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ABSTRACT

Bacterial single-stranded (ss) DNA-binding proteins
(SSBs) bind and protect ssDNA intermediates
formed during cellular DNA replication, recombin-
ation and repair reactions. SSBs also form com-
plexes with an array of genome maintenance
enzymes via their conserved C-terminal tail
(SSB-Ct) elements. In many cases, complex forma-
tion with SSB stimulates the biochemical activities
of its protein partners. Here, we investigate the
mechanism by which Escherichia coli SSB stimu-
lates hydrolysis of ssDNA by Exonuclease | (Exol).
Steady-state kinetic experiments show that SSB
stimulates Exol activity through effects on both
apparent k.5 and K,,. SSB variant proteins with
altered SSB-Ct sequences either stimulate more
modestly or inhibit Exol hydrolysis of ssDNA due
to increases in the apparent Michaelis constant,
highlighting a role for protein complex formation in
Exol substrate binding. Consistent with a model in
which SSB stabilizes Exol substrate binding and
melts secondary structures that could impede Exol
processivity, the specific activity of a fusion protein
in which Exol is tethered to SSB is nearly equivalent
to that of SSB-stimulated Exol. Taken together,
these studies delineate stimulatory roles for SSB in
which protein interactions and ssDNA binding are
both important for maximal activity of its protein
partners.

INTRODUCTION

The double-stranded structure of genomic DNA is a re-
markably stable storage form for cellular information.
However, this structure must be separated into single-
stranded (ss) DNA to allow enzymes that catalyze DNA
replication, recombination or repair reactions access to

genomic information. To prevent spontaneous reanneal-
ing and to protect exposed ssDNA from damage, cells util-
ize specialized ssDNA-binding proteins (SSBs) to bind
unwound ssDNA (1-3). As such, genome maintenance
enzymes have adapted to utilize SSB/ssDNA nucleopro-
tein substrates rather than free ssDNA in cells.
Understanding the structural and biochemical basis under-
lying enzymatic processing of SSB/ssDNA substrates is
critical for developing molecular models of cellular
genome maintenance.

Eubacterial SSBs generally function as homotetramers
in which each monomer contains both DNA-binding and
protein-interaction elements (1-3). The DNA-binding
domain, which also mediates tetramer formation, is com-
posed of an N-terminal oligonucleotide/oligosaccharide-
binding (OB) fold. DNA wraps around the SSB OB
domains in a high-affinity, sequence-independent manner
(4). In spite of the stability of SSB/ssDNA complexes, SSB
tetramers are surprisingly dynamic, moving freely along
the DNA to which they bind (5). Outside of eubacterial
SSBs, bacteriophage and eukaryotic SSBs can have very
different quaternary structures but still utilize OB folds to
bind DNA. For example, the bacteriophage T4 SSB (gene
32 protein, gp32) functions as a monomer with a single OB
domain (6) and eukaryotic Replication Protein A (the
major nuclear eukaryotic SSB) functions as a heterotrimer
that contains six OB folds (7).

The protein-binding activities of eubacterial SSBs are
mediated by C-terminal tail (SSB-Ct) segments located
on each monomer in the protein (3). This sequence
includes six evolutionarily conserved residues (Asp—Asp—
Asp-Ile-Pro—Phe) that form a docking site used for inter-
actions with at least a dozen different DNA replication,
recombination and repair proteins. Consistent with the
importance of SSB/protein interactions, mutations within
the SSB-Ct sequence are highly detrimental to cell growth.
One such mutation in Escherichia coli (ssb113) changes the
penultimate Pro of the SSB-Ct sequence to a Ser (8). This
mutation confers temperature-sensitive lethality by
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producing an SSB variant that retains the ability to bind
ssDNA but that cannot support DNA replication at non-
permissive temperatures and is hypersensitive to DNA
damage even under permissive conditions (8-13). The
SSB113 protein is defective for binding several proteins,
including Exonuclease I (Exol) (14,15), RecQ DNA
helicase (16,17), PriA DNA helicase (18), Topoisomerase
III (19), RecG DNA helicase (20), DNA polymerase V
(21) and the x subunit of DNA polymerase III (22-24).
Additionally, altering the C-terminal Phe residue from
E. coli SSB to Cys disrupts heterologous protein inter-
action and is lethal in E. coli (14). Among the proteins
that bind SSB, structural descriptions of the SSB-Ct
binding sites on Exol and RecQ have identified conserved
electrostatic features that mediate binding to SSB (15,17).
These include a hydrophobic pocket and basic residue
that, respectively, accommodate the side chain and
a-carboxyl group of the C-terminal Phe residue, and a
‘basic ridge’ element that is thought to bind the SSB-Ct
Asp residues.

Exol has emerged as a model for studying the roles of
SSB in stimulating biochemical activity of SSB-associated
enzymes. Escherichia coli Exol degrades homopolymeric
ssDNA in a highly processive fashion; however, its activity
on heteropolymeric DNA is less processive, which has
been attributed to Exol dissociation from DNA upon en-
countering duplex structures (25-28). Exol nuclease
activity is stimulated by SSB in a manner that requires
physical association between the two proteins (14,15,29—
32). Disruption of the Exol/SSB interaction by sequence
changes in either protein or by peptide or small-molecule
inhibitors that compete with SSB for binding Exol reduces
nuclease activity on SSB/ssDNA substrates to its SSB-free
level (15,31,32). Interestingly, steady-state kinetic studies
with peptide and small-molecule competitors have shown
that the inhibitor effects arise from increases in K, and
not effects on substrate turnover, suggesting that complex
formation with SSB stimulates Exol activity by improving
its association with SSB/ssDNA and/or its retention on
such substrates (31,32). However, given that Exol is ex-
clusively active on ssDNA substrates (25-28), a role for
SSB in stimulating its nuclease activity by preventing for-
mation of inhibitory secondary structures in the DNA is
likely to be important as well. Resolution of the contribu-
tions of SSB DNA binding and protein binding to the
stimulation of Exol activity would help elucidate the
mechanisms by which SSB stimulates enzyme activity on
SSB/ssDNA substrates.

We have investigated the mechanism of SSB stimulation
of Exol using steady-state kinetic experiments. SSB stimu-
lates Exol activity through effects on both the apparent
keat and K,,. Relative to SSB/ssDNA, Exol hydrolysis of
SSB113/ssDNA substrates occurs with an elevated K,
app> Whereas hydrolysis of ssDNA in complex with
SSBACS, which removes the SSB-Ct sequence, is
strongly inhibited. These observations are consistent
with a role for SSB/Exol protein interaction in stabilizing
Exol substrate binding. Bacteriophage T4 gp32, which
lacks the SSB-Ct, can stimulate Exol nuclease activity
by increasing Kkca app; however, a hybrid protein in
which the SSB-Ct is appended onto gp32 stimulates
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Exol to a greater extent by reducing K, ,pp relative to
the wild-type gp32/ssDNA substrate. These data lead to a
model in which SSB mediates Exol binding to SSB/
ssDNA substrates and melts secondary structures that
could impede Exol processivity. Consistent with this hy-
pothesis, the specific activity of a fusion protein in which
Exol is tethered to SSB is nearly equivalent to that of
SSB-stimulated Exol. Taken together, these studies delin-
eate stimulatory roles for SSB in which both protein
binding and ssDNA binding are important for maximal
activity of its protein partners.

MATERIALS AND METHODS
Peptides and proteins

SSB-Ct  (Trp-Met-Asp-Phe-Asp-Asp-Asp-Ile-Pro-Phe),
F-SSB-Ct (SSB-Ct with an N-terminal fluoresceine
moiety) and F-SSB113 (Pro-to-Ser variant of F-SSB-Ct)
peptides were prepared as described earlier (15).
Escherichia coli Exol and SSB were purified as described
earlier (15) (Figure 1). pDL002 is a T7 overexpression
plasmid that encodes an SSB-Exol fusion protein in
which E. coli SSB is tethered directly to the N-terminus
of E. coli Exol. No linker is used in the fusion protein.
Expression and purification of the SSB-Exol fusion
protein were carried out as previously described for
Exol (15) (Figure 1). The SSB—Exol fusion eluted as an
oligomeric species of between 2 and 4 protomers per
complex in size exclusion chromatography experiments.
pET15b-gp32 is a T7 overexpression plasmid that encodes
the bacteriophage T4 gp32 protein with a N-terminal
hexa-histidine purification epitope (Figure 1), and
pET15b-gp32-SSB-Ct is a derivative of pET15b-gp32
that encodes a gp32 variant protein in which the
C-terminal residues of T4 gp32 have been changed to
encode the final nine residues of E. coli SSB (changing
the sequence from Asp—Leu—Asp—Asp—Leu—Leu—Asn—
Asp—Leu to Met—Asp—Phe—Asp—Asp—Asp-Ile—Pro—Phe).

BL21(DE3) E. coli transformed pETI15b-gp32 or
pET15b-gp32-SSB-Ct were grown at 37°C in Luria-
Bertani medium (33) supplemented with 100 pgml™'
ampicillin. Cells at early logarithmic phase (ODyggyy of
0.3-0.4) were induced to overexpress T4 gp32 or
gp32-SSB-Ct by the addition of I mM isopropyl B-p-
thiogalactopyranoside and were harvested by centrifuga-
tion after an additional 3h of growth. Cells were resus-
pended in lysis buffer (20 mM Tris—HCI, pH 8.0, 250 mM
NaCl, 20mM imidazole, Il mM EDTA, 1 mM phenyl-
methanesulfonylfluoride, 10% glycerol) and lysed by son-
ication on ice. Soluble lysates were incubated with nickel—
NTA agarose beads (Qiagen). The beads were washed
with lysis buffer and bound protein was eluted by the
addition of 20mM Tris—HCI, pH 8.0, 250mM NacCl,
200 mM imidazole, 1 mM EDTA, 1 mM phenylmethane-
sulfonylfluoride, 10% glycerol. The eluent was dialyzed
against low salt buffer (20mM Tris—=HCI, pH 8.0,
50mM NaCl, ImM EDTA, 1mM 2-mercaptoethanol,
10% glycerol), bound to a heparin column and eluted
with a salt gradient. Fractions containing protein were
pooled, concentrated to ~2ml and further purified
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Figure 1. Coomassie-stained samples of purified proteins used in this
study resolved by SDS-polyacrylamide gel electrophoresis.

through a Sephacryl S-300 size exclusion column
(Pharmarcia) equilibrated in 20mM Tris—HCI, pH 8.0,
0.5M NaCl, ImM EDTA, 1mM 2-mercaptoethanol,
10% glycerol. Protein fractions were pooled, concentrated
and stored at 4°C (Figure 1). Protein and peptide concen-
trations were determined by measuring their A,gy in 6.0 M
Guanidine-HCl (34) [€250 nm = 73570M'em ™" (Exol),
27880M 'cm~! (SSB, SSB113 and SSBACS, as
monomers), 38690M'em™" (gp32 and gp32-SSB-Ct),
100850 (Exol-SSB, as monomer) and 5690 M 'cm™'
(SSB-Ct peptide)]. All SSB and gp32 proteins and
variants (except for the SSB—Exol fusion protein) were
free of contaminating nuclease activity.

Exonuclease assays

Nuclease assays were carried out as described previously
(15,31). Briefly, a 1369-bp region of a pET-derived
plasmid was amplified by PCR in the presence of [o->2P]
dTTP to generate internally radiolabeled double-stranded
DNA. PCR products were purified by sequential

size-exclusion spin columns and boiled for 5min followed
by incubation on ice to produce ssDNA substrate. For
specific activity measurements, substrate [1.1 uM (nucleo-
tides)] was mixed with 0-1000 nM SSB (or SSB variant) in
Exo buffer (20 mM Tris—HCI, pH 8.0, 10% glycerol, 3mM
MgCl,, and 0.1 g1™! bovine serum albumin) and incubated
for 10 min. In some experiments, SSB-Ct peptide (0—
100 uM) was included. Reactions were initiated by the
addition of Exol diluted in Exo buffer (30-100 pM final
enzyme concentration) and incubated at 37°C. At several
time points, reaction aliquots were quenched by adding
EDTA to 0.05M; remaining substrate was precipitated
by adding Torula RNA to 1g17! and perchloric acid to
0.25N (final concentrations) followed by incubation on
ice. Precipitated substrate was pelleted and 80% of the
supernatant was removed for liquid scintillation counting
to determine the acid-soluble counts per minute (cpm).
Reaction velocities were determined by measuring the
time-dependent generation of acid-soluble cpm using 3—4
linear time points (<40% of the substrate was hydrolyzed
in all time points). One unit of exonuclease activity is the
amount of enzyme required to generate 1pumol of
acid-soluble products per min at 37°C; specific enzyme
activity is the units per mg of protein. Data are presented
as the mean of three measurements with error bars depict-
ing one standard deviation of the mean.

For Michaelis—Menten kinetic measurements, DNA
substrate concentrations were varied from 0.5 to 160 uM
(nucleotides) and the SSB concentration was altered to
maintain a constant ratio of 200nM SSB (monomers)/
1.1 uM (nucleotides) DNA. This ratio is sufficient to
saturate the ssDNA with SSB. Saturation kinetic data
were fitted using GraphPad Prism as described earlier
(31). K, and vy, values were fitted using the equation:

_ Vmax [S]

= &S] )

where v, 1S the maximal velocity, [S] is sSDNA concen-
tration (in nucleotides) and K, is the [S] required for v to
equal one half of v.x. kear values, which were determined
by dividing vyax by [Exol], were interpreted using equa-
tions derived for kinetics of processive Exol activity by
Brody et al. (35), which is described in the following
kinetic Scheme 1.

In this scheme, k; is the rate constant for Exol-sub-
strate association, k_; is the rate constant for Exol-sub-
strate dissociation, kg, is the rate constant for nucleotide
hydrolysis and »n is the number of nucleotides in the
ssDNA  substrate. Dissociation of Exol from
homopolymeric ssDNA once hydrolysis has begun is
only significant when the length of available ssDNA is
10 nt or less (35). In this scheme,

_ (k—l+kcat)

"=k —9) @

Given the heterogeneous structural nature of the DNA
substrate used in this analysis, we use the terms K, app
and kg, app to describe measured kinetics parameters.
Assays were performed with several independently
generated substrate preparations.



For processivity experiments, substrate amplification
was carried out as described above except using unlabeled
dTTP. The DNA was heat denatured, quick-cooled on ice
and labeled with **P on 5'- or 3’-ends using polynucleotide
kinase or terminal transferase, respectively, according to
the manufacturer’s protocol (New England Biolabs). The
products were purified as above. Reaction conditions were
as described above, with SSB, SSBACS, SSB113 or gp32
present at 1.8 uM (monomers), ssDNA at 10 uM (nucleo-
tides) and Exol at 1 nM. Reactions were quenched at 0, 5,
10, 15 or 20 min and acid-soluble products measured as
above.

Peptide binding isotherms

Peptide binding assays were carried out as described pre-
viously (15). Briefly, Exol at 0.1-10 000 nM was incubated
with 10nM F-SSB-Ct or F-SSB113 in 20mM Tris—HCI,
pH 8.0, 100mM NaCl, 1 mM MgCl,, 4% (v/v) glycerol,
ImM 2-mercaptoethanol and 0.1gl™' bovine serum
albumin at room temperature for 10 min. Fluorescence
anisotropy was measured at 25°C with 490 nm excitation
and 535 nm emission wavelengths for three replicates; the
average anisotropy value was plotted with 1 SD of the
mean shown as error. Apparent dissociation constants
were the [Exol] needed for 50% binding saturation.

RESULTS

Based on several lines of evidence, it has been proposed
that SSB stimulates Exol nuclease activity in two ways: by
melting out secondary structures that impede Exol activity
and by stabilizing Exol binding to ssDNA substrates with
which SSB forms a nucleoprotein complex (15,29,31,32).
To test this model, a steady-state kinetic approach
examining E. coli SSB stimulation of the nuclease
activity of E. coli Exol was undertaken. Substrates that
included free ssDNA or ssDNA in complex with
saturating amounts of different SSBs were tested as sub-
strates for E. coli Exol and steady-state kinetic parameters
were derived from fits of the data.

A
Exol +ssDNA —® ExolsssDNAp

£
kcmﬁ dNMP

ExolessDNAp-1

k““i\» dNMP
kCaf

Exol + ssDNAg T ExolessDNA1(

dNMP

Scheme 1. Kinetic model of Exonuclease ssDNA

hydrolysis.
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Escherichia coli SSB stimulation of Exol activity

Comparing the hydrolytic activity of E. coli Exol on free
ssDNA and SSB/ssDNA identified a striking difference
In kear, app between the two substrates (Figure 2A and
Table 1). The ke, app for Exol-catalyzed hydrolysis of
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Figure 2. Saturation kinetics of Exol nuclease activity on ssDNA nu-
cleoprotein substrates. (A) Initial Exol DNA hydrolysis velocities are
plotted as a function of ssDNA (blue), SSBACS8/ssDNA (green) or
SSB113/ssDNA (red) concentrations. The saturation kinetic plot for
Exol with SSB/ssDNA measured under identical conditions (31) is
shown (black line) for comparative purposes. Data points are
reported as the mean of three independent measurements with error
bars as 1 SD of the mean. Lines depict fits of the data to Michaelis—
Menten kinetics. (B) Close-up of (A) to demonstrate the effects of each
SSB variant at low substrate concentrations. Data points are reported
as the mean of three independent measurements with error bars as 1
SD of the mean. (C) Initial Exol DNA hydrolysis velocities are plotted
as a function of gp32/ssDNA (magenta) or gp32-SSB-Ct/ssDNA
(orange) concentrations. The saturation kinetic plots for Exol with
SSB/ssDNA measured (31) (black line) or ssDNA [from (A)] (blue
line) are shown for comparative purposes. Data points are reported
as the mean of three independent measurements with error bars as 1
SD of the mean. Lines depict fits of the data to Michaelis—Menten
kinetics.
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Table 1. Steady-state kinetic parameters

Exonuclease substrate

ssDNA SSB/ssDNA® SSB113/ssDNA SSBACS8/ssDNA gp32/ssDNA gp32-SSB-Ct/ssDNA
K, app (MM, nucleotides) 7T+2 16 £2 63 £ 10 ND 380 £ 200 100 £ 12
cat, app (min~") 880 + 70 6930 + 260 7160 £ 500 ND 14900 + 5,800 9200 + 540
cat, app/Km, app 130 + 40 430 + 60 110 = 20 ND 40 £ 20 90 £+ 10

“Values are from Ref. (31). ND, not determinable.

free ssDNA was 880 + 70 min~', whereas the Keat, app With
the same ssDNA substrate saturated with SSB was
6930 £ 260min~"' (31). Interestingly, the ke app fOr
Exol-catalyzed hydrolysis of SSB/ssDNA is similar to
that observed previously with long homopolymeric
ssDNA substrates that lack secondary structure [10400—
16 500 min~" (35,36)], which could indicate that the Keat,
app difference between free heteropolymeric ssDNA and
SSB/ssDNA arises from secondary structure melting by
SSB producing more optimal substrates for Exol.
Consistent with this model, earlier experiments have
demonstrated that apparent Exol hydrolysis rates with
homopolymeric ssDNA are reduced by annealing comple-
mentary ssDNA to the substrate (27,28).

In contrast to the k¢, app enhancement, there was little
or no difference between the K., ,,, values for the hy-
drolysis of ssDNA and SSB/ssDNA substrates (Table 1).
Comparison of Ky, ., values between these two sub-
strates could be difficult to interpret, however, since the
Michaels constants are sensitive to several rate constants
and to the length of available ssDNA [see Equation (1)].
Since SSB and Exol directly interact with one another, the
impact of protein interaction from that of SSB/ssDNA
interactions cannot be distinguished in the measured
kinetic parameters. To better compare Kp, .pp values
between related substrates, the effects of two SSB
variant proteins with reduced Exol binding affinity
(SSB113 and SSBACS) on Exol activity were measured.

Comparison of Exol activity on SSB/ssDNA and
SSB113/ssDNA substrates revealed a difference in K,
app values (Figure 2A and Table 1). SSB113, which has a
Pro-to-Ser substitution in the SSB-Ct sequence, has a dra-
matically reduced Exol binding affinity but has wild-type
ssDNA binding properties (8,14,15,31). The K., ,pp for
Exol-catalyzed hydrolysis of the SSB113/ssDNA substrate
was 4-fold higher than SSB/ssDNA but the ke, app values
were indistinguishable between the two substrates
(Table 1). Since the kcu, app value is constant between
the two substrates, the K, .pp differences must arise
from changes in the binding or dissociation kinetics of
Exol/SSB113/ssDNA complex formation [see Equation
(1)]. Interestingly, the catalytic efficiency of Exol hydroly-
sis of SSB113/ssDNA and naked ssDNA, as expressed by
keat, app/Km, app» Were essentially identical; only the SSB/
ssDNA substrate was measurably elevated (Table 1).
These data, therefore, support a model in which the
SSB-Ct provides a site for binding Exol to SSB/ssDNA
substrates.

The SSBACS8/ssDNA substrate, in which the entire
Exol-binding site on SSB (14,15) is removed, is a
markedly inferior substrate relative to all others tested
(Figure 2A). Exol nuclease activity with low SSBACS/
ssDNA substrate concentrations was greatly retarded
relative to the activity with ssDNA, SSB/ssDNA or
SSB113/ssDNA and increased only in the highest sub-
strate concentrations tested (Figure 2A and 2B).
Saturated activity levels could not be measured but
assuming that the ke, app value for Exol hydrolysis of
SSBACS/ssDNA is similar to that with other SSB/
ssDNA substrates tested, 50% maximal velocity requires
~140uM  SSBACS8/ssDNA  concentrations. Taken
together, these results indicate that SSBACS likely has
effects beyond impairment in association with Exol in
the assay. Indeed, E. coli SSB variants that lack the
SSB-Ct bind ssDNA with higher affinity and cooperativity
than SSB (37-39), which could be related to inhibition of
Exol nuclease activity by SSBACS. This possibility is con-
sidered in the ‘Discussion’ section.

It is interesting to note that Exol activity on the
SSBACS8/ssDNA substrate appears to be cooperative.
Although it is not clear how this relates to the Exol asso-
ciation with SSBACS8/ssDNA, it could possibly reflect
physical interactions between multiple Exol monomers
and the SSBACS/ssDNA substrate. Since the activity
only occurs with very high substrate concentrations, this
could be an artifact of our reconstituted biochemical
systems rather than an activity that is biologically
relevant.

We examined the kinetics of Exol-catalyzed hydrolysis
of each of the substrates at low concentrations to better
appreciate the effects that SSB when a limited number of
3’ ssDNA ends are present, as might be found in vivo
(Figure 2B). Given an average sized E. coli cell, a single
3’ ssDNA end would provide a substrate concentration of
~1nM (3’ ends), which is equivalent to a 1.4 uM (nucleo-
tides) concentration of the substrate used in this study.
Interestingly, it is apparent that only SSB significantly
stimulates the velocity of the Exol hydrolysis reaction
under this condition; SSB113/ssDNA is hydrolyzed at es-
sentially the same rate as ssDNA alone (Figure 2B). This
effect is due ultimately to the K, .pp difference between
the SSB/ssDNA and SSB133/ssDNA substrates. Since the
presence of ssDNA ends is likely to be quite limited under
most conditions in E. coli, activities at the lower substrate
concentrations shown in Figure 2B may reflect more
typical Exol activity levels and thus highlight the



importance of the K, ,pp difference between SSB/ssDNA
and SSB113/ssDNA substrates.

T4 gp32 stimulation of Exol activity

To complement the experiments described above, the
effects of the SSB from bacteriophage T4 (gp32) on E.
coli Exol nuclease activity were measured. T4 gp32
differs from E. coli SSB in two ways: (i) it lacks the
conserved SSB-Ct sequence that is required for complex
formation with Exol and (ii) it is @ monomer rather than a
tetramer (6,40). These differences make gp32 a useful tool
for testing the general effects of ssDNA binding in Exol
stimulation by SSB.

Exol catalyzed hydrolysis of the gp32/ssDNA substrate
with a Km  app of 380 £200pM and a kea, app Of
14900 + 5800 min~ ' (Figure 2C and Table 1). These
fitted values are notably less precise than those obtained
for ssDNA or SSB/ssDNA since the substrate concentra-
tions for which initial velocities were measured were all
below the estimated K, .pp. However, they indicate that
gp32/ssDNA is a poor substrate compared with SSB/
ssDNA in terms of K, .pp (~24-fold difference). In
contrast, the ke, app 1S similar to that of SSB/ssDNA or
SSB113/ssDNA substrates. These data are consistent with
SSBs generally increasing kcye, app for Exol-catalyzed hy-
drolysis by melting secondary structures in the DNA (an
activity present in both E. coli SSB and T4 gp32).

To further test the role of recruitment in Exol stimula-
tion, a chimeric protein in which the T4 gp32 C-terminus
is changed to that of the E. coli SSB-Ct (gp32-SSB-Ct) was
created, purified and tested for stimulation of Exol
nuclease activity. Exol hydrolyzed the gp32-SSB-Ct/
ssDNA substrate with a Km app Of 100 £ 12uM and a
keat, app Of 9200 £ 540 min~ (Flgure 2C and Table 1).
Relative to the gp32/ssDNA substrate, the K, .pp of the
Exol nuclease activity was reduced ~4-fold. This improve-
ment is remarkably similar to the ~4-fold lower Ky, app
for hydrolysis of SSB/ssDNA relative to SSB113/ssDNA
(Table 1) and could reflect the extent to which protein
interaction-mediated recruitment augments Exol activity.
In contrast, the addition of the SSB-Ct tail to T4 gp32 had
little or no effect on ke, app-

Exol processivity is impaired on the SSBAC8/ssDNA
substrate

One potential complication in the above kinetic studies is
that the presence of different SSB species could influence
the processivity of Exol. To test for this possibility, an
assay similar to that developed by Thomas and Olivera
(28) was used to measure the relative processivity of Exol
on several different substrates (ssDNA, SSB/ssDNA,
SSB113/ssDNA, SSBACS8/ssDNA and gp32/ssDNA). In
this method, ssDNA hydrolysis Progress is monitored on
substrates with either 3’ or 5 **P label. Since Exol is a
3’-5 nuclease, processivity is determined by examining the
hydrolysis kinetics of the 3’ versus 5’ labels; for a perfectly
processive enzyme, these kinetics would be identical.

The most striking effect in this assay was observed
with the SSBACS/ssDNA substrate (Supplementary
Figure S1). Hydrolysis of the SSBACg8/ssDNA 3’ label
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was modestly slowed relative to other substrates,
whereas hydrolysis of the 5 label was nearly absent over
the time course, consistent with a very poorly processive
nuclease activity. Apparent Exol processivity on SSB/
ssDNA, SSB113/ssDNA and gp32/ssDNA was quite
similar (Supplementary Figure S1).

Tethering E. coli SSB to Exol increases specific activity
of the nuclease

The kinetic experiments described above suggested that
SSB stimulates Exol nuclease activity by melting out sec-
ondary structures in the ssDNA and by stabilizing Exol
complexes with SSB/ssDNA substrates through direct
protein—protein interaction. This model predicts that a
fusion protein in which SSB is linked to Exol would
have heightened specific activity on ssDNA relative to
Exol alone, particularly at lower substrate concentrations
where activity is most limited by Exol substrate binding.
To test this idea, a recombinant fusion protein in which
Exol is tethered to the C-terminus of SSB was created and
purified. The nuclease activity of the SSB—Exol fusion
enzyme was then measured and compared with the
results from above and from previous experiments (31)
carried out under the same conditions. Saturation
kinetic experiments with the fusion protein and several
SSB/ssDNA substrates failed to reach saturation under
the substrate concentrations tested (Supplementary
Figure S2). Experiments with the fusion protein were
thus limited to comparing its specific nuclease activity to
that of Exol and to examining the effects of SSB on its
nuclease activity.

As predicted by the model, the SSB-Exol fusion protein
had a significantly higher specific activity than Exol with
free ssDNA (Table 2). At a 1.1 uM (nucleotides) substrate
concentration, the purified Exol-SSB fusion protein
hydrolyzes ssDNA with a specific activity of
16.3 + 1.5Umg "', which is 3.5-fold higher than that of
Exol under the same conditions (15) (Table 2).
Interestingly, this higher specific activity for the Exol-
SSB fusion protein was similar to that of Exol stimulated
by the addition of saturating amounts of SSB
[20.7 £29Umg~! (15)]. Thus, fusing Exol with SSB
creates an enzyme that appears to mimic SSB-stimulated
Exol.

The SSB-dependence of the Exol-SSB fusion protein
activity was tested to determine whether its activity
could be stimulated similarly to that of Exol. The
addition of SSB stimulated the activity of the Exol-SSB
fusion protein ~1.8 fold (Figure 3A and Table 2), which is
less than the SSB’s 4.4-fold stimulation of Exol (15). The
addition of SSB113 provided a similarly modest 1.7-fold
stimulation to the Exol-SSB fusion protein, whereas
SSBACS inhibited activity (Figure 3A and Table 2).
Modest stimulation of Exol by SSB113 (15) and inhibition
by SSBACS were also observed (Table 2).

Experiments were next performed to test whether the
modest SSB-dependent increase in Exol-SSB activity
was due to binding of the fusion protein to SSB.
Previous experiments showed that a peptide comprising
the SSB-Ct sequence acts as a competitive inhibitor that
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Table 2. Specific activities of Exol and Exol fusion proteins

Specific activity of nuclease with free ssDNA or SSB variant/ssDNA substrates (U mg 1)

ssDNA SSB/ssDNA SSB113/ssDNA SSBACS/ssDNA gp32/ssDNA gp32-SSB-Ct/ssDNA

Exol 4.7 £04% 20.7 £2.9* 5.6 £ 1.3% 0.6 £0.1 1.0 £ 0.1 6.1 £4.6
SSB-Exol 16.3 £ 1.5 29.4 £ 2.1 274+ 14 99+1.9 124 +£24 19.7 £ 4.0
“Values are from Ref. (15).
selectively abrogates SSB-stimulation of Exol activity by A 40-
blocking complex formation (31). To test whether recruit- =)
ment is responsible for SSB-stimulation of Exol-SSB, the E +SSB
effects of the SSB-Ct peptide inhibitor on nuclease activity =2 3N
were measured. First, the ability of the fusion protein to 2

. . . > +SSB113
bind to the SSB-Ct was confirmed using a previously es- £ 20
tablished fluorescence-anisotropy assay (Figure 3B). The o
Exol-SSB protein binds a fluorescently labeled SSB-Ct & 10+ o
peptide with an apparent dissociation constant of § +SSBACS
1.1 £ 0.09 uM. Similarly to Exol (15), binding to the n 0

SSB-Ct peptide was specific; the Exol-SSB fusion
protein only bound an SSBI113 control peptide at the
highest concentrations tested (>5uM, Figure 3B). Next,
the ability of the SSB-Ct to abrogate SSB stimulation of
Exol-SSB activity was tested. Similarly to its effects with
Exol (15), the SSB-Ct peptide abrogated the modest SSB
stimulation of the Exol-SSB fusion protein and had no
effect on the activity of the fusion protein in the absence of
SSB (Figure 3C). These data indicated that the modest
SSB enhancement of activity in the fusion protein is
likely due to a recruitment effect that is reduced relative
to that observed with Exol. We note that this modest
effect could reflect stimulation of a small amount of
Exol that has been cleaved from the fusion protein by
proteolysis rather than SSB recruitment of the Exol-SSB
fusion protein.

DISCUSSION

SSB/ssDNA structures are central substrates in cellular
genome maintenance pathways. To better understand
how SSB/ssDNA substrates are processed, we have
measured the effects of SSB and several SSB variant
proteins on the steady-state nuclease activity of Exol.
Our findings show that SSB stimulates Exol-catalyzed
ssDNA hydrolysis through effects on both kg app and
K., app» leading to a model in which SSB interactions
with both ssDNA and Exol are responsible for SSB stimu-
lation of Exol activity. Interestingly, the specific activity of
a fusion protein in which Exol is tethered to SSB is nearly
equivalent to that of SSB-stimulated Exol. This result has
implications on the possible importance of SSB mobility
in stimulating Exol nuclease activity as described below.

Based on the data presented in this manuscript and
elsewhere (15,29,31,32), we propose a model for SSB
stimulation of Exol nuclease activity (Figure 4). Exol
catalyzes hydrolysis of ssDNA in a 3’-5 direction (25).
When acting on homopolymeric ssDNA substrates,
which lack secondary structure, Exol processively
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Figure 3. Nuclease activities of an SSB—Exol fusion protein. (A) SSB—
Exol fusion protein specific activity is plotted as a function of SSB
(black), SSBI113 (red) or SSBACS8 (green) [concentrations arenM
(monomers)]. (B) Equilibrium SSB-Exol binding to F-SSB-Ct or
F-SSB113 peptide as monitored by fluorescence anisotropy. All data
points are the average of three experiments. Error bars are 1 SD from
the mean and are sufficiently small to be occluded by the symbols in
most cases. Concentrations of Exol-SSB are expressed in nM
(monomers). (C) SSB-Ct peptide was incubated at indicated concen-
trations in SSB—Exol nuclease assays with 200nM SSB included
(filled squares) or omitted (open squares). Specific activity values are
presented as the mean of three measurements with errors bar depicting
1 SD.
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Figure 4. Model of SSB stimulation of Exol nuclease activity. Model depicting SSB-free and SSB-stimulated Exol activity are shown. In (A) Exol
activity is limited by the presence of secondary structures within the ssDNA substrate that preclude processive hydrolysis of the substrate. In (B) SSB
stimulates Exol activity by stabilizing the ssDNA structure and by recruiting Exol to the substrate though direct protein interaction.

hydrolyzes DNA at a previously measured maximal rate
of 10400-16 500 min~" (35,36). However, with more bio-
logically relevant mixed-sequence ssDNA substrates, sec-
ondary structures exist in the free DNA that attenuate
Exol nuclease activity (26-28). When Exol encounters
such structures, hydrolysis would likely be halted and
the enzyme can dislodge from the substrate as has been
described (27,28) (Figure 4A). Our model attributes the
low relative Kkca, app Of Exol on the heteropolymeric
ssDNA  substrate used in these experiments
[880 + 70 min~" (Table 1)] to this effect. Consistent with
this interpretation, inclusion of saturating concentrations
of either E. coli SSB or T4 gp32, which melt out secondary
structural elements in the substrate (Figure 4B), led to
significant ~ enhancements in kg  app  Vvalues
[6930 + 260 min~" for SSB and 14900 + 5800 min~"' for
gp32 (Table 1)]. The ke, app values for Exol activity on
SSB/ssDNA and gp32/ssDNA substrates were very
similar to those measured with homopolymeric ssDNA
substrates.

Experiments involving SSB proteins with altered Exol
binding sites were used to better dissect the role of Exol/
SSB interactions on Exol activity. These showed that Exol
binding to SSB is important for stimulation. Substrates
formed between ssSDNA and either SSB113 or T4 gp32
are hydrolyzed by Exol with significantly higher Ky, .pp
values than SSB/ssDNA but without significant effects on
Keat, app (Table 1). The relatively poor Ky, app of the gp32/
ssDNA substrate was improved by changing its
C-terminus to the E. coli SSB-Ct sequence so as to
enable Exol binding to the protein (Table 1). The K,
app 18 dependent on the binding rate constant (k), dissoci-
ate rate constant (k_;) and hydrolysis rate constant (k¢,;) as
is delineated in Equation (1). Since K¢, app 1S very similar
among the various SSB/ssDNA substrates tested (Table
1), the differences in Ky, .pp, observed with SSB113 and

gp32 most likely arise from changes in ky, k_; or both. As
such, these changes appear to reflect the contribution of
the Exol/SSB interaction in stimulating Exol nuclease
activity. These experiments, coupled with earlier observa-
tions showing that peptide and small-molecule inhibitors
that block Exol/SSB complex formation increase Exol
K, app on SSB/ssDNA substrates (31,32), indicate that
Exol engages both the ssDNA and SSB in processing
the nucleoprotein complex (Figure 4B).

A fusion protein in which Exol is added to the
C-terminus of SSB further tested the importance of SSB
interaction with Exol in stimulating activity. As predicted
by the model in Figure 4, the specific activity of the fusion
protein with free heteropolymeric ssDNA was nearly iden-
tical to that of Exol on SSB-saturated substrates (Table 2
and Figure 3). The fusion protein’s activity was minimally
stimulated by adding more SSB. This latter point high-
lights a possible arrangement in which Exol relies on
SSB mobility to melt out secondary structures in
ssDNA. Since the Exol portion of the fusion protein
must engage the 3’-end of ssSDNA wrapped around its
SSB domain, nuclease activity would seem to require the
fusion protein to slide along the ssDNA. In this model, as
the protein moves along DNA, the SSB domain of the
fusion protein would melt out inhibitory structures in
advance of substrate encountering the Exol domain.
This action would proceed in a 3-5 direction as
determined by the polarity of Exol activity. For native
Exol activity on SSB/ssDNA substrates, it would follow
that Exol could engage the SSB tetramer present on the
3’-end of the ssDNA substrate and maintain contact with
the same SSB throughout hydrolysis of the ssDNA sub-
strate, pushing more 5'-proximal SSB tetramers along the
ssDNA as it proceeds. An analogous model in which
RecA protein filaments push SSB tetramers along
ssDNA in a polar manner has been proposed based on
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single-molecule experiments (5). These observations could
indicate that SSB mobility on ssDNA is an important
feature for utilization of SSB/ssDNA substrates by other
genome maintenance enzymes as well.

We propose that the striking inhibition of Exol activity
by SSBACS (Figure 2 and Table 1) could be related to the
importance of SSB mobility for proper biochemical stimu-
lation. Variants of E. coli SSB lacking the SSB-Ct bind
ssDNA with higher affinity and in a more highly coopera-
tive manner than wild-type E. coli SSB (37-39). These
differences could modulate SSBACS mobility, making it
act as a roadblock to Exol progression (or, potentially, as
an impediment to any SSB/ssDNA-processing enzyme).
Similar inhibition by E. coli SSB variants lacking the
SSB-Ct has been observed with RecQ and PriA (16,18).
Future studies will be required to examine the role of SSB
mobility in processing of SSB/ssDNA substrates and the
physical basis underlying inhibition in SSBACS.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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