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ABSTRACT

RNase T is one of eight distinct 3 '-5' exoribonucle-
ases present in Escherichia coli . The enzyme plays
an important role in stable RNA metabolism,
including tRNA end turnover and 3 ' maturation of
most stable RNAs because it is the only RNase that
can efficiently remove residues near a double-
stranded (ds) stem. In the course of study of its
specificity and mechanism, we found that RNase T
also has single-strand-specific DNase activity. Puri-
fied RNase T degrades both single-stranded (ss)RNA
and ssDNA in a non-processive manner. However, in
contrast to its action on RNA, RNase T binds ssDNA
much more tightly and shows less sequence specifi-
city. As with RNA, DNA secondary structure strongly
affects its degradation by RNase T. Thus, RNase T
action on a dsDNA with a single-stranded 3  '-exten-

In this paper, we confirm and extend the observations of
Viswanathanet al. (10). We show that purified RNase T
degrades ssDNA very efficiently, but under certain conditions,
it is also able to completely degrade double-stranded (ds)DNA.
Moreover, the action of RNase T on dsDNA with single-strand
3'-extensions can be controlled such that predominantly blunt-
ended DNA is generated. Application of this property of
RNase T to blunt-end DNA cloning has proven more efficient
than currently available procedures.

MATERIALS AND METHODS

Materials

Restriction endonucleases, T4 polynucleotide kinase, T4 DNA
ligase and mung bean nuclease were obtained from New
England Biolabs. Calf intestine alkaline phosphatase was
purchased from Promegay-?P]JATP (6000 Ci/mmol) was

from Dupont-New England Nuclear. Sequagel, for single

sion efficiently generates blunt-ended DNA. This
property of RNase T suggested that it might be a
useful enzyme for blunt-ended DNA cloning. We
show here that RNase T provides much higher
cloning efficiency than the currently used mung bean
nuclease.

nucleotide resolution analysis, was purchased from National
Diagnostics. Supercompetent cells were products of Invit-
rogen. RNase T was kindly provided by Dr Zhongwei Li, and
was overexpressed and purified fr&rcoli cells as previously
described (12,13).

Preparation of single-strand substrates

All the oligonucleotides used for activity analyses were 17 nt
INTRODUCTION in length. These included the homopolymers, £IAT,, and

RNase T is one of eight distinct 35’ exoribonucleases that dCi» and  Oligol [d(5CCCCACCACCATCACTT-3),
have been identified ifEscherichia coli(1). It belongs to a  ©ligo2 [d(S-AAGTGATGGTGGTGGGEG-3), and an RNA
large exonuclease superfamily characterized by a commdgjigonuclectide, Oligo3 [(SCCCCACCACCAUCACUU-
motif consisting of four invariant acidic residues (2,3), which3)], with the same sequence as Oligol. Oligo3 was depro-
in DNA polymerase were shown to form the exonucleasd€cted by TBA/THF and was gel purified. DNA oligonucleo-
activity site (4,5). RNase T plays an important role in stabldides were either gel purified or were used_dlrectly. They were
RNA metabolism, including tRNA end turnover (6) and 3 quantitatively phosphorylated at their "-&nds using
maturation of most stable RNAs (7-9). Although multiple [Y-*PIATP and polynucleotide kinase. The labeled
RNases contribute to many of these processes, RNase T is tAégonucleotides were purified by passage through a G25 spin
only enzyme that can efficiently remove residues near theolumn after first boiling for 10 min or after phenol/chloro-
double-stranded (ds) stem present in most stable RNAs. ~ form treatment.

Recently, Viswanathaet al. (10) reported that RNase T has
3' -5 DNase activity against single-stranded (ss)DNA, an
that in high copy it can suppress the UV repair defects of alSDNA substrates were prepared from plasmid pUC19 DNA
E.coli mutant deficient in the ssDNA exonucleases, Recby a series of restriction digestions, dephosphorylations and
exonuclease, exonuclease | and exonuclease VII (11). Ind&-32P-labeling. Thus, to prepare dsDNA with 8xtensions,
pendently, in a study of RNase T specificity and mechanismpUC19 DNA was first digested witRvul and dephosphory-
we have also observed this single-strand-specific DNaskted. ThePvul fragments were isolated on an agarose gel and
activity. 32P-labeled at their 'sends. The labeled fragments were

(freparation of dsDNA substrates
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Figure 1. RNase T action on ssDNA. Reactions were carried out iplIixtures under conditions described in Materials and Methods and containing 40-80fpmol o
substrate. For all substrates: lane 1, untreated substrate; lane 2, no RNase T. For all substrates except Oligok:1a8rtd BRMase T; lane 4, & 104 U; lane 5,
4x103U; lane 6, 4x 102 U. For Oligo1: lane 3, 18 U; lane 4, 4x 104 U; lane 5, 163 U; lane 6, 102 U; lane 7, 16! U. Samples were incubated for 30 min at

37°C, and reactions terminated with 2 vol of ice-cold 96% formamide, 10 mM EDTA. After boiling for 10 min, samples were chilled on ice and analyzed on a 20%
denaturing polyacrylamide gel. It should be noted that a small fraction of Oligo2 was inactive as a substrate.

purified by passage through a G25 spin column after phenobtiolonies were counted separately. White colonies were further
chloroform treatment. They were then digested with variousnalyzed by determining the amount of the seddsiFl site in
restriction enzymesHael, Kpnl, Pst, Sad and SpH) to  the plasmid present in the cells.

generate dsDNA substrates with different 8xtension

sequences. To prepare dsDNA substrates contairiiegtén-

sions, pUC19 DNA was first digested witEcoRl and the RESULTS

fragment produced wa®P-labeled at its 'send. The labeled As part of an ongoing study of the exoribonuclease RNase T,
fragment was then digested with a second restriction enzymge have been investigating its substrate specificity and mecha-
(Pvul) to generate short DNA fragments containirigeXten-  nism of action. For this purpose, we synthesized a variety of
sions on one end and blunt termini at the other end. RNA oligonucleotides of differing lengths and base composi-
tion to test as substrates. As expected, based oim itévo
specificity, RNase T could act on RNA duplexes with 3
Unless otherwise stated, RNase T reactions contained 50 mbktensions, removing residues in the extension up to the
Tris—acetate (pH 8.0), 50 mM potassium acetate, 10 mMlouble-stranded stem. Interestingly, RNase T could also digest
magnesium acetate, 5 mM dithiothreitol and 1 mg/ml bovinessRNAs 10-20 nt in length. Molecules shorter or longer than
serum albumin (RNase-free). The effects of ionic strengthhis length were much poorer substrates (unpublished observa-
were examined by varying the potassium acetate concentréions). Inasmuch as RNase T displayed sequence similarity to
tion. When required, RNase T samples were diluted in reactiothat of DNA exonucleases, we also examined whether it had
buffer immediately before use. After RNase T treatmentany activity against DNA oligonucleotides. To our surprise,
samples were analyzed by separating®felabeled products DNA was an active substrate of the enzyme, and it is this
to single nucleotide resolution on denaturing polyacrylamideactivity and its practical uses which are the subjects of this
gels. Quantitative data were obtained by phosphorimaging qfaper. While this work was in progress, Viswanateral.

the gels. One unit of RNase T activity is defined as the amoun(tL0) reported that RNase T could also act on high molecular
of enzyme that releasequol of mononucleotide per hour.  weight sSDNAs as a'3. 5 exonuclease.

RNase T assay

Formation of blunt-end DNA and cloning RNase T action on ssDNA

Blunt-end DNA cloning was examined using plasmid pUC18.Under the same conditions used for RNase assays, RNase T
pUC18 DNA was digested with the restriction enzyRe& to  was found to be quite active on ssDNA oligonucleotides. As
generate DNA with 3extensions. Samples were treated withshown in Figure 1, the stepwise shortening of tHe¥2B-
either RNase T or mung bean nuclease and then recircularizéabeled substrates indicates that its mode of action on DNA is
with T4 DNA ligase. The efficiency with which blunt ends had the same as that on RNA, acting as 'a>3' exonuclease.
been formed was determined from the amount of newlyoreover, the distribution of products of varying lengths seen
createdBsr| sites in the recircularized DNA. The efficiency with all the substrates (lanes 3) supports a non-processive or
with which RNase T forms blunt ends could also be assessedndom mode of attack, as previously suggested for RNA
by cloning the recircularized DNA into supercompetent cellssubstrates (12). It is also evident that while RNase T showed
that requirex-complementation foB-galactosidase activity. In relatively little sequence specificity, d¢ and short dC

the cloning experiments, blue/white selection was applied bgligonucleotides were digested somewhat more slowly than
adding X-gal to the YT/ampicillin plates. Blue and white their dA and dT counterparts at every enzyme concentration
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tested. Likewise, Oligol, containing multiple C residues, was

: . . Oligol
digested more slowly than its complement, Oligo2. . ¥
Nevertheless, given sufficient enzyme, each of the substrates Oligol Oligo2
could be digested completely, resulting in &3%°-labeled o100 30 600 100 60

mononucleotide.

Interestingly, DNA is a significantly better substrate for
RNase T than is RNA (Table 1K, values for the various
DNA substrates were in the 0f2M range, while those for
tRNA and Oligo3, the RNA equivalent of Oligol, were
~10uM, or 50-fold higher. Furthermore, th¥, ., values for
DNA were 3- to 5-fold higher than those for RNA. These data
explain why at any given substrate and enzyme concentration,
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DNA is degraded by RNase T much more effectively than is ~ , *-"*
RNA. ~ . Of™~
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Table 1.Kinetic constants with various substrates
C - e ol
Substrate K (LM) Vinax (HMoI/h/mg protein) ~ L
dT,; ~0.2 ~800 i <=
dc,, ~0.5 ~800 > ol
Oligol ~0.2 ~1100 I d ol
Oligo2 ~0.2 ~600 . P 9g
Oligo3 >10 >200 I : =
tRNA? 4 300 o1 2 3 4 5 6 .

[5'-32P]DNA or RNA oligonucleotides were incubated with RNase T under
conditions leading to 10-20% reduction of the original substrate. SUbStratEigure 2. RNase T action on dsDNA. Reactions were carried out ipl2ix-

concentrations were determined by UV absorption at 260 nm using the fol- . . . )
) . - M | Meth hat 0.3 M -
lowing absorption coefficients: dF, 13.9x 10* M- e dC,y, 12.2x 10 tures as described in Materials and Methods except that 0.3 M potassium ace

) ) ] - tate was present. Aliquots of 100 pmol of £8P]Oligol and, when present,
Oligol, 14.7x 10% Oligo2, 17.5x 10 Oligo3, 14.9x 10. Oligo3 data were 120 pmol of Oligo2 were added. The mixture of Oligo1 and Oligo2 in 0.3 M
estimated based on only a partial saturation curve because of the high concgjstassium acetate was boiled for 5 min and then slowly cooled to room temper-
trations required to reach saturation. ature to anneal the two strands prior to adding to the reaction mixture. Samples
aTaken from Liet al. (13). were incubated for the indicated times at@#wvith 2x 103U of RNase T. Fol-
lowing incubation, samples were treated and analyzed as in Figure 1.

RNase T action on dsDNA

In contrast to its efficient digestion of the ssDNA oligomers
(Fig. 1), RNase T action on dsDNA was extremely limited.

Thus, as shown in Figure 2, a mixture of the complementar : A
g P ubstrate examined in Figure 3, 4 nt were removed (data not

oligonucleotides, Oligol and Oligo2, was almost totally
resistant to digestion by RNase T. Over a period of 60 minShoWn). In contrast to these substrates, HueRl product,

only the 3-terminal T residue from Oligol (from an AT base carrying a 5¢xten3|0n, was not a substrate for RNase T based
pair) was removed from the dsDNA (lane 6). Under the sam@" quantitative comparisons of lanes 11 and 12 by phos-
conditions, Oligo1 by itself was digested completely (lane 4)Phorimager analysis (Fig. 3). These data show that RNase T
This experiment was carried out in the presence of 0.3 Man effectively remove'3ails from dsDNA and can do so in
potassium acetate to maintain the stability of the short dsDNARuffers optimal for various restriction enzymes. Moreover,
The inability of RNase T to digest dSDNA mimics its action on 'émoval of the 3extension from th&st substrate was effec-
RNA during RNA processing in which only single-strandedtive in a variety of commercial restriction enzyme buffers (data
3'-extensions are removed from RNA precursors. not shown).

To determine how RNase T would act on longer DNA The ability of RNase T to cleanly remove &ils from
substrates, restriction enzymes were used to generate a vari@§DNA was strongly dependent on salt concentration and the
of dsDNAs from pUC19 carrying '3or 5 overhangs, as amount of enzyme present (Fig. 4). Thus, in the absence of
described in Materials and Methods. Treatment of thes@dded potassium acetate (lanes 2 and 7), RNase T digested past
substrates containing 4-nt 8xtensions with RNase T led to the 4-nt extension and into the duplex region of the DNA, in
complete removal of the four single-stranded nucleotides ifiact, completely digesting the DNA at the higher enzyme level
each case (Fig. 3). To ensure that, in fact, 4 nt were removehine 2). At the lower level of RNase T (lanes 7-11), digestion
from each substrate, each was also digested with sufficientlgf the double-stranded region could be prevented by addition
low levels of RNase T such that each of the intermediate lengthf 50 mM salt (lane 8). However, with 5-fold the amount of
products could be visualized on high resolution gels. ThilRNase T, 200 mM potassium acetate was needed to prevent

allowed direct measurement of the number of nucleotides that
\Zad been removed, and confirmed that for eackxsended
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Figure 3. RNase T action on dsDNA with' ®r 5 extensions. The various duplex DNA substrates, shown in the figure, were prepared by treatment oPawimall
fragment of pUC19 (322 bp) with the indicated restriction enzyme. TR&9abel was present on the longer strand whose length is indicated. Approximately 50 nM
of each substrate was incubated for 30 min &C3W®ith or without RNase T. Inlanes 1 and 2, ¥.102and 1.1x 101U of RNase T were present; all other lanes with
RNase T contained 2101 U. Following incubation, samples were treated as in Fiflire 1 and analyzed on a 4% denaturing polyacrylamide gel.

was developed that involved recircularizing plasmid DNA that
— faliebeo had been cleaved with a restriction enzyme and trimmed with
RNase T. The experimental design is presented in Figure 5.
m - A Pst digestion of the sequencé-BCCTGCAGGC-3 in the
polycloning site of pUC18 leads to ends with 4-he&tensions
(TGCA). Exact removal of these 4-nt overhangs and rejoining
of the blunt ends generated will result in the new sequehce 5
ACCGGC-3 at the joint site. This sequence, which iBaiFI
12 3 4 5 6 7T 8 9 10 1 12 restriction site, provides a simple method to measure the
accuracy of RNase T in generating blunt-end DNA. Moreover,
since the removal of 4 nt results in inactivation of theZgene
Figure 4. Effect of salt on RNase T action on dsDNA with aektension. A in puUC18, blue/white selection affords a simple means to
Psﬂ-digest(_ad substrate (_133 nt length) was treated with RNase T at varioua sess the overall efficacy of the procedure.
concentrations of potassium acetate. Substrate was present at ~50 nM. Lanesﬁp . .
and 12, no added RNase T; lanes 2—6,5402 U of RNase T; lanes-711, arallel experiments were conducted comparing RNase T
1.1x 102U of RNase T. The potassium acetate concentrations are shown &nd the commonly used endonuclease, mung bean nuclease.
the top of each lane. Samples were incubated for 30 min‘& 37eated asin ~ The mung bean nuclease had been pretested to determine its
F'gur‘h and analyzed on a 6% denaturing polyacrylamide gel. optimal concentration for maximum efficien%in generating

0 50 160 200 300 0 50 100 200 300 KAc (mM)

transformants. In a typical experiment (Taple 2), RNase T
treatment yielded over 30 times as many white colonies as
could be obtained with optimal levels of mung bean nuclease,
indicating that RNase T is much more effective in generating
digestion in the duplex region (lane 5). Apparently, at low saltpNA ends that can be religated. Thus, RNase T overcomes the
there is sufficient ‘breathing’ of the duplex DNA structure to problems associated with the use of mung bean nuclease, i.e.
allow RNase T to act, and even a slow rate of digestion caither too much degradation due to breathing of ends or too
become significant when sufficient enzyme is present. Neverittie digestion such that blunt ends are not generated. Restric-
theless, these data indicate that conditions can be found undggn digestion of plasmids prepared from randomly selected
which RNase T can essentially quantitatively generate bluniyhite colonies revealed that 70% of those obtained with RNase
end DNA from restriction fragments, raising the possibility T had acquired a secofisiF| site indicating accurate removal
that this enzyme might prove useful for DNA cloning. of the 4-nt 3extension and generation of blunt ends. A similar
. . percentage (60%) of the white colonies obtained with mung
Feasibility of RNase T for DNA cloning bean nuclease treatment also had plasmids with Bst-|
To evaluate whether RNase T could be used to preparsites, but considering the low yield of white colonies recovered
substrates for blunt-end DNA cloning, a feasibility experimentafter this treatment, overall, mung bean nuclease is as much as
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Pstl DISCUSSION

Considerable evidence has accumulated indicating that RNase
T is an important enzyme for 3naturation of various stable
RNAs, and that it is essential for maturation of 5S and 23S
rRNA (7-9) and for end-turnover of tRNA (6). All of these
RNA species have a common structural feature—an RNA
gPstI digestion duplex formed between their-5and 3-ends and a single-

strand 3 extension (8). Although multiple enzymes can
contribute to removal of extra Besidues in RNA precursors,
RNase T is the only enzyme that can efficiently remove resi-
dues near a double-stranded stem.

To examine RNase T substrate specificity, and to determine
whether the duplex structural feature is a requirement for
RN““T‘” mung bean RNase T action, we used chemically synthesized RNA and

nuclease treatment . . .. .

DNA oligonucleotides to mimic various structural features of
the RNA precursors. Surprisingly, we found that in addition to
its RNase activity, RNase T can also degrade ssDNA very effi-
ciently. Similar to its action on RNA, RNase T action on DNA
substrates is non-processive. However, assuming tha the
values for RNA and DNA in these one-substrate reactions

BsrFI

ACCTGCA-3’ 5'-pGGCrme
TGGp-5' 3’ -ACGTCCG

Blunt-end DNA ligation reflect dissociation constants, RNase T binding to ssDNA is
by T4 DNA ligase much tighter than that to RNA. RNase T can also act on
Bl dsDNA, but this activity is highly dependent on buffer condi-

tions. Thus, RNase T can degrade dsDNA to completion when
the salt concentration is low, but not under high salt conditions.
This makes the enzyme ideal for removing single-stranded 3
tails to generate blunt-ended DNA.

Inasmuch as the salt concentration of the bacterial cytoplasm
is high (up to ~0.5 M), it is unlikely that RNase T can degrade
dsDNA in vivo. This does not exclude the possibility that
vivo RNase T may participate in DNA metabolism, especially
with the help of other proteins. In fact, tlet gene encoding
RNase T is part of a two gene operon, which also contains
downstreamhr, a putative ATP-dependent helicase (14,15).
Thelhr gene product could help to generate ssDNA for RNase
Figure 5. Experimental design for comparing blunt-end cloning with RNase T T function. It has already been shown that RNase T can act as
and mung bean nuclease. The relative positions oP#te Xmr and the orig-  a high copy suppressor of UV sensitivity in strains deficient in
inal and newly createBsiF| sites in pUC18 are indicated. ssDNA exonuclease activity (11).

Among the DNA exonuclease activities foundgrcoli, the
RNase T DNase activity is quite similar to the activity of the
proof-reading subunit of DNA polymerase Il Gubunit or
40-fold less effective than RNase T. Thus, these data indica@naQ protein). Both activities act 35 on ssDNA in a non-
that RNase T is the preferred enzyme for use in blunt-end DNAyrocessive manner with’ Snononucleotides as the product.
cloning. RNase T action on dsDNA under low ionic strength conditions

Table 2. Comparison of blunt-end DNA cloning with mung bean nuclease and RNase T

Enzyme Total colonies White colonies (%) Plasmids in white colonies withBwrB| sites
Mung bean nuclease ~1100 147 (13%) 6/10
RNase T ~6600 ~5000 (75%) 14/20

pUC18 DNA (1ug) in 10l of NE buffer 2 was digested witRst for 1 h at 37C and then treated with either 2 U of mung

bean nuclease for 20 min at room temperature sri®2 U of RNase T for 30 min at 3T. After purification, DNA was
recircularized with phage T4 DNA ligase overnight at room temperature. An aliquotubbi each ligation mixture was

used for transformation. Plasmid DNA, prepared from white colonies, was examined for the presence of dBsédond
restriction site usin@sr=l and Xmrl. In the absence of ligation, 6 white and 137 blue colonies were obtained with mung
bean nuclease, and 24 white and 8 blue colonies were obtained with RNase T. Although the absolute number of colonies dif-
fered among experiments, in three experiments with mung bean nuclease the percentage of white colonies remained nearly
constant, varying from 12 to 18%, and in five experiments with RNase T the percentage varied from 75 to 96%.
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may also resemble DNA polymerase Il action on mismatched/ore importantly, if precise removal of &xtra residues is
3'-primer termini. The differences are that DnaQ protein is notequired, or if only one end of the DNA needs to be trimmed so
known to act on RNA substrates or DNA dinucleotides,that the ligation direction could be controlled for better cloning
whereas RNase T acts on both DNA and RNA substrates arefficiency, RNase T would be a much better choice than mung
can degrade DNA dinucleotides to mononucleotides, albelbean endonuclease.
slowly. DnaQ requires the DNA polymerase tlsubunit to
stimulate its DNase activity by providing better substrate
binding. Similarly, an RNase T mutant (C168S) deficient inACKNOWI‘EDGE'V'ENTS
dimerization (13), which has very low RNase activity, is alsoWe thank Dr Zhongwei Li for helpful discussions. This work
deficient in DNase activity (data not shown). This may indicatewas supported by grant GM16317 from the National Institutes
that an RNase T monomer needs another monomer to stimuladé Health.
its activity, possibly by providing better substrate binding in an
analogous fashion to ttee subunit of DNA polymerase Il
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