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ABSTRACT We have prepared heteroduplexes between
two plasmids that carry, in the same orientation, two H-2
¢DNA inserts, 1.15 and 1.0 kilobase long, respectively. Their
sequences encode two distinct class I transplantation antigens
of the mouse and differ by 8% of their nucleotides. Molecules
with a rearranged array of restriction sites were found after
transformation and cloning in an Escherichia coli recA™ host.
Nucleotide sequences showed that the rearranged molecules
derived their nucleotides from the two parental strands. Thus,
correction of these complex heteroduplexes takes place in E.
coli and probably involves repair mechanisms. It provides the
basis for a mutational process in which several nucleotides
(amino acids) can be altered in a single event. It also offers a
practical means of making genetic variants. Several other im-
plications are discussed.

Heteroduplexes can form in vivo by DNA strand exchange
between partially homologous, but not identical, sequences
(reviewed in ref. 1). They can also result from replication
mistakes. In Escherichia coli, the newly synthesized strand,
being transiently undermethylated, is preferentially correct-
ed (reviewed in refs. 2 and 3). E. coli dam™ mutants, defi-
cient in a major methylation activity, display high mutation
rates, as expected from random correction of either strand
4).

Heteroduplexes can be prepared in vitro, transformed into
living cells, and their in vivo correction can then be studied.
Such analyses have been carried out mostly in E. coli (5-8;
see ref. 1 for review). With heteroduplexes of A phage DNA
carrying up to four nucleotide mismatches, Wagner and Me-
selson (9) observed independent correction as well as cocor-
rection of the marker mutations. Heteroduplexes of simian
virus 40 (10, 11) and polyoma (12) mutants have been trans-
fected into mammalian cells, where mismatch repair is also
believed to take place.

These studies have been carried out with “simple” hetero-
duplexes, carrying one or a few nucleotide mismatches. Lit-
tle is known about the correction of more complex struc-
tures, involving many noncomplementary nucleotides,
which we, and others, suspect to be a mechanism capable of
generating considerable diversity (3, 13, 14; see below). Be-
cause this idea may explain some of the genetic polymor-
phism in eukaryotic multigene families (14), particularly in
the mouse H-2 genes studied in our laboratory, we have un-
dertaken an analysis of the fate of complex heteroduplexes.
As afirst step, these studies have been carried out in E. coli.

In the H-2 multigene family, which encodes the polymor-
phic class I transplantation antigens, proteins and genes ana-
lyzed so far display high homology, with 80-95% of identical
residues between any two aligned sequences (see refs. 15-18
for review). We have selected for study two blocks of H-2
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sequences, about 1 kilobase (kb) long, which differ in many
positions, prepared heteroduplexes in vitro, and transformed
them into E. coli. We report here that correction takes place,
and we discuss several implications.

MATERIAL AND METHODS

Bacterial Strains. The recA* and recA™ E. coli strains
used here were 803 supE supF r*"m*~ and 803 supE supF
r*"m¥~ recA™ (19). The recA~ strain has been periodically
tested in this laboratory for UV sensitivity, formation of
small colonies, and inability to support the growth of certain
A mutants. The dam™ strain was gM82 dam™ (4). Strains har-
boring pH-2%-1 and pH-2%-3 have been described (20, 21).

Enzymes and Isotopes. Restriction enzymes were pur-
chased from New England BioLabs and Bethesda Research
Laboratories and were used in the conditions recommended
by the manufacturers. Polynucleotide kinase was from
Boehringer Mannheim and terminal deoxynucleotidyl trans-
ferase from P-L Biochemicals. [y->2P]JATP and a-*?P-labeled
cordycepin (specific activity, 3,000 Ci/mmol; 1 Ci = 37
GBq) were purchased from Amersham.

Formation and Transformation of Heteroduplexes. One
plasmid (several micrograms) was digested by EcoRI and
HindIlI; the other was cut by BamHI and Sph 1. The plas-
mids were then extracted once by chloroform/isoamy! alco-
hol, precipitated by ethanol, and resuspended in 10 mM
Tris'HCl, pH 7.5/1 mM EDTA, at a concentration of 250
ug/ml; 500 ng of each plasmid was mixed in a final volume of
10 ul of the same buffer. The mixture was denatured by boil-
ing for 3 min in water. Annealing was for 4 hr at 63°C (22).
The sample was then diluted 1:10 in 0.1 M Tris*HCI (pH 7.1)
and aliquots containing 10-50 ng of DNA were transformed
into E. coli (23).

DNA Sequence Analysis. Nucleotide sequences were deter-
mined as described by Maxam and Gilbert (24) using DNA
fragments labeled by [y->*P]ATP and polynucleotide kinase,
or 3?P-labeled cordycepin and terminal deoxynucleotidyl
transferase (25).

RESULTS

Choice of Sequences. In the mouse, most somatic cells dis-
play at their surface three types of class I molecules, coded
by distinct loci (H-2D, K, and L) of chromosome 17 (re-
viewed in refs. 15-18). We have isolated previously two
cDNA clones, pH-2¢-1 and pH-2%-3, that probably encode
the H-2D and L products, respectively, in the d haplotype
(20, 21). These cDNAs were cloned in the bacterial plasmid
pBR322. The inserts are 1.15 and 1 kb long and represent
incomplete copies of the 1,800-nucleotide long H-2 mRNAs,
starting from poly(A) in 3'. They all encompass the third
extracellular domain, the membrane spanning region, and
the cytoplasmic COOH terminus of H-2 heavy chain, as well

Abbreviations: kb, kilobase(s); bp, base pair(s).
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Fi1G. 1. Preparation of heteroduplexes. The figure depicts the
formation of heteroduplexes with gaps in the Tc gene. Other mole-
cules are formed in the annealing reaction, particularly homodu-
plexes of truncated plasmids and concatenates of heteroduplex mol-
ecules. Examination of the annealed mixture by electrophoresis in-
dicated that, in our experimental conditions, the latter were much
less abundant (=20% or less) than circular heteroduplexes.

as 480 base pairs (bp) of noncoding sequence downstream
from the stop codon. We have selected for study pH-2¢-1
and pH-2%-3 in which the inserts have the same orientation
with regard to pBR322. Their nucleotide sequences can
readily be aligned. They differ in 86 positions including a 3-
bp deletion in pH-2%-1 and a 9-bp deletion in pH-29-3. In ad-
dition, the pH-29-1 insert extends 142 bp further at the 5’
end. It also carries a longer poly(A) tract in the 3’ end (40
residues versus 30 in pH-2%-3). The lengths of the G-C homo-
polymeric tails are roughly similar but have not been precise-
ly determined.

Preparation and Transformation of Heteroduplexes. pH-2°-
1 and pH-2%-3 were digested to completion with two sets of
restriction enzymes inactivating the tetracycline resistance
(Tc®) gene. Neither molecule alone could, in principle, con-
fer Tc® upon transformation, but heteroduplexes could, pro-
vided that the two single strand gaps are repaired (Fig. 1).

In control experiments, pBR322 was cut by one or the oth-
er pair of enzymes (EcoRI/HindIII or BamHI/Sph I). When
digested molecules of only one type were denatured and
reannealed, none or few TcR transformants were obtained.
When heteroduplexes of pBR322 digested by one and the
other set of enzymes were made, about 1-2 x 10° TcR trans-
formants per ug of DNA were obtained—i.e., 1/10th to
1/20th the number obtained with undigested pBR322 in a
recA~ or the isogenic recA* host (Table 1).

Heteroduplexes of pH-2¢-1 and pH-2%-3 were prepared.
The transformation efficiency was further decreased (Table
1). However, the number of TcR transformants was much
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FiG. 2. Restriction maps of rearranged clones. Plasmid DNA,
digested by one or several restriction enzymes, was subjected to
electrophoresis in a 1% agarose gel. The inserts are shown as bars
and plasmid DNA as a wavy line. The unique Sac I site present in all
plasmids is shown as v. Other enzymes used are indicated as fol-
lows: Bgl 11 (0), Hinfl (v), Hpa 11 (©), Rsa I (@). The regions in
which sequences were determined are indicated by arrows, the ori-
gins of which correspond to the restriction sites used for terminal

labeling.

higher than (10-fold or more) the backgrounds obtained with
self-annealed pH-2%-1 or pH-2%-3, or a mixture of nondena-
tured, or separately self-annealed plasmids (see legend to
Table 1).

Restriction Analysis of TcR Transformants. Sixty recA*
and 48 recA™ Tc® transformants were reisolated and plasmid
DNA was characterized by restriction mapping using Bg/ 11,
Hinfl, Hpa 11, and Rsa I, which readily discriminate be-
tween the parental molecules (Fig. 2). By this test, the 60
Tc® recA™ transformants distributed about equally between
the two parental types, and no other kind of molecule was
found. In contrast, 5 of the 48 plasmids isolated in the recA™
host displayed a novel combination of restriction sites; the
remaining 43 clones were of the two parental types (Table 1).

To examine the possible involvement of dam methylation
2, 3, 7, 8) we introduced pH-2%-1 and pH-2¢-3 into a dam™
host and prepared DNA. The extent of methylation of the
G-A-T-C sites was monitored with Mbo 1, Sau3A, and Dpn
I, which recognize the G-A-T-C sequence in different meth-
ylation contexts (26, 27). These controls (not shown) indicat-
ed that the sites were essentially all methylated or unmethy-

Table 1. Analysis of Tc® clones obtained on transformation by heteroduplex DNA

No. of +
Parental dam E. coli No. of TcR clones Clone type Clones
molecules methylation host transformants* analyzed pH-24-1 pH-24-3 Rearranged studied
pBR322/pBR322 +/+ recA* 1.7 x 10°
+/+ recA” 1 x10°
pH-2%-1/pH-24-3 +/+ recA* 7.4 x 10 60 30 29 0
+/+ recA™ 3.8 x 10° 48 19 24 5 pl32, p133
pl37, p138
—/+ recA” 5 x10° 24 4 18 2 pl34
+/- recA” 8 x10° 24 16 7 1
-/= recA” 1 x10° 20 7 12 1 pl36
pH-24-3/p133 +/+ recA” 8 x10°

*Per microgram of DNA; not normalized with respect to the transformation efficiencies measured with intact pBR322. The latter were about 4 X
10 transformants per ug of DNA in the recA* host, and 1.5 X 10%in recA ™, but varied 2- to 3-fold in different experiments. Backgrounds (often
0 and always less than 10°) have not been subtracted.

*Determined by restriction mapping only.
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Third domain T.M. C
pH-2d-l C-C-G-C-G-T-A-T-G-A-G-A-  -GGCAAGGAG-T-A-CA-G A-A-CA-A-A-C-T-C-G-T-C-A G-T-C-T-
pH-2d-3 T-A-C-T-A-A-C-A-T-G-T-C-CTG- -C-G-T6-C T-T-T6-G-G-T-G-T-A-C-A-G A-A-G-C-

o pl33 T-A-C-T-A-A-C-T-G-A-G-A-  -GGCAAGGAG-T-A-CA-G A-A-CA-A-A-C-T-C-G-T-C-A G-T-C-T-

=l pl3e -C-T-A-A-C-T-G-A-G-A

8l p132 -C-T-A-T-A-T-G-A-G-A-  -GGCAAGGAG-T-A-CA-G A-A-CA-A-A-C-T-C-G-T-C-A G-T-C-T-
pl34 -CTG- -C-G-TG-C T-T-TG-G-G-T-G-T-A-C-A-G A-A-G-C-
pl3s -CTG- -C-G-TG-C T-T-TG-G-G-T-G-T~A-C-A-G A-A-G-C-
pl37 -GGCAAGGAG-T-A-CA-G A-A-CA-A-A-C-T-C-G-T-C-G A-A-G-C-
pH-Zd-l A-TG-G-T6-A-C-CACA-A-GT-GT  TC-GC-C-AA-T-AC-C-C-T-T-G-C-C-T-A-A-G-A-

o pH-Zd-3 G-AC-T-GA-G-6-GGTC-C-CA-CATT-CT- -T-GT- -TG-T-T-C-G-T-A-G-G-G- -T-

Z| pl33 A-TG~G-TG-A-C-CACA-A-GT-GT -CT- -T-GT- -TG-T-T-C-G-T-A-G-G-G- -T-

§ pl34 G-AC-T-GA-G-G-GGTC-C-GT-GT -TC-GC-C-AA-T-TG-

| P138 G-TG-G-TG-A-C-CACA-A-GT-GT -TC-GC-C-AA-T-AC-

2| p137 G-AC-T-GA-G-G-GGTC-C-CA-CATT-CT- -T-GT- -TG-

F1G. 3. Nucleotide sequences of rearranged regions. The sequences are arranged with regard to the published sequences of pH-Zd-l and pH-
243 (20, 21), the latter being corrected for three printing mistakes. For simplicity, the only nucleotides shown are those different in the two
plasmids. They are separated by bars, indicating one or several identical nucleotides, or a blank, indicating a deletion with regard to the other
aligned sequence. Regions coding for the third extracellular domain, transmembrane (TM), and cytoplasmic (C) parts of the molecule are on
top, and the noncoding ones on the bottom. Sequence strategies are as described in Fig. 2.

lated on both strands in plasmids grown in the dam™ or
dam™ host, respectively. Heteroduplexes were then pre-
pared with one methylated and one unmethylated parent,
and transformed into E. coli recA™. Clones were analyzed as
described above. Most were of the methylated parental type
(Table 1), indicating that dam methylation plays a role.
When both parents were unmethylated, fewer transformants
were obtained. Several rearranged plasmids emerged from
these experiments, two of which were further analyzed (Ta-
ble 1).

The restriction maps of six plasmids with a rearranged H-2
sequence are shown in Fig. 2.

Partial Nucleotide Sequence of Rearranged Clones. For these
six clones, nucleotide sequences were determined in the re-
gion of heterologous restriction sites. In a search for varia-
tions undetected by restriction mapping, the entire sequence
of one clone (p133) was determined. Data are shown in Fig.
3. Sequences of rearranged clones match that of the two par-
ents without involving any new nucleotide.

DISCUSSION

We have prepared in vitro complex heteroduplexes from two
sequences differing by more than 8% of their micleotides and
shown that, on transformation and cloning in E. coli, rear-
ranged sequences can be obtained. This observation can be
accounted for either by two recombination events (between
truncated plasmid molecules present in the transformation
mixture, or between plasmids generated by replicational seg-
regation of the heteroduplexes) or by heteroduplex repair. In
other systems so far studied, the efficiency of repair pre-
vailed over recombination (5, 9). Furthermore, the rear-
rangements observed here occur apparently at random in a
bona fide recA™ host. We, therefore, favor heteroduplex re-
pair as the most simple and likely explanation.

Results in Table 1 indicate a bias in favor of the methylat-
ed parental sequence when the other one is undermethylat-
ed. This could mean that segregants of the parental types are
generated through dam-directed repair, but it might also re-
flect increased sensitivity of unmethylated strand in the he-
teroduplex to nucleolytic action. The latter hypothesis may
be more likely, because Pukkila et al. (8) have shown that

fully methylated heteroduplexes of A DNA are poorly re-
paired. The rescue of complex heteroduplexes as parental or
rearranged sequences may or may not use presently known
repair mechanisms. A variety of E. coli mutants deficient in
replication, recombination, and repair activities will have to
be studied to clarify this question.

In 60 clones isolated on transformation of recA* by
heteroduplex DNA, no plasmid displayed a rearranged array
of restriction sites. However, further experiments (unpub-
lished observations) show that rearranged clones can be
found, but they are 2 to 4 times rarer than in recA~. TcR®
transformants are 2 to 3 times more abundant, however.
Conceivably, part of the Tc® transformants obtained in
recA” arise by recombination between overlapping trunca-
ted plasmids, increasing the background of nonrearranged
clones. The figure of ~10% rearranged clones isolated in
recA” (5 out of 48) may be an underestimate, because they
were identified by restriction mapping, which may leave al-
terations undetected.

The summary of our present analysis of six rearranged
clones, together with the presumed structure of the initial
heteroduplex, is shown in Fig. 4. The structure of the six
clones can be interpreted as resulting from a single correc-
tion (repair) event in a region either internal to the H-2
cDNA sequences (p133, p134) or overlapping an unknown
length of adjacent pBR322 sequence (pl132, p136, pl37,
p138).

The 142 bp present in pH-2%-1 and absent in pH-2%-3 must
create a large loop in the heteroduplexes. Its correction does
not appear to be severely limiting in the production of viable
transformants because heteroduplexes that lack it (made of
pH-2%-3 and p133) do not yield many more TcR transfor-
mants (Table 1). The sequence corresponding to the loop is,
however, absent in five of the six clones and may, therefore,
be preferentially eliminated. This may not hold for smaller
loops because the 9- and 3-nucleotide insertions of pH-2¢-1
and pH-24-3 are retained in four and two clones, respective-
ly, out of six.

Nucleotide sequences fitting one or the other parent are
shown in Fig. 4. The overlaps correspond to sequences iden-
tical in pH-29-1 and pH-29-3. The lengths of the corrected
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FiG. 4. Structure of rearranged clones. (A and B) Pre-
p133 — - sumed structure of the starting heteroduplex, showing the
142-nucleotide loop in the S’ region of pH-2d-1; three
138 smaller loops of 3, 9, and 2 nucleotides; and a number of
P nucleotide mismatches depicted as small bubbles. Num-
bers in parentheses indicate the total number of different
p132 " nucleotides within various regions of the insert illustrated
i by the COOH-terminal moiety of a H-2 heavy chain (B).
134 i As in Fig. 3, the third domain, transmembrane (TM), and
P - y— =~ cytoplasmic (C) coding regions as well as the noncoding
region (NC) are indicated. (C) The pH-2%-1 and pH-2%-3
p138 .\ sy — inserts are shown as filled and open bars, and the Sau3A
(G-A-T-C) and EcoRII (CCA/TGG) sites are indicated as
p137 S and E, respectively. The rearranged clones are depicted
v — ~ as filled and open bars as explained in the text.

regions with borders in the overlaps are thus somewhat am-
biguous but vary in the approximate range of 75 bp (in p134)
to 400 bp (in p133) to 0.5 kb, 0.9 kb, or more in the others.
Earlier estimates of the average repair tracts with A hetero-
duplexes were in the 2- to 3-kb range (5, 9).

The G-A-T-C and CCA/TGG sequences that undergo
methylation in E. coli (28) are indicated in Fig. 4. We have
found so far no obvious correlation between their location
and that of the corrected areas, nor have we identified any
evident bias in the choice of substituted bases. Finally, all
sequences determined so far (a total of =3 kb) fit exactly one
or the other parental sequence. In this sense, the correction
process, apart from shuffling sequences, does not appear to
be grossly mutagenic.

Correction of complex heteroduplexes may be used as a
practical means of engineering genetic variants. One of its
interesting characteristics is that all features of the primary
structure common to both parents are conserved in the vari-
ants. Thus, plasmids p132, p133, and pl136, which display
rearrangements in the coding region, keep the appropriate
reading frame and represent mutants of the COOH-terminal
half of H-2 molecules. They, of course, retain all usual traits
of heavy chains (17) (glycosylation and phosphorylation
sites, cysteins in the appropriate position to make a disulfide
bridge, etc.).

Many sequences, particularly in the higher eukaryotes,
are only partially homologous and differ in many nucleo-
tides. In spite of this, it has often been postulated (3, 16, 29—
33) that they can undergo crossing-over and gene conversion
on the basis of their (partial) homology. As was emphasized
earlier (14), if hybrid DNA is involved in any of these genetic
exchanges, it must be in the form of complex heteroduplexes
between the partially homologous sequences. Beyond a pos-
sible important evolutionary significance (14) the resolution
of these complex heteroduplexes into homoduplexes has at
least two interesting implications. (i) It offers a mutational
mechanism capable of altering several nucleotides (amino
acids) in a single step, a process that has often been postula-
ted on the basis of amino acid sequence comparisons (34—
36). (i) It may be the source of considerable genetic diversity

(3, 13, 14) especially if independent correction events gener-
ate patchworks (see ref. 14 for elementary calculations on
the number of variants generated). In this regard, we pro-
posed in a variant of the mosaic gene model (16) that it might
account for at least some of the variations currently attribut-
ed to gene conversion (16, 29, 37, 38), which underlie the
polymorphism of class I histocompatibility antigens. Indeed,
our observation that an H-2 cDNA sequence could be
interpreted as a patchwork of two others (29) initially called
our attention to heteroduplex correction.

Our results are only valid for E. coli, where heteroduplex
correction may have played a role—for instance, in the evo-
lution of temperate phage genomes. Whether, as we predict,
an extrapolation will hold for genes of the higher eukaryotes
requires experimentation in animal cells. :
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