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Unstructured RNA Is a Substrate for tRNase Z
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ABSTRACT. tRNase Z, which exists in almost all cells, is believed to be working primarily for tRNA 3
maturation. InEscherichia coli however, the tRNase Z gene appears to be dispensable under normal
growth conditions, and its physiological role is not clear. Here, to investigate a possibiliti ticati
tRNase Z cleaves RNAs other than pre-tRNAs, we tested several unstructured RNAs for cleavage.
Surprisingly, all these substrates were cleaved very efficiently at multiple sites by a reconthimatit
enzyme in vitro. tRNase Zs fromBacillus subtilisand Thermotoga maritimaalso cleaved various
unstructured RNAs. ThE. coliandB. subtilisenzymes seem to have a tendency to cleave after cytidine

or before uridine, while cleavage by tfie maritimaenzyme inevitably occurred after CCA in addition

to the other cleavages. Assays to determine optimal conditions indicated that metal ion requirements
differ betweerB. subtilisandT. maritimatRNase Zs. There was no significant difference in the observed
rate constant between unstructured RNA and pre-tRNA substrates, whiléqthielue of a tRNase
Z/unstructured RNA complex was much higher than that of an enzyme/pre-tRNA complex. Furthermore,
eukaryotic tRNase Zs from yeast, pig, and human cleaved unstructured RNA at multiple sites, but an
archaeal tRNase Z froRyrobaculum aerophilundid not.

tRNase Z (or 3 tRNase; EC 3.1.26.11) exists in almost homodimer, and metal ion(s) were coordinated in the
all cells and is believed to be working primarily for tRNA  catalytic center including the histidine motif. Models for pre-
3 maturation {—6). Usually, this enzyme cleaves off 8 3  tRNA docking are proposed, in which one or two pre-tRNA
trailer from pre-tRNA after the discriminator nucleotide, onto molecules bind a positively charged surface of the enzyme
which the CCA residues are appended by tRNA nucleoti- dimer.

dyltransferase, but exceptionallfhermotoga maritimaR- The genomes of human amdl. thaliana contain both
Nase Z cleaves pre-tRNAs containing H€CA’® sequence  tRNase 2 and tRNase Zgenes, raising a curious question
precisely after the & residue to create the maturet8rmini whether the short and long forms play differential roles in

(4). tRNase Zs can be divided into two groups: a short form the cells. The fact that tRNase- 4s ~2-fold larger than
(tRNase 2) that consists of 308400 amino acids and a tRNase 2 and has the extra N-terminal region that is
long form (tRNase 2 that contains of 806900 amino acids  dispensable for the pre-tRNA processing reaction implies that
(7, 8). Bacteria and archaea genomes contain a tRN&se Z the long form might have an additional rol®.(Indeed, only
gene only, while eukaryotic genomes encode either only tRNase 2 can function as a four-base-recognizing RNA
tRNase % or both forms. cutter (RNase 65) through a relatively stable complex
The C-terminal half region of tRNaselZzhas high between the enzyme and ‘atBincated tRNA, although little
similarity to the whole region of tRNase Zand these regions is known about the physiological role and substrate of RNase
contain a well-conserved histidine motif, which has been 65 (13). Micro-pre-tRNA, which lacks the anticodon and D
shown to be essential for the tRNase Z activity in the arms, and short double-stranded RNA are substrates of
maritima, Drosophila melanogasteandArabidopsis thaliana ~ tRNase Z but not of tRNase Z(8, 14). Interestingly, human
enzymes 4, 9, 10). Sequence analysis has suggested thattRNase Z has been shown to interact physically with the
tRNase Zs belong to the metalfblactamase superfamily, ~ y-tubulin complex, although a physiological significance is
and crystal structures 6f. maritimaand Bacillus subtilis ot clear (5).
tRNase 2's have revealed a four-layey/o. sandwich fold The genome ofSaccharomyces cersiae contains a
that is typically found in metallg-lactamasesi(l, 12). In tRNase Z gene only, which is essential for viability§).

the crystal structures, these tRNas€sZexisted as a Because yeast seems to have a backup system using
exoribonuclease(s) to remove pre-tRNAr@ilers (L7), this

suggests that yeast tRNask may play another role other
than pre-tRNA processing. In contrast, tBscherichia coli
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V1 : E. coli tRNase Z5

! - =
usRNA1 (24 nt) : GAGUGAC 'UA?RC'UC 'CA*AGGCCC‘" U‘UI.I Y1 : B. subtilis tRNase Z°
N % V1 : 7. maritima tRNase Z°
. T4 : Human tRNase ZS
usRNA2 (24 nt) : GAGUGACUA%CUCCAAGGG IJA uuu #1 - tRNase Z's

usRNA3 (28 nt) :GAGAAUGCU?CCGGGCUC*G GGAU”'UUUU
0 0

\
usRNA4 (39 nt) : GUACAGCAU?ACGGGUCA‘AEACCUC’CA?U;;AC'A“UACAC*C
0 0

usRNAS5 (26 nt) :GAGAAUGCU?CCGGGCUCG CC"A"UUU
0 0

A
usRNAE (26 nt) :GAGAAUGCU?CCGGGCU‘C*G U"UUCCA
0

0

I
usRNA7 (24 nt) :GAGUGACUA?CUCCA‘:&GGC CGG'A
0 0

usRNAS8 (43 nt) : GGUAACCUC?UGCUGCCGG?CUCGCGUGA&MGGCCCGG":A;UULl
0 0

usRNAS (22 nt) : GCCUGGCUG CU(.ZGG"Ut'.-‘v“l.l'..ﬁl‘”r uu
0

0

¥ \ !y
usRNA10 (40 nt) : GAAUACGCA:I!GCUAGCAUG;UGCCGGUGA%AGCUUGAJGE
0

Ficure 1: Unstructured RNA substrates. Major and minor cleavage sites &€ 582 the presence of M by tRNase 2s from E. coli
(blue), B. subtilis (red), T. maritima(green), and human (yellow) and tRNasksZblack) from yeast, pig, and human are indicated by
arrows and arrowheads, respectively. The cleavage sites of usRNABL dfybtilisand T. maritimatRNase Zs were different from those
under some different conditions (Figure 4). Very minor cleavage sites are omitted.

tRNAs after the discriminatod, is essential for '3matura- synthetic DNAs containing its promoter. The sequence of

tion of T4 bacteriophage pre-tRNAs that lack the CCA usRNA11l is 5>GAGGAGUUGUGUAUUGUGGACGAA-

sequence like eukaryotic pre-tRNA&1J. However, the idea = GUACCGAAAGGUCUUACCGGAAAACUCGACGCAAGAAAAA-

that tRNase Z is preserved during evolution to prepare for UCAGUAGAGAUCCUCAUAAAGGCCAAGAAGGGCGGAAA-

T4 bacteriophage infection would not be easy to accept. GAUCGCCGUGUAAUUCUAGAUCAUAGACCUGUACAAUGC-
We have been thinking of a possibility tHat coli tRNase UGCUGGCCGGCCGCUUCGAGCAGACAUGAUAAGAUACA-

Z might cleave RNAs other than pre-tRNAs for processing UUG-3. The other RNA sequences are shown in Figure 1.

and/or degradation under some stress conditions. Here, weComputer calculation for these substrates using mfold

investigated whether unstructured RNA can be cleaved by predicted no stable structures with the free eneAgy of

E. coli tRNase Z and several other tRNase Zs and found less than—10 kcal/mol with the exception of usRNA8

that tRNase Zs indeed cleave various unstructured RNAs in(—13.5 kcal/mol) and usRNA1146.6 kcal/mol) 23). The

vitro. transcription reactions were carried out under the conditions
recommended by the manufacturer (Promega), and the
MATERIALS AND METHODS transcribed RNAs were gel-purified.
Construction of an Expression Plasmid for B. subtilis ~ 1he transcribed RNAs were labeled with fluorescein
tRNase Z.The full-length coding region (927 bp) fdB. according to the manufacturer’s protocol (Amersham Phar-

subtilistRNase Z was PCR-amplified from its genome. The Macia Biotech). Briefly, after the removal of the-5
primer pair >GGATCCATGGAATTACTTTTTTTAGG-3 phosphates of the transcripts with bacterial alkaline phos-
and 3-AAGCTTTTATCAGCCTCGCGGGACGTTTA-3was phatase (Takara Shuzo), the transcripts were phosphorylated
used. The amplified gene was cloned betweenRtaeH | using ATFa_/S and T4 polyr_1ucleo_tide kinase (Takara Shuzo).
andHind Il sites of pQE-80L (Qiagen). We confirmed that  1hen, a single fluorescein moiety was added onto the 5
the insert region is the same as the published SequencEphosphorothloate site. The labeled RNAs were gel-purified

(GenBank accession no.: Z99116). before assays.

Expression and Purification of tRNase g tRNase # 3-Fluorescein-labeled usRNA2 without a-ghosphate
was purified from liver as describe®?). Recombinant ~ was synthesized with a DNA/RNA synthesizer and purified
tRNase Zs from E. coli, B. subtilis T. maritima Pyro- through high-performance liquid chromatography (Nippon
baculum aerophilurand humans and recombinant yeast and Bioservice).
human tRNase Zs were generated frork. coli cells as In Vitro RNA Cleaage AssayThe RNA cleaving reac-

described previously3( 4). The N-terminal half of human  tions for fluorescein-labeled RNAs were performed with
tRNase 2 and the jellyfish green fluorescent protein were tRNase Zs of various origins in a mixture 48) containing
also produced from the pTYB11 (New England BioLabs)- 0—50 mM MnCk, 0—20 mM MgCh, 0—90 mM NaCl, or
based plasmids in thE. coli cells @3). 0—200 mM spermidine in addition to 10 mM Tris-HCI (pH
RNA Synthesis and Labelinbhe RNAs were synthesized 8) and 1.5 mM dithiothreitol. In pre-tRNA competition
in vitro with T7 RNA polymerase (Promega) from the assays, unlabeled pre-tRNA (0.028.8uM) was also added.
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FicurRe 2: Assays forE. coli tRNase Z cleavages of thé€-5
fluorescein-labeled unstructured RNAs usRNAL The products
were analyzed on a 20% polyacrylamie® M urea gel. An RNA
substrate and primary Sleavage products are indicated by a bar
and arrows, respectively. L denotes an alkaline ladder of the
fluorescein-labeled substrate. (A) usRNA1 (2 pmol) was reacted
in the presence of 1 mM Mnglvith the enzyme (10 pmol) at 52

°C for the indicated time. (B) usRNA24 (2 pmol) were incubated
under the same conditions for 2 min. The substrate band of the
precise length among thé-Beterogeneous transcript bands from
the intrinsic property of T7 RNA polymerase was identified by
comparison with a size standard.

L L

E. coli
tRNase Z

Temperature, reaction time, and amounts of substrate RNAs
and tRNase Zs changed depending on assays and ar

specified in the figure legends. After resolution of the
reaction products on a 10 or 20% polyacrylami@M urea
gel, the gel was analyzed with a Typhoon 9210 (Amersham
Pharmacia Biotech).

Gel-Shift AnalysisTo determine the dissociation constant
of a tRNase Z/substrate complex, the fluorescein-labeled
RNA substrate (0.181.8 pmol) was incubated on ice for
10 min with various amounts (0-6320 pmol) of tRNase Z
in a buffer (6uL) containing 10 mM Tris-HCI (pH 7.5), 1.5
mM dithiothreitol, and 1 mM MnGl (22). After incubation,
the sample was mixed with the same volume of a loading
buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA, and 50%
glycerol) and electrophoresed on a 5% nondenaturing poly-
acrylamide gel with TBE buffer (90 mM Tris base, 90 mM
boric acid, and 1.5 mM EDTA, pH 8.3). After electrophore-
sis, the labeled RNAs were quantitated with the Typhoon
9210.

RESULTS AND DISCUSSION

E. coli tRNase Z Cle@es Unstructured RNA Substrates.
First, we tested a 24-nt unstructured RNA, usRNA1 (Figure
1), for in vitro cleavage bye. coli histidine-tagged tRNase
Z. usRNA1 was 5end-labeled with fluorescein and incu-
bated at 52C with the enzyme in the presence of Mn
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Ficure 3: Cleavage assays fot-Buorescein-labeled usRNA34

with B. subtilisand T. maritimatRNase Zs. The products were
analyzed on a 20% polyacrylamid@ M urea gel. An RNA
substrate and primary Gleavage products are indicated by a bar
and arrows, respectively. L denotes an alkaline ladder of the
fluorescein-labeled substrate. (A) usRNA1 (2 pmol) was reacted
in the presence of 1 mM Mnglwith B. subtilisor T. maritima
tRNase Z (10 pmol) at 52C for the indicated time. (B) usRNA24

(2 pmol) were incubated under the same conditions for 2 min. The
substrate band of the precise length among tHeeBrogeneous
transcript bands from the intrinsic property of T7 RNA polymerase
was identified by comparison with a size standard.

Information). These results indicate that coli tRNase Z
an also cleave RNA other than pre-tRNA.

Various Unstructured RNAs Are Substrates for tRNase Zs
from B. subtilis and T. maritimaTo determine whether
unstructured RNA cleavages occur by other tRNase Zs, we
tested two eubacterial tRNase Zs frdsn subtilisand T.
maritima for cleavage of usRNAL. Both enzymes cleaved
usRNAL very efficiently but at different sites (Figure 3A).
The major cleavage site by th& subtilisenzyme was the
same as that by the. coli one, but the minor cleavage after
the 11th nt was not detected under the conditions described
in the legend to Figure 3T. maritimatRNase Z cleaved
usRNAL at several sites (Figure 1).

As shown in Figure 3B, 'Sfluorescein-labeled usRNA24
were also cleaved by both tRNase Zs (Figure 1). Further-
more, the six other unstructured RNAs, usRNAR, were
examined for cleavages by both enzymes, and all of these
substrates were also cleaved in most cases at multiple sites
with various efficiencies (Figure S2 of the Supporting
Information). The cleavage sites by tBe subtilisenzyme
were nearly identical to those by tlie coli enzyme, while
substrate cleavage patterns by Thenaritimaenzyme were
different from those by the former two enzymes in most
substrates. Interestingly, when substrates contain the CCA
sequence, cleavage bl. maritima tRNase Z inevitably
occurred after CCA in addition to the other cleavages (Figure

Surprisingly, this substrate was cleaved by the enzyme very1). From these results, we concluded that eubacterial tRNase

efficiently after cytidine at the 21st nt and slightly after
cytidine at the 11th nt (Figure 2A). The three other
5'-fluorescein-labeled unstructured RNAs usRNAR of
24—39 nt (Figure 1) were also examined, and all these
substrates were cleaved (Figure 2B). Likewise, two more

Zs can generally cleave unstructured RNAs.

tRNase Z Cleges Substrates Endoribonucleolyticallyo
confirm that tRNase Z cleaves unstructured RNA endoribo-
nucleolytically as it cleaves pre-tRNA, we performed the
cleavage assays for the 24-tflBiorescein-labeled usRNA2.

substrates, 43-nt uSRNA8 and 22-nt usRNA9, were cleavedIn the assay using. maritimatRNase Z, a 3-nt'Xleavage

by the enzyme (Figure 1 and Figure S1 of the Supporting

product was detected (Figure S3 of the Supporting Informa-
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tion). The presence of this 3-nt product, together with the
above observation that the. maritimaenzyme generated
primarily the 21-nt 5 cleavage product from the 24-nt-5
fluorescein-labeled usRNA2 (Figure 3B), suggests that the
cleavage occurs endoribonucleolytically. The reason we
hardly detected a 9-nt 8leavage product that abuts on the
15-nt 8 cleavage product would be because the second
cleavage of the 9-nt'3cleavage product by the enzyme
occurred easily at the 21st nt to generate the 3-oleavage
product (Figures 3B and S3 of the Supporting Information)
Similarly, E. coliandB. subtilistRNase Zs produced the
3-nt 3 cleavage product from the'-8uorescein-labeled
usRNA2, implying that both tRNase Zs cleave usRNA2
endoribonucleolytically (Figures 2B, 3B, and S3 of the
Supporting Information). In the assays with these two
enzymes, 1- and 2-nt 8leavage products were also detected
(Figure S3 of the Supporting Information). These additional

products would have been generated by further cleavages

of the 3-nt 3 cleavage product or by the first cleavages of
the 24-nt full-length substrate. In the latter case, the reason
we could hardly detect the corresponding 23- and 22-nt 5

cleavage products (Figures 2B and 3B) would be because

these 5products were further cleaved to generate the 21-nt
5 product that was primarily detected.

Metal lon Requirements Differ between B. subtilis and T.
maritima tRNase ZsTo determine optimal conditions for
the unstructured RNA cleavages, we assayesubtilisand
T. maritimatRNase Zs for usRNA1 cleavage by varying a
concentration of MnG| MgCl,, NaCl, or spermidine, or by
varying temperature. Th&. subtilis enzyme was highly
active within the range of 650 mM MnCL and the most
active around £5 mM, while the activity of T. maritima
tRNase Z was the highest at 0.05 mM and was lost without
MnCl, (Figure 4A). With respect to Mgg|l the activity of
B. subtilistRNase Z was very high at.2 mM, but became
very weak at more than 3 mM generating an additional 13-
nt product, although th&. maritimaenzyme was almost
inactive within the tested range (Figure 4B). The major 21-
nt product by theB. subtilisenzyme was generated most
efficiently around 6 mM NaCl, and the additional 13-nt
product became prominent around 90 mM, while only the
13-nt product by th@. maritimaenzyme was faintly detected
within the tested range (Figure 4C). On the whole, depen-
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Ficure 4: Optimal conditions for Bfluorescein-labeled usRNA1
cleavages byB. subtilisand T. maritimatRNase Zs. usRNA1 (2
pmol) was reacted witB. subtilisor T. maritimatRNase Z (10
pmol) at 52°C for 2 min in the presence of various concentrations
of MnCl, (A), MgCl; (B), NaCl (C), or spermidine (D). The
substrate was also incubated in the presence of 1 mM MaCl
various temperatures (E). The products were analyzed on a 20%
polyacrylamide-8 M urea gel. An RNA substrate and primary 5
cleavage products are indicated by a bar and arrows, respectively.
L, an alkaline ladder of the fluorescein-labeled substrate; I, input
substrate RNA.

dence on metal ions of the unstructured RNA cleavages was

quite different from that of pre-tRNA cleavages By coli
andT. maritimatRNase Zs §).

Generally, the coordination of Zh or Mn?" ions in the
active site including the histidine motif appears to be essential
for the activities of metallgg-lactamase superfamily enzymes
(24, 25), and Mg+ or Mn?* ions appear to be needed for
the proper folding of pre-tRNA and/or the efficient tRNase
Z/pre-tRNA interaction. The reason Kgions were hardly
able to make th&. maritimaenzyme cleave the substrate
may be because the enzyme has difficulty in holding the
endogenous 24 or Mn?t ions in the active center bound
by unstructured RNA and because thedgns cannot be
coordinated in the center. In contrast, even ?Mgons
activated theéB. subtilisenzyme probably due to tight binding
of the endogenous Zh or Mn?* ions to the catalytic center.
The Zr#" ions alone hardly supported the activity of tRNase
Z to cleave unstructured RNA (data not shown), confirming
the importance of the Mg and Mr?+ ions mentioned above.

In the presence of spermidine, the 13-nt productThy
maritima tRNase Z slightly appeared only at 0.2 mM, and
the cleavage after the 21st nt by BBesubtilisenzyme was
strongly inhibited within the range of 0.6200 mM (Figure
4D). This inhibitory effect may be due to substrate RNA
folding with the help of spermidine. To examine temperature
dependence of the activity, we preincubated an enzyme at a
reaction temperature for 10 min, added the RNA substrate
to an enzyme mix, and further incubated at the same
temperature for 2 min. As shown in Figure 4E, the activities
of both enzymes increased with the increase in temperature
at least up to 68C. In this paper, we performed most of the
assays foB. subtilisandE. colitRNase Zs at 52C, which
is far from the physiological temperatures, because this is
near the optimal temperatures. We note, however, that the
B. subtilis(Figure 4E) and. coli (data not shown) enzymes
have some cleavage activities also at°87
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usRNA11

Table 1: Observed Rate Constants and Dissociation Constants for

TRNase Z }
Substrate
tRNase Z substrate Kobs (Min~1)a Kg (uM)®
B. subtilis uUsRNA1 0.61+ 0.04 25+ 14
pre-tRNACYs 0.26+ 0.02 3.1+ 0.7
T. maritima UsRNA1 0.19+ 0.02 ~300

pre-tRNAY 0.33+0.04 0.224+-0.08

2 A total of 0.17 uM of usRNAL, B. subtilis pre-tRNA®S, or T.
maritimapre-tRNAY9 was assayed at 5Z for 1.5 min using 1.%M
of tRNase Z in the presence of 1 mM MnCData are the means
SD of three independent experimerftTheKq values were calculated
based on the gel-shift data (Figure S4 of the Supporting Information).
TheKq value for theT. maritimatRNase Z/usRNA1 complex was too
big to determine accurately. Data are the meansSD of three 112nt—
independent experiments.

Affinity of Unstructured RNA to tRNase Z Is Much Lower
Than That of Pre-tRNAWe measured the observed rate 93 nt—
constank,,sfor the usRNA1 cleavage under single-turnover
conditions and the dissociation constdfit of a tRNase
Z/usRNA1 complex. Th&ysvalue for theB. subtilisenzyme
was ~3-fold bigger than that for th&. maritimaenzyme, < tRNase Z
and thesekyps values were~2-fold greater and smaller,

; Ficure 5: Cleavage assays for the long RNA usRNA11l wih
respectively, than those for pre-tRNA cleavages (Table 1). subtilis and T. maritimatRNase Zs. The substrate (2 pmol) was

These results suggest that there would be no Significantincubated with an enzyme (10 pmol) in the presence of 1 mM
difference in the mechanism of the phosphodiester cleavageMnCl; at 52°C for 3 min. The products were analyzed on a 10%
step between unstructured RNA and pre-tRNA substrates andolyacrylamide-8 M urea gel. Size standards and the cleavage

product at the CCA sequence are indicated by bars and an arrow,
between the enzymes. In contrast, Kievalues of tRNase respectively. The heterogeneity of usRNA11 is due to the 3

. 4-89nt

Z/usRNA1 complexes were~10-fold and ~1000-fold, heterogeneity from the intrinsic property of T7 RNA polymerase.

respectively, higher than those of enzyme/pre-tRNA com-

plexes (Table 1 and Figure S4 of the Supporting Informa- (A - . (B) g

tion). These much highdfy values would explain why we - I'l" 2 '.l"""_;

have been unable to detect cleavages in the unstructurec LA L «21 '

distal region of pre-tRNA trailersdj. Although in this study - -

we used 5 or 10 times higher amounts of the enzymes than & 83 B - 3

those of the substrates, we confirmed thatO times less - s

amounts of the enzymes than those of the substrates can als E :ﬂ - ;4-1

cleave the substrates (data not shown). e I o S
Long RNA Is Also a Substrate for tRNasdfZhe activity EciBis:fin: R B Sc: g tls EocBelm PacHtSopla H:

to cleave unstructured RNAs is for processing and/or FIGURE 6: Assays for usRNA1 cleavages by eukaryotic and
degradation of MRNAs, tRNase Zs should be able to C|eavearchaeal tRNase Zs. The substrate (2 pmol) was incubated in the

. - presence of 1 mM MnGKA) or 3.3 mM MgClL (B) with an enzyme
relatively long RNAs. To test this, we assayed a 182-nt RNA, (5 omol) at 52°C for 2 min. The products were analyzed on a

usRNA11, for cleavages bf. subtilisand T. maritima 20% polyacrylamide:8 M urea gel. An RNA substrate and primary

tRNase Zs. Even this long RNA was cleaved at multiple sites 5' cleavage products are indicated by a bar and arrows, respectively.

by both enzymes (Figure 5). Although we did not determine L denotels an alkaline ladder ct))f Ithe quores;e_Ii_n-Ia_Ipeled substrate.
. . c, E. colitRNase Z;Bs B. subtilistRNase Z;Tm T. maritima

the exact cleavage sites, the cleavage patterns clgarly dlfferechN ase Z:Pa, P. aerophilumtRNase Z: H, human tRNase ¥

between the enzymes. Notably, usRNA11 contains a singlegg saccharomyces cerisiae tRNase Z; pig, pig tRNase Z; H-,

CCA sequence at the 8B9 nt, andT. maritimatRNase Z human tRNase Z

appeared to cleave it after the A residue, albeit inefficiently,

from the comparison with the 93-nt size standard. The Actiity Indeed Originated from tRNase Zlthough
Eukaryotic tRNase Z Cleas Unstructured RNA, but  we showed that recombinant tRNase Zs from various species
Archaeal tRNase Z Does Nofo see whether eukaryotic can cleave various unstructured RNA substrates other than
and archaeal tRNase Zs can also cleave unstructured RNApre-tRNAs in vitro, there was a possibility that the activities
we testedP. aerophilumtRNase Z; human tRNaseSZand were originated from contaminating. coli nucleases. To
yeast, pig, and human tRNasé #r usRNA1 cleavage in  exclude this possibility, we examined two different samples
the presence of Mit or Mg?". These enzymes, except for prepared fronk. colicells containing the expression plasmid
the P. aerophilumenzyme, processed usRNA1 at multiple pQE-80L or pTYB11without tRNase Z cDNAs for usRNA2
sites (Figures 1 and 6). The eukaryotic tRNase Zs cleavedcleavage, and we could hardly detect cleavage products
this substrate commonly after the 13th and 7th nt, and human(Figure S5 of the Supporting Information). In addition, an
tRNase 2 additionally cut it after the 21st only in the unrelated protein, green fluorescent protein, and the N-
presence of Mft asE. coli andB. subtilistRNase Zs did terminal half of human tRNase-Zhat cannot cleave even
(Figures 1 and 6). pre-tRNAs @), which were prepared through the pTYB11
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FIGURe 7: Pre-tRNA competition assays. Thefliorescein-labeled
usRNA2 (2 pmol) was incubated witB. subtilisor T. maritima
tRNase Z (10 pmol) in the presence of 1 mM Mp@hd various
amounts of unlabeled pre-tRNA at 8€ for 2 min. The products
were analyzed on a 20% polyacrylamie®® M urea gel. An RNA
substrate and primary Sleavage products are indicated by a bar
and arrows, respectively.
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tRNase 2's, regardless of their origins, cleaved the
unstructured RNA usRNA1l at the same sites, and the
cleavages occurred after cytidine. The difference in cleavage
pattern from eubacterial tRNase Zs could be attributed to
an interaction with the additional N-terminal half domain
or, alternatively, with an unidentified eukaryote-specific motif
in the C-terminal half domain, because the cleavage pattern
of human tRNase Zwas a composite of eubacterial and
eukaryotic long form patterns. Further analysis of this
interesting difference in cleavage pattern among prokaryotic
tRNase 2, eukaryotic tRNase Z and tRNase Z might
provide insights into the evolutionary relationship of these
tRNase Zs and into a possible differential role between the
long and short forms of human tRNase Z.

SUPPORTING INFORMATION AVAILABLE

Assays forE. coli tRNase Z cleavages of usRNA8 and
usRNAZ9 (Figure S1), cleavage assays for usRNAB with

and pQE-80L expression systems, respectively, did not showB. subtilisand T. maritimatRNase Zs (Figure S2), assays

the activity (Figure S5 of the Supporting Information).
Furthermore, we performed competition assays Bor

subtilis and T. maritimatRNase Zs using unlabeled pre-

tRNAs, and we observed that the levels of usRNA2 cleavage

showing endoribonucleolytic cleavage of unstructured RNA
by tRNase Z (Figure S3), gel-shift analysis (Figure S4), and
assays to exclude the possibility Bf coli nuclease con-

tamination (Figure S5). This material is available free of

products decreased with the increase in the amount of pre-charge via the Internet at http://pubs.acs.org.

tRNAs (Figure 7). This observation implies that tRNase Z,
whose genuine substrate is pre-tRNA, is the enzyme that
cleaves unstructured RNA. Alsd,. maritima tRNase Z,
which was treated at 80C for 20 min to remove contami-
nating E. coli proteins in the course of preparation, still
showed the activity to cleave unstructured RNAs. Taken
together, these observations would rule out the possibility
of E. coli nuclease contamination and would confirm that
unstructured RNAs are substrates of tRNase Zs.

Cleavage Site Selection and a Mechanism for Unstructured
RNA RecognitionThe major cleavage sites of the unstruc-
tured RNA substrates tested here were nearly identical
betweenE. coli and B. subtilis tRNase Zs (Figure 1).

Although we did not recognize a consensus sequence around
the cleavage sites, the enzymes seem to have a tendency to

cleave after cytidine or before uridine. A pre-tRNA docking
model for B. subtilistRNase Z suggests that the enzyme
recognizes pre-tRNA through the interactions between the
positively charged flexible arm and the T-arm and between
the positively charged surface near the active site and the
acceptor stem12). Because it is unlikely that the enzyme
clamps unstructured RNA through the flexible arm, the
unstructured RNA would bind to the positively charged
central region. The-10-fold largerKqy value will be due to
this restricted interaction. The scissile nucleotide preference
would be explained by the properties of active site amino
acid residues interacting with the scissile nucleotide. Simi-
larly, E. colitRNase Z would interact with unstructured RNA
since both enzymes have a high sequence similarity.

In contrast,T. maritimatRNase Z showed a sequence

preference; it cleaved the unstructured substrates inevitably

after the CCA sequence just like it cleavEdmaritimapre-
tRNAs (@). This would be most likely due of the interaction
with the CCA-binding domain in the catalytic centd).(In
addition, the unstructured RNA would bind to the positively
charged surface of the enzyme like tBesubtilisenzyme
(19).
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