Copyright © 1995 by the Genetics Society of America

DNA Structures Generated During Recombination Initiated by Mismatch Repair
of UV-Irradiated Nonreplicating Phage DNA in Escherichia coli: Requirements

for Helicase, Exonucleases, and RecF and RecBCD Functions

Wen-Yang Feng and John B. Hays

Department of Agricultural Chemistry, Oregon State University, Corvallis, Oregon 97331

Manuscript received January 31, 1995
Accepted for publication April 21, 1995

ABSTRACT

During infection of homoimmune Escherichia coli lysogens (‘‘repressed infections’), undamaged non-
replicating A phage DNA circles undergo very little recombination. Prior UV irradiation of phages
dramatically elevates recombinant frequencies, even in bacteria deficient in UvrABC-mediated excision
repair. We previously reported that 80-90% of this UvrABC-independent recombination required
MutHLS function and unmethylated d(GATC) sites, two hallmarks of methyl-directed mismatch repair.
We now find that deficiencies in other mismatch-repair activities—UvrD helicase, exonuclease I, exo-
nuclease VII, Rec] exonuclease— drastically reduce recombination. These effects of exonuclease defi-
ciencies on recombination are greater than previously observed effects on mispair-provoked excision in
vitro. This suggests that the exonucleases also play other roles in generation and processing of recombina-
genic DNA structures. Even though dsDNA breaks are thought to be highly recombinagenic, 60% of
intracellular UV-irradiated phage DNA extracted from bacteria in which recombination is low—UvrD~,
Exol~, ExoVII™, or Rec] —displays (near-)blunt-ended dsDNA ends (RecBCD-sensitive when deprotei-
nized). In contrast, only bacteria showing high recombination (Mut® UvrD* Exo®) generate single-
stranded regions in nonreplicating UV-irradiated DNA. Both recFand recB recC mutations strikingly reduce
recombination (almost as much as a recF recB recC triple mutation), suggesting critical requirements for
both RecF and RecBCD activity. The mismatch repair system may thus process UV-irradiated DNA so
as to initiate more than one recombination pathway.

SCHERICHIA COLI contains versatile and efficient

recombination systems; recombination-deficient
mutants (reviewed by CLARK and SANDLER 1994) are
sensitive to UV light and other genotoxic agents, sug-
gesting that recombination mitigates the consequences
of unrepaired DNA damage. Phage-\ nonreplicating-
DNA systems have been successfully used to analyze
damage-stimulated recombination in wvivo (LIN and
HowARD-FLANDERS 1976; IKEDA and KOBAYASHI 1978;
Hays and BOEHMER 1978; PORTER et al. 1979; FENG et al.
1991). The intracellular substrates in these experiments
are well-defined 50-kb circles, in which DNA replication
and most transcription are blocked by (homoimmune)
phage repressor. Normally recombination is negligible,
but UV irradiation of phages before infection (of unir-
radiated bacteria) increases recombinant frequencies
to =30% (HAvs and BOEHMER 1978); stimulation is not
due to induction of the E. coli SOS system (HAvs and
LEE 1985). Irradiated phage DNA can give rise to re-
combinagenic structures via excision repair, but phages
irradiated at moderate doses show substantial recombi-
nation even in UvrABC™ bacteria (LIN and HOWARD-
FLANDERS 1976; PORTER ¢t al. 1978; SMITH and Hays
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1985). FENG et al. (1991) showed UvrA-independent
recombination to depend mostly on the E. coli mis-
match-repair activities MutH, MutL, and MutS, and on
the presence of unmethylated d(GATC) sequences in
the phage DNA. This suggested that methyl-directed
mismatch repair sometimes converted photoproduct-
containing DNA into recombinagenic structures.

MutH, MutL and MutS proteins mediate incision at
unmethylated d(GATC) sequences near base-mispairs
(AU et al. 1992). Subsequent excision requires the UvrD
helicase (helicase II) and, depending on the relative
orientation of the mismatch and the unmethylated
d(GATCQ) site, single-stranded-DNA exonucleases with
5" — 3’ (Rec] exonuclease, exonuclease VII) or 3’ — 5’
(exonuclease I) specificity (COOPER et al. 1993). Here
we have asked whether MutHLS-initiated recombina-
tion of nonreplicating UV-irradiated phage DNA in
UvrA™ bacteria also requires these helicase and exo-
nuclease activities.

By analyzing phage DNA extracted from infected
cells, we have further sought to determine whether UV-
irradiated DNA is physically broken down by mismatch
repair, whether any breakdown products resemble
structures thought to be recombinagenic, and whether
mutations that affect recombination affect DNA break-
down. Repressed infections afford significant advan-
tages for study of recombination substrates and inter-
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mediates in vivo, in the bacterial chromosome such
structures are typically infrequent, and concomitant
DNA replication complicates analysis.

Finally, we have asked whether this recombination of
UV-irradiated DNA conforms to models for separate
RecF-dependent and RecBC(D)-dependent pathways.
Separate recombination pathways were originally pro-
posed by CLARK and coworkers (Hornm and CLARK
1973), to account for effects of certain mutations on
conjugal and transductional recombination. Because
recB(C) mutants and recl' mutants are each moderately
UV sensitive, but recB(C) recF double mutants highly
sensitive, the separate-pathway hypothesis has been ex-
tended to recombinational repair of UV-damaged chro-
mosomes. RecF is thought to assist recombinational fill-
ing of daughter-strand gaps arising from photoproduct-
blocked DNA replication, and the RecBCD nuclease/
helicase to carry out recombinational rejoining of dou-
ble-strand breaks (GANESAN and SEAWELL 1975; SMITH
and SHARMA 1987; SMITH and WANG 1989).

Here we find recombination to depend heavily on the
same helicase and exonuclease activities that mediate
repair of base-pair mismatches. The appearance of sin-
gle-stranded DNA (ssDNA), but not blunt-ended linear
double-stranded (dsDNA), is positively correlated with
recombination. Both RecF and RecBC(D) function are
required.

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and plasmids: Bacterial
strains, all E. coli K-12 derivatives, are described in Table 1.
Lambda bacteriophages Y1722, NAam32 Baml1 plac5 ved3 cI857,
and Y1730, N plac5 lacZ118(oc) red3 cI857, have been described
(FENG et al. 1991). Plasmid pCSR606 encodes the E. coli phr*
gene and some adjacent bacterial DNA (SANCAR et al. 1984);
in pMS312, the E. coli mutS* gene is inserted into the EcoRI-
nuclease-encoding gene of pSCC31 (Su and MODRICH 1986);
pRC202 encodes the E. coli xseA*gene (CHASE et al. 1986); we
constructed pWF1 by inserting the phage X ¢/ (ind~) gene
(Bglll fragment) into the BamHI site of the pACYC-derived
vector pAClacl9 (SCHAEFER and Havs 1990).

Preparation and irradiation of bacteriophages: Stocks of A
bacteriophages, radiolabeled with [*H]thymidine, were pre-
pared and UV-irradiated essentially as described by FENG et al.
(1991). UV-induced cyclobutane pyrimidine dimers (CPDs)
were estimated on three different occasions, by extraction of
phage DNA and treatment with Micrococcus luteus or phage
T4 UV endonuclease and sedimentation in alkaline sucrose,
as described by HAYS e al. (1985). Exposure to 20 J/m” in-
duced ~20 CPDs per \ duplex; (6-4) photoproducts would
be expected to be ~15-30% as frequent as CPDs (FRANKLIN
et al. 1982; MITcHELL 1988).

Repressed infections and recombination assays: Infection
of E. coli bacteria lysogenic for \ xisl red3 ¢ (ind ™), or bacteria
carrying plasmid pWF1, with UV-irradiated homoimmune
phages (Y1722 4+ \Y1730 or Y1728 + \Y1729; five of each
parent per cell), incubation (with shaking) in broth at 38°,
harvesting of samples at various times, and extraction of DNA
for recombination and sedimentation assays, were essentially
as described (FENG ef al. 1991).

Sucrose gradient analyses: Zone sedimentation of DNA in
sucrose gradients at neutral pH was essentially as described

by BODE (1965). Phages were radiolabeled, UV irradiated,
and infected into lysogenic bacteria. Samples of unlabeled
bacterial DNA plus [3H]thymidine-labeled phage DNA, ex-
tracted from repressed-infection bacteria, were mixed with
[MC] thymidine-labeled phage DNA that had been extracted
from purified phage particles. Mixtures were layered directly
onto the top of 5-ml 5-20% sucrose gradients and centrifuged
at 45,000 rpm in an SW50.1 rotor (Beckman) at 20° for 1.5 hr.
Fractions (170 ul) were collected from the bottom. Aliquots of
40 pL were mixed with 3.5 ml of liquid-scintillation fluid (New
England Nuclear “‘formula 989°’) and counted in a Beckman
scintillation counter for 10 min. Spillover of *H in the "'C
channel was negligible. A set of "*C samples spanning a range
of 40-10,000 cpm was counted, and the rate of spillover of
"G cpm into the *H channel determined to be 16%. This
correction was applied to "H-cpm values. The DNA remaining
in each fraction was precipitated with EtOH, resuspended in
TE Buffer (10 mM Tris-HCI, 10 mM Na, EDTA, pH 8), and
used for other assays.

Analysis of DNA with RecBCD enzyme: DNA in neutral-
sucrose-sedimentation fractions, or pools of several adjoining
fractions (each sample contained =300 cpm) was precipitated
by EtOH. Samples usually contained 2.5-7.5 ng phage DNA,
plus a large excess of bacterial DNA. RecBCD enzyme was
kindly provided by Dr. ANDREW TAYLOR (TAYLOR and SMITH
1985). He assayed the specific activity to be ~127,000 units
per mg protein. Units are double-stranded exonuclease units
of EICHLER and LEHMAN (1977): 1 nmole of nucleotides solu-
bilized in 20 min at 37° estimated purity was greater than
95% (by gel electrophoresis). Digestions were carried out as
described by TAYLOR and SMITH (1985), in a 20 ul solution
containing 50 mM Tris-HCI (pH 7.0), 1 mM dithiothreitol, 10
mm MgCly, 200 mm ATP, 1 mg/ml bovine serum albumin,
2.5-7.5 ng of sample DNA plus ~200 ng bacterial DNA, and
two (or less, if indicated) units of RecBCD enzyme. After
incubation at 37° for 30 minutes, reactions were terminated
by addition of 0.2 volume of solution containing 200 mMm
EDTA, 0.1% sodium dodecyl sulfate, 50% sucrose, 0.2% bro-
mophenol blue, and 0.2% xylene cyanol. Samples were mixed
with 0.1 volume of 3 M Na-Acetate, two volumes of chilled
95% ethyl alcohol, and kept at —20° for 20 min. After centrifu-
gation for 15 min at 13,000 rpm in a microfuge in a 4° room,
pellets were dried and resuspended in 20 ul TE. The amount
of nonalcohol-precipitable radioactivity was determined both
directly, as the fraction of DNA radioactivity remaining solu-
ble, and as [1-(fraction precipitated)]. The average of these
two values was taken as the RecBCD sensitivity.

The resistance to RecBCD digestion of circular DNA du-
plexes containing gaps was verified using model substrates.
Plasmid pBR322 was digested with restriction endonucleases
EcoRI plus Sall (i), or BamHI plus Sall (ii), and the long
fragments electrophoretically purified. These were annealed
to pBR322 linearized by Psfl endonuclease, to yield hydrogen-
bonded circular heteroduplexes with (i) 0.65-kb or (ii) 0.28-
kb gaps, separated from nicks at the Psd site by 0.75 or 1.1 kb,
respectively, plus linear homoduplexes. Gel electrophoresis
revealed putative gapped-circle bands migrating more slowly
than the doublet corresponding to linear duplexes, but ahead
of presumed hydrogen-bonded concatamers trapped in the
wells. Under the digestion conditions used, all of the pre-
sumed linear species were removed after 15 min, but the
putative gapped-circle bands showed no loss in intensity after
60 min RecBCD treatment (data not shown). These experi-
ments also rule out significant dsDNA endonuclease contami-
nation of the RecBCD preparations.

Analysis of DNA with mung-bean endonuclease: Mung-
bean endonuclease specifically cleaves single-stranded DNA
or RNA. Reactions were carried out as recommended by the
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manufacturer {Gibco-BRL). Mixtures contained, in 0.5 ml, 10
mM Na-acetate (pH 5.0), 50 mM Na(l, 0.1 mM Zn-acetate, 1
mM cysteine, 5% (v/v) glycerol, 5-10 ng sample DNA plus
~200 ng bacterial DNA, and 0.1 unit mung-bean endonucle-
ase (1 unit of enzyme hydrolyzes 1 ug of denatured DNA to
acid-soluble material in 1 min at 37°). The apparent require-
ment for excess endonuclease presumably reflects the pres-
ence of excess bacterial DNA and RNA in the reaction mix-
ture. Linear A ["*C]dsDNA included in reaction mixtures was
not affected under these conditions. After 20 min incubation
at 37°, reactions were terminated by addition of 0.2 ml TE
buffer, and the DNA precipitated in EtOH.

Preparation of partially single-stranded DNA by exonu-
clease III digestion: Digestion mixtures (1 ml) contained 0.4
mmol A DNA, 70 mmol TrissHCl, pH 8, 1.7 mmol MgCl,, 1
mmol EDTA and 1 mmol dithiothreitol. Reactions were car-
ried out at 37° for 10 min, using 0.25-2.0 units of exonuclease
III per micromole of DNA (1 unit releases 10 nmol of acid-
soluble nucleotide in 10 min at 37°).

Analysis of DNA by BND-cellulose chromatography: Ben-
zoylated-napthoylated-DEAE-cellulose (BND-cellulose) was
obtained from Sigma. A 25-g amount of resin was washed
successively with 500 ml 2 M NaCl and 2 liters H,0, and resus-
pended in 100 ml NET (0.3 M) buffer [0.001 M EDTA and
0.01 M Tris-HCI (pH 7.5), containing 0.3 M NaCl]. Columns
were formed by pouring 3 ml of the resuspended slurry sub-
stance into a 3-ml syringe plugged with glass wool, and then
washed with 10 ml of NET (0.3 M) buffer. DNA was loaded
by slow passage (1 ml/min) of solution through the column.
Columns were eluted with three 2-ml aliquots of NET (0.3 M)
buffer, followed by six 2-ml aliquots NET (1 M) buffer. Elution
was continued with an 0-2% gradient of caffeine dissolved
in NET (1M) buffer, and then with 6 ml of 50% formamide
[in 2% caffeine and NET (1 M) buffer]. Twenty-one fractions
were collected; each was divided into several 0.5-ml aliquots
and mixed with 5 ml of liquid scintillation fluid. The radioac-
tivity of each fraction was calculated as the sum of the aliquot
radioactivities.

RESULTS

Recombination of UV-irradiated nonreplicating phage
DNA in UvrA™ bacteria: We sought to determine
whether activities that act in mismatch repair after
MutHLS-mediated incision are also needed for recom-
bination of nonreplicating UV-irradiated DNA. Mutant
derivatives of wuwrA(\) bacteria, lacking helicase 11
(uvrD), exonuclease 1 (xonA), exonuclease VII (xsed),
or Rec] exonuclease (recf), were infected with UV-irra-
diated \ ““Dam™"" phages [grown on bacteria unable to
methylate d(GATC) sequences], and intracellular DNA
extracted and assayed for recombination at various
times. In uvrD bacteria recombination was only 1/10 to
1/4 of wild-type (exo” ) values (Figure 1). We previously
observed very similar reductions in mutH, mutL, and
mutS bacteria (FENG ef al. 1991). Recombination in exo-
nuclease-deficient mutants—recf, xseA (ExoVII™), or
xonA (Exol™) —was reduced substantially, to 1/5 to 2/
5 of exo" frequencies (Figure 1: @, A, M, respectively).
In previous studies of base-mismatch repair in vitro, the
repair defect in ExoVII™ Rec]™ extracts could not be
remedied by addition of purified E. coli exonuclease VII
(ExoVID) (COOPER et al. 1993). Here however, an xseA”
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FIGURE 1.—Recombination in exonuclease-deficient and
helicase-deficient mutants. Growth of A Y1722 (Aam Bam lac™)
and Y1730 (A*B* lacZ118) phages to 20 J/m? infections of
indicated uwrA(\) lysogens under room lighting, extraction
of intracellular DNA at indicated times, electroporative trans-
fection of WF2872 (Alac recA) bacteria, and measurement of
the recombinant frequency (fraction of X A*B* lac® among
total A*B' infective centers) was as described under MATERI-
ALS AND METHODS. Data correspond to average values for two
or three repressed infections, with half standard deviations
indicated. (A) Single mutants. Strains infected: exo”(X),
WF2860; xseA(A), WF3121; xseA(xseA™ ") (A), WF3121-
(pRC101); recj(®), WF3122; xon(W), WF3119; uvrD(#),
SM2503. (B) Double mutants. Strains infected: exo®(X),
WF2860; rec/(®), WF3122; xseA rec] (A), WF3124; xon xseA
(®), WF3123; xon rec/ (W), WF3125.

plasmid fully corrected the recombination deficiency
in AxseA bacteria (Figure 1A, A). This appears to be
the first genetic evidence that ExoVII and E. coli exo-
nuclease I (Exol) can play positive roles in recombina-
tion; previously, sbcBalleles of xonA, and xseA mutations,
were found to actually increase bacterial conjugal and
intrachromosomal recombination (KUSHNER et al. 1972;
CHASE and RICHARDSON 1977). In mutants lacking any
two of the exonucleases, recombination was severely
reduced, and in AxonA re¢J:: Tn 10 bacteria it was nearly
abolished (Figure 1B).

Physical analysis of nonreplicating UV-irradiated
DNA processed by the mismatch-repair system: There
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FIGURE 2.—Sedimentation and RecBCD-sensitivity of intracellular phage DNA. Growth of X Y1730 phages on Dam™ bacteria
(strain WF2873) with *H- or "*C-thymidine, irradiation to 100 J/m? infection of uvrA(A) lysogens with indicated additional
phenotypes, extraction of intracellular DNA after 60 min, sedimentation in neutral sucrose, analyses of fractions for radioactivity,
and of fractions (&) or pooled fractions (-) for sensitivity to RecBCD nuclease, were as described under MATERIALS AND METHODS.
Sedimentation was right to left as shown. Radioactivity in individual fractions is expressed as percent of total [’H]DNA recovered
from the gradient (O). Linear ['*CIDNA from \ virions, added as a marker to all gradients is shown for each fraction in panel
A (@), and the peak center (1) indicated in other panels. Some of the gradients shown here or in subsequent figures reflect
small differences in sedimentation time and/or fraction size that cause the linear marker to appear in different tubes. Representa-
tive gradients from two or more experiments are presented. (A) Unirradiated phage in Mut* bacteria (strain WF2860), (V)
apparent center at nicked-circle peak. (B) UV-irradiated phage in Mut® bacteria {strain WF2860). (C) UV-irradiated phage in
MutS-overproducing (MutS***) bacteria (strain WF2860 (pMS312)). (D) UV-irradiated phage in MutS™ bacteria (strain WF2863).
Total [PH]DNA recovered from gradients was 25,000—-30,000 CPM; 600-6000 CPM were used for RecBCD analyses.

sucrose, along with exogenous linear A ['*C]DNA. Unir-
radiated DNA (Figure 2A) was mostly (here 55%) in a
fast-sedimenting supercoiled form, as previously ob-
served (BODE 1965). A lesser portion (here 16%) sedi-
mented at intermediate velocities, characteristic of
nicked-circular and linear DNA. Although these latter

have been relatively few studies of DNA structures
formed during recombination in vivo, much of this
work has focused on detection of joint molecules (see
for examples ANRAKU et al. 1969; IKEDA and KOBAYASHI
1978). Especially lacking have been analyses of poten-
tial recombinagenic substrates. In this initial physical

study of the fate of nonreplicating UV-irradiated phage
A DNA in UvrA™ Mut™ bacteria, we employed neutral-
sucrose sedimentation and treatment with various en-
zymes, to semiquantitatively address three questions:
Does “mismatch repair’’ cause physical breakdown of
nonreplicating UV-irradiated DNA in vivo? Do any
breakdown products have properties associated with re-
combinagenicity, eg, doublestrand ends or single-
stranded regions? Do mutations that reduce recombina-
tion also alter the nature of the breakdown products?

Phage A\ [®H]DNA, extracted from bacteria after a
60-min repressed infection, was sedimented in neutral

two species are not well resolved, the differences in
’H:"*C ratios for tubes 18 and 19 vs. 20 and 21 suggest
that for unirradiated DNA most of the central peak
consists of nicked-circular DNA (cross-hatched arrow),
which sediments 1.14 times faster than linear A DNA
(filled arrow) (BODE 1965). Only ~9% of the radioac-
tivity appeared in the last three fractions, the position
of very small DNA or nucleotides. The remaining 20%
was spread throughout the gradient. The amount of
linear A ['*C]DNA in each fraction is shown here, so as
to illustrate typical peak shape, but in subsequent pro-
files only the peak position is shown.
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FIGURE 3.—Sedimentation and RecBCD analyses of UV-irradiated phage DNA from exonuclease-or helicase-deficient bacteria.
Growth and *H-thymidine labeling of Y1730 phages on Dam™ bacteria (strain WF2873), irradiation of phages to 100 J/m?,
infection of wvrA(N) lysogens with indicated mutant phenotypes, extraction of intracellular DNA after 60 min, sedimentation in
neutral sucrose together with linear "*C-labeled X DNA (peak position, {), determination of percent of recovered *H CPM in
individual fractions (A), and of proportion of RecBCD-digestible *H DNA in individual fractions (A) or pools of fractions (-),
were as described under MATERIALS AND METHODS. RecBCD sensitivity corresponds to average between acid-soluble CPM and 1
— (fraction CPM precipitated). Representative gradients from three experiments are shown; RecBCD sensitivities varied by less
than =35% among experiments. Total *H CPM recovered from gradients was 25,000-30,000; 1600-12,000 CPM were used to
analyze RecBCD sensitivity. (A) UV-rradiated phage in UvrD™ bacteria (strain SM2503). (B) UV-irradiated phage in Exol”
bacteria (strain WF3119). (C) UV-rradiated phage in Rec]  bacteria (strain WF3122). (D) UV-irradiated phage in ExoVII™

bacteria (strain WF3121).

“Dam " phages irradiated to 100 J/m? lose ~80%
of their biological activity within 40—-60 min after (re-
pressed) infection of Mut™ UvrA™ bacteria (FENG et al.
1991). Figure 2B shows that during this time all su-
percoiled DNA is eliminated, and ~25% degraded to
very small fragments (last three tubes). Breakdown was
more pronounced in cells overproducing MutS protein
(Figure 2C): most of the products sedimented at the
positions of full-length or slightly smaller linear A DNA,
or very small DNA (now 33% of total). In MutS™ bacte-
ria (Figure 2D), most DNA appeared to sediment as
supercoiled or nicked-circular DNA, but the resolution
was not good enough to exclude linear products.

Linear dsDNA with blunt or near-blunt ends, a good
substrate for RecBCD helicase /nuclease (TAYLOR and
SmitH 1985), might be expected to initiate recombina-
tion by the RecBCD pathway. Also, linearized chromo-

somes would be expected to transfect poorly, account-
ing for the previously observed loss in biological activity
(FENG et al. 1991). We deproteinized aliquots from
tubes (A) or pools of tubes ( ) and determined the
fraction of DNA in each tube that was digestible by
RecBCD nuclease. Nearly 60% of the DNA from Mut”
Exo" cells that sedimented at the velocity of linear \
DNA appeared RecBCD-sensitive (Figure 2B). The cen-
tral peak therefore appears to be a mixture of RecBCD-
sensitive (near-) blunt-ended dsDNA, and RecBCD-re-
sistant nicked-circular DNA and/or linear molecules
with overhanging ssDNA tails. Linear DNA with single-
stranded tails longer than 50 nt, or circular DNA with
large gaps, is known to be resistant to RecBCD digestion
(PRELL and WACGKERNAGEL 1980), although excess en-
zyme is reported to slowly digest circular DNA with gaps
>650 nt (TAYLOR and SmITH 1985). We verified that
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under our reaction conditions, model substrates con-
taining 275- or 650-nt gaps were fully RecBCD-resistant
(see MATERIALS AND METHODS). DNA from a MutS™ in-
fection showed no distinctive RecBCD-sensitive peak
(Figure 2D). We cannot explain the significant back-
ground of RecBCD sensitivity across the gradient in this
case; it might partially reflect breakage during manipu-
lation of the fractions. The RecBCD nuclease prepara-
tion did not show any endonuclease activity in control
reactions (see MATERIALS AND METHODS).

DNA from bacteria lacking post-MutHLS mismatch-
repair activities—UvrD helicase, exonuclease I, exo-
nuclease III, Rec] nuclease —was similarly analyzed by
sedimentation and RecBCD treatment. In UvrD™ Mut”
bacteria (Figure 3A), loss of supercoiled DNA was pro-
nounced but incomplete. Perhaps in the absence of
UvrD helicase, DNA ligase sometimes reseals nicks in-
troduced by MutHLS, and gyrase reintroduces su-
percoils. Very small DNA accounted for only 13% of
the total. DNA from exonuclease-deficient cells (Figure
3, B-D) showed central peaks, at the positions of linear
DNA, that were narrower than those in Exo™ gradients
(Figure 2B), and there was less very small DNA. About
60% of the (deproteinized) DNA from UvrD™ or Exo™
bacteria (Figure 3) was RecBCD-sensitive, i.e., appeared
to consist of blunt-ended linear dsDNA, even though
recombination was severely reduced in these cases (Fig-
ure 1). This suggests that intracellular linear dsDNA
is not itself a sufficient substrate for recombination,
because it lacks long ssDNA tails, or because its ends
are protected by proteins, or for other reasons. Al-
though the apparent background RecBCD sensitivity of
the fastest-sedimenting DNA appeared as high as 30-
40% in the Exo™ gradients, there was very little of this
DNA (Figure 3, A-C).

We assayed for another structure expected to initiate
recombination, namely ssDNA, in two ways. First, we ana-
lyzed fractions from neutral sucrose gradients by chro-
matography on BND-cellulose. Second, we exhaustively
treated aliquots of the fractions whose RecBCD digest-
ibility is shown in Figures 2, B and D, and 3, A-D with
mung-bean endonuclease to remove all ssDNA, both in
tails and at interior gaps, and then digested any newly
formed blunt-ended linear DNA with RecBCD nuclease.
The amount of DNA previously resistant to RecBCD
nuclease, but now made susceptible, would correspond
to the amount of DNA attached to ssDNA regions. The
actual amount of ssDNA might be much less.

For preliminary calibration experiments with BND-
cellulose, we digested A DNA (from phage particles)
to 10% ethanol solubility with exonuclease III, which
selectively digests 5’ — 3’ at dsDNA ends (RICHARDSON
et al. 1964). A mixture of this partially single-stranded
[’H]DNA and untreated linear X ["*C]DNA was applied
to a BND-cellulose column, and eluted with a series of
solutions (Figure 4A). Elution with 1 M NaCl displaced
most of the fully dsDNA (L), but virtually no partially

A. ExoIII-treated

1M SALT

v

0-2% CAFFEINE FORMAMIDE

v v
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E-----—---_.-—_.-
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FRACTION(%) OF TOTAL °H-DNA (M) OR
14-_MARKER-DNA (n) RECOVERED

TUBE NUMBER

B. ssDNA-endonuclease-treated
caffeine-formamide pool
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14-_MARKER-DNA (O) RECOVERED

1 5 10 15 20 25
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FIGURE 4.—BND-cellulose analysis of DNA standards. (A)
Partially single-stranded N DNA. Growth of A Y1730 phages
with [*H) thymidine or "c] thymidine radiolabeling, prepara-
tion of phage DNA, treatment of [*’H)DNA with exonuclease
III to 10% ethanol solubility, and analysis by BND-cellulose
chromatography, were as described under MATERIALS AND
METHODS. A mixture of 3000 CPM (~300 ng) Exolll-treated
[PH]DNA (W) plus untreated ["*C]DNA (0) was loaded onto
a BND-cellulose column and eluted successively with 0.3 M
NaCl, I M NaCl, a 0-2% gradient of caffeine in 1 M NaCl, and
a solution of 50% formamide in 1 M NaCl plus 2% caffeine.
Typically 80-90% of loaded CPM was recovered in the tubes.
Data represent fraction of total recovered. (B) Analysis of
caffeine-formamide DNA with mung-bean endonuclease and
BND-cellulose. DNA from fractions 14-25 from gradient
shown in A, mostly *H-labeled (M) was precipitated in EtOH,
mixed with fresh untreated A [**C]DNA (O), and treated with
mung-bean endonuclease and rechromatographed on BND-
cellulose, as described under MATERIALS AND METHODS.

ssDNA (H). A gradient of 0-2% caffeine in 1 M NaCl
eluted about half of the ssDNA, and a mixture of 50%
formamide, 1 M NaCl and 2%-caffeine eluted another
fourth. About 1/10 of the dsDNA was eluted by caffeine
but not by 1 M salt. This was the case even with rechro-
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FIGURE 5.—Single-stranded character of intracellular phage DNA. Growth and [*H]thymidine labeling of Y1730 phages on
Dam™ bacteria (strain WF2873), irradiation of phages to 100 J/M?, infection of uvrA(\) lysogene with indicated additional
phenotypes, extraction of intracellular DNA after 60 min, sedimentation in neutral sucrose together with [**C]thymidine-labeled
A DNA (peak position, ), determinations of percent of recovered *H CPM in individual tubes (O), of fractions of DNA in
individual tubes (M) or pools of tubes (-) digestible by RecBCD nuclease after treatment with mung-bean endonuciease, and of
fraction of DNA in individual tubes (®) or pools of tubes (M) retained by BND-cellulose in 1 M salt, were as described under
MATERIALS AND METHODS. The data for treatment with mung-bean endonuclease plus RecBCD nuclease correspond to analyses
of fractions from the gradients shown in Figure 2, B and D, and 3, A and D, respectively. These have been replotted at the
positions of the corresponding fractions in A-D above, respectively, to facilitate comparison of the two measurements of single-

stranded character.

matographed 1-M-salt-eluted material. DNA eluted by
the caffeine-gradient and formamide steps, when
treated with ssDNA/RNA specific mung-bean endonu-
clease (Figure 4B, W), chromatographed identically
with untreated dsDNA ((J). The fraction of “‘caffeine-
formamide DNA” therefore reflects the fraction with
some singlestranded character. The BND-cellulose
technique could not be used to estimate the actual de-
gree of single-strandedness: samples digested with exo-
nuclease III to varying extent showed similar chromato-
graphic properties (data not shown).

We fractionated DNA from repressed infections by
neutral sucrose sedimentation and analyzed individual
fractions or pools of fractions by BND-cellulose chro-
matography (Figure 5). Comparison of the gradient
profiles in Figure 5 with corresponding profiles in Fig-
ures 2 and 3 indicates the reproducibility of the sedi-

mentation analyses. We also measured, in aliquots of
the fractions shown in Figures 2, B (Mut*UvwrD*Exo™)
and D (Mut UvrD Exo'), and 3, D (Mut*UvrD* Exo-
VII") and A (Mut*UvrD Exo"), the extent to which
RecBCD sensitivity was increased by digestion with
mung-bean ssDNA-endonuclease. To facilitate com-
parison of the two measures of ssDNA character, we
replotted the fraction-by-fraction mung-bean-endonu-
clease/RecBCD-nuclease data obtained from the gra-
dients shown in Figures 2, B and D, and 3, D and A,
at the positions of the corresponding fractions of the
gradients shown, respectively, in Figure 5, A-D, along
with the BND-cellulose data for these latter gradients.

In Mut"UvrD*Exo" bacteria, a significant fraction of
material sedimenting more slowly than linear A DNA
(fractions 20—-26) contained single-stranded regions, by
both criteria. DNA corresponding to fractions 20-26
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FIGURE 6.—Effects of recF, recBC, and recf mutations on re-
combination. Growth of Dam™ \ Y1722 (Aam Bam lac*) and
NYL730 (A*B* lacZ118) phages, irradiation to 20 J/m?, infec-
tions of indicated uvrA(\) repressor-expressing bacteria, ex-
traction of intracellular DNA at indicated times, electropora-
tive transfection of A lac recA bacteria (strain WF2872), and
measurement of A*B* lac" among A*B' infective centers,
were as described under MATERIALS AND METHODS. Data repre-
sent averages from two independent experiments, with ranges
indicated. wvrA (\) derivatives employed: rec' (®), WF2905-
(pWF1); 7ecf(O), WF2908(pWF1); recF(M), WF2902(pWF1);
1ecBC(A), WF2916(pWF1); recF recBC (@), WF2911(pWF1).

from a similar Mut* UvrD™ Exo” gradient, after purifi-
cation by a second round of neutral-sucrose sedimenta-
tion, again chromatographed on BND-cellulose as if
partially single stranded (data not shown). In contrast,
MutS™, UvrD™, and ExoVII™ bacteria yielded little or
no ssDNA, by either criterion (Figure 5, B-D). Rec]”
and Exol” bacteria showed patterns very similar to Exo-
VII™ patterns (data not shown). Thus, only in Mut*
UvrD* Exo" bacteria did irradiated phages yield high
recombinant frequencies (Figure 1), and high ssDNA
levels (Figure 5A).

Dependence of recombination on RecF and RecBCD
functions: Horit and CLARK (1973) hypothesized sepa-
rate RecF- and RecBCD-dependent recombination
pathways. If the recombination initiated here by mis-
match repair of UV-irradiated DNA proceeds only via
a RecF-dependent recombination pathway, or only via
a RecBCD-dependent pathway, then recombination
should be reduced by a recFmutation, but not a recB(C )
mutation, or vice versa. If however, significant recombi-
nation takes place via each of two separate pathways,
recF or recB(C) mutations should have only partial ef-
fects and recF recB(C) mutations should completely
eliminate recombination. In fact, neither prediction
was fulfilled: recombination appeared heavily depen-
dent on both RecF and RecBCD functions (Figure 6).
Perhaps structures processed respectively by RecF and
RecBCD are both involved in the same recombination
pathway, or distinct substrates initiate separate path-
ways that each require both RecF and RecBCD func-
tion.

DISCUSSION

Experiments described here, together with our ear-
lier work (FENG et al. 1991), implicate seven mismatch-
repair activities—MutH, MutL, and MutS, UvrD heli-
case, exonuclease I, exonuclease VII, and Rec]
nuclease—in recombination of UV-irradiated nonrepli-
cating d(GATC)-undermethylated phage A DNA in
UvrA™ bacteria, and in physical breakdown of irradiated
DNA. This breakdown thus seems the likely cause of
progressive loss of biological activity of the DNA in vivo
(FENG et al. 1991). Breakdown products appear to in-
clude linear dsDNA, even in UvrD™ or Exo™ bacteria, in
which recombination is very low; in contrast, significant
amounts of ssDNA appear only in recombination-pro-
ficient Mut* UvrD* Exo" cells. The strong dependence
of this recombination on both RecF and RecBCD func-
tion suggests that the operative pathway or pathways
differ from those postulated for conjugal and transduc-
tional recombination.

The severe effects of uvrD, recf, xonA or xseA muta-
tions on recombination (Figure 1) point to more
than one function for the respective gene products,
perhaps involving more than one recombinagenic
substrate. Possible routes to recombinagenic DNA
structures via mismatch ‘‘repair’”’ of UV-irradiated
d (GATC)-unmethylated DNA are depicted in Figure
7. MutHLS function is presumed to nick one or both
strands at fully unmethylated d(GATC) sites (AU et
al. 1992) [Figure 7, Step (1)]. UvrD helicase might
be required not only to generate excision gaps [Fig-
ure 7 (2A)], but also to prevent religation of near-
blunt dsDNA ends [Figure 7 (2B)], and perhaps fa-
cilitate resection of such ends by ssDNA-specific exo-
nucleases [Figure 7 (4)].

Mispair-protected excision in vitro requires only Exol
if the d(GATC) is 5’ to the mismatch [Figure 7 (2A)],
or either ExoVII or Rec] exonuclease, if the d(GATC)
is 3" to the mismatch (not shown, for simplicity) (Coo-
PER et al. 1993; GRILLEY et al. 1993). If excision were the
only role for these exonucleases here, and d(GATC)
sites 5" to photoproducts were as likely to be incised as
3’ sites, absence of Exol, or of both ExoVII and Rec],
should therefore have reduced recombination only by
one-half; absence of only one 5’ — 3’ exonuclease (Exo-
VII or Rec]) should have had even less effect. The
strong mutation effects (Figure 1) thus suggest multiple
exonuclease roles. One or more exonucleases may help
prevent ligation of near-blunt dsDNA ends [Figure 7
(2B)] and/or resect these ends to produce ssDNA over-
hangs [Figure 7 (4)]. Such overhangs might also be
formed by endonucleolytic scission of ssDNA gaps
where repair synthesis was delayed [Figure 7 (3B and
5)]. The gaps might themselves be recombinagenic
[Figure 7 (6A)]. A gap resulting from blockage by a
template photoproduct of repair synthesis [Figure 7
(3A)] would be formally identical to a daughter-strand



1184 W.Y. Feng and J. B. Hays

5’ GATC ) =
CTAG
{1) \l/ MutHLS
Ve W
(23) S (2B)
Exol MutHLS (UvrD? Exonucleases?)
UvrD
/N /\.
e— — ssDNA
endonuclease
(6A) (RecBCD?) (4)
(3a) ﬁonucleases (8) 2
PolIII GAP-INITIATED
RECOMBINATION —
_— dsBREAK-INITIATED
\L (N RECOMBINATION
(6B)
\V ssTAIL-INITIATED
/\ RECOMBINATION
—— o000 —
ssDNA (7)
endonuclease
(RecBCD?)
N\
0000 —

FIGURE 7.—Pathways for recombination initiated by UV photoproducts and MutHLS activity (see text for discussion). MutHLS
recognizes DNA in which a UV photoproduct is near a fully unmethylated d(GATC) site (arbitrarily shown 5’ to the photoproduct)
and produces a nicked d(GATC) site (arbitrarily shown on the nonphotoproductcontaining strand) (1), which is converted by
MutHLS into a dsDNA break (2B) or expanded into an excision gap (2A) by UvrD helicase + Exol. dsDNA breaks might initiate
recombination directly (8) or be resected by end-specific dsDNA exonucleases or helicase plus ssSDNA exonucleases (4) to
structures with ssDNA tails. Alternatively, PolIll might fill excision gaps by DNA synthesis (3A), until encounter with a photoprod-
uct in the template strand, producing a partial-gap structure analogous to postulated daughter-strand gaps in semiconservatively
replicating UV-irradiated DNA. Gapped structures might themselves initiate recombination (6A) or (6B), or be converted by
endonucleases to ssDNA-tailed structures (3B, 5), which might then initiate recombination (7).

gap in semiconservatively replicating UV-irradiated
DNA. Such blocked-resynthesis gaps might be more re-
combinagenic than delayed-resynthesis gaps [Figure 7
(6A) vs. (6B)] if, for example, RecA protein were al-
ready bound to photoproduct sites (Lu et al. 1986).
Recombination might also be initiated by 5’- or 3'-
ended ssDNA tails [Figure 7 (7)]. In model ‘‘three-
strand”’ recombination reactions between circular ssDNA
and linear dsDNA, reactions initiated by 3’-ssDNA ends,
such as Rec] or ExoVII might produce by resection of
linear dsDNA, appear favored (reviewed by KONFORTI
and Davis 1992). However, initiation by a 5’-ssDNA end,
as Exol might produce by resection, can also be signifi-
cant in certain circumstances (DUTREIX et al. 1991;
KoNrorTI and Davis 1991). Furthermore, 5"-ssDNA-ini-
tiated three-strand reactions go efficiently to comple-
tion when the 3’-ended ssDNA displaced during branch
migration is continuously digested by Exol (KONFORTI
and Davis 1992; BEDALE ef al. 1993). Exonucleases
might play analogous roles here. In summary, the severe
reductions in recombination seen in Figure 1 suggest
that UvrD helicase and/or one or more exonucleases
may act at one or more points downstream in the re-

combination pathway, as well as in initial MutHLS-cou-
pled excision.

The positive correlation of recombination with the pro-
duction of ssDNA fits well with the requirement for an
ssDNA loading site for RecA in model reactions (reviewed
by KOWALCZYKOWSKI et al. 1994), and with the postulated
gap-illing role of recombination during replication of
UV-damaged DNA (Rupp and HOWARD-FLANDERS 1968).
Surprisingly, (near-) bluntended dsDNA, the substrate
for RecBCD helicase/nuclease, appears to be stable in
UvrD™ or Exo™ mutants [note the paucity of smaller frag-
ments in Figure 3, A-D) and nonrecombinagenic (Figure
1)]. Linear dsDNA in Exo™ cells cannot have been pro-
tected against RecBCD simply by ssDNA tails (PRELL and
WACKENAGEL 1980): mung-bean nuclease would have re-
moved the tails and increased RecBCD-sensitivity, but this
was not observed in UvrD™ or Exo™ experiments (Figure
4, C and D). Perhaps the dsDNA ends are protected in
vivo by an unknown protein.

The recombination seen here does not proceed by a
single pathway dependent on RecF but not RecBCD
function, or vice versa. This contrasts with evidence for
separate RecF- and RecBCD-dependent pathways for
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conjugal recombination and transduction (HORI and
CLARK 1973) and for recombinational toleration of un-
repaired DNA damage (SMITH and SHARMA 1987; SMITH
and WANG 1989). The fact that recF and recB recC are
here each nearly as recombination-deficient as recF recB
recC mutants argues also against roughly equal recombi-
nant production by two independent pathways. Perhaps
both activities act in the same pathway. For example,
RecBCD helicase might open up (blunt-ended) dsDNA
to produce ssDNA ends, and RecF facilitate recombina-
tion of ssDNA gaps with these ends. This dual-substrate
model would explain as well the apparent failure of the
linear dsDNA produced in Exo™ repressed infections
to initiate recombination in the absence of ssDNA (Fig-
ures 1, 4, and 5).

The semiquantitative correlation of recombination
with the presence of ssDNA among the breakdown
products of UV-irradiated DNA, seen in this initial anal-
ysis, points the way to more refined studies of recombin-
ing DNA in vivo. By adjusting the ratios of irradiated to
unirradiated DNA and the levels of rate-limiting activi-
ties, it should be possible to simultaneously maximize
measurable recombination and observable DNA inter-
mediates. Analyses of precursor-product relationships
should then yield new insights into the structures of
key recombination substrates.
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