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ABSTRACT: The Escherichia coli single-stranded DNA binding protein (SSB) plays a central role in DNA
metabolism through its high affinity interactions with ssDNA, as well as its interactions with numerous other
proteins via its unstructured C-termini. Although SSB interacts with at least 14 other proteins, it is not
understood how SSB might recruit one protein over another for a particular metabolic role. To probe the
specificity of these interactions, we have used isothermal titration calorimetry to examine the thermodynamics
of binding of SSB to two E. coli proteins important for DNA replication, the y subunit of DNA polymerase I11
holoenzyme and the PriA helicase. We find that an SSB tetramer can bind up to four molecules of either
protein primarily via interactions with the last ~9 amino acids in the conserved SSB C-terminal tails (SSB-Ct).
We observe intrinsic specificity for the binding of an isolated SSB-Ct peptide to PriA over y due primarily to a
more favorable enthalpic component. PriA and y also bind with weaker affinity to SSB (in the absence of
ssDNA) than to isolated SSB-Ct peptides, indicating an inhibitory effect of the SSB protein core. Although
the binding affinity of SSB for both y and PriA is enhanced if SSB is prebound to ssDNA, this effect is larger
with PriA indicating a further enhancement of SSB specificity for PriA. These results also suggest that DNA
binding proteins such as PriA, which also interact with SSB, could use this interaction to gain access to ssDNA
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by first interacting with the SSB C-termini.

A major role of single-stranded DNA binding proteins (SSB)'
is to coat extended regions of single-stranded (ss) DNA formed
transiently during DNA metabolic processes (1, 2). However, in
recent years, it has become clear that SSB plays the additional
more complex role of interacting with a variety of other proteins
and enzymes to organize and facilitate their functions in DNA
metabolism (3). To date, at least 14 other proteins have been
shown to interact with the Escherichia coli SSB protein during
DNA replication (DNA pol III holoenzyme (4—7), primase
(6, 8)), recombination (RecQ (9—11), RecO (12—15), Rec] (16),
RecG (17, 18)), repair (Exol (19—21), uracil DNA glycosylase
(22, 23), DNA pol 11 (24, 25), DNA pol V (26)), and replication
restart (PriA (27, 28), PriB (29)). Hence, rather than providing
solely an inert protective function, E. coli SSB protein also serves
as a central scaffolding protein to recruit other proteins to their
sites of function on DNA. All of these multiple interacting
partners appear to bind via the unstructured C-termini of SSB.

The homotetrameric E. coli SSB protein (30) binds with high
affinity but little sequence specificity to ssDNA (/, 31, 32). Even
ssDNA binding is complex in that SSB can bind ssDNA in

"This research was supported in part by the NIH (GM30498 to
T.M.L. and GM46679 to W.B.).

*Address correspondence to Department of Biochemistry and
Molecular Biophysics, Box 8231, Washington University School of
Medicine 660 South Euclid Ave., St. Louis, M0 63110. E-mail: lohman@
blochem wustl.edu. Tel: (314)- 362 4393. Fax: (314)-362-7183.

! Abbreviations: SSB, single-stranded DNA binding protein; SSB-Ct,
SSB C-terminal; ssDNA, single-stranded DNA; DNA Pol IIl HE, DNA
polymerase I11 holoenzyme; ITC, isothermal titration calorimetry; Tris,
tris(hydroxymethyl)aminomethane; EDTA, ethylenediaminetetraacetic
acid.

©2010 American Chemical Society

multiple modes differing in the number of subunits used to
contact the DNA. Two major ssDNA binding modes, (SSB);s
and (SSB)gs, have been identified where the subscripts denote the
average number of nucleotides occluded by an SSB tetramer (33).
The relative stabilities of these binding modes depend on salt
concentration and type (33—35) as well as protein to DNA
ratio (36—39). In the (SSB)ss mode, favored at [NaCl] > 0.2 M,
~65 nucleotides of ssDNA wrap around all four subunits of
the tetramer, while displaying only “limited” cooperativity
between adjacent tetramers. SSB is also able to readily diffuse
along ssDNA in its (SSB)gs binding mode, thus making it easy
to be moved without fully dissociating from the ssDNA (40, 41).
In the (SSB);5 mode, favored at [NaCl] < 0.02 M and high
SSB to DNA ratios, ~35 nucleotides interact with an average of
only two subunits of the tetramer, and SSB binding to ssDNA
displays high cooperativity and an ability to form protein
clusters (31, 33, 34, 37, 39, 42, 43). As such, the fully wrapped
(SSB)4s binding mode can be populated even at low salt
concentrations at low binding density (low protein to ssDNA
ratio) (39, 43).

Models have been proposed for both the (SSB);s and (SSB)gs
binding modes based on X-ray crystal structures of a C-terminal
truncation of SSB (missing residues 135—177) bound to two
molecules of (dC)ss (44). Figure 1A shows the homotetrameric
structure of the core DNA binding domains (residues 1—112)
each of which forms an OB-fold, as well as the proposed topology
of ssDNA wrapping in the (SSB)ss binding mode, where ~65
nucleotides of ssDNA enter and exit in close proximity. The
electron densities for the four C-terminal tails (residues 113—177)
are not observable in the structure, even when SSB is bound to
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FiGure 1: SSB homotetramer complexed with ssDNA in its (SSB)gs
binding mode. (A) Model depicting 70 nucleotides of ssDNA (gray
ribbon) wrapped around the four SSB subunits, consisting of four OB
folds, based on the X-ray crystallographic structure of the SSBc
tetramer bound to two molecules of (dC)ss (44). (B) A cartoon
representing ssDNA (yellow ribbon) wrapped around the SSB core
inits (SSB)gs binding mode, corresponding to the structural model in
panel A, with the addition of the unstructured C-terminal tails
(shown in gray) that are not observed in the crystal structure. The
9 amino acids end sequence of each C-terminal, responsible for the
interaction of SSB with other metabolic proteins, is shown in single
letter amino acids codes.

ssDNA (45), suggesting as depicted in Figure 1B, that the SSB C-
terminal tails are disordered, consistent with early proteolysis
studies (46). In fact, the C-termini of E. coli SSB possess the
characteristics of intrinsically disordered proteins (IDP) (47). Its
sequence is significantly enriched with E, P, Q, S, R, M, and D
(51% of all residues), the amino acids which are believed to
hinder protein folding, and A and G (35% of residues), con-
sidered as neutral (48).

Previous studies of the interaction of E. coli SSB with its
binding partners suggest that the major point of interaction is
with its unstructured C-termini, in particular, the last nine amino
acids, which is highly acidic (3). Isothermal titration calorimetry
(ITC) was used to characterize interactions of SSB and its
terminal peptide with RecQ helicase (/0). Binding of SSB to
the y subunit of DNA pol III holoenzyme in the presence
or absence of ssSDNA was investigated using surface plasmon
resonance (SPR) (4, 5, 7), analytical ultracentrifugation (AU) (7)
and equilibrium gel filtration (4). Limited SPR data are also
available for PriA helicase interaction with SSB C-terminal
peptide (28), E. coli UDG (23) and RecO (72) with SSB, and
AU has been used to study exo I interaction with SSB and its
C-terminus (20). However, since all previous studies investigated
the binding of a single protein to SSB, it is not clear whether SSB
shows any specificity for its binding partners. In addition, since
the homotetrameric SSB protein possesses four C-termini, it is
also possible that the stoichiometry of binding might differ
depending on its binding partner or by the presence of bound
DNA. In the current study, we have used isothermal titration
calorimetry (ITC) to examine questions of specificity and stoi-
chiometry for the interaction of SSB and its ssDNA complexes
with two of its binding partners, the y subunit of DNA pol I1I and
the PriA helicase. Many IDPs involved in signaling also interact
with multiple binding partners (49), similar to SSB (3). Therefore,
our studies of the binding specificity of the SSB-Ct with its many
binding partners will also contribute to our understanding of the
mechanisms of IDP function.

E. coli DNA polymerase III holoenzyme is a multisubunit
replicase consisting of three subassemblies: (a) DNA pol III core
(comprised of the a polymerase, ¢ exonuclease, and 6 stability
factor); (b) the  clamp processivity factor; and (c) the y clamp
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loader complex (comprised of the y, 9, ¢°, ¥, and y
subunits) (50—52). The latter subcomplex loads the processivity
factor onto DNA in an ATP-dependent manner and helps tie the
holoenzyme together through a network of protein—protein
interactions. It has been shown that the y subunit of the y
complex stimulates f clamp loading and helps to localize the
holoenzyme to ssDNA coated with SSB via an interaction
between the y subunit and the C-terminal unstructured tail of
the SSB protein (4, ).

E. coli PriA is a key replication protein that plays a critical role
in assembly of the primosome, a multiprotein complex involved
in restarting stalled replication forks (53—355). PriA is an SF2
superfamily helicase which unwinds dsDNA in the 3’ to &
direction. The helicase activity of PriA on branched DNA
substrates is stimulated specifically by SSB (27, 28), and this
stimulation appears to be dependent upon an interaction with the
C-termini of SSB.

MATERIALS AND METHODS

Reagents and Buffers. All buffer solutions were prepared
with reagent grade chemicals and distilled water that was
subsequently treated with a Milli Q (Millipore, Bedford, MA)
water purification system. Buffer T is 10 mM Tris, pH 7.5, 10%
(v/v) glycerol, buffer H is 10 mM Hepes, pH 8.1, and buffer C
is 10 mM cacodylate, pH 7.0, 25% (v/v) glycerol. All buffers
contained 0.1 mM Na;EDTA and either 1 mM BME or 0.5 mM
TCEP. The concentrations of NaCl were 20 or 200 mM for “low”
and “moderate” salt conditions, respectively, and are specified in
the text.

E. coli SSB, PriA Helicase and y Subunit of DNA
Polymerase III Holoenzyme. SSB protein was purified as
described (56) with the addition of a double-stranded DNA
cellulose column to remove a minor exonuclease contaminant (57).
PriA helicase was expressed and purified as described (58, 59). The
E. coli chi () subunit was overexpressed from E. coli strain
BL21(DE3)PlysS transformed with plasmid pET3c-y, which was a
generous gift from Dr. M. O’Donnell. Cells were grown in 4 L of
LB broth at 37 °C to ODgy = 1.0 and then induced by adding
0.4 mM IPTG. Lysis and further purification of the y protein was
performed following a modified protocol (60). The ammonium
sulfate precipitation and ATP agarose column steps were skipped
and an additional purification step using a Mono-Q column
(I mL, Amersham Bioscience, 0—0.5 M NaCl gradient) was added
after the Q-sepharose Fast Flow and Heparin agarose columns.
The purified protein (>98% pure, judged by SDS—PAGE) was
dialyzed versus purification buffer (20 mM Tris, pH 7.5, 10%
glycerol, 2 mM EDTA, 2 mM DTT), concentrated, and stored at
—80 °C. The purified protein has no detectable exonuclease
activity on 5 **P labeled dT», (61) even after 2 h of incubation.
Sedimentation equilibrium analysis of the protein in Tris and
Hepes buffers (pH 8.1, 0.02, and 0.2 M NaCl) in the range of
concentrations from 2 to 13 uM indicated a monomeric species
(MW ~ 17 kDa) with no detectable higher order oligomeric
species. SSB protein concentrations were determined spectro-
photometrically in Tris buffer (pH 8.1, 0.2 M NaCl) using an
extinction coefficient of &gy = 1.13 x 10° M~" (tetramer)
em™ ' (34). The concentrations of PriA and y were determined
using extinction coefficients of &5 = 1.06 x 10° M tem™! (59)
and x50 = 2.92 x 10* M~ cm ™" (60), respectively.

C-Terminal SSB Peptides and DN A. Synthetic peptides,
MDFDDDIPF (P9) and, PSNEPPMDFDDDIPF (P15),
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corresponding to the sequences of the last 9 and 15 amino acids
of the SSB C-terminus were obtained from Celtek Peptides
(Celtek Bioscience, LLC, TN). In addition, and to allow for
better quantification of the peptide concentration, a modified P9
peptide containing a Trp residue on the N terminal side,
designated WP9 (Celtek Peptides), was also used. In order to
examine the effect of sequence specificity on peptide binding,
we also synthesized a peptide with the randomly generated
sequence, WDFMDDPFID (WP9r) (obtained from GenScript
Corp., NJ) and a peptide containing a Pro to Ser mutation,
WMDFDDDISF (WP9—113) (Celtek Peptides), corresponding
to the SSB-113 mutation, which is known to disrupt a number of
protein interactions with the SSB C-terminus (1, 32). For peptides
that do not contain Trp, their concentration was measured
based on an extinction coefficient calculated for the two Phe
residues, &5 = 195 x 2 = 390 M~' cm™!; otherwise, the
extinction coefficient corresponding to that of a single Trp
residue was used &5 = 5500 M~ ' em™".

The oligodeoxynucleotides, (dT),g, (dT);s, and (dT)7g, were
synthesized and purified as described (43) and were =98% pure
as judged by denaturing gel electrophoresis and autoradiography
of a sample that was 5’ end-labeled with **P using polynucleotide
kinase. All oligo(dT) concentrations were determined spectro-
photometrically in buffer T (pH 8.1), 100 mM NaCl using
the extinction coefficient exp = 8.1 x 10> M™! (nucleotide)
em™ ! (62).

Isothermal Titration Calorimetry (ITC). ITC experiments
were performed using a VP-ITC titration microcalorimeter
(MicroCal Inc., Northhampton, MA) (63). Generally, experi-
ments were carried out by titrating y or PriA solutions (1—5 uM)
with the peptides (generally stock concentrations ranging from
60 to 180 uM)) or with SSB or SSB-ssDNA complexes (reverse
titrations) with concentrations ranging from 5 to 9 uM (tetramer).
Some experiments with y protein were performed with SSB in the
cell (2—4 uM tetramer) and titrating with y protein (20—40 uM
stock).

The heats of dilution were usually obtained by a reference
titration in which the species in the syringe is titrated into the cell
containing buffer solution. All corrections for heats of dilution
were applied as described (64). Oligo(dT) and protein samples
were dialyzed extensively vs each particular buffer at the indi-
cated salt concentration used in the ITC experiments.

The stoichiometry of binding and the values of K,ns and AH
were obtained by fitting the ITC titration curves to a model of
ligand (X = y or PriA) binding to n identical and independent
sites on the macromolecule (M = SSB) using eq la:

I/lKObSX

0 = VoAH yps M 1y——
Q, 0 bs ttl +K0b.yX

(1)

where Q1" is the total heat after the ith injection and ¥ is the
volume of the calorimetric cell. The concentration of the free
ligand (X) was obtained by solving eq 1b:

nKobsX

Xtot:X+Xbound:X+thol (1b)

Inegs laand 1b, X and M, are the total concentrations of the
ligand and macromolecule, respectively, in the calorimetric cell
after ith injection. The same model was applied for analysis of the
interaction of the SSB-Ct peptides (X) with y or PriA (M).
Nonlinear least-squares fitting of the data was performed using
the “ITC Data Analysis in Origin” software provided by the
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FiGURE 2: Results of ITC titrations of y protein with the P9 and P15
peptides corresponding to the SSB C-terminal sequences of 9 (A) and
15 (B) amino acids under low salt conditions (buffer T: 10 mM Tris,
pH 7.5, 10% glycerol, 20 mM NacCl, 25 °C). Upper panels show the
raw titration data, plotted as the heat signal (microcalories per
second) versus time (minutes), obtained for 19 injections (15 uL each)
of the peptide (100 «M) into a solution containing y protein (3.7 uM).
Lower panels show the integrated heat responses per injection,
normalized to the moles of injected peptide, after subtraction of the
heats of dilution obtained from the blank titration of peptide into
buffer. The smooth curves represent the best fit of the data to an
n-independent and identical sites model (eq 1 in Materials and
Methods) with 7 = 0.92 £ 0.04, Kops = (0.80 & 0.08) x 10° M~ !,
AH = —8.2 4+ 0.4 kcal/mol for P9 (A) and n = 0.88 £ 0.04, K,s =
(0.83 £0.09) x 10°M ™", AH = —7.7 + 0.4 kcal/mol for P15 (B).

manufacturer. The details of the conversion of integral heats
(01" to differential heats (heats per injection observed in the
experiment) and the fitting routine including corrections for heat
displacement effects and ligand and macromolecule dilutions in
the calorimetric cell are as described previously (64) and in the
ITC Data Analysis in Origin Tutorial Guide (MicroCal Inc.).
When necessary, additional fitting and simulation of the data
were performed using the nonlinear regression package in
Scientist (MicroMath Scientist Software, St. Louis, MO).
Data in Figure 3A,B were fit globally to eqs 2 and 3:

In Kobs = In Kobs, ref

T T

2 +S T (2)

L AC Tt = AHops, s <1 1 ) AC, T
R Tref

AHyps = AI'Iobs,ref + ACp(T - Tref) (3)

where R is the gas constant, AKypser and AHopg er are the
association equilibrium binding constant and enthalpy change at
Ter = 25°C, and AC, is the heat capacity change, assumed to be
independent of temperature.

RESULTS

Interactions of y and Prid with SSB C-Terminal Pep-
tides. Using ITC, we first investigated the binding of short
synthetic peptides containing the SSB C-terminal tail sequence to
x and PriA. We examined the effects of peptide length and amino
acid sequence as well as the effects of solution conditions.

Functional interactions of SSB with other proteins appear to
require a minimum of the last 9—10 amino acids of the SSB
C-terminus since deletion of these amino acids renders inviable
E. coli cells expressing the truncated protein (65). Figure 2 shows
typical ITC titration results (buffer T, 20 mM NaCl, 25 °C) for
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FI1GURE 3: Temperature dependence of the interaction of PriA and
with SSB-Ct peptide (WP9) performed in low salt conditions (20 mM
NaCl) in buffer C (10 mM cacodylate, pH 7.0, 25% glycerol).
(A) van’t Hoff plots of the dependences of K, s on temperature for
PriA (magenta squares) and y (orange cirles). (B) Temperature
dependences of thermodynamic parameters: AH s (PriA — magenta
squares and y - orange circles), AG® s (blue dashed and solid lines for
PriA and y, respectively) and TAS®,ps (green dashed and solid lines
for PriA and y, respectively). Solid lines (magenta for PriA and
orange for y) through the experimental points in panels A and B
represent global fits of the data to eqs 2 and 3 (see Materials and
Methods) with the following parameters: Kopsos «c = (3.4 £ 0.6) x
10°M ™', AHyps 25 -c = —17.6 £ 0.2 keal/mol and AC,, = —281 &
21 cal/mol deg for PriA and Kopsos «c = (1.6 & 0.4) x 10° M,
AH s ps°c = =92+ 0.3 kecal/moland AC, = —143 & 21 cal/mol deg
for . The dependences of AG®,,s and TAS® s shown in panel B were
simulated using AG® o,y = —RT'In Kypsand TAS® jps = AHgps — AG®gps.

the binding of y to peptides, P9 and P15, corresponding to the last
9 and 15 amino acids of the SSB C-terminus. The titrations were
analyzed using an n-independent and identical sites model (see
eq 1 in Materials and Methods), providing estimates of the
binding stoichiometry (n), equilibrium association constant
(Kops), and binding enthalpy (AH,yp,s). The results indicate little
quantitative difference in the binding of these peptides to the y
subunit (see Table 1). Similar equilibrium binding parameters
were obtained by ITC for the interaction of these peptides with
PriA under identical solution conditions (Table 1). To attain
more accurate quantification of the peptide concentration, we
introduced an additional Trp residue at the N -terminal position
of the P9 peptide (WP9 peptide in Table 1). No differences in
binding parameters were found compared to the peptide without
Trp, and thus we used the WP9 peptide for the remaining studies.

We next examined the effect of solution conditions, changing
buffer type, pH and glycerol concentration, but maintaining the
same salt concentration (20 mM NaCl) and temperature (25 °C).
The results of ITC experiments performed in buffer C (pH 7.0,
25% glycerol) (see Table 1) are similar to those obtained in buffer T,
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except that the AH,, is larger in magnitude for the interaction
with PriA. Therefore, at low salt (20 mM NaCl) both y and PriA
interact with the SSB-Ct peptides with similar affinity but with
different binding enthalpies that depend on buffer conditions
in the case of PriA. The following summary of the binding
parameters is based on an average of the data in Table 1: for
y (in both buffer T and buffer C), n = 0.95 £ 0.06, Kops = (1.2 £
0.4) x 10°M ™", AH,p, = —8.3 + 0.8 keal/mol; for PriA (in buffer
T), n = 0.96 4+ 0.08, Kops = (1.8 £ 0.5 x 10° M~ AH,p =
—6.9 + 0.6 kcal/mol and for PriA (in buffer C), n = 0.93 4 0.03,
Kops = (22+0.2) x 10° M ™!, AH,ps = —17.6 £ 3.1 keal/mol.

The approximately 2-fold increase in the magnitude of the
PriA binding enthalpy in buffer C (cacodylate), which has a
much lower ionization enthalpy (AH,,, = —0.47 kcal/mol (66))
compared to buffer T (Tris, AHo, = 11.34 kcal/mol (67)), may
indicate that the binding of PriA is accompanied by some
linked protonation (68). If we ascribe the observed difference in
AH ., to only protonation effects and neglect the slight difference
in pH values, we obtain a rough estimate that ~one proton is
absorbed upon complex formation (see Supporting Information).
Although more comprehensive studies performed in different
buffers at multiple pH values (68) are required to quantify this
effect, these are beyond the scope of this investigation. None-
theless, the observed difference in AH,,s for PriA and y indicates
that the dependences of K,p,s on temperature should differ for the
binding of the SSB peptide to y vs PriA. We therefore performed
ITC titrations of both proteins with WP9 over a wide temperature
range from 8§ to 45 °C. These were performed in buffer C to
minimize the possible contribution to AH s due to ionization of
the buffer if any protonation effects are linked to binding. The
results summarized in Figure 3 clearly indicate a very different
thermodynamic profile for binding of WP9 to PriA vs y. In the
higher temperature range, the affinities of WP9 for the two
proteins are comparable. However, as the temperature is lowered,
differences in the binding affinities become evident, suggesting a
larger and more negative AH,,s for the PriA interaction as
compared to y. Indeed, the data in Figure 3B show that this is
the case. Moreover, it appears that the dependence of AH s on
temperature for PriA binding is larger indicating a larger negative
heat capacity change, AC,, for PriA binding than for y binding.
Global fitting to eqs 2 and 3 (see Materials and Methods) of the
data in Figure 3A,B yields the following parameters for WP9
binding at 25 °C: Kypens = (3.4 £ 0.6) x 10° M~ AHypens =
—17.6 £ 0.2 kcal/mol and AC, = —281 £ 21 cal/mol deg
for PriA and Kypsos = (1.6 4 0.4) x 10°M ™", AHype05 = —9.2+
0.3 kcal/mol and AAC, = —143 £ 21 cal/mol deg for y.

We also examined the interaction of SSB-Ct peptides with
PriA and y at moderate salt (0.2 M NaCl, buffer C, 25 °C) and the
results are shown in Figure 4 and Table 1. As at lower salt, both
proteins also bind the C-terminal peptides with similar affinity,
although the values of K, are lower by approximately a factor
of 10 at the higher [NaCl]. The one consistent difference is that
the binding of WP to PriA (AH,ps & —(13—17 kcal/mol) is more
exothermic than to y (AHqps &~ —9 kecal/mol). Hence, although
the values of AG,ps (Kops) for WP9 binding to y and PriA are
similar at 25 °C, the overall thermodynamics of binding are
significantly different.

We next performed ITC titrations of y and PriA with two
peptides, one having a single Pro to Ser substitution at the
penultimate position, which corresponds to the P176S mutation
found in the SSB-113 mutant (designated WP9—113), and
another peptide containing the same amino acids as in WP9,
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Table 1: ITC Binding Data for the Interaction of y and PriA with E. coli SSB C-Terminal Peptides in Different Solution Conditions”

% P15 % P9 x WP9 PriA P15 PriA P9 PriA WP9
Buffer T, pH 7.5, n = 0.88 £ 0.04 n=09240.04 n =103+ 0.06 n = 0.89 % 0.05
25°C,20mM NaCl K = (0.8 £ 0.1) x 10° K = (0.8 £ 0.1) x 10° K=(1.6404)x10° K= (2.0+0.3) x 10°
AH = —77+04 AH = —82+04 AH = -70+05 AH = —67+0.3
Buffer C, pH 7.0, n=091=+0.02 n=10+0.1 n=102+003 n = 0.90 % 0.02 n=0.95+0.02

25°C,20mM NaCl K = (1.54+02) x 10° K = (1.6 +0.4) x 10° K= (12+0.1) x 10° K = (2.740.2) x 10°
AH = =80+ 0.3

AH = -954+03 AH = -79+04

Buffer C, pH 7.0,
25 °C, 200 mM NaCl

n =096+ 0.03
K=(30£02)x10° K=(3.6+02)x10° K= (1.8+0.6) x 10° K = (2.3 £0.3) x 10°
AH =-92+04

K= (1.6+02) x 10°

AH = =20.7£0.8 AH = —145+£0.5

n=092+0.03 n=0.81=£0.12 n=11%0.1

AH = —14.04 0.6 AH= —173+£0.6 AH = —-13.0+13

“Binding parameters: 7 - stoichiometry of binding, K (M) - observed association equilibrium constant, AH (kcal/mol) - enthalpy change.
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FiGURE 4: Results of ITC experiments performed at moderate salt
conditions (0.2 M NaCl, buffer C, 25 °C) for the interaction of the y
(A) and PriA (B) with different peptides: WP9 (O) - wild type peptide
containing the last 9 amino acid sequence of SSB C-terminus;
WP9—113 (A) - last 9 amino acid peptide sequence containing Pro
to Ser replacement corresponding to the sequence of the SSB-113
mutation P176S, and WP9r (O) - a peptide containing the same amino
acids as in wild type, but randomized. Throughout all the titrations
the concentrations of the proteins in the cell were within 4—5 yM
and the concentrations of the peptides in the syringe were 150—
200 uM. The smooth curves represent the best fit of the data to an
n-independent and identical sites model (eq 1 in Materials and
Methods) with 7 = 0.96 £ 0.03, Kops = (3.04 + 0.17) x 10° M},
AH = —9.2 + 0.4 kcal/mol for g-WP9 titration (A) and n = 1.01 &+
0.10, Kops = (2.25+£0.24) x 10° M, AH = —13.7 & 0.2 kcal/mol
for PriA-WP9 titration (B).

but with a randomized sequence (designated WP9r) (see Figure 4).
For comparative purposes, these ITC titrations were performed
using the same concentrations of proteins and peptides as was used
in the experiments with the wild type peptide. No binding can be
detected for either peptide indicating that peptide binding is
sequence specific.

PriA vs y Binding to ssDNA. PriA binds to ssDNA in the
absence of nucleotide cofactors with an occluded site size of ~20
nucleotides and with some specificity for pyrimidines (58, 59).
However, there is little information on the binding of y to
ssDNA. As necessary background for our SSB studies, we
therefore compared the binding of both PriA and y to the
oligodeoxythymidylates, dT,, and dT-, under both moderate
and low salt conditions (buffer C, 25 °C). These direct binding
studies showed no detectable binding of y to ssDNA under these
conditions (open symbols in Figures SA and 6C, respectively). In
contrast, PriA shows significant binding to d T, (Figure SA) and
dT;, (data not shown) with stoichiometries of one and three PriA
molecules per oligo(dT), respectively, and with affinities similar
to those determined for PriA binding to the C terminal SSB
peptides (see Table 2). We note that these PriA-(dT). binding
data were obtained at moderate salt conditions (0.2 M NacCl).
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FIGURE 5: ITC data for the interaction of y and PriA with (dT),g
and PriA with WP9 in the presence of saturating amount of (dT),.
(A) Titration of PriA (4.1 uM) with (dT),o (161 M) (M) in buffer C,
0.2 M NaCl, 25 °C. The smooth curve represents the best fit of the
data to an n-independent and identical sites model (eq 1 in Materials
and Methods) withn = 1.0 £ 0.2, Kops = (1.49 £ 0.25) x 10° M1,
AH = —12.3 £ 3.1 kcal/mol. The injection heats for the titration of
% (5.0 uM) with (dT)yo (195 uM) (@) are indistinguishable from
reference titrations of the proteins into the buffer (O). (B) Titration of
PriA (3.8 uM) with WP9 (180 uM) (@) in buffer C,0.2 M NaCl, 25°C,
in the presence of a saturating amount of (dT),y (16 uM, ~80% of
PriA estimated to be in the complex with (dT),o based on the data
presented in panel A). The smooth curve represents the best fit of the
data to an n-independent and identical sites model with n = 0.90
0.08, Kops = (4.04 £ 0.45) x 10°M ™', AH = —14.4 + 1.4 kcal/mol.

When experiments were performed at lower NaCl concentration
(20 mM) PriA-ssDNA complex formation was accompanied by
significant aggregation, hence we could not obtain quantitative
binding information under these conditions.

To determine whether prebinding of ssDNA to PriA affects
PriA binding to the SSB-Ct tail, we performed titrations of PriA
with the C-terminal peptide WP9 in the presence of nearly
saturating dTyy (~80% of PriA is complexed with dTg). The
results shown in Figure 5B and the averaged values from two
titrations (n = 0.91 £ 0.11, Kyps = (4.1 £0.8) x 10° M~ AH g =
—13.9 £ 2.0 kcal/mol) indicate that there is little or no effect of
prebound ssDNA on the binding of PriA to the C-terminal peptide
(compare with the titration of PriA with WP9 in the absence of
$SDNA (n = 1.1 £ 0.1, Kypy = (23 £03) x 10° M, AHyy, =
—13.0 & 1.3 keal/mol, averaged based on two titrations; see Table 1)).

Prid and y Binding to SSB and SSB-oligo(dT) Com-
plexes. We next examined the extent to which full-length SSB or
SSB-ssDNA complexes show any binding specificity for y vs
PriA. We also examined whether the stoichiometry of y or PriA
binding to SSB is influenced by the different modes of ssDNA
binding to the SSB tetramer. Since one of the main factors
affecting the formation of the different SSB binding modes on
long ssDNA is the monovalent salt concentration (33, 34, 42)
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FI1GURE 6: Results of ITC experiments for the binding of y to SSB and SSB-d T at low (0.02 M) and moderate (0.2 M) NaCl concentrations.
(A) ITC titration of SSB (1 uM) with (dT);oat 0.2 M NaCl (l) and 0.02 M NaCl (O) in buffer C, 25 °C (concentrations of dTq are 10 and 14 uM,
respectively). Atlow salt the formation of a stoichiometric (SSB)3s complex (with two SSB tetramers bound per (dT)-o) occurs at [dT7¢]io¢/[SSBlior <
0.5, which then rearranges to a 1:1 (SSB)gs complex when [dT7¢)io¢/[SSBlior = 1.0. (B) Forward titrations of SSB (0.6 uM) and an SSB-d T, (1:1)
complex (0.53 uM) with y protein (17 uM) (blue and yellow squares, respectively) in buffer H, low salt (0.02 M NaCl). The smooth curve through
SSB-dT5, data points represents the best fit to an n-independent and identical sites model (eq 1 in Materials and Methods) with n = 3.5 £ 0.1,
Kops = (5.54£0.8) x 10° M ™', AH = —9.5 4+ 0.7 kcal/mol. The isotherm shown with a blue dashed curve was simulated using n = 4, K,ps = 1.2 x
10°M~!, AH = —8.3 kcal/mol (based on the y-SSB-Ct binding parameters). (C) Reverse titrations of y protein (0.9—1.1 zM) with (dT)y, (open
circles), SSB (6.4 uM, blue squares) and SSB-(dT);o (1:1) complex in buffer H (5.4 uM complex, yellow squares) and buffer C (4 uM complex,
magenta squares) at low salt (0.02 M NaCl). The smooth curves through SSB-(dT),, data points represent the best fits to an n-independent and
identical sites model withn = 4.3 4+0.2, Ky,s = (3.8 £0.4) X 10°M~ ', AH = —8.940.2 kecal/mol (buffer H)andn = 4.54+0.2, Kops = (7.6 £ 1.6) x
10°M™', AH = —8.7 & 0.3 kcal/mol (buffer C). The isotherm shown as a blue dashed curve was simulated using n = 4, Kops = 1.2 x 10°M ™!,
AH = —8.3 kcal/mol (based on the y-SSB-Ct binding parameters). (D) Forward titration of SSB (1 uM) (blue squares) and SSB-(dT);o (1:1)
complex (1.1 uM) (magenta squares) with y protein (40 «uM) in buffer C (0.2 M NaCl). The smooth lines represent the best fit of the data to an
n-independent and identical sites model with n = 3.9 £ 0.4, K,ps = (3.0 0.7) x 10° M ™', AH = —6.1 £ 1.1 kcal/mol (SSB) and n = 3.9 £ 0.3,
Kops=(5.4 £ 1.0) x 10° M, AH = —9.5 + 1.0 keal/mol (SSB-dT5, complex). The isotherm shown as a blue dashed curve is a simulation using
n =4, Kops = 3 x 10° M~ AH = —9.2 kcal/mol (based on the y-SSB-Ct binding parameters).

Table 2: Comparison of the Binding Parameters for the Interaction of  and PriA with SSB-Ct Peptides, SSB, SSB-d T, (1:1) Complexes and oligo(dT)*

SSB-Ct” SSB¢ SSB-dT+q (1:1)° dT, dT
0.2 M NacCl n = 0.96+0.03 n=39+04 n=39+03 not detectable not detectable
% K= (3.0+02) x 10° K=3.0+0.7) x 10° K= (5441.0)x10°
AH = -92+04 AH = —61=+11 AH = -95410
0.2 M NaCl n=09+0.15 n = 4.0 (fixed) n=30+03 n=11+02 n=31+10
PriA K= (2.6+09) x 10° K = (45+0.5) x 10° K = (40+0.5) x 10° K= (1.5£0.3) x 10° K= (10%£0.7) x 10°
AH = —148 422 AH = —75+0.5 AH = —18342.0 AH = —123+3.1 AH = =129+ 0.6
0.02 M NaCl n = 0.95=£0.06 weak (see text) n=41+05 not detectable not detectable
% K=(12+04) x 10° K= (56+19) x 10°
AH = -83408 AH = -9.0+£04
0.02 M NacCl n =093 £0.02 precip. precip. precip. precip.
PriA K=(22+02) x 10°

AH = —17.6 £3.1

“Binding parameters: 1 - stoichiometry of binding, K (M) - observed association equilibrium constant, AH (kcal/mol) - enthalpy change. “The results for
the interaction of y and PriA with SSB-Ct peptides are averaged based on the data in Table 1 for experiments performed in buffer C. “The results represent an
average of 2—4 experiments performed in buffer C.
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we also probed the interactions of y and PriA with SSB-ssDNA
complexes at low (20 mM NaCl) and moderate (0.2 M NaCl) salt
conditions, which favor the (SSB)35 and (SSB)gs binding modes,
respectively. Figure 6A shows that for both NaCl concentrations,
an SSB tetramer forms a high affinity (stoichiometric) 1:1 molar
complex with (dT)7o (Kops > 10" M) (Buffer C, pH 7.0, 25%
glycerol, 25 °C). In this complex (dT), interacts with all four
subunits of the SSB tetramer to form a fully wrapped (SSB)gs
complex (32, 44). As demonstrated previously by Roy et al (39) and
by sedimentation equilibrium (Kozlov and Lohman, unpublished
data) and as is evident in Figure 6A, an intermediate 2:1 molar
complex of SSB tetramer bound to (dT);, can also form at the lower
[NaCl] (20 mM) when SSB is in molar excess over (dT),,. Because
of the very high affinity of the 1:1 SSB-(dT),y complex, no
appreciable dissociation of this complex occurs in the ITC experi-
ments even under conditions of a reverse titration (Figures 6C and 7)
when an SSB-(dT),y complex (5—9 uM) is diluted ~100-fold upon
injection into the calorimetric cell. This was confirmed by perform-
ing control titrations of the 1:1 molar SSB-(dT)7y complex into the
buffer solution for every experiment. In all cases the resulting
reference heats of dilution are comparable to those obtained for
reference titrations of buffer into buffer (data not shown).

Interaction of y with SSB and SSB-oligo(dT) Complexes
at Low and Moderate Salt Conditions. We examined y
binding to SSB and SSB-(dT);, (1:1 molar) complexes at low
salt concentrations (Buffer H, pH 8.1, 20 mM NaCl, 25 °C) by
titrating y into the SSB solutions (forward titration) (Figure 6B)
as well as by titrating either SSB or SSB-(dT);, complexes into a
protein solution (reverse titration) (Figure 6C). Both experiments
indicate that y binds with much higher affinity to SSB when SSB
is prebound to (dT);o. The titrations in Figure 6 were analyzed
using an n-independent and identical sites model (see eq 1 in
Materials and Methods), providing estimates of the binding
stoichiometry (n), equilibrium association binding constant
(Kyps) and binding enthalpy (AH,ys). For both forward and
reverse titrations of SSB alone (blue squares), the observed heats
differ only slightly from those obtained in the reference titrations
(% or SSB into buffer - open circles); hence we could not obtain
accurate binding parameters from a nonlinear least-squares
analysis. However, if we simulate an isotherm (dashed blue lines
in Figure 6B,C) by assuming a stoichiometery of four y per SSB
tetramer using the binding parameters obtained from the y-SSB-
Ct peptide experiments (Kops = 1.2 x 10° M™" and AHyp =
—8.3 kcal/mol, see Table 2), we find that the experimental y-SSB
interaction is weaker than predicted from the simulation (solid vs
dashed blue lines, respectively). We hypothesize that the weaker
interaction of SSB with y may be due to an inhibitory effect of the
SSB core, which may interact with the SSB-Ct in a nonspecific
manner and therefore inhibit y binding (see Discussion).

ITC titrations of y with SSB-(dT);, complexes (yellow squares,
Figure 6B,C) demonstrate that y binds with higher affinity to an
SSB-ssDNA complex, as shown previously at low salt (7). Both
forward and reverse titrations fit well to an n-independent and
identical site model with similar binding parameters: n = 3.5 +
0.1, Kyps = (5.54£0.8) x 10°M ™1, AH s = —9.5 4 0.7 keal/mol,
andn = 43402, Kops = (3.84£0.4) x 10°M ™', AHype = =89+
0.2 kcal/mol, respectively. It appears that there is at least a 3-fold
increase in the observed affinity of y for the SSB-ssDNA complex
compared to the C-terminal peptides, while no significant change
in AH, is observed. Titrations performed at the same salt
concentration but in buffer C (see Figure 6C, magenta squares)
indicate that there is little effect of pH, glycerol concentration
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F1GURE 7: Comparison of PriA binding to SSB and SSB-(dT)3s and
SSB-(dT)7g (1:1) complexes at moderate salt (0.2 M NacCl, buffer C,
25°C). The blue, green, and magenta circles represent ITC titrations
with SSB and SSB-(dT);s and SSB-(dT)7, respectively. The experi-
ments were performed by titrating 1 uM of PriA with 9 uM of SSB
tetramer. The smooth curves represent the best fits of the data to an
n-independent and identical sites model (eq 1 in Materials and
Methods) with the following parameters: Kops = (3.9 £ 0.9) X
10°M™!, AH = —8.1 £ 1.0 kcal/mol n = 4 (fixed) for SSB; n =
2240.1,Kops = (324£0.7) x 10°M ™", AH = —16.6 % 0.6 kcal/mol
for the SSB-dT55(1:1) complex and n = 3.2 £ 1.0, Kops = (3.7£0.5) x
10°M~ !, AH = —18.3 £ 0.4 kcal/mol for the SSB-d T+ (1:1) complex.
The blue dashed curve is a simulation using n = 4, K,ps = 2.6 X
10°M™', AH = —14.8 kcal/mol (based on the PriA-SSB-Ct binding
parameters).

or buffer type (n = 4.5 £ 02, Kyps = (7.6 £ 1.6) x 10° M,
AH,, = —8.7+ 0.3 keal/mol). This observation is important for our
comparisons of these results with those for PriA, which could only be
obtained in buffer C due to solubility problems in other conditions.

Because of the decreased affinity at moderate salt concentra-
tions (0.2 M NaCl), we could only obtain reliable binding data for
the interaction of y with SSB and SSB-(dT);y complexes using
forward titrations. The data shown in Figure 6D were fit to an
n-independent and identical sites model, yielding a similar stio-
chiometry (~4), but a somewhat lower affinity and less favorable
binding enthalpy for the binding to SSB alone (see Figure 6
legend and Table 2). Generally, the results show at least a 10-fold
decrease in affinity due to the increase in NaCl concentration,
similar to what we observed for the SSB-Ct peptide experiments
(see Table 2). However, y binds stronger to the SSB-(dT)
complex than to SSB alone. On the other hand, it appears that
in the absence of ssDNA the interaction of y with the C-terminal
tails is weaker when the tails are part of the SSB protein. To
emphasize this point, Figure 6D shows a simulated isotherm
(dashed blue curve) for y binding to four isolated SSB C-terminal
tails, based on the parameters for y binding to the WP9 peptide
(see Table 2) (n = 4, Kops = 3 x 10° M ™', AH = —9.2 kcal/mol).
This comparison indicates a lower binding affinity of y for the Ct
tail when it is attached to the core SSB protein than for the Ct
peptide alone, again suggesting an inhibitory effect of the SSB
core on binding to the Ct tail, as observed at the lower [NaCl].

PriA Binding to SSB and SSB-oligo(dT) Complexes at
Moderate NaCl Concentrations. In order to compare PriA
binding to SSB and SSB-oligo(dT) complexes with that of y, we
first tested low salt conditions but found that PriA binding is
accompanied by partial aggregation. This was also the case in
three other buffers (buffers H, T, and C, see Materials and
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Methods), which differ in both pH and glycerol concentration.
Although we find that PriA is more soluble in buffer C (10 mM
Cacodylate, pH 7.0, 25% glycerol), at low [NaCl] (20 mM) we
still observe partial aggregation when PriA binds to DNA alone,
SSB alone or an SSB-oligo(dT) complex. These problems were
eliminated by increasing the [NaCl] to 200 mM (25 °C).

Typical results of titrations of PriA with SSB alone or an
SSB-(dT)7y (1:1 molar) complex are shown in Figure 7, from
which it is clear that PriA affinity for the SSB-(dT);, complex is
much higher than for SSB alone. For PriA binding to the
SSB-(dT),y complex, we find a stoichiometry of ~4 PriA per
SSB tetramer with Koy = (3.7 £ 0.5) x 10° M !, and AHgp,, =
—18.3 £ 0.4 kcal/mol. Unfortunately, the binding of PriA to SSB
alone is sufficiently weak that we were unable to obtain reliable
binding parameters without constraining the stoichiometry.
However, we can compare this isotherm to that predicted from
the averaged values for PriA binding to the SSB-Ct peptides
alone (n = 4, K = 2.6 x 10° M " and AH,, = —14.8 keal/mol),
shown as a dashed blue curve in Figure 7. Although the difference
is small, this simulated isotherm differs from the isotherm for
PriA binding to SSB alone (blue squares) and again suggests that
the SSB C-terminal tails bind PriA weaker when they are
attached to the SSB protein. Thus, the binding of both PriA
and y to the SSB Ct tails appear to be inhibited when the Ct tail is
part of the SSB DNA binding core. Importantly, the data in
Figure 7 also show that PriA binds to the SSB-(dT);q complex
with more than 10-fold higher affinity than does y (Table 2)
indicating a clear and enhanced binding specificity.

We also performed experiments in 0.2 M NaCl in buffer T
(10 mM Tris, pH 7.5, 10% glycerol) since Tris buffer has a higher
enthalpy of ionization than does cacodylate buffer. We found
that the stoichiometry and affinity of PriA binding were un-
changed at 25°C (n = 3.8 £ 0.4, Kops = (1.9 £ 0.5) x 10°M ™",
and AH,,s = —8.6 & 0.3 kcal/mol, data not shown), although a
~2-fold decrease in the magnitude of the binding enthalpy is
observed, suggesting that some protonation (68) might be linked
to complex formation. In contrast, we note that similar compara-
tive experiments with y performed in Hepes vs cacodylate buffer,
which also have quite different ionization enthalpies, show no
evidence of an effect of buffer type (see Figure 6C). Therefore, the
intrinsic specificity of the free SSB-Ct peptides for binding of PriA
vs % (see Table 1), is enhanced for the SSB-oligo(dT) complexes.

The SSB tetramer can bind to ssDNA in a number of binding
modes that differ in the average number of subunits that interact
with the ssDNA (32). The two major binding modes are referred
to as the (SSB)35 mode and the (SSB)gs mode. In the (SSB);s
mode, an average of two SSB subunits interact with 35 nucleo-
tides of ss-DNA, whereas in the (SSB)¢s mode, all four subunits
interact with ~65 nucleotides of ss-DNA and form a fully
wrapped structure as shown in Figure 1. Since ssDNA binding
enhances the affinity of PriA and y for the SSB Ct tails, we
examined whether the mode of SSB binding to ssDNA might
influence the binding (stoichiometry, as well as energetics) of PriA
or y to SSB. For this reason, we also examined the binding of PriA
to an SSB-(dT)3s (1:1 molar) complex (Figure 7). This complex is
believed to mimic aspects of the (SSB)ss binding mode (44),
although without the intertetramer positive cooperativity. We
have previously shown that two molecules of (dT)s5 can bind per
SSB tetramer, occupying all four subunits, although the second
molecule binds with a salt-dependent negative cooperativity
(64, 69, 70). At 0.2 M NaCl the first molecule of (dT)ss binds
to the SSB tetramer with high affinity such that binding is
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FIGURE 8: The stoichiometry of PriA binding to an SSB-ssDNA
complex is increased as the number of SSB subunits contacting the
DNA isincreased. Comparison of different fits for the data presented
in Figure 7 for the interaction of PriA with the SSB-(dT);o (1:1)
complex, for fixed values of n = 2 (A) and n = 4 (B), and the SSB-
dT3s5(1:1) complex for fixed values of n = 2 (C) and n = 4 (D). The
better fitting is achieved when the stoichiometry is n = 4 for the SSB-
dT7o(1:1) complex (B) and n = 2 for the SSB-d T35 (1:1) complex (C).
The residuals of the fits are shown as small open circles.

stoichiometric and interacts with an average of two SSB sub-
units (44, 69, 70). We compared the binding of PriA to a 1:1 molar
SSB-(dT)35 complex as a mimic for the (SSB) 35 mode with PriA
binding to the SSB-(dT);, complex as a mimic for the fully
wrapped (SSB)gs mode.

The titrations of PriA with the SSB-(dT);5 and SSB-(dT)
complexes are compared directly in Figure 7. At the beginning of
the titration when a small amount of either SSB-DNA complex
is titrated into a large excess of PriA in the cell, the normalized
heats are almost twice as large for the SSB-(dT)s; titration, which
either indicates a higher affinity or higher stoichiometry for the
SSB-dT; complex. Direct fitting of the data shown in Figure 7
provides parameters (see Figure 6 legend) suggesting that the
difference between the titrations reflects a higher stoichiometry
for PriA binding to the SSB-(dT); complex. However, since the
parameters obtained from these fits are highly correlated, this
conclusion must be viewed with caution.

In an attempt to address this concern, we also fit these data by
constraining the stoichiometry of binding ton = 2 or n = 4 for
both sets of titrations and allowing both K,ps and AH g to float
in an NLLS analysis. The fits to these data are shown in Figure 8
and indicate that the isotherm for PriA binding to the SSB-(dT),
complex is better described by a stoichiometry of n = 4, whereas
the isotherm for PriA binding to the SSB-(dT);5 complex is better
described by a stoichiometry of n = 2 (Figure 8, panels B and C,
respectively). In both cases the affinities are similar and in the
range (2—5) x 10° M~'. Further analysis of additional experi-
ments (data not shown) showed similar results with comparable
binding parameters. We note that if we constrain n = 3 for both
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titrations, reasonable fits are obtained for both, although the
affinity and magnitude of the enthalpy change for PriA binding
to the fully wrapped SSB-(dT);y complex are higher (Kyps =
(3.74+1.0) x 10°M™"; AH s = —18.1 £ 2.6 keal/mol (five titra-
tions)) than for the SSB-(dT);s complex (Kyps = (1.1 +0.4) x 10°
M~ and AH,,s = —16.9 £+ 1.4 kcal/mol (two titrations)).
We also examined the binding of PriA to the SSB-(dT)7, (SSB:
dT;p = 1:1) complex using sedimentation equilibrium. Those
experiments (data not shown) were performed using a large
molar excess of PriA (6 uM) over the SSB-dT, (1:1) complex
(0.4 uM) and indicated a minimum stoichiometry of three PriA
per SSB:dT7 (1:1) complex. Although we are unable to defini-
tively assign the differences in PriA binding to SSB:(dT);y and
SSB:(dT);5 complexes to differences in stoichiometry rather than
affinity, it is clear that PriA interacts with SSB with significantly
higher affinity if SSB is prebound to ssDNA, and second, the
effectiveness of the PriA-SSB interaction increases as the length
of ssDNA involved in the complex increases.

DISCUSSION

Intrinsically disordered proteins (IDP) have become a subject
of a great interest (47) since the recognition that many proteins
and regions of proteins involved in signaling and regulation use
unstructured amino acid tethers as interaction sites. It has been
suggested that the advantages of using intrinsically disordered
regions for these interactions include high specificity/low affinity
binding (49, 71, 72), and the ability to bind multiple targets
(49,71,73).

The E. coli SSB tetramer, which possesses four disordered
C-termini (residues 113—177), even when SSB is tightly bound to
ssDNA (45), represents another example of a protein that uses
intrinsically disordered regions as sites of interaction. Through its
C-termini, SSB interacts with at least 14 other proteins involved
in DNA replication, recombination or repair and sequesters
these proteins to their sites of function on the DNA (3). These
interactions occur primarily with the last ~9 amino acid residues
at the end of the SSB-Ct sequence which is a highly negatively
charged region (MDFDDDIPF) (3) (see Table 1). In fact, SSB
proteins with §—10 residues deleted from the C-terminus show no
interaction with accessory proteins (10, 18, 20) and do not
support their functions (10, 11, 15, 28). Moreover, even the single
Pro to Ser mutation, corresponding to the P176S mutation in
SSB-113, dramatically diminishes Ct binding to both y and PriA
proteins, as has also been reported for RecQ helicase (10).

Although interactions of SSB with its partner proteins have
been documented previously (3), little was known about whether
these interactions showed any specificity. Binding specificity
must exist at some level; otherwise SSB would be unable to
discriminate among its many binding partners and thus control
which proteins are recruited to particular sites on the DNA. Our
study indicates that SSB, through its C-termini, possesses in-
trinsic specificity toward at least two of its binding partners, PriA
and y, and that this specificity is further enhanced by ssDNA
binding. Besides the ability to interact with a variety of metabolic
proteins involved in genome maintenance (3), the SSB C-termini
can also affect the ways in which SSB binds to ssDNA. Deletion
of the SSB-Ct tails can influence the relative stabilities of the
(SSB);5 and (SSB)4s binding modes (39). Our results also indicate
that the SSB core can inhibit binding of the Ct tails to its binding
partners and that ssDNA binding can relieve this inhibition. This
inhibition may be caused by the acidic end of the SSB C-terminal
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tails interacting with the DNA binding sites within the SSB core
and may explain partially why ssDNA binding enhances these
protein interactions with the SSB tails. In fact, deletion of the
acidic C-terminal tail of SSB has been shown to enhance its
affinity for the RNA, poly(U) (65). Similar effects have also been
shown for the phage T4 SSB (gene 32 protein) (74) and the phage
T7 SSB (gene 2.5 protein) (75) and may play a regulatory role.

SSB C-Terminal Peptides Show Specificity for Binding
to Prid vs y. At25°C both y and PriA interact with the isolated
SSB C-terminal peptides with similar affinities. However,
although there is little difference in affinities at 25 °C, we
observed clear differences in binding enthalpy such that binding
of PriA is much more enthalpically favorable at both low and
moderate salt conditions (see Table 1). Although this enthalpic
difference disappears for experiments performed in Tris (see
Table 1), this is likely due to a fortuitous balance of proto-
nation effects. The larger magnitudes of AH,pspria Obtained in
cacodylate buffer, which has a significantly lower ionization
enthalpy, suggest that PriA binding to the Ct peptide may be
linked to protonation events (66).

This difference in binding enthalpy indicates that binding
specificity should be greater at lower temperatures and this was
observed for y and PriA interaction with the SSB-Ct peptide
(WP9) in buffer C (pH 7.0, 0.02 M NaCl) (see Figure 3B). Both
interactions are enthalpy driven, with AH s pria twice as large in
magnitude than AH,y,, and PriA binding showing a larger
temperature dependence indicating a larger negative heat capa-
city change (AC, = —281 £ 21 for PriA vs —143 £ 21 cal/mol
deg for ). On the other hand, the interactions with PriA are more
costly entropically than with . These results underscore the fact
that measurements of only binding constants made at a single
temperature may not detect important thermodynamic differ-
ences that become apparent only at different temperatures or
solution conditions.

The binding site on RecQ helicase for the C-termini of SSB was
identified recently (76). Comparison with the SSB-Ct binding site
onexo I (27) reveals a number of structural similarities, including
a hydrophobic pocket lined by a “basic lip” and adjoining “basic
ridge” (21, 76). A highly conserved basic region within y was
identified in the crystal structure of the yy heterodimer as a
potential binding site for the C-terminal tail of SSB (77). These
structural similarities suggest the importance of both electrostatic
and hydrophobic components of the interactions with highly
conserved acidic (170-Asp-Phe-Asp-Asp-Asp-174) and hydro-
phobic (175-1le-Pro-Phe-177) parts of the SSB-Ct. We show that
the binding of both y and PriA with the isolated SSB C-terminal
peptides is modulated by [NaCl] (see Table 1), also suggesting a
strong electrostatic component to these interactions likely due to
the acidic nature of the Ct peptides.

Prid and y Interactions with SSB Are Weaker than to
the Isolated SSB Tails Indicating an Inhibitory Effect of
the SSB Core. Our equilibrium binding studies indicate that the
%-SSB and PriA-SSB interactions are weaker than expected based
on the binding parameters determined for PriA and y interactions
with the isolated SSB-Ct peptides. We hypothesize that the lower
affinities when the Ct tails are part of the full-length SSB protein
reflect inhibition, possibly due to nonspecific interactions of the
C-termini with the SSB core (N-terminal residues 1—112) that
forms the four ssDNA binding OB folds (44). Positively charged
regions comprising the ssDNA binding site are accessible on the
surface of the SSB core and it is possible that the negatively
charged C-termini can interact with these regions in a nonspecific



3564  Biochemistry, Vol. 49, No. 17, 2010

manner. Consistent with this suggestion, we find that deletion of
the C-terminal tails from SSB increases its equilibrium binding
affinity for some ss-DNA (A. G. Kozlov and T. M. Lohman,
unpublished observations). A similar inhibitory effect on ss-
DNA binding has been observed for the C-terminal tail of the T7
gene 2.5 SSB (75).

Prebinding ssDNA to SSB Increases Its Affinity Much
More for PriA than for x. The effects of prebinding ss-DNA to
SSB on its affinity for a partner protein have previously been
examined only for the y protein (4, 7). Little enhancement of
affinity was observed in the presence of ssDNA at moderate salt
concentrations (0.1—0.3 M NaCl), although at low salt (5 mM
NaCl) a ~10-fold enhancement was reported (7.4 + 1.0) x
10° MY (7). At 20 mM NaCl, the affinity of y for SSB alone is
too weak to determine its binding parameters, but we measure a
similar affinity (5.6 + 1.9) x 10° M~ for the interaction of y with
an SSB-(dT);9 complex. This is a ~4-fold enhancement com-
pared to y binding to a Ct peptide alone at low salt (20 mM NaCl)
(see Table 2). Unfortunately, we were unable to make the same
comparisons for PriA at these low [NaCl] conditions. However,
at higher salt (0.2 M NaCl), we could compare directly the
binding of PriA and y to an isolated SSB-Ct peptide, SSB and a
fully wrapped (1:1 molar ratio) SSB-(dT); complex. The results
(Table 2) indicate that there is little increase in affinity of y for an
SSB-(dT);o complex compared to its affinity for the Ct peptides
and SSB in agreement with previous reports (4, 3, 7).

For PriA, we observe an ~10-fold increase in affinity for
binding to an SSB-(dT),, complex compared to SSB alone or an
isolated Ct peptide (0.2 M NaCl) (Table 2). Thus, the binding of
SSB to ssDNA increases the affinity of SSB for PriA, to a much
larger extent than for y. How this occurs is not completely clear,
although it is possible that PriA makes additional contacts with
parts of the ssDNA not involved in the interactions with SSB,
which is not the case for y, since y does not interact with ssDNA.
The enhancement may also result if ssSDNA binding eliminates
the autoinhibition of the Ct tails. It is also possible that SSB plays
a kinetic role in facilitating loading of PriA onto DNA. Our
simple competition experiments (Figure 5B) show that the
presence of saturating (dT),g does not affect binding of the
SSB-Ct peptide to PriA, indicating that PriA has separate binding
sites for the SSB-Ct and ssDNA. This could allow PriA to be
recruited by SSB when it is bound to ssDNA through an
interaction with the C-terminal tails followed by a transfer to
the ssDNA through formation of a ternary complex in which
both PriA and SSB are bound to the same ssDNA.

In this study, we have also observed that an increase in
stoichiometry and affinity of PriA binding to the SSB Ct tails
occurs when an increasing number of SSB subunits are occupied
by ss-DNA. This may result if the acidic region of the C-terminal
tails interact with the DNA binding sites within the SSB core and a
longer ssDNA that interacts with more SSB subunits (2 vs 4)
would release more of the C-terminal tails for interaction with its
protein partner. This also suggests that the (SSB)4s binding mode,
in which all four subunits are involved in DNA interactions,
should be more effective in providing a larger local concentration
of PriA to be loaded onto ssDNA structures where it will function.
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