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tRNA 3' Processing in Plants: Nuclear and Mitochondrial Activities Differ
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ABSTRACT:. The nuclear tRNA 3processing activity from wheat has been characterized and partially
purified. Several characteristics of the wheat nuclégr8cessing enzyme now allow this activity to be
distinguished from its mitochondrial counterpart. The nuclear enzyme is an endonuclease, which we termed
nuclear RNase Z. The enzyme cleaves at the discriminator base and seems to consist only of protein
subunits, since essential RNA subunits could not be detected. RNase Z lesaresidal phosphoryl and

3 terminal hydroxyl groups at the processing products. It is a stable enzyme being active over broad
temperature and pH ranges, with the highest activity at@%and pH 8.4. The apparent molecular mass
according to gel filtration chromatography is 122 kDa. The nuclear RNase Z does proedsrisied
pretRNAs but with a much lower efficiency thahrBatured pretRNAs. Nuclear intron-containing precursor
tRNAs as well as mitochondrial precursor tRNAs are efficiently cleaved by the nuclear RNase Z.
Mitochondrial pretRNAs is processed by the nuclear RNase Z, generating a mature tRébhtaining

an 8 base pair acceptor stem. The edited mitochondrial pretRN&Acleaved easily, while the unedited
version having a mismatch in the acceptor stem is not cleaved. Thus, an intact acceptor stem seems to be
required for processing. Experiments with precursors containing mutated tRNAs showed that a completely
intact anticodon arm is not necessary for processing by RNase Z. Comparison of the plant nuclear tRNA
3 processing enzyme with the plant mitochondrial one suggests that both activities are different enzymes.

tRNA 3' processing is one of the essential steps in tRNA elles appear to have lost their original bacteright®cessing
maturation leading to functional tRNA molecules in every system and to have developed unique activities possibly
organism. In contrast to the processing event, catalyzed adapted from host enzymes.
by the ubiquitous RNase P (for a review see refand?2), In contrast to organelle and prokaryotic tRNA genes
3’ processing has not been that well characterized hitherto.coding for precursors with long and 3 extensions, nuclear
In the bacterial kingdom onl§. coli has been thoroughly  tRNA genes are transcribed by polymerase Ill into precursors
investigated with regard to tRNA processing. IrE. colia containing only short'5about 6-15 nt) and 3(about 5-10
multistep reaction involving endo- and exonucleases gener-nt) extensions. The' ®xtension was shown to be removed
ates the mature tRNA"Znd, and maturation of the &nd by RNase P12). Since the 3trailer consists only of a few
seems to occur aftef processingd). Several exonucleases nucleotides, an exonuclease could theoretically be sufficient
have been shown to be involved in this reaction, but so far to complete tRNA 3maturation. Several nucleaf @rocess-

it was not _possible to identify a specific tRNA 8xonu- ing enzymes have been investigatd®<24, 30, 35), and
clease. This result suggests that there may not be a tRNA-the majority of these'3rocessing activites has interestingly
specific exonuclease iB. coli. been found to be endonucleases cleaving at the tRNAG,

In archaea nothing is known about@ocessing, beyond although some studies also reported an involvement of
the observation that RNase P generates the matuead exonucleases18—22). In Saccharomyces cersiae Pa-
prior to tRNA 3 processing 4). Whether endo- and/or  padimitriou and Gross2Q) found exo- as well as endonu-
exonucleases are involved in the generation of the maturecleases capable of generating mature tRNAe®ds. The
3 end is so far not known. observed differences between the nuclearpBcessing

Organelle 3processing is expected to be basically similar Systems may be due to different precursors used. The various
to bacterial 3maturation since organelles are of prokaryotic degrees of purification of the extracts tested might also have
origin (5). However, several studies showed that the genera- caused the different results reported. Yet another possibility
tion of the mature tRNA 3end in mitochondriag—10) as is that both modes of processing can be used as found in
well as in chloroplastsl{l) is a single-step reaction involving ~ Yeast. Studies by Yoo and Wolin showed thabircereisiae
endonucleases, which cut at the tRNAeBd. Thus, organ-  the presence of the Lhp1p protein is essential for endonucle-

olytic 3' processingZ?2). In the absence of this protein the

TWork presented here was supported by the Deutsche Forschungs-tRNA 3 end is generated by exonucleases.

gemeinschaft, Anfangsfderung der Universitallm, and Fonds der Hitherto except for the exonucleases frdn coli not a
Chemischen Industrie. single gene for a'3processing activity has been isolated.
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kDa) were reported to participate in tRNA&nhd maturation. (5' extended edited form of mitochondrial pretRRIAfrom
Purification of theAspergillusenzyme showed a 160 kDa O. berteriang, and pPhella and pPhellb’{gature unedited
endonuclease to be involved ihBocessingZ3); in Xenopus and edited forms, respectively, of mitochondrial pretRRA
a 97 kDa protein was identified24). Purification of the from O. berteriand were prepared as describ&).((I) PCR
potato mitochondrial ‘3 processing enzyme identified a of tRNA™" genes: (a) Template pcyTyrV(for pretRNA
protein of about 43 kDa as correlated with the activBy)( from N. rusticg was amplified from plasmid pcyTyr5 with
To clarify the nature of the nucleaf frocessing enzyme,  primers cyTyrl and cyTyr2. The resulting transcript contains
we initiated the characterization and partial purification of a 58 nt long trailer and tRNK' (73 nt) with a 13 nt long
this activity from wheat. Comparison with the potato intron. (b) Template pcyTyrVII was amplified from plasmid
mitochondrial 3 processing enzyme, mitochondrial RNase pcyTyr7 using primers cyTyrl and cyTyr2. The resulting
Z, should clarify whether this organelle has adopted the hosttranscript contains a 58 nt long trailer and the intronless
enzyme after losing its original bacterial activity or whether tRNA™'", with 73 nt. (c) Templates pcyTyrVI, -VIII, and
it developed a unique’ rocessing system. -XVI were amplified from plasmids pcyTyr6, -8, and -16
using primers cyTyrl and cyTyr2. All transcripts contain a
EXPERIMENTAL PROCEDURES 58 nt long trailer and deleted versions of tRNA pcyTyrVI
contains a 64 nt long tRNA, pcyTyrVIIl contains a 72 nt
long tRNA, and pcyTyrXVI contains a 58 nt long tRNA (see
Radioactivity was purchased from Amersham, chemicals g|so Figure 7). (d) Template pcyTyrXIl was amplified from
were purchased from Fisher Scientific, Merck, or Fluka, and plasmid pcyTyrl2 using primers cyTyr3 and cyTyr2. The
enzymes-if not stated otherwisewere purchased from  resulting transcript contains & feader (43 nt long), the
Boehringer Mannheim. tRNATyr (73 nt long), and the '3railer (58 nt long). (Il)
. Template pHis (for mitochondrial pretRNi#& from O.
IsoIauon Of tRNA Qenes . . berteriang was amplified from plasmid 10/83-2%) with
Isolgﬂon of the m|tqchondr|al_ tRNAS gene fromOenotherra primers AH1 (5 TAA TAC GAC TCA CTA TAG GCG
berterla_mav_vas descrlbed earlleE(S_)._ The gene for tRNA GAT GTA GCC AAG TGG 3) and AH2 (3 ACT TGC
from Nlcotlanq rusticawas amplified from total cellular AGA AAA AAT GCT TTA ACG 3'). Transcription of this
DNA of N. rusticausing primers cyTyr3 (STAA TAC GAC template yields a pretRNA with & Bnature tRNA'S (76 nt,
TCA CTATAG GAC GAC TTC TAT ATA GGT ATG 3) 8 bp in the acceptor stem) and a trailer of 64 nt length.
and cyTyr2 (5 GCA TTA AGA AGA TTT TTT GAT G Polymerase chain reactions were carried out essentiall
3'). The resulting PCRproduct contains the tRNA gene and as deyscribed% using the following conditions: (a) for y
additional 5 and 3 sequences. PCR with primers cyTyrl ¢ lat Tviv g/” VI VIl %(” d XVi 1 mi
(5 TAA TAC GAC TCA CTA TAC CGA CCTTAG CTC ~ cmpiate peys Iyrv, “Vil, -V7, -VITL, A1l and =Avi, L min
AGT TGG 3) and cyTyr2 yielded a fragment containing at_95 C, 10m|n at_50°C, and 30 s at 72C, (b) for pHis, 1
f min at 95°C, 1 min and 30 s at 33C, and 30 s at 72C.
thridts C'\tl?v\?;geczr:ig}ﬁgragi: e(gcc:)ristlzasat?zg Sr?g)] Pi(;:?jin In vitro tranécription and purificatio’n of transcripts were
P P P 9 Y 9 performed as describe81). Transcripts were labeled with

E,Iatzr:é(éscyTyrlz (including'3eader) and pcyTyr5 (without [a-*2P]UTP if not stated otherwise.

Materials

Preparation of Mutant tRNAs Purlflcallt.lon of 'R.Na.se Z from Wheat . .
To remove the intron from the wild-type tRNA gene, a A. Initial Purification Scheme for the Biochemical Char-

deletion PCR was performed with primers cyTyrd (TA acterization of RNase.ZA 125 g sample of wheat germ was
CAG TCC TCC GCT CTA CC 3 and cyTyr5 (5ATC CTT repeatedly (X) treated with 250 mL of carbon tetrachloride
AGG TCA CTG GTT CG 3), which amplifies the entire and 70 mL of cyclohexane to isolate embryos which float

clone pcyTyr5 except the intron. The resulting PCR product O the organic solvent. To separate the embryos from the
was ligated, and the new clone was termed pcyTyr7. solvent, the mixture was filtered and the embryos were left

Sequencing of the ligation products revealed some clones®" the fiI_ter to dry. _Subsequently the embryos_were swalen
which contained additional deletions which were termed PY Soaking them in water o/n. Cells were disrupted in a
pcyTyré (containing a point mutation and missing one Waring blendor using homogenization buffer _(5_0 mM Fis
nucleotide in the anticodon loop), pcyTyr 8 (missing the HCl, PH 8/5% gylcerol/0.1 M KCI/0.2:M Aprotinin/63uM
whole anticodon loop and one nucleotide of the anticodon EDTA/11uM Antipaindihydrochlorid/1M Leupeptin/1uM
stem), and pcyTyr16 (missing the whole anticodon loop, parts Pepstatin/4.2:M Chymostatin/0.2 mM Pefabloc SC/5 mM

of the anticodon stem, and one nucleotide of the variable PTT, @nd 1.5% PVPP). Centrifugation at 11@G0r 30 min
arm); see also Figure 8. removed cell debris, mitochondria, and proplastids. The
' resulting supernatant was filtered through one layer of
Substrate Preparation miracloth and concentrated with ultrafiltration cells (Ami-
Templates pCys (for pretRNAs from N. rusticg, pTyrll con). A high-speed supernatant (S100) was prepared by
(for mitochondrial pretRNAY" from O. berteriang, pPhela ultracentrifugation at 1000@Cor 60 min. Protein concentra-
tions were determined using a modified Bradford assay (Roti-
1 Abbreviations: DTT, dithiothreitol; mt, mitochondrial; nt, nucleo- ~ Quant, Roth-Germany)Resource Q columnA 6 mL
tides; MES, 2-N-morpholino)ethanesulfonic acid; Np;-ionophos-  prepacked Resource Q column (Pharmacia) was equilibrated
phate nucleoside; pN,Bnonophosphate nucleoside; NTP, nucleoside with buffer A (40 mM Tris—HCI, pH 8/5 mM MgCh/5%
triphosphate; PAGE, polyacrylamide gel electrophoresis; PCR, polym- o . ’
erase chain reaction: PIPES, piperaZis-bis(2-ethanesulfonic acid): ~ 9lycerol/0.05% Nonidet P4_0/2 mM DTT/0.5 mM PMSF).
pretRNA, precursor tRNA.; Tris, tris(hydroymethyl)aminoethane. The column was loaded with 100 mg of S100 and washed
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with buffer A. Proteins were eluted with a KCI step gradient
(0.1, 0.2, and 1.0 M KClI in buffer A), and 2 mL fractions
were collected. Fractions were pooled and dialyzed with
buffer A. Protein concentrations were determined with a
modified Bradford assay (Roti-Quant and Nanoquant from
Roth, Germany), and fractions were tested for activity. RNase
Z activity eluted with 0.2 M KCI.

B. Purification of RNase Anitial purification steps were
as described in (A), the only difference being that the first
centrifugation was done at 30000g instead of 1100whis
S30 extract was filtered through miracloth and fractionated
with PEG as follows: A 40% PEG stock solution (40% PEG
6000 in homogenization buffer (w/w)) was slowly added to
the S30 fraction under constant stirring until the final PEG
concentation was 6% (w/w). After the solution was stirred
for another 60 min, the precipitate was pelleted for 30 min
at 3000@. The resulting pellet was dissolved in buffer A10
(buffer A containing 10% glycerol), and again a 40% PEG
stock solution was added to the supernatant to a final
concentration of 12% PEG. The precipitate was centrifuged
as above, and the resulting pellet{82% PEG) was
dissolved in buffer A10. This612% PEG fraction contained
the RNase Z activitySource 30Q columThe PEG fraction
was loaded onto a Source Q (Pharmacia) column (80 mL,
packed according to the manufacturer's protocol). The
column was washed with buffer A until the flow-through
contained no more proteins. Bound proteins were eluted wit
a KClI step gradient (0.1, 0.2, and 1.0 M KCI in buffer A)
and collected in 10 mL fractions. Fractions of each salt step
were pooled and concentrated. KCIl was removed from the
protein fractions using a HiPrep 26/10 desalting column
(Pharmacia) according to the manufacturer’s protocol. Protein
concentrations were determined with a modified Bradford
assay (Roti-Quant and Nanoquant from Roth-Germany), and
fractions were tested for activity. RNase Z eluted with 0.2
M KCI. Heparin Sepharose colummhe RNase Z containing
activity (0.2 M KCI Source Q) was further fractionated on
a 50 mL Heparin Sepharose column (Pharmacia) packed
according to the manufacturer’s instructions. After the
column was equilibrated with buffer A, the dialyzed Source
Q fraction was loaded, and proteins were eluted with a KCI
step gradient (0.1, 0.2, 0.25, 0.3, and 1.0 M KCI in buffer
A), and 10 mL fractions were collected.tRNA processing
activity was eluted with 0.25 M KCIBlue column A
prepacked Hi-Trap Blue column (Pharmacia) was equili-
brated with buffer A- (buffer A without Nonidet P40)
containing 0.25 M KCI and was loaded with the 0.25 M KCI
fraction from the Heparin column. Bound proteins were
eluted with a KCI step gradient in buffer A (0.4, 0.6, 0.8,
1.0, and 2.0 M KCI) and collected in 1 mL fractions. RNase
Z activity eluted with 0.6 M KCI. This fraction was
concentrated and dialyzedRNA affinity column Wheat
tRNA (Sigma) was coupled to cyanogen bromide activated
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Ficure 1: In vitro processing of pretRNAS with an RNase Z
active fraction. The RNase Z active fraction from the Resource Q
column was incubated with the pretRR¥A substrate as detailed

in the Experimental Procedures. Lane c: incubation of pretRNA
with reaction buffer as control reaction. Lane p: incubation of
pretRNACYswith nuclear RNase Z. At the right a DNA size marker
is shown (m), fragments given in nucleotides. Precursor (132 nt)
and products (tRNA 72 nt and’ 3railer 60 nt) are shown
schematically at the left. The precursor is cleaved at two sites,
yielding two trailer molecules (see also Figure 2).

A containing 150 mM KCI without Nonidet. Calibration was
performed using low and high molecular weight gel filtration
calibration kits (Pharmacia). An aliquot of the RNase Z active
fraction from the tRNA affinity column was loaded onto the
column. According to the size standards RNase Z has an
apparent molecular mass of 122 k[EDS/PAGEAliquots
from the RNase Z active Heparin, Blue, and tRNA affinity
fractions were analyzed with SDS/PAGE as descril3&).

Optimization of Processing Assays

The initial processing assay was performed as described
(9). For determination of optimal reaction conditions the
RNase Z active fraction (0.2 M KCI) from the Resource Q
column (purification scheme A) was used. Each reaction
contained 8Qug of protein in a reaction volume of 1Q0_
in different buffers, depending on the conditions analyzed.
All experiments were repeated three times, and the resulting
data were averaged. To analyze whether cations are required
for the reaction, 10 mM EDTA was added to the protein
extract prior to the reaction.

The following buffers were used for pH determination:
MES for pH 5.5-6.5, Pipes for pH 7, and Tris for pH %5

Sepharose 4B resin (Sigma) according to the manufacturer’'sg.9. In vitro processing reactions were performed as described

protocol. The resulting 5 mL tRNA affinity column was

equilibrated with buffer A and subsequently loaded with the
fraction from the previous Blue column. A step gradient (0.2,
1.0, and 2.0 M KCI) eluted bound proteins, which were
collected in 1 mL fractions, with RNase Z being in the 1.0
M KCI fraction. Gel filtration. A Superdex 200 PC gel

filtration column (Pharmacia) was equilibrated with buffer

(9). Processing products were quantitated by measuring signal
intensities of an exposed X-ray film with a Molecular
Dynamics densitometer. After the determination of optimal
reaction conditions all processing reactions were carried out
with 80 ug of protein (0.2 M KCI Source Q fraction) in 100

uL of buffer ivp (40 mM Tris, pH 8.4, 2 mM DTT) for 25

min at 37°C if not stated otherwise.
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Ficure 2: Cleavage site determination by primer extension. J 215 —
Sequencing reactions (lanes G, A, T, and C) and primer extension

(lane py) were started from primer Cys3. The coding sequence of

the pCys template is shown at the right. The prominent cleavage .

site is indicated with a bold arrow; minor cleavage sites are indicated tRlI})Al\nglél]t y @

with light arrows. The main processing site lies immediatélyo3 . . . .

the discriminator. Minor cleavage sites are located one, six, and E"(\BIURE ; SfDSéPAt(_BE of RNase Z ?Cé'vet;rg‘ggpsAég‘thOtS o_f[

seven nucleotides downstream of the discriminator. ase £ aclive fractions were separated with SDS/FAGE 1o monitor

the progress of purification. Molecules were visualized by silver

. . staining. Lanes +3 show aliquots from the nuclear RNase Z active

Analysis of RNase Z Composition fractions of wheat. Lane 1, 57g of the 0.25 M Heparin fraction;

To investigate whether the RNase Z activity contains RNA 1an€ 2, 10ug of the 0.6 M Blue fraction; lane 3, 300 ng of the 1

- . . . . . M tRNA affinity fraction. Lane 4 shows the most purified fraction
and/or protein subunits, preincubations with proteinase K and of the mitochondrial RNase Z from potato (approximately 50 ng).

RNase A, respectively, were performed as descriBpd=0r At the left a protein size marker is indicated in kilodaltons.
this analysis the 0.2 M KClI fraction eluted from the Resource

Q column was used. To prevent potential inhibition of tRNA gel (Figure 3, lane 4). Protein concentrations of the most
processing by RNA maskin@®), different amounts of RNA  purified fractions were estimated from silver-stained SDS
((a) 10ug of 5S rRNA, (b) 2Qug of 5S rRNA, and (c) 100  gels.

ug of polyA) were added to the reaction mix after preincu-

bation and before the addition of precursor tRNA. RESULTS
Characterization of Processing Products Characterization
To analyze the nature of thé &nd 3 terminal groups of The tRNA 3 Processing Actity from Wheat Is an
the processing products, experiments were performed asEndonucleaseThe precursor tRNAS used for characteriza-
described 9). tion of the nuclear RNase Z contains a rather lohgdler
(60 nt). The length of this trailer prevents degradation by
Determination of Cleaage Site unspecific exonucleases and thus allows endonucleolytic and

exonucleolytic 3processing to be distinguished. ThHeebd
of the precursor is the mature tRNA Bnd to take into
account that some of thé &RNA endonucleases have been
reported to process only’ Smatured tRNA precursors.
Mitochondrial RNase Z from potato was purified as |ncubation of this substrate with a wheat cytoplasmic fraction
described §). The following additional purification steps yielded three products, an RNA of about 72 nt and two
were used to further purify the enzyme. Heat-treated fractionsfragments of about 60 nt (Figure 1). The short RNA
were loaded onto a Mono Q column and subsequently molecules correspond in length to tHerailer, and the longer
purified through a Heparin and a Hi-Trap Blue column. fragmentis as long as the tRNA. Thus, mature tRNA&r&ls
RNase Z active fractions from the Blue column were further are generated by an endonuclease which cleavés e
fractionated on a gel filtration column and a Mini S column. discriminator base or close to it. We termed this activity
Aliquots from the Mini S column were analyzed on an SDS nuclear RNase Z.

The exact cleavage site was determined as descrif)ed (

Purification of the Mitochondrial RNase Z from Potato
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Ficure 4: Primer extension analyses of processing products of mt pretRNA) Total mt RNA fromO. berterianawas used in a primer
extension experiment. The coding strand sequence is shown at the right. DNA sequencing and primer extension were both started with
primer AH2 within the 3 trailer. One major cDNA is visible which corresponds to a cleavage direttly e discriminator base. (B) In

vitro processing reactions with mitochondrial (left panel) and nuclear RNase Z (right panel) were performed. The resulting processing
products were subjected to a primer extension analysis with primer AH2. The coding strand sequence is shown in the middle. DNA sequencing
and primer extension reactions were both started with primer AH2. Two major reaction products are visible corresponding to tleavage 3
to the discriminator and one nucleotide upstream.

Optimal Reaction Conditions for RNasehe influence discriminator (Figure 2). Two additional minor cleavage sites
of varying salt concentrations, pH, and temperature on thelie six and seven nucleotides, respectively, downstream of
3 processing reaction was investigated. The cleavage reactiorthe major cleavage site.
is most efficient at 33C and pH 8.4, and addition of Mg Characterization of 3 Processing ProductsFor the
is not necessary, but if 10 mM EDTA is added to the reaction addition of the CCA triplet a '3hydroxyl group is required
mix, processing is totally inhibited. If Mg is replaced by at the tRNA 3 end. To analyze whether the endonuclease
C&", a concentration of 2 mM achieves optimal processing. characterized here leaves 'ahgdroxyl group at the tRNA
Similar observations were made using monovalent cations: terminus and therefore allows immediate addition of the CCA
addition of K" is not necessary, but if Kis replaced by  sequence, we analyzed the nature of the terminal groups of
NH,*, 2 mM yields maximum activity. Higher concentrations the processing products. For analysis of therid of the 3
of divalent cations (M§", more than 50 mM; Ca, more trailer precursor, tRNA" was transcribed withd-3?P]CTP
than 20 mM) and monovalent cations(KL50 mM; NH;*, to label theo-phosphate of the first nucleotide of the trailer
100 mM) inhibit the cleavage reaction. (sequence of the' 3railer: 5 CTTGTTT 3). This substrate

Enzyme CompositiorTo investigate whether the wheat was incubated with the wheat germ fraction, and processing
3' processing activity consists of RNA and protein subunits, products were separated with PAGE. After elution from the
we preincubated the protein fractions with either RNase A gel the trailer was digested with RNase T2 and RNase A to
or proteinase K. Preincubation with proteinase K and RNaseyield 3-monophosphate nucleosides (Np). Products of this
A totally abolished the processing activity (data not shown). digestion were separated on two-dimensional thin-layer
To prevent substrate masking by RNase 32)(and thus chromatography (data not shown). Four prominent spots are
cleavage inhibition, additional RNA was added to the detectable on the autoradiograph of the 2D-TLC, correspond-
reaction mixture. Under these conditions, activity could be ing in their location to the four expected-@onophosphate
restored, suggesting that the nuclear RNase Z is an all-proteimucleosides33). A weak fifth spot is also detectable, which
enzyme. corresponds to pCi88). Thus, the nuclear RNase Z leaves

Determination of Cleaage Site To determine the exact a5 phosphoryl group at the trailer molecule. The nature of
cleavage site of the RNase Z enzyme, primer extensionthe 3 group of the tRNA was examined by incubating an
analysis was carried out with thé Bailer of the nuclear  unlabeled tRNA precursor with the wheat RNase Z and
pretRNASYs generated by incubation with the nuclear RNase eluting the resulting tRNA product from a denaturing gel.
Z. The primer extension experiment yielded one major The tRNA molecules were subsequently incubated with
product, which corresponds to cleavageddthe discrimina- [0-*?P]pCp and T4 RNA ligase. Separation of ligation
tor nucleotide. One minor product was generated, which products with PAGE shows a single product of tRNA size
corresponds to cleavage one nucleotide downstream of thg(data not shown). Successful labeling of the tRNAeBd
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Ficure 5: Processing of 'Sextended pretRNAs by RNase Z. Precursor tRNAs containirextnsions were incubated with an RNase Z
active fraction with (A) and without (B) RNase P activity. (A) Processing of pretRRAane p: incubation with a wheat germ extract.

Lane c: control reaction without protein. A DNA size marker is indicated in nts at the left, and expected sizes of the various products are
depicted at the right (5 leader;t, 3 trailer). Both products of the' ®nly processing reaction are clearly visible. Just one product of the

5' only reaction is visible (Bleader), while the other (tRNA plus &ailer) is not detectable. It is probably immediately processed to yield

the mature tRNA and the Failer. (B) Processing of pretRNA. Lane pl: incubation of'Zextended pretRNA" with wheat germ extract.

The precursor is processed very inefficiently, and only one of theny processing products '(feader and tRNA) is visible. Lane p2:
incubation of 5 matured pretRNA" with wheat germ extract. The precursor is processed effiently, yielding tRNA ‘ammdil@r. A DNA

size marker in nts is given at the left, and expected sizes of the various products are depicted at theSrighaider;t, 3 trailer).

indicates an accessiblé Bydroxyl group essential for this  nuclear RNase Z yielded two processing products: the
ligation. RNase Z thus cleaves the phosphodiester bond suchmature tRNA and the '3trailer (data not shown). Thus,
that a 3 hydroxyl group is left at the tRNA terminus and a mitochondrial tRNAs are also accepted as substrates for the

5 phosphoryl group at the trailer molecule. nuclear RNase Z.
) - Processing of Mitochondrial pretRNA The tRNA ac-
Partial Purification ceptor stem usually consists of seven base pairs, exceptions

For a detailed analysis of the plant nuclear RNase Z, we P€ing histidine- and selenocystein-tRNAs with acceptor stems
initiated purification of this enzyme. An S30 fraction from Containing eight base pairs. The generation of the longer
wheat embryos was fractionated by PEG precipitation. The 8CCeplor stem in the nucleus is different from the corre-

6—12% PEG cut containing the RNase Z activity was loaded SPONnding process in organelles and bacteria. In nuclei RNase
onto a Source Q column, and Brocessing activity was P processes the histidine precursor at thenfl, yielding an

eluted with 0.2 M KCI. This fraction was further purified ~2CCeptor stem with 7 bp, and the additionahfcleotide is

on a Heparin column, RNase Z activity eluting with 0.25 M subsequently added by guanylyltransferase. The organelle
KCl. RNase Z was bc;und to a subsequent Blue column andand bacterial RNase P enzymes process the precursor at the
eluted with 0.6 M KCI. A final purification step consisted 5d32q to lgen?.ra.\;[e e:n 8 bp acct:ep:gr stemt, tf;usér(;qull[lng no
of a tRNA affinity column, leaving only very few proteins additional activity 1o generate the mature snd. 10

in the RNase Z active fraction (Figure 3). To isolate the |nyest|,gate how the nuclear RNase Z acts upon a mitochon-
nuclear RNase Z, we thus expect only a few additional .d”al 5 matured precursor with an 8 bp acceptor stem, we
purification steps. Gel filtration chromatography sizes the incubated the Smatured mitochondrial pretRNA with the

| RN 7t t molecul 122 kD wheat nuclear RNase Z. The mitochondrial precursor was
nuclear kiNase £ 1o an apparent molecuiar mass a'proce:ssed efficiently, yielding the tRNA and thetgailer

(data not shown). The exact cleavage site was determined

with primer extension analysis of the trailer molecule (Figure
Processing of a Mitochondrial Precursoincubation of 4B). Of the two major cleavage sites found one generates

the mitochondrial pretRNA" from O. berterianawith the an acceptor stem with 7 bp and the other a stem with 8 bp.

Substrate Specificity
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To compare cleavage site selection of the nuclear RNase Z ed un

with that of the mitochondrial RNase Z, we also incubated

pretRNA'S with the plant mitochondrial RNase Z. The . 5
precursor is efficiently processed, and primer extension 220 — “ -— C{g—
experiments show that the mitochondrial RNase Z cleaves o

at exactly the same sites as the nuclear one, generating 7 bp 180 —

and 8 bp acceptor stems (Figure 4B). To analyze the in vivo

situation, we performed a primer extension with mitochon-

drial RNA. In vivo there is only one major cleavage site 130
which generates an 8 bp acceptor stem (Figure 4A).

5 Extended Precursors Are Poor Substrates for the
Nuclear RNase ZSince several'$rocessing activities have
been described to act only ohrBatured precursors, we were

e S
—— T —

interested in whether the wheat RNase Z would also process W
5 extended precursors. Incubation 6&%tended pretRNA® - D %%)
with a wheat fraction containing RNase P and RNase Z 75 _

yielded processing intermediates from the RNase P reaction

and from the RNase Z reaction, respectively (Figure 5A), 65

although the reaction efficiency of the Beaction was
significantly reduced. Incubation of the same precursor with
a fraction containing only RNase Z yielded no processing 51

prOdUCtST(dat,a not Shov,vn)' Upon_ 'r_]CUbatlon of aﬁe”d‘?d FIGURE6: A precursor containing a mismatch in the acceptor stem
pretRNA™" with a fraction containing only RNase Z, just s not processed in vitro. Unedited (lane un) and edited (lane ed)
weak processing could be detected (Figure 5B). ‘A 5 pretRNAPrewere incubated with an RNase Z active fraction. The
extended pretRN/S was not processed at all by the nuclear ynehdited form of tRNRhehQFntﬁinS (;?1_ mésmatChé’ﬂ?*AGQ base pair I

: in the acceptor stem, while the edited precursor contains a regular
RNas_e A (dar:adnot hsholwn). Al precursors ;feed in these Watson-Crick “U—A89 base pair at this position. Sizes of DNA
eXpe”mentS ad rather long 6xten5|ons (t(RNA117 nt, fragments are indicated in nts at the left; precursor and products
tRNAMS 96 nt, and tRNAY" 43 nt) which could be an obstacle  are shown schematically at the right. While the edited precursor
for RNase Z processing and could slow the reaction to (with an intact acceptor stem) is processed efficiently, the unedited
inhibition. substrate (containing a mismatch in the acceptor stem) is barely
processed.

Processing of a tRNA Precursor Containing a Mismatch
in the Acceptor StenRNA editing has been shown to have deleted from the anticodon loop was also cleaved efficiently
an effect on the processing efficiency of some tRNA (data not shown).
precursors in plant mitochondridg, 27). The unedited form
of mitochondrial tRNA" from O. berterianacontains a ~ DISCUSSION
mismatch in the acceptor stefC¢A%%), which is restored For the nuclear RNase Z, tRNA modification and shért 3
to a normal WatsonCrick base pair {U—A%) by RNA trailer sequences do not seem to be necessary for 3
editing. We were interested to see whether the mismatch inprocessing, since the tRNA precursors efficiently cleaved
the acceptor stem of the unedited precursor tRRAas an by this enzyme are routinely generated with T7 polymerase
influence on processing by the nuclear RNase Z. Upon and tRNA nucleotides are not modified in these precursor
incubation with the wheat RNase Z, only the edited precursor molecules. Furthermore, all precursors tested contained rather
was processed efficiently by the enzyme (Figure 6). long 3 ends ¢50 nt), the in vivo nuclear tRNA'3railers

Processing of Intron-Containing Precursor tRNA®me  generally being only 310 nt long.
of the nuclear pretRNAs contain introns which have to be Biochemical Characterization
removed to generate mature tRNAs. To assess whether the” The enzyme preparation used seems to contain enough
endonuclease RNase Z is able to process intron-containingeations to allow the cleavage reaction to proceed, since
precursors, we incubated the pretRMArom N. rusticawith  aqditional divalent or monovalent cations are not required.
RNase Z, which removes thetBailer efficiently. In addition, —  However, cations are essential for the reaction since cleavage
this wheat fraction contains the splicing endonuclease which s completely inhibited by addition of 10 mM EDTA. Other
removes the intron from the’ 3natured tRNA (Figure 7). 3 processing endonucleases have also been reported to
Processing of the same precursor lacking the intron was asrequire low MgC} concentrations for activityy 20, 24).
efficient as processing of the intron-containing precursor The 3 processing activity is rather stable, cleaving efficiently
(data not shown). over broad pH and temperature ranges, similar toXgrgopus

Processing of Precursors Containing Mutated tRNAs and plant mitochondrial enzyme®, (24). The apparent
Precursors of théN. rusticatRNA™" lacking parts of the molecular mass of the plant nuclear RNase Z is measured
anticodon or with point mutations in one of the arms (Figure to be 122 kDa, smaller than the respective nuclear tRNA 3
8) were incubated with RNase Z. The precursor lacking endonucleases fromspergillus nidulanswhich runs at a
almost the entire anticodon arm and part of the variable armsize of 160 kDa Z3), and potato mitochondria (165 kDa)
was not processed at all, while the precursor missing only (34) but larger than the'3endonuclease 45/60 fror8.
the anticodon loop and the last base pair of the stem wascervisiae, which appears with a molecular mass of 90 kDa
processed efficiently. A precursor with only one nucleotide (20). Thus, the apparent size of the nuclear tRNA 3
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cytoplasmic fraction mitochondrial fraction
m ¢ p P ¢ m
pr 5 v — 180
180 — . Cﬁg — -
130 — - — 130

Ficure 7: In vitro processing of an intron containing pretRNA. PretRXArom N. rusticawas processed with RNase Z active fractions

from potato mitochondria and wheat (nuclear activity). Left panel: processing with wheat nuclear RNase Z. Right panel: processing with
potato mitochondrial RNase Z. Lane p: incubation of pretRNAvith the respective protein extract. Lane c: incubation of pretRNA

with reaction buffer as control. The pretRNA contains a 58 nt lonigiBr, tRNAY" (73 nt), and an intron (13 nt). Both activities process

the precursor efficiently. The wheat extract also removes the intron from the tRNA. A DNA size marker is shown on the left and right, and
precursor and products are shown schematically in the middle.

processing endonuclease seems to vary significantly betweerCleavage Site Selection

species. Analysis of the processing products revealed that Nuclear pretRNAYs is cleaved immediately '3to the
RNase Z cleaves the precursor, leaving piosphoryl group  discriminator by wheat RNase Z, allowing the tRNA
at the trailer and a'hydroxyl group at the tRNA, similar ~ nucleotidyl transferase to add the CCA triplet directly. This
to both the yeast and plant mitochondrial enzyn@9,10). observation is in accordance with the results obtained for
The phosphodiester bond is thus cleaved by RNase Z as btRNA 3' processing inXenopus wheat mitochondria, and
other endonucleases such as RNase P, but different frompotato mitochondriag, 10, 24). Minor cleavage sites are

cleavage by, e.g., RNase A. also detected, two being located six and seven nucleotides
N downstream from the discriminator. These additional cleav-
Enzyme Composition age sites were only observed with the tRN#precursor and

3 processing is abolished by treatment with proteinase, thys might be due to secondary structure in the pretRNA

suggesting that the’ rocessing activity contains one or 3 trailer. Other pretRNAs tested are cleaved only next to
more protein subunit(s). Treatment with RNase A also the discriminator (data not shown).

inhibits cleavage, which however can be restored by addition

of carrier RNA to the extract. Analysis of RNase P activities Substrate Specificity

from archaea and eukarya has shown that the identification Cleavage of 5 Extended PrecursorsOomen et al.

of essential RNA subunits by RNase digests or CsCl observed that in a wheat embryo cytoplasmic extract only
centrifugations is not straightforwar@g 29). Only purifica- 5 extended precursors were processed, whilen&tured
tion of the enzyme to homogeneity will definitively clarify — precursor tRNAs were not cleave85. We observed with
whether this activity also contains RNA subunits. However, the wheat nuclear RNase Z thdtéxtended pretRNAS is

the fact that other RNase Z activities purified to date consist not processed, a ®xtended pretRNA*€is only processed
of protein subunits onlyq, 20, 23, 24) supports our results  at the 3 end in the presence of RNase P, and exiended
indicating that the nuclear RNase Z in wheat is as well an pretRNAY' is weakly processed. Thus, aéxtension seems
all protein enzyme. to slow the 3 processing reaction sometimes even all the
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Table 1: Comparison of the Properties of the Nuclear and
Mitochondrial RNase Z Activities with Respect to Several

X
:

A
c-5 its ; ; -
c-¢ G-¢ Biochemical Characteristics
G-c A—U
e es characteristic mitochondrial nuclear
c—aG u—a A
U-a uAa ¢a v ougecctTA reaction optima
GUUGACUCGAU iiizi CG GUU §9¢¢ ACC'U‘;‘I;UUCG pH 8.0 8.4
o, sAceg L% °° Supa®t € e acld T°C 30 35
va g.uhes A~y [MgCl5] (mM) 5 0
i ¢ [KCI] (mM) 30 0
A-u, BTN substrates
c u c*®€G L
voC B Gy A precursor with intact cleaved cleaved
A. Gy . tRNA structure
/_\/ 5 extended pretRNAs not cleaved cleaved poorly
N size kDa
A A SDS 43 nd
c— —
g:§ é:(g gel filtration 165 122
A—TU A—U
c—G c—aG
c—G c— . . .
LA uRa i-x uha upon incubation of mutated pretRNAs wititosophilatRNA
uGa A 79959 e uGa A 99¢%99 e ; i ivi
¢ §yS§ acheé, ¢ U cucse ACUGE, ¢ processing activities. The Brocessing activity fronbDroso-
G, GAGC < vu ¢ rr c vy . ] J
Uy Ss.uPcd Suga®t e, Y phila does not tolerate mismatches in the acceptor, D, or T
P 2 stem and requires an intact tRNA structug®)(
G—C
c. ~ D. Processing of Precursors Containing Mutated tRNAs

FIGURE 8: SthCtheSr of pretRNA" mutants. The secondary  \While mutants lacking parts of the anticodon arm were
structure of pretRNA" mutants used is shown. (A) Wild-type o essed efficiently by the plant RNase Z, only the almost

pretRNAY. (B) This mutant contains a point mutation in the - . .
anticodon arm (G~ C) and one deletion (marked by a line). (C) total deletion of the tRNA anticodon arm abolished process-

The whole anticodon loop and one base pair of the stem are deleteding. Studies with thérosophilaRNase Z showed that point

(D) In mutant D almost the entire anticodon arm and part of the mutations in the anticodon arm had no effect on processing.

variable arm are deleted. Therefore, in contrast to the requirement for a perfectly paired
o . o i acceptor stem (as seen by the failure of processing unedited

way to inhibition. Nashimoto et al. made similar observations tRNAPMY, a completely intact anticodon arm does not seem

with the mammalign tRNAff:processing enzym&T). Other to be crucial for cleavage by nuclear RNase Z.

nuclear 3processing activities have been reported to prefer Plant Mitochondrial and Nuclear RNase Z aDifferent

or proces; excluswel_y Emature_d precursor9(23, 24). Properties Plant cells contain three compartments, each
Processing of a Mitochondrial pretRNA and an Intron-  p5ying their own set of tRNA processing activities. Accord-
Containing pretRNAThe 3 matured mitochondrial pret- 4 {9 the endosymbiont theory organellar processing en-
RNATis as efficiently processed by the nuclear enzyme as zymes are of bacterial origin and thus differ from those in
a 8 matured pretRNA" from N. rustlcac?ntamlng al3nt e nucleus, but it is also possible that the genes encoding
long intron. Thus, at least in vitro tRNA @nd processing  he pacterial processing enzymes have been lost and that
in plant nuclei can occur prior to intron removal. present day tRNA processing enzymes are adapted host
Processing of pretRN&. The 8 matured mitochondrial  nuclear processing activities. It might even be that organellar
tRNA"® precursor was processed efficiently by the nuclear activities are derived from bacteriophage enzymes, as has
3 processing enzyme at two major cleavage sites, one givingbeen shown for the organellar RNA polymeras@s)(
rise © a 7 bpacceptor stem and the other to an 8 bp acceptor Studies with the mitochondrial RNase Z in plants showed
stem. Identical cleavage sites were observed when the 5that tRNA 3 maturation in these organelles differs signifi-
matured pretRNA® was incubated with the plant mitochon-  cantly from bacterial 3maturation, suggesting that plant
drial RNase Z. Investigation of the in vivo cleavage sites mitochondria have lost their original (bacteria-like) process-
revealed that in mitochondria there is a major cleavage siteing system, 10, 34). Comparison of the plant mitochondrial
generating a tRNA with an 8 bp acceptor stem and a minor and plant nuclear RNase Z should reveal whether mitochon-
cleavage site located one nucleotide further downstream.drial and nuclear ‘3processing activities are similar or even
Thus in vivo and in vitro tRNA 3 processing enzymes identical and encoded by the same gene. Since both enzymes
generate the functional tRNR with an 8 base pair acceptor catalyze the same reaction, they of course have similar
stem. The additional cleavage site found in vitro might be features. They are both endonucleases consisting of proteins,
due to the in vitro situation (e.g., missing nucleotide and they cleave tRNA precursors at the discriminator, leaving
modifications in the T7 transcripts). Thus, the nuclear RNase 5' phosphoryl and ‘3hydroxyl groups at the respective
Z processes the tRN¥ precursor such that no additional processing products (Table 1). Both are rather stable
steps are required at thé @d to generate the 8 base pair enzymes, active over broad pH and temperature ranges, but
acceptor stem. with different optimal salt requirements. A clear difference
Influence of a Mismatched Acceptor Stem bR1®cessing is the exclusive preference of the mt RNase Z fanatured
by Nuclear RNase .ZIncubation of a tRNA precursor precursors, while the nuclear enzyme acceptexdended
containing a mismatch in the acceptor stem with the wheat precursors as substrates. This observation suggests that
nuclear enzyme revealed that the nuclearpBcessing mitochondrial and nuclear tRNA Processing activities are
enzyme prefers pretRNAs with a perfectly paired acceptor different. Nevertheless, it might be possible that the above-
stem. This result is in agreement with observations made mentioned differences are due to different posttranslational
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modifications or potential cofactors. A further significant
distinction between the two enzymes is the size difference
observed in gel filtration experiments and denaturing gels.
In the most purified nuclear RNase Z fraction (Figure 3, lane
3) no protein with the size of the mitochondrial RNase Z
(43 kDa, Figure 3, lane 4)33@) is detectable. Gel filtration
experiments showed that the mitochondrial RNase Z with
an apparent molecular mass of 165 k[34)(is bigger than

the nuclear RNase Z with a size of 122 kDa. These
observations suggest that nuclear and mitochondrial 3
processing activities are different enzymes encoded by
different nuclear genes, although it cannot be excluded that
the differing sizes of the two enzymes might be due to the
fact that they were isolated from wheat and potato, two
different plant species.
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