0 1999 Oxford University Press

Nucleic Acids Research, 1999, Vol. 27, No. 4039-1046

DNA cleavage and degradation by the SbcCD protein

complex from Escherichia coli

John C. Connelly , Erica S. de Leau and David R. F. L each*

Institute of Cell and Molecular Biology, University of Edinburgh, Kings Buildings, Edinburgh EH9 3JR, UK

Received October 12, 1998; Revised and Accepted December 14, 1998

ABSTRACT

The SbcCD protein is amember of a group of nucleases
found in bacteriophage T4 and T5, eubacteria, archae-
bacteria, yeast, Drosophila , mouse and man. Evidence
from electron microscopy has revealed a distinctive
structure consisting of two globular domains linked by

a long region of coiled coil, similar to that predicted for
the members of the SMC family. That a nuclease
should have such an unusual structure suggests that

its mode of action may be complex. Here we show that
the protein degrades duplex DNAina 3 '- 5 direction.
This degradation releases products half the length of the
original duplex suggesting simultaneous degradation
from two duplex ends. This may provide a link to the
unusual structure of the protein since our data are
consistent with recognition and cleavage of DNA ends
followed by 3 '- 5’ nicking by two nucleolytic centres
within a single nuclease molecule that releases a half
length limit product. We also show that cleavage is not
simply at the point of a single-strand/double-stand
transition and that despite the dominant3 ' 5’ polarity
of degradation, a5 ' single-strand can be cleaved when
attached to duplex DNA. The implications of this
mechanism for the processing of hairpins formed
during DNA replication are discussed.

INTRODUCTION

metabolism as murine lymphoid and non-lymphoid cells both
contain activities capable of nicking hairpin DNA/(23).

SbcC and SbceD remain associated throughout purification and
interact to form a 1.2 MDa protein complex. SbcC has ‘Walker
A and ‘Walker B’ nucleotide binding motifs, separated by an
a-helical region (several hundred amino acids long) predicted to
form two coiled-coil domains6(24,25). When visualized by
electron microscopy ShcCD is seen to have the structure
predicted for an SMC protei2@). SbcC belongs to a subgroup
within the SMC family of proteins that show extensive sequence
similarity in and around their ATP binding motifs. Members of
this subgroup include the human @atcharomyces cerevisiae
Rad50 polypeptide&4), both of which are involved in pathways
of double-strand break repdirvivo (27).

Human Rad50 (hRad50) and yeast Rad50 (scRad50) both
interact with the (h and sc) Mrell polypeptid&,29). In
mammalian cells Rad50 and Mrell interact to form a large
multiprotein complex 49). Mrell shares sequence similarity
with SbcD and both belong to a family of phosphoesterases that
contain the conserved sequence DXHEEDXXD(X) 2sGNHD/E
(24). Murine MREL11 is essential for normal cell proliferation in an
embryonic cell line §0). hMrell is a manganese-requiring
double-strand exonuclease that can cleave hairpin DNA and
facilitate the repair of DNA double-strand breaksitro (31,32).

In previous work we have demonstrated that the SbcCD protein
complex possesses ATP-dependent double-strand DNA exo-
nuclease and ATP-independent single-strand endonuclease activities
(6,25). The protein can also recognize and cleave a DNA hairpin
substrate and we have shown that hairpin loop cleavage can be

DNA sequences capable of forming hairpin secondary structurdissociated from subsequent degradation by the use of suboptimal
(e.g. long palindromes) are not propagated in wild-type strains obnditions (i.e. cleavage in the presence of the poorly hydrolysable

Escherichia col{1). However, this problem is overcomesiocC

analogue of ATP, AT¥S, at 168C) (26). All of these activities

or sbhcD mutants 2,3). This observation has led to the proposahave an essential requirement for manganese ions.

that the primary function of the SbcC and SbcD polypepiides  In this work we characterize in more detail the substrate specificity
vivois to recognize and cleave hairpin structures that arise durinf the protein. We show that SbcCD is predominantly -a53
DNA replication (,4-6). Problems in the replication of long exonuclease and present evidence that degradation progresses to th
DNA inverted repeats have been observed in other badte®ia ( point where half of the double-stranded DNA remains. This suggests
yeast (0-14), humans 15 and transgenic micel§17) that digestion occurs simultaneously from the two ends. SbcCD is
suggesting that the need to deal with abnormally folded DNAlso a sequence-independent hairpin endonuclease that cleaves
structures is universal. variety of hairpin substrates ® the loop. In competition assays
Hairpin DNA is also believed to arise as an intermediate in knear duplex DNA competes for hairpin endonuclease activity just
variety of specialized recombination reactions. For exampl@s efficiently as hairpin DNA, whilst circular pUC19 and single-
excision of theTam3andAc-Dstransposon in plantd§,19), the  strand DNA do not compete. We also demonstrate that SbcCD
Ascottransposons in fung2() and most notably mammalian VV(D)J possesses a single-strand endonuclease activity' @varbang of
recombination which generates the variability found in immunol0 nt. Therefore, SbcCD is a protein that can act at a variety of
globulin and T cell receptor gen&€4(22). It has been suggested that duplex ends, most notably to deprotect a DNA molecule sealed by
the ability to cleave a hairpin substrate is a general feature of DNs\covalent linkage or to remove 'aoverhang.

*To whom correspondence should be addressed. Tel: +44 131 650 5373; Fax: +44 131 650 8650; Email: d.leach@ed.ac.uk
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MATERIALS AND METHODS Denaturing gel electrophoresis

DNA substrates Reactions were stopped by adding an equal volume of DNA
loading buffer (50 mM EDTA, pH 8.0, 95% formamide, 0.01%

The sequences of the synthetic oligonucleotides used in this stushbmophenol blue). Samples were heated t6® €odr 4 min

are shown in Table. To remove short chain termination productsprior to electrophoresis and loaded as quickly as possible

all oligonucleotides (synthesized by Oswel DNA Servicethereafter. To ensure conditions were as denaturing as possible

University of Southampton) were run on 10% denaturingolyacrylamide gels (0.4 mmthicléée?';)ntaining 7 Mureaand 10%

polyacrylamide gels and visualized by UV shadowing. DNA wasormamide were run on a Sequi-GeNucleic Acid Sequencing

recovered from excised bands by eluting &@@r 16 hin TE  Cell (Bio-Rad) af’0°C for 1.5 h at 60 W, using a TBE (89 mM

(10mM Tris-HCI, pH 7.5, 1 mM EDTA, pH 8.0) buffer, followed Tris—borate, pH 8.3, 2 mM EDTA, pH 8.0) buffer system. DNA

by ethanol precipitation. After'5or 3-3%P-end-labelling oligo- was visualized by autoradiography.

nucleotides were once again gel purified and recovered as described

above. All methods were according to standard protogg)s ( Native gel electrophoresis

Oligonucleotides were labelled at theehid with |-32P]ATP _ _

(3000 Ci/mmol; Amersham) using T4 polynucleotide kinaséi&actions were stopped by adding an equal volume of DNA

(Boehringer Mannheim) to yield a substrate with a specifi¢@ding buffer (20 mM EDTA, pH 8.0, 30% wiv glycerol, 0.01%

activity of (6.7 x 108 c.p.m.{1g total nucleic acid.'@&End-labelled bromophen_ol blue). Pol_yacry_lamlde gels_(0.4 mm th|_ck) were run

substrate was generated by filing in the 1 nt gagP36-CGAG ~ On @ Sequi-Gen Nucleic Acid Sequencing Cell (Bio-Rad) at

with [0-32PdCTP (3000 Ci/mmol; Amersham) using the Klenow!25°C for 3 h at 20 W, using a TBE buffer system.

fragment of DNA polymerase | (New England Biolabs) to yield a_

substrate with a specific activity @f7.4 x 1 c.p.mfig total ~ Thin layer chromatography

nucleic acid. , DNA was incubated with SbcCD for the times indicated.
Synthetic double-strand substrates were prepared in a PGRactions were treated as described for denaturing gel electro-
rr;a3chme by adding a 3-fold excess of cold oligonucleotide tgnresis, except il samples were analysed on polyethyleneimine
5-_ 2P-labelled DNA in a reaction containing _150 _mM Na_CI, 10 mMgg|lulose thin layer chromatography plates (Sigma) containing a
Tris—HCI, pH 7.5, 1 mM EDTA, pH 8.0. This mix was incubatedps4 nm fluorescent indicator. The plates were developed in 1 M
at 98'C for 3 min, 65C for 10 min and finally 37C for 10 min.  formic acid and 0.5 M LiCl. Products were visualized by

DNA was then run on a 10% native polyacrylamide gel angdytoradiography. In this system Revalues for JATP and dCMP
substrates were excised, eluted overnight a3ihd resuspended \ere 0.15 and 0.75, respectively.

in TE after ethanol precipitation.
Native polyacrylamide gel electrophoresis was used to confirBegyLTs

that double-strand and hairpin substrates exist as a single species

(data not shown). Duplex stem length required for hairpin endonuclease
Circular pUC19 was purchased from New England Biolabsctivity

Linear pUC19 was generated after treatment VBETRI  \\hen SheCD protein was incubated with HP78-@2B-labelled
(Boehringer Mannheim). oligonucleotide capable of forming a hairpin structure with a
37 bp stem and 4 nt loop§; Tablel) at 16 C in the presence of
SbcCD protein and nuclease assays ATPYS a major product of 37 nt and two minor products of 36 and
SheCD protei das d . e _ 38 nt were obtained (Fig, lanes 7 and 8). To test the minimum
cCD protein was prepared as descridéll Protein concen- 1ok of stem required for hairpin endonuclease activity, protein

trations were estimated using a protein assay kit (Bio-Rad) With i pated with HP78 and four other hairpin substrates; HP20,
leA Iaf g standard. T?g E?Olar tconfcenté%tlon cif ggcgg W36, HP56 and HP94, that had a constant loop sequence but
calculated assuming a stoichiometry of Sp86cD. In Sbe variable stem length (Tabl®). Hairpin oligonucleotides with

nuclease assays 2.5 nM protein and DNA.§ nM) were
incubated at the temperature and for the time indicated ik ZOSLeFr,g i;’\r\:\?;?: s(l)jbitsra(tgsp ?(?r) Sﬁgégiaﬁlar?Zs(?—IDl?()g)) v%ﬂﬁlstdr Z bp
reaction volume. The reactions were carried out in the prese strate with a stem length of 8 bp was not (lanes 1 and 2). With

gf55 rlI]/IMI' an; %?)5 m(lj\/llDTl\'/Il' ' AZ% glyierol\l/,l i_?gg/ 'gl BStA substrates HP36 and HP56 products were seen that arise from
mMTris, pH 7.5, and 1mM ARS (or 1 m )-Reactions 04,246 on the' 3trand of the blunt terminus (lanes 3-6). Such

were stopped and analysed by denaturing or native polyacrylamidg, y,ts were not seen with HP78 and HP94 (lanes 7—10),
gel electrophoresis prior to drying and autoradiography. Aft robably because they were difficult to detect on a 10%
exposure to a Phosphorimager screen, ImageQuant softwgiqy - rviamide gel. These data indicate that SbcCD can act at

(Molecular Dynamics) was used to quantify the amount oth the loop and blunt end of a hairpin substrate.
product generated (data not shown).

Direction of digestion

To determine in which direction SbcCD digests DNA,
An aliquot of 1.5 nM hairpin (8HP56-CGAG) was incubated HP56-CGAG (Tablel) labelled at either the'-3or 5-terminus
with 2.5 nM SbcCD at 18C for 20 min in the presence of 1 mM was treated with protein at 32 in the presence of ATP and the
ATPyS and SbcCD reaction buffer. The indicated amount of coleeaction products analysed at various time intervals by denaturing
competitor DNA was added prior to the addition of proteinpolyacrylamide gel electrophoresis. Analysis of the products
Reaction products were analysed by denaturing gel electrophoresistained when's32P-labelled HP56-CGAG was incubated with

Hairpin endonuclease competition assays
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Table 1.0ligonucleotide sequences

Name

Sequence Length
(bases)
HAIRPIN FORMING QLIG LEQTIDE
variable stem length, common 4T centre
HP20 *5’-GCCCCGGGTTTTCCCGGGGC -3’ 20
HP36 *5’-GTAATCCAGCCCCGGGTTTTCCCGGGGCTGGATTAC-3" 36
HP56 *5'-GCCCTTTGACGTAATCCAGCCCCGGGTTTTCCCGGGGCTGGATTACGTC - 56
AAAGGGC-3'
HP78 *5’-GTTTCTATTCAGCCCTTTGACGTAATCCAGCCCCGGGTTTTCCCG- 78
GGGCTGGATTACGTCAAAGGGCTGAATAGAAAC-3"
HP94 *5'-CCCGGGCACACAGATAGGTTTCTATTCAGCCCTTCCAGCCCCGGGTTTTC - 94
CCGGGGCTGGAAGGGCTGAATAGAAACCTATCTGTGCCCGGG-3"
common stem length, different centres
HP56-TTTT *5'-GCCCTTTGACGTAATCCAGCTTGGAATTTTTTCCAAGCTGGATTACGTCA - 56
AAGGGC-3"
HP56-~CGCG *5'-GCCCTTTGACGTAATCCAGCTTGGAACGCGTTCCAAGCTGGATTACGTCA- 56
AAGGGC-3’
HP56-AGCG *5’-GCCCTTTGACGTAATCCAGCTTGGAAAGCGTTCCAAGCTGGATTACGTCA - 56
AAGGGC-3’
5'-HP56-CGAG *5'-GCCCTTTGACGTAATCCAGCTTGGAACGAGT TCCAAGCTGGATTACGTCA- 56
AAGGGC-3’
3’-HPS56-CGAG 5'~-GCCCTTTGACGTAATCCAGCTTGGAACGAGT TCCAAGCTGGATTACGTCA- 56
AAGGG-3'*
HP56-CTTG *5’-GCCCTTTGACGTAATCCAGCTTGGAACTTGTTCCAAGCTGGATTACGTCA- 56
AAGGGC-3’
HPS6-GTTC *5'-GCCCTTTGACGTAATCCAGCTTGGAAGTTCTTCCAAGCTGGATTACGTCA- 56
AAGGGC-3’
HP56-TTTA *5’-GCCCTTTGACGTAATCCAGCTTGGAATTTATTCCAAGCTGGATTACGTCA- 56
AAGGGC-3’
HP56-ATTT *5’-GCCCTTTGACGTAATCCAGCTTGGAAATTTTTCCAAGCTGGATTACGTCA- 56
AAGGGC-3’
10T centre, varijable stem lenath
HP62-T10 *5’-GCCCTTTGACGTAATCCAGCCCCGGGTTTTTTTTTTCCCGGGGCTGGATT - 62
ACGTCAAAGGGC-3’
HP84-T10 *5'-GTTTCTATTCAGCCCTTTGACGTAATCCAGCCCCGGGTTTTTTTTTTCCC- 84
GGGGCTGGATTACGTCAAAGGGCTGAATAGAAAC-3
1igon ia o . .
(CTG) 1.GC clam *5'-GCCCCGGGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTG - 64
16 B CTGCTGCCCGGGGC -3
OLIGONUCLEQTIDES USED TQ FORM DUPLEX SUBSTRATES
dup27 (top) 5'-GTTCCAAGCTGGATTACGTCAAAGGGC-3" 27
dup27 (bottom) 3'-CAAGGTTCGACCTAATGCAGTTTCCCG-5’ 27
dup26 (top) 5’-CCCGGGGCTGGATTACGTCAAAGGGC-3’ 26
dup26 (bottom) 3'-GGGCCCCGACCTAATGCAGTTTCCCG-5"* 26
3’-4T (top) 5'-CCCGGGGCTGGATTACGTCAAAGGGC-3" 26
3’-4T (bottom) 3’-TTTTGGGCCCCGACCTAATGCAGTTTCCCG-5"* 30
3’-10T (top) 5’ -CCCGGGGCTGGATTACGTCAAAGGGC-3 26
3’-10T (bottom) 3'-TTTTTTTTTTGGGCCCCGACCTAATGCAGTTTCCCG-5"% 36
5'-4T (top) *5/ - PTTTGCCCTTTGACGTAATCCAGCCCCGGG-3’ 30
5’-4T (bottom) 3’-CGGGAAACTGCATTAGGTCGGGGCCC-5" 26
5'-10T (top) *5’ - TTTTTTTTTTGCCCTTTGACGTAATCCAGCCCCGGG-3’ 36
5’-10T (bottom) 3’-CGGGAAACTGCATTAGGTCGGGGCCC-5" 26
EQOTIDE CAPABLE OF FORMING A BRANCHED SUBSTRATE
56-br *5'-GCCCTTTGACGTAATCCAGCTTGGAACGAGTTCCAAGCTGGACGGTTGAC- 56

CCTTCG-3"

Single-strand extensions and hairpin loop sequences are shown in bold. *, posiRadbil.

ShcCD suggested that DNA was digested mainly in-a53  products existed, they were very small and were lost during
direction from both the blunt and hairpin termini (FRA, processing of the polyacrylamide gel. To assay for the release of
lanes 1-7). However, smatfP-labelled fragments were not mononucleotides the samegucts were examined by thin layer
detected by PAGE wheri-abelled HP56-CGAG was used as achromatography. Single nucleotides were only visualized when
substrate, as might have been expected from & &xonuclease 3'-labelled HP56-CGAG was used as a substrate, confirming that
activity (Fig. 2A, lanes 8-14). This suggested that if theseSbcCD digests DNA mainly in a'35' direction (Fig.2B,
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HP20 HP36 HPS6 HPTR HPS4 Effect of loop sequence on hairpin endonuclease activity
-+ | =+]-+]-+]-+]:SbeCD ; irni
l To test the effect of loop sequence on SbcCD action, hairpin
endonuclease activity was assayed atClé the presence of
- ATPYS using a variety of 56 base hairpin-forming oligonucleotides
- (Tablel). The nucleotide sequences at the centre of these hairpins

were chosen as they have been investigated by NMR, molecular
modelling and thermal transition studies and are believed to form a
variety of two and four base loop34(and references within). All
. of these hairpins were cleaved by SbcCD, preferentially at positions
5' to the loop region (Fig3A, lanes 14, and B, lanes 1-14).
Therefore, SbcCD acts as a sequence-independent hairpin endo-
nuclease (i.e. it cleaves  the loop regardless of the nucleotide
sequence). ShcCD also cleaves these substrates several nucleotide
. in from the 3end of the blunt terminus. HP56-CGCG,
- HP56-CGAG, HP56-CTTG and HP56-TTTA are predicted to form
hairpins with 2 nt loops whilst HP56, HP56-TTTT HP56-AGCG,
‘ HP56-GTTC and HP56-ATTT are predicted to form 4 nt loops. It
was not apparent from Figu& or B that there was any correlation
between the site of SbcCD cleavage and the position of a stem/loop
(or single-strand/double-strand) boundary.
In order to test whether a pseudo-hairpin containing T-T base
- 4 pairs was cleaved in the regioh & the loop or at positions
- relating to the T-T pairs in the stem a substrate containing 16 CTG
triplet repeats [(CTGEGC-clamp] was digested with SbcCD at
16°C in the presence of A¥B. The preferred cleavage site for
this substrate was 6f the loop. Very little cleavage was detected
in the pseudo-hairpin stem (FRBC).

To determine what effect loop size had on cleavage, HP62-T10
(a hairpin with a stem length of 26 bp and a predicted loop length
of 10 nt; Tablel) was incubated with SbcCD, at1® in the

12345678910 presence of AT¥S. This substrate is identical to HP56 except it
contains six extra thymidines in the loop region. To our surprise
HP62-T10 yielded a variety of products ranging in size from 12
Figure 1. Duplex stem length required for hairpin endonuclease activity. The to 31 nt (Fig3D, lanes 1 and 2). This is in contrast to HP56 (and
5"32,'?6'at’te'l'ed Sufsgaste;”di%a;e%\ga&i)”,cuﬁlated with (lanes 2, 4é(6:'f8 and 1Gy| the other hairpins tested) that yielded several discrete products
ggw:nig.u Igzgitsior; brdduitns vxzerectherlln re(s-:‘c?l\r/i;!enocr(le % de?lraturin Fig. 3A-C). Three classes of product were seen .Wlth HP62-T10,
polyacrylamide gel. hose that result from cleavage at the predicted stem/loop
boundary, those that arise from cleavage close to the tip of the
] o hairpin and those entering the stem of the hairpin. The existence
lane 8-14). Some prominent bands, 18t and 22 nt, are visible of the second class suggests that the thymidine residues in the
after gel electrophoresis of thél8belled substrate (Fi®A,  predicted loop can form a quasi-duplex structure, perhaps being
lanes 12-14). Itis possible that these fragments could have bggfted into this conformation by the hairpin arms whose tip is
generated by &5 3’ nuclease activity of SbcCD. However, they cleaved by SbcCD. These data indicate that a hairpin with a 10 nt
could equally well have been produced by cleavage of a fyop is processed differently from one with a 2 or 4 nt loop.
overhang generated aftér3'’ digestion (see below for evidence particularly noticeable is the degradation of the stem that is not

of 5 overhang cleavage). . observed for the hairpins with tight loops under these conditions.
When HP56-CGAG digestion was analysed by native gel

electrophoresis the majority of &nd 5-labelled products were ;

not seen until the sample was boiled, indicating that SbcCD niClI(DSegradatlon to half duplex stem length

but does not dissociate double-strand DNA (E@).lanes 7 and We noted that the limit product generated using HP62-T10 was 12
8, and lanes 15 and 16). However, prior to boiling substantiak, aimost half the length of the double-strand stem (13 bp). To test
amounts of the 'Habelled substrate are visible as a smear anifl SbcCD could measure the length of half a duplex stem, it was
limit digestion fragments are released. No smearing is visibiecubated at 18C in the presence of A¥B with an oligonucleotide

with the 3-labelled substrate and only a small amount of produdHP84-T10; Tablel) capable of forming a hairpin with a longer

is released. These observations suggest that a substantial am@@inbp) stem and a 10 nt loop. Larger products were seen in size
of the 3- 5' digestion from the hairpin end is coupledte 3’  clusters around 37 and 42 nt. The limit product obtained with this
digestion from the blunt end. This simultaneous processing woutdibstrate was 17 nt (FigE, lanes 1 and 2), again almost half the
lead to the release of thel&belled limit product that would be length of the stem (18.5 bp). Even after longer exposures no products
held to its complement by a few hydrogen bonds. Again these dataaller than half a stem length were seen. This agrees with the size
are consistent with a primary bias towards digestion ih-&3  of limit product seen whenP56-CGAG is digested at 3C in the
direction. presence of ATP (Fi@A, lanes 1-7).
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Figure 2. Direction of digestion.A) Gel analysis of the fragments produced when SbcCD was incubated' wiPrl&belled HP56-CGAG (lanes 1-7) or
3-3%P-Jabelled HP56-CGAG (lanes 8-14) in the presence of ATP°& & the time indicated. The products were resolved on a 10% denaturing polyacrylamide
gel. Vertical lines indicate the sites of early cleavage by Sbd&DA ¢hromatogram showing the mononucleotide products released when the reaction mixtures
obtained in (A) were analysed by thin layer chromatogra@)yN@tive gel analysis of the fragments produced wheslabelled HP56-CGAG (lanes 1-8) or
3'-32p-jabelled HP56-CGAG (lanes 9-16) was incubated with SbcCD, in the presence of ATE &irdfie times indicated. The sizes in nucleotides of various
products are indicated. *, position %P label.

Double-strand end preference of SbcCD SbcCD does not cleave at a single-strand/double-strand
. o . . transition but does cleave within a 10 nt 5overhang
SbcCD appears to digest a hairpin molecule at its blunt or hairpig degrades to half of the duplex stem length

end equally well (Fig3A and B). To determine if SbcCD has a

preference for binding either a blunt or hairpin DNA endSbcCD can cleave a hairpin substrate in the vicinity of the
competition assays were performed in which hairpin endonucleaseem/loop boundary. In an effort to elucidate what feature of a
activity was assayed (at 16 with ATFYS) in the presence of stem/loop SbcCD recognizes, cleavage activity was assayed at
increasing amounts of cold competitor DNA (Fig). A  16°Cinthe presence of A}B using a variety of DNA substrates.
blunt-ended 27 bp duplex oligonucleotide (dup27) competes &532P-labelled duplex (dup26; Tablg, blunt at both ends, was
efficiently for hairpin endonuclease activity as cold hairpin DNAdigested in a'3. 5" direction to form a limit product dfll2 nt
(HP56-CGAG, compare lanes 3—6 with lanes 7—10). On the oth@¥ig. 5A, lanes 1 and 2). That this extended degradation occurred
hand, a 27 base single-strand DNA oligonucleotide (dup27-bottorim) ATPyS at 16 C signalled that duplex DNA behaves similarly

is a very poor competitor (lanes 11-14). Circular double-strantd hairpins with 10 T loops and not tight looped hairpins. The
pUC19 DNA (lanes 19-22) is also a very poor competitor, isame duplex substrate containing a 4 or 10 ov&hang (34T
contrast to linear double-strand pUC19, which competes for tted 3-10T, respectively) also yielded a 12 nt limit product
activity more efficiently than hairpin DNA or a small duplex (Fig. 5A, lanes 3-6). Duplex DNA containing a 4 hbserhang
(lanes 15-18). These observations imply that SbcCD prefefS-4T) was digested in a similar manner to give a limit product
double-strand DNA that contains an end, but has no overalf (116 nt (Fig.5B, lanes 4 and 5). When thé éxtension was
preference for a hairpin end over a blunt end. increased to 10 nt '@0T), the limit product arising from the
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Figure 3. Effect of sequence on hairpin endonuclease actigitgn@B) Action
of SbcCD on a variety of 56 base hairpin-forming oligonucleotides. The
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Figure 4. Competition assays. SbcCD was incubated with 1.5 hRFFs
labelled HP56-CGAG and challenged with the indicated concentration of cold
competitor DNA. HP56-CGAG (lanes 3-6), 27 base duplex (dup27, lanes 7-10),
27 base single-strand oligonucleotide (dup27-bottom, lanes 11-14), linear
double-strand pUC19 (lanes 15-18) and circular double-strand pUC19
(lanes 19-22). Lane 1 contains no protein or competitor DNA and lane 2 protein
but no competitor. Samples were analysed by 10% denaturing polyacrylamide
gel electrophoresis. *, position #P label.

formed part of a branched structure (56-br) it was still acted upon
by SbcCD (Fig5C, lanes 1 and 2). The activity seen with the
10nt53 overhang is significantly greater than any activity on
single-strand oligonucleotide substrate’s4(Btop and 510T-
top; Tablel) (Fig. 5B, lanes 8-11). This argues that cleavage in
the B overhang is stimulated by the presence of adjacent duplex.
These data provide additional support for the hypothesis that
ShcCD can degrade to half the length of a double-strand region
of DNA. The 26 bp duplex (dup26) forms a limit product of
(112 nt, nearly half the stem length (3, lanes 1 and 2). When
a 4 or 10 nt 3overhang (34T and 310T, respectively) was
added the length of the limit product remained constantgAig.
lanes 3-6). This suggests that the protein senses the length of
duplex and not the strand with thfea®erhang. When a 10 nt 5
overhang was added to the 26 bp dupléxd(®), the limit
product obtained wd22 nt (Fig.5B, lanes 6 and 7). Again this
suggests that SbcCD recognizes the size of the duplex and not the
extended strand, in this casé aerhang. In summary, these data
show no evidence for cleavage at a single-strand/double-strand
transition. However, they do argue that SbcCD recognizes the
transition as if it were a double-strand end and degrades to half the
length of the duplex region.

substrates indicated were incubated with (lanes 2, 4, 6, 8, 10, 12, 14, 16 and 1@|SCUSS|ON

orwithout (lanes 1, 3,5, 7,9, 11, 13, 15 and 17) SbcCD in the presence/sf ATP
at 16C for 20 min. Products were examined on a 10% denaturing
polyacrylamide gel.§) (CTG); 6 GC-clamp substrate incubated with (lane 2)

In this work we have investigated the activity of the SbcCD
complex fromE.coli on oligonucleotide substrates in order to

or without (lane 1) SbcCD. The products were resolved on a 10% denaturingayeg| aspects of its mechanism of action. Initially we determined

gel. @) HP62-T10 was incubated with (lane 2) or without (lane 1) SbcCD and

products were resolved on a 20% denaturing g¢IHP84-T10 treated with

that the minimum duplex stem length necessary for cleavage of

(lane 2) or without (lane 1) SbcCD and products analysed on a 10% denaturing gé hairpin substrate lies between 8 and 16 bp. This allowed us to

The size in nucleotides of various products are indicated. *, positf@R tibel.

3' - 5 exonuclease activity of SbcCD wa&2 bases. In addition,
a cluster of products migrating 8B—8 nt was noted for the
substrate with the’8.0T overhang (FigbB, lanes 6 and 7). This

concentrate the majority of our assays on substrates with 26 bp
stems in the knowledge that this was well within the range
accessible to the protein. The observation that SbcCD cleaves
hairpins with stems as short as 16 bp suggests that the problems
encounteregh vivoin the replication of long palindromes) (n
sbcCD cells (that are only noticeable above a length of

indicates that SbcCD possesses a single-strand nuclease acti¥®@—150 bp) relate primarily to the persistence of hairpin structure

on a 5 overhang of sufficient length. When the dverhang

rather than a lower length limit for the activity of the protein.
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base pair that close the loop; stacking interactions. In addition
C loops undergo motions which hinder the analysis of structural

data @5 has a discussion of these points). Despite these
)k difficulties, there was no suggestion of any correlation between
$beCD o iShaCD the site of SbcCD cleavage and any particular structural feature
of a hairpin loop.

In competition assays hairpin DNA did not compete for hairpin
endonuclease activity any better than the other linear duplexes
tested. However, single-strand oligonucleotides and closed
circular plasmids were poor competitors. These experiments
= suggest that ShcCD recognizes a double-strand end whether or
not it is in a hairpin configuration.

t ]

SbcCD cleaves a CTG triplet repeat pseudo-hairpin
adjacent to the loop

d(CAG),-d(CTG), triplet repeats are unstable DNA sequences
. that have been implicated in several human inherited neurological
l23assisaanm disorders $6). The d(CTG) strand has been shown to form a
—— stable pseudo-hairpin structure containing T-T mispai8g).
Saltatory amplifications of d(CAGX(CTG), repeats can be
detected in the SURE strain Bfcoli (which carries a mutation
Figure 5. Action of SbcCD on a variety of synthetic substratég. 20% in thesbcCgene) but not in SURE cells carrying a plasmid with
denaturing gel showing the products obtained when SbcCD was incubated witthe sbcC gene 89). Here we show that SbcCD can cleave a
various 5-labelled oligonucleotides. Blunt-end 26 bp duplex (dup26, lanes 1 d(CTG), pseudo-hairpin adjacent to the loop. No significant

and 2), 4 nt 3overhang (34T, lanes 3 and 4), 10 nt@erhang (310T, lanes - .
5and 6). Lane 7, 8-32 nt mark&®) (0% denaturing gel showing the products cleavages inthe stem were observed suggesting that SbcCD does

of SbcCD action on a 4 ntéverhang (54T, lanes 4 and 5), a 10 nidverhang not recognize T-T mispairs.
(5'-10T, lanes 6 and 7) and two single-strand substrates df80-{5p, lanes 8

and 9) and 36 (5L0T-top, lanes 10 and 11) nt. Lane 1, 8-32 nt marker. Lanes 2 : _ -
and 3, HP56-CGAGQ) 10% denaturing gel showing the action of SbcCD on SbcCD has a smgle strand endonuclease activity on a 5

a branched DNA substrate (56-br). Lane 1, no SbcCD: lane 2, with SbecD. *Overhang of 10 nt

iti 32

position of label. We have shown previously that SbcCD has a single-strand
endonuclease activitys) and, here, that it possesses a single-
strand nuclease activity ohd@verhangs of 10 nt. This activity is

SbcCD is a sequence-independent hairpin endonuclease  strongly stimulated by the presence of adjacent duplex DNA

_ since no cleavage was observed in single-strand oligonucleotides

SbcCD is a double-strand exonuclease that can open a numbegighaired to their complements. Removal of a&rhangn vivo

56 nt hairpins containing tight loops, by nicking in the doublety ShcCD may generate a blunt-ended substrate suitable for the

strand region 3o the loop. With these substrates the major sitegntry of RecBCD.

of Cleavage at the IOOp end of the molecule are 25 and 26 nt fron'nh:hough SbcCD cleaves aﬁ/erhang of 10 nt it does not act

the 3-terminus. Although SbcCD acts as a sequence-independejif one of 4 nt. The head regions of SbcC(D)[@d nm in

hairpin endonuclease, it is sensitive to the exact sequence in Higmeter, a size which correspondsito nt of DNA. These head

vicinity of the stem/loop. One might have expected that thgegions might be involved in end recognition and DNA binding.

single-strand endonuclease activity of SbcCD could attack thg support of this hypothesis, Ahkmedet al (40) have

loop end of a hairpin. However, it prefers to open the hairpin bjemonstrated that the C-terminal domains of yeast SMC1 and

attacking the double-strand region adjacent to the loop. We hag&1C2 (each presumed to form a head structure) bind DNA in an
shown that single-strand DNA does not compete well for hairpiaTp-independent manner.

endonuclease activity nor is it a good substrate for SbcCD, unless
itforms part of a duplex with a 10 ritdverhang (see below). We g0 js 2 3., 5 double-strand exonuclease that degrades
suggest therefore that SbcCD does not cleave a hairpin loop 33 lex DNA to half its original length
single-strand/double-strand boundary or any other structura
distortion, but in the first cleavable region of duplex next to th&Ve have suggested previously that SbcCD cleaves and removes
single-strand loop. SbcCD cleaves the blunt end of the hairpin ahdirpin secondary structures that arise during DNA replication,
blunt end duplexes, therefore, it does not need a single-stramdéulting in double-strand breaks which are then repaired by
double-strand transition to be active. homologous recombinatior®,{1). We show here that SbcCD

We could not find any direct correlation between the predictedigests DNA in a 3-5' direction but does not dissociate the
size of the tight loops tested here (of 2 and 4 nt) and the site aiiplex strands until it has reached half the length of the duplex
SbcCD cleavage. The potential for structural distortion at BNA. This pattern of degradation is observed on hairpin DNA in
hairpin terminus is great and the relationship between lodpe presence of ATP at 3Z but is also seen in the presence of
geometry and the nucleotide sequence at a hairpin terminus is APYS at 168C for duplex DNA without hairpin ends and
a simple one. Important factors include; the sequence of thirpins with 10 T loops. Further experiments are required to
hairpin terminus; the particular nucleotides that form the terminaletermine why substrates with two free ends or with large loops
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show more extensive degradation under the conditions that givé Behnke,D., Malke,H., Hartmann,M. and Walter,F. (1F18smid 2,
6

only loop and end cleavage for the tight hairpins. 05-616.
The observation of half length degradation is particularly gf;igg?%'.wgf%&fﬁ@g&iﬁ o emaG. (vaB8pen.

interesting since it leaves behind two single strands whesel3 Genet, 212 450-458.
lie across from each other. In the case of a hairpin formed during Gordenin,D.A., Lobachev,K.S., Degtyareva,N.P., Malkova,A.L., Perkins,E.
DNA replication, it is likely that only one of theseehds is used and Resnick,M.A. (1993)lol. Cell. Biol, 13 5315-5322.

: P p : Henderson,S.T. and Petes,T.D. (1998jhetics 113 57-62.
directly for recombination since the other is not attached tp, Ruskin,B. and Fink.G.R. (199Genetics 133 43-56.

chromosomal DNA. In the initiation of meiotic recombination, &3 Nag,D.K. and Kurst,A. (199 Genetics 146 835-847.
similar  bidirectional 3-5 degradation activity by 14 Lobachev,K.S., Shor,B.M., Tran,H.T., Taylor,W., Keen,J.D., Resnick,M.A.
Rad50/MRE11 could generate thé 8verhangs observed and Gordenin,D.A. (1998}enetics148 1507-1524.
(42,43). This is a theoretical means of resolving the apparerf EZ‘ZE[’ZZT” Stringer,J.R. and Sinden,R.R. (18@@)eic Acids Res24,
par?dox that a'3, 5’ exonuclease is required for the generation Collick,A., Drew,J., Penberth,J., Bois,P., Luckett,J., Scaerou,F., Jeffreys,A.
of 3 overhangs. _ and Reik,W. (1996EMBO J, 15, 1163-1171.

SbcCD has an unusual shape for a nuclease. Using electagn Akgun,E., Zahn,J., Baumes,S., Brown,G., Liang,F., Romanienko,P.J.,
microscopy a component of the SbcCD complex is seen as two '—CEW'SE- ;‘“dc Jas'”’tM- '(?199'?0'\'/-' Cr;?”-CB'f(Jllv &;52?92_555720%

H H H oen,ke.o., Carpenter,R. an artn,C. f —. .
head.domams’ @8'4.nm’ “nk.ed by arod region mo nm QG) .19 Peacock,W.J., Dennis,E.S., Gerlach,W.L., Sachs,M.M. and Schwartz,D.
This is the organization predicted for the SMC family of proteinS™ (1984)cold Spring Harbor Symp. Quant. Biot9, 347-354.
and a similar structure been observed for the SMCL1 protein fropo Colot,E.S., Haedens,V. and Rossignol,J.L. (1888) Cell. Biol, 18,
Bacillus subtilis and MukB protein fromE.coli (44,45). It is 4337-4346.

ossible that each of the head domains of SbcCD recognize$ta Roth.D.B., Menetski,J.P., Nakajima,P.B., Bosma,M.J. and Gellert,M.
P 9 (1992)Cell, 70, 983-991.

DNA termm,us and digests a Slngl_e DNA molecule from each er%j van Gent,D.C., McBlane,J.F., Ramsden,D.A., Sadofsky,M.J., Hesse,J.E.
inwards until the two head domains meet and release half length and Gellert, . (1995ell, 81, 925-934.
single-strand products with-8nds remaining at the end points 0f23 Lewis,S.M. (1994proc. Natl Acad. Sci. USAL 1332-1336.
digestion. Our experiments do not exclude the possibility that ti#é Sharples,G.J. and Leach,D.R.F. (196). Microbiol,, 17, 1215-1220.
release of half length products arises from the action of Connelly,).C., de Leau,E.S., Okely,E.A. and Leach,D.R.F. (1997)
. = J. Biol. Chem 272 19819-19826.

separate SbcCD complexes acting at the two DNA ends. Thi§ connelly,J.C., Kirkham,L.C. and Leach,D.R.F. (199&)c. Natl Acad.
situation has been observed f6rcoli exonuclease Il 46). Sci. USA95, 7969-7974.
However, our experiments differ from those carried out 0@7 Tsakumoto,Y. and Ikeda,H. (199Bgnes Cells3, 135-144.
exonuclease IIl in that we have used protein concentrations tHggt Johzuka.K. and Ogawa,H. (19@5gnetics139 1521-1532.

. . s . Dolganov,G.M., Maser,R.S., Novikov,A., Tosto,L., Chong,S., Bressan,D.A.
0,
result in <40% conversion of s_ubst_ratg to product within a time&”™ _ Petrini,J.H.J. (1996Jol. Cell. Biol. 16, 48324841,
sqale of 20 min, whereas 'the V|suaI|zat|o_n of half Iength product® Xiao,. and Weaver,D.T. (199Rucleic Acids Res25, 2985-2991.
with exonuclease Ill required concentrations of protein that gava&  Paull,T.T. and Gellert,M. (1998)ol. Cell, 1, 969-979. _
complete degradation within 4 min. The nature of the producf Trujillo,K.M., Yuan,S.S.F., Lee,E.Y.H.P. and Sung,P. (1998jol. Chem

i i ; 273 21447-21450.
that we observe is also different. While we see DNA fragmeng% Saa;nbrook,J., Frisch,E.F. and Maniatis, T. (1988lecular Cloning:

varying in size between full length and half length an(_j NO A Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press,
fragments shorter than half length, the exonuclease Ill experiments cold Spring Harbor, NY.

reveal a statistical clustering of fragments about the half lengfi4 Davison,A. and Leach,D.R.F. (1994)cleic Acids Res22, 4361-4363.

end-point. 35 Kabotyanski,E.B., Zhu,C., Kallick,D.A. and Roth,D.B. (1995)
Nucleic Acids Res23, 3872-3881.
36 Ashley,C.T. and Warren,S.T. (199%)nu. Rev. GeneR9, 703-728.
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