
THE JOURNAL OP BIOLOGICAL CHEMISTRY 
Q 1989 by The American Society for Biochemistry and Molecular Biology, Inc. 

Vol. 264, No. 31, Issue of  November 5, pp. 18679-18686,1989 
Printed in U.S.A. 

The Leishmania Kinetoplast-Mitochondrion Contains  Terminal 
Uridylyltransferase and  RNA Ligase  Activities* 

(Received for publication, June 5,1989) 

Norbert  Bakalara, Agda M. Simpson,  and  Larry  Simpson 
From  the  Department of Biology and the Molecular Biology Institute,  University of California, Los Angeles,  California 90024 

Purified mitochondria  of Leishmania tarentolae 
contain  3"terminal uridylyltransferase and  RNA li- 
gase activities which  can  be  solubilized  by  detergent 
lysis of the organelle.  Run-off  transcription  of maxi- 
circle and  minicircle DNA also occurs in intact  and 
Triton-lysed mitochondria,  using  [s2P]GTP as the la- 
beled  precursor.  Heparin inhibits the solubilized ter- 
minal uridylyltransferase activity but  does  not affect 
the labeling of endogenous  RNAs in intact  mitochon- 
dria with [SaP]UTP.  Clarification of the mitochondrial 
Triton lysate causes  an  increase in terminal uridylyl- 
transferase activity with exogenous  substrates.  These 
two activities are candidates  for  involvement in a  post- 
transcriptional RNA editing process  of  mitochondrial 
transcripts. 

The mechanism of RNA editing of transcripts of mitochon- 
drial cryptogenes in  the kinetoplastids is not understood (Ref. 
1 for terminology and review). The available evidence suggests 
a post-transcriptional, 3' to 5' process that may  involve a 
putative complex of enzymes possessing riboendonuclease, 
terminal uridylyltransferase (TUTase),' exonuclease, and 
RNA ligase activities. In order to  test  the hypothesis of a 
post-transcriptional enzymatic process of RNA editing, we 
have analyzed Leishmania tarentolae mitochondria for the 
presence of these  putative RNA editing enzymes and have 
identified a 3"TUTase and  an RNA ligase. 

MATERIALS AND  METHODS 

L. tarentolae (UC strain) cells were  grown in Difco brain-heart 
infusion medium with 10 pg/ml hemin at  27  'C as describedpreviously 
(2). Cells  were  grown to  late log phase (50-150 X lo6 cells/ml) and 
used immediately. 

A mitochondrial (kinetoplast) fraction was isolated by a procedure 
described previously (3) with the modification that  the cells were 
resuspended in 0.15 M NaC1,O.l M EDTA, 10 mM Tris-HC1 (pH 7.9) 
prior to hypotonic rupture  in 1 mM Tris-HC1 (pH 7.9), 1 mM EDTA. 
The final isopycnic banding was performed either  in Percoll or 
Renografin density gradients. The washed, DNase-treated homoge- 
nate was layered either  under  a 16.5-52.5% Percoll gradient and 
centrifuged at 24,000 rpm for 40 min at  4 "C in an SW 28 rotor or 
under  a 20-35% Renografin gradient and centrifuged at  24,000 rpm 
for 1.5 h a t  4 "C. The mitochondrial band was collected and diluted 
with 0.25 M sucrose, 20 mM Tris-HC1 (pH 7.9), 2 mM EDTA (STE 
buffer), and  the mitochondria were pelleted at  9,000 rpm in  an HB4 
rotor for 15 min. The pellet was washed once and resuspended in 
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STE buffer and either used immediately or frozen in 8% dimethyl 
sulfoxide in STE buffer a t  -80 "C. 

For assaying transcription, mitochondria (30-50  pg  of protein) 
were incubated at  27  "C for 15 min in  a 50-pl reaction volume 
containing  3 mM KPO4,  60 mM KCl, 5 mM Hepes (pH 7.6), 6 mM 0- 
mercaptoethanol, 0.5 X STE buffer, 10 pCi of 13'P]GTP  (800  Ci/ 
mmol), and 0.2 mM each ATP, CTP,  and  UTP (4). For assaying 
TUTase activity, 10 pCi of 13'P]UTP  (800 Ci/mmol) and 1 mM GTP 
were used with no CTP or ATP in the same buffer. In some experi- 
ments, 30 p~ cold UTP was added since the 12.5 pmol of labeled 
UTP (10 pCi) used in the reaction was found to be rate-limiting. 
Aliquots were spotted onto DE81 filter discs, which  were dried and 
washed in 0.5 M NaPO, (pH 6.8), 0.5% sodium pyrophosphate and 
then in  ethanol prior to counting in Omnifluor/toluene. Prior to gel 
assay, samples were extracted with phenol/chloroform (1:l). Acryl- 
amide gels (8 or 10% acrylamide, 7 M urea) were either fixed and 
dried under vacuum or electroblotted onto  Nytran  filters (Schleicher 
and Schuell) for 5  h at 500  mA for autoradiography. Agarose-form- 
aldehyde gels (1.5%) were blotted onto  Nytran filters. 

The mitochondrial fraction in STE buffer was  lysed by homoge- 
nization in 0.3% Triton X-100 using Kontes disposable Pellet Pestle 
mixers, yielding the  triton lysate (TL) fraction. Clarification of the 
TL fraction by  5-15-min centrifugation at  12,000 X g at  4  "C yielded 
the  Triton  supernatant  (TS) fraction. TUTase assays were performed 
as described above for intact mitochondria. 

RNA  ligase activity was assayed both by following the circulariza- 
tion of a small cytoplasmic rRNA and by the addition of [32P]pCp to 
the 3' termini of mitochondrial RNA molecules (5). Reaction mix- 
tures (50 pl) containing 1 pg  of mitochondrial RNA, 20 mM MgC12,2 
mM dithiothreitol, 100 mM Hepes (pH 7.9), 0.2 mM ATP, 20% 
dimethyl sulfoxide, 20  pCi  of [32P]pCp (3000 Ci/mmol), and 1 unit of 
RNasin were incubated at 4 "C for 15  h  (6). T4 RNA  ligase (New 
England Biolabs) was  used in the control reaction. The mitochondrial 
RNA ligase activity was assayed using the  TL fraction. 

P1 and  T2 RNase digestions of labeled RNA  were performed in 50 
mM NH4 acetate (pH 5.3) with 5 pg of carrier yeast tRNA (7). TLC 
analysis was performed on cellulose plates  (Brinkmann  Instruments) 
with a  first dimension of isobutyric acid/NH40H/H20 (66:1:33) and 
a second dimension of  0.1 M sodium phosphate (pH 6.8), ammonium 
sulfate, l-propanol(100602, v/w/v) (7). Unlabeled ribomononucleo- 
tides were run  as controls and visualized by  UV illumination. 

A 746-base pair AccI/AccI fragment from the pLtl2O maxicircle 
region (nucleotides 5347-6093  of the L. tarentolae maxicircle se- 
quence; entry LEIKPMAX  in GenBank") was cloned into  the SmaI 
site of the Bluescript (Stratagene) SK- vector and labeled pNB1. 
Plasmid DNA digested with BamHI was used as template to synthe- 
size sense-strand run-off RNA using T7 RNA polymerase (8). Reac- 
tion mixtures contained RNA polymerase reaction buffer (supplied 
by Bethesda Research Laboratories), 0.2 p~ each nucleoside triphos- 
phate, 20 mM dithiothreitol, 2 units of RNasin, 10 units of T7 RNA 
polymerase (Bethesda Research Laboratories), and 0.5-2 pg of di- 
gested template DNA. Synthesized RNA was digested with DNase I 
and purified by  gel electrophoresis. The RNA was extracted from low 
melting agarose by a phenol freezing method. 

Cytoplasmic RNA was isolated from cells that were disrupted by 
swelling in 2 mM Tris-HCl (pH 7.9), 2 mM EDTA and passage through 
a 27-gauge needle at 100 p.s.i. After cell rupture, the suspension was 
clarified; the  supernatant was treated with 0.1% sodium dodecyl 
sulfate and extracted twice with phenol/chloroform (1:l);  and  the 
RNA was precipitated with ethanol and resuspended in water. Mito- 
chondrial RNA was isolated from Renografin-purified mitochondria 
as described previously (3). 
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FIG. 1. Comparison of incorporation of taaP]GTP and ["'PI 
UTP into RNA in intact mitochondria. Mitochondria were iso- 
lated in Percoll gradients. Both reactions contained  ATP, CTP,  GTP, 
and UTP. Aliquots were  removed and spotted onto DE81 filters, 
which were processed for counting. 0, incorporation of [32P]GTP; A, 
incorporation of [32P]UTP. 
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FIG. 2. Gel analysis of RNAs labeled with ["PIGTP or ["'PI 
UTP in intact mitochondria. The products of the reactions shown 
in Fig. 1 were isolated and analyzed on 1.5% agarose-formaldehyde 
( A )  and 10% acrylamide, 8 M urea ( B )  gels. A: lane 1, labeled with 
[3ZP]GTP for 15 min; lanes 2 and 3, labeled with [32P]UTP for 7 and 
15 min, respectively. B:  lanes 13, labeled with [32P]UTP for 0, 3.5, 
and 7.5 min, respectively. The locations of 9 S and 12 S mitochondrial 
rRNAs, small cytoplasmic (CYTO.) rRNAs, tRNAs, and minicircle 
transcripts  are indicated. 
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FIG. 3. Localization of minicircle transcripts in ["'PIUTP- 

labeled mitochondrial RNA. Intact mitochondria were labeled 
with [32P]UTP in the presence of heparin (5 pg/ml) to inhibit labeling 
of exogenous RNAs. Lane I ,  blot hybridization of kinetoplast RNA 
with labeled antisense riboprobe of cloned minicircle DNA (pLtl9) 
to indicate position of small minicircle transcripts; Lane2, kinetoplast 
RNA  labeled with [32P]UTP in intact mitochondria (MITO.) in 
presence of heparin. 

Cells were washed in STE buffer, resuspended at  a density of 2 X 
lo9 cells/ml, and ruptured  in  a  Stansted cell disruptor. The homoge- 
nate was centrifuged at  9000 rpm in an HB4 rotor for 15 min. The 
supernatant was used directly for assay of TUTase activity or frozen 
in 8% dimethyl sulfoxide at  -80 'C. This method of cell disruption 
avoided the hypotonic swelling step used in the mitochondrial isola- 
tion procedure and thereby decreased the breakage of mitochondria 
and release of mitochondrial enzymes. 

Adenylate kinase was assayed by measuring change in AmOnm at  
24 "C in 10 mM glucose, 5 mM ADP, 1 mM NADP, 50 mM Tris-HC1 
(pH 7.5), 5 mM MgCI2, 10 units of hexokinase, and 2 units of glucose- 
6-phosphatase upon the addition of aliquots of fractions from Percoll 
or Renografin gradients. The BCA assay protocol (Pierce Chemical 
Co.)  was used for protein measurements. 

RESULTS 

Incorporation of p2P]GTP and p2P]UTP by Isolated Mi- 
tochondria: Run-off Transcription and TUTase Actiuities- 
Kinetoplast-mitochondrial fractions isolated by Percoll or 
Renografin isopycnic flotation exhibit uptake  and incorpora- 
tion of [32P]GTP  and  [32P]UTP  into RNA. Incorporation of 
[32P]GTP  into RNA increases for approximately 10-15 min 
and  then decreases (Fig. 1). Percoll-isolated mitochondria 
show  more activity than Renografin-isolated mitochondria 
with [32P]GTP. Incorporation of [32P]UTP, however, occurs 
with either Percoll or Renografin-isolated mitochondria at  a 
higher rate than  that of GTP  and continues linearly for at  
least 30 min (Fig. 1). 

The products of these reactions are shown in Fig. 2. ["PI 
GTP is incorporated into  a heterogeneous smear of transcripts 
which we interpret as nascent RNAs elongated during the in 
vitro labeling period  (Fig. 2A); this result is characteristic of 
run-off transcription (4). On the other hand, [32P]UTP is 
incorporated into several discrete mitochondrial RNA  species 
(Fig.  2, A and B ) ,  a  pattern characteristic of TUTase activity 
(10-12); 12 S and 9 S rRNAs, tRNAs, and a smear of small 
RNAs co-migrating with tRNAs  in agarose (Fig. 2 A )  but 
migrating ahead of tRNAs  in acrylamide/urea (Fig. 2B). The 
gel migration pattern of the  latter species is characteristic of 
the minicircle and maxicircle transcripts of unknown function 
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FIG. 4. Transcriptional origins of RNA labeled with  [S2P]UTP or  ["PIGTP  in intact  mitochondria. 
Southern blots are shown of digested kinetoplast DNA (KDNA),  maxicircle DNA, cloned maxicircle fragments, 
and cloned minicircle DNA hybridized with either ["PIUTP- or [32P]GTP-labeled RNA from reactions performed 
using intact mitochondria. The  [32P]UTP reaction lacked ATP and  CTP  to avoid the background of run-off 
transcription. A and B,  probe was [32P]UTP-labeled RNA; C and D, probe was [32P]GTP-labeled RNA; E-H, 
restriction maps of maxicircle DNA and cloned maxicircle fragments, with locations of genes indicated. kb, 
kilobases; O W ,  open reading frame. 

which we recently described (9), and  this was  confirmed  by 
the Northern blot hybridization results in Fig. 3 using a cloned 
minicircle DNA probe and by the Southern blot hybridization 
results described below.  We  showed  elsewhere (9) that small 
maxicircle transcripts of unknown function also co-migrate 
with minicircle transcripts in a smear that extends below and 
above the minicircle transcript band. The migration of the 
small [32P]UTP-labeled transcripts in Fig. 3 is reminiscent of 
this gel behavior, and it is  possible that small maxicircle 
transcripts are also labeled with [32P]UTP in addition to 

minicircle transcripts. However, the  Southern hybridization 
results presented below suggest that the major [32P]UTP- 
labeled  molecular  species  in this region of the gel are minicir- 
cle transcripts. 

It should be noted that some mitochondrial preparations 
had a low level of cytoplasmic  rRNA contamination, giving 
rise to four small rRNA  labeled bands (3, 13) that migrate 
between the tRNA region and  the 9 S rRNA,  especially 
evident after lysis of the mitochondrial fraction with Triton 
x-100. 
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FIG. 5. Nucleotide dependence of 
['*P]UTP and ['*P]GTP incorpora- 
tion in intact mitochondria and TS 
mitochondrial extract. Left, ["PI 
GTP incorporation in intact mitochon- 
dria; center, [32P]UTP incorporation in 
intact mitochondria; right, [3ZP]UTP in- 
corporation in TS mitochondrial extract. 
The incorporation of label into RNA for 
a 15-min incubation at  27 "C is given as 
percentage of the control  in each case. 
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FIG. 7. Cofactor requirements of ['*P]UTP incorporation 
with  intact mitochondria and TS mitochondrial extract. Re- 
actions were incubated for 15 min at  27 "C, and aliquots were spotted 
onto DE81 filter discs for measuring incorporation. A, intact mito- 
chondria from Percoll gradients; B, TS mitochondrial extract. Added 
cytoplasmic rRNA was used as substrate. 

The labeling pattern of the endogenous RNAs is similar 
but  not identical to  that produced by 3'-end labeling of 
purified total kinetoplast RNA with [32P]pCp using T4 RNA 
ligase (or kinetoplast RNA ligase) (Fig.  lOC), indicating that 
incorporation of UTP is  into  steady-state mitochondrial RNA 
transcripts which  occur in different abundancies. The major 

- + - + - +  

FIG. 6. Latency of mitochondrial 
TUTase activity. Endogenous and ex- 
ogenous cytoplasmic rRNAs were la- 
beled for 15 min with [32P]UTP in the 
presence of intact mitochondria and  the 
TL and TS extracts. The labeled prod- 
ucts were extracted and analyzed by  gel 
electrophoresis. A, histogram of data 
from reactions shown in B;   B ,  autoradi- 
ogram of acrylamide/urea gel. The pres- 
ence or absence of added cytoplasmic 
RNA is indicated below the lanes, and 
the enzyme preparation used is indicated 
above the lanes. The sizes of the small 
rRNAs and tRNAs used as size markers 
are indicated on the left. C, same reac- 
tions as in B run  in agarose-formalde- 
hyde gel to show the higher molecular 
size RNAs. nt, nucleotides. 

difference between incorporation of [32P]UTP  and 3'-end 
labeling with [32P]pCp and  T4 RNA  ligase is the  extent of 
labeling of the minicircle transcripts  and the 9 S and 12 S 
rRNAs. The  [32P]UTP labels mainly the 9 S and 12 S rRNAs 
and minicircle transcripts, whereas [32P]pCp and RNA  ligase 
label mainly tRNAs, which are by far the most abundant 
small RNA species in the kinetoplast RNA (9). 

The transcriptional origins of the RNAs  labeled with ["PI 
GTP  and  [32P]UTP  in  the intraorganellar reactions were 
determined by hybridization with Southern  blots of digested 
maxicircle and minicircle DNA  (Fig. 4). The run-off products 
labeled with [32P]GTP hybridize to all regions of the maxicir- 
cle  molecule, including the divergent region, and to minicircle 
DNA  (Fig. 4, C and D). The products labeled with [32P]UTP 
hybridize mainly to  the region of the maxicircle containing 
the rRNA genes and  to minicircle DNA, a pattern consistent 
with the above  suggested identities of the labeled RNA species 
(Fig. 4, A and B ) .  With longer exposures, hybridization to 
maxicircle fragments encoding structural genes can also be 
detected. 

An additional confirmation of the rapidly migrating acryl- 
amide RNA band as mainly minicircle RNA  was obtained by 
gel isolation of this region from [32P]UTP-labeled RNA and 
hybridization to a  Southern blot of digested kinetoplast DNA, 
resulting in the specific labeling of minicircle DNA (data  not 
shown). 

An important difference between the [32P]GTP  and [32P] 
UTP incorporation reactions in isolated mitochondria is the 
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FIG. 8. Effect of heparin on incorporation of [aaP]UTP into 
endogenous and exogenous RNAs in intact mitochondria. Lane 
1 ,  [82P]pCp-labeled cytoplasmic tRNA as size marker to identify 
position of tRNA in gel; lane 2, cytoplasmic rRNA added to  intact 
mitochondria; lane 3, same reaction as in lane 2 except for addition 
of heparin (5 pg/ml). 

requirement of the former activity for all four nucleoside 
triphosphates versus the requirement of the  latter activity for 
only one additional triphosphate (Fig. 5) .  The residual ["PI 
UTP incorporation activity in isolated mitochondria in the 
absence of exogenous ATP,  CTP,  and GTP is probably due 
to  the presence of nucleotide pools in the organelle, as shown 
below  by the solubilization experiments. 

Mitochondrial TUTase Activity  Can  Be  Solubilized  with 
Triton X-1 00-Homogenization of the mitochondrial fraction 
with 0.3% X-100 (producing the  TL fraction) and clarification 
at 12,000 x g (producing the TS fraction) released soluble 
TUTase activity which exhibited an approximate 2-fold in- 
crease in activity toward exogenous cytoplasmic rRNA sub- 
strates (Fig. 6, A-C). This latency phenomenon is that ex- 
pected for an organellar enzyme separated from  exogenous 
substrate by an impermeable membrane. The low level of 
latency suggests leaky organelles, and  this is the  apparent 
cause of the labeling of exogenous RNAs by "intact" but leaky 
mitochondria in 6B, lane 2. 

It is interesting to note that  the  TUTase activity of the  TL 
extract was less than  that of the  TS extract  and even less 
than  that of the exogenous RNA-labeling TUTase activity of 
intact mitochondria (Fig. 6). We suggest that there  are inhib- 
itory factors present in the  TL extract which decrease the 
nonspecific 3'-end labeling and that these factors are removed 
by centrifugation to obtain the  TS extract. 

The  TS enzyme had similar properties to  the  TUTase 
activity within intact mitochondria in  terms of cofactor re- 
quirements (Fig. 7), but  the triphosphate requirements were 
more stringent (Fig. 5), probably as a result of the dilution of 
nucleotide  pools by detergent lysis. In general, at  least one 

MITO. TS  
r 1r 1 

UTPUTP UTP  UTP 
1 2 3 4  

-m 
n- 

1 

. 
PROT K :  - + + - 

CYTO. RNA: - - + + 
FIG. 9. Effect of proteinase K on incorporation of ["PIUTP 

into endogenous and exogenous RNAs. Intact mitochondria 
(lanes I and 2 )  and  the TS extract (lanes 3 and 4 )  were  used. The 
reactions for lanes I and 2 did not have added RNA, and those for 
lanes 3 and 4 had added cytoplasmic RNA. The  intact mitochondria 
in lane 2 were pretreated with proteinase K (PR0T.K; 200 pg/ml) 
and washed prior to  the reaction. The TS extract  in lane 3 was 
pretreated with proteinase K. 

triphosphate was required in addition to [32P]UTP,  but  there 
was no distinction between ATP,  CTP,  or  GTP. The optimal 
GTP concentration was approximately 0.2 mM. Deletion of 
three  triphosphates decreased the activity of the TL enzyme 
90% and the intraorganellar enzyme 50%. The nonhydrolyz- 
able ATP analog AMP-PNP could not substitute for ATP in 
the absence of CTP and  GTP, KC1 and MgC12 were both 
required, with optimal concentrations of approximately 30 
and 5 mM, respectively. Mn2+ could substitute for M e .  

The TUTase activity was  specific for UTP. No uptake of 
labeled ATP into exogenous  RNAs occurred under these 
conditions in the absence of two trinucleotides. 

The  TL mitochondrial extract also showed  run-off tran- 
scription activity, as measured by incorporation of [32P]GTP 
into nascent RNAs in the presence of all four triphosphates. 
This activity was insensitive to  a-amanitin at  10 pg/ml (data 
not shown). 

Heparin, Inhibitor of Solubilized Mitochondrial TUTase, 
Does Not Affect  Labeling of Endogenous RNAs with p2P]UTP 
in  Intact Mitochondria-Heparin, a known inhibitor of TU- 
Tase enzymes in  other systems (12), completely inhibits the 
activity of Triton X-100-solubilized mitochondrial TUTase 
with exogenous  RNA (data  not shown). Heparin is  a large 
charged molecule  which should not  penetrate  intact mito- 
chondrial membranes. The addition of heparin to  the  intact 
mitochondrial fraction inhibits the labeling of added cyto- 
plasmic rRNA (Fig. 8, lane 2) but does not affect the labeling 
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RNA- 
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D. lnhlbttlon of RNA Ligase  Activity 
a + 
a- 
3 

FIG. 10. RNA ligase activity of TL mitochondrial extract. 
Purified mitochondrial RNA (KRNA) was used as substrate. A: 
ethidium-stained 10% acrylamide, 8 M urea gel. B :  autoradiogram of 
dried gel. The mitochondrial T L  extract was used in lanes I and 2, 
and T4 RNA  ligase  was  used as a  control  in lane 3. The incubation 
times  and  temperatures are indicated above each lane. C: lane 1, 
purified mitochondrial RNA labeled with [32P]UTP in intact mito- 
chondria; lane 2, purified mitochondrial RNA 3"end-labeled with 
["PJpCp using TL extract. D: cofactor requirements of RNA ligase 
activity in TL extract. mc-RNA, minicircle RNA. 

of endogenous mitochondrial RNAs (Fig. 8, lam 3). This 
experiment also shows that heparin eliminates the labeling of 
any contaminating cytoplasmic rRNAs present in the mito- 
chondrial fraction. These results indicate that  the previously 
observed labeling of exogenous  RNAs in the presence of intact 
mitochondria (Fig. 6B) is due to leakage of enzyme  from 
damaged organelles, and  not to dual localization of the enzyme 
within the organelle and on the outer surface of the inner or 
outer membrane or to uptake of exogenous  RNA into  the 
organelle. Additional evidence for the intramitochondrial lo- 
calization of TUTase activity was obtained by showing that 
pretreatment of mitochondria with proteinase K does not 
affect the intraorganellar enzyme activity (Fig. 9), although 
it does digest Triton X-100  solubilized TUTase  (data  not 
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FIG. 11. Percoll  isopycnic  density  gradient  centrifugation 
of mitochondrial  fraction. Washed mitochondrial fractions were 
subjected to isopycnic flotation in preformed Percoll density gra- 
dients. Gradients were fractionated, and fractions were washed with 
STE buffer by centrifugation. Aliquots were assayed for run-off 
transcription activity ( A ) ,  TUTase activities ( B ) ,  and protein (C). 

shown), and by the isopycnic co-banding analysis presented 
below. 

Mitochondria Also Contain RNA Ligase Activity-The TL 
mitochondrial fraction also contains an RNA ligase activity 
as shown by following the  TUTase labeling and circularization 
of a small (180 nucleotides) cytoplasmic rRNA molecule, as 
was done previously to demonstrate the presence of an RNA 
ligase in whole  cell extracts of Trypanosoma brucei (17). 
Incubation of cytoplasmic rRNA with the  TL mitochondrial 
extract  and  [32P]UTP under TUTase conditions in  the pres- 
ence of ATP  and M$+ yielded a labeled 180-nucleotide RNA 
molecule, the relative gel mobility of which varied as  a func- 
tion of  gel concentration (data  not shown), a behavior char- 
acteristic of circular RNA  molecules.  Removal of ATP from 
the reaction mixture eliminated the shift in mobility of this 
band but did not eliminate the labeling with [32P]UTP  (data 
not shown), an observation consistent with the requirement 
for ATP of RNA  ligases in general (14-18). The selective 
circularization of this particular rRNA is thought to be de- 
pendent  on its particular secondary structure (17). 

RNA  ligase is also known to add [32P]pCp to the 3'-OH 
termini of RNA  molecules (14-18). We found that kinetoplast 
RNA  molecules added to  the  TL extract were terminally 
labeled with [32P]pCp, and we presume that  this is due to  the 
RNA  ligase activity present  in  this extract. As is the case with 
3'-end labeling with [32P]pCp and T4 RNA  ligase, tRNAs 
were extensively labeled  (Fig.  10, A and B ) ,  and we show 
below that  the [32P]pCp is added to  the 3' termini of the 
molecules. This activity requires ATP  and MP; the ATP 
requirement cannot be satisfied by CTP,  UTP, or GTP,  but 
can be satisfied by dATP (Fig. 10C). The labeling of RNA 
molecules with [32P]pCp by the mitochondrial RNA  ligase 
can be readily distinguished from the mitochondrial TUTase 
activity by the requirement of the former for ATP  as a 
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FIG. 12. Renografin isopycnic density gradient centrifuga- 
tion of mitochondrial fraction. Washed mitochondrial fractions 
were subjected to isopycnic flotation in Renografin (RC) density 
gradients. Gradients were fractionated, and fractions were washed 
with STE buffer. Aliquots were assayed for TUTase  and run-off 
transcription activities ( A ) ,  RNA ligase activity (B), and adenylate 
kinase activity and protein (C). Adenylate kinase is a marker enzyme 
for the mitochondrial inner membrane space. 

1 2  
12s - 

PNBl- 
9s- 

FIG. 13. Incorporation of [S2P]UTP into pNBl RNA in pres- 
ence of TL mitochondrial extract. The gel used was 5% acryl- 
amide, 8 M urea. Lane 1 ,  no added RNA; lune 2, pNBl RNA. Note 
the labeling of endogenous 9 S rRNA. The apparent lack of labeling 
of 12 S rRNA is an artifact of the gel system. 

cofactor and  the specificity of the  TUTase for UTP  as sub- 
strate. 

Isopycnic  Co-banding  Evidence for Localization of TUTase 
and RNA Ligase Activities in Mitochondria-Additional evi- 
dence for the mitochondrial localization of both  TUTase  and 
RNA  ligase activities was obtained by analytical isopycnic 
centrifugation of mitochondria in Percoll or Renografin den- 
sity gradients. As shown in Fig. 11, mitochondria in Percoll 
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U 

FIG. 14. Nearest-neighbor analysis  of [32P]UMP residues 
incorporated into pNBl RNA in presence of TL mitochondrial 
extract. Gel-purified pNBl RNA  was labeled and digested with T2 
RNase, and  the mononucleotide products were separated by two- 
dimensional thin-layer chromatography. The positions of reference 
mononucleotides are indicated by the lubeled boxes. A,  [32P]UTP- 
labeled pNBl RNA (5 FCi, 800 Ci/mmol; plus 30 pM cold UTP),  TL 
mitochondrial extract; B, pNBl RNA 3”end-labeled with [32P]pCp 
(20 pCi,  3000 Ci/mmol) using T4 RNA  ligase. 

gradients form a band which contains a peak of [32P]GTP 
incorporation activity (run-off transcription)  and  [32P]UTP 
incorporation activity (TUTase) (using either endogenous or 
exogenous RNAs). In  the Renografin gradient shown in Fig. 
12, there  is also a co-banding of TUTase, run-off transcrip- 
tion,  and RNA  ligase activities and  the mitochondrial marker 
enzyme adenylate kinase. These results, combined with the 
above results on the labeling of endogenous mitochondrial 
RNAs with [32P]GTP  and  [32P]UTP in intact mitochondria, 
the  latter in the presence of heparin, clearly demonstrate that 
the transcription,  TUTase,  and RNA  ligase activities are 
localized with mitochondria and in the matrix space. 

Mitochondrial TUTase Adds Multiple Uridines to 3”OH 
End of RNA Templates-Sense-strand RNA  was synthesized 
in vitro  from BamHI-truncated pNBl DNA (see “Materials 
and Methods”) using the  T7 promoter. This RNA  was  labeled 
under TUTase conditions with [32P]UTP for 15 min at 27 “C 
in the presence of the  TL mitochondrial extract. The labeled 
RNA can be  visualized in the gel in Fig. 13, migrating after 
the labeled endogenous 9 S rRNA. 

Gel-isolated labeled pNBl RNA  was subjected to  T2 RNase 
digestion to determine the nearest neighbors of the incorpo- 
rated uridine residues. As a control, the same RNA  was 3’- 
end-labeled with [32P]pCp using T4 RNA  ligase, and  this 
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labeled RNA  was subjected to the same digestions. Another 
control involved digestion of the [32P]UTP-labeled RNA with 
P1 RNase, which yields 5’-mononucleotides. In  the case of 
the 3’-[32P]pCp-labeled RNA, T2 RNase digestion, which 
yields 3‘-mononucleotides, gave a major labeled GMP residue 
(Fig. 14B), in agreement with the expected 3”terminal G 
residue. In  the case of the  TUTase [32P]UTP-labeled RNA, 
the labeled mononucleotide released by PI RNase digestion 
was UMP, and  the mononucleotides released by T2 RNase 
digestion were UMP  and  GMP,  the  ratio of which varied from 
1 to 8 depending on the  UTP concentration in  the reaction 
mixture. We found that with at  least 30 PM UTP,  the mito- 
chondrial TUTase adds approximately 8-9 uridine residues 
to  the 3’-OH terminus of the  pNB1 RNA (Fig. 144). We2 
have recently found that, in the presence of the  TL  extract 
(and added ATP), a small proportion of labeled uridine resi- 
dues are also incorporated internally into certain intact RNA 
molecules in  addition to  the nonspecific 3’-end addition. 
However, the T2 RNase digestion analysis described here 
would not  detect  a small proportion of internal uridine addi- 
tions. 

DISCUSSION 

We have shown that mitochondria of L. tarentolae isolated 
by either Percoll or Renografin density gradient centrifuga- 
tion exhibit run-off transcription of both maxicircle and min- 
icircle  DNA and  3”TUTase  and RNA ligase activities. In 
general, the Percoll-isolated mitochondria are more active 
than  the Renografin-isolated mitochondria. Freezing in 8% 
dimethyl sulfoxide does not significantly affect the activity of 
mitochondrial TUTase, RNA ligase, or transcription. Run- 
off transcription is monitored most effectively with [32P]GTP 
and can be detected in intact isolated mitochondria or TL 
mitochondrial extracts.  Most of the maxicircle appears to be 
transcribed, including regions which show few transcripts in 
steady-state RNA such as  the divergent region; this suggests 
either that normal transcriptional regulation is disrupted  in 
the isolated organelle or that  the relative abundance of various 
transcripts in  steady-state RNA in uiuo is determined by 
differential rates of turnover (19). Minicircle DNA tran- 
scripts,  a family of approximately 20 small (80 nucleotides) 
RNAs transcribed from the conserved region of the minicircle, 
are also highly abundant in organellar run-off transcription, 
whereas steady-state levels are extremely low (9). 

When [32P]UTP was used to study  transcription in isolated 
mitochondria, the mitochondrial TUTase activity over- 
whelmed the uptake due to transcription and could be clearly 
distinguished from transcription by a specific requirement for 
only one additional trinucleotide. In  the case of isolated 
mitochondria, [32P]UTP  enters  the organelle and is incorpo- 
rated  into all  steady-state transcripts, including maxicircle- 
derived 9 S and 12 S rRNAs and  structural gene transcripts, 
minicircle-derived small transcripts,  and nuclear DNA-de- 
rived mitochondrial tRNAs (9). 

The major activity of the mitochondrial TUTase is to add 
8-9 uridines to  the 3”OH ends of RNA molecules. A TUTase 
activity has been described from whole cell extracts of T. 
brucei which adds  a single uridine to  the 3”OH terminus of 
RNAs. The relationship between this activity and  the mito- 
chondrial TUTase activity is not known, although we have 
preliminary evidence that  there is a cytosolic TUTase activity 

N. Bakalara, A. M. Simpson, and L. Simpson, unpublished results. 

from L. tarentohe which also adds  a single uridine to  the 3‘ 
terminus of RNA substrates (data not shown). 

The greater relative labeling of minicircle transcripts (9) 
and 9 S and 12 S rRNAs by mitochondrial TUTase  and [“PI 
UTP  than by T4 RNA ligase and [32P]pCp (Fig. 1OC) suggests 
either  that  the number of uridines added to  the 3’-OH end is 
sequence-dependent or that incorporation of uridines in these 
molecules may occur at  sites additional to  the 3’-OH termini. 

The evidence for a  matrix localization of the  TUTase 
activity includes the organellar labeling of endogenous RNAs 
in  the presence of the nonpenetrating  inhibitor,  heparin, the 
latency of the activity with exogenous RNA prior to detergent 
lysis of the organellar membranes, the lack of effect of added 
proteinase K on the activity in intact mitochondria, and  the 
isopycnic eo-banding of the activity  with  a mitochondrial 
marker enzyme in Percoll and Renografin density gradients. 
The  latter experiment also provided evidence for the mito- 
chondrial localization of the RNA ligase and run-off transcrip- 
tion activities found in mitochondrial fractions. 

The localization of TUTase  and RNA ligase activities 
within mitochondria of L. tarentohe is consistent with a 
possible role of these enzymes in a  post-transcriptional RNA 
editing process of mitochondrial transcripts,  but of course 
does not prove the existence of such  a process. We2 have 
recently found that  the  TL mitochondrial extract also has  an 
activity which incorporates  uridine residues internally into 
intact RNA molecules, and we provide preliminary evidence 
that  this activity may be due to  the concerted effort of RNA 
cleavage and  the  3”TUTase  and RNA ligase activities  de- 
scribed in this paper. 
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