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ABSTRACT We have partially purified an activity from
extracts of cells infected with herpes simplex virus type 1 that
mediates recombination between repeated copies of the 317-
base-pair a sequence of herpes simplex virus type 1. Recom-
bination leads to deletion of a lacZ indicator gene situated
between two directly repeated copies of the a sequence and is
scored by transformation of lacZ- Escherchia coli. The two
products of the reaction can be observed directly by restriction
enzyme digestion and Southern blot analysis. The recombinase
activity is also detectable, but at a lower level, in uninfected cell
extracts. The DNA substrate must contain the two a sequences
arranged in direct orientation to generate the IacZ deletion.
However, when the a sequences are arranged in inverted
orientation, an inversion results. A substrate with two homol-
ogous sequences of size and G + C content similar to the a
sequence undergoes recombination at a much lower frequency.
The reaction requires a divalent cation (Mg2+ or Mn2+) but not
ATP or any other nucleoside triphosphate. The simple require-
ments and specificity for the a sequence suggest that the
recombination may proceed by a site-specific mechanism.

The linear 152-kilobase (kb) herpes simplex virus type 1
(HSV-1) genome consists of two components designated UL
and Us, flanked by the inverted repeated sequences ab and
a'b' for UL and a'c' and ca for Us (1). During infection, the
L and S components invert relative to each other by recom-
bination to produce four isomeric forms of the viral DNA
(2-4). The a sequences appear to be essential for a high level
of inversion. Insertion of an a sequence into UL results in
additional inversions and deletions (5, 6), and an HSV-1
mutant that lacks the L-Sjunction, including the a sequence,
does not undergo inversion (7, 8). Inversion ofDNA flanked
by two a sequences that have been integrated into a stable
primate cell line requires HSV-1 infection and amplification
dependent upon an HSV-1 origin in cis (9).
The a sequence from HSV-1 KOS consists of 83% G + C.

It is flanked by two copies of a 20-base-pair (bp) direct repeat
(DR1) and has 11 copies of a 12-bp repeat element (DR2) in
the center, separating two unique sequence components (Ub
and Uc) (10-12). Under superhelical tension, DR2 forms an
anomalous structure that has been termed anisomorphic
DNA (13, 14). Attempts to identify a specific region within
the a sequence that is required for the inversion have thus far
been inconclusive (15, 16).
HSV-1 DNA undergoes a high frequency of homologous

recombination during replication; the a sequence could,
therefore, be a hot spot for homologous recombination (17,
18). Alternatively, the recombination could proceed by a
site-specific mechanism similar to that of the Flp protein of
the yeast 2-tum plasmid (19, 20).
We have described (21) an assay that measures recombi-

nation between HSV-1 a sequences in vivo. With this assay,

we found that after transfection into primate cells, a plasmid
containing two a sequences and an HSV-1 origin undergoes
a high frequency of recombination upon superinfection with
HSV-1. We also observed a low level of recombination in
uninfected cells. Using this assay, we have been able to
detect an activity that mediates recombination between a
sequences in fractionated extracts of HSV-1-infected cells.

MATERIALS AND METHODS
Materials. Plasmids pRD104, pRD105, and pRD110 were

constructed as described (21). Restriction enzymes were
obtained from New England Biolabs and United States
Biochemical. DNA polymerase I large fragment, T4 DNA
ligase, acetylated bovine serum albumin, proteinase K, and
ammonium sulfate were obtained from Bethesda Research
Laboratories. Heparin, leupeptin, pepstatin A, phenylmeth-
ylsulfonyl fluoride, dithiothreitol, spermidine, and 5-bromo-
4-chloro-3-indolyl 83-D-galactopyranoside (X-gal) were from
Sigma. [a-32P]dCTP (800 Ci/mmol; 1 Ci = 37 GBq) was
obtained from Amersham. CV-1 cells were from the Amer-
ican Type Culture Collection. Sterile Hepes, glutamine, and
penicillin/streptomycin were from GIBCO. Fetal calf serum
was from Irvine Scientific. Heparin was coupled to Sepha-
rose CL-4B (Pharmacia) as described (22). Centricon-30
protein concentrators were from Amicon. A prepacked Su-
perose 12 gel filtration column, molecular weight standards,
and poly(dI-dC) were obtained from Pharmacia. Phospho-
cellulose was obtained from Whatman. A Prime-It labeling kit
obtained from Stratagene was used to prepare 32P-labeled
linear pRD105. A Geneclean DNA purification kit obtained
from Bio 101 was used to isolateDNA from agarose gel slices.

Buffers. Buffer A contained 20 mM Hepes (pH 7.6), 10%
(vol/vol) glycerol, 1 mM dithiothreitol, 1 mMEDTA, 0.5 mM
phenylmethylsulfonyl fluoride, leupeptin (2 pug/ml), pepsta-
tin A (2 Ag/ml), and 10 mM sodium bisulfite. The NaCl
concentration is indicated in brackets; for example, buffer
A[0.1] contains 0.1 M NaCl. Buffer B contained 20 mM
Hepes (pH 7.6), 5% glycerol, 1 mM magnesium acetate, 2
mM dithiothreitol, 3 mM spermidine, 0.1 mM EDTA, and
bovine serum albumin (100 Ag/ml).

Cells and Virus. CV-1 cells were grown at 370C in Dulbec-
co's modified Eagle's medium containing 10%6 (vol/vol) fetal
calf serum, supplemented with 2 mM glutamine, penicillin
(100 units/ml), and streptomycin (100 mg/ml), and buffered
with 10 mM Hepes (pH 7.5). CV-1 cells were grown in roller
bottles and harvested when slightly subconfluent. RA305, a
thymidine kinase-deficient mutant of HSV-1(F) (23), was
used to infect roller bottle cultures of CV-1 cells at a
multiplicity ofinfection of 5. HSV-1-infected CV-1 cells were
harvested 18 h after infection. Nuclear and cytosolic extracts

Abbreviations: HSV-1, herpes simplex virus type 1; ampR, ampicillin
resistance; X-gal, 5-bromo-4-chloro-3-indolyl 8-D-galactopyrano-
side.
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were prepared as described (24). Competent Escherichia coli
cells (DH5a, recA-, lacZ-) were prepared as described (21,
25) and frozen at -70'C. Transformation efficiency was 1 x
107 to 1 x 108 colonies per Ag of plasmid DNA.
Recombination Assay. The substrate used to measure re-

combination (21) contains two HSV-1 a sequences arranged
in direct orientation. Recombination between the two a
sequences deletes the DNA between them, producing two
circular DNA molecules; one containing the lacZ gene and
the other containing the 83-lactamase gene (for ampicillin
resistance, ampR) and the plasmid origin of replication. After
incubation with enzyme, the DNA is transformed into E. coli
(DHSa, recA-, lacZ-) and plated on LB plates containing
ampicillin and X-gal. Colonies that arise from transformation
with the parent plasmid stain blue. Because the lacZ-
containing recombination product lacks the ampR gene and
an origin of replication, it is lost. However, transformation
with the other product, containing the amp" gene and the
replication origin, gives rise to white colonies. The recom-
bination frequency is expressed as the percentage of white
colonies.
Recombination substrates were incubated with the recom-

binase fractions in buffer B (25 Al) at 370C for 15 min. Assays
performed with the heparin-Sepharose and phosphocellulose
fractions contained 2.5 ,ug of poly(dI-dC). Reactions were
stopped by the addition of 2 Al of 0.5 M EDTA and 1 p.l of
proteinase K (20 mg/ml), and the incubation was continued
for 30 min. Potassium acetate (75 ILI of 0.4 M at pH 4.8)
containing tRNA (150 ,ug/ml) was added, and the mixture
was extracted with phenol/chloroform. The DNA was pre-
cipitated by the addition of 0.2 ml of absolute ethanol. The
pellet was washed with 70% ethanol, vacuum-dried, and
resuspended in 100 1.d ofTE (10 mM Tris-HCl, pH 7.5/1 mM
EDTA). Typically 1-5 /l was used for the transformation.
Cells were plated on LB plates containing ampicillin (100
pAg/ml). X-gal was added just prior to spreading the cells.
To analyze the recombination products, white colonies

were inoculated into 1-ml cultures of LB containing ampicil-
lin (100pg/ml) and grown at 370C overnight. Plasmid DNA
was isolated by the alkaline lysis procedure as described (26)
and analyzed by restriction enzyme digestion and agarose gel
electrophoresis.

Partial Purification of Recombinase Activity. A cytosolic
extract of HSV-1-infected CV-1 cells was cleared by centrif-
ugation in a Beckman 45 Ti rotor for 45 min at 40,000 rpm.
Protein was precipitated by the addition ofammonium sulfate
to 70% saturation. The resulting pellet was resuspended in
buffer A to an ionic strength equivalent to 100 mM NaCl and
loaded on a 25-ml heparin-Sepharose column equilibrated
with buffer A[0.1]. The column was washed with 40 ml of
buffer A[0. 1] and protein was eluted successively with 40 ml
of 0.25 M, 0.5 M, and 1 M NaCI in buffer A. Most of the
recombinase activity appeared in the 0.25 M NaCl eluate
(Table 1). The 0.25 M eluate (14 ml) was dialyzed against 400
ml of buffer A[0. 1] for 4 h and loaded on a 4-ml phosphocel-
lulose column equilibrated in buffer A[0.1]. The column was
washed with 4 ml of buffer A[0.1]. The flow-through and
wash fractions were combined (11.5 ml) and concentrated to
0.4 ml in a Centricon-30. The concentrated material was
applied to a 24-ml Superose 12 gel filtration column, which
was eluted at a flow rate of 0.2 ml/min, and 0.5-ml fractions
were collected. The major peak of activity appeared in
fractions 25-27 (Fig. 1).

Southern Blot Analysis of Recombination Products. After
incubation ofpRD105 with the Superose 12 fraction in buffer
B, the DNA was digested with the indicated restriction
endonucleases and subjected to electrophoresis in a 1.0%o
agarose gel [poly(dI-dC) was omitted from the reaction
mixture because it interfered with the analysis]. The DNA
was transferred to nitrocellulose in a Stratagene PosiBlot

Table 1. Recombinase activity in heparin-Sepharose eluates of
HSV-1-infected and uninfected CV-1 cell extracts

Colonies, no.

Fraction White Blue % white
HSV-1-infected cells
Flow through 0 3357 <0.03
0.25 M NaCl 46 3039 1.5
0.50 M NaCI 11 2837 0.4
1.0 M NaCl 3 5032 0.06

Uninfected cells
Flow through 0 3147 <0.03
0.25 M NaCI 11 2766 0.4
0.50 M NaCI 3 2408 0.1
1.0 M NaCl 0 4613 <0.03
One microgram of each fraction was assayed. The concentration

of NaCI in each incubation mixture was 40 mM.

pressure-blot apparatus [the transfer buffer was 20x standard
saline citrate (SSC)J and fixed to nitrocellulose in a Strata-
gene UV Stratalinker model 1800. Bound DNA was probed
with linear pRD105, labeled with 32P by the random-primer
method (27), and incubated at 600C for 4 h in 6x Denhardt's
solution/Sx SSC/0.5% SDS in the presence of denatured
sonicated calf thymus DNA (100 ,ug/ml) (28). The deletion
product formed in vivo was isolated as described (21). Au-
toradiography was performed at room temperature.

RESULTS
Recombinase Activity Is Present in Partially Purified Frac-

tions from HSV-1-Infected and Uninfected CV-1 Cell Extracts.
An extract of HSV-1-infected CV-1 cells was chromato-
graphed on heparin-Sepharose, and the eluates were assayed
for recombinase activity. As shown in Table 1, most of the
recombinase activity appeared in the 0.25 M NaCl eluate
(1.5% white colonies), with the 0.5 M NaCi fraction giving
0.4%. Neither the flow-through fraction nor the 1.0 M NaCl
eluate showed significant recombinase activity. The fre-
quency of white colonies observed in the absence of protein
was 0.003%. The number ofblue colonies generated when the
heparin-Sepharose fractions were assayed remained constant
and corresponded to the number in the control reaction
lacking protein, indicating that nuclease activity had been
largely suppressed under our assay conditions.
Dra I restriction enzyme analysis ofthe plasmid DNA from

11 white colonies showed that 6 of them generated a pattern
of fragments that was consistent with the predicted ampR-
containing recombination product (Fig. 2 A and C, lanes 3-7).
When an extract of uninfected CV-1 cells was chromato-

graphed on heparin-Sepharose, recombinase activity was
also detected in the 0.25 M and 0.50 M NaCl eluates, but at
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FIG. 1. Superose 12 gel filtration of recombinase activity. The
phosphocellulose fraction was filtered through a Superose 12 column
and the recombinase activity of the fractions was measured. The
peak of activity appeared in fraction 26, which corresponds to 55
kDa.
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FIG. 2. Analysis of recombination products detected after transformation of E. coli. (A) Dra I sites on pRD105 and the deletion product
propagated in E. coli are shown with the predicted sizes ofthe restriction fragments. (B) Inversion substrate pRD104 in which the two a sequences
are arranged in inverted orientation, and the predicted inversion product after recombination. EcoRI sites are indicated with the predicted
fragment sizes. (C) An 0.8% agarose gel analysis of restriction digest of deletion product. Fractions are from HSV-1-infected CV-1 cells. Lanes:
1, 1-kb ladder; 2, Dra I digest ofthe substrate pRD105; 3-7, Dra I digest of plasmids obtained after reaction with 0.25 M NaCl heparin-Sepharose
fraction; 8-12, Dra I digest ofplasmids after reaction with phosphocellulose fraction; 13-17, Dra I digest ofplasmids after reaction with Superose
12 fraction. (D) An 0.8% agarose gel analysis of restriction digest of deletion product. Fractions are from uninfected CV-1 cell extract. Lanes:
1, 1-kb ladder; 2, Dra I digest ofthe substrate pRD105; 3-7, Dra I digest of plasmids after reaction with 0.25 M NaCl heparin-Sepharose fraction.
(E) Inversion and intermolecular recombination products. Lanes: 1 and 13, 1-kb ladder; 2-5, supercoiled plasmid DNA; 2, pRD104; 3, inversion
product; 4, dimeric intermolecular recombination product; 5, 12.9-kb marker, pVL941/UL9; 6-9, supercoiled DNA treated with topoisomerase
I (1 unit, 30 min, 370C); 6, pRD104; 7, inversion product; 8, dimeric intermolecular recombination product; 9, 12.9-kb marker, pVL941/UL9;
10-12, EcoRI digests; 10, pRD104; 11, inversion product; 12, dimeric intermolecular recombination product.

a significantly lower level than in the corresponding fractions
from infected cells (0.4% and 0.1% white colonies, respec-
tively). Dra I restriction enzyme analysis of plasmid DNA
isolated from 13 white colonies generated the pattern ex-
pected from a deletion between the a sequence in 9 of the
colonies (Fig. 2D, lanes 3-7).
The recombinase activity in both the HSV-1-infected and

uninfected cell extracts required only a divalent cation (Mg2+
or Mn2+), but not ATP or any other nucleoside triphosphate.
Activity was optimal between pH 6.5 and pH 8.0 (data not
shown).
The recombinase activity in the 0.25 M NaCl heparin-

Sepharose eluate of the HSV-1-infected cell extract was
further purified by passage through a phosphocellulose col-
umn and gel filtration through a Superose 12 column. As
shown in Fig. 1, activity was eluted during gel filtration at a
position corresponding to -55 kDa.

Plasmid DNA isolated from the white colonies obtained in
assays of the phosphocellulose and Superose 12 fractions
produced the predicted Dra I restriction pattern in 4 of 8 and
10 of 14 of the colonies, respectively (Fig. 2C, lanes 8-12 and
13-17).
The Recombinase Activity Promotes Inversion and Intermo-

lecular Recombination. Recombination between two a se-
quences in inverted orientation would be expected to result
in the inversion of the DNA that lies between them (Fig. 2B).

However, the product of the inversion retains the IacZ gene
and, consequently, would not produce a white colony after
transfection of lacZ- E. coli. To determine whether the
recombinase activity will promote inversions, the Superose
12 fraction was incubated with plasmid pRD104 in which the
a sequences are in the inverted'orientation. After transfection
of E. coli, the plasmid DNA was isolated from 49 colonies
without prior selection and subjected to EcoRI restriction
enzyme analysis. As shown in Fig. 2E, lane 11, the restriction
pattern of the plasmid DNA isolated from one of the colonies
was consistent with an inversion. Plasmid DNA isolated from
several other colonies, when treated with EcoRl, produced
restriction fragments characteristic of both the substrate
plasmid (pRD104) and the inversion product (Fig. 2E, lane
12). Although this mixture offragments could result from the
coexistence of both the substrate and inversion product
within the same bacterial cell, it could also indicate the
presence of a dimeric product generated by an asymmetric
intermolecular recombination between a sequences on two
molecules. Electrophoresis of the DNA from one of these
colonies without restriction enzyme digestion revealed a
single slowly migrating species whose mobility was consis-
tent with a dimeric plasmid (Fig. 2E, lane 4). After treatment
with topoisomerase I, its migration during agarose gel elec-
trophoresis was identical to that of a relaxed dimer (Fig. 2E,
lane 8).

Proc. Natl. Acad. Sci. USA 89 (1992)
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FIG. 3. Sequence specificity of the recombinase reaction. The
recombinase reaction was performed using the phosphocellulose
fraction with either pRD105 or pRD110 in which the two a sequences
are replaced by two 370-bp G + C-rich sequences.

Thus, the recombinase activity can generate a deletion,
when the two a sequences are arranged in direct orientation,
and an inversion, when the two a sequences are inverted
relative to each other. In addition, the recombinase appears
to be able to mediate an intermolecular recombination be-
tween a sequences on different DNA molecules.
The Recombinase Activity Is Specific for a Sequences. A

plasmid identical to pRD105, but containing two 370-bp
G + C-rich sequences (65% G + C) in place of the a
sequences (pRD1lO) (21), was incubated with increasing
amounts of the phosphocellulose fraction. As shown in Fig.
3, the frequency of white colonies observed with the pRD110
substrate was '20-fold lower than that seen with the a
sequence-containing plasmid. Thus, the recombinase ap-
pears to recognize specifically the a sequence or a structure
imposed by the a sequence.
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Southern Blot Analysis of the Products of Recombination.
The assay for recombinase activity between directly repeated
a sequences relies on transformation ofE. coli and, therefore,
only detects one of the two predicted products of the reac-
tion, the one able to replicate because of its retention of the
plasmid origin and the ampR gene. To observe both products
directly, pRD105 was incubated with the Superose 12 fraction
and the products digested with Ssp I and HindIII or with
EcoRI and Sst I (Fig. 4). After agarose gel electrophoresis,
the DNA was transferred to nitrocellulose and probed with
32P-labeled pRD105. Digestion of the products with Ssp I and
HindIII produced a band that migrated to a position corre-
sponding to the large lacZ--containing product (Fig. 4C). A
similar band appeared after restriction enzyme digestion of
the deletion products formed in vivo but was absent from the
reaction mixture lacking the Superose 12 fraction. When the
lacZ--containing fragment was excised from the gel and
digested with a variety of restriction enzymes (EcoRI,
BamHI, Cla I, Pst I, Dra I, Nhe I, Xmn I, and HindIII), a
restriction map was generated that was consistent with the
predicted structure (data not shown). Additionally, more
rapidly migrating bands are apparent that are the product of
an endonuclease present in the Superose 12 fraction that
specifically cleaves within the a sequence. This activity is
largely suppressed by the addition of poly(dI-dC). However,
because poly(dI-dC) interferes with the Southern blot anal-
ysis, it was omitted from this reaction. Treatment of the
products with the EcoRI and Sst I restriction enzymes
followed by agarose gel electrophoresis produced a band that
corresponded to the 3-kb ampR origin-containing product
(Fig. 4D). A similar band was formed in vivo (21) but was
absent in the reaction mixture lacking the Superose 12
fraction. The additional more rapidly migrating bands are
again attributable to specific cleavage at a site within the a
sequence. To confirm the identity of the 3-kb band, a portion
of the restriction digest was electrophoresed as before, and
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the DNA was isolated from the 3-kb region of the gel. After
ligation and transformation of lacZ- E. coli, plasmids were
recovered from the white colonies that had a restriction
pattern corresponding to the ampR origin-containing product
of the recombination reaction (data not shown).

DISCUSSION
We have partially purified a recombinase activity from ex-
tracts of HSV-1-infected mammalian cells that promotes
recombination between two copies of the HSV-1 a sequence.
A similar activity is present in extracts ofuninfected cells, but
at a significantly lower level. When the a sequences are
arranged in direct orientation, a deletion is produced; when
the a sequences are in the inverted orientation, an inversion
results in a manner similar to the inversion-segment deletion
process characterized by using recombinant HSV-1 (5, 6).
Thus, flipping the orientation of one of the two a sequences
changes the reaction from deletion to inversion, indicating
that the crossover point of the recombination occurs within
the a sequences. Substitution of the a sequences by a
G + C-rich sequence of approximately the same size resulted
in a 20-fold decrease in recombinase activity. A specific
sequence or structure within the a sequence must, therefore,
be required for efficient recombination.
The recombinase activity requires Mg2+ (or Mn2+); neither

ATP nor other nucleoside triphosphates are needed. The
apparent sequence specificity and lack of an external energy
requirement are consistent with several well-studied site-
specific recombinational systems (19, 20, 29).
Recombinase activity was measured by determining the

proportion of white colonies formed after transformation of
the plasmid substrate and products of the reaction into E.
coli. Several nucleases, including one similar to that reported
by Wohlrab et al. (30) that specifically cleaves within the a
sequences, are present in our protein fractions (R.C.B. and
I.R.L., unpublished observations). However, cleavage of the
substrate plasmid at the a sequences by this nuclease activity
cannot entirely account for the recombination that we ob-
serve. The efficiency of transformation of E. coli by linear
DNA is less than 1 x 10-3 that of circular DNA (31, 32).
Moreover, intramolecular ligation of the termini formed by
nuclease action to generate a circular product prior to trans-
formation requires ATP, which is not provided in the reaction
mixture. The formation of inversion products is even more
difficult to explain by a nuclease activity. Inversion would
require cleavage within both a sequences, followed by liga-
tion of the two half molecules in the inverted orientation.
More decisively, however, both products of the deletion as
well as the inversion product can be observed directly
without resorting to transformation.
We have been able to suppress the nuclease activity by

maintaining the Mg2+ concentration at 1 mM and including
spermidine and poly(dI-dC) in the reaction mixture. Under
these conditions, the number ofblue colonies after incubation
remains unchanged (see Table 1), and the substrate plasmid
remains largely intact as judged by agarose gel electropho-
resis (data not shown). Nevertheless, 1-2% white colonies
are formed. In the absence of poly(dI-dC), however, some
cleavage of the a sequence is apparent (see Fig. 4 C and D).
A low but significant level of recombination between a

sequences occurs in uninfected cells in vivo (21). A low level
ofrecombinase activity is also seen in uninfected cell extracts
in vitro. The frequency of recombination in vivo is greatly
increased after HSV-1 infection, and this increase is closely
associated with viral DNA replication (21). Similarly, frac-
tionated infected cell extracts show a significantly higher
recombinase activity than comparable fractions from unin-

fected cells. However, in the latter case, we cannot yet assess
the impact of DNA replication on recombination. Nonethe-
less, the deletion and inversion products generated in the two
systems are very similar.
The significance and normal function of the recombinase

activity in uninfected primate cells remain intriguing ques-
tions, as does the role of HSV-1 infection in increasing its
level.
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