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Abstract

DNA replication requires separation of genomic duplex DNA strands that is performed by
hexameric ring shaped helicase machines in all domains of life. The structures and chemo-
mechanical actions of these fascinating machines are coming into focus. There is no evolutionary
relationship between the hexameric helicases of bacteria and archaea/eukaryotes, yet they share
many fundamental features. We review recent studies on these two groups of hexameric helicases
that have unveiled some very surprising distinctions.
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Introduction

The elegant simplicity of the double helix intuited by Watson and Crick suggested that its
replication would also be simple 1, but years of research have shown that nothing could be
further from the truth. We now know that a whole army of enzymes are needed for DNA
duplication. There remain numerous questions about how each enzyme works and how they
function together as a “replisome” machine 23, At a minimum replisomes in all domains of
life contain a helicase, DNA polymerase, primase, and they also require sliding clamps and
clamp loaders identified not long ago*. This review focuses on the helicase that operates
within the context of a replisome machine.

Most helicases are monomers that act in pathways of DNA repair, transcription and
translation 87. But the helicase at the replication fork of all cells is a ring-shaped hexamer
8-10_ Even some bacteriophage and viruses use hexameric helicase rings. Why did helicases
evolve a ring shape for replication? Perhaps the ring enhances the grip on DNA to unwind
long genomes. Regulation is another possible reason for a ring shape, as replicative helicases
usually require other proteins to load them onto DNA, the key objective of origin initiation
1-35_ For example, in eukaryotes the hexameric helicase is loaded onto double strand (ds)
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DNA in G1 phase (called licensing), but it remains inactive until S phase when accessory
factors activate the hexamer and reposition it onto single strand (ss) DNA 1.11-14 Thjs cell
cycle staging of an active helicase underlies why origins fire only once per cell cycle in
eukaryotes.

Central life processes in the Last Universal Common Ancestor (LUCA) are typically
conserved across all domains of life 1516, For example, all cells use a universal genetic code
and the core elements of the translation and transcription machinery are homologous
between bacteria, archaea and eukaryotes. Surprisingly, this is not the case for replication.
The bacterial helicase, polymerase and primase are not homologous to their counterparts in
eukaryotes/archaea, implying these enzymes evolved twice, independently 17. Presumably
LUCA did not evolve a replication process with the precision and efficiency to survive
natural selection.

In this review, we compare general features of the bacterial and eukaryotic/archaeal
hexameric helicases, and then discuss the main hexameric helicase systems individually. We
sincerely apologize for the many studies that are not cited for lack of space.

Comparison of bacterial and eukaryotic hexameric replicative helicases

Helicases can be sorted by sequence homology into six superfamilies (SF) 7. The SF1 and
SF2 helicases are typically monomers involved in repair, recombination, transcription and
other processes. The hexameric helicases involved in DNA replication include members of
SF3, SF4 and SF6. These assort into two main groups, bacterial (SF4) and eukaryotic
(SF3,6). The E. coli Rho factor that terminates particular RNA transcripts is a SF5 hexamer
that has shed considerable light on replicative helicase function; it translocates on RNA not
DNA. Except for eukaryotic CMG, these hexameric helicases are homohexamers. The
bacterial SF4 and SF5 helicases contain ATP sites based on the RecA motif and translocate
5’-3, while the ATP site of eukaryotic SF3 (bovine papilloma virus (BPV) E1 helicase and
SV40 T-antigen) and SF6 (eukaryotic CMG and archaeal MCM) helicases are based on the
AAA+ fold (ATPases Associated with a variety of Activities) and translocate 3'-5" 89, The
RecA and AAA+ motifs are within the larger class of the ASCE fold (The Additional Strand
Catalytic glutamatE (ASCE) P-loop family) 18. However, the relationship is distant and the
RecA and AAA+ based helicases not only track on DNA in opposite directions but also
contain DNA binding elements located at different positions in the secondary structure of the
ATP fold, and the orientation of the ATP fold is different within the higher-order quaternary
structure of the RecA based and AAA+ based hexamers °.

Despite their different evolutionary lineages, the bacterial and eukaryotic helicases have
many similarities. For example, the individual subunits are dumbbell shaped, composed of
N-terminal (NTD) and C-terminal (CTD) domains that give the hexamer an N-tier and C-tier
that look like two stacked rings (Fig. 1A,B) 810, In all hexameric replicative helicases, the
ATP sites are in the CTD at subunit interfaces, with active site residues donated by both
subunits (Fig. 1C). This bipartite ATP site construction enables coordination among the
different subunits during ATP binding and hydrolysis. All replicative hexameric helicases
also contain DNA binding loops that extend into the central pore for DNA interaction.
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Besides replicative helicases, there are other types of ring shaped oligomeric machines that
utilize the RecA fold or AAA+ fold for ATPase-based mechanical activities and also contain
substrate binding loops in the central pore 8°. Examples include the F1 ATPase hexamer
ring that rotates a shaft protein to generate a membrane potential, hexameric peptide
translocases like ClpX that unfold and feed proteins into cylindrical protease chambers, the
NSF/p97 hexamers that function in vesicle fusion, pentameric DNA packaging motors that
spool DNA into viral capsids, and pentameric clamp loaders that assemble processivity
clamps onto DNA.

Hexameric helicases are thought to unwind DNA by encircling and translocating along one
strand and partitioning the other strand to the outside of the ring (Fig. 1D) 10.19-21 Ag the
helicase translocates on the strand it encircles, the front tier acts as a moving wedge that
peels off the complementary strand of duplex DNA. This process is referred to as “steric
exclusion”. The main evidence for the steric exclusion model lies in biochemical studies that
test the ability of a hexameric helicase to bypass a bulky substituent placed on one strand
(i.e. excluded from the central channel), but not on the strand it tracks upon. However, the
structure of replicative hexameric helicases are generally with sSDNA, not forked DNA as
discussed later.

There exists only three high resolution structures of replicative helicases bound to nucleic
acid in the motors, one each for SF3 (BPV E1), SF4 (DnaB) and SF6 (S. cerevisiae CMG),
and also a crystal structure of the SF5 Rho RNA translocase 22-25, The four structures reveal
that they bind the nucleic acid with the same polarity through their motors, regardless of
RecA (bacterial) or AAA+ (eukaryotic) based architecture22-25, Considering that bacterial
and eukaryotic replicative helicases track in opposite directions, yet nucleic acid threads
through the motors the same (Fig. 1C) led to the proposal that they fire ATP in opposite
directions around the ring to achieve 5'-3" and 3’-5" translocation 25, placing the bacterial
DnaB SF4 on the lagging strand and eukaryotic SF3 and SF6 helicases on the leading strand
(Fig. 1D).

The process by which hexameric helicases translocate on nucleic acid, derived from crystal
structures of homohexameric BPV E1 and E. coli Rho, have been proposed 8. However,
this issue awaits further study, especially for eukaryotic CMG as discussed later in this
review. Initial insight into translocation was obtained from T7 gp4 without DNA 22, and then
expanded upon from the structure of the eukaryotic AAA+ BPV E1 bound to ssDNA and
ADP 22, The E1 subunits bind the ssDNA as a spiral inside the central pore. DNA binding
loop(s) in the central channel are on a domain that changes orientation around the ring,
correlating with changes in the ADP binding site geometry (dissussed further, below). The
domains containing the loops progressively rotate from up (proposed ATP state) to down
(proposed apo state) around the ring. The structure is interpreted as sequential ATP
hydrolysis around the ring that drives domain rotations to escort DNA down the pore. In this
“escort” or “staircase” model, neither helicase nor DNA actually rotate. Instead, DNA
binding elements stay attached to the same phosphodiester bond during one round of ATP
turnover events, but when a subunit reaches the end of the spiral staircase, hydrolysis
detaches that subunit from DNA and its DNA binding loops leapfrog over all the other
DNA-binding loops and rebind DNA 6 bases away (see Fig. 2). Progression of these actions
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six times around the ring results in moving six bases. Structures of RecA based bacterial
hexameric Rho RNA translocase (SF5) and DnaB helicase (SF4) with ssDNA suggest a
similar mechanism 242 Individual subunits of E1 and Rho bind one phosphodiester bond,
and the opposing directions of translocation are proposed to be driven by hydrolysis
clockwise or counterclockwise around the ring 25. DnaB binds two phosphodiester bonds
per subunit and entire subunits are proposed to move rather than rotation of domains 24,

It is not clear to what extent helicases harness the energy of ATP to melt DNA, or to
translocate on ssDNA following spontaneous thermal fraying of DNA. Harnessing ATP to
unwind DNA is referred to as active unwinding; taking advantage of spontaneous fraying is
referred to as passive unwinding. There are reports that helicases may employ both process
21,28 However, if spontaneous fraying were sufficiently rapid, DNA polymerases would not
need helicases because polymerases also translocate on DNA and should take advantage of
thermal fraying (i.e. would not need a fully passive helicase).

Individual Replicative Hexameric Helicases

Having reviewed general features we now focus on unique features of the six main model
replicative helicases. The helicases are divided into two main groups, bacterial (RecA based
SF4) and eukaryotic (AAA+ based SF3 and SF6). Structural studies of the bacterial Rho
RNA translocase (RecA based SF5) is a also often referred to 25.

Bacterial RecA based 5’-3’ hexameric helicases

Phage T7 gp4 helicase

The phage T7 gene protein 4 (gp4) contains a primase domain attached to the N-terminal
domain of the helicase 2°. The first insight into a sequential process of translocation on DNA
was derived from the structure of T7 gp4 bound to AMPPNP (no DNA) 26, Four subunits
bind AMPPNP yet appear structurally asymmetric, possibly resembling ATP, ADP and apo
states. Further, the position of loops protruding into the central pore (presumed to bind
DNA) were also asymmetric, interpreted as movements in response to sequential hydrolysis
around the ring and moving DNA through the pore 28. Biochemical studies support strict
sequential hydrolysis, as mixing with mutant subunits demonstrate that a single inactive
subunit poisons the entire T7 gp4 hexamer 30. Cocrystals of T7 gp4 with ssDNA have not
been obtained as yet to confirm this proposal.

Single-molecule studies demonstrate that gp4 often backtracks, letting DNA reanneal and
then resuming forward progression 31, T7 gp4 interacts directly with the T7 Pol 2°, and the
Pol stimulates helicase unwinding 32. Recent cryoEM studies reveal the organization of a T7
gp4 helicase/primase-dipolymerase replisome (Box 1) 33.

Box 1
. Hexameric helicases are organizing centers of replisomes

The structure of replisome machines are only recently coming into focus due to the
advent of direct electron detection technology. Replicative helicases bind replisome
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proteins. Phage T7 gp4 helicase contains the primase in the gp4 helicase NTD, and binds
the T7 DNA polymerase-thioredoxin complex 2932, EM 3D reconstruction of the T7
replisome (see figure, panel A) indicates that two T7 Pols bind the same face of the gp4
helicase 33. A crystal structure of another study of the T7 replisome shows a heptamer
gp4 bound to 3 Pols, proposed as an intermediate in replisome assembly 8°. Eukaryotic
CMG binds the leading strand Pol e 90 and Ctf4 that binds to Pol a.-primase 91, forming
a core replisome 78. 3D EM studies of CMG-Pol e reveal Pol ¢ is located on the C-tier
side of CMG, and the Ctf4-Pol a.-primase is on the N-tier side of CMG (see figure, panel
B, adapted with permission from Fig. 8A of 23) 76, Thus eukaryotic Pols appear to reside
above and below the helicase. Chemical cross-link-mass spectrometry and EM studies
indicate that the catalytic domain of Pol e is flexibly attached to the body of Pol e
23,9293 Thus the catalytic Pol domain may periodically vacate the leading 3" terminus
while staying attached to CMG, providing access of the leading strand to other factors as
needed to continue leading synthesis under various conditions (see 23).

a T7 replisome b Eukaryotic core replisome
Pola

Cellular replicative helicase DnaB

DnaB (SF4 like T7 gp4) is the bacterial chromosomal helicase 7, and like gp4, DnaB
functions in the steric exclusion mode 34 and couples to the replicative Pol, stimulating
helicase rate 3°. Unique to DnaB, the enzyme can use any rNTP, the N-tier is a trimer of
dimers, and the C-tier motor is a spiral hexamer (Fig. 3A) 24:36.37,

Co-crystals of Bacillus stearothermophilus DnaB with ssDNA and GDP-AIF4 show the
ssDNA has a pitch of A form duplex with 11 bases in the C-tier motors, held by loops that
each bind 2 phosphodiester bonds (Fig. 3A) 2438, This 2 base/subunit structure predicts a
step size of 2bp/ATP, consistent with biochemical studies 39, twice the 1 bp/ATP predicted
for E. coli Rho and BPV E1 2225, The DnaB central pore is much wider than Rho and E1
(compare Fig. 3A,B,C) and biochemical studies demonstrate that DnaB can encircle and
track on dsDNA, but encircles ssSDNA at the replication fork 3440,

Archaeal AAA+ based MCM 3’-5" homohexameric helicase

The archaeal replicative helicase is a homohexamer of an MCM subunit (SF6 family),
homologous to each of the eukaryotic Mcm2~7 subunits. The homohexamer status of
archaeal MCM enables mutational studies of all 6 subunits at once (i.e. compared to
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individual mutations in Mcm2-7), and the lessons learned likely generalize to eukaryotic
Mcm2-7 4L,

The N-tier of archaeal MCM (and eukaryotic Mcm2-7) is quite large and probably has
certain functions beyond processivity (compare archaeal MCM in Fig. 1B to CMG and other
helicases in Fig. 3A-D). For example, in Sulfolobus solfataricus (Ss0) MCM and
Methanothermobacter thermautotrophicus (Mt) MCM, the N-tier binds ssDNA tighter than
the C-tier 42. Crystal structures show the NTD has three domains 43-4%. The A domain is an
a helical region and deletion reduces DNA binding #2. The B domain contains cysteine
residues that coordinate zinc 43-4° and replacement of one cysteine with a serine in Mt
MCM eliminates helicase, DNA binding and ATPase activity 46. The C domain is an
oligonucleotide/oligosaccharide binding (OB) fold, important for ssDNA binding and
hexamerization 444748 The crystal structure of an isolated archaeal hexameric N-tier shows
it binds ssSDNA perpendicular to the central channel via an OB fold loop 4. The
perpendicular arrangement of the DNA suggests it is not in a helicase tracking mode, and is
proposed to function in origin initiation 44,

The structure of an archaeal MCM C-tier motor domain bound to ssDNA is not yet known.
The C-tier AAA+ motor domains of the SF6 family, to which MCMs belong, have two p
hairpin loops referred to as presensor 1 (PS1) and helix 2 insert (H2l); both are required for
helicase activity 4748, The structure of an archaeal MCM monomer was originally modeled
to form a hexamer, and indicated that the PS1 and H2I loops point into the central pore 47:49,
Biochemical studies indicate the loops move with ATP state °C. Interestingly, H2I deletion
mutants bind DNA 100-fold tighter than wt, implying the H21 loop may help translocation
by destabilizing contacts with DNA %0, A very important step forward in understanding
MCM structure/function came from a chimeric MCM hexamer composed of N- and C-tiers
spliced together from different archaea, which is active as a helicase and it crystalized with
ADP; indeed the PS1 and H2I loops point into the central pore 5. An archaeal MCM doped
with three inactive subunits still contains demonstrable activity, casting doubt on strict
sequential hydrolysis 2. FRET experiments that used ADP to load archaeal MCM onto a
DNA fork having 44 ntd 3" and 5’ tails concluded that MCM moves C-tier first during
unwinding 3. However, ADP may not support translocation to the fork as envisioned, and
MCM orientation on DNA may require reinterpretation of the FRET observations. High
resolution structures of the archaeal MCM C-tier motors bound to DNA are needed to
confirm or determine MCM orientation on DNA.

Biochemical studies indicate that the MCM functions by steric exclusion and make the
interesting conclusion that the excluded strand may wrap around the outside perimeter of the
ring 4. Furthermore, archaea have homologues to the Cdc45 and GINS and might be needed
to correctly orient MCM on DNA %5, Interestingly, isolation of the CTD from the NTD
hexameric tiers demonstrate that the C-tier alone has weak catalytic activity, and the N-tier
enhances processivity 4295,

The AAA+ motor domains of archaeal MCM are followed by 60-70 residues that form a
winged helix domain (WHD) connected to the CTD by a flexible linker 4149, A C-terminal
WHD is conserved from archaea to most eukaryotic Mcm2-7 subunits. Deletion of the WHD
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in Sso MCM and Mt MCM enhance their activity 420, indicating the WHD in not required
for helicase activity. The WHD mediates loading of the MCM hexamer by initiators in
eukaryotes 6.

Eukaryotic AAA+ based 3’-5" hexameric helicases

Viral hexameric helicases

The BPV E1 and SV40 T antigen model eukaryotic viral helicases are AAA+ proteins in the
SF3 family. An important difference in SF3 AAA+ and SF6 AAA+ helicases, is that the SF3
AAA+ motor region lacks the H2I loop of SF6 AAA+ (i.e. MCM and CMG) helicases
(compare Fig. 3C,D) &9. Both E1 and T antigen bind their respective origins in sequence
specific fashion for which they have an extra N-terminal origin binding domain that is not
essential for helicase activity.

The cocrystal structure of the E1 hexamer with sSDNA and ADP provided insight into
helicase translocation, discussed earlier in this review 2257, BPV E1 translocates on ssSDNA
with the N-tier ahead of the C-tier, shown both structurally and biochemically 2257, opposite
the C-tier ahead of N-tier translocation of bacterial DnaB and Rho. No DNA binding
elements have been identified in the E1 N-tier, unlike SF6 MCM and CMG helicases. The
N-tier of E1 is quite small and is proposed to hexamerize the AAA+ domains and enhance
processivity (Fig. 3C) 22. Single-molecule studies indicate that E1 undergoes backslippage
57 as observed in T7 gp4, proposed to prevent extensive unwinding until replisome
components have assembled with the helicase.

SV40 T antigen has been crystalized in a variety of nucleotide states without DNA. Unlike
other hexameric helicases, T antigen structures show a 6-fold symmetric ring 2860, Thus the
DNA binding loops of T antigen move in unison according to the nucleotide state,
suggesting T antigen may function by concerted ATP hydrolysis with all subunits firing at
once rather than sequential hydrolysis 61,

Recently T-antigen has been crystalized with origin dsSDNA, and the central channel has
constriction points that compress and partially melt the origin dsDNA 58.62.63 These
observations suggest a squeeze-pump model of initial origin duplex DNA unwinding in
which concerted ATP hydrolysis squeezes dsDNA making it melt 61, However, during
unwinding at a replication fork T antigen is documented to act by steric exclusion %4,

CMG, the AAA+ helicase for eukaryotic chromosome replication

The eukaryotic nuclear helicase is a heterohexamer of Mcm2-7 85-68 in the sequence
Mcm5-3-7-4-6-2 69, A subassembly of Mcm467 contains robust helicase activity 70, but S.
cerevisiae Mcm2-7 displays weak activity that requires specialized conditions 7. Whole cell
pull-outs using epitope tagged GINS in S. cerevisiae established that Mcm2-7 is tightly
associated with Cdc45 and the GINS tetramer at the replication fork along with other factors
72, purification from Drosophila by the Botchan lab proved the 11-subunit complex was a
stable entity with substantial 3’-5" helicase activity, coining the term CMG (Cdc45,
Mcm2-7, GINS) 6768,
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EM structures of Drosophila CMG 7375 and S. cerevisiae CMG 23.76.77 show the two tiered
ring of Mcm2-7 and that the 5 accessory factors bind the side of the Mcm ring (Fig. 3D).
GINS and Cdc45 do not bind ATP and are thought to hold Mcm2-7 in an active
conformation 7. A small 2" channel is formed by the accessory proteins, suggesting that
one DNA strand may go through it /4. But the high resolution structure of S. cerevisiae
CMG reveals that the side chains fill the accessory channel 77. The accessory factors only
bind the N-tier of Mcm2-7 77, and therefore the C-tier Mcm2-Mcm5 gate may open and
close during catalytic cycles, risking loss of DNA from the central channel 7477.78, Cross-
linking studies demonstrate that Cdc45 helps to keep the leading strand in the central
channel during the ATP catalytic cycle /8.

The CMG translocation mechanism is not clear. Two cryoEM studies of CMG-ssDNA reveal
2 phosphodiester bonds bound per subunit PS1 loop, but only 3—4 of the PS1 loops of the six
Mcm?2-7 subunits of CMG bind ssDNA in any one structure 23:73, Like archaeal MCM,
ssDNA clearly interacts with the N-tier in CMG, as well as the motor C-tier. 23.73.77 'S,
cerevisiae CMG undergoes a large distance change between the N-and C-tiers that may
couple ATP hydrolysis to inchworming along DNA 23, A cryoEM study of Drosophila CMG
also suggests translocation via coordination between the N- and C- tiers, possibly involving
twisting between them 73. A recent cryoEM of S. cerevisiae Mcm2-7 suggests an inchworm
translocation process based on conformation changes in the C-tier alone, also suggested by
S. cerevisiae CMG studies 2379, Furthermore, mutation of any one of 4 ATP sites in
Drosophila CMG have only a 2-fold, or less effect on Drosophila CMG helicase activity,
inconsistent with staircasing translocation 7. Thus, the current evidence suggests CMG may
translocate on DNA in a different way than staircasing, but clearly further studies are
needed.

A recent cryoEM structure of ATP driven S. cerevisiae CMG engaged at a replication fork
indicates that it translocates N-tier ahead of C-tier (Fig. 4) 23. This same orientation, N-tier
before C-tier, is established for the SF3 AAA+ BPV E1 helicase 2257, Low resolution EM
studies of Drosophila CMG indicate the opposite orientation on DNA, but higher resolution
is needed to unambiguosly determine how the motor domains bind DNA 7. A cryoEM
study of Drosophila CMG-fork DNA-ATP+yS did not address CMG orientation on DNA
because the forked junction was not observed, possibly due to use of ATP+yS not supporting
translocation from the 3" end of the leading strand /3. Considering the need for further
structural information of metazoan CMG and archaeal MCM, the remainder of this review
will discuss the orientation determined by high resolution for the S. cerevisiae CMG, which
include numerous structural and biochemical data as presented below.

The N-tier ahead of C-tier orientation of S. cerevisiae CMG was initially suggested by EM
studies using either 3" or 5’ streptavidin (SA) tipped sSDNA 20mers that were observed to
bind opposite sides of CMG, indicating N-tier leads the C-tier during 3’-5 translocation
(Fig. 4A,B). Use of a SA tipped ds/ss hybrid lacking a lagging strand tail, identical to that
used in earlier Drosophila studies was also consistent with an N-tier first orientation (Fig.
4C) 23. However, high resolution cryoEM studies directly observed the N-tier first
orientation. Initially forked DNA was used with AMPPNP which showed only ssDNA in
both the N-tier and C-tier, but failed to show CMG at the fork, probably because ATP
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hydrolysis is needed for CMG to translocate to the forked junction after threading onto the
3’ tail 23. Thus an experimental strategy was devised to use ATP and block CMG unwinding
using SA-biotinylated nucleotide blocks on the duplex stem (Fig. 4D,E) 23. CryoEM 2D
averages of side views reveal SA at the N-tier face of CMG (Fig. 4E). The negative control
lacking DNA shows a density on the C-tier (bottom) that protrudes and looks like DNA (Fig.
4D), but this is the WHD of Mcm6 ’°. The 3D reconstruction of CMG-blocked fork DNA-
ATP revealed a short stretch of dsSDNA with both duplex stands contacted by protruding zinc
fingers (ZF) of the N-tier, and the leading ssDNA proceeds into the PS1 loops of the C-tier
motor domains (Fig. 3D and Fig. 4F,G,H). Thus unwinding occurs past the point of dSDNA
binding by the zinc fingers (ZF), also supported by biochemical studies described below.

The ZFs bind the dsSDNA at the fork 23. However the ZF domain of Mcm3 is unusual: (1) It
lacks the four Zn-coordinating cysteines found in other Mcm proteins, (2) the Mcm3 ZF is
pulled away from the neighboring Mcm5 ZF by the N-terminal 14-residues of Mcm7 that is
fully ordered starting from Met1, leaving a sizable gap between the Mcm5 ZF and Mcm3
ZF, and (3) the Mcm3 ZF has a very long loop extending from the second B-strand and the
loop forms the base of the gap between ZFs of Mcm 3, 5 (Fig. 4H). Furthermore, the dSDNA
is tilted about 28° relative to the axis of the central channel, largely coordinated by the ZFs
of Mcm7, Mcm4, Mcmé6. Interestingly, the lagging strand ends at a position in the gap
between the ZFs of Mcm5 and Mcma3 just described (Fig. 4H). Thus the unwound lagging
strand, which was not visualized, perhaps being too mobile, may glance out of CMG via the
gap (Fig 4H). Additionally, OB fold loops of Mcm 7 and Mcm 4 reach up to the unwinding
point, but their possible involvement in unwinding is not yet determined (Fig. 4G) 23. In
hindsight, the orientation that dSDNA enters the helicase from the N-tier makes structural
sense, because the ZF domains at the entry of the N-tier ring are evolved to handle the
dsDNA and the OB folds below the ZF’s are evolved to handle ssDNA (i.e. the lagging
ssDNA).

Biochemical studies support dsSDNA entry into S. cerevisiae CMG during normal helicase
action 82, Specifically, CMG is inhibited by streptavidin bound to either strand, while
homohexameric helicases are only inhibited by obstructions on the tracking strand.
However, given time, S. cerevisie CMG pushes past lagging strand blocks mostly without
displacing them, and thus ultimately acts by steric exclusion, as demonstrated for replisome
action in Xenopus extracts 1982, Presumably, the CMG-dsDNA connection is eventually
lost, enabling bypass of a lagging strand block, although other scenarious are possible
(discussed in 82). A recent study demonstrates that Mcm10 enables CMG to rapidly bypass
lagging strand blocks and thus possibly disrupts the ZF-dsDNA interaction for bypass of
DNA blocks 83. Neither RPA, Mrc1, Tof1, Csm3 or Pol e-PCNA were capable of rapid
block bypass withtout Mcm10 83.

In the S. cerevisiae CMG-forked DNA structure, only four PS1 loops and four H21 loops in
the C-tier motor bind ssDNA (Mcm 2,3,5,6). It is fascinating that Drosophila cryoEM CMG-
DNA-ATPyS showed 6 ntds of DNA bound to the PS1 loops of Mcm 7,4 and 6 73, while the
S. cerevisiae CMG-forked DNA-ATP showed 8 ntds bound to the opposite side of the
channel on the PS1 loops of Mcm 2,3,5,6 and no interaction with the PS1 loops of Mcm4
and 7 73, These two structures may resemble two intermediate states during unwinding.
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Alternatively, since the DNA orientation could not be assigned in the Drosophila cryoEM
CMG study 73, and given that CMG encircles dsDNA at an origin, the DNA bound to PS1
loops 7,4,6 in Drosophila CMG might bind the opposite (i.e. lagging) strand, thus explaining
the early conclusion of C-tier first polarity 7, and this may be involved in initial duplex
binding and/or unwinding at an origin.

It is interesting that in the S. cerevisiae CMG helicase-fork DNA structure, Mcm 2,3,5,6
proteins engage the leading strand with their respective PS1 and H2I loops in the C-tier
motor ring, while the PS1 and H2I loops of the two remaining Mcm proteins, Mcm 4 and 7
do not bind DNA. Instead, Mcm 4, 7 engage the ds/ssDNA junction point with their
respective upper OB loops in the N-tier ring (Fig. 4G) 23. This architecture raises the
possibility that there is a division of labor among the six Mcm proteins, with Mcm 4,7
functioning to split apart the dsDNA, and Mcm 2,3,5,6 motoring on the leading strand. One
prediction of such scenario is that the PS1 loops — which are primarily responsibe for DNA
translocation — are more important in Mcm 2,3,5,6 than in Mcm4 and 7. Consistent with this
prediction, a Mcm3 PS1 mutant is lethal 8, a Mcm5 PS1 mutation has a growth defect at
both 18° and 37° 85, but Mcm4 PS1 mutation exhibited no growth defect 8°, and Mcm7 PS1
mutation exhibited slow growth but was not lethal 84,

Many replication proteins bind CMG, and EM analysis reveals the organization of a minimal
S. cerevisiae replisome containing CMG with DNA polymerases (Box 1). Studies of origin
initiation in S. cerevisiae reveal a head-to-head (i.e. N-tier-to-N-tier) double hexamer of
Mcm2-7 at origins in G1 phase 11.80.81 A CMG that translocates with the N-tier ahead of
the C-tier implies the individual Mcm2-7s of the N-to-N double Mcm2-7 hexamer are
directed toward one another23, contrary to a decade of expectation that they are directed
outward. This suggests a new paradigm for origin unwinding in which CMGs pass one
another, and act as a quality control mechanism to ensure each origin results in two forks
(see Box 2). Inward directed CMG motors has also been proposed to create torsional strain
that destabilizes dsSDNA for initial origin unwinding 3. A recent report that two Mcm2-7 are
loaded at two separate origins of opposing polarity also implies that they translocate on
DNA N-tier ahead of C-tier to form a head-to-head Mcm dimer 8. CMG requires Mcm10 to
unwind the origin, and thus Mcm10 may either help activate CMG helicase or transition
CMG onto ssDNA for bypass 212:14.83.87,,

Box 2

A quality control mechanism to ensure bidirectional forks are produced at
origins

In SV40 and eukaryotes the helicase encircles dSDNA at the origin as a head-to-head
double hexamer 11.13.62.63 Given the N-first direction of yeast CMG 23, each CMG heads
into the other and must transition from dsDNA to encircle opposite strands of sSDNA
before they can pass one another (see Figure). If only one CMG makes this transition it
will remain blocked by the CMG that encircles dSDNA. Hence, a head-to-head double
helicase that encircles dsSDNA will ensure that both helicases transition to encircle
sSDNA to move out of the origin, thereby ensuring that origins produce two forks and not
only one. S. cerevisiae CMG has ZF elements that bind dsDNA and prevent CMG bypass
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of obsticals on the excluded strand 2382, This is solved by Mcm10 3, a protein that is
required as a last step in origin activation 21214, Mcm10 facilitates CMG bypass of
obsticals on the opposite (excluded) strand, and may reflect its function at an origin and
also at termination when two forks must again pass one another.
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How far the replicative helicase field has come

Intially DNA was thought to wrap on the outside of ring shaped hexameric helicases. But
now many structures of hexameric helicases have been solved, and those with DNA show
that ssDNA adopts a helical path within the central channel. Studies in the past 10 years
show the replicative hexameric helicases ultimately function by steric exclusion. Exact
translocation mechanisms are still in play, although a staircasing process with sequential
ATP hydrolysis around the ring is the most popular. Despite these large advances, there is
clearly a need for much more information to truly understand how these complex machines
function.

Important questions within reach

It is still a mystery why bacterial and eukaryotic helicases translocate on opposite strands of
a replication fork. Perhaps it is a fluke of evolution, but future studies may solve this riddle.
A related question is why bacterial helicases translocate with the C-tier ahead of the N-tier,
while eukaryotic S. cerevisiae CMG and BPV EL1 helicases travel with the N-tier ahead of
the C-tier. It is important in the near term to obtain high resolution structures of archaeal
MCM and metazoan CMG bound to DNA to confirm whether the orientation of E1 and S.
cerevisiae CMG generalize. The sequential hydrolysis staircase mechanism of translocation
is appealing, but different processes have been proposed for CMG and future studies should
determine if a re-thinking of this process is needed, or whether different helicases act in
various ways. Besides unwinding DNA, replicative helicases must resolve collisions with
nucleosomes, transcribing RNA polymerase, recombination intermediates, DNA specific
transcription regulators, fork barrier proteins, DNA cross-links, nicks and other lesions.
Initial studies have begun to address these encounters, but little is currently known, and these
mechanisms are important to genomic instability and disease. How double hexamers unwind
dsDNA at origins and transition to encircle ssDNA is also unknown. A detailed
understanding of how helicases are loaded onto origins is also central to helicase action.
Assembly of CMG requires numerous proteins and the entire process has been recapitulated
by pure proteins in vitro 14.87.88 yet numerous questions remain about the detailed process.
Longer term questions include knowledge about helicase action in DNA damage
checkpoints, programmed fork arrest, retention of epigenetic programing during replication,
and cohesion of sister chromosomes. The stage is set for new landmark discoveries and no
shortage of important questions to answer about these central hexameric machines.
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Figure 1. Overview of replicative hexameric helicases
A) Subunits of hexameric helicases contain NTD and CTD domains; the motors are in the

CTD. B) Top and side views of an archaeal MCM homohexamer (PDB 4R7Y), illustrating
the two stacked ring appearance. C) ATP sites at subunit interfaces require residues of both
subunits. One subunit binds ATP and the other subunit contributes residues, such as a
catalytic arginine finger. High resolution structures of 3 replicative helicase-DNA complexes
(and E. coli Rho-RNA) reveal that sSDNA passes through the motors similarly, but
translocation direction depends on whether the motor is constructed from the RecA fold
(bacterial DnaB and Rho) or the AAA+ fold (eukaryotic BPV E1 and S. cerevisiae CMG).
Adapted from Fig. 1 of 23. D) Eukaryotic AAA+ fold helicases encircle the leading strand
and travel 3'-5" and bacterial RecA fold helicases encircle the lagging strand and travel
5-3".
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Figure 2. Rotary staircase model of translocation by hexameric helicases
Each segment of the ring represents a DNA binding element (i.e. DNA binding loop). When

one subunit hydrolyzes ATP the DNA binding element lets go of DNA and leapfrogs all the
other elements, then rebinds the DNA. In this fashion each DNA binding element of a
subunit escorts the same DNA nucleotide(s) through the central pore. There is no rotation of
DNA or helicase.
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Figure 3. Structures of hexameric helicases bound to a single stranded nucleic acid
A) Bacterial SF4 DnaB-ssDNA, B) bacterial SF5 Rho transcription terminator-RNA, C)

eukaryotic SF3 BPV E1-ssDNA, D) eukaryotic SF6 S. cerevisiae CMG-ssDNA. The
helicases are not drawn to the same scale. The vertical arrows between Panels A and B and
between panels C and D indicate helicase translocation directions. In each panel, the upper
two sub-panels show the N-tier and side views of the hexamers (color), and the lower sub-
panel shows the side view of the C-tier motor ring (gray), with the front two subunits
removed to better visualize the nucleic acid (magenta)-binding loops (cyan and blue) inside
the motor ring. In all cases, the nucleic acids form a righ-handed spiral, bind an upper loop
and a lower loop in each of the six protein subunits, with the exception of Mcm2-7 in which
the H2I and PS1 loops of the removed Mcm4 and Mcm7 in the front do not bind DNA.
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Figure 4. CMG-forked DNA structure with N-tier leading the C-tier during translocation
A-C) Negative stain EM side views of CMG with streptavidin tipped oligos; colored

diagram at left illustrates the tiers of Mcm2-7 and Cdc45/GINS. A) 20mer ssDNA 3’
streptavidin. B) 20mer ssDNA 5" streptavidin. C) fork lacking a lagging strand and tipped
with streptavidin on the ds end. D) CryoEM of CMG without DNA. Note the density of
Mcm6 WHD protruding from the C-tier. E) CryoEM of CMG-forked DNA and ATP; CMG
is stopped at the streptavidin blocks which are visible as a fuzzy (mobile) region. F) Cut
away view through CMG-forked DNA illustrating dsDNA enters the top of the N-tier (light
green) and leading sSDNA proceeds into the motor C-tier (blue). G) The DNA-interacting
loops of Mcm2-7. Note that the upper OB loops of Mcm4 and Mcm?7 block the lagging
strand DNA. Inside the C-tier motor ring, the PS1 and H2I loops of Mcm 2, 3, 5, 6 spiral
around and interact with the right-handed leading strand DNA coil; the corresponding loops
in Mcm 4, 7 do not interact with DNA. Lagging ssDNA is not visible but a possible path is
suggested by the dotted line. H) Top view of N-terminal ZF domains of Mcm2-7 binding the
dsDNA. Note dsDNA tilts toward and interacts with ZFs of Mcm 7, 4, 6. The Mcm3 ZF has
an unusually long loop that forms the base between ZFs of Mcm 3, 5. The ordered N-
terminal peptide of Mcm7 warps around and pulls Mcm3 ZF from Mcmb5 ZF, creating a gap
through which the lagging strand may escape (dotted line). The EM images and illustrations
in panels A- E are adapted with permission from Figs 5 and 6 of 23,
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