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Many DNA viruses concatemerize their genomes as a prerequisite to packaging into capsids. Concatemer-
ization arises from either replication or homologous recombination. Replication is already the target of many
antiviral drugs, and viral recombinases are an attractive target for drug design, particularly for combination
therapy with replication inhibitors, due to their important supporting role in viral growth. To dissect the mo-
lecular mechanisms of viral recombination, we and others previously identified a family of viral nucleases that
comprise one component of a conserved, two-component viral recombination system. The nuclease component
is related to the exonuclease of phage � and is common to viruses with linear double-stranded DNA genomes.
To test the idea that these viruses have a common strategy for recombination and genome concatemerization,
we isolated the previously uncharacterized 34.1 gene from Bacillus subtilis phage SPP1, expressed it in Esch-
erichia coli, purified the protein, and determined its enzymatic properties. Like � exonuclease, Chu (the product
of 34.1) forms an oligomer, is a processive alkaline exonuclease that digests linear double-stranded DNA in a
Mg2�-dependent reaction, and shows a preference for 5�-phosphorylated DNA ends. A model for viral recom-
bination, based on the phage � Red recombination system, is proposed.

Many DNA viruses require DNA replication not only for
synthesizing genomes, but also for generating substrates with
the correct topology—genomic concatemers—for packaging
into infectious viral particles. Under conditions in which rep-
lication is inhibited but multiple copies of a viral genome are
present, recombination can take over the conversion of mono-
meric genomic molecules into the concatemeric arrays re-
quired for packaging.

In double-stranded DNA (dsDNA) viruses with linear ge-
nomes, exemplified by the well-studied phage � (16), a typical
infection begins with injection of linear viral DNA into the host
(Escherichia coli), where it takes on a circular conformation.
These unit-length molecules replicate in the theta mode but
cannot be packaged (45), since they possess a single packaging
site (cos). Later in infection, replication switches to the sigma
(rolling circle) mode, producing genomic concatemers with
multiple cos sites. The packaging endonuclease (Ter) cleaves
cos (see reference 7 for a review) and positions the empty
viral capsid at one of the nascent DNA ends (cosL). DNA is
pumped into the capsid until one genome length of � DNA is
encapsidated and a second cos site is encountered. Packaging
is completed when Ter bound to the filled capsid cleaves the
DNA at the second cos site and the filled capsid dissociates
from Ter.

The general strategy of viral genome packaging by encapsi-
dation of a “headful” of DNA cleaved from a concatemeric
array of viral genomes is conserved among linear dsDNA
viruses, including the herpesviruses (48), baculovirus (50),
and phage SPP1 (42), and is absolutely dependent upon the
production of genomic concatemers. As genome concatemer-

ization is essential for viral growth, an alternate pathway to
concatemerization is provided by homologous genetic recom-
bination (35). Recombination is promoted by dsDNA ends
created by cleavage of the packaging site by the packaging
endonuclease (reference 36 and references therein) and at
the tips of rolling circle replication intermediates (38). The
resulting recombinant product can contain more than one
genome equivalent of DNA and at least two packaging sites
and can therefore be packaged (11).

In phage �, two enzymes, � exonuclease (� Exo) and beta
protein, catalyze homologous recombination. � Exo is an al-
kaline exonuclease, and beta protein is a synaptase (a protein
that promotes annealing of single-stranded DNA [ssDNA]
chains and the pairing of ssDNA with homologous dsDNA in
concert with the E. coli RecA protein). � Exo and beta protein
form a specific 1:1 complex (6) and work together as a two-
component viral recombinase (29). A search of the nonredun-
dant GenBank database using the PSI-BLAST server (2) with
� Exo as the query sequence revealed over 80 other � Exo-like
proteins from linear dsDNA viruses, with the similarity being
limited to five conserved amino acid motifs (3, 30; R. S. Myers
and K. E. Rudd, unpublished data). The group of proteins has
been variously named the Red� superfamily (30) and the LE
family (3). For many of the known or putative exonuclease
genes, a nearby gene for a known or putative synaptase (such
as � beta protein, P22 Erf, Rac RecT, or HSV1 UL29) has
been identified (19; Myers and Rudd, unpublished). Unlike
viral nucleases, which all resemble � Exo (except RecE, which
more closely resembles E. coli RecB [8]), the synaptases fall
into several families (19; Myers and Rudd, unpublished).
Whereas synaptase sequences are diverse, their structures are
very similar, and they assemble into nucleoprotein filaments
with ssDNA (e.g., see reference 32).

Two-component recombinase pairs include Exo/beta protein
from coliphage �, RecE/T from the Rac prophage of E. coli,
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UL12/UL29 from human herpesvirus type 1, YqaJ/K from the
skin prophage of Bacillus subtilis, open reading frame (ORF)
7(DUF)/BBR29 from a putative prophage in Borrelia burgdor-
feri, and G34.1P/G35P from phage SPP1. An alignment be-
tween the amino acid sequences of SPP1 G34.1P and � Exo is
shown in Fig. 1, with the five Red� superfamily motifs high-
lighted. SPP1 G35P is very similar to the RecT synaptase from
the Rac cryptic prophage of E. coli (1 [and references therein];
Myers and Rudd, unpublished). Moreover, G35P is able to
catalyze strand exchange (4). From the sequence alignments,
its appears that a putative SPP1 recombinase bridges the � and
Rac recombination systems.

Genes encoding interacting proteins often colocalize in viral
genomes. The recT gene is adjacent to and overlaps the recE
gene, which specifies a recombination exonuclease. RecE and
RecT form a complex and catalyze recombination by a mech-
anism quite similar to that of the Red system of phage �.
RecE/RecT proteins can substitute for � Exo and beta protein
even though the sequences are completely dissimilar (20).
Many of the mechanistic details of the Red system and the
RecET system are conserved, including the capacity to support
some types of recombination in the absence of the host RecA

synaptase (12, 22, 23, 31, 36, 45, 51). The herpesvirus UL12
protein is a known alkaline exonuclease that forms a complex
with a synaptase, UL29 (44), and catalyzes recombination in
vitro (N. Reuven, A. Staire, R. S. Myers, and S. Weller, sub-
mitted for publication). Taken together, the data support our
proposal that viruses commonly employ a two-component sys-
tem for recombination.

The general model for the mechanism of recombination by
viral two-component recombination modules consisting of
an exonuclease and a synaptase (which we term “SynExo”) is
shown in Fig. 2 and is described below. Recombination is
initiated by dsDNA breaks (41, 43), and we propose that this is
so in all viruses within the family. The alkaline exonuclease
component of the viral recombinase prepares broken dsDNA
ends for recombination by 5� 3 3� resection of one DNA
strand. The resulting ssDNA has a 3� tip. We propose that the
synaptase component forms a complex with the alkaline exo-
nuclease and is coordinately loaded onto the nascent ssDNA,
thereby coupling DNA digestion to production of a recombi-
nogenic nucleoprotein filament, the synaptasome. The synap-
tasome structure is conserved even when little sequence ho-
mology is evident in comparisons of synaptases (32). We

FIG. 1. Alignment of � Exo and SPP1 Chu. Motifs shared with the Red� superfamily are boxed (3, 30). Identical and similar amino acids have
dark and light shading, respectively. The first aspartate (D) in motif III and the glutamate (E) and lysine (K) in motif IV are found in type II
restriction endonucleases and in E. coli RecB (3, 13, 21).
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propose that the synaptasome mediates the search for homol-
ogy that initiates recombination and regulates the processivity
of the alkaline exonuclease component (evidence for � Exo in
reference 17 and for herpesvirus UL12 in Reuven et al., sub-
mitted). Physical coupling between the nuclease and synaptase
components appears to be essential for recombination, even
though each component retains its enzymatic activity in the
absence of the other (5, 17). For example, homospecific two-
component viral recombinase complexes support homologous
recombination in E. coli (e.g., RecE/T and � Exo/beta protein),
but heterospecific combinations of the exonuclease and the
synaptase (e.g., � Exo/RecT and RecE/beta protein) do not
(29). Since the synaptase component is required in stoichio-
metric amounts that change in proportion with the number of
ssDNA nucleotides exposed and the nuclease that exposes the
ssDNA acts catalytically (and processively), the complex of the
nuclease to synaptase (1:1 in � Exo/beta protein [28]) is pro-
posed to represent an intermediate complex in a dynamic pro-
cess of synaptase assembly on the nascent ssDNA as it is
produced by the nuclease. This coordinated assembly and sub-
sequent homologous pairing with a target DNA is proposed to
provide synaptic feedback to regulate the exonuclease func-
tion. Synaptic feedback could occur via any one of four possi-
ble pathways (Fig. 2): single-strand annealing mediated by the
viral SynExo, as is proposed to occur in � (39); strand invasion
mediated by the viral SynExo aided by RecA, as is proposed to
occur in � (39); strand invasion mediated by the viral SynExo
independent of RecA, as is proposed to occur in the RecET
system (31); and strand exchange mediated by the viral syn-
aptase, as is proposed to occur through ssDNA annealing to
the lagging-strand template in the replication fork by � beta
protein (10). We are currently dissecting the feedback mech-
anism, which appears to be a central feature of recombination
in general and not specific to the viral recombination mecha-
nism.

We have proposed that the SynExo recombination module is
widely distributed throughout linear dsDNA viruses with host
ranges in all kingdoms (Myers and Rudd, unpublished). Ac-
cordingly, the Red� superfamily would define a group of re-
combination exonucleases. To test this hypothesis, we com-
pared the properties of the phage SPP1 34.1 gene product to �
Exo. � Exo is an oligomeric, highly processive, 5�3 3� exonu-
clease with limited endonuclease activity (24, 25, 33). It has an
alkaline pH optimum and requires a divalent cation (24, 33). It
prefers linear dsDNA with phosphorylated termini (27). We
predicted that the SPP1 34.1 gene product shares these prop-
erties and tested this prediction by biochemical characteriza-
tion of the protein.

As predicted, the 34.1 gene product, which we named Chu
(after its activity; see below), is oligomeric and digests linear
dsDNA in a processive manner. Chu has limited activity on
circular ssDNA and no activity on either circular dsDNA or
linear ssDNA. It has a pH optimum of 9.0 and requires a
divalent cation, which can be provided only by Mg2�. And, like
� Exo, Chu prefers dsDNA with phosphorylated 5� termini to
dsDNA with hydroxyl 5� termini.

MATERIALS AND METHODS

Strains and media. All cloning and gene expression used E. coli K-12 deriv-
atives. Bacteria were grown in Luria-Bertani medium (34) for most purposes and
SOB/SOC media (14) for transformation. When necessary, growth media were
supplemented with antibiotics (50 �g of kanamycin per ml, 100 �g of ampicillin
per ml, and 20 �g of chloramphenicol per ml) or isopropyl-1-thio-�-D-galacto-
pyranoside (IPTG) (1 mM).

Chemicals. All chemicals were reagent grade or better and were purchased
from Sigma, Kodak, J. T. Baker, Aldrich, and Mallinckrodt. Divalent-cation
concentrations were verified by osmometry using the freezing point depression
method (Advanced Instruments). Gel purifications were performed with an
UltraClean 15 DNA purification kit (MoBio Laboratories, Inc.). Enzymes used
in the cloning were from New England Biolabs.

Cloning. The 34.1 gene was amplified from bacteriophage SPP1 genomic DNA
(generously provided by J. Alonso) with the primers 34.1-Nde (5�-GGAATTC

FIG. 2. Model for recombination mediated by the viral SynExo. Linear dsDNA, such as that produced during rolling circle replication by the
virus or by the action of the packaging endonuclease on the packaging site, serves as the substrate. The exonuclease is shown resecting the 5� end
while the synaptase binds the resulting 3�-terminated ssDNA. The synaptasome mediates the search for homology promoting ssDNA annealing
(SSA) with complementary ssDNA and strand invasion (SI) with homologous dsDNA. SI occurs with and without assistance from the host RecA
protein (12, 39, 43). SI is proposed to occur by the synaptase alone in regions of ssDNA (produced, for example, during replication) (10).

VOL. 185, 2003 NOVEL EXONUCLEASE IN THE SynExo RECOMBINASE GROUP 2467



CATATGG*CGAGGGTAGTGGCAAAC-3�) and 34.1-Bam (5�-CGGGATCC
T#CATGCCTTTTGCTCCGCCTTTTGCTCCTCCCTCT-3�) corresponding to
positions 30532 (*) and 31464 (#) in the SPP1 genome (accession number
X97918). The NdeI and BamHI sites are underlined. The 953-bp 34.1 PCR
product was resistant to cleavage by NdeI and BamHI (data not shown), perhaps
because the engineered restriction sites were not in the correct context for
efficient restriction. Therefore, it was blunt-end cloned into pTZ18u (accession
number L37352) with SmaI to produce plasmid pTZ18::34.1. Epicurian coli
XL10-Gold ultracompetent cells (Stratagene) were transformed to ampicillin
resistance, and transformants were identified by colony PCR. The sequence of
34.1 in pTZ18::34.1 is identical to that of 34.1 in the SPP1 complete genome
sequence X97918 (CDS 30529-31464) but differs from that of X67865 (CDS
CAA48050.1) at the codon corresponding to amino acid 137, which is a serine
instead of a tyrosine.

The 34.1 gene was subcloned using standard methods from pTZ18::34.1 into
the NdeI and BamHI restriction sites of a derivative of pET28a(�) (Novagen),
to produce plasmid pET::34.1 (Fig. 3A). pET::34.1 was used to transform BL21
(DE3) (pLysS) cells (40). Transformants were identified by colony PCR.

Purification of insoluble Chu. BL21(DE3)(pLysS)(pET::34.1) cells (RIK 237)
were grown at 37°C to an optical density at 600 nm (OD600) of 0.55 and induced
with 1 mM IPTG. Cells were harvested after an additional 3 h of growth and
stored at �80°C. A cell pellet (7.5 g) was sonicated in 10 ml of 20 mM Tris-HCl–1
mM EDTA. Inclusion bodies were collected from the cell lysate by centrifugation
at 17,000 � g for 20 min and washed by resuspension in 20 ml of 20 mM Tris-HCl
(pH 8.0)–100 mM NaCl–0.5% Triton X-100. Inclusion bodies were again col-
lected by centrifugation at 17,000 � g for 20 min and dissolved for 2 h at 37°C in
20 ml of 8 M urea–20 mM Tris base. Debris was pelleted by centrifugation at
17,000 � g for 10 min. Solubilized inclusion bodies were put over a Macro-Prep
High Q strong anion-exchange support column (Bio-Rad) (6 ml) that had been
treated with 15 volumes of 100 mM Tris-HCl followed by 40 volumes of 20 mM
Tris-HCl and then by 2 volumes of 8 M urea–20 mM Tris-HCl. The column was
washed with 13 volumes of 8 M urea–20 mM Tris-HCl and then eluted with a salt

gradient from 20 mM NaCl in 8 M urea–20 mM Tris-HCl to 0.5 M NaCl in 8 M
urea–20 mM Tris-HCl. Fractions containing protein, as indicated by the OD280,
were pooled and then concentrated via ultrafiltration with a Centricon (Amicon)
concentrator with a molecular weight cutoff of 10,000. The presence of protein
was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The protein was applied to nickel-nitrilotriacetic acid (Ni-NTA)
spin columns (Qiagen) equilibrated with 0.5 M NaCl–8 M urea–20 mM Tris-HCl
for further purification. The column was washed three times with 0.6 ml of 20
mM potassium phosphate (pH 6.0)–8 M urea–0.5 M NaCl and twice with 0.6 ml
of 20 mM potassium phosphate (pH 5.3)–8 M urea–0.5 M NaCl. His-tagged
protein was eluted with 20 mM potassium phosphate (pH 4.0)–8 M urea–0.5 M
NaCl.

Pure protein was refolded by gradual removal of the urea by dialysis. The
protein was diluted in day 1 refolding buffer (300 mM K2HPO4 [pH 7.0], 0.1 mM
K2EDTA, 100 mM KCl, 20% glycerol, 6 M urea) to less than 1 mg/ml. It was then
dialyzed at 4°C overnight, against 250 volumes of day 1 refolding buffer. It was
dialyzed over five nights in the same buffer with less urea each night as follows:
4 M urea on day 2, 2 M urea on day 3, 1 M urea on day 4, and no urea on day
5. The preparation was stored at �80°C in 300 mM K2HPO4 (pH 7.0)–0.1 mM
K2EDTA–100 mM KCl–20% glycerol at a protein concentration of 9.7 �M
monomers, as estimated by OD280.

Purification of soluble Chu. The level of Chu protein expression in BL21
(DE3) pLysS [pET::34.1] (RIK 237) was not detectable by SDS-PAGE of whole-
cell lysates (Fig. 3B). To increase the yield, we transformed BL21-CodonPlus-RP
(Stratagene) which encodes tRNAs for rare arginine codons (six AGG codons
and three AGA codons) found in the 34.1 gene. This strain produced detectable
levels of soluble protein. BL21-CodonPlus(DE3)-RP(pET::34.1) cells (RIK 238)
were grown at 30°C to an OD600 of 0.5 to 1.35 and induced with 1 mM IPTG (Fig.
3B). Cells were harvested after an additional 3 h of growth at 30°C and stored at
�80°C. The cell pellet was lysed in 5 volumes of a solution containing 50 mM
NaH2PO4 (pH 8.0), 300 mM NaCl, 10 mM imidazole, 1 mM phenylmethylsul-
fonyl fluoride, and 1 mg of lysozyme (Amersham)/ml and incubated on ice until

FIG. 3. (A) Partial map of plasmid pET::34.1 containing the 34.1 gene, showing the direction of transcription and the locations of the T7
promoter, the His tag, and the NdeI and BamHI sites used for cloning. The amino acid sequence of His-tagged Chu is shown with the Chu sequence
in bold. (B) Induction of SPP1 Chu expression. SDS-PAGE of whole-cell lysates of BL21-CodonPlus (DE3)-RP [pET::34.1] cells (RIK 238) 3 and
0 h after induction with IPTG (lanes 1 and 2, respectively) shows the appearance of the expected 38-kDa band. Expression of Chu in BL21(DE3)
pLysS [pET::34.1] cells (RIK 237) was not detected. Lanes 5 and 6 show whole-cell lysates 0 and 3 h, respectively, after induction with IPTG.
(C) SDS-polyacrylamide gel of pure His-tagged Chu.
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the solution appeared viscous. The lysate was centrifuged for 30 min at 17,000 �
g or 60 min at 20, 000 � g, and the supernatant fluid was centrifuged again for
10 min at 17,000 � g or 30 min at 20, 000 � g. Approximately the same volume
as the cell pellet of a 50% slurry of Ni-NTA resin (Qiagen) was added to the
supernatant fluid. His-tagged protein was allowed to bind to Ni-NTA resin at 4°C
by rotating the sample for 1 h or inverting several times every 15 min. The
resin was then either washed four times with an equal volume of 50 mM
NaH2PO4 (pH 8.0)–300 mM NaCl–20 mM imidazole, once with 50 mM
NaH2PO4 (pH 8.0)–300 mM NaCl–40 mM imidazole, once with 50 mM
NaH2PO4 (pH 8.0)–300 mM NaCl–60 mM imidazole, and once with 50 mM
NaH2PO4 (pH 8.0)–300 mM NaCl–80 mM imidazole or washed twice with 50
mM NaH2PO4 (pH 8.0)–300 mM NaCl–20 mM imidazole and twice with 50
mM NaH2PO4 (pH 8.0)–300 mM NaCl–40 mM imidazole. His-tagged protein
was eluted with 50 mM NaH2PO4 (pH 8.0)–300 mM NaCl–250 mM imida-
zole. The preparation was stored on ice at 4°C at a protein concentration of
1.0 �M monomers, as estimated by SDS-PAGE.

Gel filtration. The molecular mass of native Chu enzyme was determined by
fast-performance liquid chromatography (FPLC) gel filtration on a Superose 6
HR 10/30 column (Pharmacia) calibrated with catalase (232 kDa), aldolase (158
kDa), bovine serum albumin (67 kDa), and RNase A (13.7 kDa) (Pharmacia).
Samples were passed through the column in 50 mM K2HPO4 buffer, pH 7.0, with
0.1 mM K2EDTA, 100 mM NaCl, and 5% glycerol at a constant flow rate of 0.2
ml/min. Fractionation was monitored at 280, 230, and 214 nm.

Enzyme assays. Standard reaction conditions for nuclease assays were as
follows: 50 mM CHES (2-[N-cyclohexylamino]ethanesulfonic acid; pH 9.0) (ex-
cept when pH was tested), 50 mM KCl, 5 mM magnesium acetate (except when
Mg2� concentration was tested), 5% glycerol, and 1 mM dithiothreitol at 37°C.
The reaction volume was 50 �l. The reaction time was 30 min except in the
titrations used to determine the fractional activity of Chu, in which it was 3 or
10 min, and in time courses. Buffers were MES (pH 6.0), HEPES (pH 7.0, 7.5,
and 8.0), Tris-HCl (pH 8.5), and CHES (pH 9.0, 9.2, 9.4, 9.6, 9.8, and 10.0).

Linear dsDNA was prepared by alkaline lysis miniprep (26) of pUC19 and
complete digestion with PstI, followed by purification with either phenol-chlo-
roform, ether, and two ethanol precipitations or an UltraClean PCR clean-up
spin column (MoBio Tech). DNA was resuspended in Tris-HCl, pH 8.0, with or
without 0.1 mM EDTA. It was quantified by measuring the absorbance at 260
nm. Circular dsDNA was prepared by alkaline lysis miniprep of pUC19. Prepa-
rations were treated with RecBCD (generously provided by M. Jockovich) to
digest any linear DNA species, gel purified, and quantified by measuring absor-
bance at 260 nm. RecBCD digests were incubated at 37°C for 30 min and
contained 10 mM magnesium acetate, 1 mM dithiothreitol, 200 �M ATP, 0.2 mg
of bovine serum albumin per ml, and 3.5 nM RecBCD. Circular ssDNA (M13)
was generously provided by A. Nimonkar. Dephosphorylated pUC19 DNA was
prepared by treatment of PstI-cut pUC19 with calf intestinal phosphatase (New
England Biolabs) per the manufacturer’s instructions. Dephosphorylated DNA
was purified by UltraClean PCR clean-up spin column, checked for 100% de-
phosphorylation by ligation with Quick T4 DNA ligase (New England Biolabs),
and quantified by measuring the absorbance at 260 nm. Control DNA for the
experiment to determine the preference of Chu for particular DNA ends was
also passed through an UltraClean PCR clean-up spin column.

Linear dsDNA was labeled with the fluorescent dye PicoGreen (Molecular
Probes) at a concentration of 1.6� or 229� (product is supplied at a 2000�
strength). The dye fluoresces with a higher intensity when bound to dsDNA than
ssDNA or nucleotides. Reaction rates were measured by a decrease in fluores-
cence upon DNA digestion. A linear relationship exists between fluorescence
and moles of dsDNA (Molecular Probes). Reactions were stopped with EDTA
(13 to 20 mM), and assay mixtures were incubated with PicoGreen in the dark for
no less than 3 min. DNA was quantified by excitation at 484 nm and scanning the
emission between 510 and 545 nm in a spectrofluorometer (QuantumMaster;
Photon Technology International). The final reaction conditions were estimated
by measuring the difference in fluorescence between 1.15 nmol of dsDNA (start-
ing conditions) and 0.575 nmol of ssDNA (boiled and quickly chilled on ice) as
an approximation of final reaction conditions. Fluorescence contribution from
nucleotides is negligible (K. Subramanian, personal communication). Light out-
put was measured by integrating the area under the fluorescence output curve
from 510 to 545 nm, converted to moles of nucleotides digested.

The substrate specificity tests were evaluated by agarose gel electrophoresis.
Reactions were performed with standard conditions. Samples were mixed with
loading buffer and electrophoresed through 1 or 2% agarose in Tris-acetate
EDTA buffer at 2 to 3.5 V/cm. Gels were stained with ethidium bromide, and
images were recorded with a charge-coupled device camera and a UV transillu-
minator by using the AlphaImager 2000 (Alpha Innotech Corp.).

Sequence alignments. Primary sequence alignments were performed using
ClustalW (46) with minor adjustments made by hand.

RESULTS

Cloning and expression of 34.1 of SPP1. Based on the high
degree of similarity of G34.1P of phage SPP1 from B. subtilis to
the alkaline exonuclease � Exo of phage � (Fig. 1) and the
proximity of the 34.1 gene to a synaptase gene, we predicted
that G34.1P is a processive alkaline exonuclease that requires
a divalent cation and prefers phosphorylated 5� termini. To test
this hypothesis, we determined the biochemical characteristics
of the recombinant G34.1P protein purified as a polyhistidine
fusion protein from E. coli. The gene was amplified from ge-
nomic DNA by PCR and cloned into a derivative of expression
vector pET28a(�) to form plasmid pET::34.1 (Fig. 3A). The
nucleotide sequence of the cloned gene corresponds to ORF
34.1 in the complete genome sequence of SPP1 in GenBank
(X97918). Induction of expression of 34.1 in transformed
E. coli produced a band at 	40 kDa corresponding to the
expected mass of 38,107 Da, which was not present in unin-
duced cells (Fig. 3B). We have named this protein Chu after its
activity, as it “chews” DNA (see below).

Purification of Chu. We initially expressed Chu in a stan-
dard lab strain, and it displayed so little induction as to be
undetectable by inspection of Coomassie brilliant blue (CBB)-
stained gels. Furthermore, the Chu protein so produced was
found entirely as insoluble protein aggregates. We developed
two purification schemes to isolate apparently homogeneous
(
95%, as determined by SDS-PAGE and CBB staining) Chu
enzyme (Fig. 3C). The first approach provided most of the
material used in the characterization of Chu activity. Washed
protein aggregates were dissolved in urea and then subjected
to anion exchange and immobilized nickel affinity column
chromatography to purify denatured Chu protein. This prep-
aration was refolded by gradual dilution of denaturant, result-
ing in recovery of exonuclease activity.

To determine if refolded Chu retained the activity of the
native enzyme, we purified Chu under nondenaturing condi-
tions. When overexpressed in E. coli, Chu represents 5 to 6%
of the total cell protein. We managed to obtain a small amount
of native and soluble Chu by centrifugation to remove the
insoluble protein, followed by a single step of immobilized
nickel chromatography. The purification procedure resulted in
19% recovery of the total Chu protein (by mass) as determined
by scanning the image of a CBB-stained SDS-polyacrylamide
gel. The protein obtained was more than 95% pure, as assessed
by CBB staining of an SDS-polyacrylamide gel.

The oligomeric state of Chu was determined by FPLC gel
filtration. The native enzyme is an oligomer that eluted with an
apparent molecular mass of 146 to 212 kDa. This observation
is consistent with that made for � Exo, which is known to be a
trimer (21, 47) but elutes as a pentamer or hexamer under our
conditions (K. Subramanian and R. S. Myers, unpublished
data), possibly due to its toroidal structure (21). For the pur-
poses of calculating percent active enzyme, we assumed Chu to
be a trimer, since the structure of � Exo determined by X-ray
crystallography is trimeric (21). For all enzyme assays, Chu was
titrated to determine the concentration of active enzyme.
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Activity of the Chu preparation. We established that Chu is
a dsDNA exonuclease using a quantitative fluorescence-based
assay that we developed. Figure 4A shows raw data obtained
from a typical nuclease assay in which the progression of the
reaction is monitored as dsDNA is converted to ssDNA. The

fluorescence contribution from nucleotides is negligible (Sub-
ramanian, personal communication). A linear relationship ex-
ists between fluorescence and moles of dsDNA (Molecular
Probes), so for each enzyme reaction in this study, the fluo-
rescence contribution from ssDNA was subtracted from the

FIG. 4. SPP1 Chu digests linear dsDNA. PstI-cut pUC19 was digested under standard reaction conditions, fluorescently labeled, and quantified
by excitation at 484 nm and scanning of the emission between 510 and 545 nm in a spectrofluorometer (QuantumMaster; see Materials and
Methods). (A) Raw data obtained from the spectrofluorometer. Because the dye fluoresces with a higher intensity when bound to dsDNA than
ssDNA or nucleotides, a decrease in fluorescence reflects digestion of DNA. Titrations were performed with various concentrations of refolded
Chu against 2.3 nM DNA ends. Reaction time was 30 min. The dsDNA curve represents the fluorescence output from a reaction in which a
quantity of EDTA sufficient to quench the reaction was added prior to the addition of enzyme. Curves 1 through 8 contained 20, 40, 60, 80, 120,
240, 160, and 200 nM Chu, respectively. The ssDNA curve represents data from a reaction mixture that contained 0.5 equivalent of denatured input
DNA to imitate limit digest conditions. DNA products are illustrated to the right of the chart, with Chu represented as a circle with a slice missing.
(B and C) Time course of DNA digestion by native Chu under saturation conditions initiated with enzyme and Mg2�, respectively. Samples were
withdrawn and quenched with EDTA at various times. DNA and Chu concentrations were 2.3 nM DNA ends and at least 2.3 nM Chu (as
determined empirically by titration). (D and E) Titrations of native and refolded Chu, respectively, against 2.3 nM DNA ends. Reaction time was
10 min.
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signal, and remaining fluorescence was converted to moles
of dsDNA. Percent digestion was then calculated, using full-
length dsDNA as a point of reference.

A time course experiment in which reactions were initiated
with native enzyme (Fig. 4B) revealed that the rate has two
linear components, a low initial rate followed by a higher
persistent rate. The high rate (3 nucleotides per s) was similar
to the rate obtained (2 nucleotides per s) when enzyme and
DNA were premixed and reactions were initiated with Mg2�

(Fig. 4C).
The percent active enzyme was calculated from titrations of

enzyme against constant linear dsDNA concentration, in which
we presumed that saturation of DNA digestion rate was
achieved at a 1:1 stoichiometry of active Chu to DNA ends
(Fig. 4D and E). The concentration of Chu at which saturation
was reached suggested that the native preparation was 100%
active and the refolded preparation was 10% active, assuming
that the quaternary structure of the enzyme is trimeric. As-
suming a trimeric structure seems reasonable in light of the
data from FPLC suggesting that Chu is an oligomer (see
above) and the high degree of similarity in sequence (3, 30;
Myers and Rudd, unpublished) and biochemical properties
(this study) to � Exo, which appears to be trimeric by gel
filtration (47) and X-ray crystallography (21). One unit of ac-
tivity is defined as the amount of enzyme required to release 1
�mol of nucleotides in 1 min at 37°C under the standard
reaction conditions described in Materials and Methods. Na-
tive and refolded Chu had exonuclease activities of 5.4 and
0.39 U/mg, respectively.

Substrate specificity of Chu. We observed dsDNA exonu-
clease activity of Chu by using a gel-based assay (Fig. 5A, lanes
5 and 7). Linear dsDNA was digested in the presence but not
in the absence of Chu. The nuclease activity requires a divalent
cation: DNA was digested in the presence but not in the ab-
sence of Mg2� (Fig. 5A, lanes 6 and 7). Chu has no dsDNA
endonuclease activity, as circular dsDNA was not cut by Chu in
30 min (Fig. 5A, lanes 8 and 9). Chu has weak ssDNA endo-
nuclease activity, since circular ssDNA was converted to linear
ssDNA of a single size (Fig. 5A, lanes 10 and 11). One unit of
activity is defined as the amount of enzyme required to convert
1 �mol of DNA molecules from circular to linear form in 1 min
at 37°C under the standard reaction conditions described in
Materials and Methods. Refolded Chu had an endonuclease
activity of 4.3 � 10�4 U/mg. Chu has no ssDNA exonuclease
activity detectable in 30 min under standard conditions—the
linear ssDNA in Fig. 5A, lane 11, was not digested further, as
determined by densitometry.

Chu prefers dsDNA with phosphorylated 5� termini to
dsDNA with hydroxyl 5� termini (Fig. 5B). The difference in
rates is 26-fold in the first 30 s and 2.4-fold in the first minute
(Fig. 5B). We propose that the rates of digestion are equivalent
once the first turnover has occurred and that the rate on
dephosphorylated DNA appears to be lower because of the
asynchronous release of stalled enzyme-substrate complexes
into the active form.

Optimum pH. We determined that the exonuclease activity
of Chu, like that of � Exo and UL12 of HSV1, has an alkaline
pH optimum. Activity was optimum at pH 9.0 (Fig. 5C). � Exo
has a pH optimum of about 9.2 to 9.5 (24, 33). At the estimated

cytoplasmic pH of B. subtilis, approximately 7.5 (18), the ac-
tivity in our assay system is 43% of the maximum.

Effect of divalent cations. The exonuclease activity of Chu
was absolutely dependent on the presence of Mg2� (Fig. 5A,
lanes 6 and 7) with an optimum concentration in the range of
5 mM (Fig. 5D). A number of other divalent cations were
tested (Ca2�, Co2�, Cu2�, Mn2�, Ni2�, and Zn2�), but no
enzyme-dependent DNA degradation was observed above the
enzyme-independent background at concentrations between
0.5 and 50 mM (data not shown). � Exo also requires a divalent
cation for activity (24).

Processivity of Chu. The processivity of Chu was determined
(Fig. 6). The average amount of digestion by each enzyme-
substrate complex before dissociation was measured using hep-
arin to trap excess enzyme. Assays were conducted under con-
ditions in which DNA ends are saturated with enzyme (as
determined by titration). Controls (not shown) were included
in which the enzyme was added after the heparin to ensure that
the concentration of heparin added was adequate to trap all of
the enzyme. If the enzyme acts distributively, DNA digestion
will quickly reach a limit. If the enzyme acts processively, an
amount of DNA equivalent to the average processivity of the
enzyme will be digested before the limit is reached. As seen in
Fig. 6, an average of 1,000 nucleotides were digested before the
limit was reached, indicating that Chu is a processive enzyme
with an average processivity of 1,000 bp.

The enzymatic properties of Chu can be summarized as
follows. It is a dsDNA exonuclease and a weak ssDNA endo-
nuclease. It has no ssDNA exonuclease or dsDNA endonucle-
ase activities. It prefers a pH of 9.0, phosphorylated 5� DNA
ends, and Mg2� as a divalent cation.

DISCUSSION

Viruses with linear dsDNA genomes infect organisms from
every major branch of the tree of life. Based on the ubiquity of
two-component viral recombinases (which we term the SynExo
family of two-component recombinases) apparent from bioin-
formatic analysis of these viral genomes, we propose that
homologous recombination plays an important role in viral
growth and development. Interestingly, these recombinases are
restricted to viral sequences; the cellular genomes that encode
family members appear to have integrated them along with
other viral sequences (e.g., the Rac prophage-encoded RecE/T
system in E. coli, the YqaJ/K system encoded by the B. subtilis
skin element, and ORF 7 (DUF)/BBR29 from a putative pro-
phage comprising a small plasmid of B. burgdorferi [19]). Since
these recombinases are specific to viruses (including patho-
gens) and since diverse viruses require recombination nuclease
function for optimal growth (including � [37], human herpes-
virus type 1 [13], and Paramecium bursaria chlorella virus 1 [J.
Van Etten, personal communication]), viral recombination
nucleases may be a significant target for new antiviral drugs to
be used in concert with more traditional DNA synthesis inhib-
itors.

One way to determine structural features of enzymes that
contribute to a conserved mechanism is to let nature do the
mutagenesis experiment. By identifying highly conserved fea-
tures of homologous but distantly related protein sequences, it
may be possible to identify potent targets for antiviral drugs
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and generate insight into mechanistic details. Therefore, in
order to challenge the Red� superfamily model and to extend
our understanding of the conserved features of the viral re-
combination mechanism, we identified a family member with a
homologous ORF of unknown function, isolated the gene,
expressed it in a heterologous system (E. coli), and showed that
the gene encodes a bona fide alkaline exonuclease with prop-
erties similar to those of viral nucleases from distantly related
taxa.

We report here the characterization of Chu, an enzyme from
phage SPP1 of B. subtilis belonging to the Red� superfamily of
recombination exonucleases. Based on similarity to � Exo and
proximity of the gene to the synaptase gene, 35 (1; Myers and
Rudd, unpublished), we predicted that Chu is a processive
oligomeric alkaline exonuclease requiring a divalent cation and
preferring phosphorylated 5� termini. The prediction was

borne out. Chu digests linear dsDNA processively, has limited
activity on circular ssDNA, and demonstrates a preference for
5�-phosphoryl over 5�-hydroxyl DNA termini. Chu exists as an
oligomer in solution and has an alkaline pH optimum and an
absolute requirement for a divalent cation, which can be sup-
plied only by Mg2�. Based on these properties, the ssDNA
binding activity of G35P (4), and the reduction of linear geno-
mic concatemer formation in temperature-sensitive 35 mutants
(49), we predict that Bacillus phage SPP1 employs a recombi-
nation mechanism similar to that of coliphage � and herpesvi-
rus (Reuven et al., submitted).

The SynExo functional unit may represent a recurrent
theme in linear dsDNA viruses. It may have evolved as a
portable module (15) that can function in diverse hosts
without requiring extensive interaction with host-specific
functions. This general strategy of encoding a simple portable

FIG. 5. SPP1 Chu enzyme characterization. (A) DNA (2.3 nM ends or 1.15 nM molecules) was digested with refolded Chu (at least 2.3 nM,
as determined by titration) for 30 min at 37°C under standard reaction conditions (see Materials and Methods). The gel was scanned to determine
DNA quantities with an AlphaImager 2000. Lanes 1 through 4, molecular weight markers. Lane 1, 500-bp ladder; lanes 2, 3, and 4, combination
of the substrates used in the assays, i.e., linear dsDNA, circular dsDNA, and circular ssDNA, at initial concentrations of 0.01�, 0.1�, and 1�,
respectively. Lane 5, control without Mg2� or Chu. (B) Phosphorylated (squares) or dephosphorylated (circles) PstI-cut pUC19 (0.151 nM ends)
was incubated with Chu (at least 0.151 nM, as determined by titration) for 2 min at 37°C, and reactions were then initiated with 5 mM Mg2�. DNA
was digested under standard reaction conditions for 0, 0.5, 1, 2, 5, or 10 min. The 0-min sample was quenched with 20 mM EDTA prior to the
addition of Mg2�. (C) PstI-cut pUC19 (2.3 nM ends) was digested with refolded Chu (at least 2.3 nM, as determined by titration) for 30 min at
37°C under standard conditions, except that pH was varied. (D) PstI-cut pUC19 (2.3 nM ends) was digested with refolded Chu (at least 2.3 nM,
as determined by titration) for 30 min at 37°C under standard conditions, except that Mg2� concentration was varied. *, the mean value was below
zero, but the rate fell within the range of 0.
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recombination module may confer a great adaptive advantage
on viruses exploring new niches. This same property may be
exploited by genetic technologists to promote in vivo genetic
engineering (“recombineering” [9]) in genetically recalcitrant
organisms such as humans, certain model organisms, and or-
ganisms of agricultural importance, plants and animals alike. If
some connectivity remains between viral recombinase modules
and host proteins, one may wish to employ recombinase mod-
ules from viruses that coevolved with the hosts. Examples of
this might include using herpesvirus UL12/29 recombinase to
engineer mammals, avian species, fish, and reptiles, phage re-
combinases to engineer bacteria (SPP1 Chu/G35P for gram-
positive bacteria, � Exo/beta protein for gram negative-bacte-
ria), and algal virus (PBCV1) or Arabidopsis (unknown viral
species) recombinases to engineer plants.
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