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FIG. 2. Fractionation of nuclear extracts on phosphocellulose
column. Nuclear extract (2 mg) was loaded onto a phosphocellulose
column as described in Materials and Methods and eluted with a
step gradient of NaCl. Individual fractions were dialyzed exten-
sively, and 30 pl of each fraction was used for the recombination
assay and ATPase assay. Fractions were assayed for in vitro
recombination activity (@) and DNA-dependent ATPase activity
(O).

Materials and Methods. After extensive dialysis against
buffer A, the fractions were assayed for DNA-dependent
ATPase activity and strand exchange activity. The DNA-
dependent ATPase activity eluted at 160 to 200 mM NaCl
(fraction 6, Fig. 3).

Properties of fraction 6. We conducted a series of experi-
ments to examine the properties of fraction 6. Fraction 6
exhibited DNA strand exchange activity (D-loop) as well as
DNA-dependent ATPase activity (Fig. 3). The strand ex-
change activity was homology dependent (Fig. 4). When
heterologous ($X174) DNA was used as a substrate, we did
not detect any strand exchange activity. The extent of strand
exchange was proportional to the amount of protein added,
and the strand exchange reaction was completed in 10 min
(Fig. 4).

Since bacterial RecA and fungal Recl proteins require the
presence of ATP and its hydrolysis to complete the strand
exchange reaction, we examined whether fraction 6 had
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FIG. 3. Fractionation of active fraction from the phospho-
cellulose column on the ssDNA-cellulose column. Fractions 2 to 4
from the phosphocellulose column were loaded onto a DNA-
cellulose column and eluted with a linear gradient of NaCl (0 to 1 M).
Individual fractions were assayed for DNA-dependent ATPase
activity (@), D-loop activity (O), and ability to form nucleoprotein
networks (A). X, NaCl concentration.
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FIG. 4. (Top) Strand exchange activity is homology dependent.
D-loop assays were conducted with dsM13 DNA and homologous
M13 ssDNA (O) or heterologous $X174 ssDNA (@). (Bottom)

Relationship of protein concentration and strand exchange activity.
Symbols are the same as for the top panel.

similar requirements. We removed specific components
from the reaction mixture for strand exchange activity and
tested the effects on the reaction (Fig. 5). The reaction
required Mg?*. When ATP was removed or a nonhydrolyz-
able analog of ATP, yS-ATP was used, the reaction did not
proceed. When the ssDNA was omitted from the reaction,
we did not observe any filter binding, indicating that fraction
6 did not contain substantial nuclease activity.

Evidence for formation of heteroduplexes. We tested
whether fraction 6 could catalyze the formation of true
heteroduplexes by the S1 nuclease protection assay (Table
1). When completely homologous substrates were used, we
observed that a maximum of 50% of the labeled ssDNA
entered into the Sl-resistant fraction. When a dsDNA with
terminal nonhomologies (of nearly 1 kilobase [kb] on each
side) was used, we noted that a significant portion of the
ssDNA entered a duplex structure. These experiments
clearly demonstrate that fraction 6 is capable of catalyzing
true DNA strand exchange in vitro.

Nucleoprotein network formation. The first step in the
strand exchange process by bacterial RecA consists of the
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FIG. 5. Requirements of the strand exchange reaction. D-loop
assays were conducted in a complete reaction mixture (+ATP), in
the absence of Mg?*, ATP, or ssDNA, or in the presence of
vS-ATP.
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TABLE 1. Formation of Sl-resistant joint molecules

MoL. CELL. BioL.

TABLE 2. Reannealing activity of fraction 6

-resistant
Sample® Sl-resista

DNA (pmol)

No fraction 6

ssM13 DNA + dsM13 DNA + S1 nuclease .......... 1.4

ssM13 DNA + Slnuclease ...............ccovvvvnenn.. 1.35

SSMI3 DNA ... e 150
With fraction 6

Rxn mix with dsMI3DNA ............................ 66.3

Rxn mix with dsSMHX? DNA (with heterolo-

BOUS €NAS). .o eventiir e e 9
Rxn mix without dsDNA .......................oooa.l 1.35

2 The amounts of the components in the reaction mixtures were as follows:
ssM13 DNA, 50 ng; dsM13 DNA, 100 ng; dssMHX DNA, 100 ng; fraction 6,
5.4 ug. Rxn, Reaction.

® For details about the construction of the MHX phage, see text and Rauth
et al. (25).

polymerization of RecA on ssDNA in a presynaptic phase.
The presynaptic complexes can bind homologous or nonho-
mologous duplex DNA, causing the formation of rapidly
sedimenting networks which contain ssDNA, RecA, and
dsDNA (4). These large nucleoprotein networks, which
presumably could rearrange themselves to search for homol-
ogy, are believed to be synaptic intermediates in the strand
exchange process (34). We examined whether fraction 6
from human extracts was capable of catalyzing such a
reaction. We used two nonhomologous DNA substrates,
radiolabeled linearized M13 RF DNA and $X174 circular
ssDNA for this experiment. DNA-cellulose fractions were
preincubated with the ssDNA, followed by the addition of
labeled dsDNA. After incubation, the sample was centri-
fuged, and the label retained in the supernatant and the
precipitate was measured. We observed that this activity
was maximal in fraction 6 (Fig. 3). At low protein concen-
trations, the activity was dose dependent and Mg?* depen-
dent and required the presence and hydrolysis of ATP.
Moreover, for protein concentrations up to 3.2 g per
reaction mixture, there was no formation of rapidly sedi-
menting complexes with the dsDNA in the absence of
ssDNA. However, at higher protein concentrations (>4.3 pg
per reaction mixture), the active fraction induced the forma-
tion of rapidly sedimenting complexes with only dsDNA.
This process seemed to be ATP independent and was only
partially inhibited by the absence of Mg?* (results not
shown).

Reannealing activity. Since a major function of the strand
exchange protein would be to catalyze the pairing of homol-
ogous single-stranded molecules, we tested whether fraction
6 had any such reannealing activity. All of the fractions from
the DNA-cellulose column were tested for this activity as
described in Materials and Methods. The reannealing activ-
ity comigrated with the D-loop activity. The properties of
this activity are summarized in Table 2. This reaction was
completely homology dependent, partially dependent on
Mg?*, and ATP independent. These features are reminiscent
of RecA, which exhibits similar properties (36).

Biological activity of fractions from the DNA-cellulose col-
umn. We examined whether individual fractions obtained
from the DNA-cellulose column (fractions 1 to 13, Fig. 3)
were capable of catalyzing recombination between homolo-
gous substrates in the biological assay. Linearized pSV2neo
DL was mixed with MHX DNA and incubated with the
fractions, and the DNA was used to transform recA E. coli
(Table 3). We observed that maximal biological activity was

Substrates

Reaction Sl-resistant

Labeled Unlabeled conditions DNA (pmol)
DNA DNA

ssM13 Denatured M13 RF Complete 144
ssM13 None Complete 3.6
ssM13 Denatured $X174 RF Complete 3.4
ssM13 Denatured M13 RF No ATP 17.0
ssM13 Denatured M13 RF No Mg?* 11.4
ssM13 Denatured M13 RF No enzyme 5.5

2 The reaction was performed as described in Materials and Methods. The
amounts of the components used in the reaction mixture were as follows:
[PH]ssM13 DNA, 60 ng; dsM13 or $X174 DNA, 200 ng; fraction 6, 3.15 ug.

exhibited by fraction 5, whereas fractions 4 and 6 had a low
level of activity. These results could be interpreted to mean
that the biological activity and the strand exchange activity
are independent. Alternatively, it is possible that the strand
exchange activity alone is not sufficient for biological activ-
ity and that one or more proteins present in fractions 4 and
§ are required for the manifestation of biological activity. If
this were the case, fraction 5 would have overlapping peaks
of activities from fractions 4 and 6, explaining its high level
of biological activity. To test this feature, we incubated the
DNA substrates with fraction 6 for 1 h and then added
fraction 4 followed by an additional period of incubation.
The DNA from this reaction was used for bacterial transfor-
mation. As shown in Table 3, fractions 4 and 6 acted in a
synergistic fashion to yield maximal biological activity.
Fractionation by HPLC. In an attempt at further purifica-
tion of the strand exchange protein, we fractionated fraction
6 on an ion-exchange column (Mono Q; Pharmacia) by
HPLC. Each of the individual fractions was tested for
ATPase and D-loop activity (Table 4). We observed that two
fractions, 1 and 3, contained DNA-dependent ATPase activ-
ity, while only fraction 1 contained the D-loop activity.
These results indicate that in the fraction 6 which was loaded
onto the HPLC column, there were two ATPase activities,
only one of which was associated with the strand exchange
reaction. Strand exchange catalyzed by fraction 1 was
homology dependent and required Mg?* as well as ATP.
When yS-ATP was used, the strand exchange reaction did
not proceed. When this fraction was directly assayed for 5’
and 3’ exonuclease activity, we did not detect any such
activity (results not shown). The levels of protein recovered

TABLE 3. Biological activity of fractions from
the DNA-cellulose column?

. Neo”/Amp* Frequenc
Fraction® coloniesp (1o0* :olonigs)
4 3/3,720 , 8.1

5 30/2,370 127

6 1/1,460 6.8

7 1/3,100 3.2
4+6 72/1,270 567

2 pSV2neo DL DNA (0.5 pg) digested with Sall was mixed with 1 ug of
ssMHX DNA. The mixture was incubated with 20 pg of protein from the
fractions indicated, except fraction 4, for which we used 2 pg of protein. After
incubation at 37°C for 1 h under the conditions described in Materials and
Methods, the DNA was purified by phenol extraction and ethanol precipita-
tion and used to transform recA E. coli strain DHI. A fraction of the
transformed bacteria were plated on ampicillin-containing plates, and the rest
were plated on kanamycin-containing plates.

® Fractions 4 through 7 are sequential fractions obtained from the salt
gradient.
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TABLE 4. Strand transfer activity in fractions from
ion-exchange HPLC

Activity (U/pg of protein)

. Protein
Fraction DNA-dependent
() ATP::e“ D-loop?

1 11.8 440 18,500
2 11.8 ND ND
3 29.1 148 ND
4 0.78 ND ND
5 37.7 ND ND
6 53.4 ND ND
7 184.7 ND ND

2 ND, Not detectable (limit of detection, 0.0075 U/ug of protein).

5 ND, Not detectable (limit of detection, 3 U/ug of protein).

and the different activities in the various fractions are shown
in Table §S.

DISCUSSION

Work in our laboratory (17, 25, 30) and others (5, 9) has
shown that nuclear extracts from human and mouse cells are
capable of catalyzing recombination between homologous
DNA molecules. Symington et al. (32) and Hotta et al. (9)
have obtained similar results with yeast extracts. Keene and
Ljundquist (11) presented evidence for a D-loop-forming
activity in human cells. Though the exact mechanistic steps
leading to a recombinant product are not understood, a
characteristic of the recombination process is the exchange
of information between homologous molecules. Thus, the
key enzymatic activity is that which catalyzes this strand
exchange reaction.

Evidence from several laboratories indicates that recom-
bination of DNA introduced into somatic mammalian cells in
culture could proceed by one of two pathways. Evidence
from our laboratory and several others (for a review, see
reference 15) indicates that the recombination process is
conservative in the sense that there is no loss of information
during the recombination process. Lin et al. (18) and others
(for example, reference 3) have provided evidence for a
nonconservative pathway in which a ‘‘recombinant’’ prod-
uct is obtained by exonucleolytic digestion followed by
annealing of the resulting single strands. The first reaction
needs a true strand exchange activity similar to that of the
RecA and Recl proteins, while the key component of the
second type of reaction is an exonuclease. We believe that
the activity we have purified is a true strand exchange
activity. Several lines of evidence support this view. The
reaction was completely homology dependent. No D-loop
formation was detected with heterologous ssDNA ($6X174).
(i) Incubation of the active fraction with dsDNA in the
absence of ssDNA did not result in filter binding. (iii) There
was no direct correlation between the nucleolytic activity of
the fractions eluted from the ssDNA-cellulose column and
D-loop formation. Several fractions exhibited nucleolytic
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activity higher than or equal to that of fraction 6, but only
fraction 6 was active in the D-loop assay. (iv) HPLC fraction
1, which exhibited D-loop activity, did not have detectable 3’
or 5’ exonuclease activity. We were also able to demonstrate
formation of a true heteroduplex by using unlabeled dsDNA
and uniformly labeled circular ssDNA as substrates for the
reaction. In this reaction heteroduplex formation was in-
ferred by conversion of an S1 nuclease-sensitive DNA
fraction to S1 nuclease resistance. When a dsDNA molecule
which had up to 1 kb of nonhomologous sequence at either
end was used as one of the substrates, we were still able to
detect joint molecule formation (Table 3). The reduced level
of heteroduplex formation with dsMHX DNA as a substrate
was not unexpected, since similar results have been obtained
with Recl protein (14). All of these lines of evidence clearly
indicate that a true strand transfer reaction has taken place.
Since as much as 44% of the ssDNA can enter an S1
nuclease-resistant fraction, it is possible to estimate that as
much as 3 kb of DNA can enter into a duplex structure.

An additional line of evidence which supports the view
that true strand exchange has occurred comes from the
biological assays we conducted. Since each of the substrates
carries a deletion in the neo gene, it is necessary for them to
exchange information to generate a wild-type neo gene (17,
25). All of the fractions that were active in the D-loop assay
were found to be necessary for the biological activity. Since
exonucleolytic digestion alone was not capable of generating
a wild-type neo gene, strand exchange must have indeed
occurred. These results indicate that the protein(s) we are
fractionating has biological significance.

Our results also indicate that in order to generate a
wild-type neo gene, one or more activities that are distinct
from the strand transfer activity are needed. This conclusion
is based on experiments in which we mixed different frac-
tions obtained from the DN A-cellulose chromatography and
observed that a combination of fractions 6 and 4, neither of
which exhibited significant biological activity, yielded a
maximal number of Neo' colonies. The nature of the addi-
tional factors that are required to mediate the biologically
detectable recombination reaction is not known.

Fraction 6 as well as the active fraction obtained by HPLC
required Mg?* and ATP for their strand exchange function.
We also observed that the presence of a nonhydrolyzable
analog of ATP prevented the reaction. Both bacterial RecA
and fungal Recl proteins have similar requirements, indicat-
ing that the mammalian strand exchange activity shares
these important properties with its bacterial and fungal
analogs. Hsieh et al. (10) have reported that partial purifica-
tion of a protein from a human B-cell line which was capable
of promoting strand exchange between homologous mole-
cules. That fraction required Mg2* for its activity but did not
require an energy source. These observations raise the
possibility that we are purifying a protein which is distinctly
different from that reported by Hsieh et al. (10).

The activity we have fractionated has additional proper-

TABLE 5. Recovery of strand transfer activity at different stages of purification

DNA-dependent

Protein Protein . DNA-dependent D-loop activity D-loop
Sample (ng) recovery (%) (ﬁ'}‘::?f :f-gt‘git:)\,) ATPase recovery (%) (U/ug of protein) recovery (%)
Total extract 7,140 100 14 100 —a —_
Phosphocellulose column fractions 2—4 3,780 53 13 47 —_ —
ssDNA-column fraction 6 475 7 28 13 560 100
HPLC fraction 1 12 0.2 440 5 18,500 82

2 —, Not detectable due to nuclease activity.
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ties characteristic of strand exchange enzymes. These in-
clude the ability (i) to reanneal homologous ssDNA mole-
cules and (ii) to catalyze the formation of nucleoprotein
networks which can be considered synaptic intermediates.
Chow and Radding (4) have shown that bacterial RecA has
the ability to catalyze the formation of nucleoprotein net-
works and considered that such networks may be the pre-
cursors for eventual strand exchange. Several studies (for
example, reference 36) noted that RecA has the ability to
reanneal homologous ssDNA molecules. The observation
that a fraction from human nuclear extracts shares these
praperties indicates that eucaryotic and procaryotic en-
zymes which catalyze recombination may share important
properties and act in a similar fashion.
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