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Saule Naureckierieand William K. Holloman*

Hearst Microbiology Research Center, Department of Microbiology and Immunology, Cornekidity Weill Medical College,
New York, New York 10021

Receied June 29, 1999; Resed Manuscript Receéd August 27, 1999

ABSTRACT: The REC1gene ofUstilago maydisfunctions in the maintenance of genome stability as
evidenced by the mutator phenotype resulting from inactivation of the gene. The biochemical function of
the Recl protein was previously identified as'a3-directed DNA exonuclease. Here studies on the
mechanism of action of Recl were performed using radiolabeled oligonucleotide DNAs as substrates,
enabling detection of single cleavage events after electrophoresis on DNA sequencing gels. The
oligonucleotides that were utilized were designed to be self-annealing so that they formed hairpin structures.
This simplified interpretation of the data since each molecule contained only'geen8nus. Analysis
revealed that digestion proceeded by a distributive mode of action and that degradation of DNA was
governed by an interplay between sequence context and conformation. The preferential substrate was
DNA with a recessed'3&nd. It was discovered that the enzyme had abasic endonuclease activity, was
capable of initiating at an internal nick, and had no preference for mismatched bases either internally or
terminally. Endonucleolytic cleavage wa'sté the abasic site.

The REC1gene of the fungublstilago maydisencodes a  and preliminary evidence for exonuclease activity in the
3'—5' exonucleasel). Inactivation of the gene results in an  human homologue has been obtain8y élthough there is
extremely pleiotropic phenotype with defects in repair, not complete agreement on this isside One possible clue
recombination, genomic stability, mutation avoidance, and about function has come from analysis of Recl protein
cell cycle checkpoint controP( 3). It is widely known from structure by fold recognition and comparative modeling
many studies in other systems that exonucleases playwhich has revealed an intriguing relationship to the sliding
important roles in a number of these processes. For instanceclamp PCNA family of proteins (0). Given the multifarious
exonucleases function in mutation avoidance by proofreadinguse of PCNA sliding clamps in DNA metabolic processes,
during DNA synthesis to remove misincorporated nucleo- it is not hard to imagine that a protein with a similar structure
tides, in repair by excision of tracts containing damaged or might serve as a common DNA-tethering component of
incorrectly base-paired residues, in recombination to generateprotein machines at work among several diverse molecular
invasive single-stranded ends, and in genome stability by pathways.

preventing slippage of repeated sequences. The challenge analysis of REC1 gene expression iJ. maydis has
posed by theREC1gene is understanding the molecular ingicated a periodic mode of transcription in which the
fUnCt|On n the array Of genetlc pathWayS aﬁected by its message level peaks inthe S pha‘m ThlS Specific mode

inactivation. of expression is similar to that observed with genes dedicated

Database searches have not turned up any relationshigo pNA synthesis, suggesting that the role of the gene is
between Recl and other known exonucleases, but sequencgot in some constitutive function throughout the cell cycle.

similarity has been found between Rec1 and the Rad1 proteinone possible explanation of a role for Recl, albeit unortho-
of Schizosaccharomyces pom@# and the Rad17 protein oy, is that Rec1 might function as an external proofreading
of Saccharomyces cemsiae (5), both of which, like Rec1,  activity to some DNA polymerase perhaps dedicated to repair
function in cell cycle checkpoint control. Biochemical ang recombination. This could account for the mutator
demonstrated, but there is indirect evidence that $he message. On the other hand, certain properties ofet®
cerevisiaeRad17 protein might contain nuclease activy. ( mytant are reminiscent of the phenotype of mismatch repair
Mammalian homologues have also been identifieeq), mutants of S. cereisiae Besides the elevated mutator
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activity, pmslandmsh2of S. cereisiaeare hyperactive for ~ NTA (nitrilotriacetic acid agarose, Qiagen) which was
spontaneous allelic recombination, exhibit poor viability of prepared by washing successively with 20 mL of 100 mM
meiotic progeny, and exhibit genomic instability1( 12), NiSO;,, 20 mL of HO, and 20 mL of buffer BB. After being
like recImutants ). It is interesting to note that expression loaded, the column was washed with 50 mL of buffer BB
of genes in mismatch repair is also cell cycle-regulated and followed by washes of 20 mL each of buffer BB containing
is S phase-specificl@). Other analogies are also intriguing. imidazole in steps of 300 mM and 1 M. An aliquot (1 mL)
For instance, thead27 mutant ofS. cereisiae, which has of the fraction containing Recl eluting with 300 mM
a defective exo/endonuclease, exhibits elevated spontaneousnidazole was diluted with buffer BB to a protein concentra-
recombination and is sensitive to DNA damad&-17). tion of 1 mg/mL as determined using BCA reagent (Pierce),
Thus, there are a number of examples of provocative and then DTT (dithiothreitol) was added to a concentration
similarities in comparing the properties mécl with those of 30 mM and Triton X-100 to a concentration of 0.01%.
of mutants in other systems with defects in a variety of DNA The sample was diluted with buffer A [50 mM Tris-HCI
metabolic processes. (pH 8.5), 1 mM EDTA, 1 mM DTT, 0.01% Triton X-100,
Unfortunately, there are still no clear features of either and 10% glycerol] so that the guanidine hydrochloride
the REC1 gene, protein, or mutant that might serve to concentration was reduced to 2 M. After 2 h, the sample
categorize the function firmly under one paradigm or another. was diluted with buffer A to a final protein concentration of
Therefore, we thought it important to gather more biochemi- 20 ug/mL. The sample was then loaded onto an FPLC
cal information that might add weight to one or the other MonoS column (Pharmacia) equilibrated with buffer A; the
possible mechanisms fRREC1gene function. In this study,  column was washed with 10 mL of buffer A and eluted with
we report a further analysis of the substrate specificity of a 0to 0.7 M NaCl linear gradient (10 mL total), and 0.5 mL
the 3—5' exonuclease activity using a variety of oligonucleo- fractions were collected. Fractions eluting at a NaCl con-
tide substrates. Our primary aim was to determine featurescentration of approximately 0.5 M were pooled and used as
of the DNA substrate that might provide hints about the the source of the enzyme in the experiments described herein.
function of the protein. Additionally, we explore the utility Enzyme preparations were stored-at0 °C in aliquots at a
of oligonucleotides in a hairpin conformation as substrates protein concentration of 200 ng/mL. Enzyme activity was
for analysis. assayed using as a substrate pBluescript Il (Stratagene)
plasmid DNA that had been cut withalBAl and labeled at
EXPERIMENTAL PROCEDURES the 3-ends of the restriction fragements using¥S]dCTP
Purification of the Recl ProteirFor production of high  and the Klenow fragment dEscherichia coliDNA poly-
levels of Recl protein, the expression plasmid pCM419, a merase | as described previousl).(In general, reaction
derivative of pET14b (Novagen), was utilized. This plasmid mixtures contained 80 fmol of 3°S-labeled DNA ends. One
was constructed so that it contained the open reading frameunit of enzyme activity is defined as the amount of protein
from theREC1gene which was modified by removal of the that renders 10 fmol of'3°S-label soluble in 5% trichloro-
single 184 bp 3terminal intron. A 1.4 kbEag—Fsp acetic acid in 30 min at 37C.

fragment from pCM450, which contains tHREC1 open DNA SubstratesOligonucleotides were obtained from
reading frame deleted of the intron by a PCR methif), Oligos, Etc. (Wilsonville, OR) and were labeled at tHe 5
was used to replace the intron-containibgd —Fspl frag- terminus with T4 polynucleotide kinase and¥P]ATP. In
ment of pCM391, a pET14b derivative containing the general, reaction mixtures (2@0L) contained 12 pmol of
genomic version of thREC1gene described previouslg)( oligonucleotide and 20 units of T4 polynucleotide kinase

Expression of the gene yields a Rec1 fusion protein contain- (New England Biolabs, Beverly, MA) and were incubated
ing a 20-residue leader sequence with a hexahistidine stretchat 37°C for 1 h before processing. Unincorporated label was
Cultures (500 mL) in LB medium containing 2Q@y/mL removed by fractionation on NENSORB cartridges (NEN
ampicillin were started from a single colony and grown with Dupont). Plasmid DNA and'3°S end-labeled restriction
vigorous aeration at 37C. WhenAgo reached 0.6, cells were  endonuclease fragments used as the substrate during purifica-
induced by addition of 0.4 mM IPTG (isopropyl-p- tion of the Recl protein were prepared as described previ-
thiogalactoside) and harvested by centrifugat®h later. ously (1). ¥°P-labeled oligonucleotides usually at a concen-
The cell pellet was resuspended in 25 mL of TNE [50 mM tration of approximately 10 nM were self-annealed in 10 mM
Tris-HCI (pH 8.5), 1 mM EDTA, and 0.1 M NaCl], and Tris-HCIl, 1 mM EDTA, and 0.4 M NacCl by heating to 85
lysozyme was added to a concentration of 1.0 mg/mL. After °C for 5 min and then incubating at 37C for 1 h.

1 h at 0°C, EDTA was added to a concentration of 10 mM, Oligonucleotides that were utilized in this study are listed
Triton X-100 was added to a concentration of 0.1%, and the in Table 1.

mixture was incubated at 37C for 20 min. Cells were Exonuclease AssayReactions (2QiL) were carried out
disrupted by three 30 s bursts of sonication with an in 50 mM Tris-acetate (pH 8.5), 10 mM Mg acetate, 1
immersion tip and centrifuged for 15 min at 20 000 rpm in mM dithiothreitol, 0.1 mM EDTA, 0.05 mg/mL bovine
the Sorvall SS34 rotor. The supernatant was discarded, andserum albumin, 0.3 pmol of oligonucleotide, and in general
the pellet was washed by resuspension with the aid of a0.5 unit of Recl exonuclease (as determined usir§S3
mechanical homogenizer in succession with 25 mL aliquots labeled duplex DNA restriction fragments). Reactions were
of TNE and 2 M NaCl, TNE ad 2 M urea, and 0.1 M Tris-  carried out at 37C unless otherwise indicated. Reactions
HCI (pH 8.5). The final pellet was redissolved in 25 mL of were quenched by addition of 1Q0. of a stop solution
buffer BB [20 mM Tris-HCI (pH 8.5), 0.5 M NaCl, and 6 containing 95% formamide, 20 mM EDTA, 0.05% bromo-
M guanidine hydrochloride] and loaded onto a column (10 phenol blue, and 0.05% xylene cyanol. Samples were heated
mL bed volume) of the metal affinity matrix agarose-Ni  to 100 °C, chilled on ice, and loaded (20L) on a DNA
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Table 1: Oligonucleotide Séts

single-stranded vs
double-stranded comparison
DS-1 B-ATTCCTAAGCAGCCAAGTGTTTTTACACTTGGCTGCTTAGGAGT-3
SS-1 5-ACACTTGGCTGCTTAGGAGT-3
hairpin 44-mer
oligonucleotides with
terminal mismatches

BR-1 5-CTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAG-3'
BR-2 5-CTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAA-3 '
BR-3 5-CTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAT-3 '
BR-4 5-CTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAC-3'

hairpin oligonucleotides with
simple sequence tails

GD-1 S-TTTTTTTTTTCTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAGTTTTTTTTTT-3’
GD-2 S-TTTTTTTTTTCTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAG-3'

GD-3 53-CTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAGTTTTTTTTTT-3’

RN-1 5-CTTATCTATTGTTGATAAACTTTTGTTTATCAACAATAGATAAGAAAAAAAAAA-3 '

RN-2 5-AAAAAAAAAACTATTGTTGATAAACTTTTGTTTATCAACAATAGTTTTTTTTTT-3 '

RN-3 S-TTTTTTTTTTCTATTGTTGATAAACTTTTGTTTATCAACAATAGAAAAAAAAAA-3 '

FA-2 5-AAAAAAAAAACTATTGTTGATAAACTTTTGTTTATCAACAATAGTTTTTTTITTT-3 '

FA-3 S-TTTTTTTTTTCTATTGTTGATAAACTTTTGTTTATCAACAATAGAAAAAAAAAA-3 '

DE-1 5-CCCCCCCCCCCTATTGTTGATAAACTTTTGTTTATCAACAATAGGGGGGGGGGG-3

DE-2 5-GGGGGGGGGGCTATTGTTGATAAACTTTTGTTTATCAACAATAGCCCCCCCCCC-3

hairpin oligonucleotides with
abasic or internal mismatched

site
ZN-1 5-CTTATCTATTGTTGATAAACTTTTGTTTATCAACAFTAGATAAGTTTTTTTTTT-3'
DL-2 5-CTTATCTATTGTTGATAAACTTTTGTTTATCAACATTAGATAAGTTTTTTTTTT-3'
M 5 -TTTTGTTTATCAACAFTAGATAAGTTTTTTTTTT-3'

aThe four-T residue stretch serving as a hinge is underlined.

sequencing gel of 8 to 15% acrylamide containing 7 M urea. chromatography on an immobilized metal affinity column
Before loading, gels were prerun at 40 W (ca. 1600 V) until after solubilization of inclusion bodies1i6 M guanidine

they were warmed to a surface temperature of c&@®0n hydrochloride, refolded by the regimen outlined above, and
the glass plates. After electrophoresis, gels were fixed in 5% further purified by FPLC on a monoS column. Exonuclease
methanol and 5% acetic acid and then dried at°80 activity was eluted from the column using a salt gradient
Radioactivity was imaged in the dried gels using a Molecular and cochromatographed with the Recl protein as assessed
Dynamics phosphorimager. Rates were determined by measby analysis of chromatographic fractions after SDS gel
uring the loss of radioactivity of the band representing the electrophoresis. We note that since enzyme activity was
full-length substrate using ImageQuant software (Molecular constituted after refolding denatured protein, no meaningful

Dynamics). assessment of the level of active protein molecules that are
present can be made. Therefore, amounts of protein added
RESULTS are indicated in terms of units of exonuclease activity as

Enzyme Preparationinitial efforts to purify the Rec1 ~ determined using '8°S-labeled plasmid DNA as the sub-

protein after overexpression of the geneEincoliindicated ~ Strate.

that it was sequestered in an insoluble form in inclusion ~ Experimental DesignThe method of our attack was to
bodies (). An investigation into culture conditions that use oligonucleotide substrates to enable examination of
would allow production of the protein in soluble form was nucleolytic activity at the nucleotide level. We used a gel
undertaken. Unfortunately, after an extensive analysis, no€lectrophoresis assay to measure relative rates of hydrolytic
growth medium, temperature, or osmolality was found in activity. DNA substrates were oligonucleotides labeled with
which any soluble Rec1 protein was present in cell extracts *P at the 5end and were designed so that we could examine
prepared under nondenaturing conditions. Therefore, effortsthe activity of the enzyme in discriminating DNA conforma-
focused on optimizing conditions for refolding the protein tion, determine the ability to recognize mismatched base
after solubilization of inclusion bodiesi6 M guanidine  pairs, gauge relative base specificity, and test for endo-
hydrochloride. A number of parameters were examined nuclease activity. In all cases, the rate of reaction was
systematically, including protein concentration, reducing determined by measuring the loss of full-length substrate and
conditions, solvent composition, and the regimen of denatur- was monitored quantitatively by phosphorimaging after
ant removal. Empirical testing indicated that for optimal €lectrophoresis of the oligonucleotide on a sequencing gel
exonuclease activity it was necessary to refold the protein that resolves single nucleotide differences in length as
in two steps: first, by holding fo2 h on ice in 2 Mguanidine ~ discrete bands.

hydrochloride at a protein concentration between 20 and 200 We performed pilot studies with a variety of substrates
ug/mL, and in alkaline buffer containing at least 30 mM formed by annealing complementary single-stranded oligo-
DTT, 0.01% Triton X-100, and 10% glycerol; second, by nucleotides with different designs, but found that the yield
diluting the solution an additional 10-fold with neutral buffer of duplex product was low when oligonucleotides were
containing no denaturant. The protein was purified by equimolar in hybridization reactions. To ensure complete
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hybridization of the®?P-labeled oligonucleotide with unla-

beled complementary strand, it was necessary to provide a 100

large excess of complementary strand. This presented the 80

problem of performing reactions with an excess of potentially 60 A

competitive unlabeled single-stranded DNA present or else Rec1
required a tedious gel purification step to separate hetero-

duplexed oligonucleotides from unannealed strands and 40

generally resulted in low yields. As an expedient to circum- B ss DNA

vent these difficulties, we chose to use self-annealing

oligonucleotides as substrates. Since intramolecular associa- 20| ® dsDNA "

tion to form hairpin structures is the favored reaction in this
situation, duplex formation is efficient and equimolar with
respect to complementary sequences. An additional advan-
tage offered by such substrates was the presence of a single
3'-end, thus eliminating a potential source of complication
in interpretation. The substrate of choice was an oligonucle-
otide with a sequence of two inverted complementary
stretches 20 residues in length joined through a hinge of four
T residues.

Conformational Preferencen previous work using as
substrate heterogeneous sequence DNA in the form of a
mixture of 3-labeled restriction enzyme fragments derived
from plasmid DNA, a 5-fold preference for heat-denatured
versus native DNA was noted. We retested conformational 80
specificity using a 20-mer oligonucleotide with a heteroge-
neous sequence which was determined to contain no self-
annealing stretches and compared this to its duplex form
which was generated by self-annealing of an oligonucleotide
with the same sequence and inverted complement to form a
hairpin as described above. In this case, only a 2-fold

Exo III

Substrate remaining (%)

100

60

40

difference in activity on the single-stranded oligonucleotide 20 ‘ . ‘ '
compared to the duplex was observed (Figure 1A). As o 5 10 115 2
controls for DNA substrate conformation, the double- Time (min)

stranded specific exonuclease Iil and the Single_StrandedHGUREl' Specificity of exonucleases on oligonucleotides in single
specifice subunit of .DNA polymerase Ill were emplpyed stranded arlljd hairpin duplex formS.—%P-Ial?eled 20-mer singleq
(panels B and C of Figure 1). In both cases, the activity that syranded oligonucleotide SS-1 and duplex hairpin form DS-1 were
was exhibited was in accord with known properties of these digested with ReclE. coli Exo lll, and thee subunit ofE. coli
enzymes. Exonuclease Ill was at least 10-fold more active Pol Ill holoenzyme. Reactions were quenched at the indicated times,
on the hairpin cuplex subsirate than the singl-stiandec 0 A6els Wee Secopiaesen 8 DA seuencing oe Lnver
OI'QODUCIeOt'de' and was at least 50 times more active on Jimaging, and the time course of the reaction was determined by
the single-stranded substrate. In the case of Recl, the basiguantitating the level of the substrate band using ImageQuant
for the lower level of discrimination for single-stranded software.
versus duplex DNA with oligonucleotide substrates compared
to what was observed in the previous study is not clear. Thereresidues interrupted by a G. Such barrriers slowing digestion
are a number of possible reasons, among which are changesould be due to a number of factors, including a response to
in the affinity for the shorter oligonucleotide substrates, changes in secondary structure as the duplex is eroded as
differential base specificities unveiled through the use of well as the inherent differential base specificity of the
defined sequences, and altered rates of catalysis due tenzyme.
differences in sequence context. Tailed Hairpin Substratesi-ollowing up the possibility
Pause SitesExamination of the digestion products of a that base specificity might influence hydrolysis, we inves-
duplex hairpin upon extended digestion and electrophoresistigated in more detail how homopurine or homopyrimidine
(Figure 2) revealed two features of the mechanism. First, tracts influenced the cleavage rate. The substrates that were
the formation of the gradually descending ladder of inter- tested were hairpin oligomers with 20 base pairs of duplex
mediates was indicative of a distributive mode of hydrolysis. hinged through four T residues and containing 10-residue
Second, a nonuniformity in the steady state accumulation runs of homopurines and/or pyrimidines at thed 3-end.
of truncated products was apparent. In particular, the ac-When oligomers containing single-stranded runs of T
cumulation of products 2227 residues in length (barrigr,) residues at the'derminus were examined (GD-1 and GD-3
suggested that the run of seven T residues interrupted by an Figure 3A), it was evident upon analysis that there was
single G and including the hairpin loop presented a barrier little difference in the initial rate of digestion compared to
to digestion. An additional barrier to digestion was evident that of the completely duplex hairpin control (BR-1).
in the accumulation of products £35 residues in length  Addition of the 10-residue T stretch at thé-énd of the
(barrietiz—15). This barrier slightly preceded a run of four T hairpin (GD-2) resulted in a-23-fold increase in rate. This
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Ficure 2: Distributive activity and nonuniformity of product 100
accumulation during the course of digestion. A schematic illustration
of the hairpin formed by self-annealing of oligonucleotide BR-1
with tandem inverted repeats joined through a run of four T residues. 80
Digestions with Recl were performed witfP-labeled oligomer
BR-1 for the indicated periods of time. The digitized phosphorimage 60
is shown. Bands representing accumulated intermediates are
bracketed, and their sites are denoted with arrows in the schematic.
indicates that a recessed-éhd is a preferred substrate 0
compared to a blunt end. Furthermore, a run of T residues
in a single-stranded conformation does not appear to inhibit
digestion in contrast to what was inferred from the pausing
at T-rich runs in the duplex region of the hairpin.
Hairpin oligomers with 3runs of A and T residues in 20

single-stranded and duplex conformations were tested for o 2 4 6 8 10

activity (Figure 3B). The initial rate of digestion of the . .

hairpin oligomer with a single-stranded tail of 10 T residues Time (min)

at the 3-end (GD-3) was almost 20 times faster than that of Ficure3: Hairpin substrates with terminal homopolymer stretches.

a completely duplex form of the oligonucleotide containing Digestions were performed witdP-labeled hairpin oligonucleotides

a complementary stretch of A residues (RN-2). This indicates g: I:hg‘é"é‘ tmefg‘oalj'rcsi”sy'dg{gf'r;‘frfzda?r%'ﬁ,’f‘fﬁeo&gﬁﬁﬁdsﬁﬂgggﬁg‘rg

that a run of T reS|_dues in t.he dUpI_eX conformation is more imaées. All reactions whose results are depicted in a particular frame

refractory to digestion than in the single-stranded conforma- (a—c) were perfomed in parallel.

tion. Moreover, comparison of the initial rates of digestion

of the heterogeneous hairpin duplex BR-1 in Figure 3A with ) ) ) ]

that of the duplex homopolymer-tailed hairpin RN-2 in oligonucleotide Wl_th FheAres@L_le stretch in the duplex form

Figure 3B indicates that the run of T residues in the duplex (RN-3). When hairpins containing-8rminal duplex runs

form impedes digestion and iS Consistent with the pausing Of GorC reSIdueS were tested fOI‘ aCt|V|ty as Substrates, It

noted at T-rich sites in the heterogeneous sequence duplexvas found that the initial rates of digestion were slower than

control shown in Figure 2. one-tenth of those observed with the hairpins containing
When the initial rates of digestion of oligomers terminating terminal duplex runs of A or T residues (Figure 3C). In

at the 3-end in a single-stranded or duplex run of A residues summary, these results indicate that there is an interdependent

(RN-1 and RN-3, respectively) were compared (Figure 3B), relationship of both sequence context and DNA conformation

it was apparent that there was a slight preference for theto Recl exonuclease activity.
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Ficure 4: Hairpin substrates with terminal mismatched base pairs.
Schematic illustration of hairpins formed with mismatched terminal FiGURe 5: Recl has endonuclease activity at abasic but not at

base paitrs;[h%lzpr?ri)rels%r]ts atmy base pair]?d Wiéhw%, 'Il'hbe Iazteris%ismatched base pair sites. Hairpin oligonucleotides GD-3, ZN-1,
represents avel. Ligestions were periorme -labele and DL-2 are shown schematically. All have single-stranded tails

hairpins BR-1, BR-2, BR-3, and BR-4 usiliig coli Pol | Klenow of 10 T residues. GD-3 has a com
) . - pletely complementary sequence
frlag([nenrt] (A) and Relgl%lA(B) and the prcl)dl_f_(_:ts examined DY i, yhe duplex region. ZN-1 has & 2-dideoxyribofuranose moiety
Setc rop oor|ef5|s Otrl']I ad' i geqktljencrl]ng. gel. 1Ime courses Were enresented by F) replacing an internal deoxyribonucleoside at
etermined irom the digiized phosphorimage. residue 36. DN-2 has a-T mismatch corresponding to the same

Helrin Ofgorucleoides with ispeired Termib fght  Ssibes i 2\ corepandng o e tese py dertet by e
of the mytator activity of_thgec?.mutan_t., '.t was lnt_erestmg analyzed as described previously. The arrow repregents the 35-
to know if Recl has any intrinsic specificity for mismatched mer accumulating during the course of the reaction that was
base pairs. A set of hairpin-forming oligomers with either a quantitated and termed internal cleavage produc)t in the
perfectly base paired-G terminus or the three other possible ~quantitation of the phosphorimage. M is a 34-residue oligonucle-
combinations of mismatches with C residues were tested asPtide marker.
substrates. The course of digestion was determined, and it_ . , ,
was apparent that there was little difference in the activity DUring the course of digestion, it was observed under
of Recl on any of the hairpins regardless of the state of denaturlng condltlorjs that an oligonucleotide mtermet_dlate
terminal base pairing (Figure 4B). As a control to ensure Of 35 residues rapidly accumulated and then was itself
that the hairpin substrate was indeed terminated in mis- d_egraded in a distributive fashlo_n concomitant vv_|th degrada-
matched base pairs, the Klenow fragment of DNA poly- tion of the Iongersubstratg and mte_rmgdlates (Figure 5). The
merase | was used. As expected, the Klenow fragment Wasapsence ofa correspondmg bar]d in either the control or the_
highly active on all three hairpin oligonucleotides with mismatched base pqlrsubstratelndlcates that Recl has abasic
mispaired termini compared to the completely base paired ndonuclease activity. The length of the fragment of 35
control (Figure 4A). Regardless of whether reactions with '€Sidues establishes that cleavage v $he abasic site. The
Recl were performed at 37, 30, or 26, there was no ladder of degraded mtermed.lates Igss than 35 residues in
change in the specificity. These results indicate that Rec1!€ngth that appears concomitant with the cleavage at the
exonuclease has little or no inherent preferential activity on INtérnal abasic site indicates that Recl can act exonucleo-
mispaired residues. Iytlcally at an internal nick as well as remove a _dldeoxy—

Apurinic Endonuclease Acity. No endonuclease activity ribofuranosyl pho_sphate re3|due._The Re_cl protein purified
was observed in Recl preparations using covalently closed®fter overexpression of the gene infncoli strain without
circular DNA as a substrate. However, we did detect nicking (he 9ene encoding exonuclease Il had abasic endonuclease
activity using the same DNA held for a few minutes at 70 activity with identical properties as described above.
°C in mild acid. Since such treatment promotes depurination, DISCUSSION
this suggested there was apurinic endonuclease activity. To
confirm this observation, a hairpin oligonucleotide substrate  There are several notable features of the nuclease activity
containing a single abasic site was generated by synthesisassociated with the Recl protein that have emerged from
with a 1,2'-dideoxyribofuranose moiety replacing an internal this study. First, DNA sequence and conformation govern
deoxyribonucleoside. The abasic site was at residue 36 inexonuclease activity in a complex, interdependent manner.
the sequence of a 54-mer in the conformation of a hairpin With heterogeneous sequence DNA as the substrate, there
duplex with a 3single-stranded tail of 10 T residues. As an is a slight preference for single-stranded versus double-
additional control for endonuclease activity at a site of helix stranded DNA. When acting upon substrates with homopoly-
distortion, an identical substrate containing a mismatched mer tails, the enzyme is more active on runs of T in the
T-T base pair was designed. Pyrimidine-pyrimidine base single-stranded form and runs of A in the double-stranded
pairs are the most structurally disturbing combinations in form than it is on runs of T in the double-stranded form and
terms of destabilizing and disrupting base stackitfgy 20). runs of A in the single-stranded form. Runs of G and C in
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the double-stranded form are poor substrates. The cumulativeRec1, and thus, it is unlikely that Recl functions as an editing
contribution of these effects in heterogeneous sequence DNAexonuclease by a mechanism similar to that exemplified by
is most likely responsible for the nonrandom distribution of the bacterial enzyme.
transient intermediate digestion products observed during the Another model for Recl that we have considered is one
course of the reaction. Such characteristics are not withoutin which it might play a role in mismatch repair. Mismatch
precedents. Exonuclease Ill &. coli has been noted to  repair involves action of a set of proteins that recognize
release mononucleotides from duplex DNA at variable rates mispaired residues and then removes a tract of nucleotides
depending on sequence context. It was noted in a study usingspanning the site of mismatcl27). In studies onE. coli
mouse satellite DNA as a substrate that the summation of mismatch repair in vitro and in vivo, molecular studies have
even rather minor differences in the rates of cleavage of implicated three exonucleases in mismatch repair, including
different nucleotide residues led to transient accumulation Exol, ExoVII, and RecJ28—30), with the possibility of
of discrete fragment intermediates during the course of others that have yet to be discovered. Degradation in both
digestion 21). Analysis of theDrosophila melanogaster 5—3 and 3—5' directions is possible. Eukaryotic exo-
Rrpl exonuclease on simple sequence oligonucleotide subnucleases involved in mismatch repair have not been
strates revealed orders-of-magnitude variations in the ratesunequivocally identified, although strong candidates have
of removal of 3-terminal nucleotides depending on the been identified. IrBc. pombemutants defective in thexol
specific nucleotide and sequence conte&a)(In previous gene, which encodes a-53' exonuclease3(l) that prefers
studies on the biochemistry of the Recl exonucleajet( double-stranded DNA, exhibit a mutator phenotype during
was determined that activity was several times greater whenmitotic growth and marker effects at tiagle6locus during
the 3-labeled substrate was denatured heterogeneous semeiotic recombination, consistent with the loss of long-patch
quence DNA rather than native DNA, and it was concluded repair of hybrid DNA 82). The Exol orthologue irS.
that the enzyme preferred single-stranded DNA over double- cerevisiae also prefers double-stranded DNA over single-
stranded DNA. However, such a generalization might not stranded DNA 83) and was found by two-hybrid and co-
always be appropriate or accurate. The studies presented herenmunoprecipitation experiments to interact with the Msh2
raise the caveat that rates of removal of individual nucleotide protein, the bacterial MutS homologue that recognizes
residues by Recl exonuclease vary with the context of the mispaired base4). Inactivation of theS. cereisiae EXO1
sequence, the identity of the base, and the conformation ofgene leads to defects in mitotic recombinati®3)(and a
the residue. mutator phenotype3d). It seems likely thaEXO1plays a

A second feature of the nuclease activity that addressesrole in both mismatch repair and recombination. Biochemical
aspects of a speculative model of the in vivo function of studies of mismatch repair in eukaryotes indicates strand
Recl is the absence of any intrinsic specificity for exonucleo- excision can proceed bidirectionally, implying there could
lytic removal of mismatched base pairs. Certain biochemical be an array of exonucleases as found in prokarydés (
features of the Rec1 exonuclease activity observed previously36). While the eukaryotic candidates for mismatch repair
such as polarity of digestion, the preference for denaturedexonucleases differ from the bacterial exonucleases in
over native plasmid DNA, the activity on phosphorothioate exhibiting no specificity for single-stranded DNA, there does
linkages, and the inhibition by deoxyribomononucleotides not seem to be any reason a priori to expect that the
were reminiscent of known propertiesqfthe proofreading  exonucleases involved should be strictly single-strand specific
exonuclease component®f coli DNA polymerase Il 23— since specificity is inherent within the Mut®/AutL (or their
25). Other observations such as the tentative alignment of homologues in eukaryotes) mispair recognition complex.
stretches of the protein sequence with three signatureHowever, one might expect a candidate exonuclease in
sequence motifs present in the proofreading exonucleasesukaryotes to initiate at a nick since that could be the signal
domain of DNA polymerases, the periodic expression of the that confers directional repair. Thus, the third significant
gene, and S phase specificity, together with the mutator finding in this work, namely, that Recl can initiate exo-
phenotype of theecl mutant, led to the speculation that nucleolytic degradation at an internal nick, is consistent with
Rec1 might function as an external proofreading componentsuch a notion.
of an as yet unidentified DNA polymerase dedicated to DNA  The fourth important observation from this study is the
repair (L8). While not all of the phenotypic properties of discovery of endonuclease activity in Recl directed at abasic
the mutant could be well rationalized by such a model, we sites. This raises the issue that Recl could play a direct role
found the similarities withe intriguing enough to warrant  in DNA repair through recognition of damaged residues. This
further testing. The results from this study indicate that Recl possibility had been investigated before in connection with
has no apparent intrinsic specificity for mismatched bases the extreme UV sensitivity of theecl mutant. One explana-
pairs as is the case with We observed that the rate of tion for this was that the radiation sensitivity might be due
removal of a mispaired'3erminal residue was no faster than to an inability to excise pyrimidine dimers. However, when
the rate of removal of perfectly base paired residues. If we it was found that the rate of removal of pyrimidine dimers
consider what appears to be the more widespread case thah recl was no different from that of the wild typ&7), it
the specificity of DNA polymerases in recognizing mispaired was concluded that Rec1 most likely did not play a direct
bases lies in the architecture of the protein itself which role in DNA repair, and other mechanisms had to be
excludes duplex DNA from entering the exonuclease site considered. The discovery of the cell cycle checkpoint defect
(26), it might be argued that a function for Recl in in thereclmutant provided a framework for rationalizing
proofreading cannot formally be ruled out. However, it seems the radiation sensitivity, at least in pa8)(Survival ofrecl
clear that the inherent ability af to preferentially remove  cells irradiated with UV or ionizing radiation was greatly
mismatched base residues is not a feature that is evident inenhanced if mitosis was delayed for several hours. This and
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other observations indicated that cell death was due in part 8.

to a failure of the cells to halt in the cell cycle before
proceeding through mitosis. At high UV doses, the recovery
of viability achieved through artificial checking of cells in
G2 with addition of a microtubule inhibitor, while significant,
never reached a level of more than 10% compared to that of
the wild type. This was puzzling in light of the substantially
higher fraction of survival noted in a similar experiment

performed with thead1-1checkpoint mutant c6c. pombe
(38), which is defective in a gene related REC1 (see

below). One explanation for this could be that besides its
function in cell cycle checkpoint control, Recl does indeed
have a direct role in DNA repair. However, it is still not
apparent how the loss of an abasic endonuclease activity
might result in a large increase in spontaneous mutator

activity given that AP endonuclease mutantSotereisiae
are not mutators39—41).

We note that as yet there is no accumulated biochemical
data to support the sliding clamp mechanism for Recl

proposed by Thelen et all@). As shown in the study

presented here, the degradation of oligonucleotides is
distributive in manner, contrary to what one would expect
for an exonuclease with DNA clamp function, and as shown
in a previous studyl). Recl in solution does not appear to
self-associate. Of course, it is possible that the oligonucleo-
tides used in this study are too short to enable a processive
mode of degradation, or that the use of a recombinant protein
that is tagged and renatured might not reflect the action of
the native protein, or that a clamp loader or different solvent
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hypothesis.

Homologues of Recl have been identifiedsincereisiae
(5) andSc. pombé€4) as products of th@RAD17andradl*

genes, respectively. Inactivation of these genes results in cell
cycle checkpoint defects, radiation sensitivity, and abnormal
recombination. The recent identification of a human Recl
homologue §—9) and mapping of the structural gene to a
region associated with the loss of heterozygosity in several
human cancers, notably lung cancer, provide a compelling
reason to understand the biological role of Recl. Given the
similarity in the biochemical properties of the exonuclease
activities associated with Recl1 and p53, the guardian of the
genome 42), it seems obvious that continued investigation
of the biochemical properties as well as analysis of the

genetic and molecular properties of tteel mutant will lead
to insight into the cellular function.
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