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Abstract

INTRODUCTION—DNA replication has been studied since the 1950s. It is well established that
double helical DNA needs to be separated for replication by a helicase. Each strand is then copied
by a DNA polymerase, continuously on the leading and discontinuously (via Okazaki fragments)
on the lagging strand, where each DNA synthesis initiates from an RNA primer provided by
primase. After six decades, how DNA polymerases, helicase, primase, and their accessory factors
form a replisome and perform concerted leading and lagging strand synthesis at a replication fork
had never been visualized in atomic detail.

RATIONALE—Bacteriophage T7 presents the simplest known DNA replication system,
consisting of only three proteins. Helicase and primase reside in one polypeptide chain that forms
a hexamer in the presence of DNA and ATP or dTTP. T7 DNA polymerase, aided by E. coli
thioredoxin as its processivity factor, carries out both leading and lagging strand DNA synthesis.
Based on published biochemical data, we designed a minimal DNA fork to trap these essential
proteins in replication competent states.

RESULTS—We determined cryogenic-electron microscopy (cryo-EM) structures of the T7
replisome and showed how its essential enzymatic functions are coordinated in three dimensions.
The hexameric helicase adopts a spiral “lock washer” form that encircles the coil-like lagging
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DNA strand, with two nucleotides (nt) bound to each protein subunit and adjacent helicase
subunits linked by domain swapping. ATP hydrolysis propels each helicase domain to translocate
sequentially and coaxially along DNA in a hand-over-hand fashion, advancing 2 nt per step in the
5" to 3" direction (Fig. A). Instead of all enzymes moving in the same direction parallel to the
downstream parental DNA, a p-hairpin from the leading-strand polymerase separates the two
parental DNA strands into a T-shaped fork that enables the closely coupled helicase to unspool the
downstream DNA tangentially (Fig. B). By protein-protein and DNA-mediated interactions, the
leading-strand DNA polymerase and helicase cooperate to determine the rate of replication. For
every ATP hydrolyzed and 2 nt advanced on DNA by the helicase, the DNA polymerase
incorporates two deoxyribonucelotides. T7 primase, separated from the leading-strand polymerase
by the helicase domain, synthesizes the RNA primers needed to initiate lagging-strand DNA
synthesis. Transfer of a short RNA primer from the primase to DNA polymerase is facilitated by a
zinc-binding-domain at the N-terminus of the T7 primase-helicase protein. Two lagging strand
polymerases can be attached to the hexameric primases with one actively synthesizing DNA and
the other waiting for a primer (Fig. B). Such a relay system may allow the discontinuous lagging-
strand synthesis to keep pace with the leading-strand synthesis.

CONCLUSION—We note the similarity between hexameric DNA helicases and AAA+ protein
chaperones and unfoldases, which form spiral-shaped hexamers around protein substrates, bind
two amino-acid residues with each subunit and move proteins by a hand-over-hand subunit
translocation mechanism. The operating principles of the bacteriophage replisome observed here
rationalize many well-known features of bacterial and eukaryotic replication. Despite moving in
opposite directions (3" to 5" on the leading strand in eukaryotes vs. 5" to 3" on the lagging strand
in bacteria) and association with divergent polymerases, primase and accessory factors, in each
replisome a helicase is the central organizer with leading- and lagging-strand DNA synthesis
occurring on opposite sides of the helicase. The tight association of leading-strand DNA synthesis
with movement of the replication fork sheds light on the effects of DNA lesions on replication and
also the direct transfer of histones from parental DNA to the newly synthesized daughter strands in
eukaryotes.

Graphical Abstract
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Structure of T7 replisomes

(A) A Hand-over-hand mechanism for hexameric helicase translocating along ssDNA. (B) In the
T7 replisome the leading-strand DNA polymerase and helicase establish a T-shaped DNA
replication fork. Primase supplies RNA primers for lagging-strand DNA polymerases to make
Okazaki fragments in a relay mechanism.

Abstract

The replisome that performs concerted leading and lagging DNA strand synthesis at a replication
fork has never been visualized in atomic detail. Using bacteriophage T7 as a model system, we
determined cryo-EM structures up to 3.2 A of helicase translocating along DNA, and of helicase-
polymerase-primase complexes engaging in synthesis of both DNA strands. Each domain of the
spiral-shaped hexameric helicase translocates hand-over-hand sequentially along a ssDNA coil,
akin to the way AAA+ ATPases unfold peptides. Two lagging-strand polymerases are attached to
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the primase ready for Okazaki-fragment synthesis in tandem. A p-hairpin from the leading-strand
polymerase separates two parental DNA strands into a T-shaped fork, thus enabling the closely
coupled helicase to advance perpendicular to the downstream DNA duplex. These structures reveal
the molecular organization and operating principles of a replisome.

One Sentence Summary:

Cryo-EM structures of T7 helicase translocating along DNA and T7 replisome carrying out
concerted leading-and lagging-strand DNA synthesis.

DNA replication involves continuous copying of the leading strand and discontinuous
synthesis of Okazaki fragments of the lagging strand (1, 2). The DNA replisome is a multi-
protein machine that performs concerted parental strand separation and RNA-primed DNA
synthesis on both strands. A helicase is central to all replisomes by coupling DNA
unwinding to catalysis of leading-strand polymerase and lagging-strand primase (3-5).
Lagging strand polymerases are often attached to the replisome at the beginning of Okazaki
fragment synthesis (2). Leading- and lagging-strand synthesis, although organized
differently, proceed at a similar speed during replication (6, 7). The replisome inevitably
encounters a variety of obstacles, and repair and homologous recombination are required to
rescue impeded replication forks (8, 9). Despite its importance, a replisome has never been
visualized at atomic resolution.

Within a replisome, how the helicase separates a DNA double helix is also uncertain. All
replicative helicases are homo- or hetero-hexameric ATPases that belong to RecA-like or
AAA+ families and translocate either inthe 5" to 3" or 3" to 5" direction (10). Although
the ATPase sites are always at subunit interfaces, and single-stranded (ss) DNA-binding
occurs in the central channel, the overall structure and DNA-binding mode differs among
these helicases. Papillomavirus E1 helicase adopts a planar ring shape and encircles a
narrow 6-nt coil in a fashion similar to £. co/i Rho transcription terminator wrapping around
RNA (11, 12). Although movement of DNA-binding loops lining the central channel of E1
helicase is hypothesized to drive DNA translocation, with or without DNA the E1 helicase
structures including the spirally arranged DNA-binding loops are similar (11, 13). In
contrast, bacterial DnaB helicase adopts a lock-washer shape surrounding a 14-nt coil, and
each subunit may sequentially translocate from one end of the lock-washer to the other while
unwinding DNA (14). Eukaryotic CMG helicase binds DNA similarly to DnaB but only
contacts 6-8 nt in a half coil with a subset of six subunits, and how it operates is unclear (15,
16).

We chose to examine the simplest DNA replisome from bacteriophage T7 (1), in which
DNA polymerase (gene product 5, gp5), together with a host processivity factor thioredoxin
(Trx), carries out both leading- and lagging-strand synthesis, and the essential helicase and
primase reside in one polypeptide (gene product 4, gp4). Like DnaB, T7 helicase is a RecA-
like ATPase and translocates on the lagging strand, but it can use dTTP with improved
processivity (17). Structures of T7 DNA polymerase-Trx-DNA-dGTP complexes and
fragments of gp4 (primase including the zinc-binding-domain (ZBD), helicase alone, and
primase with helicase) have been determined (18-21). Structures of gp4-gp5 complexes
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have also been reported, but the DNA substrate was either absent (22) or invisible (23). Here
we report snapshots of the T7 DNA replisome in action and its similarity to £. co/i and yeast
replisomes.

Cryo-EM structure of gp4-DNA complex

A 25-nt ssDNA with primase recognition site (PRS, 3'-CTGG-5") (24) near its 5”-end was
used as the substrate for both helicase and primase of gp4 (Fig. 1A). The E343Q mutant gp4,
which is known to lack the NTP hydrolytic activity and have increased DNA affinity (25),
readily formed a hexamer on the sSDNA in the presence of dTTP (Fig. 1B). After
purification, the gp4-DNA- dTTP complex synthesized RNA primers when ATP, CTP and
Mg?2* were supplied (Fig. 1C). Removal of the 3’-OH by using 3’-deoxy-CTP resulted in a
terminated pppAC4 dinucleotide. Subsequent addition of CTP did not yield longer product
but stabilized the gp4-DNA/pppACy4- CTP/dTTP complex or gp4-DNA complex in short
(Fig. 1, C and D).

A cryo-EM structure of such gp4-DNA complex was determined at 3.2 A resolution, in
which 14 nt and five helicase domains (HelA to HelE) were well ordered, and thus called
gp4s-DNA (fig. S1). The primase (aa 65-250) and helicase (aa 264-549) form two tiers, the
latter of which forms a lock washer wrapping around the right-handed ssDNA coil (Fig. 1E)
with two nucleotides bound to each helicase domain as in the crystal structure of the DnaB-
DNA complex (fig. S2 and S3) (14). Upon further 3D classification, the sixth helicase
subunit (HelF) was found in three distinct conformations (gp4-DNA I-111, fig. S1A). In the
gp4-DNA-I structure HelF bound 2-nt at the 5" end trailing behind HelE, and in the gp4-
DNA-11I structure HelF was positioned forward by ~24 A and bound to the 3" end of DNA
ahead of HelA (Fig. 1E and Fig. 2, A and B). The gp4-DNA-I11 structure with HelF in
between Hel A and HelE likely represents an intermediate state of translocation. The moving
HelF illustrates a “hand-over-hand” translocation mechanism (Fig. 2C).

Individual helicase domains are superimposable with those in the ring-shaped hexameric and
heptameric gp4 crystal structures (fig. S2C) (19, 21). The linker helix (aX, X for exchange)
between the helicase and primase domains (Pri) is cyclically domain-swapped and links PriF
to HelA, PriA to HelB, etc. (Fig. 1E and 2A), as observed in the apo structures (19, 21).
Each primase domain is flexible relative to the helicase tier, resulting in poorly resolved
structures (fig. S1, D and E). We docked six primase catalytic domains (20) into separate
regions of density. The cryo- EM density corresponding to PriF, which binds the 5”-end of
DNA, is significantly larger than for the other five regions (Fig. 1E). PRS/pppAC4/CTP and
an engaged ZBD of gp4 (see below) may account for the increased volume of PriF.

Mechanism for DNA unwinding by gp4

DNA-binding LoopD1 and LoopD2 from each helicase subunit sandwich the backbone of
two nucleotides (Fig. 2, A and D). Residues R487, G488, and G490 from LoopD1 and K467
and N468 from LoopD2 contact the phosphosugar groups. Mutation of any of these residues
reduces DNA binding (25-28). Each helicase domain interface harbors a dTTP-Mg?2*.
Sidechains of Y535 and R504 sandwich the base of dTTP, as they do with adenine of ATP
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(19), while the Walker A motif interacts with the triphosphates. The arginine finger (R522)
supplied by the 3" neighboring subunit contacts the -y-phosphate of dTTP. The Mg2* is
coordinated by the B- and -y-phosphate of dTTP and sidechains of S319 and E343Q. D424
from the Walker B motif possibly has water- mediated interactions with Mg2*, as observed
in UvrD and Rho helicase (12, 29). Interestingly, a nucleophilic water molecule is observed
near the -y-phosphate of dTTP at the HelDE interface in gp4s-DNA (Fig. 2D and fig. S2D)
which is the next subunit to dissociate and propel HelE to translocate. The water is
coordinated by the Q494 mainchain and H465 sidechain, which are adjacent to DNA-
binding residues on Loop D1 and LoopD2, respectively. Mutation of H465 eliminates DNA
stimulation of dTTPase activity (28). The gp4-DNA structure thus reveals a direct
connection between DNA binding and NTP hydrolysis.

Gradual conformational changes are evident in the lock-washer gp4 hexamer. When six pairs
of neighboring subunits (including HelEF and HelFA in gp4-DNA-I and 111, respectively)
are superimposed using the 3" Hel domain, the 5" subunits increasingly rotate anti-
clockwise from the A to F subunits, thus making the NTPase active site tighter (Fig. 2E).
Similar to the gradual closing of ATPase sites in an AAA+ protein translocase (30), the
gradient of conformational change may control the sequential dTTP hydrolysis from 5" to
the 3" end. Concurrently, HelA at the 3" end has more extended DNA interface than HelF
and HelE at the 5" end (fig. S2F), thus facilitating helicase translocation.

The ssDNA complexed with gp4 helicase assumes a helical structure of 12-nt per turn,
reminiscent of B-DNA. Distinct from B-DNA, however, the diameter of the gp4-bound
ssDNA expands from 20 A to 23 A (Fig. 2F) and the average rise per base shrinks from 3.4
Ato 2.9 A. The ssDNAs bound to DnaB and CMG helicase adopt a similar helical
conformation (fig. S3) (14, 16). In contrast, the sSDNA in complex with E1, and ssSRNA with
Rho helicases, have a reduced diameter (less than 15 A) and a short helical turn of 6 nt
instead of 12 nt (11, 12). The similar helical structures of B-DNA and the ssDNAs bound by
gp4, DnaB and CMG imply that these helicases can separate two intertwined DNA strands
by translocating along one and excluding the other with little rotational movement of either
protein or DNA. The B-like ssDNA structure also explains why T7 gp4 and bacterial DnaB
can bind and translocate along dsDNA when loaded viaa 5’ overhang (31, 32). These
helicases likely translocate along one strand of the duplex in the preferred orientation (5” to
3) and pull the strand slightly away from the helical axis as they do with ssDNA, thus
causing local strand separation and partial duplex melting (fig. S2, G to I).

Our structures suggest a sequential “hand-over-hand” translocation of each helicase domain
from 5’ to 3" along the ssSDNA coil (Fig. 2c). Consistent with published data (17, 33), each
domain movement is driven by one dTTP hydrolysis, which allows the Hel domain at the 5
end to reposition to the 3" end and acquire a new dTTP at the newly formed domain
interface. While the cyclically domain-swapped linkers (aX) hold the hexamer intact, gp4
advances by 2 nt for each dTTP hydrolyzed. Interestingly, both 1- and 2-nt step sizes have
been reported for T7 helicase (34-36). For a complete translocation cycle, a gp4 hexamer
translocates over 12 nt in six steps (movie 1). The proposed translocation mechanism for
DnaB helicase is rather similar to the “hand- over-hand” model depicted here, although the
gradient of conformational changes and movement of HelF were not observed in the DnaB
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crystal structure (14). Eukaryotic CMG, which binds ssDNA similarly to gp4 and DnaB (fig.
3D), contacts only 6-8 nt with 3—4 subunits (MCMS6, 2, 5, 3 (16) or MCMS, 4, 7 (15)) and
translocates in the reverse direction, 3" to 5”. The direction of helicase movement can be
readily switched by reversing the order of sequential ATP hydrolysis and the direction of
helicase domain movement (37). In the case of CMG, we suspect that instead of one subunit
translocating 2 nt per step, two or three MCM subunits may translocate en bloc, and a full
turn of translocation over 12 nt may take 3 or 2 steps, respectively (38). Thereby not all six
ATPase sites of CMG need to hydrolyze ATP for the translocation (39).

Attachment of lagging-strand polymerase to gp4 primase

We designed a 44-nt ssDNA and short DNA/RNA hybrid fusion substrate to capture
initiation of lagging-strand DNA synthesis (Fig. 3A). Four cryo-EM structures of gp4-gp5-
DNA/RNA complexes (LagS1-4) with resolution mostly at 4 A were obtained, and using
focused refinement the gp5 polymerase-primase-DNA/RNA portion (LagS1-gp5-DNA)
reached 3.7 A resolution (fig. S4). The gp4 hexamer surrounded the ssDNA coil as in the
gp4-DNA-I structure, so the nomenclature of A-F subunit from the 3" to 5" end remains
applicable. In all four structures, a polymerase-DNA/RNA-dTTP ternary complex was
attached to two adjacent primase domains, EF, AB or BC, in a similar fashion (fig. S5), thus
a maximum of three lagging-strand polymerases may be attached to gp4 simultaneously
(40). Indeed, two DNA polymerases were found in the LagS4 structure. One attached to
PriAB contained the DNA/RNA substrate, and the other attached to PriCD had no substrate
(fig. S5E), as if waiting for the next primer to arrive. Two DNA polymerases are also
observed adjacent to the primase domains in the 13.8 A gp4-gp5 structure without DNA
(23), but they were proposed to engage in leading and lagging strand synthesis, respectively.

In the 3.7 A LagS1-gp5-DNA structure (Fig. 3, B and C), the gp5 polymerase interacts with
PriE and PriF, the latter of which was engaged in primer synthesis in the absence of gp5
polymerase (Fig. 1E). PriE formed extensive polar and hydrophobic contacts with Helix H
on the Thumb domain of polymerase (Fig. 3D), burying 969 A2 at each interface. The
interactions between polymerase and PriF were less extensive and involve the tip of Helix E’
of polymerase (Exo domain) and R77 and T82 from PriF (Fig. 3E). The gp4-gp5
interactions stabilized both primase domains (fig. S4 and S5B), and the flexible hinges
between the primase and helicase (aa 255-265) became fully traceable. Similar association
of polymerase with two contiguous primase domains (EF, AB and BC) and the flexible
hinge in gp4 (fig. S5G) indicate that the lagging-strand polymerase may attach to the same
pair of primase domains while helicase domains continuously translocate with F subunit
becoming the new A, then the new B, and so forth, which corroborates the single molecule
observations (7, 40).

While the 6-bp DNA/RNA hybrid and an incoming dTTP engage the polymerase active site
(Fig. 3F), a ZBD at the N-terminus of gp4 (aa 1-44), which is linked to the primase domain
by twenty disordered residues over 40 A (fig. S5B), buttresses the 5" end of RNA primer
and is fully embraced by the polymerase. The sidechain of Y37 of the ZBD stacks against
the first DNA/RNA base pair (dT-rA), and the downstream ssDNA is bent by ~40°. The H14
sidechain is also within ~3.5 A of the dT-rA pair. The first nucleotide in PRS, dC, is
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sequestered in a pocket and contacted by H33 (Fig. 3F). Mutations of H14 or Y37 severely
hinder primer synthesis by gp4 and extension by gp5 polymerase (41). An H33A mutation
alters the PRS preference from 3'-CTGG-5" to 3'- AIGTGG-5" (42). The structures of gp4-
gp5-DNA/RNA complexes reveal not only how the ZBD binds PRS and stabilizes the short
DNA/RNA hybrid, but how the flexible ZBD may act as a DNA mimic to facilitate primer
synthesis, handoff, and extension without impeding helicase movement (41, 42). In parallel,
the flexible FeS domain in the eukaryotic primase also binds to the 5"-end of RNA primer
and enables its synthesis and delivery to DNA polymerase (43). Similar primase-
polymerase attachment may also occur at the beginning and re-priming of leading-strand
synthesis.

Concerted DNA unwinding and leading-strand synthesis

A DNA fork with a dideoxy 3"-end at the 25-nt leading-strand primer was made to form a
replisome with gp4 helicase-primase and gp5 polymerase for cryo-EM analysis (Fig. 4A).
Several different complexes were generated: gp4 or gp5 alone on DNA, and gp4-gp5-DNA
complexes with different stoichiometries and configurations (fig. S6). After 3D
classification, we obtained five structures of leading-strand complexes (Lead1-5) at
resolutions ranging from 9 to 14 A. These structures contain one each of gp4 hexamer, gp5
polymerase and DNA fork, but polymerase contacts helicase domains in five different
orientations (fig. S7). Separate local refinement of gp4 and gp5 yielded a 4.5 A gp5-Trx-
DNA-dTTP-Mg?2* structure, which resembles crystal structures of the polymerase quaternary
complexes (18), and a 3.8 A Lead-gp4-DNA structure, which is identical to gp4-DNA-I
except for two additional unpaired nucleotides beyond Hel A and before the parental duplex
(fig. S6, S8, A and B, and Fig. 4, B and C).

Eight base pairs of the parental DNA were readily traceable along with the leading-strand
polymerase (Fig. 4D and fig. S8C). The first base pair at the fork (A-T) is partially separated
and stacked with the sidechain of W579 on a b-hairpin from the polymerase (aa 575-585).
The B-hairpin, which is conserved among many bacteriophages (fig. S8D), is disordered
without the DNA fork (18) and functions like the separation pin in SF1 helicases (Fig. 4D)
(29). At the fork, the leading-strand template enters DNA polymerase leaving only one
unpaired nucleotide, as depicted by previous analysis of T7 replisome (4). Some differences
between the cryo-EM and crystal structures of Pol-DNA complexes (18) are observed,
particularly in regions near crystal lattice contacts (fig. S8, E to G). In the cryo-EM
structure, LoopDE” (residues 100-132) in the Exo domain is detached from DNA, and the
distal end of dsDNA was shifted as a rigid body together with Trx by ~10 A towards gp4
helicase.

The leading-strand complexes (Fig. 4, B and C) were readily modeled by docking the well-
resolved gp4 and gp5 structures with minor adjustments around the DNA fork (fig. S8H).
The parental DNA sits between the helicase and the polymerase. At the T-shaped fork, the
two newly separated strands extend in opposite directions, one threading through the
helicase central channel and the other entering the polymerase (Fig. 4C). Because DNA
polymerase advances 1-nt at a time while helicase takes a 2-nt step, separation between the
top of the helicase and parental DNA may oscillate between 1 and 3 nt while the polymerase
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remains 1 nt away from the downstream duplex. The two proteins are connected through
direct contacts. In Leadl complex (fig. S7) the acidic C-terminal tails (C-tails) from HelA
and HelE (spanning two ends of the lock washer as in gp4-DNA-I) contact two basic patches
on polymerase, one near the Trx-binding domain (known as TBDbp (44)) and another in the
front adjacent to the parental DNA and separation pin (known as Fbp (45)) (Fig. 4, E to G).
Although not visualized without DNA (22, 23), these two basic patches and the acidic tail
have been well established to be involved in gp4-gp5 interactions and the efficiency and
processivity of the T7 replisome (44, 45). Such charge-charge interactions appear dynamic
and allow partner switch (HelE in Lead1-3 vs. HelA or HelB in Lead4-5) and up to 180°
rotation of helicase relative to the polymerase and parental DNA with the interface of
TBDbp detached in Lead2-5 structures (fig. S7 and movie 2). However, the Fbp of
polymerase remains associated with an acidic tail of helicase in all five complexes, which
may stabilize the fork (45).

The cryo-EM structures reported here reveal how helicase and polymerase work in concert
at a DNA fork. The two cooperatively move the fork forward by translocating on opposite
strands in opposite directions tangential to the parental DNA helix. DNA synthesis
accelerates DNA unwinding by the helicase (46), and helicase increases ANTP binding by
the polymerase (4). Moreover, DNA polymerase provides the separation pin to physically
divide DNA duplex (Fig. 4) and orients the helicase for DNA unspooling. In contrast to the
popular speculation that helicase translocates along the parental helical axis and forcibly
separates two intertwined strands, pulling one strand perpendicular to the helical axis, which
has also been observed with monomeric DNA helicases (29) and RNA transcriptome (47—
49), may be the most efficient way of unspooling the double helix. Together they unwind
DNA 8-fold more efficiently than gp4 alone, making unwinding processive and independent
of CG-content (4, 17), which also explains the coupling between leading-strand DNA
polymerase and lagging-strand helicase observed in E. coli replisome (7). In the presence of
a DNA lesion or roadblock, the two proteins may temporarily dissociate and thus result in
reduced fork progression. The extended ssSDNA generated by helicase and slowing of the
replisome serve as signals for DNA repair and also allow re-priming (8, 9). After lesion
bypass and re-priming, helicase and polymerase can reattach and form the replisome again.

Replisome architecture

Four lagging-strand complexes (LagL1-4) were also obtained using the same DNA fork
substrate (Fig. 4A and fig. S6 and S9). Like the complexes formed on the short RNA/DNA
hybrid (Lags structures, Fig. 3 and fig. S5), the polymerase complexed with 25-bp DNA and
dTTP-Mg?* was attached to adjacent primase domains AB, BC, CD or EF. With the long
DNA substrate, the processivity factor Trx became ordered, and the Helix H-primase
interaction was strengthened (fig. S9, B to D). The LagL complexes were probably formed
by the two proteins each bound to a different DNA fork substrate (fig. S9A). In fact, within
the same sample preparation, complete replisome particles with the leading-strand
polymerase contacting the helicase domains and one or two lagging-strand polymerases on
the primase side were found in cryo-EM micrographs (Fig. 5A).
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Because of limited particle number and an almost unlimited variety of combinations of
helicase-leading and primase-lagging strand associations, we have not obtained a well-
resolved ab initio replisome structure. However, guided by the 2D classification results (Fig.
5A), a replisome model can readily be built by superposition of the conserved gp4 helicase
portions of Leadl, LagL1 and LagS4 structures (Fig. 5B and movie 3). In this replisome
model, gp4 is sandwiched between leading- and lagging-strand polymerases. The replication
fork is held between the leading-strand polymerase and helicase, and cooperatively pushed
forward by the two proteins. Lagging-strand DNA that emerges from the helicase central
channel is captured first by primase and then transferred to lagging-strand polymerases.
Binding of more than one polymerase to the primase side ensures parallel synthesis of
Okazaki fragments (Fig. 5C) and similar speed of leading and lagging strand synthesis.

The organizing principles governing the T7 replisome is consistent with the details ascribed
to bacterial DNA replication (7) even though in bacteria the helicase-primase association is
intermolecular and mediated by the Tau protein (3). In eukaryotic replisomes, CMG, a
heterohexameric helicase in the 11-subunit complex, translocates along the leading strand
instead of the lagging strand. As a result, the DNA fork must be positioned between helicase
and primase / lagging-strand polymerases (Fig. 5D) (2). Nevertheless, the CMG helicase
remains the central organizer and contacts the leading-strand polymerase (Pol £) on one side
and primase on the other (5). As both CMG and Pol £ move along the leading strand DNA,
the replisome may ignore and skip over lesions on the lagging strand. Recent data suggest
that CMG helps DNA polymerase to traverse lesions and roadblocks, and together they keep
the replication-fork moving forward (50).

Conclusion

Here we present the atomic structures of a primordial DNA replisome, which illustrate how
a replicative helicase translocates in a direction perpendicular to the DNA fork and how
leading- and lagging-strand DNA synthesis occur in the front and back side of the helicase.
flexible connections observed among replisome components depict a highly dynamic
organization yet with operating principles conserved in bacterial and eukaryotic replisomes,
which not only replicate genomic DNA, but also detect DNA lesions and coordinate stress
responses. The detailed replisome structure explains many previously published results and
provides a basis understanding coordination among DNA replication, recombination and
repair. In closing, we note the similarity between hexameric DNA helicases (movie 1) and
AAA+ protein chaperones unfoldase, including Hsp101, Hsp104, p97, ClpB, Vps4, Ymel
and 26S proteasome (fig. S10), which form spiral lock-washer-like hexamers around protein
substrates, bind two amino-acid residues with each subunit and move proteins by a hand-
over-hand subunit translocation mechanism (30, 51-56).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Assembly and structure of the gp4-DNA complex.
(A) Substrate design. (B) Gel filtration profile of the gp4-DNA complex. (C) The gp4

primase activity was assayed with 32P-ATP and 3’-dCTP and chased with CTP, or with 32P-
ATP and CTP. The products are labeled on the side of the gel. (D) Analysis of gp4-DNA
complexes by size-exclusion and dot-blot assays. The gp4 fractions are boxed. Different 32P-
labeled components are indicated on the side. (E) Cryo-EM structure of the gp4s-DNA
complex. A, B, C, D, E and F subunits and DNA are color-coded. The semi-transparent
cryo-EM densities are shown without any filter for helicase domains, and low-pass-filtered
to 8 A for primase domains. The translocation of HelF is indicated by the semi-transparent
red outlines of its beginning (gp4-DNA-I) and end (gp4-DNA-I11) position. PriE is
diagramed as a yellow outline.
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Figure 2. Mechanism of helicase translocation.
(A) Gp4-DNA complex (semi-transparent surface) is viewed from the 5"-end of DNA. The

beginning (dark red) and end position of HelF (pale red) are shown. (B) Translocation of
HelF. Structures of gp4-DNA-I to 111 are shown from left to right. The cryo-EM densities for
HelF and the linker of HelE are shown as semi-transparent surface. (C) Diagrams of helicase
translocation. dTTP hydrolysis and release from HelEF interface releases HelF at the 5

end. After HelF translocation toward the 3" end, the newly formed HelFA interface acquires
a fresh dTTP. Sequential translocations of E to A subunits each toward the 3° end complete
a helical turn of 12 nucleotides. (D) NTPase active site at the HelDE interface and its
connection to DNA binding by LoopD1 and LoopD2 are diagrammed. (E) Gradual changes
at the helicase subunit interface. Hel dimers are superimposed by their 3¢ subunits (shown as
grey surface and ribbons), and the 5" subunits are color-coded as in (A). (F) Superposition
of ssDNA complexed with gp4 (orange) and B-form DNA (cyan).
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Figure 3. Structure of the lagging-strand gp4-gp5 complex.
(A) The DNA/RNA substrate. (B) Structure of gp4 (alternate dark and light molecular

surface for helicase domains and cartoon for primases), gp5 polymerase (green cartoon) and
DNA (orange and yellow). (C) A zoom-in view of the gp4 primase, gp5 polymerase,
DNA/RNA hybrid and dTTP complex. (D and E) The zoom-in views of polymerase and
primase interfaces that are boxed in (C). The possible interactions are shown as dashed lines.
(F) The DNA template (PRS) and the 5"-end of RNA primer are stabilized by the gp4 ZBD.
Cryo-EM density is superimposed as grey semi-transparent surface. Interactions between
ZBD and DNA/RNA are indicated by dotted lines.
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Figure 4. Structure of the leading-strand gp4-gp5 complex.
(A) The DNA fork substrate. (B and C) The gp4-gp5-DNA fork structure. Cartoon of

polymerase (green), Trx (light pink), and helicase (alternate dark and light blue) are shown
with cryo-EM density (semi-transparent). The cartoons of HelF in panel B and of all
proteins in panel C are omitted for clarity. dTTP and DNA-binding loops are shown as red
and blue sticks, respectively in C. Green and blue arrows indicate the directions of DNA
unspooling by polymerase and helicase. (D) A zoom-in view of the DNA fork bound by the
leading-strand polymerase. Nucleotides at the fork are shown as sticks. The separation pin
and W579 stack with the first base-pair of the parental DNA. (E) Sequence of the gp4 acidic
tail. (F and G) Zoom-in views of the gp4 primase and gp5 polymerase interfaces as boxed in
B.
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Figure5. Architecture of T7 replisome.
(A) Representative 2D-classified replisome structures. Polymerases are outlined in green and

cyan. (B) A replisome model composed of leading- (Leadl) and lagging-strand complex
structures (LagL1 and LagS4) is obtained by superimposition of the conserved gp4 helicase
domains. Proteins are shown as semi-transparent surface, and DNA as cartoon. Parental
DNA and leading-strand product are extended artificially with B-DNA. (C and D) Diagrams
of bacterial and eukaryotic replisome with helicase on the lagging strand (C) and leading
strand (D), respectively. In each case the direction of helicase translocation is marked by a
blue arrow.
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