Biology

The Crystal Structure of a Replicative
Hexameric Helicase DnaC and Its Complex
with Single-stranded DNA
DNA helicases are motor proteins that play essential
roles in DNA replication, repair, and recombination.
we report two crystal structures of the DnaB-family
replicative helicase from Geobacillus kaustophilus
HTA426 (GkDnaC) in the apo-form and bound to
single-stranded DNA (ssDNA). The GkDnaC-ssDNA
complex structure reveals that three symmetrical
basic grooves on the interior surface of the hexamer
individually encircle ssDNA. The ssDNA-binding
pockets in this structure are directed toward the Nterminal domain collar of the hexameric ring, thus
orienting the ssDNA towards the DnaG primase to
facilitate the synthesis of short RNA primers. These
findings provide insight into the mechanism of ssDNA binding and provide a working model to establish a novel mechanism for DNA translocation at the
replication fork.

DNA replication is a complicated process that requires
a protein machine known as the replisome, comprising
a DNA polymerase, a replicative helicase, and a DNA primase. During DNA replication the leading strand is directly
synthesized by DNA polymerase, whereas on the lagging
strand the primase interacts with the hexameric helicase
to synthesize short RNA primers that are used to generate
Okazaki fragments that are essential for the progression
of the replication fork. DNA helicase is a multifunctional
ATPase that catalyzes the unwinding of double-stranded
DNA into single-stranded DNA intermediates to provide
ssDNA templates for the polymerases at the chromosomal
replication forks. In Gram-positive bacteria, the replicative
hexameric helicase is named DnaC. Despite a common
structure/function mechanism for all replicative helicases,
it remains intriguing why the helicases of different species
might involve different mechanisms of helicase-ssDNA formation.
In this study, we present the crystal structures of the
DnaB-family protein of the eubacteria Geobacillus kaustophilus HTA426 DnaC (GkDnaC) in both the apo-GkDnaC
form and as the GkDnaC-ssDNA complex with a 15-mer
oligodeoxythymidylate (dT)15 at 3.6 Å and 4.1 Å, respectively. The apo-GkDnaC structure was determined by the
multiple-wavelength anomalous diffraction (MAD) method, and the phases were solved using an Au-derivative.
The structure of the GkDnaC-ssDNA complex was solved
using the apo-GkDnaC structure as a probe for molecular
replacement. In the GkDnaC-ssDNA complex crystal, three
dimers are crystallographically related and form an intact
ring-shaped hexamer with 3-fold symmetry with three
dT15 oligonucleotides bound to the interior surface of the
central channel (Fig. 1). The (dT)15 oligonucleotide was observed in the asymmetric unit (Fig. 2). It should be pointed
out that the central channel of hexameric ring helicases
only accommodates one unwound ssDNA molecule at a
time in vivo. The NTD and the top region of the CTD comprise the ssDNA-binding site on the hexameric ring, and
the ssDNA-binding pocket is formed by subunit A and B.
Electrostatic analysis of the dimer surface in the asymmet-
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ric unit reveals a groove region with significant positive
charge that potentially allows the ssDNA to bind through
electrostatic interactions. We also studied the effect of
various mutations on the ability of GkDnaC to bind to
ssDNA using surface plasmon resonance (SPR). Based on
the GkDnaC-ssDNA complex structure, we designed single
mutants (K50A, R117A, R120A, R145A, R330A, R332A, and
R344A) and one double mutant (R145K146A) located at
the ssDNA-binding site. The dissociation constants (Kd) indicate that these positively charged residues located at the
ssDNA-binding pocket significantly affect the interaction
between the GkDnaC helicase and the ssDNA.
In the structure of the E1 helicase-ssDNA complex,
the ssDNA forms a right-handed helical arrangement that
interacts with the DNA-binding loops of the hexameric
channel. The structure of the T7 gene 4 helicase ring in
complex with a nucleotide suggests that the ssDNA could
form a spiral conformation to interact with the ssDNAbinding loops of the channel. In addition, previous studies
revealed that ssDNA passes through the central hole of the
T7 gene 4 helicase ring with a contour length of approximately 3 Å per nucleotide. This indicats that the conformation of the ssDNA in the channel primarily form a helical
shape. Therefore, we speculate that the ssDNA located
at the central channel that is surrounded by the helicase
domain also forms a right-handed helical arrangement in
GkDnaC. However, our GkDnaC-ssDNA complex structure
shows that three ssDNA molecules are bound to the Nterminal DNA-binding sites. Taken together, we propose a
model (Fig. 3) for the DnaB-like proteins where the ssDNA
emanating from the C-terminal helicase channel binds to
the N-terminal DNA-binding sites in a clockwise fashion.

Fig. 1: The GkDnaC-ssDNA complex structure. (A) Sideview of the hexameric GkDnaC-ssDNA complex in ribbon representation. The N-terminal
domain (NTD) collar, C-terminal domain (CTD)
collar, and the bound ssDNA are represented
as cartoons and are colored in violet, green,
and orange, respectively. (B) Top-view of the
GkDnaC-ssDNA complex. Three binding pockets
in the hexameric ring encircle three symmetric
ssDNA molecules.

Fig. 2: The structure of the GkDnaC dimer
bound to ssDNA. ssDNA shown
as sticks within the 2F o -F c electron density map is colored pale
cyan and contoured at 1 σ. The
ssDNA occupies a binding pocket
fundamentally composed of one
α-hairpin and two loops-Loop I(A)
and Loop I(B). Molecule A and molecule B are colored in pink and blue,
respectively.
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In step I, the ssDNA adopts a spiral conformation to interact with the DNA-binding surface of the C-terminal region
of the hexameric channel. At this stage, the ssDNA located
at the N-terminal region is close to the ssDNA-binding site
A. This site could allow ssDNA to bind, therefore creating
a stable interaction and providing a basic track leading
the ssDNA to move toward the position of DnaG primase.
When the protein hydrolyzes ATP, this could provide the
energy necessary to drive the sequential movement of
helicase. Thus, the protein arrives at the state shown in
step II, where the ssDNA in the N terminus of the protein
approaches ssDNA-binding site B. The cycle of changes
would repeat to progress from step II to step III.
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In conclusion, we have solved the crystal structures of
GkDnaC in the apo-form and in a complex with 15-mer-oligodeoxythymidylate ssDNA. In the complex structure, this
ssDNA-binding pocket may guide the ssDNA toward the
DnaG primase to synthesize short RNA primers. We also
demonstrated by SPR analysis that several key residues
surrounding the ssDNA-binding pocket play critical roles
in DNA binding and stabilization. In summary, we provide
the first ssDNA-bound structure of a eubacterial hexameric
ring helicase and propose a possible model for the mechanism of DNA translocation in the replication fork.

Fig. 3: Model for ssDNA-binding during DNA translocation. A hexameric DnaB-like helicase binds to
the replication fork and unwinds it in the 5’ to 3’
direction. The N-terminal collar of the helicase
is colored in yellow. For clarity, the C-terminal
collar is shown as transparent. The ssDNA that
passes through the C-terminal collar is represented by a cyan-colored right-handed spiral.
The leading strand and lagging strand of the
replication fork are colored in black and cyan,
respectively.
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