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ABSTRACT

Bacteriophage � encodes a DNA recombination sys-
tem that includes a 5′-3′ exonuclease (� Exo) and
a single strand annealing protein (Red�). The two
proteins form a complex that is thought to mediate
loading of Red� directly onto the single-stranded 3′-
overhang generated by � Exo. Here, we present a 2.3
Å crystal structure of the � Exo trimer bound to three
copies of the Red� C-terminal domain (CTD). Muta-
tion of residues at the hydrophobic core of the inter-
face disrupts complex formation in vitro and impairs
recombination in vivo. The Red� CTD forms a three-
helix bundle with unexpected structural homology to
phage � Orf, a protein that binds to E. coli single-
stranded DNA binding protein (SSB) to function as
a recombination mediator. Based on this relation-
ship, we found that Red� binds to full-length SSB,
and to a peptide corresponding to its nine C-terminal
residues, in an interaction that requires the CTD.
These results suggest a dual role of the CTD, first
in binding to � Exo to facilitate loading of Red� di-
rectly onto the initial single-stranded DNA (ssDNA)
at a 3′-overhang, and second in binding to SSB to
facilitate annealing of the overhang to SSB-coated
ssDNA at the replication fork.

INTRODUCTION

Bacteriophage � encodes a simple ‘SynExo’ (synaptase-
exonuclease) recombination system for repair of double
stranded DNA (dsDNA) breaks by a single strand anneal-
ing (SSA) mechanism (Figure 1; 1). This system, called Red
for recombination defective, consists of two proteins: a 5′-
3′exonuclease, � Exo, that binds to DNA ends and resects
the 5′-strand (2,3), and a synaptase, Red�, that binds the re-
sulting 3′-overhang to anneal it to a complementary strand
from another copy of the chromosome (Figure 1A; 4–6).
In most cases, annealing is thought to occur at a target site
that is exposed as ssDNA on the lagging strand of a repli-
cation fork (7). A third protein, Gam, binds and inactivates
the host RecBCD enzyme, to prevent it from degrading the
phage genome (8). Interest in � Exo and Red� stems in part
from their distant homologies with the mammalian recom-
bination proteins Dna2 (9) and Rad52 (10–14), respectively.
The proteins have also been exploited in powerful methods
for bacterial genome engineering, most notably recombi-
neering (15,16) and Multiplex Automated Genome Engi-
neering (17). Interestingly, � Exo and Red� bind to one an-
other to form a complex that is required for recombination
in vivo (18,19). While its exact role is unknown, the complex
may serve to integrate the two steps of the SSA reaction,
end-resection and annealing, by physically loading Red�
onto the 3′-overhang as it is generated by � Exo. Such a
function would be closely analogous to the loading of RecA
onto 3′-overhangs generated by RecBCD (20,21).

Little is known about the structure of the � Exo–Red�
complex. It has an apparent 1:1 stoichiometry, as initially
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Figure 1. Model for phage � Red recombination. (A) Overview of the ac-
tivities of � Exo and Red� in the single-strand annealing pathway. (B) Do-
main structure of Red�. The functions of each domain are listed. Residues
178–194 of Red� likely form a flexible linker that connects the two do-
mains. (C) Model of the complex, based on the �3�3 hexamer observed in
the crystal, which did not include the Red� N-terminal domains. The C-
terminal domains of each Red� monomer each bind to the � Exo trimer,
leaving the N-terminal domains free to bind the nascent 3′-overhang. Ac-
cording to the model, as the � Exo trimer moves along the DNA from right
to left, it loads Red� monomers onto the nascent 3′-overhang, one after
another.

observed by co-purification of the proteins from cell lysates
(18). The dissociation constant of 7.9 �M measured by
isothermal titration calorimetry is consistent with a tran-
sient interaction, as implied by the loading mechanism de-
scribed above (22). Gel filtration chromatography and dy-
namic light scattering suggested a molecular weight ranging
from 100 to 800 kDa for the complex (23,24). These differ-
ences may arise in part from the dynamic oligomerization
behavior of Red�. While � Exo forms a stable trimer un-
der all conditions tested, Red� exists in a variety of differ-
ent oligomeric states, ranging from monomers (25,26), to
closed rings (27), split lock washers (12), and helical fila-
ments (12,27).

Red� consists of two domains connected by a flex-
ible linker (Figure 1B, 25,28–29). The N-terminal do-
main (NTD), residues 1–177, shares distant homology
with Rad52 (12–14) and is responsible for oligomeriza-

tion and DNA binding (22,28). The C-terminal domain
(CTD), residues 183–261, shares no significant homology
with other proteins, exists as a monomer that does not bind
to DNA, and forms the complex with � Exo (29). Based
on this apparent separation of function, we reasoned that
a minimal complex formed by � Exo and just the CTD of
Red� might be more amenable to crystallization, but still
recapitulate the essential features of the intact complex. To
this end, we have determined the crystal structure of � Exo
in complex with the Red� CTD. The structure shows the
residues of each protein at the interface, and thus provides
a framework for mutational analysis, to test the role of the
complex in promoting recombination in vivo. The structure
also reveals an unexpected relationship between the CTD of
Red� and phage � Orf (30), a protein that binds to SSB to
function as a recombination mediator. Based on this rela-
tionship, we found that Red� binds to full-length SSB and
to a peptide corresponding to the SSB C-terminus. Through
mutational analysis, we established that this interaction is
required for recombination in vivo.

MATERIALS AND METHODS

Protein expression and purification

The gene fragment encoding Red� CTD residues 183–261
was cloned between the NdeI and BamHI sites of pET14b
to express an N-terminally 6His-tagged protein with an in-
tervening site for thrombin cleavage (29). The gene for full-
length � Exo was cloned into a pST39 vector to express it
as an untagged protein (31). The two plasmids were trans-
formed into separate batches of BL21(AI) cells (Life Tech-
nologies), and grown in 3 × 1 L cultures at 37◦C. When
the optical density (O.D.) at 600 nm reached 0.5, expres-
sion was induced by addition of 0.2% arabinose (pET14b)
or 0.2% arabinose and 0.2 mM IPTG (pET28b). After shak-
ing at 37◦C for 4 h post-induction, cells were collected by
centrifugation at 10 000 × g, re-suspended in 20 ml of son-
ication buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, pH 8.0), and frozen at −80◦C. After thawing, the
cells expressing each protein were combined (∼50 ml total),
lysozyme was added to 1 mg/ml, leupeptin and pepstatin
were added to 1 �g/ml, and PMSF was added to 1 mM. Af-
ter incubating at 4◦C for 1 h, cells were lysed by sonication
on ice for 3 × 3 min using a Branson sonifier at full power,
30% duty. The resulting mixed cell lysate was centrifuged
at 48 000 × g three times for 30 min, and the final clarified
supernatant was loaded at 0.5 ml/min onto a 2 × 5 ml His-
Trap chelating FF column charged with nickel (GE Health-
care) at 4◦C. After extensive washing with sonication buffer,
the complex was eluted with a linear gradient from 10 to
500 mM imidazole in sonication buffer. Fractions contain-
ing purified complex were mixed with 100 units of thrombin
(GE Healthcare) and dialyzed overnight at 22◦C into 4 L of
PBS buffer (20 mM NaH2PO4, 200 mM NaCl, pH 7.4). The
resulting protein mixture was clarified by centrifugation at
10 000 × g and loaded back onto the HisTrap FF column.
The untagged complex bound loosely to the column and
was eluted with low (30 mM) imidazole. Pooled fractions
containing purified complex were dialyzed at 4◦C into 20
mM Tris, 1 mM DTT, pH 8.0, concentrated to 25 mg/ml,
and frozen at −80◦C in 100 �l aliquots.
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Crystallization and x-ray structure determination

The complex was crystallized by hanging drop vapor dif-
fusion using a reservoir solution consisting of 25% PEG
3350, 0.2M Li2SO4 and 0.1M Bis–Tris pH 6.0, and a hang-
ing drop consisting of 1.5 �l of reservoir mixed with 1.5 �l
of 10 mg/ml complex (diluted in 20 mM Tris, 1 mM DTT,
pH 8.0). Prior to data collection, crystals were exchanged
into a cryoprotectant solution consisting of reservoir solu-
tion with PEG 3350 increased to 27% and glycerol added to
10%. Crystals were mounted in nylon loops and flash frozen
in a nitrogen cryostream at 100 K. X-ray diffraction data
were collected to 2.30 Å resolution using a Rigaku Com-
pact home source consisting of a MicroMax 003 X-ray gen-
erator and a PILATUS3 R 200K detector. Diffraction data
were integrated and scaled with HKL3000 (32). Crystals be-
long to space group P3121 with one complete �3�3 hexamer
complex per asymmetric unit. The structure was solved by
molecular replacement using the MOLREP function (33) in
CCP4 (34) and the � Exo trimer (PDB code 1AVQ; 35) as
a search model. After an initial round of restrained refine-
ment with REFMAC5 version 5.8.0131 (36) at 2.3 Å reso-
lution, the R- and free R-factors were reduced to 26.0 and
30.0%, respectively, and the resulting electron density maps
showed clearly traceable density for three Red� CTDs, one
bound to each subunit of the � Exo trimer. An atomic
model for one of the Red� CTDs was built using COOT
(37) and transformed to the other two non-crystallographic
symmetry-related positions. Multiple iterative rounds of re-
finement and model building reduced the Rwork and Rfree
to 19.5 and 25.3%, respectively. Non-crystallographic sym-
metry restraints were used in early rounds of refinement,
but completely released in later rounds. The weighting term
in REFMAC5 was adjusted to achieve the lowest free R-
factor, and eventually set to 0.05. Side chains for which elec-
tron density was weak or absent (at a 0.8� contour level)
were truncated to the C� atom. The final model consists of
6910 protein atoms, 604 water molecules (one for every 1.4
protein residues), and 16 sulfate anions. Structural figures
were prepared with PyMOL (38). Coordinates and struc-
ture factors have been deposited in the Protein Data Bank
under accesssion ID 6M9K.

Ni-spin pull-down assay to test for in vitro protein-protein in-
teraction

Mutations for the 15 protein variants (5 in � Exo, 10
in Red�) were introduced into expression vectors for
N-terminally 6His tagged � Exo in pET-14b (39) and
full-length untagged Red� in pET-9a (29), using the
QuikChange method (Agilent Technologies). To detect if
the mutations affected complex formation, Ni-spin pull-
down assays were performed on proteins from mixed cell
lysates, as described previously (29). Briefly, proteins were
overexpressed separately in BL21-AI cells in 50 ml cultures
grown in LB at 37◦C for 4 h post-induction with 0.2% arabi-
nose. Cells from each culture were harvested by centrifuga-
tion, re-suspended in 2 ml of sonication buffer, and frozen
at −80◦C. Cell suspensions for each protein variant were
thawed and mixed with cells expressing the WT version of
the partner protein, treated with 1mg/ml of lysozyme and

protease inhibitors as described above, and lysed by son-
ication using a microtip at 30% duty, 70% power, on ice.
After centrifugation at 48 000 × g, 2 ml of each combined
cell lysate was loaded onto a Ni-NTA spin column (Qiagen)
pre-equilibrated in sonication buffer. Columns were then
washed four times with 600 �l of sonication buffer contain-
ing 30 mM imidazole, and then eluted twice with 200 �l of
sonication buffer containing 500 mM imidazole. Fractions
for whole cell lysate, whole cell lysate after centrifugation
(soluble fraction), flow through, wash, and elution were an-
alyzed by 12.5% SDS-PAGE with Coomassie blue staining.

This Ni-spin pull-down assay was also used to assess
the interaction between full-length Red� and SSB. Pro-
teins were overexpressed separately in BL21-AI cells using
pET28b (or pET28a) to express N-terminally 6His-tagged
Red� (or SSB), and pET9a to express the untagged pro-
teins. Site directed mutations were introduced into pET9a-
Red� and pET28a-SSB, using the QuikChange method. As
a positive control, 6His-tagged Escherichia coli exonuclease
I (ExoI), expressed from pET28b in BL21-AI cells (40), was
used to pull down untagged SSB expressed from pET9a.

In vivo recombination assays

The activities of variants of Red� and � Exo were compared
using dsDNA and ssDNA recombination assays, as de-
scribed previously (29,41–43). Briefly, all recombination ex-
periments were performed in GB2005 E. coli cells, a DH10B
derivative that is recA− (41). Lambda red functions (�
Exo, Red�, and Gam) were expressed from a temperature-
sensitive pSC101-BAD-���-tet vector, which is arabinose
inducible and carries resistance to tetracycline (41). Muta-
tions in the genes for Red� and � Exo were introduced by
the QuikChange method and confirmed by DNA sequenc-
ing. Deletions of � Exo and Red� were generated previously
by inserting stop codons in place of the codons for Trp-
24 and Glu-14, respectively (29,42). The resulting pSC101
plasmid for each mutant was co-transformed into GB2005
cells, together with the corresponding target DNA, either
a p15A-CmR plasmid for dsDNA recombination, or MII-
BAC-CmR-neo* for ssDNA recombination and selected on
LB-agar plates containing 10 �g/ml chloramphenicol and
4 �g/ml tetracycline (Cm10Tet4). To initiate recombination
experiments, single colonies from the selection plates were
grown in 1.2 ml of LB containing Cm10Tet4 for 18 h at
30◦C. All cultures were grown in 1.5 ml microcentrifuge
tubes (with pierced caps) in an Eppendorf thermomixer set
at 1000 rpm. The next morning, 30 �l of each overnight cul-
ture was added to 1.2 ml of fresh LB containing Cm10Tet4 to
give a starting OD at 600 nm of 0.09, and grown at 30◦C for
2 h. Red functions were then induced with 0.2% L-arabinose
and grown at 37◦C for an additional 40 min. Cultures were
then immediately chilled on wet ice, centrifuged at 9000 rpm
at 4◦C in a refrigerated Eppendorf microcentrifuge, washed
with 1 ml of ice-cold ddH2O and centrifuged at 10 000 rpm,
and finally washed again with 1 ml cold ddH2O and cen-
trifuged at 11 000 rpm. Cell pellets were then re-suspended
in 50 �l of ice-cold ddH2O, and 100 ng of the appropriate
DNA was added, which was either a dsDNA EM7- PCR
product (amplified from a linear p15A plasmid), or a single-
stranded 100-mer oligonucleotide, both of which were pre-
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pared as described (29). After adding the DNA, the 50 �l
of cells was transferred to a pre-chilled 0.1 cm electropo-
ration cuvette (Research Products International) and elec-
troporated at 1.45 kV using a BioRad GenePulser. 1 ml of
LB was added and the cells were transferred to a microcen-
trifuge tube and allowed to recover for 70 min with shaking
in the thermomixer at 1000 rpm at 37◦C, after which an ap-
propriate amount of each culture was plated on LB agar
with 10 �g/ml chloramphenicol and 15 �g/ml kanamycin
(Cm10Kan15). After incubation of each plate at 37◦C for
∼15 h, colonies were counted and reported as the number
of colonies per 108 viable cells, as determined by plating
on LB-agar with no antibiotics. Experiments for each mu-
tant were performed in triplicate, as three separate cultures
started from three different colonies, and on at least two sep-
arate days, such that reported values are based on at least
six individual experiments.

Western blots

The expression of � Exo and Red� proteins was evaluated
by Western blot for each of the 15 pSC101 plasmids con-
taining different � Exo and Red� mutations. Cell lysates
were prepared from cells grown and induced with arabinose
as described above for the ssDNA recombineering experi-
ments, except that the culture volume was 50 ml instead of
1.2 ml. After induction for 40 min at 37◦C, the cells were
collected by centrifugation, re-suspended in 2.5 ml of buffer
containing 50 mM NaH2PO4, 500 mM NaCl, 10 mM imi-
dazole, 10% glycerol, pH 8.0, and frozen at −80◦C. Frozen
cell suspensions were thawed, lysed by sonication and then
centrifuged at 48 000 × g to isolate 2.5 ml of each soluble
lysate, which was stored at −80◦C. Gel samples were pre-
pared by mixing 80 �l of each thawed lysate with 20 �l of
2.5× SDS-PAGE loading buffer, 17 �l of which was run on
13.5% SDS-PAGE gels at 22◦C, and transferred to nitro-
cellulose membranes (Bio-Rad) in transfer buffer (25 mM
Tris pH 8.3, 192 mM glycine, 0.05% SDS, 20% methanol)
for 70 min at 90 V (constant voltage) at 4◦C. Membranes
were blocked with Fluorescent Blocker (MilliporeSigma)
for 1.5 h at 22–25◦C, incubated with anti-Red�-anti-� Exo
primary antibody (generously provided by Dr Kenan Mur-
phy) in Fluorescent Blocker overnight at 4◦C, washed three
times for 15 min in 1× PBS, 0.1% Tween® 20, incubated
with IRDye 680RD Donkey anti-Rabbit secondary anti-
body (Li-COR) in Fluorescent Blocker for 45 min at 22–
25◦C, and washed again for 3 × 15 min in 1× PBS, 0.1%
Tween® 20. Fluorescence was detected and visualized us-
ing an Odyssey Blot Imager (LI-COR).

Exonuclease assays

Briefly, the L91A and F94A variants of � Exo were purified
as N-terminally 6His-tagged proteins as described (39), di-
alyzed into 20 mM Tris pH 8.0, 1 mM DTT, concentrated
to > 20 mg/ml, and stored at −80◦C in 50 �l aliquots. Ex-
onuclease assays were performed as described (39). Briefly,
BamHI-linearized pUC19 plasmid (1.2 nM DNA ends) was
pre-equilibrated at 37◦C in reaction buffer (67 mM glycine–
KOH, pH 9.4, 2.5 mM MgCl2, 50 �g/ml BSA), and the
reactions (100 �l total) were initiated by adding a limiting

amount (0.05 nM) of � Exo trimer. Aliquots (10 �l) were
removed at the indicated time points, loaded onto a 0.8%
agarose gel, and electrophoresed at 200 V in TAE buffer
to separate the dsDNA substrate from the ssDNA product.
Gels were visualized by staining with SYBR Gold.

Fluorescence anisotropy assay for binding of Red� to the
SSB-Ct peptide

For measuring the interaction of purified Red� with
the SSB C-terminal peptide (SSB-Ct) by fluorescence
anisotropy, full-length Red� protein was purified as an un-
tagged protein as described previously (29). The following
control proteins were purified as described: ExoI (40), Red�
CTD (29), Red� NTD (28), � Exo (39) and Red� 1–250
(29). The K253A and F249D variants of Red� were puri-
fied as un-tagged proteins as described for untagged Red�
and Red� 1–250 (29). The complex consisting of � Exo and
full-length untagged Red� was purified as described above
for the � Exo – Red� CTD complex, except that the N-
terminal 6His tag was on � Exo instead of Red�. The com-
plex was further purified by gel filtration chromatography
on Sephacryl S-300 to remove excess � Exo. Protein concen-
trations were determined by O.D. at 280 nm, using extinc-
tion coefficients calculated from the amino acid sequences.
A stoichiometry of 1:1 was assumed for the purified � Exo–
Red� complex for this calculation.

Fluorescently labeled peptides corresponding to the SSB-
Ct (FAM-WMDFDDDIPF) and its F177A variant (FAM-
WMDFDDDIPA) were synthesized using standard Fmoc
chemistry, purified by reversed phase HPLC to > 95%
homogeneity, authenticated by high-resolution mass spec-
trometry, and quantified by O.D. at 490 nM (ε = 70,000
cm−1 M−1). This peptide corresponds to the last nine
residues of E. coli SSB, with additional N-terminal fluores-
cein (FAM) and tryptophan residue. Binding reactions (in
20 mM Tris pH 7.5, 150 mM NaCl, 0.1 mg/ml bovine serum
albumin, 1 mM DTT) contained 20 nM fluorescein-labeled
peptide and varying amounts of each binding protein. Flu-
orescence anisotropy measurements were performed in trip-
licate, in 20 �l volumes in Corning 384-well round-bottom
black polystyrene plates using a Spectra Max M5 mi-
croplate reader at 25◦C (Molecular Devices). Excitation
and emission wavelengths were 490 and 515 nm, respec-
tively. For measuring apparent Kd values quantitatively for
ExoI and Red�, three separate experiments for each protein
were performed, and data for each experiment were fit to a
1:1 binding model (44) using KaleidaGraph software. The
equation for this binding model is:

A = Amin +
{

(Y + S + Kd) −
[
(Y + S + Kd)2 − (4YS)

]1/2
}

× (Amax − Amin) / (2Y) ,

where A is the measured anisotropy, Amin is the minimum
anisotropy (the anisotropy of the labeled peptide in the ab-
sence of protein), Amax is the maximum anisotropy (the
anisotropy of the fully bound peptide), S is the concen-
tration of unlabeled protein at each titration point, and Y
is the concentration of the labeled peptide, which was 20
nM in all experiments. During the fitting procedure, S and
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Figure 2. Structure of the complex. (A) View from the back of the � Exo trimer, looking into the channel from which the nascent 3′-overhang would
emerge. The dsDNA substrate would enter the channel on the opposite side. The three subunits of � Exo are colored yellow, cyan, and wheat. The three
Red� CTDs are shown in green, each bound to a single � Exo subunit at the periphery of the complex. (B) Side view of the complex, from the left of panel
A. The paths of the dsDNA substrate and ssDNA product are indicated. Notice that the C-terminal domains are bound on the side of the � Exo trimer
from which the 3′-overhang would emerge, and that the N-terminal domains, which would connect to Thr-195 (labeled for the CTD in front), would be
well positioned to bind to the emerging ssDNA. (C) Close-up view of the interactions at the interface, zooming in on the boxed region of panel B from the
lower right, as indicated by the arrow. Hydrogen bonds (within 3.5 Å) are shown as dashed lines. (D) View from the left of panel C, to show the interactions
behind helix E, although Thr-95 of helix E of � Exo is still occluded in this view.

Y are fixed at their input value, A is fixed at its measured
value, and Amin, Amax and Kd are allowed to float (an ini-
tial approximate value of Kd is required). The mean and
standard deviation reported for each Kd measurement were
based on three independent titrations. Within each titration,
the anisotropy value at each protein concentration was the
mean of three replicates.

RESULTS

Crystal structure of a minimal � Exo–Red� complex

We have determined the crystal structure of a complex
formed by the � Exo trimer bound to three molecules of the
Red� CTD (Figure 2A). The complex was purified by Ni-
affinity chromatography, using N-terminally 6His-tagged
Red� CTD (residues 183–261) to pull-down full-length, un-
tagged � Exo (residues 1–226). The structure, which con-
tains an �3�3 hexamer in each asymmetric, was refined
at 2.30 Å resolution to R- and free R-factors of 19.5 and

25.3%, respectively (Supplementary Figure S1, Supplemen-
tary Table S1). The � Exo trimer itself does not undergo any
significant conformational changes in the complex relative
to the structures of free � Exo (35) or its complex with DNA
substrate (39). The Red� CTD folds into a 3-helix bundle,
as expected from secondary structure prediction and circu-
lar dichroism, which suggested a predominance of �-helix
(29). Residues 183–194 of the CTD construct in the crystal
are disordered in all three copies, in agreement with their
being flagged as a low complexity region by sequence anal-
ysis (29). In full-length Red�, these residues are presumably
part of a flexible linker connecting the N- and C-terminal
domains.

Each Red� CTD is bound to a single subunit of the � Exo
trimer, at the periphery of the complex, but biased towards
the side of the trimer from which the 3′ overhang of a DNA
substrate would be extruded (Figure 2B). The first ordered
residue of each CTD (Thr-195), to which the N- terminal
DNA binding domain would connect, also points to this
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Figure 3. Effects of mutations on complex formation in vitro. The SDS-PAGE gels (stained with Coomassie) show the results of a Ni-spin assay in which
6His � Exo was used to pull down un-tagged, full-length Red� from mixed cell lysates. An experiment for the two WT proteins is shown at the top left,
while results using variants of Red� or � Exo with the respective WT version of the partner protein are shown at the lower left and right, respectively. The
individual lanes are: WC (whole cell lysate), S (soluble part of lysate after centrifugation), FT (flow through after spin-loading of S), W1, W4 (30 mM
imidazole washes 1 and 4, 2–3 not shown), E1, E2 (500 mM imidazole elutions). The presence of a band for un-tagged Red� in the elutions indicates an
intact complex. Variants with little to no such band are defective for complex formation and indicated by an asterisk.

side of the trimer. By contrast, the last residue of each CTD
points to the opposite side of the trimer, the side at which
the dsDNA substrate would enter. Thus, as the N-terminal
DNA-binding domains of each Red� monomer would be
ideally positioned to bind to the nascent 3′-overhang as it
emerges from the � Exo trimer, the overall geometry of the
complex is consistent with the loading mechanism proposed
above (Figure 1C). Although no DNA is present in the crys-
tal, modeling of a DNA duplex into the central channel of
the � Exo trimer shows that it does not overlap with any of
the three copies of the CTD (Supplementary Figure S2), as
expected from the proposed function.

A total solvent accessible surface area of 1,400 Å2 is
buried at the interface between each Red� CTD and its re-
spective subunit of the � Exo trimer. The interaction mainly
involves helix E of � Exo, which wedges into a groove be-
tween helices 2 and 3 of the CTD. Specifically, a hydropho-
bic ridge on the surface of helix E, formed by Thr-90, Leu-
91, Phe-94 and Thr-95, inserts into a pocket formed by Leu-
223, Ile-227, Phe-249 and Leu-250 of the CTD (Figure 2C).
This central core of hydrophobic interactions is shielded on
one side by a network of electrostatic interactions between
Gln-226 and Arg-229 of the CTD, and Gln-83, Asp-87 and
Thr-90 of � Exo. On the other side, additional hydrogen
bonds are formed, between Gln-252, Lys-253, and Glu-256
of the CTD and Leu-184, Phe-94 and Tyr-186 of � Exo, re-
spectively (Figure 2C, D). Lys-253 caps the C-terminal end
of helix E to form a charge-dipole interaction that could
be particularly stabilizing. A complete listing of all inter-
acting residues is provided in Supplementary Table S2. Ex-
amination of this table shows that the details of the inter-
actions are remarkably consistent across the three indepen-
dent copies of the CTD in the crystal.

Interactions at the hydrophobic core of the interface are re-
quired for complex formation

To determine the importance of individual residues forming
contacts at the interface, a Ni-spin pull-down assay was per-
formed (29), in which 6His-tagged � Exo was used to pull
down full-length, un-tagged Red�. Although this assay is
qualitative, it allows us to test a large number of mutants
without having to purify the proteins, and also tests the in-
teraction in the presence of other cellular components. The
two proteins were individually expressed in separate cell cul-
tures, and supernatants from mixed cell lysates were loaded
onto each Ni-spin column. A total of 5 � Exo variants at
3 residues and 10 Red� variants at 8 residues were chosen
for analysis, based on their location at the interface. A non-
interfacial residue, Lys-132 of the NTD of Red�, was in-
cluded as a control. Most of the mutations result in trun-
cation of a side chain to alanine. For residues forming the
central core of hydrophobic interactions, Leu-91 and Phe-
94 of � Exo and Leu-223 and Phe-249 of Red�, mutations
to both alanine and an acidic side chain (aspartate or gluta-
mate) were introduced. This was intended to test for simple
removal of each nonpolar side chain, as well as a more dras-
tic alteration to a charged residue.

The results of the Ni-spin pull down for each variant
are shown in Figure 3. All 15 mutants were expressed in
soluble form at similar levels as the WT proteins (Figure
3, lanes labeled ‘S’). Although soluble expression does not
confirm proper folding in the same way that circular dichro-
ism would, it does provide a qualitative assessment of fold-
ing, as mis-folded proteins would likely be insoluble. Note
that WT 6-His � Exo protein and most of its variants were
only marginally soluble. A few of the variants, in particu-
lar D87A, L91D and F94A, may have increased solubility,
which for L91D and F94A could arise from truncation of
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Table 1. In vivo recombination of Red� and � Exo variants*

DS DS (%) SS SS (%) Complex

No DNA 0 0 0 0
No arabinose 0 0 0 0
Red� - 0 0 0 0
�exo - 470 ± 250 5.6 10400 ± 4000 104
WT 8400 ± 5000 100 10000 ± 4000 100 Yes
K132A Red� 1600 ± 530 19 2000 ± 600 20 Yes
L223A Red� 61 ± 81 0.72 350 ± 360 3.5 No
L223D Red� 9 ± 15 0.11 68 ± 130 0.68 No
Q226A Red� 8900 ± 9000 106 1300 ± 1100 13 Yes
R229A Red� 6000 ± 4200 71 5800 ± 3200 58 Yes
F249A Red� 18 ± 20 0.21 73 ± 69 0.73 No
F249D Red� 0 0 41 ± 48 0.41 No
Q252A Red� 7200 ± 5400 85 10100 ± 8500 101 Yes
K253A Red� 17 ± 19 0.20 250 ± 260 2.5 Yes
E256A Red� 5800 ± 2400 69 5500 ± 2300 55 Yes
D87A �exo 4600 ± 3000 55 17 900 ± 3300 179 Yes
L91A �exo 53 ± 81 0.63 10 300 ± 4200 103 No
L91D �exo 260 ± 220 3.1 11 000 ± 5800 110 No
F94A �exo 140 ± 90 1.6 18 300 ± 4400 183 No
F94E �exo 57 ± 62 0.68 17 700 ± 6200 177 No

*The values in the DS and SS columns gives the number of colonies observed, per 108 viable cells for the dsDNA and ssDNA recombination experiments.
The values to the right of these columns give the % compared to WT. Experiments for WT and all variants were performed in triplicate, on at least two
separate days, such that each value is the mean of at least six separate experiments. WT was performed on 9 separate days (27 individual measurements)
for DS and six separate days (18 individual measurements) for SS. All data for each variant were included in the reported numbers, with the exception of
seven deviant values that were discarded based on analysis of interquartile range. A value of zero indicates that no colonies were observed in any of the
6 experiments (the maximum amount plated was 1% of the final 1 ml culture after recovery). The far-right column indicates whether or not the variant
forms the � Exo–Red� complex in vitro, as seen in Figure 3.

exposed apolar side chains. However, the amount of solu-
ble WT � exo seen in the ‘S’ lane also varied in the exper-
iments with different Red� variants, indicating that it may
just be sensitive to exact experimental conditions. This vari-
ation does not detract from the pull-down experiment how-
ever, as 6His- � Exo protein is always enriched in the elution
fractions.

Strikingly, mutation of residues at the central hydropho-
bic core of the interface, including Leu-91 and Phe-94 of
� Exo, and Leu-223 and Phe-249 of Red�, completely dis-
rupts complex formation––there is no (or very little) band
for untagged Red� in the elution for these variants (Fig-
ure 3, lanes labeled ‘E1’ and ‘E2’). This was true for both
the alanine and the acidic variants at each of these posi-
tions, indicating that simple removal of any one of these four
nonpolar side chains is enough to disrupt the complex com-
pletely, at least as seen by this assay. By contrast, mutation
of residues forming the more peripheral electrostatic inter-
actions, including Asp-87 of � Exo, and Gln-226, Arg-229,
Gln-252, Lys-253 and Glu-256 of Red�, did not have any
observable effect on complex formation. In summary, these
results show that while the central core of hydrophobic in-
teractions is essential for complex formation, the surround-
ing network of electrostatic interactions is not.

Variants of � Exo and Red� that disrupt complex formation
in vitro are defective for recombination in vivo

To determine if the complex is required for recombination
in vivo, the 15 variants of � Exo and Red� described above
were tested in dsDNA and ssDNA recombination assays
developed previously (29,41–43). Due to a high degree of
variance, even for WT, these assays are not good at de-
tecting small differences in activity among protein variants,

but they are good for identifying mutants with large effects.
Briefly, DNA encoding kanamycin resistance was electro-
porated into E. coli cells expressing � Exo and Red� un-
der the control of arabinose, and the number of colonies
was counted to score for recombination efficiency. Western
blot analysis confirmed that all 15 variants were expressed
at similar levels as the WT proteins (Supplementary Figure
S3). For dsDNA recombination, the electroporated DNA
was a linear PCR-generated ∼2 kb neomycin cassette with
50 bp terminal homologies to a target site on a plasmid. For
ssDNA recombination, a 100-mer oligonucleotide targeting
the lagging strand was used to correct a 4 nt insertion within
a neomycin resistance gene on a bacterial artificial chromo-
some. Whereas dsDNA recombination requires both � Exo
and Red� for full activity (19,45), ssDNA recombination
only requires Red� (7,46). Therefore, we expected that mu-
tations disrupting the complex would potentially disrupt ds-
DNA recombination, but not ssDNA recombination.

For dsDNA recombination, the WT proteins resulted in
8.4 × 103 recombinants per 108 viable cells (Table 1). Con-
trols with no arabinose, no DNA, or a Red� deletion gave
zero colonies. Deletion of � Exo however did not com-
pletely abolish recombination: the number of colonies was
6% of WT. This result is qualitatively consistent with previ-
ous data (42,47–48), and is presumably due to productive
resection of the linear input dsDNA by one or more en-
dogenous E. coli nucleases (47). Interestingly, variants of
� Exo that were defective for complex formation in vitro
(L91A, L91D, F94A and F94E) resulted in only 0.6–3%
of the activity of WT, an even greater reduction than the
� Exo deletion. Apparently, resection of the input dsDNA
by � Exo without coordinated loading of Red� results in ei-
ther degradation or folding of the nascent 3′-overhang, so
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as to block access of Red�. However, it is conceivable that
these mutations could also be affecting exonuclease activity,
which could in and of itself reduce recombination, particu-
larly if they were to bind and block the dsDNA ends. To rule
out this possibility, the purified F94A and L91A variants of
� Exo were tested for their exonuclease activities, and found
to be fully active (Supplementary Figure S4). Variants of
Red� that were defective in complex formation (L223A,
L223D, F249A and F249D) resulted in similarly low levels
of recombination, 0–0.7% of WT. Collectively, these results
show that the protein-protein interaction is indeed required
for dsDNA recombination, and further suggest that when
� Exo resects the input dsDNA without coordinated load-
ing of Red�, the nascent 3′-overhang is either unprotected
and degraded, or folds up on itself to become inaccessible
to annealing.

As for the variants of � Exo and Red� that retained the
ability to form the complex, we expected that they would
be fully active for dsDNA recombination. This was indeed
the case for five of the variants, D87A in � Exo and Q226A,
R229A, Q252A and E256A in Red�, which gave 55–106%
of the activity as WT, within the limits of detection of the
assay. However, one of the variants of Red� that could still
form the complex, K253A, gave surprisingly low activity,
only 0.2% of WT. As will be discussed below, it is likely that
this mutation disrupts an additional function of the CTD,
one that is required for recombination, but distinct from its
role in binding to � Exo.

For ssDNA recombination, the WT proteins resulted in
1.0 × 104 recombinants per 108 viable cells, slightly higher
than for dsDNA. Controls with no arabinose, no DNA, or
a Red� deletion again resulted in no recombinants. Dele-
tion of � Exo resulted in no significant reduction in recom-
bination compared to WT, consistent with previous data
showing that � Exo is dispensable for ssDNA recombina-
tion (7,46). Accordingly, all five of the � Exo variants tested
were at least as active as WT (some even more so). Surpris-
ingly however, over half of the Red� variants tested, includ-
ing all that were defective for complex formation, as well as
K253A, resulted in dramatically lower levels of ssDNA re-
combination, only 0.4–3.5% of WT. This was unexpected,
because the mere presence of � Exo, let alone its interaction
with Red�, is not required for ssDNA recombination (the
� Exo deletion was fully active). Four of the Red� variants
tested, Q226A, R229A, Q252A and E256A, gave compa-
rable levels of ssDNA recombination as WT, ranging from
13 to 101%. Notably, these four variants also retained high
activity for dsDNA recombination.

Collectively, these results suggest that the complex is in-
deed required for dsDNA recombination, but not for ss-
DNA recombination. However, they also suggest the pos-
sibility that the site on the Red� CTD used for binding to
� Exo overlaps with another function of the CTD, one that
is necessary for both dsDNA and ssDNA recombination.
In the following section, we present data suggesting that this
other function may be binding to SSB.

Unexpected homology between the Red� CTD and phage
� Orf

As described above, the Red� CTD consists of ∼67 residues

Figure 4. Structural similarity with � Orf uncovers an interaction with
SSB. (A) Structural superposition of the CTD with phage � Orf (PDB
code 1PC6, 30). The two subunits of Orf are colored light blue and ma-
genta. The CTD (green) is shown superimposed on only one of the Orf
subunits, but in the Dali search it superimposed equally well on the other.
The three helices of the CTD, and the N- and C-termini of Orf, are indi-
cated. The arrow shows the site on the CTD that is used to bind � Exo. (B)
Structure-based sequence alignment from the Dali server (49). Secondary
structure elements above and below are for the CTD and Orf, respectively.
The sequence of YbcN is also included in the alignment, based on a previ-
ous multiple sequence alignment of Orf homologs (51). Residues of Red�
that contact � Exo are shown in bold red. Four of these residues in Orf, and
three in YbcN, are conserved as apolar residues (also in bold red). These
residues map out a hydrophobic surface that could putatively bind to the
SSB C-tail.

that form a 3-helix bundle. Sequence comparisons of the
CTD do not reveal significant homology with other known
proteins. However, a search for structural homologs using
the Dali server (49) revealed an unexpected similarity with a
core region of phage � Orf (30). The two proteins align with
one another to an rmsd of 2.4 Å over 64 residues sharing
9% sequence identity (Figure 4). Orf was the top hit from
the Dali search, and the only hit for which a functional par-
allel was apparent. This relationship would have been diffi-
cult to detect by sequence analysis alone, due to two large
insertions in Orf relative to Red�.

Orf forms an asymmetric dimer that functions as a re-
combination mediator (30). Specifically, Orf binds to SSB
and facilitates loading of RecA onto SSB-coated ssDNA
in the absence of RecFOR (30,50–53). Although it is not
known if the site for binding SSB on Orf is within the three-
helix core that shares homology with Red�, the structural
similarity suggests the possibility that the Red� CTD may
have a similar function as Orf in binding to SSB, perhaps to
facilitate access of the NTD to SSB-coated ssDNA. To test
this idea, in vitro pull-down assays were performed using
6His-Red� to pull down untagged SSB and vice versa (Fig-
ure 5). These experiments confirmed a significant interac-
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Figure 5. Ni-spin pull down reveals an interaction between Red� and SSB.
(A) The top two gels, prepared and labeled as described in Figure 3, show
pull downs of untagged Red� by 6His-SSB, and vice versa. The next three
gels show attempted pull-downs using variants of Red� and SSB, as de-
scribed in the text. The bottom gel shows a negative control in which 6His-
SSB fails to pull down untagged � Exo. (B) Positive control showing a pull
down of untagged SSB with 6His-ExoI. A lysate overexpressing untagged
SSB was included in the sample loaded for the upper gel, but not for the
sample in the lower gel (the interaction with endogenous SSB is not de-
tected by this assay, presumably due to its lower level of expression).

tion between the two proteins (Figure 5A, top two panels),
comparable to the interactions of Red� with � Exo (Figure
3), and ExoI with SSB (Figure 5B), with the latter used as a
positive control (54).

Based on our unexpected finding above that some of the
mutations within the Red� CTD significantly disrupted ss-
DNA recombination, we hypothesized that the site on the
CTD used for binding to � Exo may overlap with another
essential function of the protein. To test if this other func-
tion is binding to SSB, Ni-spin pull downs were performed
using 6His-SSB to pull down untagged Red� variants with
two of these mutations, K253A and F249D. As shown in
Figure 5A, both variants completely failed to interact with
SSB. This result suggests that the site on the CTD for bind-
ing to � Exo overlaps with the site for binding to SSB. Many
proteins that interact with SSB bind to its C-terminal tail
(C-tail), particularly the last residue of the protein, Phe-177
(54–58). To test if this residue is also used for the interaction
with Red�, Ni-spin pull downs were performed using the
F177A variant of 6His-SSB to pull down untagged Red�.
As shown in Figure 5A, the F177A mutation completely
disrupts the interaction. All together, these results estab-
lish an interaction between Red� and SSB that requires the
Red� CTD and the SSB C-tail.

To quantify the binding of Red� to the SSB C-tail, flu-
orescence anisotropy titrations were performed with puri-
fied Red� and a fluorescein-labeled peptide corresponding
to the last nine residues of SSB (SSB-Ct). As a positive con-
trol, ExoI bound tightly to SSB-Ct with an apparent disso-
ciation constant (Kd) of 98 ± 5 nM (Supplementary Figure
S5A). Red� also bound to SSB-Ct, but less tightly, with an
apparent Kd of 10.6 ± 2.3 �M (Figure 6A and Supplemen-
tary Figure S5B). By contrast, � Exo, used as a negative con-
trol, showed no interaction with SSB-Ct. Interestingly, nei-
ther the individual N- nor the C- terminal domains of Red�
showed the interaction with SSB-Ct, indicating that binding
requires both domains (Figure 6A). The K253A and F249D
variants of Red� also failed to interact with the SSB-Ct

Figure 6. Fluorescence anisotropy titrations of Red� with SSB-Ct pep-
tide. (A) Full-length Red�, its N- and C- terminal domains, or � Exo
were titrated into 20 nM fluorescein-labeled SSB-Ct peptide (FAM-
WMDFDDDIPF). While Red� binds to the peptide with an apparent Kd
of 11 �M, the other proteins show no significant binding. (B) Three vari-
ants of Red� that are defective for ssDNA recombination (K253A, F249D
and Red�250) show no interaction with the SSB-Ct peptide. The Red�-�
Exo complex binds with a similar apparent Kd (12 �M) as Red� alone, but
with lower anisotropy. (C) Red� fails to bind to an SSB-Ct peptide with
the F177A mutation.

peptide (Figure 6B), in agreement with the results from the
Ni-spin pull downs. Moreover, a previously purified variant
of Red� lacking the C-terminal 11 residues, Red�1–250 (29),
also lost the ability to bind to SSB-Ct (Figure 6B). Based on
the structure of the CTD this deletion would be expected to
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disrupt its folding, as the deleted residues form part of helix
3 (Figure 2). Finally, a variant of the SSB-Ct peptide with
the F177A mutation was tested for binding to Red�, and
it completely failed to interact (Figure 6C). These results,
together with the Ni-spin pull downs, suggest that the SSB
C-tail binds to the Red� CTD at a site that overlaps with �
Exo-binding site.

If the binding sites for � Exo and SSB on Red� do in fact
overlap, then one would expect the two proteins to compete
for binding to Red�. To test if this is the case, the complex of
� Exo with full-length Red� was purified, and titrated into
the SSB-Ct peptide to test for binding. Since � Exo is present
at equivalent levels as Red� in this experiment (it is a 1:1
complex), and is thus in large excess over the 20 nM peptide,
we expected it to block binding of the SSB-Ct peptide. How-
ever, an increase in anisotropy was still observed, although
only to about half the level observed for Red� alone. Thus,
although � Exo did not completely block binding of Red�
to the SSB-Ct peptide, it did have a significant effect on the
interaction (Figure 6B). Fitting of the titration data for the
complex resulted in a similar affinity as Red� alone (Kd
12.8 ± 3.5 �M), even though the anisotropy level was re-
duced (Figure 6B and Supplementary Figure S6). The lower
anisotropy suggests that the size of the Red�-� Exo com-
plex is smaller than that of the oligomer formed by Red�
alone, or that the peptide is bound differently, with the flu-
orophore more exposed. We do not at present understand
the significance of this result, but it is conceivable that the
sites on the CTD for binding � Exo and SSB are not com-
pletely overlapping, such that the SSB-Ct can still bind in
the presence of � Exo. Alternatively, given the high density
of negative charge on the peptide, it is also possible that it
binds to a new site that is formed in the complex, through
non-specific electrostatic interactions.

In summary, these results reveal an interaction between
Red� and SSB that occurs through the Red� CTD and
the SSB C-tail. They further suggest that the site on Red�

for binding to the SSB C-tail involves both the N- and C-
terminal domains of Red�, and that the site on the CTD
overlaps with the site for binding to � Exo. As will be dis-
cussed below, this interaction suggests a secondary role of
the CTD in helping the NTD to access SSB-coated ssDNA
at the replication fork, presumably by binding and displac-
ing SSB, as seen for several other E. coli proteins (54–58).

DISCUSSION

Homologs of � Exo and Red� are often encoded as pairs
in the genomes of dsDNA bacteriophage, implying that
their functions are coordinated. It is well established that
both proteins are required for dsDNA recombination (19),
which is the likely function for which the recombination
system has evolved, presumably to generate concatemers of
the genome for packaging (6). That the two proteins form
a complex was first observed for phage � (18) and subse-
quently for RecET of the E. coli rac prophage (19). The
functional importance of the complex has largely been in-
ferred from experiments showing that combining SynExo
proteins from different sources as heterologous pairs, such
as � Exo and RecT or RecE and Red�, does not result in
successful recombination (19,59). However, due in part to
a lack of structural information, mutations in � Exo and
Red� that specifically disrupt the complex, without affect-
ing other activities of the proteins, have not yet been identi-
fied, and thus the functional consequences of disrupting the
complex have not been fully assessed.

In this work, we present the first structural data on the
� Exo-Red� interaction. The structure clearly defines the
residues of each protein at the interface and provides a
framework for designing mutations that are specifically de-
fective in complex formation. Based on this analysis, we
have identified variants at two residues of � Exo, Leu-91 and
Phe-94, which are completely defective for complex forma-

Figure 7. Surface view of the Red� CTD showing the binding site for � Exo, which may overlap with a binding site for SSB-Ct. (A) Mapping of mutational
data. The labeled residues constitute the surface of the CTD that contacts � Exo in the complex. Residues mutated in this study are shown in cyan if
the mutation disrupted ssDNA recombination, or magenta if not. The residues in cyan thus map out a putative site for binding SSB-Ct. Notice the deep
pocket, to which Phe-94 of � Exo binds, and to which Phe-177 of the SSB C-tail could putatively bind. (B) Surface electrostatics. The surface is colored
red for negative and blue for positive (±75 kBT). The positive charge around Lys-253 binds to the C-terminal end of helix E of � Exo, and putatively to
the C-terminus of SSB.
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tion, but fully active as exonuclease enzymes. The fact that
these variants are strongly and specifically defective for ds-
DNA recombination supports the conclusion that the com-
plex is essential for function. Mutations in Red� designed
by the same rationale were also defective for dsDNA recom-
bination, but non-specifically: they also disrupted ssDNA
recombination, presumably by affecting other activities of
the protein, such as binding to SSB (see below).

The structure of the complex also permits mapping and
interpretation of prior mutational data. Our group showed
that deletion of the C-terminal 11 residues of Red� (to
make Red�1–250) completely disrupts the interaction with
� Exo, as well as both dsDNA and ssDNA recombination
(29). The structure shows that this truncation would remove
about 1/3 of helix 3 of the CTD, which would very likely dis-
rupt folding. Stewart and colleagues identified four individ-
ual mutations in the CTD (E191A, Q252A, E256A, K258A)
that decreased dsDNA more than ssDNA recombination,
implicating the corresponding residues as being at the inter-
face with � Exo (22). While two of these residues, Gln-252
and Glu-256, are indeed at the interface, the other two, Glu-
191 and Lys-258, are not (Supplementary Figure S7A). An-
other mutation from this study, Q240A, disrupted dsDNA
and ssDNA equally, and weakened (but did not abolish) the
interaction with � Exo. The structure shows that Gln-240
is not at the interface, but could be important for folding
of the CTD, as it forms hydrogen bonds that bridge helices
1 and 3 (Supplementary Figure S7B).

Interestingly, the involvement of helix E of � Exo in form-
ing the complex with Red� had been predicted, based on
its exposed location and its homology with a helix in type
II restriction endonucleases that is used for dimerization
(60). That this is the key region of � Exo that is used for
the interaction with Red� is quite remarkable and speaks
to the power of using distant evolutionary relationships to
predict protein function. Helix E was also identified as be-
ing involved in the interaction by a separate study that used
pepSPOT™ analysis (24). However, several alanine muta-
tions on this helix (L91A, F92A, E93A, F94A and T95A)
had little if any effect on the complex in that study, as seen
by co-immunoprecipitation, and only mild effects (at most
a 2-fold reduction) on dsDNA recombination (24). By con-
trast, our data show that the L91A and F94A variants are
completely defective in complex formation, and severely re-
duced in dsDNA recombination. We do not at present un-
derstand why the results from the two studies are different.

One limitation of our study is that the crystal structure
used just the CTD of Red�, as opposed to the full-length
protein. In our structure, the minimal complex exists as an
�3�3 hexamer, which would be 165 kDa for the full-length
proteins. However, biophysical measurements of the size of
the complex indicate that it may be considerably larger, per-
haps as large as 800 kDa (23). The larger complexes could
arise from interactions between the N-terminal domains of
Red�, which are known to oligomerize (22,28–29). The ex-
tent to which these larger complexes would exist under cel-
lular conditions however, is unclear (26).

Also unclear is whether or not the N-terminal domain
of Red� participates at all in the interaction with � Exo.
Previous data from our lab by Ni-spin pull down showed
a clear interaction between � Exo and the Red� CTD, but

no interaction with the NTD (29). However, Stewart and
colleagues identified a region within residues 20–38 of the
NTD that affected complex formation (22). It is conceivable
however that this region is involved in interactions between
the N-terminal domains themselves, which could stabilize
the complex indirectly, through cooperativity. The struc-
ture tends to support the conclusion that the NTD does
not form direct interactions with � Exo, because the first
residue of each CTD (Thr-195), to which each NTD would
connect, points away from the interface with � Exo (Fig-
ure 2B). However, as the linker connecting the two domains
(residues 178–194) is likely to be flexible, direct contacts be-
tween the N-terminal domains and � Exo cannot be ruled
out.

An unexpected result from our analysis was the num-
ber of mutations in the Red� CTD that severely reduced
ssDNA recombination. Since ssDNA recombination does
not even require the presence of � Exo (7,46), let alone its
interaction with Red�, and the mutations were designed to
specifically disrupt the complex, the effect on ssDNA re-
combination was not expected. However, such mutations
in the CTD are not unprecedented. We previously demon-
strated that deletion of the last 11 residues of the CTD com-
pletely disrupts ssDNA recombination (29), and Stewart
and colleagues showed that similar C-terminal truncations,
as well as mutations at several positions within the CTD, af-
fected ssDNA recombination (22). An interesting observa-
tion from our analysis is that the three residues of Red� at
which mutations significantly reduced ssDNA recombina-
tion (Leu-223, Phe-249 and Lys-253) cluster together on the
surface of the CTD, whereas the four residues where there
was little effect, Gln-226, Arg-229, Gln-252 and Glu-256,
are more peripheral (Figure 7). The mutational data thus
appear to identify a surface of the CTD, overlapping with
the surface used for binding to � Exo, that is used for an-
other necessary function of the protein.

What could this function be? Prior data from our lab
demonstrated that the CTD has no interaction with ssDNA
or dsDNA, no interaction with itself (it is a monomer), and
no interaction with the NTD (29). The structure of the CTD
reveals an unexpected homology with � Orf, a protein that
binds to SSB and facilitates binding of RecA to SSB-coated
ssDNA (30). Based on this relationship, we hypothesized
that Red� may also bind to SSB, and found that it binds
to both full-length SSB, by Ni-spin pull down, and to a
peptide corresponding to the SSB C-tail, by fluorescence
anisotropy. The interaction with the C-tail requires both
domains of Red�, implying that there is indeed a binding
site for the SSB C-tail on the surface of the CTD. Inter-
estingly, the surface on the CTD that is used for binding
to � Exo includes a hydrophobic pocket with a neighbor-
ing positively charged residue (Lys-253; Figure 7), which is
similar to the surfaces used by several other proteins for
binding the SSB C-tail (54–58). A key residue of the SSB
C-tail in these structures is the terminal phenylalanine (Phe-
177), which binds through hydrophobic interactions with its
phenyl ring, and electrostatic interactions with its negatively
charged carboxylate. One could envision this residue of SSB
binding to the CTD through very similar interactions, by
taking the place of Phe-94 of � Exo to bind to the hydropho-
bic pocket and Lys-253 (Figure 7). The observation that the
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interaction between Red� and SSB is completely disrupted
by the K253A and F249D mutations in Red�, and by the
F177A mutation in SSB, is consistent with this hypothesis.

While Red� displays a moderate affinity for the SSB-Ct
peptide (Kd = 10.6 �M), especially as compared to ExoI (Kd
= 98 nM), its affinity is comparable to that of other pro-
teins that interact with SSB, such as RecQ and DNA Pol
III, which bind to similar peptides with Kd values of 6 and
2.7 �M, respectively (61,62). The different affinities of these
proteins for SSB could arise from their different biological
functions, which may require a tighter or weaker interaction
with SSB, depending on the context. It is also possible that
some of these proteins interact with other parts of SSB, in
addition to the C-tail, to enhance their affinities.

If this surface on the CTD of Red� is indeed a site for
binding the SSB C-tail, then one might expect the equiv-
alent surface on � Orf to also bind the SSB C-tail. How-
ever, mutational analyses have not been able to define the
SSB-binding site on Orf, and one study concluded that the
SSB C-tail is not required for the interaction (51,52). On
the other hand, the Orf homolog YbcN from E. Coli cryp-
tic prophage DLP12, does require the C-tail for its inter-
action with SSB (51), suggesting that this surface on these
proteins may be functionally conserved. Along these lines,
residues of the CTD that form the hydrophobic pocket at
the center of this surface (Leu-223, Ile-227, Phe-249 and
Leu-250), are predominantly conserved as apolar residues
in � Orf and YbcN (Figure 4B). However, this pocket on
Orf is partially plugged by a �-hairpin from the other sub-
unit of the dimer (Figure 4A), such that binding of the SSB
C-tail to the equivalent pocket on Orf would likely require
conformational changes.

If Red� can bind and displace SSB on its own, as our
data indicate, then what is the role of Orf in phage � recom-
bination? De Paepe et al. demonstrated that an Orf deletion
causes a 10-fold decrease in Red� dependent recombination
with resident prophage during a phage � infection. The au-
thors suggested that in the absence of Orf, Red� may be un-
able to access DNA coated by SSB (63). Orf is not present in
the recombination assay that we used, and our data clearly
show that a productive interaction between Red� and SSB
can occur in the absence of Orf. However, the potential ef-
fect of Orf on this recombination system has not yet been
tested, and it is conceivable that Orf could bind to SSB
and somehow modify it to allow for easier displacement by
Red�.

In summary, our results suggest a dual role for the CTD,
first in binding to � Exo to facilitate loading of Red� di-
rectly onto the 3′-overhang of the first DNA molecule (Fig-
ure 1A), and second in binding to SSB to gain access to
the ssDNA exposed on the second DNA molecule, likely
at the lagging strand of a replication fork (Figure 8). While
direct demonstration of these processes will require further
biochemical studies, our mutational data suggest that both
of these interactions are required for dsDNA recombina-
tion, while only the latter activity, binding to SSB, is re-
quired for ssDNA recombination. The crystal structure of
the Red� CTD and its complex with � Exo now provide a
framework for probing these activities in more detail.

Figure 8. A revised model for phage � Red recombination that includes an
interaction with SSB. (1) Red� (green) is loaded onto the 3′ overhang gen-
erated by � Exo (dsDNA recombination), or binds directly to an electro-
porated oligonucleotide (ssDNA recombination). (2) The Red�–ssDNA
complex is targeted to the lagging strand of the replication fork through
its interaction with SSB (blue). (3) The ssDNA is annealed to the target
site as SSB is displaced, until the reaction is complete (4).
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