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ABSTRACT The hypoxanthine-guanine phosphoribosyl-
transferase (Hprt) gene has been mutated in mouse blastocyst-
derived embryonic stem cells by site-directed homologous
recombination. Embryonic stem cells were electroporated in
the presence of a targeting DNA fragment containing two
specific features: (i) The targeting DNA contained a promot-
erless neomycin phosphotransferase (neo) gene that, when
located within the endogenous Hprt locus, could be transcribed
from the promoter of the target locus. (ii) The targeting
fragment had two short regions of homology with the endog-
enous Hprt gene: one, 132 base pairs long and the other, 1.2
kilobase pairs long. Targeted cells in which the designed
homologous recombination event occurred were isolated either
by selection with G418 followed by 6-thioguanine or by
selection with 6-thioguanine alone. Even though <2 kilobases
of homology existed between the exogenous and target DNAs,
an average of 2.6 embryonic stem cells were successfully
targeted for every 105 colonies surviving electroporation. Six of
the Hprt- cell lines showed homologous recombination. These
six lines were further analyzed by nucleotide sequencing a
fragment that spans one crossover point after amplification by
the polymerase chain reaction. Four lines had the expected
sequence, whereas two lines had small deletions abutting the
132-base-pair region of homology.

The development of gene targeting by means of homologous
recombination between exogenous DNA and endogenous
genomic sequences in somatic cells (1) and in mouse
blastocyst-derived embryonic stem (ES) cells (2, 3) provides
a powerful method for obtaining mutations specifically de-
signed with respect to both type and location. Genetically
modified ES cells can develop into complex embryonic
structures in culture (4) and can produce transgenic animals
after reintroduction into blastocyst-stage embryos (5, 6).
Designed genetic modifications in ES cells in vitro should
therefore be valuable for studying embryogenesis in cell
culture and in the whole animal via transgenic mice.
We report gene-targeting experiments in which the hypo-

xanthine-guanine phosphoribosyltransferase (Hprt) gene was
inactivated in ES cells by homologous recombination be-
tween the native Hprt gene and mouse exogenous DNA
sequences containing the selectable neo (neomycin phospho-
transferase) gene. The exogenous DNA contained short
regions of homology with the target DNA as well as a
promoterless neo gene. The promoterless neo gene was
expected to substantially decrease the number of neo-
expressing colonies formed by random insertion of the
incoming DNA, while leaving unchanged the number of
G418-resistant colonies due to homologous targeting. The
fraction ofG418-resistant colonies correctly modified should,
therefore, increase considerably. To ensure that the hypo-
xanthine-guanine phosphoryltransferase (HPRT) enzyme en-
coded by the modified locus would be active, the exogenous

DNA was arranged to provide a translational stop and
reinitiation sequence at the beginning of the neo coding
sequences. Six neo-positive, Hprt-negative ES cell lines were
identified and analyzed. All of them resulted from homolo-
gous recombination; four were ofthe expected type, and two
contained small deletions immediately upstream of the re-
combination site.

MATERIALS AND METHODS

Culturing, Electroporation, and Selection of ES Cells.
ES-D3 cells (4) were cultured on embryonic fibroblast-feeder
layers as described (4) with the following exceptions. The
feeder layers used during selection were made from the
mouse embryonic fibroblast cell line STO (gift from M.
Evans, Cambridge, U.K.) (7); all feeder cells were irradiated
[3000 rads (1 rad = 0.01 Gy) for embryonic fibroblasts or 4000
rads for STO cells] rather than treated with mitomycin C.

Cells were harvested with trypsin and electroporated as
described (8) except that the field strength was 800 V/cm and
the capacitance was 200 /.LF. The cells were at a concentration
of 2 x 107/ml. Electroporation was done in the presence of
1.3 nM EcoRI-digested pTDA139 (see below) at room tem-
perature in ES cell culture medium [high-glucose Dulbecco's
modified Eagle's medium (GIBCO)/15% fetal bovine serum
(Flow)/1 x 10-4 M 2-mercaptoethanol]. Two minutes after
electroporation the cells were gently removed from the
electroporation chamber and plated at 5 x 105 cells per
100-mm Falcon tissue culture dish preseeded with feeder
cells. The feeder layers were either normal STO cells (already
6-thioguanine-resistant) or STO cells that we made G418-
resistant by electroporation with pSV2neo (9). One day after
electroporation the number of ES cell colonies growing on
the feeder layers was counted to determine the colony-plating
efficiency. At this time the ES cells on the G418-resistant
STO cell feeder layers were exposed to medium containing
G418 at 150 ug/ml for 5 days, and then the selection was
changed to 6-thioguanine at 10 ttM. Cells were not passaged
at this time. Cells on normal STO cell-feeder layers were not
treated with G418; four days after electroporation the ES
cells were passaged. 6-Thioguanine selection was initiated
one day later. The source plates for all passaged cells were
noted to record the independence of selected colonies. After
11 days of 6-thioguanine selection, colonies were mechani-
cally transferred with flame-drawn glass microcapillary pi-
pettes into four-well (Nunc) trays containing buffalo rat liver
cell-conditioned medium (10). Colonies that continued to
grow for 2 more days under 6-thioguanine selection were then
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passaged onto embryonic fibroblast-feeder layers for expan-
sion and maintenance in the absence of selection.

Construction of Targeting Vector. The plasmid pTDA139
was the source of the targeting DNA and was constructed as
follows. A 7-kilobase (kb) BamHI fragment containing exons
2 and 3 of the mouse Hprt gene (see ref. 11 for mouse Hprt
gene map) was isolated from a Charon 35 (12) genomic library
of BamHI-digested DNA from a female 129/Sv mouse and
subcloned into pUC13 (13). A 2-kb Bcl I-BamHI fragment
containing a promoterless copy ofthe neo gene (the promoter
region in pSV2neo is upstream of the Bcl I site) was prepared
from pSV2neo and ligated via Xho I linkers into the unique
Xho I site in the third exon ofthe 7-kb genomic BamHI clone.
The nucleotide sequence of the neo gene includes the
tetranucleotide ATGA at positions 1-4 relative to the start of
its translation. The length of the 5' Xho I linker was chosen
so that the second, third, and fourth of these nucleotides
create a premature stop codon, TGA, in the Hprt reading
frame. The first three nucleotides can, however, still serve as
a normal methionine initiation codon, ATG, for the neo gene.
We call this arrangement of the ATGA tetranucleotide a
stop-setback-start construct. (A detailed analysis of neo ex-
pression from this type of stop-stepback-start construct will
be presented elsewhere; see also ref. 14.) The sequence from
the 5' Xho I site to the neo start codon is given in Fig. 3.

Targeting (Exogenous) DNA. A 3.3-kb EcoRI fragment (see
Fig. 1) excised from pTDA139 was used as targeting DNA.
This fragment includes 132 base pairs (bp) of mouse genomic
Hprt gene sequences immediately 5' to the Xho I site in exon
3, the 2-kb promoterless neo-gene fragment from pSV2neo,
and 1.2 kb of mouse genomic Hprt gene sequences immedi-
ately 3' to the Xho I site.

Sequencing of Polymerase Chain Reaction (PCR)-Amplified
DNA Fragments. PCR amplification was done as described
(15). Twenty-nucleotide primers made on an Applied Bio-
systems DNA synthesizer at the Biotechnology Center,
University ofWisconsin-Madison, were used without further
purification except for one phenol and one chloroform
extraction. The New England Biolabs PCR reaction mixture
was modified to 67mM Tris-HCI, pH 8.8/6.7mM MgCl2/16.6
mM (NH4)2SO4/10 mM 2-mercaptoethanol/6.7 ,uM Na2-
EDTA/10% (vol/vol) dimethyl sulfoxide containing dATP/
dCTP/dGTP/dTTP at 330 uM each, 1.5 ,ug of each primer,
and 1 unit of Taq polymerase (Thermas aquaticus DNA
polymerase; New England Biolabs) per 25 ,ul. From each
targeted cell line, 2 ,ug ofgenomicDNA was amplified (4 x 500
ng in 25-,ul reaction mixtures). Each sample was overlaid with
20 ,u of light paraffin oil and amplified in an automatic
temperature-shift apparatus for 40 cycles (one cycle = 15-sec
melt time at 90°C and 5.5-min reaction time at 600). An
additional 1 unit of Taq polymerase was added after the first
20 cycles. The reaction products were pooled, ethanol pre-
cipitated, and then separated by 6% acrylamide gel electro-
phoresis. The amplified fragment was eluted from the gel by
dialysis, ethanol precipitated, and washed. The fragments
were end-labeled with [y32P]ATP and T4 polynucleotide
kinase and denatured on strand-separation gels; the individual
strands were sequenced by the method ofMaxam and Gilbert
(16) with modifications as described (17).

RESULTS
Targeting Scheme. The overall scheme for the targeted

mutation of the Hprt gene is diagrammed in Fig. 1. The
fragment chosen for use as the transforming DNA (the 3.3-kb
EcoRI fragment from pTDA139 as described) contains 2 kb
of promoterless neo-gene sequences inserted into the Xho I
site of the 1.3-kb EcoRI fragment from the Hprt gene that
includes exon 3. This arrangement gives 132 bp of homology
on the 5' side and 1.2 kb of homology on the 3' side of the
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FIG. 1. Experimental design for homologous targeting of the
mouse Hprt gene. The designed homologous recombination event
requires the replacement of the endogenous 1.3-kb EcoRI fragment
surrounding the third exon of the Hprt gene, with a 3.3-kb fragment
from pTDA139, in which the 2-kb promoterless neo gene has been
inserted into the Xho I site of the exon. Dashed lines define the
lengths of homology between the target Hprt locus and the targeting
DNA. Diagnostic restriction fragments and the 400-bp PCR-
amplified fragment are shown to scale underneath the recombination
scheme. For purposes of clarity the exon sizes are exaggerated. *,
HPRT-encoding DNA; *, DNA exons; o, neo gene; R, B, and X,
EcoRI, BamHI, and Xho I sites; S, translational stop-stepback-start
ATGA sequence; *, oligonucleotide primers for PCR.

inserted neo sequences. The targeting scheme is designed to
replace exon 3 of the Hprt gene with the neo-disrupted exon
3 contained in the targeting sequences. The planned replace-
ment event requires crossovers within the two regions of
homology at the ends of the incoming DNA and will increase
by 2-kb the length of restriction fragments spanning the
recombination site. Genomic fragments and PCR-amplified
fragments that can be used to diagnose the replacement event
are shown (Fig. 1) and described in more detail below.

In our first experiment, 108 ES-D3 cells were electroporat-
ed in the presence of EcoRI-digested pTDA139 at 5 JLg/ml,
resulting in a molarity of the 3.3-kb fragment of 5 nM. After
24 hr the treated cells were selected with 400 ,ug of G418/ml
for 16 days. Eleven G418-resistant colonies were obtained.
About 2000 resistant colonies were obtained when the same
number of cells were treated with pSV2neo under similar
conditions. These numbers demonstrate that the promoter-
less neo gene construct reduces the number of G418-resistant
transformants by >100-fold compared with that obtained
with pSV2neo. This reduction supports our expectation that
the promoterless gene will only be expressed at a restricted
number of loci compared with pSV2neo. Nine of the 11
G418-resistant colonies were further selected with 6-
thioguanine. Only one survived. Southern blot analysis (18)
showed, however, that this G418/6-thioguanine-resistant cell
was not targeted (data not shown), suggesting that the stop-
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stepback-start neo gene in the Hprt locus might not be
expressed sufficiently to protect the targeted cells from G418
at 400 Aug/ml. Experiments were therefore carried out in
which the ES cells were electroporated in the presence of the
3.3-kb targeting fragment and then either (i) doubly se-
lected-first for 5 days with 150 ,ug/ml (a low level of G418
resistance that we found sufficient to kill ES cells after 14
days) and then with 6-thioguanine or (ii) selected with
6-thioguanine alone. Four 6-thioguanine-resistant colonies
were obtained from the double-selection experiment, and five
such colonies from selection with 6-thioguanine alone. Al-
though both schemes yielded targeted colonies (see below),
it is preferable to apply G418 selection for a short time before
changing to 6-thioguanine selection for two reasons. First,
some time is needed for residual, wild-type HPRT message
and protein to be degraded by the targeted cells that can no
longer synthesize the HPRT enzyme; when 6-thioguanine
selection is applied too soon, residual HPRT can produce
lethal levels of 6-thioGMP. Second, a short period of G418
selection slows ES cell growth sufficiently to eliminate the
need for passaging cells before beginning 6-thioguanine
selection.

Southern Blot Hybridizations Diagnostic for the Targeting
Event. DNAs from the nine 6-thioguanine-resistant colonies
were prepared and digested with EcoRI for analysis by
Southern blot hybridization. Results after hybridization with
an exon 3-specific probe are shown in Fig. 2A; Fig. 2B shows
the results after hybridizing the same blot with a neo-specific
probe. In lanes 4-6 and 11, a 3.3-kb fragment hybridized to
both probes, but no 1.3-kb band was found-the expected
pattern for the desired recombination event. The 6-thio-
guanine-resistant cells of lanes 2 and 9 are not HPRT-
deficient from targeting for two reasons: (i) The exon-3 probe
hybridizes only to the 1.3-kb fragment characteristic of the
parental ES-D3 cells and the embryonic fibroblast-feeder
cells (lanes 12 and 13, respectively); (ii) no hybridization is
seen with the neo-specific probe. They are probably spon-
taneous HPRT mutants that had arisen during earlier pas-
sages of the cells. (We expected some spontaneous mutants
because the starting ES cells had not been freed from
HPRT-deficient cells by selection in hypoxanthine, amino-
pterin, and thymidine before the experiments.) One colony,

A

1 2 3 4 5 6 7 8 9 10 11 12 13

represented in duplicate in lanes 7 and 8, is 6-thioguanine-
resistant and also hybridizes to the neo-specific probe; yet, it
has no neo insertion in exon 3 and requires further analysis.
The DNAs in lanes 3 and 10 contain an 8.7-kb fragment that

hybridized to both probes. This 8.7-kb band suggests the
occurrence of a homologous recombination event accompa-
nied by loss of the EcoRI site at the 5' end of the recombi-
nation zone (see Fig. 1). Hybridization of both probes to
Southern blots of the same DNAs after digestion with
HindIII, which does not cut within the recombination zone,
detects a single 9-kb band in the same two samples, as well
as in the other four targeted lines (data not shown). These
data indicate that the two cell lines represented in lanes 3 and
10 were, indeed, modified by targeting. The loss ofthe EcoRI
sites must, therefore, have been due to some additional event
(see below). Thus, of the nine 6-thioguanine-resistant cell
lines obtained, six were modified by targeting.

Characterization of the Loss of the EcoRl Site Adjacent to
the Recombination Zone. To characterize the loss of the
EcoRI site in the two lines represented by lanes 3 and 10 in
Fig. 2, the region of DNA spanning the 5' crossover sites in
all six targeted ES cell lines was amplified by PCR, and the
amplified fragments were then sequenced. The binding sites
of the primers used and the location ofthe resulting amplified
fragments are depicted at the bottom of Fig. 1. The primer
sequences are shown in Fig. 3. Data show that the nucleotide
sequences are as expected in the four cell lines with the
EcoRI site but that the two clones lacking this site have small
deletions (14 and 37 bp, respectively) immediately 5' to the
region of homology (Fig. 3).

Activity of the Promoterless neo Gene in the Hprt Locus. In
the experiment with G418 preselection, all four 6-
thioguanine-resistant lines subsequently obtained had been
targeted. In the experiment without G418 preselection, two of
the five 6-thioguanine-resistant lines had been targeted, but
the other three lines appear to have resulted from spontane-
ous mutations. We questioned how much G418 resistance
was provided by the neo gene incorporated into the Hprt
locus in the stop-stepback-start configuration. The degree of
G418 resistance conferred upon the targeted cells was there-
fore titered in buffalo rat liver cell-conditioned medium
(which eliminates a small degree ofG418 protection provided
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FIG. 2. Southern blot hybridizations of genomic DNA from 6-thioguanine-resistant colonies. Genomic DNA from 6-thioguanine-resistant
and control cell lines was digested with EcoRI, and the blots were probed with a nick-translated human cDNA fragment-containing exons 2 and
3 of the Hprt gene (A), or pSV2neo (B). Lanes: 1, marker mix; 2-11, nine 6-thioguanine-resistant ES cell lines (lanes 7 and 8 contain DNA from
the same cell line); 12, the parental cell line ES-D3; 13, primary embryonic fibroblast-feeder cells. Less DNA was loaded in lanes 12 and 13
than in the other lanes.

Genetics: Doetschman et al.

Jr

4W;



8586 Genetics: Doetschman et al.
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201 gtaagaagtatttgttataaaagataaatattcagaatcttctttttaattcctgattttatttctatagGACTGAAAGACTTGCTCGAGGGATCAAGAG
A __
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FIG. 3. Nucleotide sequences across the 5' end of the recombination zone in six targeted cell lines. Two micrograms of genomic DNA from
each of the six targeted cell lines were amplified by PCR to obtain the desired 400-bp fragment (see text). The 14- and 37-bp sequences that had
been deleted in two targeted lines are underlined with bars. ---, The two oligonucleotide primers used for PCR. Nucleotides 1-152 are sequences
found exclusively in the endogenous Hprt locus and not in the targeting DNA. Nucleotides 153-400 were present in the targeting DNA.
Sequences from the EcoRI to the Xho I sites (brackets over and under the sites, respectively) were common to both endogenous and targeting
DNA. Sequences downstream ofthe Xho I site are from the neo construct. Uppercase letters designate coding sequences, and the upward arrow-
head indicates the boundary between intron 2 and exon 3 of the Hprt gene. Translation of the Hprt gene (solid overline) runs through (broken
overline) to a stop codon and then re-starts for the neo gene (solid underline).The stop-stepback-start tetranucleotide, ATGA, is boxed. The
one-letter amino acid code appears either above or below the nucleotide sequence.

by neo-resistant feeder cells). The parental ES-D3 cells were
found to be killed at a G418 concentration of 75-100 ,ug/ml.
The cells modified by targeting died at a G418 concentration
between 150 and 175 ,ug/ml. Thus, the Hprt promoter in
conjunction with the stop-stepback-start arrangement of the
promoterless neo gene provided an 2-fold increase in G418
resistance to the targeted cells.

Targeting Efficiency. There are several ways to express the
frequency of successful targeting (Table 1). One way (cor-
rected targeting efficiency, Table 1, column 5) is to note that
for every 105 colonies that grew after electroporation and
subsequent plating without selection, 1.3-5.3 colonies were
from targeted cells. Another way to express the targeting
frequency is with reference to the number of cells treated
(overall targeting efficiency, Table 1, column 4). In this case
the frequencies ranged from 0.4 to 1.6 targeted cells per 106
treated cells.

DISCUSSION
Two techniques useful for finding cells modified by gene
targeting are the incorporation of an expressed drug-
resistance gene as transfection tag and PCR screening of the
transformed cells. Our results have implications for both
techniques. We demonstrated a different way in which a
drug-resistance transfection tag can be manipulated to limit
irrelevant marker-positive transformations. Specifically, our
construct contained a promoterless selectable marker gene
that could be expressed from the promoter of the host target
gene after targeting. Because most insertions of the promot-
erless construct at nonhomologous sites within the genome
lack a promoter, the background of irrelevant drug-resistant

Table 1. Frequency of targeted mutation of the Hprt gene in
ES-D3 cells

Overall Corrected
Treated Surviving Targeted targeting targeting
cells colonies* cells efficiencyt efficiencyt

2.5 x 106 7.5 x 104 4§ 1.6 x 10-6 5.3 x 10-5
5.0 x 106 15 x 104 21 0.4 x 10-6 1.3 x 10-5

*Colonies that formed after electroporation and replating. On the
average, an estimated 3 colonies were formed from every 100 cells
electroporated in the absence of DNA.
tNumber of targeted cells per number of treated cells.
tNumber of targeted cells per number of colonies surviving electro-
poration and plating.
§Selection was first with G418 and then with 6-thioguanine.
ISelection was with 6-thioguanine only.

transformants is greatly reduced. The level of protection
against G418 derived from the Hprt-integrated neo gene is,
however, less than that seen from a simian virus 40 promoter-
driven neo gene. This difference may reflect the relatively
modest transcription level of the Hprt gene, estimated to be
expressed in mouse cells at levels such that :0.01% of
mRNA molecules are Hprt-derived (19). Or the difference
could also reflect a decrease in the stability of the fusion
transcript because of its unusual translation pattern. In these
experiments, the stop-stepback-start construction driven by
the endogenous Hprt promoter could confer G418 resistance
on ES cells of =50-75 ,g/ml above the 75-100,g/ml that
they tolerate without the neo gene. By enriching for targeted
recombinants among cells surviving G418 selection, this type
of neo-gene construct may be useful for insertional mutagen-
esis of other expressed loci.
Broad application of gene targeting depends on the devel-

opment of techniques that allow cells genetically modified by
gene targeting to be identified by screening rather than by
selection. With current methods, =1 in 104-1 in 106 of the
colonies surviving the entire transformation procedure be-
come modified in the designated way (1-3). Detecting cells
with the desired modification is consequently difficult unless
the altered gene confers some selectable phenotype on the
cell. PCR amplification is expected to help detect these rare
events (15). A prerequisite for PCR amplification is that the
oligonucleotide primers hybridize on the same DNA mole-
cule sufficiently close to each other to allow amplification.
Detection of a targeted recombinant sequence by PCR
amplification requires that one of the two primers be chosen
to hybridize with sequences specific to the target locus and
the other be chosen to hybridize to sequences specific to the
exogenous DNA. In this way only the recombinant fragment
will be exponentially amplified. Currently, the practical limit
of PCR amplification is =2 kb. Consequently, at least one
homologous end of the integrating DNA must be short. This
prerequisite was met by the 3.3-kb fragment from pTDA139,
in which both homologous ends are shorter than 2 kb, one
carrying only 132 bp and the other 1.2 kb of homology to the
target locus. In experiments reported elsewhere (15), use of
these Hprt-modified cells illustrate that the PCR method can
detect a few targeted cells either alone or mixed with a
10,000-fold excess of nonrecombinant parental cells.
We estimated the frequency of gene targeting as the

number of correctly modified, 6-thioguanine-resistant cells
relative to the number of colonies that would have been
obtained after electroporation and subsequent replating with-
out selection. Under our experimental conditions, about half
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of treated ES cells are killed by electroporation and about six
colonies grow from every 100 cells that survive electropora-
tion. We obtained similar numbers in earlier experiments
involving the Hprt locus of ES cells (3). To compare these
two data sets with each other and with the data ofThomas and
Capecchi (2), who also targeted the Hprt locus, we applied
the overall targeting efficiency as described and reported in
Table 1. Overall frequencies of gene targeting are then 0.02-
0.3 x 10-6 (2), 0.4-2.7 x 10-6 (3), and 0.4-1.6 x 10-6 in the
present experiments. The amounts of homology to the target
locus that were used were 3.7-9.7 kb (2), 3-5 kb (3), and in
this work, 1.3 kb. Although increasing the amount of homol-
ogy clearly increases targeting efficiency (2), it is uncertain
why the 3-5 kb ofhomology in our earlier experiments (3) and
the 1.3 kb ofhomology in these experiments targeted the Hprt
locus at higher frequencies than those obtained by Thomas
and Capecchi (2). Because the transformation efficiencies for
pSV2neo and the rate of cell death caused by electroporation
were roughly the same in both laboratories, technical factors,
such as cell culture conditions or electroporation differences,
probably did not play a significant role. Possibly the specific
sequences of the exogenous DNA and/or the homologous
part of the target locus will prove to be important.
The fidelity with which homologous gene-targeting events

occur is of interest. Restriction mapping of modified target
genes can assess fidelity, but such mapping is largely limited
to detecting predicted fragments. At this level of detection,
the homologous event usually appears to occur as planned.
However, unless mutations affect gene function (20) or affect
a restriction site diagnostic for the targeting event (as shown
here), small insertions, deletions, or point mutations may go
undetected. We detected a missing EcoRI site adjacent to the
5'-crossover point in two ofthe six targeted lines studied. The
EcoRI restriction site at the equivalent point at the other end
of the recombination locus remained intact during the re-
combination event. Sequencing of 400 bp spanning the
5'-crossover point showed four of the six targeted lines to be
as expected, but two lines with missing EcoRI sites suffered
small deletions. Sequences close to these deletions contained
no repetitive elements to account for the deletions. A
potential small stem-loop structure could have been formed
within the sequences of the 37-bp deletion, but no such
potential structure was detected within the sequences of the
14-bp deletion. Small deletions adjacent to partially homol-
ogous crossover points were reported by Anderson et al.
(21), who analyzed six recombinant junctions formed when
two cotransforming plasmids recombined with each other in
mouse L cells. They found that the crossover points were in
partially homologous areas in all cases (complete homology
was not possible). In five oftheir sixjunctions, deletions were
found immediately adjacent to the crossover points; in three
of those five cases, a small insertion of 17-19 bp ofDNA was
sandwiched between the crossover point and the beginning of
the deletion. Especially noteworthy in the present context
was their observation that the lengths of the deletions came
in multiples of =13 to 14 bp: 14, 27, 39 and 41, and 54. The
two deletions that we found are 14 and 37 bp long, which
suggests that they were generated by the same mechanism.
Though neither Anderson and his collaborators nor we can
yet describe the involved mechanism, their hypothesis is
interesting-that a nucleic acid-protein complex partially
unwinds both DNA helices to =13.5 bp per turn, thereby
making the unwound helix vulnerable to nuclease activity at
multiples of this helical repeat. Consistent with this hypoth-
esis is data from an analysis of the dysmyelinating shiverer
mouse mutation (22). The shiverer mutation contains a 13-bp
deletion in one of the recombining strands between the
breakpoint (which occurs at a region of partial homology) and
the reunion site.

The presence of deletions immediately adjacent to the
crossover were found only at the shorter end of homology in
our experiments. This could be from chance or it may
indicate that short homologous lengths are more error-prone.
Several groups using plasmid x plasmid intermolecular (23)
or plasmid intramolecular (24, 25) homologous recombina-
tion systems have reported that the efficiency of homologous
recombination drops quite rapidly when the total length of
homology between the recombining partners is <200-300 bp.
Possibly, a protein-nucleic acid complex involved in the
recombination requires a minimum length of homology to
function properly. In our experiments total homology was 1.3
kb, and the efficiency of recombination was high, but possibly
the shorter 132 bp of homology on one side induced occa-
sional infidelities.
With respect to the precision of gene targeting, our data

imply that restriction mapping alone is not always adequate
to show whether the expected recombination event occurred.
Nevertheless the data show that in many cases, the recom-
bination event does occur exactly as experimentally de-
signed.
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