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Summary

Palindromic sequences present in DNA may form secondary structures that block DNA replication and
transcription causing adverse effects on genome stability. It has been suggested that hairpin structures con-
taining mispaired bases could stimulate the repair systems in human cells. In this study, processing of variable
length of palindromic loops in the presence or absence of single-base mismatches was investigated in human
cell extracts. Our results showed that hairpin structures were efficiently processed through a nick-directed
mechanism. In a similar sequence context, mismatch-containing hairpins have higher repair efficiencies. We
also found that shorter hairpins are generally better repaired. A strand break located either 3" or 5’ to the loop
is sufficient to activate hairpin repair on the nicked strand. The reaction requires Mg® ™, the four dNTPs and
hydrolysis of ATP for efficient repair on both palindromic loop insertions and deletions. Correction of each of
these heteroduplexes was abolished by aphidicolin but was relatively insensitive to the presence of ddTTP,
suggesting involvement of polymerase(s) o and/or 8. These findings are most consistent with the nick-directed
loop repair pathway being responsible for processing hairpin heterologies in human cells.

Introduction

Palindromic DNA sequences in the human gen-
ome have a variety of important biological roles.
For example, palindromes have regulatory roles in
promoters (e.g. [1, 2]), including those transacti-
vated by p53 [3, 4]. Palindromes also play a role in
chromatin interactions with the nuclear matrix [5].
Inverted repeats in the palindromes can engage
in mtra- and intermolecular base pairing [6].
Such repeats have structural roles in tRNA and
some ribonuclear proteins. They also contribute
to genetic instability and gene amplification (for
reviews, see [7]).
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Insertion mutations produce loop mismatches
in heteroduplex DNA, and loops are also
produced by DNA polymerase slippage (8]
Nonpalindromic insertions produce single-
stranded loops, whereas palindromic insertions
of sufficient length produce stem-loop structures.
Palindromic sequences as short as 12-nt are
predicted to form a stable stem loop structure
[9]. Studies suggest that during DNA replication,
a hairpin structure forms preferentially on the
lagging strand template [10-12]. The ability to
adopt hairpin and cruciform secondary struc-
tures 1is associated with frameshift mutations.
These sequences can also be utilized by the
polymerase allowing both intra- and interstrand
switching events [13, 14]. Such mechanisms can
involve imperfect inverted repeats and lead to
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additional mutations. Hairpins and cruciforms
may also act as a block to replication fork
progression and obstruct transcription.

In addition, inverted repeats pose a special
impediment to DNA replication fidelity. Several
human genetic diseases illustrate inverted repeat
mediated mutagenesis, such as hereditary angio-
neurotic edema [15], a subset of Duchenne mus-
cular dystrophy [16], biotinase deficiency [17], and
familial hypercholesterolemia [18].

Genetic studies in mammalian cells demon-
strated that palindromic loops are processed via
different mechanisms. Hairpin loops were effi-
ciently repaired in vivo [9, 19-21]. The repair bias
was dependent on loop length, shifting with
increasing loop size from hairpin retention
(12-nt) to hairpin loss (26- and 40-nt) [21].
However, when the loop was presented with a
single-base mismatch, the bias was eliminated by
nick-directed mismatch repair [9]. In contrast to
mammals, palindromic loops longer than 12 bases
are poorly repaired in yeast cells [22, 23].

The mismatch repair pathways mediated by
the prokaryotic MutHLS system and their
eukaryotic homologues are known to correct
single base mismatches as well as small nucleotide
insertions/deletions in a strand-specific manner
[24, 25]. However these systems are limited to 7
unpaired nucleotides in E. coli [26] and about §
unpaired nucleotides in human cells [27-30].

For processing large loops, mechanisms inde-
pendent of the mismatch repair pathway have been
observed in E. coli, yeast, and human. Studies have
reported loops of 16, 27 and 216 bases can be
repaired both in vivo and in vitro by mismatch
repair-deficient yeast strains [31, 32]. Human mis-
match repair-deficient cell extracts are known to
repair 8-nt [28] to as high as 216-nt loops [33] in a
nick-directed fashion. Recently, we also found a
nick-directed loop repair pathway present in E. coli
that can correct loops up to 429 nucleotides [34].

Hairpin specific removal of DNA secondary
structures in E. coli is associated with the SbcCD
protein [35]. In the presence of ATP, SbcCD
possesses a double strand exonuclease activity.
Without ATP, it can only cleave single-stranded
DNA [36, 37]. Hairpin-loop structures resulting
from replication can be excised by SbcCD in vitro
[35], but double strand breaks consequently occur
as a result of SbcCD cleavage in vivo [38] and can
be repaired via recombination [39]. In mammalian

cells, Rad50 and Mrell form a large multiprotein
complex [40] that shares sequence similarity to
SbeCD proteins [35]. They also function in hairpin
loop cleavage and facilitate the repair of DNA
double-strand breaks in vitro [41] and in vivo [42].
To characterize hairpin processing activities in
human cell extracts, we have constructed a set of
hairpin-containing heteroduplexes. We demon-
strate that in vitro processing of hairpins was
nick-directed; and some features of repair activity
suggest a large loop repair system in humans.

Materials and methods
Human cell lines and extracts preparation

Hela S; cell extracts were prepared as described
for human mismatch repair assays [43].

Construction of flhp bacteriophage mutants

The phages used to create the hairpin substrates
were constructed by insertion of a 50-base pair
palindromic oligonucleotide into the HindIIl
cleavage site of f1P [44] disrupting the original
HindIII site (Figure 1). Two nucleotide randomized
positions residing in four overlapping restriction
endonuclease recognition sites of the linker allowed
for screening mutants by restriction analysis of
replication form (RF) DNA. Mutant sequences
were then confirmed by DNA sequencing. Mutant
flhp phages derived in this study are summarized in
Table 1.

To construct hairpins of different lengths,
flhpT-A was digested with AfIII and re-ligated to
produce flhpS, a palindromic sequence of 20-nt.
An elongated palindrome was also constructed by
inserting a linker of 5-CTAGCCATGGAATT-
CCATGG-3" into theSpel site of flhpT-A to
generate flhpL a 70-nt palindromic sequence
(Figure 2b).

Hairpin containing heteroduplexes construction

E. coli strain NM 522 was used to propagate RF f1
phage DNA and a dam strain RS5033 was used to
propagate viral strand fl phage DNA [26] for
heteroduplex preparation.

Heteroduplex DNA substrates were prepared
as described [34]. Phage flhp mutant RF DNA
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EcoRI Spel  EcoRl

V 5-AGCTCGGTCCXTAAGGTGGAATTCACTAGTGAATTCCACCTTAYGGACCG

C 3- GCCAGGXATTCCACCTTAAGTGATCACTTAAGGTGGAATYCCTGGCTCGA

EcoRv Xbal
5667 5852 Accl
6338

Nhel
5621

Hincil
1/6654

Figure 1. Phage f1P mutants containing palindromic sequences. Circular 6654-base pair map of the f1P shows restriction sites rele-
vant to this study. Coordinates and the locations of the single-strand breaks tested are indicated by lines that contact one DNA
strand only. A 50-bp palindromic oligonucleotide was inserted into HindIII site as shown. X.X and Y.Y are randomized pairs of
sites that were designed to form base—base mismatches within the hairpin structure.

Table 1. Bacteriophage flhp derivatives for heteroduplex preparation.

flhp mutants Nucleotide displacement
X Restriction marker Y Restriction marker

fThpT-A T AN A Afill
flhpC-G C Bsu361 G Bsu36l
flhpA-C A PAMI C Cpol
flhpT-G T Aflll G Bsu361
flhpG-A G Cpol A Al
flhpC-T C Bsu36l T PAMI
flhpA-A A PAMI A Al
fihpT-T T Aflt T PIMI
flhpG-G G Cpol G Bsu361
flhpC-C C Bsu36l C Cpol

Bacteriophage flhp derivatives contain a 50-bp palindromic synthetic linker:

V strand 5'-AGCTCGGTCCXTAAGGTGGAATTCACTAGTGAATTCCACCTTAYGGACCG
C strand 3’- GCCAGGXATTCCACCTTAAGTGATCACTTAAGGTGGAATYCCTGGCTCGA

X and Y are the randomized nucleotide sites in viral strand; X and Y are the pairing nucleotides in the complementary strand. The
randomized positions were designed to reside in four overlapping restriction endonuclease recognition sites to determine mutant
identities by restriction analysis of replication form DNA.
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Figure 2. Schematic structures of the hairpin substrates. Heteroduplexes used in this study composed of variable length hairpins at
the HindllI site (coordinate 5821) in the complementary (Chp-substrates) or viral (Vhp-substrates) strands. The number of hairpin
substrates hp20, hp50 and hp70 indicate the amount of nucleotides within the hairpin structures. The X and Y in hp50 are the ran-
domized sites that allow the making of base-base mismatches within the hairpin structure.

was ‘linearized with Clal and mixed with a 4-fold
molar excess of viral DNA for alkaline denaturation
and re-annealing. Heteroduplex DNA was sequen-
tially purified by hydroxyapatite chromatography,
ATP-dependent DNase digestion, Sephadex G-200
(Sigma) chromatography, and finally benzoylated

naphthylated DEAE cellulose (Sigma) chromatog-
raphy. All substrates have a nick in the Clal site on
the complementary strand unless otherwise stated.
To make covalently closed circular substrates,
nicked substrates were ligated in the presence of
ethidium bromide (96 mmol dye/mol of nucleotide).



Following exonuclease I1I (Pharmacia) treatment to
remove residual nicked DNA, covalently closed
circular substrates were purified by Sephadex G-
200, and benzoylated naphthylated DEAE cellulose
chromatography.

Heteroduplexes of base-base mismatch 3’-AA,
and random large loop 5-C32, and 5’-V32 were as
described [44].

Heteroduplex repair assays

In vitro heteroduplex repair was described previ-
ously [45]. Reactions (10 pl) contained 20 mM
Tris—HCI (pH 7.6), 5 mM MgCl,, 110 mM KCl,
50 ug/ml BSA, 1 mM ATP, and 0.1 mM each of
dATP, dGTP, dTTP, and dCTP; and 0.1 ug
(22 fmol) of heteroduplex DNA. The optimum
amount of human extracts was 9.0 mg of protein/
ml. Incubation was at 37 °C for 30 min. The
reaction was terminated by adding EDTA to
20 mM and SDS to 0.5% followed by proteinase
K treatment at 37 °C for 30 min. DNA was
purified by phenol extraction and ethanol precip-
itation. Repair was scored by restriction endonu-
clease digestion and agarose gel electrophoresis
(Figure 3). The DNA products were quantified
after ethidium bromide staining using a gel doc-
umentation CCD camera (UVP Ltd.) [26].

Heteroduplex ~Chp50CG  ChpS0GT  Chp50CC  Chp20
Strand cC v €C Vv C Vv C \

@ g7kb — f

36kb — [0
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Figure 3. Repair of hairpin substrates in human cell extracts.
Heteroduplex repair with human extracts was performed as
described in the ‘Materials and methods’. All the substrates
contained a strand break at the Clal site at the C strand.
DNA products were digested with 4/wNT and the appropriate
diagnostic restriction endonuclease and then subjected to aga-
rose gel electrophoresis to score heteroduplex correction on
each DNA strand. C represents the scoring of reactions on
the C strand and V represents the reactions on the V strand.
Panel (a) untreated heteroduplex substrates digested with
diagnostic restriction endonucleases. Panel (b) diagnostic
restriction endonuclease scoring of the HeLa extracts repair
reaction. The bar pointing to the 6.7 kb fragment represents
unrepaired substrate, while bars 3.1 and 3.6 kb fragments
indicate repaired products.
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Results

Construction of heteroduplexes with hairpin
structures

We constructed a set of heteroduplexes with a
mismatch-containing hairpin structure by pairing
a set of phage f1P [44] and flhp mutant DNA
(Figures 1 and 2, Tables 1 and 2). Each of these
heteroduplexes contains a 50-nt hairpin structure
at the HindIlIl site in either complementary or
viral DNA strand. A site-specific strand break
at variable positions in the heteroduplexes was
designed to evaluate the potential activating role
of the nicks. Covalently closed, circular het-
eroduplexes were also prepared for comparison.
The covalently closed circular form heteroduplex
substrates we prepared were in supercoiled form,
and after purification 3-12% of the DNA remain
nicked as judged by agarose gel electrophoresis.
The proposed secondary structure generated by
extra-helical palindromic sequences was tested
by an EcoRI1 digestion; all of the covalently
closed circular form Chp50 substrates in Table 2
can be relaxed to open circular form upon
treatment with EcoRI (data not shown), imply-
ing the formation of a properly folded hairpin
structure.

The design of the substrates permitted inde-
pendent evaluation of correction on either DNA
strand. Digestion of the unprocessed heterodu-
plex DNA with 4/wNI and the indicator restric-
tion endonuclease will yield 6.7-kb fragment only
(Figure 3a). A similar digestion of DNA after a
repair reaction with human extracts will yield
3.6- and 3.1-kb fragments (Figure 3b). All sub-
strates used for this study were tested to ensure
they were refractory to digestion by the indicator
restriction endonucleases prior to repair or in
the presence of EDTA-inactivated cell extracts
(Figures 3a and 4, 0 min point; and data not
shown).

A time course showing the amount of repaired
products of a ChpS0GT heteroduplex of both
nicked and closed strands when incubated with
Hela extracts is shown in Figure 4. The extent of
repair exceeded 95% and reached plateau by
30 min; this was chosen as the standard reaction
time. A similar efficiency was observed with several
other hairpin substrates (data not shown) indicat-
ing a similar repair rate profile.
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Table 2. Hairpin heteroduplexes.

Substrates C strand Diagnostic enzyme V strand Diagnostic enzyme
Chp5S0TA flhpT-A EcoRI f1P HindIIl
Chp50CG flhpC-G EcoRI f1pP HindlIIl
Vhp50CG f1pP HindIII flhpC-G EcoRI
ChpS0GT flhpA-C EcoR1 fIP HindIII
ChpSOCA flhpT-G EcoRI1 fip HindIIl
Chp50TC flhpG-A EcoRI f1P HindII
ChpS0AG flhpC-T EcoRI f1P HindIIl
ChpS0TT flhpA-A EcoRI f1P HindIIl
Chp50CC flhpG-G EcoRI1 f1P HindIll
ChpS0AA flhpT-T EcoRI fIP HindIIT
Chp50GG f1hpG-G EcoRI1 fipP HindlII
Vhps50GG f1P HindlIIl flhpG-G EcoRI
Chp20 flhpS EcoR1 f1pP HindIlI
Vhp20 fip HindIII f1hpS EcoR1
Chp70 fihpL EcoRI f1P HindlIIl
Vhp70 f1pP HindlII flhpL EcoRI

Circular heteroduplexes containing a set of hairpin loop were prepared using the phage DNAs shown. Het-
eroduplexes with hairpin loops are depicted by Chp or Vhp, the complementary or viral strand where hairpin
structures are located, followed by the number of nucleotides, and matched or mismatched base-pair formed within
the hairpin. Diagnostic enzyme indicates the restriction endonucleases for scoring the repair.

Repair (fmol)

0 10 20 30 40 50
Time (min)

Figure 4. Time course of hairpin repair of nicked and closed
strands in HeLa extracts.Heteroduplex repair with Hela
extracts was determined as described in ‘Materials and meth-
ods’. Heteroduplexes of Chp50GT contained a single-strand
break on the C strand at the Clal site, 3293-bp away from
the heterology was tested. Repair occurred in both nicked C
strand (open circle) and closed V strand (closed circle) were
assayed. The error bars represent one S.D. from three
determinations. The input substrate in each reaction was
22 fmol.

Hairpin structures are processed in a nick-directed
Jfashion in human extracts

To determine whether hairpin structures were
corrected via the nick-directed mismatch repair

pathway in vitro, heteroduplexes containing hair-
pin structures with a pre-existing nick were tested
for repair in mismatch repair-proficient HeLa cell
extracts. If repair occurred on the complementary
strand, then the viral strand was used as the
template for resynthesis and the product could be
digested by the indicator restriction endonuclease
present on the viral strand. This type of repair is
designated as C in this study. When repair occurred
on the viral strand using complementary strand as
template is designated as V (Table 3 and Fig-
ure 3b). Figure 3 illustrates the behavior of several
better-repaired examples in the restriction assay.

When subjected to Hela cell extracts treat-
ment, as shown in Table 3, all substrates displayed
limited processing with little strand bias when
present in covalently closed circular form (cce
entries). However, when heteroduplexes contained
a pre-existed nick, all hairpin substrates showed
bias on the open C strand (Nicked entries). In nick-
directed reactions, repair efficiencies of removing
hairpin structures containing mismatches (Chp
substrate entries), were higher (range 2.5-4.6 fmol)
than those of perfect-matched hairpins (range 1.9
2.2 fmol). Different mismatches varied in efficiency
of repair as much as 1.8-fold.
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Substrate Repair (fimol)

Nicked ccc

C v C \Y
ChpS0TA 2.2 +£0.06 0.4+ 0.19 1.2 +£0.16 0.5+0.14
Chp3S0CG 1.9+ 0.12 02+0.10 0.6 £ 0.03 0.6 £0.17
Vhp50CG 3.7+£0.22 0.3 = 0.06 0.3 + 0.03 0.3 + 0.06
Chp50GT 2.5+0.24 0.7 £ 0.04 1.1+ 0.26 0.4 +0.27
Chp50CA 3.8+£0.17 1.2+ 0.20 1.0 + 0.08 0.4 +0.18
ChpS0TC 4.2 +0.31 0.5+ 0.03 1.6 + 0.07 0.4 +0.13
Chp350AG 3.1+0.39 0.6 £0.14 0.7 £ 0.16 0.5+ 0.18
ChpS0TT 4.6 +£0.04 09 +024 1.0 + 0.25 0.4 +0.16
Chp30CC 4.5+ 0.63 0.8 +0.26
ChpSO0AA 3.0+ 0.64 0.7 £ 0.12 1.2 +£0.17 0.7 £ 0.21
ChpS0GG 3.9+£0.10 0.8 £+ 0.07 2.0+ 028 0.4 +0.10
VhpS0GG 3.5+025 0.8 £ 0.17 0.6 £ 0.15 0.5+ 0.03

Repair in HeLa extracts (90 ug/100 ng substrate) were determined as described under ‘Materials and methods’.
Nicked form, substrates containing a Clal nick in the complementary strand; ccc form, covalently closed, circular
heteroduplexes. C, repair occurring on the complementary strand; V, repair occurring on closed viral strand. Repair
results are averages of three separate experiments + one S.D. Complete repair would correspond to 22 fmol.

The presence and location of the nick affects repair
efficiency

Since the repair was biased to the nicked strand,
we constructed covalently closed circular (ccc)
forms of most substrates. The repair extent on the
C strand of the ccc form substrates were at least
50% lower than that of the nicked substrates
(Table 3). In order to assess dependence of the
reaction on location of the nick, we tested five
other HpTT heteroduplexes with differently placed
nicks in the complementary strand. This set
(Figure 5) includes two substrates with breaks 3’
to the hairpin, at the EcoRV (154 bp) or Nhel
(200 bp) sites, as viewed along the shorter path
Jjoining the two sites in the circular molecule. Three
substrates had nicks 5 to the hairpin with nicks at
the Xbal, Accl, or Hincll sites: 31 bp, 517 bp, and
833 bp from the hairpin, respectively.

As summarized in Figure 5, in a covalently
closed circular DNA (ccc entry) hairpin loop with
a T-T mismatch was subject to low level process-
ing with our human extracts and displayed little
strand bias. The presence of a strand break
substantially increases the efficiency of the reaction
and confers strand specificity to the process.
The efficiency of hairpin DNA processing is
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Figure 5. Nick positions and hairpin repair efficiency. Hetero-
duplex repair with mismatch repair proficient human cell
extracts was determined as described in ‘Materials and meth-
ods’. Heteroduplexes of ChpSO0TT contained a single-strand
break on the C strand at the Xbal site 31-bp 5’ to the heterol-
ogy (3’-31), at the EcoRV site 154-bp 3’ to the heterology (3”-
154), at the Nhel site 200-bp 3’ to the heterology (3’-200), at
the Aecl site 517-bp 5 to the heterology (5'-517), at the Hin-
cIl site 833-bp 5 to the heterology (5'-833), or at Clal site
3293-bp away from the heterology (5-3293). Covalently
closed circular (ccc) heteroduplexes were also tested. Repair
that occurred in both C and V strands was measured. The
error bars represent one S.D. from three determinations.
Complete repair would correspond to 22 fmol.
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independent of the distance separating the hete-
rologies and strand break since the substrates with
a nick at 4IwNI site (5’-3223) exhibited a similar
level of repair to a nick closer to the heterologies
(5’-31). This observation is similar to our recently
reported bacterial nick-directed loop repair path-
way [34], both 3’ and 5’ nicks can activate repair to
the nicked strands, and the repair efficiency is
independent of distances between the nicks and
heterologies.

The low levels of products derived from cova-
lently closed strands could be due to endogenous
endonucleases present in the extracts.

Repair efficiency and hairpin size

To determine the repair efficiencies for hairpin
structures of different sizes, we have constructed
two substrates, one with a 20-nt and the other with
a 70-nt perfect-matched hairpin at the HindIII site
(Figure 2) and a strand break at the Clal site. This
design minimizes the effects of sequence context on
hairpin repair efficiency. As shown in Figure 6, the
repair efficiency varies with hairpin length. The
substrate with the shorter hairpin structure (hp20;
20-nt) of both insertion and deletion configura-
tions exhibited the higher repair efficiency when
compared to the longest hairpins (hp70).

Repair (fmol)

=]

| |
° 1

{
{
]
E

Chp20 Vhp20 Chp50 Vhp50  Chp70 Vhp70

Figure 6. Repair efficiency and Hairpin length. Heteroduplex
repair with HeLa cell extracts was determined as described in
‘Materials and methods’. All the substrates tested contained a
nick at Clal site. Heteroduplexes containing 20-nt hairpin in
the C strand (Chp20) and in the V strand (Vhp20); 50-nt
hairpin in the C strand (Chp50) and in the V strand (Vhp50);
70-nt hairpin in the C strand (Chp70) and in the V strand
(Chp70) were subjected to repair reaction. Repair (white bar)
in both C and V strands were assayed. The error bars repre-
sent one S.D. from three determinations.

Requirements for hairpin repair are the same as
nick-directed loop repair in human cells

Both mismatch repair and large loop repair by
human cell extracts requires the addition of
MgCl,, ATP and the four dNTPs [33, 43]. In
order to find out whether any of these components
are essential for hairpin repair, we systematically
omitted the cofactors in separate reactions. The
repair efficiency of the reaction with all the
components present was normalized to 100%. As
shown in Table 4 and similar to large loop repair,
Mg®*, ATP and the four dNTPs are required for
in vitro hairpin repair with human cell extracts.
The repair was abolished when any of these
components were omitted.

Exogenous ATP was also required: both loop
and hairpin repair were significantly decreased by
a non-hydrolysable ATP analog. The hairpin
reaction was inhibited by ddTTP; and abolished
by aphidicolin, similar to the loop repair in human
(Table 4 and [28, 33]).

Discussion

In this study, we examined human cell extracts for
their ability to process substrates with a hairpin
structure. We demonstrated that hairpin loops can
be efficiently repaired and the repair is biased to
the nicked strand. We also used covalently closed
circular (ccc) substrates and found that the relative
repair of the C strand of the ccc form is signifi-
cantly lower, suggesting that processing of hairpin
heteroduplexes is nick-directed.

The results presented in this report confirm the
earlier in vivo studies suggesting that a palindromic
loop can be repaired in human cells [9, 21].
However, our results of repair specificity conflict
with some of the genetic data [21]. In that study
the repair bias of palindromic loops in mammalian
cells was dependent only on loop length, with a
bias shifting from loop retention to loop loss with
increasing loop size. They employed a single-
strand annealing model in an in vivo recombina-
tion scheme. In their design insertion mutations
were equidistant from predicted nicks on both top
and bottom strands. They hypothesized that such
design eliminates potential bias caused by nick-
directed repair [21]. In contrast, in our substrates
only one DNA strand 1s nicked and the loop
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Reaction conditions ¥-A-A 5-C32 5-V32 Chp20 Vhp20
Complete 100 100 100 100 100
Without Mg <1 <1 <1 <1 <1
Without dNTPs 13 <1 <1 <1 <1
Without ATP 13 <1 <1 <1 <1
Add ATP-y-S 12 <1 <1 <1 <1
Add ATP/ATP-v-S (1:1) 19 <1 <1 <1 <1
Add Aphidicolin (0.09 mM) 15 <1 <1 <1 <1
Add ddTTP (0.5 mM) 61 62 90 59 39

Repair assays containing 90 pg of HeLa cell extract was performed as described under ‘Materials and methods’. Repair on the C strand
was scored. Heteroduplex 3-A-A is substrate containing a nick 3’ to the A—A mismatch; 5-C32 and 5-V32 are loop substrates
containing a nick 5’ to the 32 bp loop on the C and V strand, respectively [44]. Repair values of 100% were 7.8 fmol for 3-A-A,
4.6 fmol for 5’-C32, 1.7 fmol for 5’-V32, 3.8 fmol for Chp40, and 3.1 fmol for Vhp40.

retention or loss is exclusively dependent on the
presence of this nick. Our results clearly demon-
strate that a nick can activate and direct repair to
the nicked strand regardless of the orientation of
the nick (Figure 5). However, the mechanisms and
the specific role of nick activation in different
orientations are yet to be defined. Whether the
predicted nicks equidistant from the heterologies
would provoke a similar degree of repair remains
to be determined. The nature and role of recom-
bination intermediates in loop repair remains to be
studied.

Previous studies in mammalian cells have
shown that Mrell alone exhibits endonuclease
activity on hairpin structures [41]. When palin-
dromic loops were on the nicked strand (C strand
of nicked Chps substrates in Table 3), it is difficult
to distinguish between nick-directed correction
and Mrell-typed hairpin degradation. Both reac-
tions occur on the same strand. Notably, in our
reactions the removal of the hairpin loop on the C
strand was greatly reduced upon covalent closure
of the strand break (Table 3, reaction on C strand
of ccc substrates). Furthermore, we only observed
nick-directed hairpin fill-in and background levels
of hairpin removal when the hairpins were on the
closed strand opposite of the nick (nicked Vhps
substrates in Table 3). These observations clearly
rule out the involvement of the Mrell pathway in
our nick-directed reactions. However, our results
can not exclude a hairpin-specific nicking activity
in human cells. Our assay uses hairpin-containing
circular DNAs and detects the restoration of

interrupted restriction sites after hairpin heterolo-
gies are fully repaired. It would miss any interme-
diates that were the result of hairpin specific
nicking activities.

Experiments in eukaryotic cells indicate that
loop repair could be directed by a nick. This
preference is shown in both human cell extracts
[33] and yeast extracts [31]. Similar preference has
been demonstrated in E.coli cells [34]. Several lines
of evidence suggested that the correction of
hairpin loops involves the same mechanism as
the previously reported large loop repair [28, 33].
We have shown that in vitro DNA loop repair
requires exogenous cofactors, namely MgCl,,
ATP and the four dNTPs. Our analysis of hairpin
processing has shown that a strand break is
required and enhanced repair efficiency is biased
to the nicked strand. All of these features are
very similar to nick-directed human loop repair
[28, 33].

Our study showed that smaller hairpin loops
were repaired better than larger ones, e.g. the
shortest hairpin structure (20-nt) seems to provoke
the highest repair activity. In addition, substrates
with mismatches within the hairpin structure were
repaired more efficiently than perfect hairpins.
This may be due to the limitation of twist and
writhe within hairpin structures. Longer palin-
dromic sequences are more likely to form ‘perfect-
matched’ double strand structure that may escape
the detection by loop repair pathway, while
shorter hairpins might retain some non-structured
signature. By the same token, hairpin structures
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containing mismatches may be similar to non-
structured loops. Loops and mismatches have
much shorter persistence lengths than native
B-form DNA [46] and hence are inherently more
flexible, a possible requirement for recognition or
function of this repair system. Assuming a persis-
tence length of approximately 150 bp consistent
with native B-form DNA, hairpins would have to
exceed several persistence lengths in order to be
inherently flexible [47]. Consistent with this notion,
even the longer homoduplex hairpins used here are
not long enough to create flexible targets. There-
fore repair that uses palindromic extrusions as a
substrate could require unstructured DNA and or
the flexibility that is associated with it as a
preferred target. Thus proteins of the loop repair
system would be able to recognize such extrusions
more easily, and they would be more efficiently
repaired. In yeast, loop repair appears distinct
from that of hairpins. However, consistent with
what we have observed here, it appears that
hairpins in yeast are less efficiently repaired than
random loops of the same size range [32].

The mechanism of this nick-directed palin-
dromic and random loop repair as well as the
enzymology of hairpin-loop repair in the human
system remains to be determined. It is likely that
some of the same proteins involved in replication
or other repair systems are also involved in hairpin
repair such as polymerases, DNA binding proteins
and helicases. If this repair system has a similar
function in preventing fixation of replication
errors like the mismatch repair system, then
replication and repair may well be coupled. Then
the strand breaks or chain termini on the newly
synthesized strand are recognized and used specif-
ically as strand discrimination signals before they
are ligated. An initial effort toward identifying the
requirements of hairpin repair would use DNA
polymerase inhibitors and withhold the exogenous
co-factors. The blocking of repair by aphidicolin
but only partial inhibition by ddTTP implicates
the replicative polymerase o, J, and/or € as serving
a role in hairpin repair. By identifying the poly-
merase(s) involved in repair, any known accessory
proteins for that polymerase become logical can-
didates for hairpin repair. The in vitro system
described here should provide an assay for puri-
fying the components that catalyze this reaction
and make it possible to elucidate the mechanism of
hairpin repair in human cells.

Acknowledgements

This work was supported by grant NSC 92-2314-
B-002-360 (WHF) and NSC92-2314-B-002-265
(JTK) from National Science Council, Taipei,
Taiwan, ROC. We would also like to thank
Dr. Olga Kay for comments on the manuscript.

References

1. Haun R.S., Moss J. and Vaughan M., Characterization of
the human ADP-ribosylation factor 3 promoter transcrip-
tional regulation of a TATA-less promoter. J. Biol. Chem.
268: 8793~8800, 1993.

2. Behrens J., Lowrick O., Klein-Hitpass L. and Birchmeier
W., The E-cadherin promoter: functional analysis of a G.C-
rich region and an epithelial cell-specific palindromic reg-
ulatory element. Proc. Natl. Acad. Sci. USA 88: 11495
11499, 1991.

3. May P. and May E., Twenty years of p53 research: struc-
tural and functional aspects of the p53 protein. Oncogene
18: 7621-7636, 1999.

4. Funk W.D., Pak D.T., Karas R.H., Wright W.E. and Shay
J.W., A transcriptionally active DNA-binding site for
human p53 protein complexes. Mol. Cell. Biol. 12: 2866—
2871, 1992.

5. Boulikas T. and Kong C.F., Multitude of inverted repeats
characterizes a class of anchorage sites of chromatin loops
to the nuclear matrix. J. Cell Biochem. 53: 1-12, 1993.

6. Bissler J.J., DNA inverted repeats and human disease.
Front. Biosci. 3: d408-418, 1998.

7. Rayko E., Organization, generation and replication of
amphimeric genomes: a review. Gene 199: 1-18, 1997.

8. Kunkel T.A., Misalignment-mediated DNA synthesis
errors. Biochemistry 29: 8003-8011, 1990.

9. Taghian D.G., Hough H. and Nickoloff J.A., Biased short
tract repair of palindromic loop mismatches in mammalian
cells. Genetics 148: 12571268, 1998.

10. Trinh T.Q. and Sinden R.R., Preferential DNA secondary
structure mutagenesis in the lagging strand of replication in
E. coli. Nature 352: 544-547, 1991.

11. Rosche W.A., Trinh T.Q. and Sinden R.R., Differential
DNA secondary structure-mediated deletion mutation in
the leading and lagging strands. J. Bacteriol. 177: 4385~
4391, 1995.

12. Pinder D.J., Blake C.E., Lindsey J.C. and Leach D.R.,
Replication strand preference for deletions associated with
DNA palindromes. Mol. Microbiol. 28: 719-727, 1998.

13. Rosche W.A_, Trinh T.Q. and Sinden R.R., Leading strand
specific spontaneous mutation corrects a quasipalindrome
by an intermolecular strand switch mechanism. J. Mol.
Biol. 269: 176-187, 1997.

14. de Boer J.G. and Ripley L.S., Demonstration of the pro-
duction of frameshift and base-substitution mutations by
quasipalindromic DNA sequences. Proc. Natl. Acad. Sci.
USA 81: 5528-5531, 1984.

15. Bissler J.J., Meng Q.S. and Emery T., Cl inhibitor gene
sequence facilitates frameshift mutations. Mol. Med. 4:
795-806, 1998.



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29,

30.

31

Robinson D.O., Bunyan D.J., Gabb H.A., Temple 1.K. and
Yau S.C., A small intraexonic deletion within the dystro-
phin gene suggests a possible mechanism of mutagenesis.
Hum. Genet. 99: 658-662, 1997.

Pomponio R.J., Narasimhan V., Reynolds T.R., Buck
G.A., Povirk L.F. and Wolf B., Deletion/insertion muta-
tion that causes biotinidase deficiency may result from the
formation of a quasipalindromic structure. Hum. Mol.
Genet. 5: 1657-1661, 1996.

Yamakawa-Kobayashi K., Kobayashi T., Yanagi H., Shi-
makura Y., Satoh J. and Hamaguchi H., A novel complex
mutation in the LDL receptor gene probably caused by the
simultaneous occurrence of deletion and insertion in the
same region. Hum. Genet. 93: 625-628, 1994.

Bollag R.J., Elwood D.R., Tobin E.D., Godwin A.R. and
Liskay R.M., Formation of heteroduplex DNA during
mammalian intrachromosomal gene conversion. Mol. Cell.
Biol. 12: 1546-1552, 1992.

Deng W.P. and Nickoloff J.A., Mismatch repair of het-
eroduplex DNA intermediates of extrachromosomal
recombination in mammalian cells. Mol. Cell. Biol. 14:
400406, 1994.

Bill C.A., Taghian D.G., Duran W.A. and Nickoloff J.A_,
Repair bias of large loop mismatches during recombination
in mammalian cells depends on loop length and structure.
Mutat. Res. 485: 255-265, 2001.

Nag D.K., White M.A. and Petes T.D., Palindromic
sequences in heteroduplex DNA inhibit mismatch repair in
yeast. Nature 340: 318-320, 1989.

Nag D.K. and Petes T.D., Seven-base-pair inverted repeats
in DNA form stable hairpins in vivo in Saccharomyces
cerevisiae. Genetics 129: 669-673, 1991.

Kolodner R., Biochemistry and genetics of eukaryotic
mismatch repair. Genes Dev. 10: 1433-1442, 1996.
Modrich P. and Lahue R.S., Mismaltch repair in replication
fidelity, genetic recombination, and cancer biology. Annu.
Rev. Biochem. 65: 101-133, 1996.

Fang W.-H, Wu J.-Y. and Su M.-J., Methyl-directed
repair of mismatched small heterologous sequences in cell
extracts from Escherichia coli. J. Biol. Chem. 272: 22714-
22720, 1997.

Parsons R., Li G.-M., Longley M.J., Fang W.-H., Papado-
poulos N., Jen J.1.d., Chapelle A., Kinzler K.W., Vogelstein
B. and Modrich P., Hypermutability and mismatch repair
deficiency in RER + tumor cells. Cell 75: 1227-1236, 1993.
Umar A., Boyer J.C. and Kunkel T.A., DNA loop repair
by human cell extracts. Science 266: 814-816, 1994.
Genschel J., Littman S.J., Drummond J.T. and Modrich P.,
Isolation of MultSbeta from human cells and comparison
of the mismatch repair specificities of MutSbeta and
MutSalpha. J. Biol. Chem. 273: 19895-19901, 1998.
McCulloch S.D., Gu L. and Li G.M., Bi-directional pro-
cessing of DNA loops by mismatch repair-dependent and -
independent pathways in human cells. J. Biol. Chem. 278:
3891-3896, 2003.

Corrette-Bennett S.E., Parker B.O., Mohlman N.L. and
Lahue R.S., Correction of large mispaired DNA loops by
extracts of Saccharomyces cerevisiae. J. Biol. Chem. 274:
17605-17611, 1999.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

669

Corrette-Bennett S.E., Mohlman N.L., Rosado Z., Miret
J.J., Hess P.M., Parker B.O. and Lahue R.S., Efficient re-
pair of large DNA loops in Saccharomyces cerevisiae. Nu-
cleic Acids Res. 29: 4134-4143, 2001.

Littman S.J., Fang W.H. and Modrich P., Repair of large
insertion/deletion heterologies in human nuclear extracts is
directed by a 5’ single-strand break and is independent of
the mismatch repair system. J. Biol. Chem. 274: 7474-7481,
1999.

Fang W.-H., Wang B.-J.,, Wang C.-H., Lee S.-J., Chang Y - T,
Chuang Y.-K. and Lee C.-N., DNA loop repair by Escheri-
chia coli Cell Extracts. J. Biol. Chem. 278: 22446-22452,
2003.

Connelly J.C., Kirkham L.A. and Leach D.R., The SbcCD
nuclease of Escherichia coli is a structural maintenance of
chromosomes (SMC) family protein that cleaves hairpin
DNA. Proc. Natl. Acad. Sci. USA 95: 7969-7974, 1998.
Connelly J.C. and Leach D.R., The sbcC and sbcD genes of
Escherichia coli encode a nuclease involved in palindrome
inviability and genetic recombination. Genes Cells 1: 285-
291, 1996.

Connelly J.C., Leau E.S.de, Okely E.A. and Leach D.R,,
Overexpression, purification, and characterization of the
SbeCD protein from Escherichia coli. J Biol Chem 272:
19819-19826, 1997.

Leach D.R., Okely E.A. and Pinder D.J., Repair by
recombination of DNA containing a palindromic sequence.
Mol. Microbiol. 26: 597-606, 1997.

Cromie G.A., Millar C.B., Schmidt K.H. and Leach D.R.,
Palindromes as substrates for multiple pathways of recom-
bination in Escherichia coli. Genetics 154; 513-522, 2000.
Dolganov G.M., Maser R.S., Novikov A., Tosto L., Chong
S., Bressan D.A. and Petrini J.H., Human Rad50 is phys-
ically associated with human Mrell: identification of a
conserved multiprotein complex implicated in recombina-
tional DNA repair. Mol. Cell. Biol. 16: 4832-4841, 1996.
Paull T.T. and Gellert M., The 3’ to 5" exonuclease activity
of Mre 11 facilitates repair of DNA double-strand breaks.
Mol. Cell. 1: 969-979, 1998.

Tsukamoto Y. and Ikeda H., Double-strand break repair
mediated by DNA end-joining. Genes Cells 3: 135-144,
1998.

Holmes J. Jr., Clark S. and Modrich P., Strand-specific
mismatch correction in nuclear extracts of human and
Drosophila melanogaster cell lines. Proc. Natl. Acad. Sci.
USA 87: 5837-5841, 1990.

Huang Y.-M., Chen S.-U., Kao J.-T., Wang C.-H., Chuang
Y.-K., Lee C.-N., Cheng W.-C., Tsai K.-S. and Fang W.-
H., Interaction of nick-directed DNA mismatch repair and
loop repair in human cells. J. Biol. Chem. 279: 30228-
30235, 2004.

Fang W.-H. and Modrich P., Human strand-specific mis-
match repair occurs by a bidirectional mechanism similar
to that of the bacterial reaction. J. Biol. Chem. 268: 11838-
11844, 1993.

Kahn J.D., Yun E. and Crothers D.M., Detection of
localized DNA flexibility. Nature 368: 163-166, 1994.
Hagerman P.J., Flexibility of DNA. Annu Rev Biophys
Chem 17: 265-286, 1988.



