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Thioredoxin, the Processivity Factor, Sequesters an Exposed
Cysteine in the Thumb Domain of Bacteriophage T7 DNA

Polymerase”™

Received for publication, August 8, 2012, and in revised form, September 20, 2012 Published, JBC Papers in Press, September 25,2012, DOI 10.1074/jbc.M112.409235

Ngoc Q. Tran', Seung-Joo Lee', Barak Akabayov', Donald E. Johnson?, and Charles C. Richardson’
From the Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School,

Boston, Massachusetts 02115

Background: Formation of disulfide bonds between exposed cysteines decreases activity of T7 DNA polymerase.
Results: Only Cys-275 and Cys-313 on the thioredoxin binding domain of T7 DNA polymerase are solvent exposed.
Conclusion: Cys-313 is critical for the interaction of T7 DNA polymerase with its processivity factor, thioredoxin.
Significance: A single cysteine in the thioredoxin binding domain of T7 DNA polymerase is important for activity.

Gene 5 protein (gp5) of bacteriophage T7 is a non-processive
DNA polymerase. It achieves processivity by binding to Esche-
richia coli thioredoxin (trx). gp5/trx complex binds tightly to a
primer-DNA template enabling the polymerization of hundreds
of nucleotides per binding event. gp5 contains 10 cysteines.
Under non-reducing condition, exposed cysteines form inter-
molecular disulfide linkages resulting in the loss of polymerase
activity. No disulfide linkage is detected when Cys-275 and Cys-
313 are replaced with serines. Cys-275 and Cys-313 are located
onloop A and loop B of the thioredoxin binding domain, respec-
tively. Replacement of either cysteine with serine (gp5-C275S,
gp5-C313S) drastically decreases polymerase activity of gp5 on
dA;5,/dT,s. On this primer-template gp5/trx in which Cys-313
or Cys-275 is replaced with serine have 50 and 90%, respectively,
of the polymerase activity observed with wild-type gp5/trx.
With single-stranded M13 DNA as a template gp5-C275S/trx
retains 60% of the polymerase activity of wild-type gp5/trx. In
contrast, gp5-C313S/trx has only one-tenth of the polymerase
activity of wild-type gp5/trx on M13 DNA. Both wild-type gp5/
trx and gp5-C275S/trx catalyze the synthesis of the entire com-
plementary strand of M13 DNA, whereas gp5-C313S/trx has
difficulty in synthesizing DNA through sites of secondary struc-
ture. gp5-C313S fails to form a functional complex with trx as
measured by the apparent binding affinity as well as by the lack
of a physical interaction with thioredoxin during hydroxyapa-
tite-phosphate chromatography. Small angle x-ray scattering
reveals an elongated conformation of gp5-C313S in comparison
to a compact and spherical conformation of wild-type gp5.

The use of sliding clamps by replicative DNA polymerases to
achieve high processivity is conserved throughout evolution
(1-3). Moreover, these sliding clamps provide platforms onto
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which other replication proteins can assemble. For example,
DNA polymerase III of Escherichia coli must have the B-clamp,
a ring-shaped protein preassembled on the DNA before the
polymerase can productively bind to the primer-template. The
polymerase, then tethered to the B-clamp, can polymerize
thousands of nucleotides without dissociation from the DNA
(4). Bacteriophage T4 DNA polymerase also requires a sliding
clamp for processivity as well as a docking site for other pro-
teins (5, 6). Similarly, in eukaryotes, the proliferating cell
nuclear antigen forms a ring-shaped structure around DNA
and increases the processivity of the polymerase (1). In most
instances, the binding of the sliding clamp to DNA requires the
assistance of a clamp loader.

In contrast to the sliding clamps, several viruses have evolved
different mechanisms to achieve processivity of the polymer-
ase. The DNA polymerase encoded by bacteriophage ¢29, for
example, effectively mediates processive strand-displacement
synthesis on duplex DNA without accessory proteins (7). Sim-
ilarly, the DNA polymerase of bacteriophage T5 alone polym-
erizes hundreds of nucleotides per binding event (8). The DNA
polymerase (gp5)* of bacteriophage T7, the subject of this
study, is a non-processive polymerase and requires a processiv-
ity factor (9—11). However, its structure and assembly onto the
DNA differ from the sliding clamps discussed above. T7 gp5
dissociates from a primer-template after incorporation of less
than 50 nucleotides. To achieve high processivity, gp5 forms a
1:1 complex with a host protein, thioredoxin (trx), with an
apparent dissociation constant K, of 5 nm (9). The binding of
trx to gp5 allows the polymerase to incorporate hundreds of
nucleotides per polymerization cycle without dissociating from
DNA (9-11).

gp5 is classified as a member of the polymerase I family based
on sequence homology (12, 13). Comparison of the sequence of
T7 gp5 to E. coli DNA polymerase I reveals the existence of a
76-amino acid segment in gp5 that is absent from E. coli DNA
polymerase 1. Genetic and biochemical studies (14, 15) have
shown that this 76-amino acid segment is responsible for the

“The abbreviations used are: gp5, T7 gene 5 protein; trx, thioredoxin; TBD,
thioredoxin binding domain; nt, nucleotide(s); SAXS, small angle x-ray
scattering.
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FIGURE 1. Structure of T7 gp5/trx. The x-ray crystallographic structure of gp5/trx in complex with a primer-DNA template and a deoxynucleoside 5'-triphos-
phate was captured in a polymerization mode at 2.2 A resolution (18). Primer-DNA template is shown in cyan. gp5 is present in blue with the three subdomains:
palm, finger, and thumb. The three subdomains form a DNA binding groove leading to the active site containing the deoxynucleoside 5’-triphosphate. The
processivity factor, trx depicted in gray, is bound to gp5 at a flexible loop of 76-amino acids, designated the TBD. The TBD, shown in orange, extends from the
thumb. Inset, enlargement of the TBD and trx interface. In this structure, Cys-275 and Cys-313 on the TBD of gp5 and the active sites cysteines Cys-32 and Cys-35
of trx are highlighted in green. Thr-327 is highlighted in pink, whereas basic residues are highlighted in red.

interaction with trx; deletion of this domain abolishes the abil-
ity of the polymerase to bind trx and consequently decreases the
rate of polymerization of nucleotides due to the loss of proces-
sivity. Insertion of this region into DNA polymerase I of E. coli
confers a trx-dependent processivity of the polymerase, indi-
cating that this segment itself is sufficient for binding of trx (16).
The 76-amino acid region is, therefore, also known as the thi-
oredoxin binding domain (TBD). The crystal structure of gp5/
trx (17, 18) captured in a polymerization mode shows the TBD
as a flexible loop extended between helices H and H1 of the
thumb (Fig. 1). The thumb along with the palm and fingers
forms a DNA binding groove with the palm forming the base of
acleft and the fingers and thumb forming the cleft sides (Fig. 1).
In this structure trx appears to bind to the extended loop of gp5
and is rotated slightly up and away from the cleft in which the
primer-DNA template lies.

The precise molecular mechanism by which trx mediates
processivity of gp5 is not well understood. Trx is a versatile
protein originally isolated as a hydrogen donor for ribonucle-
otide reductase (19 -21). The activity of trx in this role relies on
two-redox active cysteines in an exposed active loop of a con-
served sequence **CGPC?°. The two cysteines can form a disul-
fide linkage and can participate in reversible oxidation-reduc-
tion reactions with other proteins. However, the reducing
power of the active site cysteines is not required in the poly-
merase catalytic reaction as in the case for trx in the other reac-
tions in which it participates (19 -21). Both Cys-32 and Cys-35
can be replaced with a residue that abolishes the ability of trx to
undergo oxidation-reduction reactions, but these altered trx
can form functional gp5/trx complexes in vitro (22, 23). The
altered trx do, however, have a reduced binding affinity for gp5,
suggesting that the active cysteine sites play a structural role.
Indeed, the crystal structure of gp5/trx reveals that one of the
two cysteines, Cys-32, hydrogen bonds with Thr-327 (high-
lighted in pink) in the TBD (Fig. 1).

The TBD of gp5 contains a number of basic residues located
in two loops, designated loop A and B (14). These basic residues
are in position to contact the phosphodiester backbone of the
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DNA in the binding cleft of gp5 (Fig. 1). It has been previously
shown that the gp5/trx complex remains tightly bound and
slides along the DNA while diffusing, whereas gp5 without trx
diffuses along the DNA using a hopping mechanism (24). Thus,
binding of trx to gp5 may expose a number of basic residues,
and the increased affinity of the gp5/trx complex for duplex
DNA may be the result of increased electrostatic interactions. It
is likely that in the crystal structure shown in Fig. 1, gp5/trx has
been captured in a non-processive mode. In a processive mode
the thumb and bound trx are postulated to swing down onto the
duplex region of the primer-template to prevent the DNA from
dissociation before the next polymerization cycle. Suppressor
analysis of a genetically altered trx supports this hypothesis
(25). Amino acids in gp5 that restore the ability of the altered trx
to confer processivity on the polymerase reside within the TBD,
whereas another is located within the exonuclease domain. The
latter site is interesting because it raises the possibility that
the extended loop of the TBD might swing down and dock on
the lip of the crevice located within the exonuclease domain,
thus encircling gp5/trx around the DNA (26). Moreover, trx
does indeed sit over the DNA as shown by footprinting data
(27). Loops A and B in the TBD also serve as docking sites for
the acidic C termini of the T7 DNA helicase and the T7 ssDNA-
binding protein, both essential components of the T7 repli-
some. The ability of gp5 to bind to this acidic tail of the helicase
provides a mechanism for gp5/trx to be captured by the helicase
in the event it transiently dissociates from the DNA, thus
increasing the processivity of leading strand synthesis (28, 29).

gp5 has 10 cysteine residues distributed throughout the pro-
tein sequence; in contrast, E. coli DNA polymerase I of the same
family has only one cysteine. Of the 10 cysteines, Cys-275 and
Cys-313 are located on loop A and B, respectively, of the TBD
(Fig. 1). The crystal structure suggests these two cysteines are
exposed to the solvent and protein-protein binding surface (17,
18). The unique location of these two cysteines encouraged us
to study their potential role in protein-protein interaction as
well as polymerase function of gp5. We have replaced each of
exposed cysteines with serine and examined the effect of the
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mutation on the function of gp5 both in vitro and in vivo. In this
study we describe yet another role of trx: the binding of trx to
gp5 sequesters an otherwise solvent-exposed cysteine that can
form intermolecular disulfide bonds.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, Bacteriophage T7, and DNA
Templates—E. coli A307 (HrfC, trxA™) lacking the trx coding
gene and T7A5 phage lacking gene 5 were constructed by Stan-
ley Tabor (Harvard Medical School). M13 mpl8 phage pur-
chased from Novagene was used to purify M13 ssDNA using a
Lambda Maxi kit (Qiagen Inc.). Plasmids pGP5-3 expressing
wild-type T7 gene 5 and pTrx-3 expressing E. coli trxA were
generated from parent vector pT7-1 (30) in which the expres-
sion of gene 5 and trxA were under the control of a T7 pro-
moter. Similarly, plasmid pTrxA expressing trxA derived from
pET-24a backbone (Novagene) was used for a complementa-
tion assay. 25-nt oligo(dT) to 350-nt poly(dA) were purchased
from Amersham Biosciences. Oligonucleotides used for site-
directed mutagenesis and primers for DNA polymerase assay
were purchased from Integrated DNA Technologies Inc.

Mutagenesis of T7 Gene 5 and Trx—Plasmids pGP5-C275S,
pGP5-C313S, and pGP-5C275S/C313S were constructed using
QuikChange II XL site-directed mutagenesis kit (Stratagene).
The parent plasmid used for mutagenesis of gene 5 was pGP5-3.
The presence of the desired mutation was confirmed by DNA
sequencing.

Overproduction and Purification of Proteins—Wild-type-
gp5, gp5-C275S, gp5-C313S, and gp5-C2755/C313S were over-
produced in E. coli A307 (DE3) (lacking gene trxA) using plas-
mids pGP5-3 and purified to homogeneity following the
procedures described previously (31). Wild-type trx was over-
produced in E. coli BL21(DE3) using plasmid pTrx-3 and puri-
fied as previously described (10).

Formation of Disulfide Bonds between Exposed Cysteines of
gp5—Non-reduced conditions for gp5 were generated by pass-
ing 30 ug of protein through a G-25 column (GE Healthcare) by
centrifugation at 3000 rpm for 2 min at 4 °C to remove dithio-
threitol (DTT) present in the solution. Samples were collected
and incubated on ice for 30 min with or without the addition of
1 mm DTT. Samples were then electrophoresed on pre-casted
4-20% SDS-PAGE (Bio-Rad) either under reduced or non-
reduced conditions by using protein loading buffer containing
or lacking 1 mm DTT, respectively.

Complementation of T7A5 Phage Growth—Complementa-
tion assays to examine the ability of altered gp5, gp5-C275S,
and gp5-C313S to support growth of phage T7A5 (lacking gene
5) were carried out as described previously (31). Briefly, 100 ul
of 7-fold serial dilutions (10~ 7) of T7A5 phage were mixed with
a 400 ul of cell culture of E. coli A307 (trxA™) carrying both
pGP5-3 (ampicillin resistance) and pTrxA (kanamycin resis-
tance) plasmids at A¢y, = 1 and 3 ml of soft agar (1% Tryptone,
0.5% yeast extract, 1% NaCl, and 0.7% agar). Mixtures were
plated on LB plates (1% Tryptone, 0.5% yeast extract, 1% NaCl,
and 1.5% agar) containing appropriate antibiotics. The expres-
sion of gene 5 and ¢rxA were under the control of a T7 promoter
that was induced upon the expression of T7 RNA polymerase
after T7A5 phage infection. The plates were then incubated at
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37 °Cfor 6 h. The efficiency of plating was determined by divid-
ing the number of plaque-forming units obtained with each
altered gp5 against the number of plaques obtained with wild-
type gps.

DNA Polymerase Assays—The circular DNA template used
for DNA synthesis was prepared by annealing a 24-mer oligo-
nucleotide (M13 primer —47) to M13 mp18 ssDNA at a molar
ratio of 1:1. The homopolymeric DNA template was prepared
by annealinga 25-nt oligo(dT) to 350-nt poly(dA) (dT,5/dA55,).
The DNA polymerase assay for the primed M13 ssDNA con-
tained 40 mm Tris-HCI, pH 7.5, 50 mm NaCl, 10 mm MgCl,, 5
mMm DTT, 250 um each of dGTP, dATP, and dCTP, [*H]dTTP
(10 cpm/pmol), 20 nM primed M13 ssDNA, and 5 nm gp5 with
a 40-fold excess of trx. The reactions were carried out at 37 °C
and stopped by the addition of EDTA to a final concentration of
25 mMm. Aliquots were spotted on DE81 ion exchange filters.
Unincorporated radiolabeled nucleotides were removed by
washing the filters with three successive 5-min washes in 300
mwm ammonium formate (pH 8.0). Filters were dried, and the
amount of [*H]dTMP incorporated into DNA was determined
by liquid scintillation counting.

Reactions to monitor polymerase activity on linear DNA
substrate were similar to those for primed M13 ssDNA except
that dT,5/dA;5, was added at a concentration of 200 nm, result-
ing in a 40-fold molar excess of DNA over polymerase. The
reactions were incubated at 25 °C.

Processivity Assay—Processivity assays were carried out on
a circular M13 ssDNA primed with a 5’ 3?P-labeled 24-nt
primer (M13 primer —47). Primers for processivity assays
were labeled with [y-*?P] ATP at the 5’ end using T4 poly-
nucleotide kinase (New England Biolabs). The labeling reac-
tion was incubated at 37 °C for 30 min followed by heating at
65 °C for 10 min. M13 ssDNA was primed by annealing with
the labeled 24-nt primer in 50 mm Tris-HCI, pH 7.5, and 50
mM NaCl. Primed M13 DNA was purified using S-400 spin
columns (Amersham Biosciences).

The DNA polymerase reaction (100 ul) contained 50 mm
Tris-HCL, pH 7.5,0.1 mm DTT, 50 mMm NaCl, 10 mm MgCl,, 250
M each of four dNTPs, 5 nm wild-type or altered gp5, 200 nm
trx, and 40 nm 3*P-labeled primed M13 ssDNA. Reaction mix-
tures were incubated at 37 °C. At the indicated times aliquots
(20 ul) were removed, and the reaction was terminated by
EDTA (25 mm). The reaction products were separated by elec-
trophoresis on a 0.6% alkaline agarose gel. The gel was dried and
exposed to a phosphorimaging plate followed by scanning with
a Fuji BAS 1000 Bio-Imaging Analyzer.

Gel-shift Assays of gp5-DNA Binding—100 nm **P-labeled
primed linear DNA primer/template and increasing amount of
proteins (gp5 wt or gp5-C313S: 0-10 um) were incubated for 30
min in ice in binding buffer containing Tris-HCl, pH 7.5, 5 mm
DTT, and 50 mm potassium glutamate. Reactions (10 wl) were
resolved by electrophoresis on 10% acrylamide gels in 0.5 X
Tris borate EDTA buffer at 50 V for 3 h. The gel was dried and
exposed to a phosphorimaging plate and analyzed using a Fuji
BAS 1000 Bio-Imaging Analyzer.

Analysis of Solvent-accessible Surface Area of Cysteines of
gp5—The relative surface accessibility for all cysteines of gp5
was calculated using Naccess (32). Naccess calculates the sol-
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vent-accessible surface that is defined by rolling a probe with
the size of a water molecule around a Van der Waals surface.

Hydroxyapatite-Phosphate Chromatography—Hydroxyapa-
tite chromatography in phosphate buffer provides an effective
method to separate free gp5 from gp5/trx (11). A mixture of gp5
(5 M) and trx (50 um) were incubated at 4 °C overnight in
buffer containing 20 mm potassium phosphate, pH 7.4, 1 mm
EDTA, 2 mm sodium citrate, and 10% glycerol. The mixture was
then dialyzed twice against 500 ml of the same buffer. The dia-
lyzed protein was loaded onto a prepacked column of hydroxy-
lapatite (Bio-Rad) at a flow rate of 1 ml/min using a FPLC sys-
tem (AKTA, GE Healthcare). The column was then washed
with 100 ml of the same buffer. Bound proteins were eluted
with a 100-ml linear gradient (20 —250 mm) of potassium phos-
phate, pH 7.4, containing 2 mm sodium citrate, 1 mm DTT, and
10% glycerol. Peaks of protein elution were monitored at A,g,.

Small Angle X-ray Scattering (SAXS)—SAXS analysis of wild-
type gp5 and gp5-C313S was measured at the National Syn-
chrotron Light Source (Upton, NY) on beamline X-9 as previ-
ously described (27, 33). Measurements were performed in a
buffer containing 20 mm potassium phosphate, pH 7.4, 300 mm
NaCl, 1 mMm DTT, and 1 mg/ml of gp5 at 15 °C. The magnitude
of the scattering vector (gq) is defined as,

_ 47Sin0
=

(Eq. 1)

where 20 is the scattering angle. The experimental SAXS data
for all samples showed a linear behavior (see Fig. 8) in the low g,
Guinier region, indicating that gp5 did not undergo aggrega-
tion. Radii of gyration (R )were derived from data in the gR, <
1.3 region using the Guinier approximation,

,quz

I(g) = 1(0)e 3 (Eq.2)

The scattering curve reflects structural characteristics in recip-
rocal space. The software GNOM (34) was used to translate the
scattering profiles into real space by Fourier transformation,
resulting in the pairwise distance distribution function p(r).
The p(r) function is proportional to the particle electron density
and reflects the distances between pairs of scattering points
within the macromolecule, permitting determination of the
maximum intermolecular diameter (D,,,,). The overall three-
dimensional shape of gp5-C313S was restored as described pre-
viously (27).

RESULTS

Exposed Cysteines of gp5 Form Intermolecular Disulfide
Bonds under Non-reduced Conditions—T7 gp5 has 10 cysteines
distributed throughout the protein sequence. When gp5 is
stored at 4 °C in the absence of a reducing agent such as DTT,
there is a progressive loss in activity (> 40% after overnight
incubation). A likely explanation for this phenomenon is the
formation of disulfide bonds (S-S) between exposed cysteines,
resulting in protein aggregation. We examined the solvent
accessibility of 10 cysteines of gp5/trx using Naccess (32).
Results reveal that only Cys-275 and Cys-313 that are located in
loop A and loop B, respectively, of the TBD are potentially
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TABLE 1
Solvent accessibility of cysteine residues in T7 gp5/trx

The relative surface accessibility for all cysteines of gp5/trx complex was calculated
using the program Naccess (32). Naccess calculates the solvent-accessible surface
that is defined by rolling a probe with the size of a water molecule around a Van der
Waals surface of a protein from a PDB file. The values represent the surface acces-
sibility of each cysteine based on the crystal structure of T7 gp5/trx (PDB code
1T8E) (18). “Side chain” refers to the fraction of amino acid side chain that is
exposed to the solvent, “Main chain” refers to the fraction of main chain (not includ-
ing the side chain) that is exposed to the solvent, and “All atoms” refers to the entire
surface area of the amino acid that is exposed to the solvent.

Residue no. All atoms Side chain Main chain
% % %
Cys-20 0 0 0
Cys-88 0.4 0.2 1
Cys-275 43.7 50 27.2
Cys-313 24.2 25.6 20.4
Cys-451 0.5 0.6 0
Cys-483 0 0 0
Cys-622 0.4 0.6 0
Cys-660 0 0 0
Cys-688 2.1 0.7 5.6
Cys-703 1.5 0 55
Cys-32¢ 0.1 0 0.4
Cys-35% 2.6 0.3 8.8

“ Cysteine in redox-active site of trx in complex with T7 gp5.

exposed to the solution. Cys-275 and Cys-313 have 43.7 and
24.2%, respectively, of the atom area exposed to the solvent
(Table 1, in bold). Other cysteines have no or limited exposure
to the protein surface (<2.1%).

We introduced site-specific mutations into the pGP5-3 plas-
mid to change the codon TGT for Cys-275 and Cys-313 of gp5
to AGT and the codon for serine to obtain the altered proteins
gp5-C275S and gp5-C313S, respectively. gp5-C275S/C313S, in
which both of these cysteines are changed to serine, was also
constructed. We purified wild-type gp5, gp5-C275S, gp5-
C313S, and gp5-C275S/C313S and examined them for their
ability to form disulfide bonds under non-reducing conditions
(see “Experimental Procedures”). After incubation for 30 min in
the absence or presence of DTT, the proteins were analyzed by
SDS-PAGE. The results shown in Fig. 2A demonstrate that in
the presence of the reducing agent DTT, both wild-type and
altered gp5 migrated as a single band corresponding to mono-
mers of gp5 (lanes 1-4). However, in the absence of DTT along
with monomer, a significant portion of wild-type gp5 migrated
at positions corresponding to dimers and trimers. In addition to
monomers, dimers are also detected in the case of gp5-C275S
(lane 6) and gp5-C313S (lane 7). No oligomeric forms were
detected when both cysteines were replaced with serines as
seen in lane 8 containing gp5-C275S/C313S. The results con-
firm that only Cys-275 and Cys-313 of gp5 are solvent-exposed
and can form intermolecular disulfide bonds, most likely the
cause of the loss of activity of gp5. Based on these results, DTT
is added to storage buffer and to routine enzymatic reactions
involving gp5 to achieve full enzyme activity.

In the presence of trx, neither wild-type gp5 nor the three
altered gp5s form intermolecular disulfide linkages (Fig. 2B,
lanes 9—12). This result suggests that trx binds to the TBD over
the region containing Cys-275 and Cys-313, thus burying them
in the protein-protein interface. These results taken together
are important in that they imply that binding of trx to TBD of
gp5 protect it from the activity loss due to the formation of the
intermolecular disulfide bonds.
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FIGURE 2. SDS-PAGE analysis of gp5 under reduced and non-reduced
conditions. The reducing agent (DTT) is removed from the protein sample
using a G-25 column (see “Experimental Procedures”). A, lanes 1-4, non-re-
duced protein samples were preincubated with T mm DTT followed by mixing
with the loading buffer containing 5 mm DTT. Lanes 5- 8, non-reduced protein
samples were mixed with the loading buffer lacking DTT to create non-re-
duced conditions during gel electrophoresis. Lanes 1 and 5, wild-type gp5;
lanes 2 and 6, gp5-C275S; lanes 3 and 7, gp5-C313S; lanes 4 and 8, gp5-C275S/
C313S. Gel electrophoresis was carried out on 4 - 20% linear gradient SDS-
polyacrylamide gel. B, shown is the effect of trx on the disulfide bond forma-
tion. Polymerase was mixed with 50-fold excess of trx. Samples were then
prepared and analyzed as described for panel A for non-reduced samples.

DNA Polymerase Activity in the Absence of Trx—T7 gp5
alone has low processivity. It dissociates from a primer-DNA
template after incorporation of less than 50 nucleotides (9, 11).
We first examined the effect of the replacement of Cys-257 and
Cys-313 with a serine on DNA synthesis catalyzed by gp5 in the
absence of trx. In this assay we used the homopolymer primer-
DNA template, dT,5/dA;,, because it lacks secondary struc-
ture that impedes the non-processive gp5 (23). As shown in Fig.
3, despite low processivity, the amount of [’H]dTMP incorpo-
rated into DNA is proportional to the amount of gp5 present.
Replacement of either Cys-275 or Cys-313 with serine resulted
in a dramatic decrease in the activity of gp5. The initial rate of
DNA synthesis catalyzed by gp5-C275S, gp5-C313S, or gp5-
C2755/C313S is ~15-fold lower than that observed with wild-
type gp5. We compared the binding affinity of wild-type and
mutant gp5 to DNA template. Because both cysteines are
located within the TBD in the thumb of gp5, the alterations
unlikely lead to a defect in the catalytic core of the polymerase
that is distal to the TBD. We carried out gel-shift assays to
compare the binding affinity of wt gp5 and gp5-C313S to prim-
er-DNA template. Surprisingly, gp5-C313S and wt gp5 showed
comparable binding affinity to DNA (Fig. 4). The results sug-
gest that the reduction in polymerase activity of the altered gp5
is due to an improper functional conformation created by the
mutations rather than a reduction in physical binding to DNA.

DNA Polymerase Activity in the Presence of Trx—The addi-
tion of trx to reaction mixtures containing gp5 has a dramatic
effect on the rate of DNA synthesis (Fig. 5). The addition of trx
nearly restores DNA synthesis of gp5-C275S to that observed
with wild-type gp5/trx using the relatively short homopoly-
meric primer/template (Fig. 54). Wild-type gp5/trx and gp5-
C275S/trx both incorporate nucleotides at an initial rate of
~75,000 pmol/pug/min. gp5-C313S/trx and gp5-C275S/
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FIGURE 3. DNA polymerase activity of gp5 in the absence of trx. Standard
reaction mixtures (20 ul) containing 200 nm dA5,/dT,5 DNA substrate, 250
um each of dATP, dCTP, dGTP, and [*H]IdTTP (10 cpom/pmol), and increasing
amounts of the indicated gp5 in the standard reaction mixture containing
DTT were incubated at 25 °C for 2 min. The reactions were stopped by the
addition of 25 mm EDTA, and the amount of [?HIdTMP incorporated into DNA
was determined as described under “Experimental Procedures.” B, wt gp5; O,
gp5-C2755; A, gp5-C313S; ¢, gp5-C2755/C313S.

gp5-C313S
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FIGURE 4. Mobility gel-shift assay of binding of gp5 wt and gp5-C313S to
primer-DNA template. Binding and gel analysis was performed as described
under “Experimental Procedures.” The picture shows gel retardation of 32P-
labeled linear primer-DNA template as a function of increasing concentra-
tions of protein (gp5 wt or gp5-C313S: 0-10 um) as indicated.
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FIGURE 5. DNA polymerase activity of gp5 in the presence of trx. DNA
synthesis was determined by measuring the amount of [?HIdTMP incorpo-
rated into DNA over time as described under “Experimental Procedures.” A,
DNA polymerase activity on a homopolymer primer-template is shown. Reac-
tions (200 ul) contained 50 mm Tris-HCI, pH 7.5, 5 mm DTT, 50 mm NaCl, 10 mm
MgCl,, 250 um each of dGTP, dATP, dCTP, and [*HIdTTP (10 com/pmol), 200
nM dA;5,/dT,5 substrate, 5 nm each of the indicated gp5s, and 250 nm trx.
Reaction mixtures were incubated at 25 °C. Aliquots of 20 ul were removed at
the indicated times, and the reaction was stopped by the addition of 25 mm
EDTA. B, DNA polymerase activity on primed M13 ssDNA is shown. Reactions
were similar to those described in A except that dA;5,/dT,5 was replaced by
20 nm M13ss DNA primed with 24-nt primer. Additionally, reactions involving
primed M13 ssDNA were incubated at 37 °C. ll, wt gp5; O, gp5-C275S; A,
gp5-C313S; 4, gp5-C2755/C313S.

C313S/trx have initial rates ~50% that observed with wild-type
gp5/trx. The results indicate that alteration of two cysteines in
the TBD do not indeed impair the catalytic core of gp5.

The dT,s/dA,,, primer-template is too short to provide
meaningful information on the processivity of these gp5/trx
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FIGURE 6. Processivity of wild-type gp5, gp5-C275S, and gp5-C313S. Pro-
cessivity assays were carried out on a M13 ssDNA primed with a 5’ >?P-labeled
24-nt primer in the presence of trx as described under “Experimental Proce-
dures.” DNA synthesis reactions (100 ul) contained 50 mm Tris-HCl, pH 7.5, 5
mm DTT, 50 mm NaCl, 10 mm MgCl,, 250 um each of dGTP, dATP, dCTP, and
dTTP, 5 nm gp5, 250 nm trx, and 40 nm *2P-labeled primed M13 ssDNA. Reac-
tion mixtures were incubated at 37 °C. At the indicated times, aliquots (20 ul)
were removed, and reactions were stopped by the addition of 25 mm EDTA.
The reaction products were separated on a 0.6% alkaline agarose gel.

complexes. Therefore, we have compared the effect of trx on
DNA synthesis mediated by wild-type gp5 and the altered gp5
on primed M13 ssDNA. M13 ssDNA has sites of secondary
structure along its ~7000 nucleotide length that can slow gp5/
trx during DNA synthesis (31, 35). Wild-type gp5/trx has a
processivity of hundreds of nucleotides per binding event on
primed M13 ssDNA (9) and that processivity is reflected in the
high rate of DNA synthesis observed on M13 ssDNA (Fig. 5B).
The initial rate of DNA synthesis catalyzed by gp5-C275S/trx is
more than 50% that observed with wild-type gp5/trx (Fig. 5B)
and, as shown below, like wild-type, gp5/trx is able to copy most
of the M13 ssDNA after 30 min of incubation. In contrast, gp5-
C313S/trx and gp5-C275S/C313S/trx demonstrated signifi-
cantly reduced rates of synthesis on the long DNA, ~10% that
observed with wild-type gp5/trx. Moreover, the extent of DNA
synthesis catalyzed by gp5-C313S/trx and gp5-C275S/C313S/
trx over 30 min is considerably lower than that obtained with
wild-type gp5/trx.

To determine definitively if the reduced activity observed
with gp5-C313S and gp5-C275S/C313S/trx is a result of
reduced processivity, we compared their processivity to that of
wild-type gp5/trx. In this assay the product obtained during
synthesis on M13 ssDNA with a 5'-**P-labeled primer wherein
the primer-template is in an 8-fold molar excess over gp5/trx is
measured. Under these conditions at short times the synthesis
measured is the result of a single binding event. As shown in Fig.
5, wild-type gp5-/trx replicates an entire ssM13 DNA molecule
(~7 kb) within 5 min of incubation as judged by the sizes of the
replication products on an alkaline agarose gel. However, a
number of strong pause sites are also observed. gp5-C275S/trx
replicates the entire M13 DNA molecule within 15 min, but the
amount of primer fully extended is far less than that found with
wild-type gp5/trx. In sharp contrast, gp5-C313S/trx is far less
processive (Fig. 6). This altered polymerase synthesizes only
short DNA products less than 1 kb in length; no fully extended
products were detected after 20 min of incubation. The results
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FIGURE 7. Binding affinity of wild-type gp5 and altered gp5 to trx.
A, dependence of trx concentration on initial rate of DNA polymerase activity
of gp5/trx is shown. Reactions (20 ul) contained 5 nm concentrations of the
indicated gp5, 50 mm Tris-HCl, pH 7.5, 5 mm DTT, 50 mm NaCl, 10 mm MgCl,,
250 um each of dGTP, dATP, dCTP, and [PHITTP (10 cpm/pmol), 200 nm dA,5,/
dT,s substrate. Increasing amounts of trx was added to each reaction as indi-
cated. Reactions were incubated at 25 °C. The amount of DNA synthesis for
each reaction was determined by measuring the amount of [*HJdTMP incor-
porated over 1 min as described under “Experimental Procedures.” B, shown
is the determination of the observed equilibrium binding constant, K. The
data shown in A were used to generate Scatchard plots of initial rates versus
ratio of initial rates to added concentration of trx. K., is equal to the negative
slope of the corresponding curve.l, wt gp5; O, gp5-C275S; A, gp5-C313S; ¢,
gp5-C2755/C313S.

show that gp5-C313S/trx has low processivity compared with
wild-type gp5/trx.

Binding Affinity of gp5 to Trx—Trx binds tightly to gp5 (K, 5
nM) and increases the affinity of the DNA polymerase for a
primer-DNA template that in turn leads to a dramatic stimula-
tion of the polymerase activity (9, 11). Single molecule biophys-
ical assays show a 10-50-fold increase in processivity of gp5
upon binding of trx (36). We examined the ability of wild-type
gp5 and the altered gp5 to form active complexes with trx by
measuring the kinetic of incorporation of [’H]dTMP into DNA
using dT,5/dA,, primer-template as previous described (31).
In these experiments (Fig. 7A) activity is measured as a function
of trx concentration. The observed equilibrium binding con-
stants (K_,,,) that were obtained from Scatchard plots of this
data are presented in Fig. 7B. The observed equilibrium binding
constant K, for gp5-C275S is 17 nMm, not too different from
that observed (10 nm) for wild-type gp5. In contrast, the K, .
constants obtained with gp5-C313S and gp5-C275S/C313S
were 6- and 10-fold higher, respectively, than that for wild-type
gp>5.

Physical Interaction of gp5 with Trx—Hydroxyapatite chro-
matography in phosphate buffer can be used effectively to
resolve gp5 from gp5/trx (11). We, therefore, used this method
to examine the binding of wild-type gp5 and gp5-C313S to trx.
The elution profile of a premixed sample of wild-type gp5 with
trx is shown in Fig. 8A. Protein eluted in two peaks containing
essentially the same amount of protein. Analysis of peak sam-
ples on SDS-PAGE show that the earlier-eluting peak contains
wt gp5 and trx at a ratio of 1:1, whereas the later-eluting peak
contains only wt gp5. Results suggest that wt gp5 bound tightly
to trx to form the stable complexes that bound to HA column
and co-eluted. The mole ratio of trx to gp5 used in this experi-
ment was 5 to 1, and we found a significant amount of free wt
gp5 remained. Probably a higher mole ratio of trx to gp5 is
required to saturate free gp5. In contrast, when gp5-C313S and
trx were premixed and then chromatographed on hydroxyapa-
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FIGURE 8. Physical interaction of wild-type gp5 and gp5-C313S with trx.
Separation of wt gp5/trx from free wt gp5 was performed on a hydroxyapa-
tite chromatography in phosphate buffer as described under “Experimental
Procedures.” Wild-type gp5 or gp5-C313S (5 um) was premixed with trx (50
um) and dialyzed against 500 ml of a buffer containing 10 mm potassium
phosphate, pH 7.4, 1 mm DTT, 2 mm sodium citrate, and 10% glycerol. Dialyzed
proteins were loaded onto the hydroxyapatite column using a FPLC system. Pro-
teins were eluted with a 100-ml gradient from 10 to 250 mm potassium phos-
phate, pH 7.4. A, a sample containing wild-type gp5 and trx is shown. B, a sample
containing gp5-C313S and trx is shown.

tite-phosphate, essentially all (>95%) of gp5-C313S eluted at
the position corresponding to free gp5-C313S; only a small
portion (<5%) of gp5-C313S eluted at the position correspond-
ing to gp5-C313S/trx complexes (Fig. 8B). The results show
that gp5-C313S fails to form a stable complex with trx on
hydroxyapatite-phosphate.

SAXS Analysis of gp5—SAXS allows the determination of the
solution envelope structure of a protein at low resolution. The
experimental SAXS patterns of gp5 and gp5 in complex with trx
were reported previously (27). We used SAXS to examine the
conformational state of gp5-C313S in comparison with wild-
type gp5. The small angle scattering curves and their corre-
sponding Guinier plots (Fig. 94, 4° = 0.0001-0.0004 A~?)
show clear differences between wild-type gp5 and gp5-C313S.
Linearity of the very small angle portion of the spectrum (S <
0.0004 A ~?) in the Guinier plot indicates that both proteins are
stable and do not aggregate. An upward deviation from linearity
in the wider-angle portion of the spectrum (>0.002 A~?) of
gp5-C313S (Fig. 94, inset) represents a pronounced aberration
from internal symmetry of the particles due to conformational
change.

We analyzed the small angle region of the scattering profile
using the Guinier approximation (Equation 2 under “Experi-
mental Procedures”) and the software GNOM (34). The analy-
sis of the small angle data of wild-type gp5 and gp5-C313S gives
a hydrated radius of gyration (R,) value of 31 and 34 A, respec-
tively (Table 2), indicating a different conformation for wild-
type gp5 and gp5-C313S. The distance distribution function
(p(r)) curve measures the distribution of pairwise distances
(centers of mass) within the volume of the particle. The p(r) of
wild-type gp5 has a maximum particle size (Dmax) of 80 A and
displays a maximum at 40 A (Fig. 9B) (27). gp5-C313S presents
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FIGURE 9. SAXS analysis and low resolution solution structure of wild-
type gp5 and gp5-C313S. A, x-ray scattering profiles of wild-type gp5 and
gp5-C313S are shown. Inset, small angle data and Guinier plots of wild-type
gp5 and gp5-C313S are shown. B, shown is distance distribution function p(r)
of wild-type gp5 (gray) and gp5-C313S (black) with D,.,,, values of 80 and 104
R, respectively. p(r) was obtained using the computer program GNOM (34)
and served as an alternative measure for R, and the maximum dimension of
the measured particle. C, the corresponcfmg ab initio model of gp5 was
obtained using the computer program GASBOR (37).

TABLE 2
Overall parameters for small angle x-ray scattering of gp5 and
gp5-C313S

R, radius of gyration; D, maximum dimension of particle.

max

Species Method R, D, o
A A
wt gp5 Guinier” 31.5°
GNOM* 30.8° 80”
gp5/trx CRYSOL“ 342 1052
Guinier 33.3°
GNOM 34.9% 1047
gp5-C313S Guinier 34.2 104
GNOM 36.53 104

“ Determined by linear fitting to the Guinier region.

? Values were from a previous study (27).

¢ Determined using the software GNOM. Results of the course search were refined
to obtain a smooth p(r).

9 Determined using the software CRYSOL (39) and the crystal structure of gp5/trx
complex (PDB code: 1T8E) (18).

a wider distribution of the mass indicated by Dmax of 104 A
(Table 2), suggesting an elongated structure. The program
GASBOR (37) was used to analyze the scattering profile and to
reconstruct low resolution ab initio structural models of gp5-
C313S. The theoretical scattering profiles of 20 independently
reconstructed models reliably account for the experimental
scattering result. The final averaged structural model indicates
that wild-type gp5 is more spherical and compact than gp5-
C313$ (Fig. 9C).

Complementation of Phage T7AS Growth by gp5-C313S, gp5-
C275S, and gp5-C275S/C3135—As gp5-C313S is defective in
interaction with trx, it seemed likely that its ability to support
T7 DNA replication in vivo would also be affected. We exam-
ined the ability of the altered gp5s to support phage T7A5 (lack-
ing gene 5) growth. In this assay, the viability of a phage T7A5
depends on a functional gp5 expressed from a plasmid
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FIGURE 10. Complementation of phage T7A5 growth by gp5. Comple-
mentation assays were performed as described under “Experimental Proce-
dures.” Ineach panel E. coli A307 (trxA ™) carrying a pair of plasmids expressing
the different species of gp5 and wild-type trx was infected by phage T7A5
(lacking gene 5). After incubation at 37 °C for 6 h, phage plaques were photo-
graphed. Different gp5 species are wt gp5 (A), gp5-C275S (B), gp5-C313S (C),
and gp5-C2755/C313S (D).

(pGP5-3) harbored in E. coli A307 lacking the trx gene. Host
E. coli A307 also carries pTrxA plasmid that expresses trx.
Expression of both gp5 and trx were induced upon infection of
T7A5 (see “Experimental Procedures”). The ability of the
altered gp5 to complement T7A5 growth was measured by the
plating efficiency and plaque size. As shown in Fig. 10, although
all the altered gp5 could support phage T7A5 and produce vis-
ible plaques, none complemented as efficiently as wild-type
gp5. gp5-C275S could support T7A5 growth with essentially
the same plating efficiency as wild-type gp5. However, the size
of plaques with gp5-C275S is only one-third those obtained
with wild-type gp5 after 6 h of incubation at 37 °C. In sharp
contrast, T7A5 growth complemented by gp5-C313S not only
had lower plating efficiency (0.64) but also yielded tiny plaques
(Fig. 10C). gp5 harboring substitutions of both Cys-275 and
Cys-313 further decreased plating efficiency (0.47) and also
yielded plaques of tiny size (Fig. 10D). Thus the in vivo results
are in agreement with the biochemical studies.

DISCUSSION

Gene 5 of bacteriophage T7 encodes a DNA polymerase of
low processivity. gp5 alone stalls and dissociates from the prim-
er-template after incorporation of less than 50 nt (9-11). To
achieve high processivity, gp5 uses a host protein, trx. The bind-
ing of trx to gp5 increases the affinity of gp5 to a primer-DNA
template allowing gp5/trx to incorporate hundreds of nucleo-
tides per binding event without dissociating from the DNA
(9-11). T7 gp5 is a member of polymerase I family (12, 13).
However, in contrast to the large fragment (Klenow) of E. coli
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polymerase I that has only one cysteine (38), T7 gp5 has 10
cysteines distributed throughout the amino acid sequences.
Cys-275 and Cys-313 that are located in loop A and loop B,
respectively (15), of the TBD are the subject of the present
study. We found that the polymerase activity of gp5 decreases
significantly when it is stored under non-reduced conditions.
Under non-reduced condition, gp5 forms dimers and trimers as
determined on SDS-PAGE. When either Cys-275 or Cys-313 is
replaced by a serine, only dimers are formed. Moreover, no
oligomeric forms are detected with gp5 having both cysteines
replaced with serines. The results suggest that only Cys-275 and
Cys-313 are exposed to solvent and that the loss of polymerase
activity of gp5 under non-reduced condition is due to intermo-
lecular disulfide linkages (-S-S-) between these two cysteines.
Interestingly, neither wild-type nor the altered gp5 form such
intermolecular disulfide bonds in the presence of trx. The result
suggests that Cys-275 and Cys-313 are buried between the
interacting surface of gp5 and trx, thus eliminating the inter-
molecular disulfide bonds between exposed cysteines of gp5.

Trx has two active site cysteines, Cys-32 and Cys-35. The
three-dimensional structure of gp5/trx reveals those two active
sites cysteines are not in proximity to Cys-275 and Cys-313 of
gp5. In this structure Cys-275 and Cys-313 are located on the
tips of two positive charged flexible loop A and B, respectively,
of the TBD, and the two loops stretch away from trx (Fig. 1),
whereas Cys-32 of trx is exposed on the protein-protein surface
and probably hydrogen-bonds with Thr-327 in the thumb of
gp5. As predicted from the crystal structure, we did not detect a
stable disulfide linkage (gp5-S-S-trx) between the active site
cysteines of trx with the exposed cysteines of gp5. No disulfide
bond was found even when one of active site cysteines (Cys-35)
of trx was replaced with a serine to avoid self-disulfide linkage
(data not shown). Additionally, replacement of Thr-327 of gp5
with a cysteine results in stable disulfide linkage formation
between the sulfthydryl group of Cys-32 of trx and Cys-327 of
altered gp5 (31).

The replacement of either Cys-275 or Cys-313 with a serine,
another nucleophilic residue lacking a thiol group, drastically
decreased the polymerase activity of gp5 in the absence of trx on
DNA templates lacking secondary structure. The presence of
trx restores polymerase activity of gp5-C275S to almost identi-
cal levels of that observed with wild-type gp5/trx; gp5-C313S
and gp5-C275S/C313S are also markedly stimulated by trx but
are only 50% as active as wild-type gp5/trx. Trx also greatly
stimulates polymerase activity of gp5-C275S as it does wild-
type gp5 on primed M13 ssDNA templates. gp5-C313S/trx and
gp5-C275S/C313S/trx on the other hand have 10-fold less
polymerase activity on the M13 template. A large number of
past studies have demonstrated that the stimulation of poly-
merase activity by trx reflects an increase in processivity that
eliminates the rate-limiting steps of dissociation and re-associ-
ation of gp5 to the primer (29, 35). Indeed, processivity assays
show that whereas both wild-type gp5/trx and gp5-C275S/trx
fully replicate the M13 molecules, gp5-C313S/trx has difficulty
in polymerizing nucleotides through sites of secondary struc-
ture. Comparison of K ; indicates that gp5-C275S has a similar
binding affinity to trx as wild-type gp5, whereas gp5-C313S and
gp5-C275S/C313S have 6- and 10-fold lower affinity, respec-
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tively, for trx as compared with wild-type gp5. In support of this
weaker association, gp5-C313S and trx dissociated during
chromatography of gp5-C313S/trx on hydroxyapatite-phos-
phate, whereas wt gp5/trx did not. Hydroxyapatite in phos-
phate buffer is assumed to mimic the phosphodiester backbone
of DNA and has been successfully used to separate gp5/trx
complexes from free gp5 (11). The results taken together sug-
gest that Cys-275 and Cys-313 are part of the TBD surface
involved in the TBD-trx interaction.

Both Cys-313 and Cys-275 are located on the tips of loop A
and B of the TBD. These loops are highly positively charged and
have been postulated to interact with the DNA template as well
as with the acidic C-terminal tail of the helicase (15, 24). We
recently examined the flexibility of gp5 using normal mode
analysis (27). The results showed that the TBD of gp5 possesses
higher flexibility than the other regions of the polymerase.
Binding of trx increases the interaction surface of gp5 to DNA,
allowing the basic residues on loops A and B to electrostatically
contact the phosphodiester backbone of DNA. Mutations that
remove the charges of loops A and B affect the ability of the
polymerase to bind to trx as well as decrease polymerase activity
(14, 15). Therefore, a proper positioning of the basic residues of
loops A and B is critical for this electrostatic interaction. Bio-
chemical data in this study, on the other hand, suggest that the
exposed cysteines, in particular Cys-313 on loop B, are required
to maintain the correct conformation of the TBD for the bind-
ing of gp5 to trx as well as DNA. Serine differs structurally from
cysteine by having a hydroxyl at the position of the thiol group
found in cysteine. Nevertheless, the differences in the chemis-
try between sulfur and oxygen could result in a critical differ-
ence in the protein structure. Hydrogen bonding of cysteine is
relatively weaker than that of serine in the aspect of accepting or
donating a hydrogen bond. Therefore, it is likely that the effect
of C313S replacement on activity of gp5 is a result of an increase
in hydrophilicity of the amino acid side chain rather than sig-
nificant change in the size. In support of this interpretation, the
SAXS analysis suggests that the replacement of Cys-313 by a
serine results in a change of the structure of gp5; wild-type gp5
has a compact and spherical conformation in comparison with
the elongated conformation obtained with gp5-C313S. Thus, it
is likely that the replacement of Cys-313 with serine disrupts
the conformation of the TBD, a compact structure that is acces-
sible by trx. Finally, although the data support a structural role
of the exposed Cys-313 in the TBD-trx interaction, a more indi-
rect role for this cysteine cannot be excluded at this point.
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