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ABSTRACT

Chimeric oligonucleotides consisting of RNA and DNA
residues have been shown to catalyze site-directed
genetic alteration in mammalian cells both  in vitro and
in vivo . Since the frequency of these events appears to
be logs higher than the rates of gene targeting, a
process involving homologous recombination, we
developed a system to study the mechanisms of
chimera-directed gene conversion. Using a mam-
malian cell-free extract and a genetic readout in
Escherichia coli , we find that point mutations and
single base deletions can be corrected at frequencies
of [0.1% and 0.005%, respectively. The reaction depends
on an accurately designed chimera and the presence
of functional h(MSH2 protein. The results of genetic and
biochemical studies reported herein suggest that the
process of mismatch repair functions in site-directed
gene correction.

INTRODUCTION

no successful application to enhance the frequency of gene
targeting has yet been made. In fact, the human Rad51 protein has
been found to become phosphorylated after DNA dantjge (
modification that obliterates its recombinase ability.

Our work in the enzymology of recombinational repair
(reviewed in7) led us to conclude that specific gene targeting as
a gene therapy is currently problematic. Hence, we sought to
develop a new strategy, one in which mutated genes are repaired
rather than replaced. Basediorvitro studies that revealed the
importance of RNA in mediating DNA pairing evenssd), we
designed an oligonucleotide that could localize to a specific site
and be effective in gene targeting. The molecule is a double-
stranded chimera consisting of RNA and DNA residues, capped
at both ends by sequences which fold into a haitin By virtue
of its structure, the half-life in the cell and in serum is substantially
longer than similar duplex moleculesl). The chimera also
contains a single nucleotide that differs from the target sequence
and, upon binding, forms a mismatched base with the specific
targeted nucleotide. The resulting helical distortion is subsequently
recognized by the cell’s DNA repair machinery and the base pair
corrected using the DNA sequence of the chimera as a template.
The strategy of converting single nucleotides or introducing short

The success of genetic knock-outs in animals to create modelduaise insertions or deletions differs greatly from all gene

human diseases has matured the conception of gene targetieglacement methods currently in use. Gene conversion frequencies
from experimental technique to therapeutic possibility. Yesurpassing 1@ have been achieved in a variety of cell types using
significant barriers remain; prominent among these is the loapisomal and genomic targets-{18).

frequency of site-specific targeting in mammalian cells. For every Although the successes in various mammalian cell lines and
targeted event, >20r 1 non-specific events occui)(even animal models have provided an impetus to consider therapeutic
though mammalian cells possess the enzymatic machinery applications, we sought a more fundamental understanding of the
conduct homologous targeting)g). At the center of the targeting mechanism of chimera-directed gene repair. To this end, a
problem is the infrequent rate of homologous recombinatiomammalian cell-free extract that can promote conveisigitro

(HR) in mammalian cells and it is likely that this frequency isvas developed. The system relies on directed correction of
heavily influenced by the level of enzymatic activity in each cellmutant antibiotic resistance genes in a mammalian cell-free
Differences in cell type, cell cycle position and the level of certaiextract that can be quantitated after transformati&scifierichia
expressed proteins may also regulate this ¥gf@. (The last of  coli, using genetic readout to score for positive correction events.
these parameters led certain investigators to identify genes andthis report, we present an analysis of conversion of three
proteins that might improve targeting efficiency because thegifferent targets, mediated by the chimeric oligonucleotide, and
promote homologous recombination reactionstro. In spite of  provide preliminary results addressing the genetic basis of the
the success in identifying some candidates (RAD51 and RAD52yechanism.

*To whom correspondence should be addressed. Tel: +1 215 489 4903; Fax: +1 215 489 4922; Email: eric.kmiec@mail.tju.edu
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MATERIALS AND METHODS DTT and 1.0 mM ATP. Samples were incubated &tC37or
. 45 min and deproteinized by two phenol/chloroform (1:1)
Plasmids extractions. They were ethanol precipitated with 0.1 vol 3 M

The teb plasmids were derived from pBR322 (Fi)y.pTSm153  sodium acetate, pH 4.8, and 2 vol ethanol af&2for 2 h or
contains a single base change.@) in the tetracycline (tet) gene OVernight. Samples were centrifuged at 15 000 r.p.m. Zdot

at position 153. The mutation generates a stop codon at positid® Min (Eppendorf 5417R centrifuge). Pellets were resuspended
153 in the reading frame, rendering the plasmid sensitive {8 50uI H20 and stored at—2C. Reaction mixtures for antibody
tetracycline, and creates Bfal restriction site. In addition, studies were identical to those described above except that prior
pTSm153 has a silent mutation (AG) at position 325 which t0 assembling the reagents, 500 ngtbMSH2 or IgG (Santa
generates dsd restriction site. pFA208 contains a single Cruz Biotechnology) were mixed with the extract @4or 1-2h.
nucleotide deletion at position 208 which disrupts the readingh€ other reaction components were then added and the reaction
frame of the tetracycline gene (see Fijy. This deletion also Processed as described above.

introduces &5pH restriction site. The kanplasmid pm4021 _ _

(Fig. 1) contains a single base change-(@) at base 4021 Electroporation and plating of samples

relative to the parental plasmid pWELS (Stratagene). Alk,cent where noted, plasmidi{s 100 ng) was transfected into
mutations were created using a standard overlapping P 10B cells (2Qul) by electroporation (400 V, 3Q6F, 4 kQ) in
procedure. This transversion creates both a stop codon in these|_porator apparatus (Life Technologies). Afterwards, the
kanamycin (kan) gene and a diagnodifel site. All these cq|i5 (20u1) were transferred to 1 ml SOC in a 1.5 ml Eppendorf

plasmids contain a functional ampicillin gene. tube and incubated at 3Z for 1 h. Aliquots of this suspension
) ) were spread on tet (1Rg/ml) or kan (50ug/ml) plates
Oligonucleotides without dilution and on ampicillin (10Qg/ml) plates after a

Chimeric oligonucleotides were synthesized using commercialy.. . 2 . !
9 Y 9 iologics) after overnight incubation at3Z. Gene conversion

available phosphoramidites on 1000 A CPG supports. Follow gouency was expressed as the ratio of tet- or kan-resistant colonies

release and deprotection, crude product was purified to at le(per 1@ ampicillin-resistant colonies. When higher tet or kan colony
o X . e - .
85% homogeneity as judged by column chromatography. Olig unts were desired, the cell suspension was transferred into 4 ml

nucleotide concentrations were determined spectrophometrica HC with tet (final concentration 2y/mi) or kan (1ug/ml) in

using a conversion factor of $&/ml per Agonm unit a 14 ml Falcon snap-cap tube and shaken’a 8% 3 h. Cells were
pelleted and resuspended in 200C prior to plating as usual.
Cells Individual teR and kaff colonies were picked into 5 ml LB with tet
HuH-7 cells were obtained from the laboratory of Dr Cliffordor kan and grown overnight. The cell pellet from a [#Gdliquot of
Steer (University of Minnesota). They were cultured in DMEM&ach culture was resuspended inuB®1,0, heated to 95C for
10% FBS, 2 mM glutamine, 0.5% penicillin/streptomycin. LoVol0 min and 1@l used for PCR amplification. The remaining culture
cells were obtained from ATCC (CCL-229) and cultured invas pelleted and frozen for DNA analyses by miniprep.

Ham's F12 with 10% FBS, 2 mM glutamine and 0.5%

penicillin/streptomycin. Electromax DH10B cells were from LifePCR amplification

Techn_ologies a_md 3MH71—18 cells were from Clontech. Pertinerpﬁ the tet system, PCR primers generated a 475 bp fragment. The
genetic alterations include recAl for DH10B and mutS:0ffor 5 and 3 primer sequences were CAT/CGATAAIGCT/TTA/

%03—104 dilution. Colonies were counted on an Accucount 1000

BMH71-18 cells, respectively. ATG/C and GCT/CAT/GAG/CCCIGAA/GTG/GC. The PCR
conditions were 94C/30 s, 59C/30 s, 72C/30 s for 30 cycles
Cell-free extract in a Perkin Elmer 2400 thermocycler. For restriction analysis of

onvertants at position 153, each sample was digeste@faith
o verify gene correction and willsd to confirm the presence of

harvested from flasks by scraping. They were washed immediatg'&s"em mutation. Restriction analysis of convertants at position

; ; utilized digestion witl$pH. In the kan system, thé &nd 3
Tscﬂﬂﬂh&g‘ggn'fnEKAﬁErT(TZ)OWr}L'\fZHSETnEﬁ ’Sﬂ':rgs'g'_ gerﬂg"w';% primers were CAG/GGG/ATC/AAG/ATC/TGA and CGAAGT/

%ACFI’ GT/TGC/AGC/TCG. The PCR conditions weree @30 s,

Cell-free extracts were prepared by a modification of Li and Kell
(19), using cultured HuH-7 cells. Briefly2 x 10° cells were

resuspended in cold hypotonic buffer without sucrose and aft
15 min lysed with 25 strokes of a Dounce homogenizer using:
tight fitting pestle. Lysed cells were incubated on ice for 60 mi
and centrifuged at 12 0@for 15 min. The cytoplasmic fraction
is enriched with nuclear proteins due to the extended co-incubati
of the fractions following cell breakage. The supernatant w
immediately aliquoted and frozen at <80 Protein concentration
of the extract was determined by the Bradford assay.

C/30s, 72C/30 s for 35 cycles. Loss oBal restriction site
dicated correction of the kan gene at position 4021. Restriction
digests were electrophoresed at 120 V for 2 h in a 1.5% agarose
gﬁl containing TAE buffer (0.04 M Tris—acetate, 1 mM EDTA)

d 0.5pg/ml ethidium bromide. A subset of PCR fragments
were subjected to automatic DNA sequencing in both directions
following purification on a QIAquick spin column (Qiagen).

RESULTS

The repair assay

In vitro reaction

Reaction mixtures of 1Qd consisted of 15—-30g of cytoplasmic
extract, 800—2100 ng of chimeric oligonucleotide anadglof A diagram of the plasmids and chimeras used for measuring
plasmid DNA in 20 mM Tris, pH 7.4, 15 mM Mgg£l0.4 mM  targeted gene repair is depicted in Figuréhe assay is based on
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pKSm4021
8164 bp

pTSm153
4363 bp

Wild-type: TTC GGC TATIGAC TGG Wild-type: TTC GCTACT TGG AGC Wild-type: CAT AGG CTILIGGT TAT
Silent
Mutant: G Mutation: g— Mutant: CAT AGG CTAIGGT TAT
Converted: G Converted: T
TGCGCchauaagcchT@ngacccguguuT TGCGCGauccguauccGAEkCaauacqqccaT
T Kan4021C T T Tet153 T
T T T T
TCGCGC GCTATTCGGCTACGACTGGGCACAAT TCGC GCTAGGCATAGGCTIGGTTATGCCGGTT
3°5° 3757
TGCGCGucuucuugcuGGACCugcgucaccgT
T GC1 T
T T

TCGCGC AGAAGAACGACCTGGACGCAGTGGCT
357

Figure 1.KanS and te® plasmids and correcting chimeras. Model systems for detecting targeted base pair substitution by chimeric oligonuciestiateheBste
of correction are boxed. Lower case letters in the chimeric oligonucleotides denote where the DNA backbone is replac@dnieshgl Dackbone. GC1 is a
non-specific chimera bearing no complementarity to either thertddar? target sites.

the targeted conversion of genes encoding antibiotic resistancecodon in the kan gene specifies Tyr just like the wild-type TAT
E.coli. Plasmids pfm153 and pRm4021 contain separate and codon, but also distinguishes corrected plasmids from contaminating
different point mutations within the coding region of geneswild-type plasmids. The chimeric oligonucleotide designated
conferring resistance to tet (fM153) and kan (pREM4021). In  GC1 is a non-specific control molecule containing no homology
the case of p¥mi153, which is derived from pBR322, the T to either plasmid.
residue at position 153 has been changed to A, thereby generatingihe extract was produced by breaking cells by hypotonic lysis.
a stop codon and a diagnodsifal site. In addition, the tet gene The cell debris and subcellular organelles were separated by
also contains a silent mutation at position 325-@). This  centrifugation at 12 00§ and the clarified cytoplasmic fraction
alteration in sequence has no effect on genetic readout but enables saved (see Materials and Methods for details). A 1 h holding
confirmation that converted plasmids did not arise from wild-typ@eriod prior to centrifugation enriched the extract in nuclear
plasmid contamination. The site was constructed so tiaga proteins. The reaction mixture consisted of the cell-free extract,
cleavage site is available for control analyses. PlasmithgB21  supercoiled plasmid and chimeric oligonucleotide in a buffer
is derived from pWE15 by changing a T residue at position 402dontaining 20 mM Tris, pH 7.4, 15 mM MgCD.4 mM DTT and
to G. This change introduces a stop codon in the kan gene andlamM ATP. After incubation, the samples were extracted with
associatedfal restriction site. phenol/chloroform and the DNA precipitated by ethanol. The DNA
Chimeric oligonucleotides used to repair the antibiotic resistan¢predominately nicked circular) was then electroporated into strains
genes share the same design as chimeras previously reportedfis.coli that are either deficient in RecA activity (DH10B) or MutS
work in human cells. These molecules consist of a 30 bp loragtivity (BMH71-18). Unpublished studies have shown that both
duplex bracketed by 4 base long hairpin loops. The nickeldecA and MutS proteins are required for chimera-mediated repair
dumb-bell structure in conjunction with-@-methyl backbone in E.coli (R.Metz, personal communication). Hence, by using
segments in the upper strand impart high thermal stability andutant strains, it is unlikely that converted plasmids arise from
enhanced nuclease resistance. Left of the nick is a 5 bp long Gépair activity in the bacterial cell. As a genetic readout, clones
clamp inserted to prevent fraying. To the right of the nick is arising on plates containing kan or tet were picked and propagated
25 bp long targeting region which is homologous to the plasmias isolated colonies for RFLP analysis and sequencing. Colony
DNA with the exception of a single centralized base pair. For badounts were normalized for variable electroporation and plating
mutation of the antibiotic resistance genes, the chimeras spediffficiencies by determining the number ofter karR colonies
functional sequences and so differ from the targets at the sitegeinerated per 2@&mg colonies for each reaction.
the point mutation. Chimeric oligonucleotide Tet153 restores the Table 1, top, illustrates results of chimera-directed genetic repair
wild-type T residue in the tet gene while the Kan4021C chimeraf the pm153 plasmid in an extract from HuH-7 cells. In this
directs a G- C conversion in the kan gene. The resultant TAGxperiment the amounts of plasmid and chimeric oligonucleotide
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were held constant while the level of extract was increased. ATable 2.Gene correction requires cell-free extract and chimeric
dose-dependent increase in tet-resistant colonies was observed §igonucleotides

to 12 pg extract, beyond which the activity plateaued. The
non-specific chimera, GC1, produced no colonies. In the absence Tet Substitutory System HuH-7  Tet® colonies/

of the extract, no tBtcolonies were observed, reinforcing the Plasmid Chimera extract  10° Amp* colonies
conclusion that the repair of plasmid DNA occurs in the extract.

Similar results were observed in the kan system (Tablattom).

A dose-response effect was observed and non-specific, or! PTS$153 Tet1 53T 30ug 10(‘)’
incomplete, reactions did not facilitate repair. The molecular ratio ; ) TetlS3T l

of chimera to plasmid used in these experiments (200:1 in the tet4 pTSm153

system and 350:1 in the kan system) was at the upper end of theé v

Tet153T

linear dose—response curve for chimera (data not shown) and6 -
#2 4 #3
gave a maximal frequency of conversion[®1%. The tet
colonies arose in a strain which lacks functional RecA protein, Kan Substitutory System HuH-7  KanR colonics/
while the kaff colonies arose in a strain which lacks a functional Plasmid Chimera extract 10° Amp® colonies
MutS protein. 1 pKSmd021 Kand021C 30 ng 270
2 v - l 0
Table 1.Correction of mutant antibiotic resistance genes i . szn;4021 Kan4*021C !
5 v -
Tet Substitutory System HuH-7 TetR colonies/ 6 - Kan4021C
Plasmid Chimera extract 105 ampR colonies 7 #2+#3
1 pTm153 Tet153T 1.5ug 2.0
2 6ug 39 The reaction contained when indicategid of plasmid and either
2 éi He gg 0.7 g of Tet153T or 1.4ig of Kan4021C. Plasmid DNA was electro-
s _“g o porated into DH10B cells in the tet system and BMH-71-18 cells in
6 GCl 2pg 0 the kan system. For details of 7, see text.
Kan Substitutory System , HuH-7 fan"wlomesf , while the corrected plasmid produces two fragments. Second, a
Plasmid Chimera extract  10° AmpR colonies silent mutation at position 325 introduce®sa recognition site
1 pKSm4021 Kan 4021C 15pug 13 in DNA from both mutant and corrected plasmids. As a result, the
2 Sug » amplified DNA yields three fragments when treated itH.
i l Z ﬁi ;sg As shown in Figure2A, RFLP analyses confirmed gene
5 ) 06 conversion at the targeted site only. Lanes 2 and 3 represent
6 GCl1 24 ug 0 control digestions of uncorrected plasmid Bfal and Tsd,
respectively, while lanes 4-13 are paired digestions of plasmid
Each reaction containedpy of plasmid and either 14g of Tet153T, DNA isolated from tét colonies. AlthoughBfal digestion
1.2 g of Kan4021C or 1.4ig of GC1. Genetic readout utilized DH10B patterns change as predicted (lanes 4, 6, 8, 10 and 1Xdthite
(recAl) cells in the tet system and BMH71-18 (mitel0) cells in the kan has remained intact (lanes 5, 7, 9, 11 and 13). As described above,

system. Colony counts reflect an average of five independent experiments. the presence of thifsd site in plasmids harboring tHefal
change eliminates the possibility of plasmid contamination.
A second control experiment was performed in which reactio@orrection of the targeted nucleotides in plasmiéhpdé021 has
mixtures were deficient in one or more components aficbtet been similarly confirmed by RFLP analysis (F&B) as the
karR colonies were analyzed again (Talle The complete conversion eliminatesBfal restriction site.
reactions resulted in the appearance of 128/1@ am® DNA sequence analysis of bacterial colonie’ tetkar® was
colonies and 270 k&HM.0° amR colonies, respectively. Again, used to confirm that the plasmids harboring altered RFLP patterns
incomplete reactions were devoid of repair activity. Reactionontained a corrected sequence. In Figiftea representative
number 7 was a composite of reactions 2 and 3 in which tledone from the experiment described in FigRiis presented at
plasmid (reaction 2) or the chimera (reaction 3) was incubatede DNA sequence level. The coding strand sequence surrounding
separately with the extract. For reaction 7, the products of thepesition 153 is presented in the top panel. The highlighted
reactions were combined after phenol extraction and ethanalicleotide, T, has been converted from the mutant nucleotide A.
precipitation and were electroporated into BMH71-18 or DH10BAs an internal control to guard against possible wild-type plasmid
E.coli. This control guards against the possibility that eithecontamination, the sequence at position 325 is presented in
molecule is modified in the extract, enabling a reconstruction dfigure3A and the silent mutation G remains unchanged. Similar
the active repair structure in the bacteria. No colonies have beesults were obtained when Kaocolonies were sequenced. As
observed under these conditions. shown in FigureB, the G-C base pair was converted to C-G. In
Conversion at the DNA level was monitored by RFLP analysiboth cases, >10 clones displaying an antibiotic-resistant cutting
of plasmid DNA from representative colonies following PCRpattern by RFLP were picked randomly and each sample had the
amplification. For the tét.teR system, plasmid pPm153 sequence alterations described above.
contains two diagnostic restriction sites. First, the targeted siteSeveral systems have now been developed using chimeric
(residue 153) is part ofBfal recognition sequence. DNA from molecules as described for conversion of a single base pair
uncorrected plasmid yields three fragments when cutBfdah  (11-18). To expand the range of applications of chimera-directed
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(Fig. 4B). A T residue is placed between T207 and G209 in the
coding region of the tet gene. No other alterations were observed
in the bases immediately surrounding the targeted bas&@ig.

or the rest of the plasmid (data not shown). The frequency of
insertion, however, isCBO-fold lower than direct nucleotide
exchange, illustrated in Tablésand?2. In both cases, however, the
same design of chimeric oligonucleotide catalyzes both point
mutation and deletion mutation gene correction.

A Lane

bp
500
400
300
o Table 3.Correction of a 1 bp deletion using chimeric oligonucleotides

100 and cell-free extract

Tet Deletion System HuH-7 TetR colonies/
Plasmid Chimera Extract 105 AmpR colonies

B Lane 1 2 3 4 5 [ "

1 pTSA208 TetA208T 1pg 0.0087

2 4ug 0.62

3 8ug 2.8

4 16 pug 2.4

5 - 0

6 GC1 16 pg 0

Each reaction contained |ig of plasmid DNA and either 1.4g of
TetA208T or GC1. DH10B cells were used for genetic analysis.

Cell-free extracts from HuH-7 cells were the source of the gene
correction activity in this system. Since both single nucleotide
change and targeted insertion occurred, we tested the hypothesis
that mismatch repair was the pathway used in chimera-directed
conversion. LoVo cells are defective in mismatch repair due to
partial deletions in both copies of the hMSH2 get®. (\When
cell-free extracts were prepared from LoVo cells, we observed
only 13% of the activity compared with the HuH-7 extract in
converting tet— tef? plasmids (Tablef). Consistent with this
extract lacking a critical protein and not containing a block to
repair, addition of LoVo extract to HuH-7 extract did not inhibit
Figure 2. (A) Confirmation of tetracycline gene correction by RFLP analyses. HuH-7-mediated repair (Tablé). These results suggest that
";%f 115;31&21 sbrgicljagggrdi;aeg?: dz v\f‘é‘fgj ?;n‘c‘;ri;prgr;ge”gt?\?éligﬁea{gg][gled ffoMchimera-directed conversion proceeds through a step involving
digestion pattern yields bands corresponding to 266, 130 and 79 bsdlhe mismatch re:COQn'tlon' A$ an addltlonal_ CpntrOI' _W_e tested
silent mutation generates fragments of 205, 174 and 96 bp. Lanes 4 and vhether anti-hMSH2 antibodies could inhibit activity. The
475 bp fragment amplified from a corrected®piL53 plasmid digested with  inclusion of this antibody in the complete reaction mixture
Bfal andTsd, respectively. The tBtBfal digestion pattern yields fragments of (plasmid, chimeric oligonucleotide and HuH-7 cell-free extract)

266 and 209 bp. Thisd silent mutation is present and yields the characteristic s : :
fragments. Lanes 6-13, same as lanes 4 al) Bofirmation of kanamycin reduced the activity by two thirds whereas normal rabbit IgG was

gene correction by RFLP analysis. Lane 1, 100 bp ladder; lane 2, 306 bp PCRNIY Sllg_htly 'Uh|b|t0ry- Taken together, the§e data. imply that
fragment from ptm4021 plasmid digested wiBfal generating fragments of  hMSH2 is an important component of the chimera-directed gene
197 and 109 bp; lanes 3-6, 306 bp PCR fragments from correctea4pR1 conversion process.

plasmid digested witBfal. Correction eliminates the cut site.

DISCUSSION

conversion, we attempted to repair daletion in plasmid The use of various types of oligonucleotides to ablate or correct
pTSA208. This plasmid was engineered so that a one base deletaysfunctional gene expressiahl) has recently gained support

at position 208 (FigdA) generates a termination codon and arthrough studies in mammalian cell culture and animals. In some
Sph restriction site. The chimeric oligonucleotide utilized herecases, correction of a defect is facilitated at the level of the RNA
was similar in design to those of previous experiments except thating antisense molecule®) or ribozymesZ3). Such strategies

it contained an extra residue in the central DNA region relative e important advances but do not accomplish inheritable
the targeted plasmid sequence. It was predicted, therefore,dmanges. RNA/DNA chimeric oligonucleotides that act at the
facilitate the insertion of a T at position 208, restoring an intaddNA level and direct base changes in the genome aim to provide
coding region. As seen in Tabk an increasing number of permanent genetic correctidril{18). The frequency of conversion
tet-resistant clones were observed in a dose-dependent reactmistained by our group and others is several logs higher than
The reaction required all components being present in the mixtupeeviously reported for gene targeting protocols including those
as before (data not shown) and sequence analysis confirmed thsihg single-stranded vectord4) or short single-stranded or
the targeted site of insertion was corrected in tH& detnes  double-stranded DNA fragment®5). These other methodologies,
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A Tetracycline Converted (T) B Kanamycin mutant (G)
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-oding | | A M~ Coding A f " i
Strand N { II- il Pll [y l!l Fh A ,-"“\ M Strand A f ILYANLE R
-I'. I ll'l '.I l' [ llu"l ! I'| A f;\'\ Jll E' "l \\ i AW h‘ / .I Fﬁ\'\ .'I I\ f 'ff L\ '.l Vo fﬁ‘ .u'hhl
I T \ \ ~ - VR TR |
A VY VYAN VYAV AY VY YV VYN ANV VAY X "V
I Hm T C C 6 A A COC A AT A C I 6 C C 6 R T T C T 6 A C C C
Non-coding A Non-coding
Strand ‘,-" \\ (\; 1 Strand ~ . A\
. ! F; A ~ 0 ™y \ f".\ {
\ / ;";—.‘jr /r\ /\J \f ﬂ\/‘\ A A .-"f "i'\. /’ﬁ (WA ,f" \\'- \ / \‘. AN AV I'fir \"\,‘i \ .l'li
s L Yo M WX A N Y VN A A h
Silent Mutation (G) Kanamycin converted (C)
I.I T I.r. g2 T ¢ & & € T A @ & A [ T & 3
. L Trecetc 7T@@e T IT6 R TT 6 6T TAL b AL T Gb b
oding i Al -
Strand A ,"r" M s i I|' \ " Coding A P | |I|I
FA TP '.— \ A ’,\ / \‘ _.". N / l "l A Strand N ATA 1PN PN
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Figure 3.Confirmation of gene correction by DNA sequence analysis. The coding and non-coding strand sequences of correctecdsatdibggtigeaes in plasmids
pTRmM153 @) and pkkm4021 B) were determined by automatic sequence analysis of PCR amplified fragments. In each panel the corrected base is highlighted
is the silent mutation in the tetracycline system. Sequences of non-coding strands confirmed the base assignmentsrgad begqwebe coding strand sequence.

Table 4.nMSH2 may be required for chimera-directed gene correction (26,27), the temp|ate does not need to be pre-formed; as in this
system, the plasmid and chimera are added simultaneously to a

Tt Substiutory System . imera Extract Antibody % Conversion reaction mixture containing the cell-free extract. With confirmation
of base changes at the DNA level by RFLP analyses and DNA
L pTmis3 Tedl53T HEET ) 100 sequencing, the development of such a system has helped addres
> l 126 919 questions of phenotypic response and genetic inheritance.
; hMSH2 e To avoid the possibility that wild-type plasmid DNA contam-
: H“’V" ’ P inated the reaction mixtures, safeguards were engineered into
WOV ’ 1 both the kan and tet systems. In the kan system, the mutant G base

is converted to a C, making a conservative change from the
Each reaction containedyy of plasmid, 1.41g of chimera and 3g of wild-type T. Sequencing data confirm that only C residues are
extract except for the reaction described in lane 5. Heneg 16 HuH-7 observed in kan-resistant bacterial colonies. In the tet system, a
and 10ug of LoVo cell-free extracts were used. All other components are  silent mutation at position 325 was engineered so that plasmid
as listed. Genetic readout in DH10B cells was used to calculate conversionDNA isolated from tét colonies is cleaved by the restriction
frequency. The 100% result reflects 20 tevlonies/18 amp colonies. enzymeTsd. In all cases, where the targeted base was changed,
the Tsé site remained intact. The insertion of a single base in
however, rely primarily on homologous recombination pathwaygTSAZOS was also observed in the same cell-free extract, albeit
which are known to be inefficient in mammalian cells. Thdo a lower extent. The reduction in the rescue frequency was
discrepancy in frequency levels has led to speculation about th80-fold, but in each resistant colony, the insertion was at the
nature of the correction events observed in our system. exact position expected and no other alterations within the
The results reported here demonstrate that the chimefiargeted plasmid were observed.
oligonucleotide uses the process of DNA repair to fix a point Mammalian cells have been shown previously to catalyze
mutation or a single base deletion. The repair of plasmid DNfargeted mutagenesis of a plasmid substrate. In one case,
occurs in a dose-dependent fashion with respect to increasitngplex-forming oligonucleotides (TFOs) linked to psoralg)(
levels of extract. Unlike othen vitro mismatch repair assays were used to mutagenize a sequence iStpegene of a shuttle
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Figure 4. (A) TettA208 deletion plasmid (PP1208) and targeting chimera. Model system for detecting the single base insertion mediated by chimeric oligonucleotide
TetA208T. Note that the chimera is designed to insert a T residue at the deletion site rather than the wild-type C ri8iclBloéidmding and non-coding strand
sequence of the mutated and repalf208 site. DNA sequences were determined by automated sequence analyses of PCR amplified fragments from the appropri:
sites within plasmids pn208 and pRA208.

vector. Analysis of the vector i&.coli showed that specific which accumulated in its presence were processed after introduction
targeting events occurred up to a frequency of 2%. \aadj  into E.coli. The involvement of hMSH2 in the correction process
(29) extended these observations by showing that unmodifiestems likely based on the low conversion rate catalyzed by the
TFOs could also induce targeted mutagenesis with frequenciesVo cell-free extract and inhibition of repair by anti-hMSH2
ranging from 0.2 to 0.3%. Using a variety of extracts from cellsantibodies in the HuH-7 extract.
such as xeroderma pigmentosum or Cockayne’s syndrome groug\lthough elucidation of the mechanism is far from complete,
B, these workers demonstrated that excision repair was v envision the following pathway. The first step is likely to be
necessary component of TFO-directed mutagenesis. the pairing of the chimera with its plasmid target, a process most
Extracts from mammalian cells and other sources have also bdiely governed by a search for homology through the action of
used extensively to study the biochemical mechanism of DNBNA pairing enzymes or complexes. The pairing of DNA
mismatch repair (s& for review). Some differences in correction molecules is a recombination function dependent, for example, on
efficiency as a function of the type of mismatched base pair hattee RecA protein ifE.coli, and R.Metz (personal communication)
been observed but, for the most part, nick-directed mismatch repd@monstrated recently that chimera-directed rep&irdaliis, in
appears mutation-independefiil), The correction is dependent, fact, dependent on functional RecA protein. In mammalian cells,
however, on homologs of MutS and Mu20(31). Furthermore, however, it is still not clear which enzyme(s) is providing the
a new fragment of between 90 and 170 nt in length surroundimgiring activity, but preliminary data suggest that both strands of
the region of damaged DNA is generated by DNA synthesishe chimera hybridize to the two strands of the helix. The repair
Hence, mismatch repair requires multiple steps that involveachinery would subsequently encounter an unusual structure at
recognition, incision, removal and re-synthesis of the affectetthe targeted site, perhaps consisting of a complement-stabilized
base pair. Should any of the steps be blocked, the overall processlouble D-loop%3,34; H. Gamper, unpublished observations).
is largely disabled. As an example, certain inhibitors such &Ehe repair process may initiate correction based on the identification
aphidicolin are known to block the action of DNA polymermse of a chimera/plasmid complex bearing unusual structural features.
an enzyme required for mismatch repair synthesis in human cellae DNA-rich A-form duplex of the chimer&%) is a structure
(32). Although aphidicolin did not inhibit gene correction whennot normally seen in the cell, providing more support to the notion
added to the cell-free extract, it is possible that repair intermediatestructure activating function. The mismatched base pair is then
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exchanged for the correct one using the sequence of the chimBBFERENCES

as template.

Currently, a variety of structural changes in the standard;
chimera are being made in an effort to improve the frequency of
correction. One such change, removing the intervening DNA3
stretch in the molecule, appears to achieve this goal. In the
original concept of targeted repair by chimeric oligonucleotides,
we envisioned the RNA regions as stabilizers of the reaction
intermediate and it is possible that an all RNA strand facilitates
this binding even more. Furthermore, this data and preliminang
results using other structural modifications (H.Gangtel, in
preparation) lead us to believe that the initial correction event is
directed by the strardcking RNA residues.

The choice of the transformed HUH-7 liver cell line as a sources
of the extracts was predicated by the highly successful chimera-
based targeting reported for liver cellg,(L5). The frequency of
conversion is quite high ranging from 20 to 40%. Unfortunately,
we have not been able to achieve levels >0.2% reproducibly in the
cell-free extract system. Hence we are unable to unequivocall
state that the mechanism that we have uncovered is operationaldn
liver cells, but are satisfied that this mechanism can explain gene
repair in other cell types. Among the many possible reasons for
such a large discrepancy is that a complex of proteins, crucial1®
the gene repair process, is rendered dysfunctional during the
preparation of the cell-free extract. Alternatively, the pairin
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efficient in vitro. Furthermore, a significant difference in the 16
frequency of repair of point mutations versus deletions exists
supporting the observations reported byeYel (36). It is clear 17
that, in our hands, the repair of a deletion mediated by the
chimeric oligonucleotide is at least an order of magnitude lesg
than point mutation correction even in cultured cells (8t¥, 19
in preparation). 2
The present work establishes a biochemical system for
studying chimera-directed gene repair. The reaction involves the
hMSH2 protein and can facilitate point mutation and single base
insertion corrections. Itis important to note thatrhétro system 23
itself may be useful as a research tool for site-directed mutageneis
studies. These results also provide a biochemical basis for the
gene repair observations in mammalian cells and enable detailed
mechanistic studies of this process in a controlled environment 26
well as improving the frequency for applications such as
functional genomics and pharmacogenetics. 2
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