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The gene 2.5 protein (gp2.5) encoded by bacteriophage T7
binds preferentially to single-stranded DNA. This property is
essential for its role in DNA replication and recombination in
the phage-infected cell. gp2.5 lowers the phage � DNA melting
force as measured by single molecule force spectroscopy. T7
gp2.5-�26C, lacking 26 acidic C-terminal residues, also reduces
themelting force but at considerably lower concentrations. The
equilibrium binding constants of these proteins to single-
stranded DNA (ssDNA) as a function of salt concentration have
been determined, and we found for example that gp2.5 binds
with an affinity of (3.5� 0.6)� 105 M�1 in a 50mMNa� solution,
whereas the truncated protein binds to ssDNA with a much
higher affinity of (7.8 � 0.9) � 107 M�1 under the same solution
conditions. T7 gp2.5-�26C binding to single-stranded DNA
also exhibits a stronger salt dependence than the full-length
protein. The data are consistent with amodel inwhich a dimeric
gp2.5 must dissociate prior to binding to ssDNA, a dissociation
that consists of a weak non-electrostatic and a strong electro-
static component.

Optical tweezers have been used extensively for studying the
biomechanical properties of single DNA molecules by stretch-
ing the molecules and measuring the required force for a given
extension under various conditions (1–6). The mechanical
work performed by stretching has an energy scale of the non-
covalent interactions that hold the two DNA strands together
(7) and can therefore be used to induce conversion of double-
stranded DNA (dsDNA)3 into single-stranded DNA (ssDNA).

When thismechanical process is reversible, the calculatedwork
is equal to the equilibrium melting free energy (7–9).
The method of ssDNA stretching in which two strands are

melted by force is referred to as force-induced melting (FIM).
This method provides valuable information regarding the
interaction between nucleic acids and proteins or small mole-
cules that bind to DNA (9). In the experiments described here,
a single �-DNA molecule of 48,500 base pairs was stretched to
extensions that were almost twice its B-form contour length,
resulting in a FIM transition. Extended regions of dsDNAmelt
cooperatively, and themidpoint of themelting transition, Fm, is
analogous to the DNA melting temperature, Tm, obtained in
thermal melting studies. Fm, like Tm, is similarly affected by
solution conditions such as pH, temperature, and ionic
strength (5, 9, 10). DNA-binding proteins and small molecules
that affect the thermalmelting equilibrium of dsDNA affect the
FIM transition in a similarmanner (9, 11–17).One advantage of
the FIMmethod is that DNAmelting studies can be performed
over awide range of temperatures, including physiological tem-
perature, thus avoiding protein denaturation. In addition,
because theDNA is stretched during the singlemolecule exper-
iment, measurements can be obtained under solution condi-
tions that would allow the protein-DNA complex to aggregate
in a bulk solution experiment.
In previouswork,we usedDNAstretching to probe the inter-

actions of T4 gene 32 protein (gp32) to ssDNA. We used this
method to determine the association constant of gp32 to
ssDNA over a range of salt concentrations, including physio-
logical conditions (11–13). Surprisingly, we found that the
association constant of wild type gp32 exhibited very little salt
dependence below 200 mM Na�, in contrast to bulk experi-
ments, which had previously shown a very strong salt depend-
ence in high salt. A C-terminal truncation of gp32, denoted *I,
does not show salt-independent binding at low salt. We pro-
posed that the lack of salt dependence towild type gp32-ssDNA
binding in low salt was due to a conformational change involv-
ing the acidic C-terminal domain of gp32, which may be
required for gp32-ssDNAbinding (18, 19). Because this confor-
mational change begins to strongly alter gp32 binding near
physiological salt concentrations, we had previously proposed
that the C-terminal domain of gp32 may act as a regulatory
switch. The presence of an acidic C terminus is a common
feature of all prokaryotic and mitochondrial ssDNA-binding
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proteins, which have been shown tomodulate theDNAbinding
properties of the proteins andmediate protein-protein interac-
tions (20). However, the replication systems that contain these
proteins may differ substantially. For example, the T7 replica-
tion system is very economical and can be reconstituted in vitro
with only four proteins: DNA polymerase with its processivity
factor, thioredoxin, the helicase/primase, and the ssDNA-bind-
ing protein, which are involved in multiple protein-protein
interactions within the phage replisome. In contrast, T4 phage
replication employs a different set of replication proteins, as
well as several additional accessory proteins. The differences in
complexity between these two systems suggest the possibility of
more sophisticated coordination between the DNA binding
properties of the single-stranded binding protein from T7,
gp2.5, and the protein-protein interactions with other T7 rep-
lication proteins. Therefore, we now present a single molecule
study of salt-dependent ssDNA binding by the single-stranded
DNA-binding protein frombacteriophageT7 in order to exam-
ine the differences between the DNA binding activities of T4
gp32 and T7 gp2.5.
Bacteriophage T7 gene 2.5 protein (gp2.5), encoded by gene

2.5 of the bacteriophage T7, is a ssDNA-binding protein (21). It
physically interacts with both T7 DNA polymerase and the T7
helicase/primase (22–26) and plays multiple roles in T7 DNA
replication and recombination (22, 27–36). In the absence of
DNA, gp2.5 forms a stable homodimer in solution (35). Its
nucleic acid and protein interactive properties are strongly
dependent on the domain structure of the protein (22, 24–26,
29, 37, 38). The crystal structure of gp2.5 reveals a core that
consists of a conserved OB-fold (oligosaccharide/oligonucleo-
tide-binding fold) that is well adapted for interactions with
ssDNA. gp2.5 has a highly acidic C-terminal tail that is required
for dimer formation and for interactions with T7 DNA poly-
merase and the helicase/primase (39). A genetically altered pro-
tein, gp2.5-�26C, lacks theC-terminal 26 residues. gp2.5-�26C
binds ssDNA more tightly than does the full-length protein
(22). Models have been proposed in which the C-terminal
tail of gp2.5 interacts with the DNA-binding core of the pro-
tein (39, 40).
We utilize DNA stretching to investigate the effects of full-

length gp2.5 aswell as gp2.5-�26ConDNAduplex stability and
melting. In accord with the known preferential binding to
ssDNA, both proteins reduce the melting force. However, the
differences between force-extension curves during stretching
and relaxation, (i.e. stretching hysteresis), in the presence of
both proteins indicates that the system does not reach equilib-
rium on the time scale of our experiment. The technical limi-
tations of our instrumentmade it difficult to pull slowly enough
to reproduce the complete equilibrium DNA stretching curve.
Therefore, we measured the equilibrium force at the midpoint
of the DNAmelting transition, at the extension corresponding
to the melting of half of the base pairs. To do this, we rapidly
stretched the dsDNA to a fixed end-to-end extension halfway
between the dsDNA and ssDNA contour lengths and moni-
tored the force, which converged to equilibrium at this given
extension, on the time scale of several minutes. We then calcu-
lated the equilibrium binding constants of the protein to

ssDNA from the protein concentration dependence of the
measured equilibrium DNA melting force (7, 8, 13).
We found that the binding affinity of the full-length gp2.5

and its C-terminal truncation for exposed ssDNA regions were
salt-dependent and differed by several orders of magnitude in
low salt. To explain this difference in binding affinity, we devel-
oped a model in which a salt-dependent dimerization interac-
tionmust be broken in order for gp2.5 to bind toDNA.We then
quantified this binding interaction as a function of salt concen-
tration; herein we discuss its relevance to gp2.5 interactions
with other T7 replication proteins.

EXPERIMENTAL PROCEDURES

Protein Preparation and Purification—Wild type gp2.5 and
gp2.5-�26C were purified from BL21(DE3)pLysS cells overex-
pressing a histidine-tagged version of their genes as described
previously (40). Following the purification the histidine tag was
proteolytically cleaved using PreScission protease (glutathione
S-transferase-tagged,AmershamBiosciences). The cleaved his-
tidine tag and the protease were subsequently removed using
nickel-nitrilotriacetic acid-agarose (Qiagen) and GSTTrapTM
HP columns, respectively. The purified proteins were dialyzed
against storage buffer (50 mM Tris-HCL, pH 7.5, 0.1 EDTA, 1
mM dithiothreitol, 50% glycerol) and stored at �20 °C. The
storage buffer for gp2.5-�26C contained additional 150 mM
NaCl. For experiments requiring high concentrations of gp2.5,
the protein solution was concentrated using an Amicon Ultra
centrifugal filter device (Millipore) with 10-kDa cut-off.
DNA Stretching—The dual-beam optical tweezers instru-

ment used in this study consists of two counter-propagating
diode lasers, each with 200 milliwatts of 830 nm light (JDS
Uniphase, San Jose, CA) that are convergently directed and
focused to a small spot inside a liquid flow cell, using �60, 1.0
numerical aperture water immersion microscope objectives
(Nikon, Tokyo) that form the optical trap. The light leaving the
trap is directed onto a lateral effect photodiode detector (UDT
Sensors, Hawthorne, CA), which determines the deflection of
each beam and outputs a voltage that is directly proportional to
the force being exerted on the bead in the optical trap.
To tether single DNA molecules, two 5-�m streptavidin-

coated polystyrene beads (Bangs Laboratories, Fishers, IN)
were trapped in the optical tweezers and on the end of a glass
micropipette (World Precision Instrument, Sarasota, FL). A very
dilute solution containing bacteriophage �-DNA (� 48,500 base
pairs, biotin-labeled on each 3� terminus), typically in 10 mM
Hepes, pH 7.5, and varying NaCl concentrations, was run
through the cell until one molecule was captured between the
two beads. The flow cell, and thus the glass micropipette, may
be moved using a feedback-compensated piezoelectric stage
(Melles Griot), causing the single DNA molecule to stretch
between two beads, resulting in a force measurement, as
described previously (10). The position measurements were
converted to ameasurement of themolecular extension by cor-
recting for the trap stiffness. To obtain measurements of DNA
helix destabilization, the DNA was stretched in 100-nm steps
and then held at a constant position while the resulting force as
a function of time was measured. After capturing a single DNA
molecule in the tethering buffer, the molecule was stretched to
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verify that the usual force-extension curve was obtained and
that only a single molecule had been tethered. To measure the
effect of the protein on this transition, 4 to 5 cell volumes of a
buffer solution containing a fixed amount of protein was added
to the experimental cell until the buffer surrounding the cap-
tured DNA molecule had been completely exchanged.

RESULTS

Quantifying ssDNA Binding Affinity by Single Molecule
Stretching—To probe the effect of these proteins on duplex
DNAdestabilization, wemeasured the force-extension curve of
�-DNA in the presence and absence of gp2.5 and gp2.5-�26C, a
deletion mutant lacking 26 C-terminal amino acids, over a
range of salt and protein concentrations. Typical results of our
measurements in 50 mM Na� buffer are shown in Fig. 1. In the
absence of protein, the DNA melting force is independent of
pulling rate (12) and shows very little hysteresis. gp2.5 (7 �M)
and gp2.5-�26C (300 nM) significantly lower the melting
force relative to that observed in the absence of protein.
However, much higher concentrations of gp2.5 compared
with gp2.5-�26C are required to observe a significant reduc-
tion in the melting force. Although this behavior is expected
for a protein that binds preferentially to ssDNA, this is the
first observation of natural DNA denaturation in the pres-
ence of gp2.5. When the DNA was relaxed, the relaxation
curves did not match the stretching curves, as shown by the
dashed lines in Fig. 1. The considerable hysteresis shows that
protein dissociation from exposed regions of ssDNA and
subsequent DNA reannealing upon relaxation is slower than
the 4-min duration of a stretching and relaxation cycle. In
addition, lower rates of DNA stretching resulted in lower
melting forces, signifying that the protein-ssDNA associa-
tion and dissociation were slow on the time scale of the
force-induced DNA melting.
Ideally, if we were able to pull slowly enough, we should be

able to measure the complete equilibrium DNA stretching
curve in the presence of the “slow” protein. However, our opti-

cal tweezers instrument does not allow pulling slower than
5–10 nm/s because of a position drift on longer time scales.
Instead, we could measure the equilibrium force at the mid-
point of the DNA melting transition. To this end, we rapidly
stretched the dsDNA to a fixed end-to-end extension halfway
between the dsDNA and ssDNA contour length andmonitored
the force, which converges to an equilibrium value, over a time
scale of several minutes. This approach was used previously for
equilibrium studies of T4 gene 32 protein interactions with
DNA (11, 13). Typical results obtained in 25mMNa� buffer are
given in Fig. 2. After rapid stretching to the transitionmidpoint,
the force decreased exponentially with time, representing addi-
tional DNAmelting due to protein binding. The time-depend-
ent force data can be fit to the following relation,

F�t�stretch � Fm � �Fk � Fm�exp��
t

�melt
� (Eq. 1)

where Fm is the equilibrium force obtained at long times, Fk is
the initial melting force (the subscript k indicates that this
kinetically determined force likely depends onpulling rate), and
the constant �melt is the time for DNA melting due to protein
binding. To measure the equilibrium force during the DNA
renaturation, the DNA molecule was first stretched through
the DNA melting transition and then relaxed quickly to the
midpoint of the transition, and the change in force in the pres-
ence of each protein was monitored for at least 15 min. The
observed force increased exponentially, representing DNA
reannealing due to protein dissociation. The time-dependent
force data upon relaxation were fit to an expression analogous
to Equation 1. The fact that both denaturation and renaturation
experiments converge to the same force, denoted by Fm, clearly
demonstrates that themelting force obtained in the experiment
outlined in Fig. 2 represents the equilibrium DNA melting
force.

FIGURE 1. �-DNA stretching (solid line)-relaxation (dashed line) curves in
10 mM Hepes (pH 7. 5), 50 mM Na� (45 mM NaCl, 5 mM NaOH) in the
absence of protein (black) and in the presence of 7 �M gp2.5 (red) and
300 nM gp2.5-�26C (blue).

FIGURE 2. Time dependence of the DNA stretching force at the midpoint
of the melting transition in the absence of protein (black) and in the
presence of 10 �M gp2.5 (red) and 80 nM gp2.5-�26C (blue) as well as the
time dependence of DNA renaturation in which the DNA molecule has
been overstretched and relaxed back to the same position in the pres-
ence of 10 �M gp2.5 (light orange) and 80 nM gp2.5-�26C (light blue).
Data were taken in 10 mM Hepes (pH 7.5), 25 mM Na� (20 mM NaCl, 5 mM

NaOH).
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As illustrated by Fig. 3, increasing amounts of either protein
results in a lower DNA melting force, reflecting progressive
protein-induced duplex destabilization. Below we use these
data to determine the protein-DNA association constants of
both proteins. The shift in theDNAmelting temperature due to
protein binding can be related to the protein-DNA binding
constants to dsDNA and ssDNA as follows (41),

1

Tm
0 �

1

Tm
�

kB

�H
ln ��1 � KdsC�1/nds

�1 � KssC�1/nss� (Eq. 2)

where nss, nds, Kss, and Kds are the binding site size in nucleo-
tides and binding constants of the protein to ssDNA and
dsDNA, respectively, and C is the bulk protein concentration.
The change in DNA melting temperature and force due to

duplex destabilization by protein can be related via general
thermodynamics by the relation,

�Gdestabilization � �Fm � Fm
0 ��x � �Tm � Tm

0��S (Eq. 3)

where �S and �x are the difference in entropy and extension
per base pair between the protein-bound ssDNA and dsDNA,
Tm
0 , Tm, Fm0 , and Fm are the melting temperature and force in the

absence and presence of protein, respectively, and �Gdestabilization
is the change inDNAmelting free energy per base pair induced by
protein binding. Combining Equations 2 and 3, using the relation-
ship�H	�STm

0 , and taking into theaccount thatgp2.5 is a single-
stranded binding protein, i.e. that Kss 

 Kds (35), we can find the
shift in melting force due to protein binding as follows.

Fm � Fm
0 �

2kBT

nss�x
ln �1 � KssC� (Eq. 4)

By fitting the melting force as a function of concentration to
Equation 4, we obtain a measurement of Kss under the desired
solution conditions. Below, we use this to examine the salt
dependence of gp2.5 and gp2.5-�26C association to ssDNA.
Salt-dependent Binding of T7 gp2.5 and T7 gp2.5-�26C to

ssDNA—Fitting the Fm(C) data presented in Fig. 3 to Equation
4, we foundKss for each protein at different salt concentrations.
To perform this fit, we used our measured difference in length
per base pair �x between the dsDNA and ssDNA from the
stretching curves for ssDNA in the presence of gp2.5-�26C in
0.005 M Na� buffer. This length change was not expected to
depend significantly on ionic strength (8). Furthermore, by
using the salt-independent parameter nss 	 7 from the work of
Kim et al. (35) and the salt-dependent value of DNAmelting in
the absence of the protein, Fm0 , from the work of Wenner et al.
(5), we obtained the best fit to our data, which resulted in find-
ing the binding constants for both proteins to ssDNA in differ-
ent salt concentrations extended from5mMNa� to 50mMNa�

for gp2.5 and 25 mM Na� to 100 mM Na� for gp2.5-�26C.
As shown in Fig. 4, the C-terminal truncation of gp2.5 binds

ssDNA about 100-fold stronger than the wild type gp2.5 in 100
mM Na� salt, in accord with previous data (35, 38). However,
previous data were limited to a single measurement of Kss 	
1.2� 106 M�1 at 50mMNaCl for gp2.5 by fluorescence quench-
ing (35) comparedwith ourmeasured value of (3.5� 0.6)� 105
M�1 at the same salt concentration. Similarly, previous data
were limited to a singlemeasurement ofKss 	 3� 107 M�1 at 50
mM KCl for gp2.5-�26C by electrophoretic mobility shift assay
(38), which compares well with our measured value of (7.8 �
0.9) � 107 M�1 in 50 mM Na� solution. For the electrophoretic
mobility shift assay, we used the value obtained for binding to
70-base oligonucleotides as determined from the “slow mobil-
ity” lane of the gel. For this lane, the measured wild type gp2.5
value for Kss agrees well with that measured in the earlier fluo-
rescence quenching assay (35, 38).
Our measurements show that the ssDNA association con-

stant of gp2.5-�26C depends much more strongly on salt than
does that of wild type gp2.5, such that the stronger binding of
the truncated protein becomes exaggerated in lower salt. Spe-
cifically, the total number of ions released upon protein bind-
ing, given by nNa 	 �d log(Kss)/d log(Na�), is equal to nNa 	

FIGURE 3. a, the measured DNA equilibrium melting force as a function of
protein concentration, Fm(C), for gp2.5. Measurements are shown in 0.005 M

Na� (filled green diamond), 0.025 M Na� (filled blue square), and 0.05 M Na�

(filled red circle). b, the measured DNA equilibrium melting force as a function
of protein concentration, Fm(C), for gp2.5-�26C. Measurements are shown in
0.025 M Na� (filled blue square), 0.05 M Na� (filled red circle), 0.075 M Na� (filled
violet triangle), and 0.1 M Na� (filled lime-green diamond). Lines were fitted to
data using Equation 4 and a �2 analysis. Each data point was obtained by
averaging over three or more measurements, and the error bars were deter-
mined from the S.D. of those measurements.
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1.1 � 0.1 for wild type and 2.5 � 0.2 for the deletion mutant.
Given that the deletion mutant, gp2.5-�26C, differs from the
wild type protein, gp2.5, only by the absence of the last 26C-ter-
minal residues, it is surprising that the two binding constants
differ so strongly. Below, under “Discussion,” we present a
model for regulation of gp2.5-DNA binding by a dimerization
interaction involving the C terminus, which could potentially
explain this unusual result.

DISCUSSION

Using singlemolecule DNAFIM in the presence of gp2.5 and
gp2.5-�26C, we have determined the binding affinity of both
proteins as a function of salt concentration.We find that in low
salt, the binding affinity of gp2.5-�26C for ssDNA exceeds that
of gp2.5 by 2–3 orders of magnitude. In addition, the binding
affinities for both proteins are salt-dependent, and the salt
dependence of gp2.5-�26C binding to DNA is much stronger.
Because gp2.5-�26C lacks only the C terminus of gp2.5, this
result shows that the presence of the C terminus on gp2.5
reduces its affinity for DNA. The C terminus of gp2.5 is flexible
and may extend away from the �-barrel of the OB-fold into
solution. However, acidic and aromatic residues of the C-ter-
minal tail make it an ideal mimic of ssDNA. Therefore, one
possible mechanism for this reduction in binding affinity is the
electrostatic binding of theC terminus to theDNAbinding site.
If this were the case, the C terminus would compete with
ssDNA for binding to the cationic DNA binding site, which
would result in weaker binding to DNA in lower salt relative to
a protein lacking the C terminus. Such a salt-dependent DNA
binding regulationmechanismwas recently reported for bacte-
riophageT4 gene 32 protein, the ssDNA-binding protein forT4
(13, 18). However, gp2.5 is known to form a dimer in solution,
whereas gp2.5-�26C has not been observed to form dimers in

solution; thus any model for gp2.5 binding must take this
dimerization interaction into account.
Based on the lack of dimerization for gp2.5-�26C in solution,

it has been suggested previously that the C-terminal segments
stabilize the dimer form of gp2.5 by a domain swapping inter-
action (42) across the dimer interface (39, 40), as illustrated in
Fig. 5b. This model resembles the model described above for
electrostatic regulation of DNA binding by the C terminus, but
in this case DNA binding requires dimer dissociation by which
the C terminus is removed from the DNA binding site of each
protein. This interaction is more complex than that suggested
for T4 gene 32 protein, because the dimer formation likely
involves more interactions than just the C termini binding to
the DNA binding sites. In particular, there is an additional
dimer interface that contributes to the overall dimerization
interaction and that alsomust be disrupted for DNAbinding by
gp2.5 to occur (40). In the case of T4 gp32, a C-terminal trun-
cation, *I, showed a strong salt dependence at low salt, yielding
a value of nNa	 3, similar to that observed here for gp2.5-�26C.
In contrast, wild type T4 gp32 showed very little salt depend-
ence, with nNa � 0. This is similar to that observed for wild type
gp2.5. However, in the case of T4 gp32, the association con-
stants for both *I andwild type gp32 converged at 200mMNaCl.
This suggests that above 200 mMNaCl, the C-terminal domain
of gp32 spends most of its time in solution. In turn, this result
reveals that the binding of the gp32 C-terminal domain to its
DNA binding site, which regulates its DNA binding, is an
entirely electrostatic effect that is screened at salt concentra-
tions above 200mM. In contrast, the results on gp2.5 and gp2.5-
�26C reported here show that the inhibition of binding by the
gp2.5 C-terminal tail persists even at 1 M NaCl. Therefore, the
interactions that are responsible for the difference in gp2.5 and
gp2.5-�26C binding must have a nonelectrostatic component,
in contrast to the interactions that determine the difference
between T4 gp32 and *I binding. The additional requirement
for breaking the gp2.5 dimer interface, discussed below, is suf-
ficient to explain this difference between the salt dependence of
T4 gp32-DNAbinding relative to theDNAbinding of T7 gp2.5.
Although our data alone cannot prove the above model of

gp2.5 dimerization and ssDNA binding, our results are fully
consistent with the model and provide further support for it.
There are two likely scenarios for gp2.5 binding.One possibility
is that the C terminus of one monomer is removed from the
DNA binding site and exposed to solution, whereas the other
monomer binds DNA. A second possibility is that the dimer
dissociates, with both C-terminal tails removed from the DNA
binding pocket of the other protein. Below, we used our data on
gp2.5 and gp2.5-�26C binding to ssDNA over a broad range of
salt concentrations to quantitatively probe the salt-dependent
gp2.5 interaction that regulates gp2.5 binding to DNA. We
show that this interaction consists of two components: electro-
static, representing the release of the C-terminal tail, and non-
electrostatic, which likely represents dissociation at the dimer
interface. A schematic diagram of the model describing these
interactions is shown in Fig. 5. The fact that we see a significant
nonelectrostatic component to the interaction energy that reg-
ulates gp2.5 binding supports a model in which a breaking of
the dimer interface is required for gp2.5 binding. However,

FIGURE 4. The measured dependence of logarithm of the binding con-
stant (Kss) to ssDNA as a function of logarithm of salt concentration for
gp2.5 (open circle) and gp2.5-�26C (filled circle) and the linear fit to the
data for gp2.5 (dashed line) and gp2.5-�26C (continuous line). The open
triangle represents binding of gp2.5 to poly(dT) DNA at 50 mM NaCl using a
fluorescence-based study by Kim et al. (35), and the filled triangle represents
binding of gp2.5-�26C to 70-base oligonucleotides at 50 mM KCl using an
electrophoretic mobility shift by Hyland et al. (38).
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without additional evidence we cannot completely exclude
nonelectrostatic interactions between the C-terminal tail and
the DNA binding site, which might allow for very weak gp2.5
dimerization when bound to DNA.
If theDNAbinding of gp2.5 differs from gp2.5-�26C binding

only because of a requirement of dimer dissociation, and the
dimer interaction is in pre-equilibrium to DNA binding, then
the binding affinity of gp2.5 compared with that of gp2.5-�26C
is reduced by the probability of dimer dissociation, Pdimer,

Kss
gp2.5 � Kss

gp2.5-�26C � Pdimer (Eq. 5)

where Kss
gp2.5 and Kss

gp2.5-�26C are the association constants of
gp2.5 and gp2.5-�26C to ssDNA, respectively, and equation as
follows.

Pdimer �
e�Gdimer/kBT

e�Gdimer/kBT � 1
(Eq. 6)

Here �Gdimer is the attractive (negative) free energy of gp2.5
dimerization per dimer,which can be obtained by solving Equa-
tions 5 and 6.

�Gdimer � �kBT ln �Kss
gp2.5-�26C/Kss

gp2.5 � 1� (Eq. 7)

The gp2.5 dimerization free energy as a function of salt in the
range of 5 to 100 mM Na�, obtained according to Equation 7
using ourmeasured binding constants for both proteins, is pre-
sented in Fig. 6. We find that �Gdimer is strongly salt-depend-
ent, in agreement with the significant contribution to gp2.5
dimerization from the electrostatically driven C-terminal tail

FIGURE 5. Schematic diagram of the model for gp2.5 dimer formation,
which must be broken prior to DNA binding. a, for gp2.5-�26C, the DNA
binding site is always available for DNA binding because of the

lack of the C-terminal tail. b, C-terminal tails stabilize the gp2.5 dimer by their
“domain swap,” i.e. binding to the basic regions of its gp2.5 partner. The gp2.5
cationic binding site for its partner’s C-terminal tail is also its ssDNA binding
site. Therefore, gp2.5 is monomeric in its DNA-bound state and dimeric in its
unbound state. c, a conformational change in gp2.5 involving dimer dissoci-
ation is required prior to gp2.5 nucleic acid binding. CTD, C-terminal domain.

FIGURE 6. The free energy of dimerization measured as a function of the
logarithm of salt concentration. Using the binding constants of gp2.5 and
gp2.5-�26C to ssDNA in 25 and 50 mM Na� buffer, we determined the values
of �Gdimer directly. By extrapolating the salt-dependent data for each protein
separately, we were able to calculate �Gdimer in other salt concentrations. The
arrow shows the value of the non-electrostatic component of �Gdimer.
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(CTT) swap between gp2.5 monomers. Indeed, the electro-
static similarity between the CTT and the region of ssDNA that
binds gp2.5 implies that gp2.5 dimerization should be almost as
salt dependent as binding of gp2.5-�26C to ssDNA. An analo-
gous salt-dependent CTT unbinding from the ssDNA binding
groove of T4 gene 32 protein was described recently (13, 18).
Quantitatively, this means that one might expect d�Gdimer/
d ln(Na�) to be similar in magnitude and opposite in sign
to d ln(Kss

gp2.5-�26C)/d ln(Na�). Experimentally, we find that
d�Gdimer/d ln(Na�) � 1.4 � 0.1 and �d ln(Kss

gp2.5-�26C)/
d ln(Na�) � 2.5 � 0.1. This result suggests that the CTT is
highly charged but somewhat less charged than the section of
ssDNA that binds gp2.5.
In �1 M salt, all electrostatic interactions are significantly

screened by salt ions, and the remaining interactions reflect
their non-electrostatic salt-independent component (43).
Therefore, extrapolating �Gdimer(Na�) to 1 M Na�, we
obtained an estimate of the non-electrostatic component of the
gp2.5 dimerization free energy �Gdimer 	 (�1.2 � 0.8) kBT 	
0.7 � 0.4 kcal/mol. This weak dimer interaction explains why
gp2.5-�26C does not form dimers in solution but crystallizes as
a dimer (39). TheCTT swapmakes gp2.5 dimerization progres-
sively stronger in lower salt. However, even at the physiological
salt concentration of �100 mM, the dimerization free energy is
moderate, at approximately �5 kBT and �3 kcal/mol, and
should not completely preclude thermal dimer dissociation,
which is required for gp2.5 binding to ssDNA.
In a previous study, Rezende et al. (40) examined gp2.5,

gp2.5-�26C, and several mutants at the dimerization interface
by gel filtration in 50mMKPO4 (pH 7.0), 0.1mM EDTA, 0.1mM
dithiothreitol, and 10% glycerol buffer at a single protein con-
centration. Several salt concentrations were examined: 150,
250, and 500mMNaCl. gp2.5C-�26Cwas reported to be amon-
omer at all salt concentrations, and gp2.5 was reported to be a
dimer at 150 and 250mM and amonomer at 500mMNaCl. The
mutants at the dimerization interface were reported to be
dimers at 150 mM NaCl and monomers at 250 and 500 mM
NaCl. These results are consistent with our model of gp2.5
dimerization in which most of the dimerization free energy
comes from the electrostatic interactions of the anionic C-ter-
minal tails of the protein with the cationic ssDNA binding site
on the dimerization partner. Although dimerization becomes
weakerwith increasing salt concentration, it also requires inter-
actions at the dimer interface. The fact that the gel filtration
study suggests that dimer dissociation occurs at 0.5 M NaCl, in
contrast to our prediction of a marginally stable dimer at 1 M
NaCl, is likely because of the lower protein concentration used
in the gel filtration study.
According to previous studies (22–26) the CTT of gp2.5 is

known to interact with several components of the T7 replica-
tion fork. Therefore, it is possible that these interactions regu-
late CTT-induced gp2.5 dimerization, thereby controlling
gp2.5 binding to ssDNA at the replication fork. Such control
may have an important regulatory role, by preventing the
extensive gp2.5 binding and accompanying melting of double-
stranded DNA that is not involved in replication. Alternatively,
exposure of the C terminus upon gp2.5 binding to DNA could
itself regulate the activities of other proteins at the replication

fork. Further studies of gp2.5 interactions with DNA and other
replication proteins are needed to distinguish between these
possibilities and elucidate the critical interactions between
components of the model T7 DNA replication machinery.
In summary, we have quantitatively determined the affinity

of gp2.5 and gp2.5-�26C binding to DNA as a function of salt
concentration. We find that gp2.5 binding is regulated by elec-
trostatic interactions involving the C terminus, in addition to a
weaknon-electrostatic binding component.Wehave presented
amodel inwhich protein dimerization involving theC terminus
regulates DNA binding by gp2.5. Our model suggests that,
although the dimerization interaction is primarily electrostatic,
there is a weak non-electrostatic component, which likely rep-
resents interactions at the dimer interface.
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