion method (U.S. Biochemical Sequenase kit), using specific oligonucleotide
primers.

For Southern analysis of the p110 gene, 10 mg of genomic L. tarentolae DNA
was digested with 15 to 20 U of restriction enzymes and separated through a
0.6% agarose-Tris-borate-EDTA gel. The gel was blotted onto a Magna-graph
nylon membrane (MSI), which was UV cross-linked and prehybridized in hy-
bridization buffer (4% formamide, 53 Denhardt’s solution, 23 SSC [13 SSC is
0.15 M NaCl plus 0.015 M sodium citrate], 0.1% SDS, 20 mM Tris-HCl [pH 7.5],
200 mg of salmon sperm DNA per ml) for 6 h at 45°C. The membrane was
hybridized in the same buffer against a p110-specific [a-32P]dATP-labeled probe
(2 3 107 cpm) at 45°C overnight. The membrane was washed at 60°C in 23
SSC–0.1% SDS and exposed for densitometry by using a PhosphorImager.

DNA and amino acid sequences were analyzed by using the DNA STRIDER
program and the Genetics Computer Group package, and database homology
searching was performed by using BLAST.

Production of p110 antiserum and Western blot analysis. A BamHI/EcoRI-
digested PCR fragment encoding 327 amino acids of the p110 protein (from
amino acids 529 to 856) was inserted into the pGEX-5X-1 vector (Pharmacia)
previously digested with BamHI and EcoRI. The resultant plasmid, pGEX110-2,
encodes a 70-kDa protein corresponding to the glutathione S-transferase (GST)
open reading frame at the N-terminal extremity, two factor Xa recognition sites,
the p110 fragment, and six histidine residues at the C-terminal extremity.

Escherichia coli DH5a transformed with plasmid pGEX110-2 was grown in
Luria-Bertani medium at 37°C to an optical density at 600 nm of 0.6, and
expression of the recombinant p110 protein was induced by incubation for 4 h in
the presence of 1 mM isopropyl-b-D-thiogalactopyranoside. Cells were disrupted
in a French press, and the lysate was centrifuged at 4,000 rpm for 10 min to
collect the inclusion bodies, which were solubilized in buffer S (7 M urea, 50 mM
sodium phosphate [pH 8]). The solution was applied to an Ni21-nitriloacetic
acid-agarose column (Qiagen), which was then washed with 10 column volumes
of buffer S. The recombinant p110 fragment was eluted into buffer S containing
250 mM imidazole and was separated by SDS-polyacrylamide gel electrophore-
sis. The 70-kDa protein was electroeluted from the polyacrylamide gel for 15 h
at 50 V in 0.1% SDS–50 mM NH4HCO3, using a Little Blue Tank electroelutor
(ISCO, Inc.). A rabbit was repeatedly injected with 100 to 150 mg of the 70-kDa
fusion protein mixed with Freund’s incomplete adjuvant. A specific antigenic
response against p110 was obtained after three injections within 6 weeks.

Immunoblotting from SDS-acrylamide gels was carried out as described pre-
viously (25). Filters were blocked for 15 min with TPBS-milk (137 mM NaCl, 2.7
mM KCl, 4.3 mM Na2HPO4 z 7H2O, 1.4 mM KH2PO4, 0.05% Tween 20, 5%
low-fat milk), incubated for 2 h with serum against the p110 protein (1:1,000 in
TPBS-milk), washed with TPBS, blocked again for 15 min with TPBS-milk, and
incubated for 1 h with goat anti-rabbit immunoglobulin G conjugated to horse-
radish peroxidase (Bio-Rad) (1:1,000 in TPBS-milk). After being washed with
buffer A (50 mM Tris-HCl [pH 7.5], 20 mM NaCl), the filters were incubated
with buffer A containing 0.05% H2O2 and 2.8 mM 4-chloro-1-naphthol.

Gel retardation assays. Aliquots (10 ml) of glycerol gradient fractions of the
TS extract were mixed with 0.05 to 0.5 pmol of heat-denatured labeled RNAs in
an 11- to 13-ml final volume and incubated at 27°C for 30 min. Competition
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assays were performed by coincubating the unlabeled competitor RNAs with the
labeled RNA and then adding the glycerol gradient fraction, unless otherwise
indicated. Polyribonucleotides were purchased from Boehringer Mannheim. Af-
ter the binding reaction, 3.5 ml of gel shift loading buffer (90% [vol/vol] glycerol,
0.05% [wt/vol] bromophenol blue) was added to each sample, and the samples
were loaded onto 4% native polyacrylamide gels (acrylamide/bisacrylamide ratio,
19:1). Electrophoresis was performed at 4°C at 8 V/cm. The gels were fixed in
10% (vol/vol) acetic acid–10% (vol/vol) methanol, dried, and autoradiographed.
Quantitative analysis of gel shifts was performed with a PhosphorImager.

Immunoprecipitation of UV cross-linked gRNA-p110. A 100-ml aliquot of
fraction 5 from the glycerol gradient fractionation was mixed with 5 pmol of
labeled gND7-II and incubated at 27°C for 30 min. The sample was irradiated
with 254-nm UV light for 15 min on ice and incubated with 20 ml of RNase A (2
mg/ml) for 15 min at 37°C. Five to 10 ml of polyclonal serum was mixed with
immunoprecipitation buffer (50 mM Tris-HCl [pH 7.5], 300 mM NaCl, 1%
[vol/vol] Triton X-100, 1 mM phenylmethylsulfonyl fluoride, leupeptin [2 mg/ml])
in a 490-ml final volume, and 10 ml of the UV-cross-linked and RNase A-digested
sample was added. After rotation of the samples at 4°C overnight, 50 ml of a 50%
(vol/vol) suspension of protein A-Sepharose in phosphate-buffered saline was
added to each sample, which was further incubated with rotation at 4°C for 1 h.
The resin was washed three times with wash buffer (50 mM Tris-HCl [pH 7.5],
100 mM NaCl, 0.1% Triton X-100) and boiled in 30 ml of protein loading buffer
(250 mM Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.1% bromophenol blue) for 15 min. Aliquots (20 ml) of the samples were loaded
onto SDS–8% acrylamide gels. The gels were fixed in 10% (vol/vol) acetic
acid–10% (vol/vol) methanol, dried, and autoradiographed.

Electroblotting of native gels and immunodetection. Native gels were electro-
blotted onto a Nytran-ECL nitrocellulose membrane (Amersham) in blotting
buffer (25 mM Tris, 192 mM glycine, 20% [vol/vol] methanol [pH 8.3]) at 30 V
and 4°C overnight. Immunodetection was performed with an enhanced chemi-
luminescence kit (Amersham) or the SuperSignal CL-HRP substrate system
(Pierce) as instructed by the manufacturer, using a 1:1,000 dilution of primary
antiserum. Stripping of the Western blots for further immunodetection was
achieved by incubating the membranes in 100 mM 2-mercaptoethanol–2% SDS–
62.5 mM Tris-HCl (pH 6.8) at 50°C for 30 min with agitation.

In vitro gRNA-independent and gRNA-dependent U insertion activity. One
assay involved the use of a T7-transcribed 59 fragment of preedited cytochrome
b mRNA (pNB2 RNA) as a substrate as described previously (20). The lysate
(Triton lysate) was preincubated with 0.5 or 5 mM dinucleotide at 27°C for 30
min before addition of substrate RNA and [a-32P]UTP, and the reaction mixture
was then incubated at 27°C for 1.5 h. The intact labeled pNB2 RNA was gel
isolated and digested with RNase H, using the S-165 oligomer, which is comple-
mentary to the RNA downstream of the editing domain (20). The 59 and 39
fragments were then separated on an acrylamide-urea gel, and the dried gel was
exposed for quantitation in a PhosphorImager.

Another assay allowed the detection of the precise number of gRNA-inde-
pendent or gRNA-dependent U insertions into site 1 of a preedited ND7 mRNA
substrate with a mutated anchor sequence. The mRNA substrates used and the
assay were described previously (10). The ND7.1x 59-extended substrate showed
up to 13 U insertions in a gRNA-independent reaction. The ND7.2x 59-truncated
substrate showed little U insertion activity in the absence of added gRNA but
showed a ladder of up to 13 U’s and a predominant 13 band in the presence of
added gND7x[13] gRNA, which has three guiding nucleotides and an anchor
sequence with compensatory mutations to preserve base pairing with the mRNA
substrate. The assay involved asymmetric reverse transcription-PCR amplifica-
tion, yielding a cDNA copy of the treated mRNA, which was subjected to primer
extension through site 1. The presence of inserted U’s at site 1 in the mRNA was
detected by incorporation of [a-32P]ATP in the primer extension products.

GDH assay. Glutamate dehydrogenase (GDH) activity was assayed by the
conversion of 2-oxoglutarate to 1-glutamate in the presence of ammonium ace-
tate and NADH. The reaction mixture contained 0.1 M Tris-HCl (pH 7.6), 14
mM 2-oxoglutarate, 220 mM ammonium acetate (pH 7.5), 0.15 mM NADH
(Sigma), 1 mM EDTA, 1 mM ADP, 10 mM potassium cyanide, and 15 ml of
gradient fraction. The oxidation of NADH was monitored spectrophotometri-
cally at 340 nm.

Nucleotide sequence accession number. The nucleotide sequence of the DNA
fragment encoding the p110 protein has GenBank accession no. U31177.

RESULTS

Identification of a 110-kDa gRNA-binding protein. A clari-
fied mitochondrial detergent extract (TS) was fractionated by
Superose 6 gel filtration (data not shown), and an aliquot of
the fraction containing the peak of the TUTase activity was
incubated with synthetic a-32P-labeled gND7-II gRNA. A ma-
jor labeled complex (T-V) gel migrating with a molecular mass
of approximately 560 kDa (38) was detected on a native gel
(Fig. 1A). This gel fragment was subjected to UV cross-linking
plus RNase A digestion, and a single labeled protein compo-

nent migrating at 110 kDa was detected by SDS-acrylamide gel
electrophoresis (Fig. 1A). The p110 protein was also the major
gRNA-binding component in the unfractionated TS mitochon-
drial extract, as shown by the UV cross-linking assay in Fig. 1B,
lane 2 (see also reference 9).

We showed previously that the T complexes, especially T-II
and T-IV, became labeled when the TS extract was incubated
with [a-32P]UTP (9, 38). The UV cross-linking experiment in
Fig. 1B, lane 1, shows that the p110 protein can be cross-linked
to an [a-32P]UTP-labeled endogenous component of the TS
extract. The UTP-labeled components in T-IV at this nucleo-
tide concentration represent gRNAs which are labeled at the
39 terminus with uridylyl residues by the endogenous TUTase
activity, which has also been localized to this complex by an in
situ gel assay (38). The UTP-labeled endogenous RNA com-
ponent of the T-V complex was shown previously to represent
mRNA fragments which were 39 end labeled by the TUTase
activity (38).

Cloning of the gene encoding the p110 protein and identi-
fication of p110 as a GDH. The TS extract was fractionated by
two-dimensional native SDS gel electrophoresis, and the gel
was electroblotted onto a membrane which was stained with
Coomassie blue (data not shown). We had shown previously
that a single prominent 110-kDa protein migrates in the T-V
position in this fractionation (7). The protein was eluted from
the filter and used for microsequence analysis of tryptic frag-
ments and full-length protein.

N-terminal amino acid sequences were obtained for several
tryptic peptides from the gel-isolated p110 protein (Fig. 2).
The sequences were used to design degenerate PCR primers.
A portion of the p110 cDNA was PCR amplified from total cell
cDNA by use of degenerate oligonucleotides as 59 and 39
primers. The PCR fragment was cloned, sequenced, and used
as a probe to clone a large genomic fragment from an L.
tarentolae cosmid library. This fragment was partially se-

FIG. 1. Detection of p110 as a gRNA-binding protein. (A) Ten microliters of
a Superose 6 gel filtration fraction of an L. tarentolae TS mitochondrial extract
containing the peak of TUTase activity was incubated with [32P]ATP-labeled
gND7-II gRNA. The sample was electrophoresed in a 4 to 16% native acryl-
amide gradient gel, which was exposed wet. The lane was excised, UV cross-
linked, and RNase A digested, and the labeled products were separated in an
SDS-acrylamide gel. The dried gel was exposed for PhosphorImager analysis. (B)
Aliquots (10 ml) of the TS mitochondrial extract were incubated for 40 min at
27°C with [32P]UTP or with [32P]ATP uniformly labeled synthetic gRNA (gND7-
II). The material was then subjected to UV cross-linking and RNase A digestion,
and the products were separated in an SDS-acrylamide gel. The gel was vacuum
dried and exposed to film. Molecular weight markers are indicated.
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quenced, and the sequence was found to contain an open
reading frame coding for 1,020 amino acids (Fig. 2).

A BLAST homology search of this sequence against the
Swiss Protein database showed that p110 has significant simi-
larity with mitochondrial GDHs. The best alignment was with
the Neurospora crassa enzyme (29), which exhibited 37% iden-
tity and 57% similarity with the p110 sequence (Fig. 2). Fur-
thermore, the NAD-binding domain of the N. crassa GDH as
well as many conserved residues in this protein showed a high
degree of identity with the p110 sequence (Fig. 2). We con-
clude that the cloned L. tarentolae p110 protein represents a
GDH homolog.

A Southern blot analysis using 13 restriction enzymes which
do not cut within the gene sequence was performed. Single
GDH-specific fragments were detected in all digestions, with
the smallest fragment being approximately 7 kb in size (data
not shown). This result suggests that the GDH gene is either
single copy or no more than two tandem repeats at a single

locus. The use of several enzymes which cut within the gene
confirmed that the gene is single copy (29a).

Cellular localization of the GDH protein. Antibodies were
raised against a GST fusion protein containing a 327-amino-
acid fragment of the GDH protein which was overexpressed in
E. coli. Polyclonal antiserum was obtained by immunization of
a rabbit with the 70-kDa recombinant p110-GST fusion pro-
tein. As shown in Fig. 3, the immune serum specifically recog-
nized a 110-kDa protein in a gradient-purified mitochondrial
fraction, while no signal was obtained with a cytosolic fraction
and a very small signal was obtained with a total cell lysate.
These results suggest a mitochondrial localization of this pro-
tein. In addition, the release of the GDH protein from the
mitochondrial membrane fraction by detergent lysis (Fig. 3A,
lane TS) suggests that this protein is localized in the mitochon-
drial matrix.

Additional evidence for a mitochondrial localization of the
GDH protein was the presence of a presequence which was en-

FIG. 2. Alignment of the p110 amino acid sequence (top line) with the N. crassa (29) mitochondrial GDH sequence (bottom line). The sequences were aligned by
the Genetics Computer Group BESTFIT local alignment program. Gaps are indicated by dashes, identical amino acids are indicated by bars, and conservative amino
acid substitutions are indicated by one or two dots. Asterisks indicate conserved residues found in both hexameric and tetrameric GDHs (8), and the consensus sequence
for the dinucleotide-binding domain is underlined. The N-terminal sequence of the mature p110 protein (ASSNATSPPVSLDAIV) is boxed, as are the sequences of
the two tryptic peptides pp59A (IIVEGANLFISQDA) and pp59B (LEFNAI) which were used to construct degenerate oligonucleotides for PCR. The fragment
corresponding to the 327 amino acids expressed in E. coli as a fusion protein is demarcated by two lines. The N-terminal five amino acids of the p110 sequence
(MMRHT) are not shown since they do not align with the N. crassa sequence.
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coded by the gene but was absent from the N-terminal sequence
of the mature protein. The N-terminal sequence, ASXNAT
SPXVXLDAIV, proved identical to the sequence of the GDH
gene 41 amino acids downstream of the putative initiating
methionine. The presequence may correspond to a mitochon-
drial signal sequence which is cleaved after the protein enters
the mitochondrion (7, 58).

The L. tarentolae p110 antiserum recognized 110-kDa pro-
teins in mitochondrial extracts from both Crithidia fasciculata
and procyclic T. brucei, suggesting that homologous mitochon-
drial proteins are present in both trypanosomatid species (Fig.
3B). The 53-kDa fragment in the C. fasciculata lane represents
a degradation product.

Characterization of p110-gRNA binding by gel shift assay.
To decrease nonspecific interactions, the L. tarentolae mito-
chondrial TS extract was fractionated by sedimentation in a
glycerol gradient prior to use for gel shift analysis. Each frac-
tion was analyzed for the presence of p110 protein by Western
blotting, TUTase activity, and GDH activity. The peak of
TUTase activity was in fraction 4 (Fig. 4A), and the peak of
GDH activity was in fraction 5. The antiserum recognized a
single 110-kDa polypeptide which peaked in gradient fraction
5, together with the GDH activity. We showed previously that
the [a-32P]UTP-labeled T-V complex also sedimented at the
leading edge of the TUTase peak and that a gel-shifted band
comigrating in a native gel with this complex appeared when
labeled gND7-II gRNA was incubated with the peak of TUT-
ase activity from a Superose 6 fractionation (7, 38). It was also
shown previously that a 110-kDa protein from this gel-isolated
band was labeled after UV cross-linking and RNase digestion
(7).

An identical glycerol gradient of the TS extract was used for
gel shift analysis. In this gradient, the peak of TUTase activity
also was in fraction 4 and the peak of p110 protein was in
fraction 5 (data not shown). Gradient fractions 4 to 6 were
utilized for the gel shift assay, using two different labeled
gRNA probes and also a heterologous labeled RNA probe of
similar size and specific activity (U1Amut). While several com-
plexes formed between the gradient fractions and the gRNA
probes (Fig. 5A, lanes 1 to 6), almost no signal could be
detected when a heterologous RNA probe was used (Fig. 5A,
lanes 7 to 9). The major high-molecular-weight complexes
formed with the gRNA probes comigrated with T-V and T-VI.
Similar results were obtained previously (7, 9). The formation
of the gel-shifted band with labeled gND7-II gRNA was com-
peted effectively by a 3-fold molar ratio of unlabeled gND7-II

gRNA or gCyb-II gRNA added at time zero but unaffected by
the same ratio of unlabeled pGem RNA or a 10-fold molar
ratio of tRNA (data not shown). These complexes were ana-
lyzed by excision of the corresponding bands, UV and RNase
A treatment, and SDS-acrylamide gel separation (data not

FIG. 3. Immunodetection of the p110 protein in mitochondrial extracts. (A)
The indicated L. tarentolae extracts, after fractionation on SDS-acrylamide and
transfer to a membrane, were probed with anti-p110 antiserum. Approximately
150 mg of protein was loaded in each lane. cytosol, the supernatant after removal
of the mitochondrial pellet; TL, a Triton lysate of purified mitochondria; TS, a
clarified Triton lysate of purified mitochondria. The p110 band is indicated. (B)
Mitochondrial extracts from C. fasciculata (C.f.), procyclic T. brucei (T.b.), and L.
tarentolae (L.t.) were fractionated on an SDS-acrylamide gel, which was electro-
blotted and probed with L. tarentolae p110 antiserum.

FIG. 4. Localization of p110 protein, TUTase activity, and GDH activity in
glycerol gradient fractions of mitochondrial TS extract. (A) Aliquots (25 and 15
ml) of each gradient fraction were assayed for TUTase and GDH activities,
respectively. (B) Aliquots (3 ml) of each gradient fraction were electrophoresed
on SDS-acrylamide; the gel was blotted, and the filter was probed with p110
antiserum. Only fractions 1 to 9 are shown due to the absence of detectable
bands in the remaining fractions. The superimposed graph shows the densito-
metric values of the bands. The gRNA-independent U insertion activity sedi-
mented in fractions 8 to 10 at approximately 20S (data not shown) (38).

FIG. 5. Gel shift assay of labeled synthetic gRNAs and immunodetection of
p110 in T-V. (A) Aliquots (10 ml) of glycerol gradient fractions 4, 5, and 6 of the
TS mitochondrial extract were incubated with 0.5 pmol of [32P]ATP-labeled
synthetic gRNAs, and the resulting complexes were separated in a native 4%
acrylamide gel. Two different labeled gRNAs, gND7-II and gCybII, and a short
unrelated transcript, U1Amut, were used as probes. The T-V and T-VI com-
plexes, which both bind exogenous labeled gRNA, are indicated by arrows. (B)
Immunodetection of the p110-containing gel shift complex. One-half picomole of
32P-labeled gND7-II gRNA was incubated with gradient fractions 5 and 6, and
the complexes formed were analyzed in a native 4% acrylamide gel. The gel was
electroblotted onto a nylon membrane, and the blot was exposed for autoradiog-
raphy. The blot was then probed with anti-p110 antiserum. The position of the
labeled T-V band is indicated.
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shown), which showed that a 110-kDa protein in T-V was
interacting with the bound labeled gRNA.

Immunodetection of the GDH protein in the complex de-
tected by gel shifting of labeled gRNA was achieved by direct
Western analysis of an electroblot of the native gel. Labeled
synthetic gRNA was incubated with gradient fractions 5 and 6
(Fig. 5B), and the gel was then blotted and probed with p110
antiserum. The gel-shifted labeled complex contained the
GDH protein (Fig. 5B).

The mitochondrial GDH is a gRNA-binding protein. The
labeled gRNA-binding T-V complex obtained after UV cross-
linking and RNase A digestion was reacted with p110 anti-
serum or preimmune serum. The immunoglobulins were then
bound to protein A-Sepharose, and the bound proteins were
eluted and fractionated in SDS-acrylamide. Preimmune serum
did not precipitate any labeled protein, whereas immune se-
rum precipitated a labeled 110-kDa protein (Fig. 6). This ev-
idence, together with the Western blot analysis in Fig. 5B,
indicates that the 110-kDa GDH protein in complex T-V is a
gRNA-binding protein.

As shown in Fig. 5A, a heterologous RNA in the same size
range (U1Amut) was not incorporated into the GDH-contain-
ing T-V complex. The specificity of the GDH-gRNA interac-
tion was examined in more detail by competition experiments.
Incorporation of 32P-labeled gND7-II gRNA into the GDH
complex was strongly competed by addition of unlabeled
gND7-II gRNA added at time zero but not by addition of a
similar-size transcript encoding unrelated pGem vector se-
quences (data not shown). However, when the gND7-II gRNA
was added to preassembled GDH-gRNA complexes, little
competition was observed (data not shown). The preformed
GDH-gRNA complex was sensitive to high levels of heparin
(greater than 100 mg/ml) and rRNA (250 mg/ml) (data not
shown). These results indicate that GDH interacts with the gRNA
in a specific manner and that the interaction is fairly stable.

The 3* oligo(U) tail of the gRNA is critical for the GDH-
gRNA interaction. Competition gel retardation experiments were
performed with the four homopolyribonucleotides poly(A),
poly(C), poly(G), and poly(U). Polyribonucleotides were added
at 50-, 500-, and 5,000-fold molar excess over the labeled gND7-II
transcript to the reaction prior to addition of the gradient fraction
containing GDH. Even the highest titration points of poly(C) and
poly(A) in the competition assay showed some complex forma-
tion (Fig. 7, lanes 4 and 7). Poly(G) showed an intermediate
degree of competition (lanes 8 to 10), whereas a more dramatic
competition was obtained with poly(U). A 50-fold molar excess of

poly(U) over gRNA produced 99% inhibition of binding (lane
11), and higher levels of poly(U) virtually abolished p110-gRNA
complex formation (lanes 12 and 13). These results suggest that
the poly(U) tail of the gRNA could be a major target for the L.
tarentolae GDH-gRNA interaction.

To directly investigate the relevance of the poly(U) tail in
the GDH-gRNA complexes, an unrelated transcript synthe-
sized from ClaI-digested plasmid pGem, with and without 13
39-terminal U residues, was used. In the absence of the oligo(U)
tail, this nonspecific transcript did not form a complex with GDH
(Fig. 8A, lanes 4 to 6). However, the pGem RNA containing an
oligo(U) tail was capable of forming a small amount of a complex
comigrating with the GDH-gRNA complex (lanes 7 to 9). The
presence of GDH in this complex was demonstrated by UV cross-
linking and RNase A digestion (data not shown). However, this
complex was more vulnerable to competition with other RNAs,
indicating a lower-affinity interaction (data not shown).

Further evidence for the role of a 39 oligo(U) tail is shown in
Fig. 8B. Deletion of the U tail from the gRNA transcript or
substitution with an oligo(C) tail significantly decreased, but
did not totally abolish, the GDH-gRNA interaction. This result

FIG. 6. Immunodetection of p110-gRNA complexes. Samples containing
p110 UV cross-linked to labeled gND7-II gRNA were subjected to immunoprecipi-
tation using preimmune serum (con) or p110 antiserum. After precipitation with
protein A-Sepharose beads, the material was analyzed in an SDS-acrylamide gel.

FIG. 7. Competition gel shift assays with polyribonucleotides. 32P-labeled
gND7-II RNA (0.05 pmol) was incubated in 12-ml reactions with glycerol gra-
dient fraction 5 and increasing amounts (50-, 500-, and 5,000-fold molar excess)
of unlabeled poly(U), poly(G), poly(C), and poly(A). After analysis of the sam-
ples on a native 4% acrylamide gel, formation of the p110-gRNA complex
(arrow) was quantitated with a PhosphorImager. The values beneath the lanes
represent the percentages of complex formed in presence of the competitors
compared to that formed in control lane 1 with no competitors present.

FIG. 8. The gRNA 39 oligo(U) tail is the major target for gRNA-p110 com-
plex formation. (A) The three indicated labeled synthetic RNAs were incubated
with the TS mitochondrial extract, and the presence of a gel-shifted band was
determined by native 4% acrylamide gel analysis. Lanes 1, 4, and 7 contain
control samples with no extract. Lanes 2 and 3, 5 and 6, and 8 and 9 represent
duplicate samples incubated with the TS extract. The gRNA used is gND7-II.
pGem RNA1oligo[U] is a short pGem transcript with 13 U’s at the 39 end. The
arrows indicate the p110-specific bands. (B) Aliquots of gND7-II gRNA without
an oligo(U) tail (2oligo[U]), with an oligo(C) tail (1oligo[C]), and with an
oligo(U) tail (1oligo[U]) were incubated with TS mitochondrial extract (in
duplicate), and the relative amount of the gel-shifted band (arrow) was deter-
mined by native gel analysis. The percentages of label in the gel-shifted p110-
specific bands in assays using the modified gRNAs compared to the amount of
label in the band in assays using the normal gRNA are shown below the lanes.
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suggests that although a major determinant for GDH binding
is the oligo(U) tail of the gRNA, additional regions may also
be relevant for complex formation.

NADP dinucleotides inhibit binding of gRNA to GDH. The
dinucleotides NAD1, NADH, NADP1, and NADPH were
incubated with gradient fraction 5 prior to addition of labeled
gND7-II gRNA, and the labeled complexes were resolved in a
native gel. The relative amounts of T-V and T-VI complex
formation were determined by PhosphorImager analysis. The
formation of the labeled T-V complex was unaffected by ad-
dition of up to 5 mM NAD1 or NADH but was strongly
inhibited by 500 mM NADP1 or NADPH, whereas the forma-
tion of the labeled T-VI complex was unaffected by these
dinucleotides (Fig. 9). It should be noted that we showed
previously that the formation of T-VI is highly dependent on
the ratio of gRNA to mitochondrial extract and on the specific
glycerol gradient fractions used, which accounts for the vari-
able appearance of this band in different experiments (9).

NADP1 specifically inhibits in vitro gRNA-independent and
gRNA-dependent U insertion activity and does not affect 3*
TUTase activity. The experiment in Fig. 10 shows that 5 mM
NADP1 specifically inhibited the gRNA-independent (10, 15,
20) in vitro U insertion into the preedited domain of a cyto-
chrome b mRNA substrate. There was little effect on the 39
TUTase activity, as shown by the relative extent of labeling of
the 39 mRNA fragment. NAD1 and NADH at the same con-
centration did not significantly affect either activity in this
assay. However, the gRNA-independent U insertion activity of
the glycerol gradient-purified 20S fraction was not affected by
5 mM NADP1. It should be noted that gradient fractionation
of the extract resulted in a substantial decrease in the absolute
amount of U insertion activity from a 1:1 relative level com-
pared to the 39 TUTase activity with the same RNA in the
same fractions to a 1:20 relative level, as was noted previously
(38), and this may be relevant to the disappearance of the
inhibitory effect of NADP1.

Use of the primer extension assay of Byrne et al. (10) al-
lowed the detection of the precise number of in vitro U inser-
tions at site 1 of a preedited ND7 mRNA substrate. As shown
in Fig. 11, both gRNA-independent U insertions in the ND7.1x
preedited mRNA substrate and gRNA-dependent U insertions
in the ND7.2x preedited mRNA substrate were inhibited by 1
to 5 mM NADP(H). NAD(H) at the same concentration pro-
duced an approximate 30 to 50% inhibition of these activities.

DISCUSSION

We have shown that a major gRNA-binding protein present
in the approximately 560-kDa T-V complex in a mitochondrial
extract from L. tarentolae is the 110-kDa GDH. The identifi-
cation of this protein as a mitochondrial GDH was by cosedi-
mentation in a glycerol gradient of the GDH activity and the
110-kDa protein recognized by a polyclonal antiserum and by
the significant similarity of the sequence of a cloned and ex-
pressed fragment with the sequences of GDH proteins from
other organisms. A major determinant of the gRNA recog-
nized by the 110-kDa GDH appears to be the 39 oligo(U) tail
and the interaction appears to involve the NADP(H)-binding
pocket of the enzyme since it can be specifically competed with
this dinucleotide. It is of some interest that an immune serum
against the Drosophila La protein, which is known to be a
poly(U)-binding protein (23, 59), specifically recognizes the
110-kDa GDH protein in the mitochondrial extract from L.
tarentolae as well as the recombinant protein encoded by plas-
mid pGEX110-2 (data not shown).

GDH activity in the mitochondrial TS extract was shown to
utilize NAD1 as a cofactor, which is consistent with the simi-
larity of the L. tarentolae p110 amino acid sequence to the
tetrameric NAD1-binding GDH from N. crassa (8). However,
the fact that the gRNA-binding activity of the GDH is specif-
ically inhibited by NADP(H) and not NAD(H) suggests that
the gRNA interacts with an NADP(H)-binding site. We also
showed recently by UV cross-linking experiments that the L.
tarentolae mitochondrial GDH binds monomeric UTP and that
this binding is also strongly inhibited by high concentrations of
NADP(H) and less strongly inhibited by NAD(H) (53a).

The specific inhibition of gRNA-independent and gRNA-
dependent in vitro U insertion activity by NADP(H) at approx-
imately the same concentration which inhibits the binding of
p110 to gRNA provides suggestive evidence for a role of GDH
or another dinucleotide-binding protein in RNA editing. How-
ever, the relatively high dinucleotide concentrations required

FIG. 9. NADP1 and NADPH compete with gRNA for binding to p110. The
gradient fraction containing p110 was incubated with NAD1, NADH, NADP1,
and NADPH, as indicated, in various concentrations (50 mM, 500 mM, and 5
mM) for 10 min at 27°C. Afterwards, 32P-labeled gND7-II gRNA was added, and
the samples were incubated for 30 min at 27°C. After separation on a native 4%
acrylamide gel, the formation of the labeled T-V complex containing p110 and
the T-VI complex, which does not contain p110, was quantitated by Phospho-
rImager analysis. The two control lanes (con) represent duplicate samples. Below
each experimental lane are the percentages of radioactivity in the T-V and T-VI
bands relative to the amount in the control lanes.

FIG. 10. Inhibition of in vitro gRNA-independent U insertions into pre-
edited cytochrome b mRNA by NADP(H). The pNB2 substrate RNA was
incubated with mitochondrial Triton lysate extract with [a-32P]UTP as described
in Materials and Methods. Different amounts of dinucleotides were added to the
reaction mixtures prior to addition of the [a-32P]UTP. The labeled intact RNA
was gel isolated, annealed to an oligomer, and digested with RNase H. The 39
and 59 fragments (indicated by arrows) were separated by electrophoresis, and
the relative amounts of label in the 59 fragments were measured by Phospho-
rImager densitometry. Lane 1, control (no dinucleotide addition); lanes 2 to 9,
0.5 and 5 mM indicated dinucleotides added.
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for both competition with gRNA 39 oligo(U) binding and in-
hibition of in vitro editing-like activities argue against the spec-
ificity of this reaction. The loss of dinucleotide inhibition ob-
served with a gradient-purified 20S fraction might be explained
by the absence of GDH in the 20S fraction, as shown in Fig. 4.
This remains to be investigated.

Both U insertion activities have been shown to require UTP
in the in vitro reactions (10, 28). The gRNA[13]-dependent U
insertion reaction at site 1 of the ND7 mRNA substrate (10)
was shown recently to require at least 30 mM UTP for maxi-
mum activity (9a), and it is likely that there is also a UTP
requirement for U insertion editing in vivo. We speculate that
one of the biological roles of the mitochondrial GDH may be
to bind UTP and present it to the editing site. The binding of
gRNA to the putative NADP(H) pocket may also play some
role in this process, as evidenced by the selective effect of
NADP(H) on in vitro editing. It is clear that further work is
required to determine if GDH is actually involved in the mech-
anism of RNA editing.

In previous studies, several gRNA-binding proteins from T.
brucei and C. fasciculata were identified on the basis of UV
cross-linking experiments (30, 32, 44). In T. brucei, the most
prominent proteins have molecular masses of approximately
83 to 90, 64, and 21 to 26 kDa (30, 32, 44), while in C. fascicu-
lata, three proteins of 88, 65, and 30 kDa were found (32). It
was suggested that the T. brucei 90-kDa protein resembles the
C. fasciculata 65-kDa protein, in that they both bind to 39
oligo(U) sequences and only poly(U) strongly competes for the
binding. We have shown in this report that the L. tarentolae
p110 antiserum recognizes 110-kDa mitochondrial proteins in
both C. fasciculata and T. brucei. Further work must be per-
formed to determine if these proteins correspond to any of the
previously identified gRNA-binding proteins in these species.

Metabolic enzymes containing dinucleotide-binding do-
mains have been proposed as a novel class of RNA-binding

proteins (27, 31). Some of the enzymes that fall into this ex-
panding group are glyceraldehyde-3-phosphate dehydroge-
nase, which by binding to tRNA may be involved in nuclear
export (54), the human thymidylate synthase and dihydrofolate
reductase proteins, which show binding to their own mRNAs
and may function as translational autoregulators (13, 14), and
the yeast mitochondrial NAD1-dependent isocitrate dehydro-
genase, which binds specifically to 59 untranslated leaders of
mitochondrial mRNAs (19). GDH from bovine liver mito-
chondria was also previously reported to be an RNA-binding
protein (43). However, the bovine GDH interacted with mito-
chondrial cytochrome oxidase transcripts, and the interaction
was not competed by poly(U) but was competed by cytosolic
RNA. The bovine GDH is also smaller (50 kDa) than the
110-kDa L. tarentolae GDH.

It has been proposed that metabolic RNA-binding enzymes
participate in general regulatory circuits linking a metabolic
function to a regulatory mechanism, similar to the situation of
the metabolic enzyme aconitase, which also functions as an
iron-responsive RNA-binding regulatory element (16, 27).
However, some workers have cautioned that some of these
types of enzymes may merely represent “molecular fossils” of
the transition from an RNA to a protein world and that the
RNA-binding properties may not have a functional signifi-
cance (31). Determination of the role, if any, of the mitochon-
drial GDH in RNA editing must await further experimenta-
tion.
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