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ABSTRACT  This paper reports an in vitro system for
studying generalized genetic recombination. The system uses
extracts from Escherichia coli as a source of enzymes and
plasmid DNA molecules as substrates. Unit-size plasmid DNA
rings are converted into genomes f at a region of DNA

at a frequency of about 5-10% over a period of hours.
That the fused structures are the result of recombination is
suplported by two lines of evidence. When two partially ho-
mologous plasmids of different sizes are used as substrates for
the in vitro system, intermediates containing one plasmid of
each size are obtained. Furthermore, structures are not
formed with high efficiency in extracts from recombination-
deficient (Rec A™) cells.

DNA ?'nthesis does not appear to be required for the for-
mation of the recombination intermediates; it is ible to omit
DNA precursors from the reaction mixture and, furthermore,
to develop the fused structures even in the presence of chain-
termininating dideoxynucleoside triphosphates.

The structures formed in vitro have the basic properties of
recombination intermediates previously recovered from intact
cells. That is, two genomes are demonstrably fused at a region
of homology. However, in one way the m
have a progerty less fre%:ently observed in vivo—the fused
genomes often appear to be connected over an extended region
of homology ranging up to several hundred base pairs in length.
This extended region of pairing may indicate tﬂe resence of
two crossover connections very close together and, as will be

i , may provide an insight into the mechanism by which
the recombination intermediate is formed.

One touchstone for analyzing the mechanism of genetic re-
combination is based on the isolation of structures actively en-
gaged in the recombination process. Fig. 1 shows a set of plas-
mid DNA molecules that have been recovered from intact cells
and identified as intermediates in recombination. These forms
were obtained when recombination-proficient cells were lysed,
their plasmids were isolated, and the DNA was examined in the
electron microscope (8-10). With this procedure, which allows
the study of individual DNA molecules, it was possible to ob-
serve structures shaped like a figure 8 and (after linearization
with the restriction enzyme EcoRI) structures shaped like the
Greek letter chi (x). These forms were judged to be recombi-
nation intermediates because (i) they contained two genome-
length elements; (i) these elements were connected at a region
of homologous DNA; and (iii) these forms were absent in re-
combination-deficient (Rec A~) bacteria.

About 1500 in vivo plasmid x forms were photographed and
analyzed. In 100 instances, it was possible to observe the nature
of the polynucleotide strand connections in the region of the
crossover. An example is shown in Fig. 1g where the individual
strands can be seen, crossing over from one genome to the other.
These molecules appear to have a single crossover connection,
and the arrangement of the polynucleotide strands provides
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in vitro-

physical evidence in support of a particular recombination
intermediate first proposed on genetic grounds in 1964 by
Holliday (1-3).

In addition to the plasmid DNA molecules shown in Fig, 1,
physical evidence in support of the Holliday recombination
intermediate comes from the work of Warner and Tessman and
their colleagues with S13 and G4 (5, 11), Benbow et al. with
$X174 (12, 13), and Valenzuela and Inman with A (14).

Having confidence in the structure of an intermediate stage
through which two DNA molecules pass during recombination,
one would like to make the transition from the level of molec-
ular biology to the mechanistically more specific level of en-
zymology. In the end, one would like to understand recombi-
nation as a series of steps through which known enzymes process
two DNA molecules, leading to an exchange of genetic infor-
mation. This paper reports our initial results in developing a
system that carries out generalized recombination in vitro.

Formation of fused structures in vitro

The figure 8 and derived x form shown in the upper electron
micrographs in Fig. 1 were in fact formed in vitro. These
molecules consist of fused genomes and resulted when mono-
mer-size plasmid DNA rings were incubated over a period of
hours in an extract prepared from recombination-proficient
E. coli cells.

The method for the preparation of the cell extract is given
in detail in the legend to Fig. 2. In brief, cells were grown in
nutrient broth and harvested during logarithmic growth. The
cells were then broken open by lysozyme digestion and
freeze-thaw treatment. After the lysate was cleared of cell de-
bris and host DNA by a high-speed centrifugation, the resulting
supernatant was filtered to remove unlysed cells and passed over
a Sephadex column to remove small molecules (Fig. 2). To the
freshly prepared cell extract purified monomer-size DNA rings
of the plasmid pMB-9 were added to a final cos0 entration of
100 ug/ml. Based on the molecular mass of the plasmid (3.4 X
108 daltons), the concentration of the DNA molecules in the
reaction mixture can be calculated as 1.5 X 10'3/ml. This cor-
responds closely to the concentration of plasmid molecules
within the intact cell where 20 plasmids exist in a volume of 5
X 10~13 ml. Whereas the plasmid DNA concentration in the
reaction mixture approximated that found in vivo, the cellular
enzymes were present at least a 1:10 dilution. The cell extract
and the added monomer-size plasmid DNA rings were incu-
bated at 37°, and aliquots were withdrawn over a period of
hours for analysis by electron microscopy.

The plasmid DNA was stable during the incubation period:
98% of the DNA molecules continued to appear as circles for
periods up to 16 hr. Only at later times (25-30 hr) was there

- evidence for substantial degradation of the DNA.

During the incubation an increasing number of monomer
rings were converted to multimeric circles. The percentage of
multimers increased from less than 0.2% at 0 hr to about 10%
at 16 hr (Table 1). The appearance of these fused structures, in
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FIG. 1. When plasmids are isolated from recombination-proficient E. coli, one finds, at a level of about 1%, fused genomes that appear to
be intermediates in genetic recombination. These molecules have the shape of a figure 8. When cut with the restriction enzyme EcoRI, the figure
8s assume the shape of the Greek letter chi (x), thus showing that they consist of two genomes held together at a point of DNA homology. Such
molecules can be fit into a prototype scheme for genetic recombination. In its simplest form the two genomes to be recombined may be pictured
as undergoing a set of nicking and reciprocal strand exchange events leading to the production of a single crossover (@ — d). Such an intermediate
was proposed by Holliday on genetic grounds because of the ability of the crossover connection to move laterally to create regions of heterozygous
DNA (d — e) (1-5). Although there is physical evidence for the existence of the Holliday recombination intermediate, the specific strand-nicking
and exchange mechanism shown here for forming the intermediate remains hypothetical. As will be discussed, the data of the current paper
suggest that a different initiation mechanism may in fact be responsible for the formation of the recombination intermediate.

Panels g-i show the proposed maturation of the recombination intermediate. Because of its symmetry, it is expected that the intermediate
can be processed in either of two related ways to yield different pairs of recombinant chromosomes (3, 6, 7). This dual maturation potential is
most easily visualized if one considers the intermediate in the planar representation shown in g. One maturation pathway cuts diagonally across
the intermediate along a north-south axis and leads to the formation of a pair of reciprocally recombinant chromosomes in which the genes on
either side of the crossover emerge in a new linkage (h’). In the alternative maturation pathway, nicking along an east-west axis leads to the
separation of the two recombining chromosomes—but this time the genes on either side of the crossover are left in their original linkage (h).

The three electron micrographs in the lower part of the diagram came from intact cells; those in the upper part were formed in vitro.

more than 20 independent cell extracts, provided an initial
indication of a “recombinase” activity in vitro.

Examples of multimeric circles formed in vitro are shown
in Fig. 3. At early times, the multimers had the shape of a simple
figure 8 (Fig. 3 A and B). Later, more complex multimers arose
(Fig. 3C); these involved several circular plasmid genomes and
were interpreted as resulting from the interaction of monomers
with previously formed multimers.

Multimers formed in vitro consist of pairs of unit-
length genomes fused at a region of DNA homology

The figure 8, although a highly suggestive structure, is inher-
ently ambiguous. Although such a geometry could represent
two genomes covalently held together at a region of DNA
homology (as in Fig. 1d), two alternative interpretations are also
possible: the figure 8 could result from a double-length circle
accidentally crossing itself in the middle or from two monomer
circles interlocked like links in a chain. When dealing with this
problem in vivo, we removed the ambiguity associated with
the figure 8 by cleaving the plasmid DNA forms with the re-
striction enzyme EcoRI prior to electron microscopy. Whereas
double-length circles and interlocked monomer rings are ex-
pected to separate into two unit-size rods upon enzyme diges-
tion, the persistence of x-shaped structures with two pairs of
equal-length arms indicates two genomes held together at a
point of DNA homology. We have used the same method to
determine the nature of the plasmid figure 8s formed in vitro.
As shown in Fig. 1 and Table 1, when the plasmid DNA forms

were cut with EcoRlI, the preparations were found to contain
5-10% x forms amid a simple background of unit-length
plasmid rods. By this criterion, the fused structures made in
vitro have one of the basic properties of the recombination
intermediates recovered from intact cells.

A cell-free system derived from frog oocytes has recently
been developed by Benbow and Krauss (15; see also 16) and,
like the bacterial system described here, appears to be active
in fusing circular DNA molecules.

Recombination or replication?

Although the fused structures formed in vitro involve two ge-
nomes held together at a point of DNA homology, one must be
concerned that processes other than recombination could
produce them. In fact, it was evident that DNA replication was
occurring in the reaction mixture, giving rise to Cairns type
replicating intermediates (Fig. 4 left). Because, in the terminal
stage of replication, the two daughter genomes of an almost-
duplicated Cairns form are still held together at a point of DNA
homology, the structure will have a figure 8 appearance and
is expected to give rise to a x form when cut by EcoRI (Fig. 4
right).

Three lines of evidence, however, indicate that the fused -
structures are not the product of replication, but rather repre-
sent recombination.

(i) An initial indication that the x forms were not derived
from near-terminal replicating intermediates came from the
fact that the point of contact between the two genomes varied
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F1G. 2. Preparation of the reaction mixture. Recombination-
proficient E. coli (MM 294 from Matthew Meselson) were grown in
nutrient broth (10 g of Bactotryptone, 1 g of yeast extract, and 8 g of
NaCl per liter) to about 4 X 108 cells per ml at 37° with aeration. The
cells were harvested by centrifugation (4000 X g for 10 min at room
temperature). The drained pellets from 300 ml of cells were then re-
suspended at room temperature in 0.5 ml of 50 mM potassium phos-
phate buffer (pH 7.4) containing 10% sucrose, quick-frozen in liquid
nitrogen, and thawed on ice. Lysozyme and KCl were added to 500
ug/ml and 80 mM, respectively, and the mixture was incubated for
30 min on ice. After a second freezing in liquid nitrogen and thawing
on ice, the cell lysate was cleared of host DNA and cell debris by a
high-speed centrifugation (57,000 X g, 2°, 30 min). The resulting
supernatant was filtered through a Uni-pore polycarbonate filter
(0.2-um pores) to remove unlysed cells. The filtrate was then loaded
on a Sephadex column (G-25 coarse) equilibrated with 50 mM po-
tassium phosphate buffer (pH 7.4) containing 10% sucrose and 1 mM
2-mercaptoethanol and eluted with the same buffer. As judged by the
addition of radioactive ATP (O - - - O), the column was effective in
removing about 98% of the cellular metabolic precursors originally
present in the extract. Fractions were collected, and those containing
the Asgp peak material (@ —@) were pooled and used directly in the
reaction mixture.

To make the final reaction mixture, the cell extract was diluted 1:1
with potentially useful metabolites to give final concentrations of 100
uM deoxyribonucleoside triphosphates, 4 mM ATP, 200 uM for the
other ribonucleoside triphosphates, 1 mM each for NAD*, NADP+,
and NADPH, 2 mM phosphoenolpyruvate, 5 mM spermidine, 6 mM
mercaptoethanol, 20 mM MgClg, and 150 mM potassium phosphate
buffer (pH 7.8).

(compare the x forms in Fig, 1 and Fig. 6). The point of contact
was not confined to the terminus of DNA replication which,
in this colicin El-related plasmid, is 20% from the EcoRI
cleavage site. Moreover, the addition of rifampicin to 15 pug/ml
(which inhibits the RNA polymerase priming required for a
round of plasmid DNA replication) did not prevent the for-
mation of multimers (Table 1).

(#) Next, to provide direct evidence that the fused structures
represented a recombination event, we supplemented the re-
action mixture with two different but partially homologous
plasmids (pMB-9 and pBR-322, both related to the plasmid
colicin E1). These plasmids were readily distinguishable in the
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FIG. 3. (A and B) Figure 8s formed in vitro. (C) A multimer
consisting of three fused monomer rings. The fused structures in this
study are not likely to be the result of accidental overlaps between
monomer rings, because the DNA was spread for the electron mi-
croscope at high dilution (see top line, Table 1).

electron microscope because of their difference in size (5500
and 4300 base pairs). As shown in Fig, 5 and Table 1, these re-
action mixtures developed composite figure 8 molecules that
could be cut by EcoRlI to give composite x forms.

(##) Finally, as expected on the basis of our previous in vivo
results, fused plasmids did not arise with high efficiency in
extracts made from recombination-deficient (Rec A~) cells
(strain MM 152, see Table 1).

On the basis of these data, the fused structures formed in vitro
appear to be products of recombination, not replication.

A difference between the structures observed in vivo
and in vitro

In carrying out these experiments we were interested in
whether the in vitro system would only support the pattern of
events deduced from in vivo studies or whether a new obser-
vation might provide a further clue to the recombination
mechanism. In fact, the molecules formed in vitro have a
property less frequently observed in vivo which may be related
to the mechanism by which the recombination intermediates
are formed.

When studying x forms recovered from intact cells, it was
possible to observe about 100 molecules in which the polynu-
cleotide strand connections in the region of the crossover could
be seen. These molecules had the structure shown in Fig. 1g and
were interpreted as containing a single crossover of the type
suggested by Holliday. However, such open molecules were
very rare among the forms produced in vitro. Among 1095 x
forms, we found only 2 that contained an open crossover.

In vitro, instead of open molecules, we commonly observed
(about 60%) that the two genomes in the fused structure were
connected over a rather long region of homology ranging up
to about 500 base pairs in length. x forms with extended regions
of pairing at the area of the crossover are shown in Fig. 6.

We have considered two possible explanations for the ex-

Table 1. Representative data on formation of recombination intermediates in vitro

Exp. Extract DNA Additions* Incubation, hr Multimers, % x forms, %
1 Rect pMB-9 Complete 0 <0.2 (0/500) —
12 4 (30/750) 4 (29/800)
16 13 (134/1034) 11 (112/1012)
2 Rec* pMB-9 +Rif 16 13 (107/800) 9 (110/1200)
3 Rec A~ pMB-9 +Rif 16 0.4 (2/500) —
4 Rect pMB-9 +pBR-322 +Rif 9.5 6.5 (108/1650) 5 (41/841)
5 Rect pMB-9 +Rif, ~dXTPs +ddXTPs 12 11 (110/1010) 10  (55/555)

Cell extracts were prepared and incubated as described in the legend to Fig. 2. In exp. 4, in which two partially homologous plasmids were
incubated together, the percentage of composite figure 8s and x forms was about 30%. The data in this table were obtained from incubations
using the metabolites given in the legend to Fig. 2. However, these metabolites are not essential.

* Rif, rifampicin.
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FI1G. 4. (Left) A replicating Cairns form made in vitro. (Right)
Diagram of a near-terminal Cairns form, showing its figure 8-like
appearance.

tended region of pairing in the area of the crossover. One ex-
planation is that the fused structures are not recombination
intermediates of the Holliday type but rather are of the type
proposed by Broker and Lehman (17). They suggested that a
recombination intermediate is formed when two molecules, one
gapped in the positive strand and one in the negative strand (at
homologous regions), become hydrogen bonded to each other
(as in Fig. 7). We consider this explanation for the fused
structures unlikely. The strongest piece of evidence we have
on this point is that a preparation containing 10% figure 8s can
be completely denatured (pH 13) and renatured with the re-
covery of 2-5% intact structures. These figure 8s may then be
converted into x forms by digestion with EcoRI. Such stability
through the denaturation is not expected for a Broker-Lehman
recombination intermediate because only two covalent strand
connections exist in the region of the crossover (Fig. 7).

Their ability to withstand alkali denaturation indicates that
the fused structures must be connected at the crossover region
in a way that maintains the continuity of all four polynucleotide
chains. Therefore we favor a second explanation for the ex-
tended region of pairing—the presence of two covalent crossed
strand connections close together. The two crossovers could be
formed by the nick and reciprocal strand invasion mechanism
shown in Fig. 1, applied twice in succession. However, another
alternative is also attractive: both crossovers might be formed
in a single concerted event. In this case, two DNA molecules
would become locally denatured at homologous places and the
pairs of exposed positive and negative strands would become
intertwined (Fig. 8; see also refs. 18 and 19). This initiation
mechanism is supported by the data just given and is also con-
sistent with the recent finding by Champoux (ref. 20; also K.
Kirkegaard and J. C. Wang, personal communication) that two
single-stranded circles (the positive and negative strands of
simian virus 40) can wind into each other to form a covalently
closed duplex ring in a reaction catalyzed by a DNA “un-
twisting” enzyme. Champoux has considered this enzymatic
reaction in terms of its possible role in the initiation of recom-
bination.

The molecules formed in vitro (as in Fig. 6) may have re-

FIG. 5. A figure 8 and derived x form made in vitro from two
plasmids of different sizes that are partially homologous.
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FIG. 6. x forms that appear to have increasing extents of pairing
in the region of the crossover. :

sulted from monomer DNA rings that became interwrapped
after localized denaturation at homologous places. After the
initial contact, strand interwrapping would be extended for
several hundred base pairs, with transient nicks being intro-
duced by the untwisting enzyme to allow the necessary inter-
wrapping. The structure shown in Fig. 8 B and D results and
is characterized by two reciprocal regions of heteroduplex
DNA. Two crossover connections of the type shown in Fig. 1
exist, one at either end of the wrapped segment (compare Fig.
8B with Fig. 1d). Such a wrapped structure, because of its two
crossover connections, could not be readily stressed open in the
region of pairing during spreading for the electron micro-
scope—hence, our inability to find single open crossover mol-
ecules of the type shown in Fig. 1g.

Although the wrapped structure is 2-fold more complex, it
is not fundamentally different from the single crossover
structure shown in Fig. 1. We imagine that such an interme-
diate may be matured by the same type of strand-nicking events
that have been proposed for the Holliday-type recombination
intermediate (refs. 1, 6, 7; see also legend to Fig. 1). A pair of
maturation nicks would be introduced independently at each
of the crossover positions. After one crossover is matured, the
structure shown in Fig. 1f would result and could rotate into
a planar configuration that allows the individual DNA strands
in the crossover to be seen (as in Fig. 1 f — g). Maturation at
the second crossover would finally separate the two recombi-
nant genomes. Each of these molecules will have a region of
heterozygous DNA in the area of the crossover, which is known
to be a property of recombinant chromosomes from genetic
studies (21-25). And, depending on the type of cutting that
occurs at the two crossovers (see Fig. 1), there would be either
a retention of the flanking genes in their parental linkage or,
with equal probability, the production of a recombinant linkage
for the flanking genes [again in accord with genetic findings
about recombinant chromosomes (21, 22)].

The interwrapping initiation mechanism makes an important
prediction—that no DNA synthesis should be required for the
formation of the recombination intermediate. This is in contrast
to several ingenious initiation mechanisms—for instance, the
one proposed by Meselson and Radding (26)—that do require
DNA synthesis. We have tested this prediction in two ways.
First, we found that the multimeric structures could be devel-
oped with equal efficiency in reaction mixtures from which
DNA precursors had been omitted (Table 1). And further,
guarding against the possibility that DNA precursors might be
generated in the reaction mixture, we included dideoxynu-
cleoside triphosphates at a concentration of 100 uM for each.

F1G. 7. The structure of
the recombination intermedi-
ate proposed by Broker and
Lehman (17).
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F1G. 8. A possible initiation mechanism for the formation of a
recombination intermediate containing two crossover connections.
Each individual crossover is of the type shown in Fig. 1. The structures
shown may be compared with the electron micrographs in Fig. 6.

Control experiments showed that the dideoxynucleotides were
effective in prematurely terminating DNA strands—even in
reaction mixtures with added DNA precursors, there was a
blockage in the conversion of G4 single-stranded circles to the
duplex ring state, a reaction that readily occurred in the absence
of the dideoxynucleoside triphosphates. In such reaction mix-
tures, multimeric plasmid forms always arose (Table 1). Thus,
we conclude that very little, and perhaps no DNA synthesis at
all, ;sd required for the formation of the structures we ob-
served.

Asymmetric heteroduplex regions

If the interwrapping initiation mechanism is correct, then the
recombination intermediate formed will contain two recipro-
cally symmetric regions of heterozygous DNA. However, sev-
eral genetic studies in fungi indicate that the regions of
heterozygous DNA in the finished pair of recombinant chromo-
somes are not perfectly reciprocal (22, 27). These studies were,
in fact, the impetus for the proposal of Meselson and Radding
(26) who sought to explain the asymmetric heterozygous regions
by suggesting that strand nicking, followed by DNA synthesis
and the displacement of a single-stranded tail, initiates the
formation of the recombination intermediate: the displaced tail
invades the other double helix and provokes a reciprocal nicking
and strand invasion at a slightly different place. After the fil-
ling-in of any resultant gaps and the trimming of any remaining
tails, this would yield asymmetric heteroduplex regions at the
outset of recombination. How can the genetic data be accom-
modated without relying on this DNA synthesis? We suggest
that the formation of asymmetric heterozygous regions arises
not at the stage of the formation of the recombination inter-
mediate but rather at the stage of maturation, when the
wrapped intermediate is broken apart (see also 19). Nicks are
then introduced, which necessarily occur at the borders of the
heteroduplex DNA. If nick translation occurs at this time (prior
to sealing of the recombinant chromosomes by ligase), this will
generate dissimilar regions of heterozygous DNA in the pair
of recombinant chromosomes, and thus account for the genetic

data.*

* Even if a recombination intermediate is formed with a single cross-
over as shown in Fig, 1 (¢ — d), nick translation at the time of mat-
uration is still able to give asymmetric heteroduplex regions and re-
mains an alternative to the model of Meselson and Radding (26).
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