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acteriophage T7 has evolved an efficient system for replicating its DNA (1). Four proteins account for most of the reactions that occur at the replication fork. Three of these proteins
are encoded by the phage and one by the host. Therefore, phage
T7 is able to bypass the more complicated Escherichia coli
machinery. The four proteins are gene 5 DNA polymerase (gp5),
E. coli thioredoxin (trx) processivity factor, gene 4 helicaseprimase, and gene 2.5 ssDNA binding protein.
The crystal structure of gp5 in complex with trx, a primer template, and a nucleoside 5′-triphosphate in a polymerization mode
is available (Fig. 1). The processivity factor, trx, binds tightly
(5 nM) (2) in a one-to-one stoichiometry to a unique polypeptide
loop (trx-binding domain) located in the thumb subdomain of
gp5 (3) (Fig. 1). The binding of trx converts gp5 to a processive
polymerase that polymerizes hundreds of nucleotides before dissociation from the DNA (4, 5). High processivity is an important
property of replicative DNA polymerases that display high fidelity and a high rate of nucleotide polymerization (6). Two parameters that affect the processivity of DNA polymerases are often
neglected: salt concentration and the sequence of the DNA
template (6, 7).
How does trx increase the processivity of gp5? The crystal
structure of gp5/trx bound to a primer template shows the trxbinding domain with the associated trx extended over the duplex
region of the primer template (7). The trx-binding domain (TBD)
and trx do not completely encircle the DNA as the other half of
the DNA is resting in the DNA binding crevice of gp5. Nevertheless, the result is a clamp-like structure. The binding of trx most
likely also orients the trx-binding domain so that additional basic
residues contact the phosphodiester backbone of the DNA leading to a higher affinity for the DNA through increased electrowww.pnas.org/cgi/doi/10.1073/pnas.1010141107

Fig. 1. Crystal structure of T7 gp5/trx bound to primer template and an incoming nucleotide. Gp5 is shown in blue and trx in brown. The DNA is shown
in orange. Trx binds to the unique 76-residue segment at the tip of the
thumb, trx-binding domain (TBD). [PDB ID code 1T8E (23)].

static interactions (3). However, there is no structure of gp5
alone to serve as a reference to explain the structural effect of
trx. Hence, other approaches are necessary to characterize the
interaction of trx with gp5. Single-molecule studies suggest that
thioredoxin increases the processivity by suppressing microscopic
hopping on and off the DNA (8). Using neutron spin-echo spectroscopy, normal mode analysis, and a statistical-mechanical
framework, Bu et al. (9) showed how protein domain motions
are coupled during conformational changes within DNA polymerase I from Thermus aquaticus. Tang et al. (10) employed
small-angle X-ray scattering (SAXS) and modeling studies as
an alternative to crystallography to examine the conformational
state of DNA polymerase β with a mismatched deoxyribonucleoside triphosphate (dNTP) in the active site. In these studies SAXS
was used to monitor the conformational states of the enzyme to
show that the ternary complex of DNA polymerase β-DNA-dNTP
does not undergo conformational changes due to mis-incorporation of Mg-dNTP.
We have examined the conformational changes that occur in
gp5 upon binding of trx. We present a model for an allosteric
regulation of processivity by trx. Biochemical assays were used
to study differences in DNA binding and dNTPs’ incorporation
between gp5 and gp5/trx. The processivity and rate of polymerization were determined using single-molecule techniques. We
used SAXS and nuclease footprinting to examine conformational
changes caused by trx binding to gp5. Our results show that conformational changes of gp5 that occur upon trx binding are responsible for the extension of the binding surface with DNA
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Gene 5 of bacteriophage T7 encodes a DNA polymerase (gp5) responsible for the replication of the phage DNA. Gp5 polymerizes nucleotides with low processivity, dissociating after the incorporation
of 1 to 50 nucleotides. Thioredoxin (trx) of Escherichia coli binds
tightly (Kd ¼ 5 nM) to a unique segment in the thumb subdomain
of gp5 and increases processivity. We have probed the molecular
basis for the increase in processivity. A single-molecule experiment
reveals differences in rates of enzymatic activity and processivity
between gp5 and gp5/trx. Small angle X-ray scattering studies
combined with nuclease footprinting reveal two conformations
of gp5, one in the free state and one upon binding to trx. Comparative analysis of the DNA binding clefts of DNA polymerases and
DNA binding proteins show that the binding surface contains more
hydrophobic residues than other DNA binding proteins. The
balanced composition between hydrophobic and charged residues
of the binding site allows for efficient sliding of gp5/trx on the
DNA. We propose a model for trx-induced conformational changes
in gp5 that enhance the processivity by increasing the interaction
of gp5 with DNA.

and ultimately for the increase in processivity. We have also
compared the DNA interaction of the large fragment of E. coli
Pol I (Klenow fragment) with those of the gp5/trx complex. The
large fragment of the E. coli Pol I shares high sequence homology
with gp5 with an identity of over 30% (11, 12) but does not
bind trx.
Results
Influence of Ionic Strength on the Activity of Gp5. The processivity
factor trx binds with high affinity (5 nM) to T7 gp5 in a 1∶1 stoichiometry (2, 3) and converts it from an enzyme of low processivity to one of high processivity (5, 13). Trx increases the binding
of gp5 to a primer-template 20–80-fold (5, 13). In these studies
high salt concentration (100 mM NaCl) increased the efficiency
of initiation of DNA synthesis but decreased processivity. The
increased utilization of primers at high ionic strength was attributed to a reduction in nonspecific binding of gp5/trx to the DNA.
The decrease in processivity was attributed to a change in the secondary structure of the DNA, perhaps arising from a neutralization of the repulsive charges on the DNA backbone. However,
salt could also affect the charged residues of gp5/trx within the
DNA binding crevice.
Gp5 alone is sensitive to increases in ionic strength as shown
in Fig. 2A, where the activity on primed M13 DNA is reduced as
the NaCl concentration is increased from 50 mM to 100 mM. At
125 mM NaCl where gp5 alone is inactive, gp5/trx retains 50%
activity. The activity of gp5/trx is much greater than that of
gp5 due to the increase in processivity, presumably resulting from
the fewer rate limiting dissociation–association steps occurring
during processive DNA synthesis.
We have also examined the effect of ionic strength on the binding of gp5 and gp5/trx to a primer template where the polymerase
is trapped in a polymerization mode (Fig. 2B). In this analysis a
primer template is incubated with T7 DNA polymerase in the
presence of the next incoming dNTP. The 3′ terminus of the primer is occupied by a dideoxynucleotide and hence no nucleophilic attack can occur on the incoming dNTP. Such an approach
was employed to obtain the crystal structure of gp5/trx in complex
with a primer template and a dNTP (7). In the present experiments we have used a nitrocellulose filter binding assay to measure the amount of DNA bound to the polymerase at increasing
concentrations of NaCl (Fig. 2B). Increasing the ionic strength
leads to a significant difference in the binding of gp5 and gp5/trx
to the DNA. Considerably higher salt concentrations are required

to disrupt gp5/trx-DNA as compared to the gp5-DNA. At 110
mM NaCl gp5/trx is fully bound to the DNA, whereas only 50%
of gp5 remains bound. Thus gp5 and gp5/trx bind to the primer
template via two different modes as postulated recently (8).
The distribution of the electrostatic potentials on the structure
of gp5/trx is presented in two different views of the complex in
Fig. 2C where the negative values are in red and the positive in
blue. Those residues in the DNA binding crevice that make contact with the DNA in the crystal structure are indicated by yellow
dots. The DNA binding crevice has a highly positive potential,
and the effect of salt may arise from a neutralization of this contact area with DNA. We propose that the differences in the behavior of gp5 and gp5/trx at high salt concentration arise from a
different distribution of charged amino acids on the DNA binding
interface. The binding of trx to gp5 leads to a conformational
change that yields the electrostatic potential seen in Fig. 2C.
Leading-Strand Synthesis Observed at the Single-Molecule Level. The
observation of interactions of a single protein with a DNA molecule in real time allows for the detection of intermediates and
kinetic details that are difficult to obtain with ensemble assays.
Single-molecule studies have shown that gp5, in the absence of
trx, binds nonspecifically to duplex DNA and then diffuses along
the DNA with frequent transient dissociations (8). However,
upon binding trx the complex remains bound to the DNA while
diffusing along the DNA. Single-molecule studies using optical
tweezers have shown previously that the processivity of nucleotide polymerization of gp5/trx is 700 bases (14) as compared
to only a few nucleotides by gp5 alone (6).
T7 gp5/trx cannot catalyze strand-displacement synthesis on
duplex DNA (15). However, in the presence of gene 4 helicase
leading-strand synthesis is observed (16). Gene 4 helicase unwinds double-stranded DNA and allows gp5/trx to extend the
leading DNA strand. Both unwinding and polymerization activities are coordinated, and the proteins form an extremely stable
complex (5). The processivity of leading-strand synthesis is
greater than 17,000 nucleotides per binding event (17).
Trx is required for processive synthesis on ssDNA, but the
question arises as to the role of trx in leading-strand synthesis.
In the experiment shown in Fig. 3A, single-molecule techniques
were used to measure the rate and processivity of leading-strand
DNA synthesis catalyzed by gp5/trx and gp5 in a reaction with
gene 4 helicase. The rates and processivities of leading-strand
synthesis are presented in Fig. 3B along with examples of sin-

Fig. 2. Effect of ionic strength on polymerase activity and on the affinity of the polymerase for a primer template. Polymerase activity (A) was measured in the
DNA polymerase assay containing 40 mM Tris-HCl, pH 7.5, 10 mM MgCl2 , 10 mM DTT, 50 mM potassium glutamate, 0.25 mM dTTP, dCTP, dGTP, and [α-32 P] dATP,
20 nM primed M13 DNA, and 5 nM gp5 in the absence of trx (blue) or in the presence of 25 nM trx (red), at the indicated concentrations of NaCl. After
incubation at 37 °C for 10 min, the amount of [α-32 P] dAMP incorporated into DNA was measured. (B) The binding of gp5 and gp5/trx to a primer template
in the presence of the incoming dNTP (see Inset) was measured using a nitrocellulose filter binding assay. The reaction contained 40 mM Tris-HCl, pH 7.5, 10 mM
MgCl2 , 10 mM DTT, 50 mM potassium glutamate, 250 μM ddATP and ddGTP, and 2.5 μM gp5 in the presence (red) or absence (blue) of 3 μM trx and 1 nM primer
template. The primer template consisted of the primer (5′-CGAAAACGACGGCCAGTGCCA-3′ annealed to the radiolabeled template strand 5′-32 P (5′CCCCTTGGCACTGGCCGTCGTTTTCG-3′). The 3′-terminal nucleotide of the primer is ddCMP. The reaction mixture was loaded onto a nitrocellulose membrane
laid atop a Zeta-probe membrane (see Materials and Methods) fixed on a dot microfiltration apparatus. The protein-DNA complex bound to the nitrocellulose
membrane, and the free DNA on the Zeta-probe membrane were measured. (C) The distribution of electrostatic surface potentials for gp5/trx (7) calculated
using the Adaptive Poisson-Boltzmann Solver plug-in (27) embedded in PyMol (www.pymol.org). The values of surface potentials are shown as a spectrum
ranging from the negative value −4kT (red) to the positive value þ4kT (blue). The residues in the DNA binding cleft that contact DNA are represented by
yellow dots. Two different views of gp5/trx are presented.
15034 ∣
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Fig. 3. Single-molecule analysis of leading-strand synthesis mediated by gp5/trx or gp5 in the presence of gp4 helicase. (A) Experimental design. Duplex λ DNA
(48.5 kb) is attached to the surface of the flow cell via the 5′ end of the fork using biotin-streptavidin interaction, and the 3′ end is attached to a paramagnetic
bead using digoxigenin-anti-digoxigenin interaction. The replication reaction in the flow cell contains 20 nM gp4 (hexameric concentration), 20 nM gp5/trx, or
100 nM gp5 in a buffer consisting of 600 μM each of dATP, dTTP, dCTP, and dGTP, 10 mM DTT, and 10 mM MgCl2 . DNA synthesis by proteins leads to conversion
of the dsDNA to ssDNA, resulting in shortening of the DNA ligand that was accompanied by the movement of the bead against the direction of the flow. (B)
Rate and processivity of leading-strand synthesis by gp5/trx or gp5 in the presence of gp4 helicase. Examples of single-molecule trajectories for leading-strand
synthesis are shown. Rate and processivity were calculated by fitting the distributions of individual single-molecule trajectories using Gaussian and exponential
decay distributions, respectively. Twenty-two single events were used to calculate rate and processivity for gp5/trx, and 11 events for gp5. Standard errors
represent the accuracy in fitting of these distributions.

gle-molecule trajectories. Gp5/trx mediates strand-displacement
synthesis with a processivity of 15.9  2.9 kb and rate of 114
24 nt∕s, in good agreement with those previously reported
(17). In contrast, the processivity of leading-strand synthesis
for gp5 alone is 3.9  0.5 kb, and the rate is 26  8 nt∕s. It is
noteworthy that gp5 alone is able to interact with gp4 helicase
to mediate leading-strand synthesis, albeit with a 4-fold decrease
in both the rate and processivity.
Gp5 Adopts an Extended Global Conformation upon Binding of Trx.
SAXS analysis. SAXS allows the characterization of structure
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and interactions of macromolecules in solution. The advent of
high-flux synchrotron sources and advancement in data analysis
enable the determination of low-resolution models from SAXS
data. We used SAXS to study the conformational transition of
gp5 upon binding of trx. The experimental SAXS pattern of
gp5 (Fig. 4A) reflects structural characteristics in reciprocal
space. The small-angle scattering curves and their corresponding
Guinier plots are presented in Fig. S1. We have analyzed the
small-angle region (q ¼ 0.0088 to 0.38 Å−1 ) of the scattering
spectrum using the Guinier approximation and the software
GNOM (18). Linearity of the small-angle part of the spectrum
(S2 ≤ 0.004 Å−2 ) in the Guinier plot indicates no aggregation
of the sample that would hinder the analysis. An upward devia-

tion from linearity in the wider-angle part of the spectrum
(>0.004 Å−2 ) of the gp5/trx complex corresponds to a more pronounced aberration from internal symmetry of the particles due
to trx binding to gp5 (see Fig. S1). Such a deviation was shown
previously for a myosin head subfragment-1 (19).
The analysis of the small-angle data of gp5/trx complex gives a
hydrated radius of gyration (Rg) of 34 Å. This value is similar
to the theoretical Rg calculated based on the crystal structure
of gp5/trx [Protein Data Bank (PDB) ID code 1T8E] using
CRYSOL (20) (Table 1) indicating that the crystal structure
and the solution structure are comparable. The same analysis
for the SAXS data of gp5 yielded an Rg of 31 Å (Table 1). To
determine if this change in Rg was due to trx binding or to a conformational change, we calculated the theoretical scattering
curve for gp5 by stripping the crystal structure of gp5 from
DNA. The SAXS spectrum of free gp5 does not fit well with
the theoretical scattering spectra of either free gp5 or gp5/trx derived from the crystal structure (PDB ID code 1T8E) with χ2 of
1.63 and 1.89, respectively. This deviation indicates that trx binding is accompanied by a conformation change between the free
and bound gp5. The distance distribution function [pðrÞ] curve of
free gp5 measures the distribution of pairwise distances (centers
of mass) within the volume of the particle. The pðrÞ of free gp5
shows a maximum dimension of the molecule (Dmax ) of 80 Å and

Fig. 4. SAXS data and low-resolution solution structure of gp5 and gp5/trx. (A) Low-angle data (0.0088–0.38 Å−1 ) were obtained at a detector length of 2 m.
(B) Distance distribution function pðrÞ of free gp5 (blue) and gp5 upon binding to trx (red) with Dmax of 80 Å and 105 Å, respectively. pðrÞ was obtained using the
computer program GNOM (18). The contribution of gp5 to the structure of gp5/trx was obtained by subtraction of the trx theoretical spectrum (PDB ID code
2trx, depicted in gray) from the gp5/trx theoretical spectrum (depicted in light dashed gray). (C) The corresponding ab initio model of gp5, obtained using the
computer program GASBOR (20), is presented at Left. The gp5 contribution to the crystal structure of gp5/trx (PDB ID code 1T8E) is presented at Right.
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Table 1. Overall parameters for X-ray scattering of gp5 and
gp5/trx
Species
Sphere*
Gp5
Gp5
Gp5
Gp5/trx
Gp5/trx
Gp5/trx

Method
Guinier†
Script‡
GNOM§
CRYSOL¶
Guinier
GNOM

Rg , Å
27.87 (30.19)
31.5
30.7
30.8
34
33.3
34.9

Dmax , Å

86
80
105
104

Rg , radius of gyration; Dmax , maximum dimension of particle.
*Calculated for spherical particle of 705 dummy beads corresponding to the
number of amino acids in gp5 (and 827 corresponding to gp5/trx) when the
diameter of individual bead is 2.1 Å.
†
Determined by linear fitting to the Guinier region.
‡
Our in-house script performs a course automatic search for the best fitting
parameters using GNOM (Fig. S2) and is based on modifications of the search
method described previously (25).
§
Determined using the software GNOM (18). Results of the course search
were refined to obtain a smooth PðrÞ.
¶
Determined using the software CRYSOL (26) and the crystal structure of gp5/
trx complex [PDB ID code 1T8E (23)].

has a maximum at 40 Å (Fig. 4B). The shape of the distribution
with the maximum in the middle indicates a compact, sphere-like
structure. Upon binding trx, the distribution becomes wider with
a Dmax of 105 Å (Table 1). This difference in Dmax of 25 Å and the
difference in shape with the maximum of the distribution shifting
to the left cannot be explained by simple binding of trx, which is a
relatively small molecule, but can be explained only by an elongation of the whole complex due to a conformational change. The
theoretical pðrÞ calculated from the crystal structure of gp5/trx
(PDB ID code 1T8E) is consistent with the experimental pðrÞ
for the gp5/trx complex (Fig. S3). The software GASBOR (20)
was used to reconstruct low-resolution structural models of free
gp5. The average of 20 structural models (Fig. 4C Left) indicates
that gp5 is more spherical relative to gp5/trx. The movement of
the TBD relative to the polymerase core domain is the major conformational change upon trx binding as indicated by the shape of
the molecular envelope obtained by SAXS.
Footprint of gp5 and gp5/trx on a primer template. We have examined the region of the primer template bound to gp5 and gp5/trx
by determining the DNA protected from digestion by E. coli exonuclease III. Exonuclease III removes nucleotides sequentially
from the 3′ ends of each strand of a DNA duplex (21). Either
gp5 or gp5/trx was incubated with the primer template depicted
in Fig. 5A where four nucleotides of the template strand are
single-stranded. The primer bears a 3′ dideoxynucleotide and
the next incoming nucleotide, in this case ddGTP, is present.
These conditions lock the polymerase onto the primer template
in a polymerization mode. The template strand is labeled with 32 P
at its 5′ terminus. The resulting stable complex is then digested
with exonuclease III, the DNA denatured, and the 32 P-labeled
products identified by electrophoresis on a polyacrylamide
gel (Fig. 5B).
When gp5 alone is bound to the primer template, 14 nucleotides of the template strand are protected from exonuclease III
(Fig. 5B), precisely the number observed with the large fragment
of E. coli Pol I (data not presented). However, when trx is present
an additional 7 nucleotides are protected. Based on the orientation of the 3′-primer terminus and the 5′ terminus of the labeled
template strand (Fig. 5A), gp5 protects 9 nucleotides (14 less the
5 nt present in the 5′-ssDNA tail of the template) of the duplex
portion of the DNA adjacent to the primer terminus. The
presence of trx extends this protection for an additional 7 nucleotides.
15036 ∣
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Fig. 5. Footprint of gp5 and gp5/trx on a primer template. (A) Schematic
representation of gp5/trx bound to a primer template. The primer template
used in this analysis consisted of a 5′-32 P radiolabeled 26-nt template
annealed to a 21-nt primer strand such that there are five 5′-nucleotides
of ssDNA on the template. ddATP and ddGTP are present in the reaction.
Upon addition of DNA polymerase ddAMP is incorporated resulting in chain
termination, and the next incoming nucleotide ddGTP cannot be incorporated but locks the polymerase onto the primer template. Gp5/trx has been
superimposed on the DNA to create a model for the interpretation of the
results. (B) Protection of the template strand from digestion by exonuclease
III. The DNA primer template (500 pM) was incubated with 1 μM gp5 or gp5/
trx. Reaction mixtures contained ddATP and ddGTP (250 μM). Exonuclease III
(10 units) was added and the reaction was incubated at 37 °C for 10 min. The
radiolabeled products were separated on 25% polyacrylamide gel containing
3 M urea and visualized by autoradiography.

The SAXS and exonuclease III footprinting studies complement
each other and indicate that gp5 has a globular structure and, as a
result, a smaller surface of interaction with DNA than does gp5
when bound to trx. The compact shape of the calculated structure
based on SAXS data of gp5 fits the smaller DNA footprints.
Flexibility of the trx-binding loop. The flexibility of gp5 was characterized using normal mode analysis (NMA). NMA is a classical
technique for studying the vibrational and thermal properties of
molecular structures at the atomic level (22). NMA of gp5 based
on the crystal structure of T7 DNA polymerase [gp5 only, PDB
ID code 1T8E (23)] indicates that the trx-binding loop of gp5 possesses higher flexibility than the other regions of the protein
(Fig. 6). The rmsd of the C-α atoms of the protein conformations
as determined by NMA is related to the crystallographic B factor
along the amino acid chain (Fig. 6).

Discussion
A number of processive proteins have been identified and their
structures determined (24). Some enzymes, such as E. coli
exonuclease I and the hexameric helicases achieve processivity
by encircling the DNA. Others such as E. coli DNA polymerase
III interact with an accessory protein that encircles the DNA. The
mechanism of processivity for these proteins is relatively clear.
There are, however, processive enzymes such as T7 RNA polymerase that only partially enclose their substrate. A major determinant for processivity with these proteins appears to be a large
interactive surface (24).
How does T7 DNA polymerase achieve processivity? The polymerase itself has low processivity, and acquires high processivity
only when it binds thioredoxin. The crystal structure of gp5 in
complex with trx and a primer template (7) showed the DNA
binding within the DNA binding crevice. A number of residues
interact with the duplex portion of the DNA. In all of the
polymerases of this family the thumb subdomain is located in
a position above the DNA binding crevice that could at least partially enclose the DNA, perhaps contributing to their processivity.
Akabayov et al.

In the T7 DNA polymerase trx binding to gp5 creates an extended
sliding interface on the DNA.
In the crystal structure of T7 DNA polymerase trx is bound to a
76 amino acid polypeptide loop inserted between two helices in
the thumb subdomain (7). Although trx is in a position to lock the
DNA into the binding crevice, it is rotated away from the primer
template. It is not unreasonable to speculate that trx and the flexible loop to which it is attached could swing across the DNA binding groove to encircle the DNA. Our finding that seven additional
nucleotides of the primer template are protected from digestion
by exonuclease III supports this model. We cannot rule out a trxinduced conformational change in gp5 that tightens the groove
around the DNA or increases the interacting surface. A remaining question involves the mechanism by which the DNA moves
within the groove during DNA synthesis. Upon the addition of
each nucleotide, the DNA must slide to position the 3′ end of
the primer into the active site for attack on the incoming nucleoside triphosphate. Trx and the trx-binding loop could secure the
DNA by forming a lid over the DNA. In this model the mechanism is similar to that found in the β-protein clamp of E. coli DNA
polymerase III. Alternatively, the trx-binding domain could make
electrostatic interactions with the DNA and stabilize it. In either
scenario each cycle of nucleotide addition necessitates a movement of the thumb to transiently release the DNA. Trx and
the DNA binding crevice appear to be the major determinants
of processivity as the trx-binding domain can be inserted into
the comparable position in E. coli Pol I and trx then binds to this
loop and confers processivity (3). Unfortunately, there is no structure of gp5 without trx bound to a primer template.
We have examined the effect of ionic strength on the formation
of a stable complex with the primer template and gp5 or gp5/trx.
Gp5 is more sensitive to salt than is gp5/trx, which is partially due
to the increased DNA binding site of gp5/trx but may also reflect
differences in the amino acids in the DNA binding cleft due to the
conformational changes gp5 undergoes upon binding of trx. Ionic
strength can affect the NTP binding site or the DNA binding site.
In addition, changes in ionic strength can affect the charges on
the phosphodiester backbone of the DNA or on the bases.
The DNA footprints obtained when either gp5 or gp5/trx is
bound to DNA identify the DNA binding site and provide a
measurement for the change in the gp5 surface of interaction with
DNA upon binding of trx. The size of the binding site increases
from 14 nt to 21 nt following the binding of trx. The additional
nucleotides reside in the duplex portion of the primer template
and more distal from the active site relative to those protected by
Akabayov et al.
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Fig. 6. Normal mode analysis (NMA) of gp5. NMA analysis (Web site: http://
lorentz.immstr.pasteur.fr/gromacs/nma_submission.php) was carried out with
the crystal structure of T7 DNA polymerase (PDB ID code 1T8E). The conformational changes of gp5 are depicted as obtained from NMA using 16 individual
large domain-scale motions. The change in Cα conformation is presented.

gp5 alone. The footprints provide a low-resolution map of the
protein’s structure and a clue to the importance of trx to the DNA
binding properties. We suggest that trx contributes to the interactions of gp5 with DNA in two ways. First, attachment: trx “sits”
on the trx-binding domain and positions it such that it enhances
the sliding interface of gp5. Second, trx induces conformational
changes in gp5 that change the DNA binding cleft. Here we report the low-resolution solution structure of gp5 in the free state.
We first obtained the radius of gyration and distance distribution
function of gp5 and compared their values with those of gp5/trx.
Then we modeled the structure of gp5 from the SAXS profile.
The reconstructed structure was compared to the structure of
gp5 from the crystal structure of T7 DNA polymerase. Our results
demonstrate that gp5 has an end-to-end size (Dmax ) of 80 Å and
Rg of 31 Å, whereas gp5/trx has a Dmax of 105 Å and Rg of 34 Å.
Any linear combination between the SAXS spectrum of gp5 and
the theoretical spectrum of trx obtained from the crystal structure
could not reproduce the spectrum of the complex species in solution. The inability to reproduce the complex spectrum is an indication that one of the components has changed its structure
following binding to the other. Not only is gp5 12 times larger than
trx, but there are also no differences between free trx and trx bound
to gp5, comparing the available crystal structures. Therefore, the
structural change occurs at the level of gp5. The contribution of
gp5 to the spectrum of gp5/trx was obtained following subtraction
of the weighted spectrum of trx from the spectrum of gp5/trx.
Interpreting the experimental data using linear combination analysis yielded similar results that reproduced the spectrum of gp5
from the complex and trx components (Fig. S3). Overall, gp5
exhibits a markedly different conformation in the trx-bound state
when compared to the free state. The shape of gp5 in the free state
is more compact and symmetrical than is the shape of gp5 bound to
trx. The size of both forms of gp5 is consistent with the measurements obtained from the DNA footprints.
Bu et al. showed how protein large motions are coupled during
conformational changes within the Pol I from Thermus aquaticus
(9). Another approach to determining the change in structure of
gp5 resulting from the binding of trx is to compare the DNA binding surface of gp5/trx to that of the large fragment of E. coli Pol I
(Fig. 7). The two are homologous enzymes with an amino acid
sequence identity of 30%. Pol I, unlike gp5, does not bind to a
processivity factor. Analysis of the amino acid composition of
the DNA binding site of DNA binding proteins and DNA poly-

Fig. 7. Amino acids distribution in the DNA binding surface of T7 DNA polymerase and the large fragment of E. coli Pol I (Klenow fragment). The ratio
between the type of amino acid (i.e., hydrophobic, negative, positive, or
polar) and total number of amino acid residues constructing the DNA binding
cleft of the enzymes is shown.
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merases in general (Fig. S4) and of Pol I in comparison to gp5/trx
specifically (Fig. 7) provides a structural basis for the difference in
processivity. Using an in-house script, we analyzed the binding
sites of all DNA binding proteins available in the Protein Data
Bank and clustered them into two groups, all DNA binding proteins and DNA polymerases (Fig. S4). DNA polymerases have a
larger percentage of hydrophobic residues and fewer positively
charged residues within their binding surface than do DNA binding proteins in general.
The higher content of positively charged residues observed for
all DNA binding proteins suggests a static binding mode dominated by electrostatic interactions (Fig. S4B and Table S1).
The higher content of hydrophobic amino acids observed for
polymerases reduces the specificity of binding and would allow
the protein to slide more easily on the DNA. We suggest that
the conformational change of gp5 due to trx binding results in
a different composition of the DNA binding surface (Fig. 7).
A comparison of the amino acid content of the DNA binding
surface of gp5/trx to that of Pol I, presented in Fig. 7, shows that
the ratio of hydrophobic/positive residues is higher in T7 DNA
polymerase than in Pol I. We assume that the interaction surfaces
of gp5 and Pol I are similar, but upon binding of trx gp5 changes
its interaction surface with DNA.
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