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ABSTRACT: A exonuclease (dexo) is an ATP-independent 5’-to-3’ exonuclease that binds
to double-stranded DNA (dsDNA) ends and processively digests the S’-strand into
mononucleotides. The crystal structure of Aexo revealed that the enzyme forms a ring-
shaped homotrimer with a central funnel-shaped channel for tracking along the DNA. On
the basis of this structure, it was proposed that dsSDNA enters the open end of the channel,
the 5'-strand is digested at one of the three active sites, and the 3'-strand passes through the
narrow end of the channel to emerge out the back. This model was largely confirmed by the
structure of the Aexo—DNA complex, which further revealed that the enzyme unwinds the
DNA by 2 bp prior to cleavage, to thread the 5'-end of the DNA into the active site. On the
basis of this structure, an “electrostatic ratchet” model was proposed, in which the enzyme
uses a hydrophobic wedge to insert into the base pairs to unwind the DNA, a two-metal
mechanism for nucleotide hydrolysis, a positively charged pocket to bind to the terminal 5'-
phosphate generated after each round of cleavage, and an arginine residue (Arg-4S) to bind

to the minor groove of the downstream end of the DNA. To test this model, in this study we have determined the effects of 11
structure-based mutations in Aexo on DNA binding and exonuclease activities in vitro, and on DNA recombination in vivo. The
results are largely consistent with the model for the mechanism that was proposed on the basis of the structure and provide new
insights into the roles of particular residues of the protein in promoting the reaction. In particular, a key role for Arg-4S in DNA

binding is revealed.

A exonuclease (dexo) (M, = 25.9 kDa; 226 amino acids) is a
Mg**-dependent exonuclease found in bacteriophage 1."
Encoded by the reda gene, the enzyme is one of two key
components of the Reda/3 recombination system.” lexo binds
to dsDNA ends and processively digests the S'-strand into
mononucleotides, while its partner, Redf, assembles on the
resulting 3'-single-stranded DNA (ssDNA) overhang to anneal
it to a complementary strand of a homologous duplex.”® lexo
and Redf bind to one another to form a complex known as a
“synaptasome”, which may serve in part to load Redf directly
onto the 3-overhang as it is generated by Jexo.”* Related two-
component “SynExo” recombination systems are found in a
wide variety of bacteriophage, and in cryptic prophage of
bacterial genomes.”'’ Because of the high efficiency and
simplicity of the single-strand annealing reactions they
promote, these recombination systems have been employed
in powerful new methods for genetic engineering known as
“recombineering”.'~'® The Jexo enzyme by itself has been
employed in several other biotechnology applications, such as
the Chip-Exo method for high-resolution mapping of protein—
DNA binding sites,'® and in several novel biosensors.” ™%’
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The crystal structure of Adexo revealed that it forms a ring-
shaped homotrimer with a central funnel-shaped channel for
tracking along the DNA.*® The channel is wide enough at one
end to accommodate dsDNA but narrows at the other to only
allow passage of ssDNA. On the basis of this structure, a model
was proposed in which dsDNA enters the open end of the
channel, the 5'-strand is digested at one of the three active sites,
and the 3'-strand passes through the narrow end of the channel
to emerge out the back. In this way, the trimer remains
topologically linked to the DNA substrate, resulting in the high
degree of processivity that is observed.

Our previous structure of lexo in complex with DNA and
Mg** revealed that the DNA binds to the central channel of the
trimer in more or less the expected manner and is thus largely
consistent with the model that was proposed (Figures 1A and
2).”” However, the structure revealed several additional
features, some of which were unexpected. First, the enzyme
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A Productive complex B Non-productive complex

3’ OH- 5’ OH-gcgactagtcgc-3’ OH

3’ OH-cgctgatcagcg-5' OH

gatgacatggct-5’ OH

5’ PO4-agctactgtaccga-3' OH

Figure 1. Crystal structures of Aexo determined in complex with two
different DNA substrates.”” (A) Productive binding mode formed in
complex with a S'-phosphorylated 14-mer/12-mer DNA (PDB entry
3SM4). Notice that the two-nucleotide overhang (with $’-phosphate)
inserts into the active site of the green subunit (subunit B). (B)
Nonproductive binding mode formed on a blunt-ended 12-mer duplex
with a §’-OH at both ends (PDB entry 3SLP). Notice that the DNA is
bound in the central channel exactly as in panel A, except that the 5'-
end of the DNA is not inserted fully into the active site. The magenta
spheres show two Mg ions in the green subunit in panel A, and a
single Ca®" ion (at site A) in each of the three active sites in panel B.
The structure in panel A used the inactive K131A variant for the
cocrystal, while the structure in panel B used the WT enzyme.

Figure 2. Locations of the 11 residues of Aexo that were mutated to
alanine in this study. The side chains of the mutated residues are
mapped onto the crystal structure of the KI31A variant of Aexo
determined in complex with a 5’-phosphorylated 14-mer/12-mer
DNA substrate (PDB entry 3SM4).”” The 11 residues were divided
into four groups on the basis of their location in the structure: central
channel (red), active site (orange), positively charged pocket (black),
and hydrophobic wedge (blue). The three different subunits of the
Aexo trimer are colored cyan (subunit A), green (subunit B), and
wheat (subunit C). The side chains of Met-53 and Arg-4S are shown
for all three subunits, as these residues contact the DNA in multiple
different ways. Similarly, the side chain of Arg-137 is shown for
subunits A and B. The side chain of Arg-45 of subunit C, which inserts
into the minor groove, makes the most intimate contact with the
DNA.

unwinds exactly 2 bp from the end of the DNA prior to
cleavage, such that two nucleotides from the S’-strand twist
away from the duplex to insert into one of the three active sites.
Unwinding of the DNA is facilitated by a hydrophobic wedge
on the protein consisting of three apolar residues, most notably
Leu-78, that insert into the base pairs at the single-stranded—
double-stranded junction (Figure 2). The scissile phosphate of
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the §'-strand is closely bound by two Mg*" ions, in a manner
consistent with the two-metal mechanism proposed for MutH
and other type II restriction endonuclease family enzymes.** ™
The terminal 5’-phosphate of the DNA binds to a positively
charged pocket at the end of the active site cleft formed by Arg-
28, Tr£-24, and several backbone amide and hydroxyl
groups.””** At the downstream end of the DNA, away from
the active site, the DNA is bound in the central channel by a
rather loose set of electrostatic interactions (Figure 2), as
expected for a non-sequence-specific exonuclease. A prominent
interaction is the insertion of Arg-45 into the minor groove of
the DNA to form favorable electrostatic interactions, in a
manner seen in the nucleosome and in other DNA binding
proteins.35’36

The structure described above used a 12 bp duplex with a 5'-
phosphorylated two-nucleotide overhang at one end, which was
designed to direct the binding of Aexo to that end. In the same
study, the structure of dexo bound to a different DNA, a fully
symmetric, blunt-ended 12-mer with a 5'-OH, was also
determined (Figure 1B). In this structure, the DNA was
bound in the central channel in exactly the same way as
described above, but it was not unwound and inserted into the
active site. This structure thus represented a nonproductive
binding mode but was nonetheless important because it offered
an explanation for why a 5’-E>hosphate group on the DNA is
strictly required for activity.””” This requirement had been
perplexing, because even very slow cleavage of the first
nucleotide of a 5'-OH substrate would leave a S’-phosphate
on the next nucleotide, because dexo generates a 5’-phosphate
and 3’-OH as products. The second structure demonstrated
that without a S’-phosphate, the DNA does not even enter the
active site to be cleaved in the first place, which thus highlighted
the critical role of the interaction of the 5’-phosphate with the
positively charged pocket, to provide the bindin§ energy
needed to unwind the DNA and initiate digestion.”””"

On the basis of these structures, we proposed an “electro-
static ratchet” mechanism for processivity, in which the binding
of the S’-phosphate generated after each round of cleavage to
the positively charged pocket at the end of the active site
provides a force to move the enzyme forward along the DNA
during the reaction.”” In addition, the insertion of Leu-78
between the bases of nucleotides 2 and 3 of the 5'-strand may
act as a lever, like the pawl of a ratchet, to restrict backward
movement of the enzyme along the DNA. Finally, insertion of
Arg-4S into the minor groove of the downstream end of the
DNA my act as a rudder, to help keep the enzyme on track as it
moves along the DNA. To test this model, 11 residues of the
protein that form key interactions in the structure were
previously mutated to alanine, and the effects of the mutations
on exonuclease activity were determined, but only qualita-
tively.””

In this study, we have extended the previous mutational
analysis by measuring the effects of the 11 mutations on (1)
exonuclease activity in a quantitative assay, (2) DNA binding
affinity by gel-shift and fluorescence anisotropy, and (3)
dsDNA recombination in vivo. The results are largely consistent
with the electrostatic ratchet model we have proposed but
reveal new insights into the precise roles of the 11 residues, as

will be discussed.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. WT and mutant
versions of dexo were expressed and purified as described
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previously.”” Briefly, the proteins were expressed in Escherichia
coli BL21-AI cells as N-terminal six-His-tag fusions and purified
by Ni affinity chromatography, thrombin cleavage to remove
the six-His tag, a reverse Ni column to remove any uncleaved
protein, and anion exchange on Hi-Trap QFF (GE Healthcare).
Purified proteins were dialyzed into 20 mM Tris (pH 7.5) and
1 mM dithiothreitol (DTT), concentrated to >15 mg/mL, and
stored at —80 °C in 100 uL aliquots.

Exonuclease Assay. The exonuclease activities of WT and
mutant versions of Aexo were compared using a gel-based
method as described previously.””*® Briefly, 1 nM P 3'-end-
labeled 2.7 kB linear pUC19 DNA substrate was incubated with
the indicated concentration of Aexo in buffer containing 67 mM
glycine-KOH (pH 9.4), 2.5 mM MgCl,, and 50 mg/mL bovine
serum albumin (BSA). At each time point, a 10 uL aliquot was
removed from the reaction mixture, the reaction quenched with
1 puL of 0.25 mM EDTA, and the aliquot loaded onto a 0.8%
agarose gel, which resolved the dsDNA substrate and ssDNA
product into distinct bands. The gel was dried and autoradio-
graphed using a Storm phosphorimager, and band intensities
were quantified using ImageQuant. The rate of digestion in
nucleotides per second per trimer of Aexo was determined from
the slope of the linear portion of the reaction (percent
digestion vs time) as described previously.*® Three independent
experiments were performed for each protein (WT and 11
mutants), from which the average and standard deviation of the
rate of digestion are reported in Table 2.

Gel-Shift DNA Binding Assay. A gelshift assay to
compare the binding of WT and mutant versions of Adexo to
a 5’-phosphorylated 14-mer/12-mer DNA duplex (Figure 1A)
was performed as described previously.” Briefly, each 10 uL
DNA binding reaction mixture contained 1 uL of 50000 cpm
DNA substrate (approximately 3 nM molecules), varying
concentrations of dexo (0.3—60 uM), 20 mM Tris (pH 7.5), 10
mM CaCl,, and 1 mM DTT. The reaction mixtures were
incubated at 25 °C for 10 min, mixed with loading dye (20%
glycerol, 0.12% bromophenol blue, and 0.12% xylene cyanol),
and analyzed by nondenaturing 12% PAGE in TBE buffer. Gels
were dried and autoradiographed using a Storm phosphor-
imager, and the percentage of DNA bound was calculated as

% DNA bound = I./(Ic + Iz) X 100%

where I and I are the intensities of the bands for the free and
bound DNA probe, respectively. The % DNA bound was
plotted against the concentration of lexo monomer and fit to
the Hill equation:

fx) =b+ (m - b){1/[1 + (Kp/x)"]} (1)

to obtain a value for the apparent dissociation constant (Kp),
where b and m are the minimum and maximum percent of
DNA bound, respectively, and # is an indication of the degree
of cooperativity. We use the apparent K, because the simplified
binding model does not define explicit terms for the binding of
individual monomers in the potential multistep process. For
each protein, binding curves were generated from three
independent experiments, from which the mean and standard
deviation of the apparent Ky, are reported in Table 2.
Fluorescence Anisotropy DNA Binding Assay. Fluo-
rescence anisotropy was used to compare the binding of WT
and mutant versions of lexo to a 5'-fluorescein-labeled 25 bzp
DNA duplex, as described previously for RecE exonuclease.”
Briefly, 10 nM fluorescein-labeled DNA was incubated with
varying concentrations of WT or mutant dexo for 20 min at 25
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°C in buffer containing 20 mM Tris (pH 7.5), 10 mM CaCl,,
and 1 mM DTT. The fluorescence anisotropy (excitation at
490 nm, emission at 515 nm) of each 20 yL sample was
measured in triplicate in Corning 384 well round-bottom black
polystyrene plates using a Spectra Max MSMicroplate Reader
(Molecular Devices). The mean fluorescence anisotropy was
plotted as a function of the concentration of lexo monomer
and fit to eq 1 to obtain the apparent dissociation constant
(Kp). For each protein, binding curves were generated from
three independent experiments, from which the mean and
standard deviation of the apparent K, are reported in Table 2.

In Vivo DNA Recombination Assay. The activities of WT
and mutant versions of Aexo for in vivo recombination were
compared using a dsDNA recombineering assay established by
Francis Stewart and colleagues.%’41 The Reda, Redf, and Redy
functions were expressed from an arabinose-inducible, temper-
ature-sensitive pSC101-BAD-gba-tet (no recA) plasmid in E.
coli GB200S (recA—) cells. The 12 Reda mutations were
introduced into the pSC101 plasmid using the QuikChange
method (Stratagene) and confirmed by DNA sequencing. Each
pSC101 plasmid was co-electroporated into GB2005 cells
together with the p15SA plasmid that is one of the substrates for
the recombination assay, and colonies were selected at 30 °C
on LB-agar plates containing 10 ug/mL chloramphenicol
(p1SA) and 4 ug/mL tetracycline (pSC101); 1.2 mL overnight
cultures were grown in triplicate from single colonies in LB
with antibiotics using a 24-tube Eppendorf thermomixer at 30
°C and 1000 rpm. Overnight cultures were diluted to a starting
OD of 0.1 in 1.2 mL of fresh LB with antibiotics and grown for
2 h at 30 °C to an OD of ~0.6. Ten microliters of 20%
arabinose was added to induce expression of the Redafy
proteins, and cells were grown for an additional 40 min at 37
°C. Cells were placed immediately on ice, centrifuged at 1000
rpm and 4 °C in an Eppendorf microcentrifuge, and
resuspended in 1 mL of ice-cold 10% glycerol. This step was
repeated twice, and the final pelleted cells were resuspended in
~50 uL of 10% glycerol and placed on ice. Two microliters of
50 ng/uL linear dsDNA neomycin polymerase chain reaction
(PCR) product was added, and the mixture was transferred to a
1 mm electroporation cuvette (MidSci EC1) and shocked at
1.45 V using a Bio-Rad E. coli pulser. One milliliter of LB
medium was added to each electroporation cuvette, and the
cells were transferred to a 1.5 mL microcentrifuge tube, shaken
at 900 rpm for 1 h at 37 °C, and plated at an appropriate
volume on an LB-agar plate with 15 pg/mL kanamycin and 10
ug/mL chloramphenicol. After overnight incubation at 37 °C,
the number of colonies on each plate was counted. Experiments
for each mutant were performed in triplicate, and the average
and standard deviation of the number of colonies per final
milliliter of culture are reported in Table 2.

Western Blots. For each of the 11 pSC101 plasmids
containing a different Reda mutation, normal expression of
Aexo and Redf proteins under the conditions of the assay was
confirmed by Western blotting. Cell lysates expressing Aexo
mutants were prepared according to a modified recombineering
protocol. Briefly, GB200S cells containing the appropriate
pSC101 plasmid were grown in LB at 30 °C to an ODgy, of
~0.3 and induced with 0.2% arabinose for 40 min at 37 °C.
Soluble lysate samples were run on 13.5% SDS—PAGE and
then transferred to a nitrocellulose membrane (Bio-Rad) for 80
min at 20 V (constant voltage) and 4 °C. Membranes were
blocked with 1% BSA in PBST (phosphate-buffered saline with
0.5% Tween) for 1 h at room temperature and then incubated
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with anti-Redaf antibody for 1.5 h at room temperature in
PBST with 1% BSA to probe for Aexo and Redf proteins.
Membranes were then incubated with horseradish peroxidase-
conjugated goat anti-rabbit antibody for 1 h at 25 °C in PBST
with 1% BSA. Chemiluminescence was detected using Super-
Signal West Pico Chemiluminescent Substrate (Thermo
Scientific) and visualized on X-ray film.

B RESULTS

Design of the Mutations. The 11 mutant versions of Aexo
were designed and prepared as has been described, on the basis
of the crystal structure of the lexo—DNA complex.”” The
positions of the mutated residues in the structure of lexo are
shown in Figure 2, and the contacts they make with the DNA
are listed in Table 1. Five of the mutations (R45A, K49A,
MS3A, K76A, and R137A) were introduced at residues of the
protein that line the central channel to contact the downstream
portion of the DNA, away from the active site. One of the
mutations, L78A, is at a key residue of the hydrophobic wedge
that inserts into the base pairs of the DNA to unwind it.

Three of the mutations (K131A, D119A, and E8SA) were
introduced at highly conserved active site residues. Two of the
mutations (W24A and R28A) are at residues of the positively
charged pocket that binds to the 5’-phosphate. It is important
to note that because the complex is formed by a protein trimer
bound to a single DNA duplex, a given residue of the protein
could in principle contact the DNA in multiple (up to three)
different ways, depending on the subunit (A, B, or C). This is
indeed the case for many of the residues that line the central
channel, but not for the residues of the hydrophobic wedge, the
active site, or the site for binding the 5’-phosphate (Figure 2).

Our previous qualitative comparison of the exonuclease
activities of these Aexo variants ranked them in order of
decreasing activity as WT, MS3A, K76A, K49A, L78A, W24A,
and E85A.” No activity was observed for R45A, R28A, R137A,
K131A, and D119A. The goals of this study were to determine
the exonuclease activities of these Aexo variants quantitatively
and to determine the effects of the mutations on DNA binding
and on recombination in vivo.

Exonuclease Activity. Our previous method for examining
the exonuclease activity used agarose gel electrophoresis with
SYBR Gold fluorescent stain to monitor digestion of a linear
2.7 kb pUC19 dsDNA substrate under conditions of limiting
enzyme.29 Because of the processive nature of the reaction, in
which one strand of the duplex is cleaved into mononucleotides
to release the opposing strand intact, this method allows for
simultaneous visualization of the dsDNA substrate and ssDNA
product. However, we found that the SYBR Gold stain was not
quantitative, because the signal for the DNA did not vary
linearly with concentration. Therefore, as described in detail
elsewhere,®® we used a 3P 3’-end-label to visualize the DNA
and confirmed that the signal for the DNA varied linearly with
concentration. The 3’-end of the DNA was labeled instead of
the 5'-end because Aexo is a 5'—3’ exonuclease. Exonuclease
assays were performed at pH 9.4, the optimal pH for the
reaction,”” which presumably facilitates deprotonation of the
active site Lys-131 residue.””

Raw data for the **P-based exonuclease assay are shown in
Figure 3 for WT Aexo and three of the variants and in Figure S1
for all of the variants. The measured rates of digestion,
determined from three independent experiments for each
protein, are reported in nucleotides per second in Table 2. The
rate measured for WT by this method is 41 + 4 nucleotides/s,
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Table 1. List of Atomic Contacts between Mutated Residues
and the DNA Substrate, As Seen in the Crystal Structure of
the Complex (PDB entry 3SM4)>*

(A) Central Channel

Arg-45(A) NH1 Ade-10(E) oP2 3.37
Arg-45(B) NH2 Ade-8(D) OP1 2.75
Arg-45(C) NH1 Cyt-11(E) 02 3.20
NH1 Thy-5(D) 02 3.51
NH2 Ade-6(D) 04 3.69
NH2 Cyt-11(E) 03’ 434
Lys-49(A) NZ Gua-3(D) or2 4.89
NZ Cyt-2(D) oP2 4.03
Lys-49(B) NZ Gua-9(D) OP1 9.17
Lys-49(C) NZ Cyt-7(D) (0):) 7.87
NZ Ade-6(D) OP1 6.79
Met-53(A) CE Gua-8(E) Cs’ 3.87
SD Gua-8(E) c3’ 3.91
Met-53(B) SD Ade-8(D) c2’ 3.69
SD Gua-9(D) C8 3.84
CE Thy-10(D) c7 3.59
Met-53(C) SD Thy-5(D) Cs’ 433
SD Thy-5(D) c3’ 4.42
Lys-76(A) NZ Gua-12(D) oP2 2.61
Lys-76(B) NZ Ade-S(E) oP2 5.72
Lys-76(C) NZ Cyt-6(E) OP1 642
NZ Thy-7(E) OP1 7.40
Arg-137(A) NH2 Ade-11(D) OP1 2.85
NH1 Ade-11(D) or2 2.99
Arg-137(B) NH2 Ade-S(E) oP2 448
NH2 Thy-4(E) OP1 4.94
Arg-137(C) NH1 Thy-7(E) OP1 5.58
NH1 Gua-8(E) or2 6.54
(B) Hydrophobic Wedge
Leu-78(B) CD2 Cyt-3(E) N3 3.39
CD1 Gua-2(E) Cc2 3.68
CB Gua-2(E) N3 3.56
(C) Active Site
Glu-85(B) OEl Gua-2(E) OP1 4.05
Asp-119(B) OD2 Gua-2(E) OP1 3.13
OoD2 Gua-2(E) OP1 3.13
Lys-131(B) NZ Gua-2(E) oP2 3.46%
(D) 5'-Phosphate
Trp-24(B) CH2 Ade-1(E) C4 4.18
CZ3 Ade-1(E) C2 4.40
Arg-28(B) NH1 Ade-1(E) OP2 3.30
NH1 Ade-1(E) OP3 3.38

“The numbers in the right column give the distances (in angstroms)
between the specified atoms of the protein (left) and DNA (middle).
Chain E of the DNA is the strand with its 5’-end bound in the active
site of subunit B of the protein. The distance for Lys-131 (indicated by
the asterisk) is taken from a composite model of the complex
described previously,” because the 3SM4 structure used the K131A
variant. A schematic view of these interactions can be found in
supplementary Figure S3 of ref 29.

which is reasonably close to values ranging from 3 to 32
nucleotides/s determined either biochemicallyl’%37 or in four
single-molecule studies.*’~** Dramatically higher rates (~1000
nucleotides/s) have been measured in other single-molecule
studies,”’ ™" for reasons that are not yet clear. Three of the
variants, K49A, K76A, and MS3A, retained at least 37% of the
activity of WT Aexo. All three of these mutations are at residues
of the central channel that make predominantly loose
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A WT (0.06 nM)

B K49A (0.06 nM)

C R45A (16 nM)

bd 4 4 411
D D119A (62.5nM)

Figure 3. Gel-based exonuclease assay for WT Aexo and three variants.
Each agarose gel shows a time course for the reaction of (A) WT or
(B—D) mutant lexo with 1 nM **P 3’-end-labeled linear 2686 bp
pUC19 dsDNA. The upper band of each gel is the dsDNA substrate,
and the lower band is the ssDNA product. Time points from left to
right are 0, 5, 10, 15, 20, 25, 30, and 40 min, respectively. The
concentration of enzyme added to each experiment (expressed as
nanomolar trimer) is indicated above each gel image. Higher
concentrations of enzyme were used for the mutants with lower
activity, so that changes in band intensities could be accurately
measured on the same time scale. The figure compares WT (full
activity) with mutants that have slightly lower activity (K49A), barely
detectable activity (R4SA), and no detectable activity (D119A).

electrostatic or van der Waals contacts with the DNA. The
L78A mutation, which is the central residue of the hydrophobic
wedge, results in a more significant reduction in activity, to 12%
of that of the WT.

Four of the mutations, E8SA, R45A, R137A, and W24A,
result in a level of activity that is detectable, but drastically
lowered, to less than 2% of that of the WT. Two of these
residues, Arg-45S and Arg-137, line the central channel to
contact the downstream end of the DNA. Arg-45 of subunit C,
which we will call Arg-45(C), makes the most intimate contact
with the downstream end of the DNA, where its guanidinium
group inserts into the minor groove, midway between the two
sugar—phosphate backbones (Figure 2). The side chains of
Arg-45(A) and Arg-45(B) also interact closely with the DNA,
forming ion pairs (within 3.4 A) with backbone phosphates
(Table 1). The Arg-137 residue of all three subunits is within 6
A of the DNA. Arg-137(A) makes a particularly strong
bidentate ion pair with one of the phosphates of the 3’-strand,
near where it would exit the central channel (Figure 2). Arg-
137(B) and Arg-137(C) make longer range (4.5-5.6 A)
electrostatic contacts with phosphates of the 5'-strand. Glu-85
is a highly conserved residue of the active site that is ~5 A from
the scissile phosphate and the two active site Mg*" ions. Glu-85
does not directly coordinate either of the two Mg>* ions, or the
scissile phosphate, and may play a more indirect role in
catalysis, such as in fine-tuning the electrostatics, or possibly
interacting with a water molecule that protonates the 3'-
oxyanion leaving group. Such roles would be consistent with
the E8SA variant retaining a level of activity detectable but
significantly lower than that of the WT. Finally, Trp-24 is
located at the end of the active site cleft, where one edge of its
indole ring packs against the face of the base of the terminal 5'-
nucleotide, and the other edge is directed toward the 5'-
phosphate.

Table 2. Exonuclease Activity, DNA Binding Affinity, and in Vivo Recombination Activity Measured for WT Aexo and 11

Mutants®
(A) apparent Kp, (B) Hill (C) Kp (nM) (D) Hill
(uM) by EMSA coefficient by by FA coefficient by
(5-PO,) EMSA (5-PO,)  (5-PO,) FA (5/-PO,)

WT 21+£03 2.5 £0.7 112 £ 9 6+3
K49A 16.8 £ 0.5 21 +03 180 + 20 2.6 £ 04
K76A 3.5 +08 32+ 04 148 + 8 58 £08
MS3A 39+ 06 35+ 14 118 + 6 43+03
R4SA 172 £ 17 1.6 +£ 0.2 3600 + 400 08 + 0.1
R137A 12+7 30+ 0.8 253 + 8 1.6 + 03
L78A 23 + 04 3402 112 £ 13 52+ 1.8
DI19A 29 £ 12 3.2 £ 09 125+ 2 36 +£03
E8SA 3.7 £ 09 2.7 £ 1.5 127+ 6 8+2
K131A 49 + 14 40 £ 0.5 187 + 8 33+02
R28A S3+ 1.1 49 + 03 101 + 6 86 + 1.3
W24A 26 +03 43 £ 09 122 £ 9 7+3
R4SK 20+03 25+ 04
DEL

(E) Kp (nM) (F) Hill (H) in vivo
by FA coefficient by (G) K recombination, no. of
(5’-0H) FA (5-OH)  (nucleotides/s)  colonies (X10° mL™")
93 +3 52+ 14 41 £ 4 32+9
130 £ 30 1.5 +£02 19+2 6.6 + 1.1
90 + 4 3.0+ 03 1S +2 79 + 1.4
87 +2 2.7 + 04 29 +1 13+3
4600 + 1100 0.8 + 0.2 0.100 + 0.003 35+13
210 + 24 14 + 0.1 0.30 + 0.02 1.3+ 0.5
108 + 19 2.6 £ 0.8 S+3 44 £ 1.5
9B +1 2.6 + 0.2 0 33+ 09
81 +9 32+ 0S5 0.7 +£0.3 2.5 +03
141 + 32 1.9 + 0.4 0 0.20 + 0.05
105 + 21 33+08 0 23+12
117 + 18 S1+ 1.6 - 22+ 1.0
40+ 5 26 +7
28 +£0.7

“(A and B) Apparent Kp, and Hill coefficients (n) measured by EMSA with a 5’-phosphorylated 14-mer/12-mer dsDNA substrate. (C—F) Apparent
Kp and Hill coefficients (1) measured by FA with a §'-fluorescein-labeled 25-mer dsDNA substrate. For columns C and D, the DNA contained a 5'-
phosphate at the opposite end from the fluorescein, while for columns E and F, this end of the DNA contained a 5'-OH. (G) In vitro exonuclease
activity measured by the agarose gel assay, from quantitation of the gels shown in Figure 3 and Figure S1. The rate for W24A could not be calculated
because the reaction appeared to be distributive (see the legend of Figure S1). (H) In vivo recombination activity measured by the dsDNA
recombineering assay described in Experimental Procedures. The value in the table gives the number of colonies per milliliter of final cell culture. For
all of the experiments, the number in the table gives the mean and standard deviation from at least three (A—G) or six (H) independent experiments.
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Three of the mutations, K131A, D119A, and R28A, result in
variants with no detectable activity, even at elevated
enzyme:substrate ratios. Asp-119 is the aspartate of the DEK
motif that bridges the two active site Mg2+ ions, and thus, the
total lack of activity for this variant is expected. Lys-131 is the
highly conserved lysine of the DEK motif that binds and
activates the attacking water molecule. The K131A variant was
used to trap the lexo—DNA complex for crystallization,”” and
thus, its total lack of activity is also expected. Arg-28 is not part
of the active site but is a key residue of the positively char%ed
pocket that binds to the 5'-phosphate group of the DNA.”**
The total lack of activity for R28A is consistent with a critical
role for the interaction of the 5'-phosphate with this residue for
catalysis. On the basis of the crystal structures, it is likely that
this interaction is necessary to unwind the DNA to insert the
S’-strand into the active site for cleavage. The interaction could
also be required for correct alignment of the scissile phosphate
within the active site, once the DNA is unwound.

DNA Binding. The DNA binding affinities of WT and
mutant Adexo proteins were compared using two different
methods, a gel-shift assay with the same 5’-phosphorylated 14-
mer/12-mer DNA that was used in the crystal structure and
fluorescence anisotropy (FA) with a 25 bp duplex containing a
5'fluorescein at one end and a 5’-phosphate (or 5'-OH) at the
other. Raw data and binding curves for the two methods are
shown for the WT and selected variants in Figure 4 and for all

A B
WT R — *WT +KA49A +M53A vR137A * R45A
100
°
- e - g 75
2
K49A — <zt »
a 25
S
0
PR —— 0 20 40 60
Exo concentration (uM)
R45A C

Anisotropy

R137A g

0 250 500 750 1000
Exo concentration (nM)

& e ——

Figure 4. DNA binding assays for WT, K49A, R4SA, and R137A
variants of Aexo. (A) Gel-shift assay with a *P 5’-end-labeled 14-mer/
12-mer dsDNA substrate. The concentration of lexo monomers in
each lane from left to right is 0, 0.3, 0.6, 0.9, 1.8, 3.6, 7.5, 15, 30, and 60
UM, respectively. (B) Fits of the data from the gel-shift assays. The %
DNA bound was calculated from the band intensities from the gels of
panel A and plotted vs the concentration of Aexo monomer. The solid
line shows the fit of the data to the Hill equation, as described in
Experimental Procedures. (C) Fluorescence anisotropy assay. A S'-
fluorescein-labeled 25-mer dsDNA was equilibrated with varying
concentrations of Aexo protein, and the anisotropy was measured in
triplicate as described in Experimental Procedures. The solid line
shows the fit of the data to the Hill equation. Notice that R45A is the
only variant with substantially diminished DNA binding affinity.

of the variants in Figures S2—S4. All DNA binding experiments
were performed at pH 7.5. Although this differs from the pH of
9.4 used for the exonuclease assays, a control experiment using
the FA method demonstrates similar binding affinities for WT
Aexo at either pH (Figure SS). The apparent Ky values
determined from three independent experiments for each
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mutant are reported in Table 2 for each method. For all of the
proteins, the affinity measured by gel shift (Kp, of 2.1 + 0.3 uM
for the WT) was approximately 20—40-fold weaker than that
measured by fluorescence anisotropy (Kp of 112 + 9 nM for
the WT). This may reflect tighter binding of Aexo to the 25 bp
duplex as compared to the 12 bp duplex, and/or weaker
binding in the gel-shift assay caused by partial dissociation of
the complex under the force of migration through the gel
Despite this difference, the trends seen in comparing the
affinities observed for the Aexo variants to one another were
very similar for both methods. For both methods, the binding
curves were better fit to a cooperative binding model using the
Hill equation than to a noncooperative 1:1 (trimer—DNA)
binding model,” as shown in Figure S6. This likely reflects a
linkage between the equilibrium of association of Aexo
monomers to form a trimer and the binding of the trimer to
the DNA. Thus, the apparent K, values reported in Table 2 are
based on the concentration of lexo monomer, as opposed to
trimer. Values for the Hill coefficient () ranged from 0.8 to
8.6. In general, although the differences in the # values for the
different measurements reported in Table 2 were statistically
significant, the values for some of the proteins varied
significantly for the different methods. Because Aexo is not
known to form oligomers larger than a trimer, we do not at
present have a physical explanation for n values of >3. Accurate
measurement of this parameter may require more data points in
the transition region for some of the proteins.

The R45A mutation had by far the most significant effect on
DNA binding, reducing the affinity by 82-fold in the gel-shift
assay and by 32-fold in the FA assay (Table 2). Only two other
mutations, K49A and R137A, decreased the binding affinity by
>3-fold. The K49A variant bound to DNA with 8-fold reduced
affinity as determined in the gel-shift assay and 1.6-fold reduced
affinity as determined by FA, while the affinity of R137A was 6-
fold weaker as determined by the gel-shift assay and 2.3-fold
weaker as determined by FA. All three of these mutations occur
at residues that line the central channel of the trimer to contact
the downstream portion of the DNA. The dramatically
decreased level of binding of the R4SA variant is consistent
with the prominent role of Arg-45 seen in the structure, where
its guanidinium group inserts deeply into the minor groove to
form favorable electrostatic interactions.”” By contrast, the
contacts involving Lys-49 and Arg-137 are in general more
distant and subtle, except for those of the Arg-137 side chain of
subunit A. Thus, for residues lining the central channel, the
effects of the mutations on DNA binding affinity are consistent
with the interactions seen in the crystal structure.

It was surprising to us, however, that mutations at many of
the residues that make close contacts with the DNA elsewhere
in the structure, such as W24A, L78A, R28A, K131A, and
D119A, had little to no effect on the observed DNA binding
affinity. This result could potentially be explained by
considering the two different binding modes observed in the
crystal structures (Figure 1). All of these residues contact the
DNA in the productive binding mode, in which the DNA is
unwound and inserted into the active site (Figure 1A), but not
in the nonproductive mode, in which the DNA is only bound to
the central channel (Figure 1B). If these two binding modes
have similar affinities, then mutations that shift the equilibrium
from one binding mode to the other would not be expected to
affect the observed binding affinity significantly. Although the
productive binding mode clearly has more extensive
interactions, there is an energetic penalty to pay for DNA
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unwinding. On the other hand, the nonproductive mode has
fewer interactions but no penalty for unwinding. Consistent
with this interpretation, all of the mutations that do cause a
measurable decrease in affinity (R45A, K49A, and R137A)
occur at residues of the central channel that contact the
downstream portion of the DNA in both binding modes.

As a further test of this interpretation, we compared the
binding of DNAs containing a 5'-OH and a 5’-phosphate on
the non-fluorescein-labeled end of the 25-mer in the FA assay
and found that the presence of the 5’-phosphate did not have a
large effect (<1.6-fold) on the affinity of WT or any of the lexo
variants for the DNA (columns C and E of Table 2). It is likely
that the absence of the S’-phosphate, like the active site
mutations, destabilizes the productive binding mode, shifting
the equilibrium to the nonproductive binding mode, which has
a similar affinity. Even though the 5’-phosphate is required for
activity, a similar binding affinity can apparently be achieved for
a nonphosphorylated DNA in the nonproductive binding
mode. This conclusion is further supported by competition
experiments, which demonstrated that a DNA containing a §'-
OH is able to compete off a DNA containing a 5’-phosphate,
and vice versa, although the DNA with the S’-phosphate was a
slightly more potent competitor (Figure S7).

dsDNA Recombination in Vivo. Next, we compared the
activities of WT and the 11 Aexo variants for dsDNA
recombineering in vivo. We used the method of Stewart and
colleaguesfm’41 in which the Redafly functions are expressed (in
the absence of recA) from a temperature-sensitive, arabinose-
inducible pSC101-based plasmid in GB200S E. coli cells, which
are recA—. A 2.1 kB PCR product encoding the neomycin gene
flanked by 50 bp homologies to a target site on a
chloramphenicol-resistant p1SA plasmid is electroporated into
arabinose-induced cells containing p1SA and pSC101 plasmids.
Redafly-mediated recombination of the dSDNA PCR product
into the p1SA plasmid results in a colony on an LB-agar plate
containing kanamycin and chloramphenicol. The 11 Aexo
mutations described above, as well as a deletion generated by
mutating the codon for Trp-24 into a stop codon, were
introduced into the pSC101 plasmid, and the expression of
both the Aexo and Redf proteins from the 13 plasmids was
confirmed by Western blotting (Figure S). The recombination
frequencies for WT Aexo, the 11 variants, and the deletion were
measured in triplicate and are reported in Table 2 as the
number of colonies formed per milliliter of the final cell culture.

12 3 4 5 _@wl_S 9 10 111213 14
v - - 7 4 RedB

A Exo

anti-Redaf} (KM)

Figure S. Western blots showing protein expression from pSC101
plasmids encoding WT and 12 mutant versions of dexo with Redf.
Cultures of E. coli GB200S cells transformed with pSC101 and p15A
plasmids were grown and induced under the conditions of the
recombineering assay and harvested by centrifugation. Soluble
portions of cell lysates prepared by sonication were run on an
SDS—PAGE gel, blotted onto nitrocellulose, and reacted with the anti-
Redaf} antibody as described in Experimental Procedures. Proteins in
each lane are as follows: top panel, Redf; bottom panel, lane 1, WT;
lane 2, K49A; lane 3, K76A; lane 4, MS3A; lane 5, R45A; lane 6,
R137A; lane 7, L78A; lane 8, D119A; lane 9, E85A; lane 10, K131A;
lane 11, R28A; lane 12, W24A; lane 13, R45K; lane 14, reda deletion
construct.
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The data in Table 2 are representative of several experiments
for each variant performed each time in triplicate. Control
experiments in the absence of arabinose, p15A plasmid, or PCR
product consistently resulted in zero colonies, indicating that all
of the colonies were dependent on expression of the Red
recombineering functions and the presence of both of the DNA
substrates.

As seen in column H of Table 2, all of the variants have
significantly reduced activity for dsDNA recombination in vivo.
Three of the variants, K49A, K76A, and MS3A, retained at least
20% of the activity of the WT. These residues make
predominantly subtle contacts with the DNA, and their
mutation to alanine has only mild effects on the exonuclease
and DNA binding activities in vitro. For these variants, there is a
good correlation between the effects of the mutations in vivo
and in vitro.

The least active variant was KI31A. In fact, the
recombination activity for K131A was significantly and
reproducibly lower than that seen for the Aexo deletion
construct. This suggests that a low level of recombination is
occurring in the absence of intact dexo protein (but in the
presence of Redf and Redy), presumably because of one or
more endogenous E. coli nucleases, and that the K131A protein
is in some way inhibitory, such as by binding and blocking the
DNA ends from being accessed by Redf or other host
nucleases. The recombination activities of several of the
variants, D119A, E85A, R28A, R4SA, R137A, and W24A,
were approximately 5—10% of that of the WT, which was
similar to the deletion construct, for which no intact dexo
protein was present. All of these variants had little to no activity
in the exonuclease assay, and thus, for these proteins, there is
good correlation between the activities seen in vitro and in vivo.

R45K Mutation. Given the dramatic effect of the R45A
mutation on DNA binding, it was of interest to determine if the
function of this residue depends on the specific interactions of
the guanidinium group, or simply on the positive charge. Thus,
the R4SK variant was purified and tested for exonuclease
activity and DNA binding. As seen in Figure 6 and Table 2, the
R45K variant maintained the full activity of the WT protein in
both the exonuclease and DNA binding assays. Similarly, in the
dsDNA recombination assay, the R4SK variant had 82% of the
activity of the WT in vivo, whereas R45A had only 11%, close to
the background of 9% seen for the reda deletion (Table 2).

A R45K nuclease assay

B R45K gel-shift assay

-

Figure 6. R4SK variant has full exonuclease and DNA binding
activities. (A) Exonuclease assay performed as described in the legend
of Figure 3 for WT Aexo. Time points from left to right are 0, 5, 10, 15,
20, 25, 30, and 40 min, respectively. (B) Gel-shift assay performed as
described in the legend of Figure 4 for WT Aexo. The concentration of
Aexo monomer in each lane is 0, 0.3, 0.6, 0.9, 1.8, 3.6, 7.5, 15, 30, and
60 uM (from left to right, respectively).
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These results indicate that it is the positive charge of Arg45, as
opposed to the specific interactions of the guanidinium group,
that is important for DNA binding and exonuclease activity.
Although Arg-45 of subunit C makes by far the most intimate
contact with the DNA through the insertion of its guanidinium
group into the minor groove, the Arg-45 side chains of the
other two subunits also make close ion pairs with the
phosphates (Table 1), making it difficult to sort out the
relative importance of the three different interactions.

B DISCUSSION

This study is to the best of our knowledge the first to
systematically determine the effects of mutations on the in vivo
activity of either of the Reda (dexo) or Redf} recombineering
functions. For the most part, the effects of the mutations in
Aexo on in vivo recombination mirror their effects on
exonuclease activity in vitro. The three mutations that have
the mildest effects on exonuclease activity in vitro, K49A, K76A,
and MS53A, have among the mildest effects on recombination in
vivo. Similarly, most of the mutations that result in very little
(E8SA, W24A, R137A, and R45A) or no (R28A, D119A, and
K131A) exonuclease activity in vitro result in low levels of in
vivo recombination that are comparable to that of the deletion
construct, for which no intact Aexo protein is expressed.
Interestingly, the three mutations with the mildest effects
overall, K49A, K76A, and MS3A, result in at most a 2—3-fold
reduction in exonuclease activity in vitro, but a more dramatic
3—5-fold reduction in recombination activity in vivo. We do not
yet understand the basis for the stronger effect of the mutations
seen in vivo as compared to in vitro.

The main difference between the effects of the individual
mutations in vitro and in vivo was the very low activity of the
K131A protein seen in vivo. K131A was the only variant for
which the in vivo recombination activity was actually lower than
that of the deletion construct. This suggests that the K131A
protein inhibits in vivo recombination in some way, such as by
binding tightly to the DNA ends to block Redf and/or other
host nuclease enzymes from gaining access. However, the
K131A protein did not have increased DNA binding affinity in
the gel-shift or FA assays, and its behavior in all of the in vitro
assays was similar to that of D119A and R28A, two mutants
that did not exhibit an inhibitory effect in vivo. Thus, the basis
for the unique inhibitory effect of K131A in wvivo is not
explained by the data presented here.

As discussed above, the observation that mutations at many
of the residues that form close contacts with the DNA in the
crystal structure do not affect DNA binding affinity can
potentially be explained if there are multiple DNA binding
modes, such as the two seen in the crystal structures. A DNA
substrate that Aexo would encounter in vivo would typically
have a 5’-phosphate, which would tend to favor the productive
DNA binding mode. Whether or not the two different binding
modes are important mechanistically remains to be determined,
but the nonproductive binding mode could conceivably be
important for the initial recognition and capture of a DNA
substrate. This could be tested if a mutation that specifically
disrupts the nonproductive binding mode could be isolated.
However, because all of the residues that contact the DNA in
the nonproductive binding mode also contact the DNA in the
productive binding mode, design of such a mutant would be
difficult. Whether or not the protein uses a two-step mechanism
for DNA binding, with the nonproductive mode occurring first,
followed by a transition to the productive mode, could
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conceivably be tested in vitro by techniques such as time-
resolved fluorescence quenching. For example, Trp-24 contacts
the DNA in the productive binding mode, but not in the
nonproductive mode. Such experiments are beyond the scope
of this work but could be the subject of future studies.

The results of the experiments reported here generally
support the “electrostatic ratchet” model for the mechanism of
Aexo that we proposed previously on the basis of the crystal
structure” but further clarify the roles of individual residues in
DNA binding and catalysis. Two of the key residues of the
electrostatic ratchet mechanism are Arg-28 and Leu-78. Arg-28
is a residue of the positively charged pocket that binds to the 5'-
phosphate, while Leu-78 forms the “pawl” of the ratchet that
inserts into the base pairs of the DNA to potentially restrict
backward movement. The results of this study indicate that
Arg-28 is much more critical for dexo activity than is Leu-78.
R28A was completely inactive in vitro and gave only
background levels of activity in vivo. By contrast, the L78A
variant maintains a significant level of activity in vitro, ~12% of
that of the WT, and approximately twice the recombination
activity of R28A (and the deletion construct) in vivo. These
results suggest that while the “electrostatic” part of the
mechanism is a critical feature, the “ratchet” part of the
model is not. It should be noted, however, that the mutation of
a leucine to an alanine is a more conservative substitution than
an arginine to an alanine mutation, as the alanine maintains
some of the hydrophobic character of the leucine. Moreover,
Leu-78 is only one of three residues, the other two being Val-73
and Ala-75, that wedge into the base pairs to form hydrophobic
interactions to unwind the DNA. Nonetheless, the new data
show that while Arg-28 is critical for activity, Leu-78 is not.

The data reported here suggest a critical role for Arg4S.
Arg4S forms a prominent interaction with the downstream
portion of the DNA substrate, where its guanidinium group
inserts into the minor groove to form favorable electrostatic
interactions. On the basis of this interaction, we had proposed
that Arg-45 may act as a “rudder”, to help keep the enzyme on
track as it moves along the DNA. Arginine residues that form
similar minor groove interactions in other proteins have been
shown to be critical for DNA binding.*® Moreover, this type of
interaction can also be used for sequence-specific DNA
recognition, as the arginine insertion prefers AT-rich regions
for which the minor groove is narrowed.”* The observation
that the R4SK mutant maintains the DNA binding and
exonuclease activities of the WT protein implies that it is the
positive charge at this position that is important, as opposed to
specific interactions or properties of the planar guanidinium
group. In addition to Arg-45 of subunit C that wedges into the
minor groove, the Arg-45 residues of subunits A and B also
contact the DNA, through close ion pairs with phosphates. A
lysine could in principle form these latter two interactions
nearly as well as an arginine, which is consistent with the
observation that the R45K mutant is active. On the basis of
these results, it appears that it is the positive charge at this
residue position, potentially in all three subunits, that is
important for DNA binding affinity, as opposed to the insertion
of the guanidinium group into the minor groove that occurs
only in subunit C. Thus, the idea that Arg-4S may act as a
rudder to keep the enzyme on track is not supported by these
data. Arg-137, another positively charged residue that contacts
the DNA in all three subunits, is just as important as Arg-4S for
in vitro exonuclease activity and in vivo recombination, but less
important for DNA binding affinity. Collectively, the
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interactions that the three Arg-137 residues make with the
DNA are not as intimate as those of Arg-4S (Table 1), but it
appears that the positive charge at this position is just as
important for function.

H CONCLUSION

This work is the first to compare the effects of mutations in
Aexo on the activity of the protein in vitro and in vivo. As
expected, the results reveal a critical role for three highly
conserved active site residues Lys-131, Asp-119, and Glu-8S.
The results reveal an equally critical role for Arg-28, a residue of
the positively charged pocket that binds to the 5’-phosphate of
the DNA. This electrostatic interaction may be important for
providing a directional force for movement of the enzyme along
the DNA after each round of cleavage. The results reveal a less
critical role for Leu78, a residue of the hydrophobic wedge that
inserts into the base pairs to unwind the DNA. Finally, the
results reveal a critical role of Arg4S for DNA binding affinity
and exonuclease activity in vitro and in vivo, although it is the
positive charge at this residue position that is important, as
opposed to specific features of the guanidinium group.
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