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Abstract

Ring-shaped hexameric helicases are essential motor proteins that separate duplex nucleic acid 

strands for DNA replication, recombination, and transcriptional regulation. Two evolutionarily 

distinct lineages of these enzymes, predicated on RecA and AAA+ ATPase folds, have 

been identified and characterized to date. Hexameric helicases couple NTP hydrolysis with 

conformational changes that move nucleic acid substrates through a central pore. How hexameric 

helicases productively engage client DNA or RNA segments and use successive rounds of 

NTPase activity to power translocation and unwinding have been longstanding questions in the 

field. Recent structural and biophysical findings are beginning to reveal commonalities in NTP 

hydrolysis and substrate translocation by diverse hexameric helicase families. Here, we review 

these molecular mechanisms and highlight aspects of their function that are yet to be understood.
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Introduction – Hexameric Helicase Phylogeny and Organization

Helicases are specialized enzymes that consume nucleoside triphosphates (NTPs) to separate 

nucleic acid strands. This activity can unwind DNA, RNA, and DNA-RNA duplexes and 

displace nucleic acid-binding proteins to facilitate essential cellular processes such as 

replication and transcription, translation, and splicing. Additionally, helicases are involved in 

unwinding higher-order nucleic acid structures such as G-quadruplexes, Holliday junctions, 

and triplexes (Guo et al., 2015; Jain et al., 2010; Mendoza et al., 2016; Tsaneva et al., 

1993). Many helicases function within large protein complexes, and even serve as organizing 

hubs for such assemblies. Given their critical role in the cell, helicase dysfunction has been 

linked to molecular problems such as DNA damage and genomic instability, as well as 

human diseases such as premature aging, cancer predisposition, mitochrondriopathies, and 

immune disorders (Ellis et al., 1995; Goffart et al., 2009; Levitus et al., 2005; Levran et 

al., 2005; Litman et al., 2005; Weber et al., 1990; Weeda et al., 1990; Yu et al., 1996). As 

a consequence, helicases have been the focus of numerous studies aimed at understanding 

their striking biophysical behavior and at developing their utility as therapeutic targets.
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All helicases belong to the P-loop NTPase superclass, a large group of nucleotide-binding 

proteins encompassing 75 different types of enzyme activities (Leipe et al., 2003; Longo 

et al., 2020). P-loop NTPases are distinguished by a characteristic αβα sandwich fold 

that possesses two conserved amino-acid sequence elements, termed the Walker A (WA, 

GXXGXGK(T/S)) and Walker B (WB, D(D/E)XX) motifs, which coordinate a bound 

Mg2+ ion and an associated NTP (usually ATP or GTP) (Fig. 1) (Abrahams et al., 1994; 

Story and Steitz, 1992; Story et al., 1992; Walker et al., 1982). P-loop NTPases can be 

divided into families based on the conservation of key catalytic resides and the insertion 

of auxiliary secondary structural elements. Helicases belong to a particular group known as 

the Additional Strand Catalytic Glutamate (ASCE) family (Iyer et al., 2004; Leipe et al., 

2003). ASCE proteins are distinguished from other, more distantly related P-loop NTPases 

by a namesake conserved glutamate that is located within or adjacent to the WB motif 

(Fig. 1) (Subramanya et al., 1996; Thomsen and Berger, 2008). The ASCE group can 

be further divided into several well-known classes of enzymes, such as the ATP-binding 

cassette (ABC), Signal Transduction ATPases with Numerous Domains (STAND), ATPases 

Associated with diverse cellular Activities (AAA+), and RecA subfamilies (Iyer et al., 2004; 

Leipe et al., 2002, 2003, 2004).

Based on their protein fold, oligomeric state, and translocation polarity, helicases have been 

classified into six superfamilies (SFs), referred to as SF-I to SF-VI (Gorbalenya and Koonin, 

1993; Singleton et al., 2007). SF-I and -II helicases consist of a tandem, linked pair of 

RecA ATPase folds and contain many helicases of biomedical relevance such as XPD and 

SARS-CoV2 Nsp13, whereas SF-III to -VI enzymes are ring-shaped hexamers (Gorbalenya 

and Koonin, 1993; Ivanov et al., 2004; Lehmann, 2001; Singleton et al., 2007; Subramanya 

et al., 1996). SF-IV and SF-V proteins comprise the hexameric RecA helicases (Figs. 1, 

2A and B), and exhibit a processive, 5’-3’ directionality (or ‘polarity’) of translocation 

along client nucleic acid substrates (LeBowitz and McMacken, 1986; Matson et al., 1983; 

Venkatesan et al., 1982). SF-IV contains many classically studied replicative helicases, 

such as bacterial DnaB, phage T7 gp4 helicase-primase, phage T4 gp41, phage SPP1 

G40P, and the mitochondrial protein TWINKLE. The sole member of SF-V is a helicase 

known as Rho, a bacterial transcription termination factor that translocates along nascent 

RNA transcripts to unwind RNA-DNA hybrids and assist with RNA polymerase recycling 

and the control of gene expression (Brennan et al., 1987; Richardson, 2002). The AAA+ 

helicases, which processively translocate in the 3’-5’ direction, belong to either SF-III or 

SF-VI (Figs. 1, 2C and D) (Goetz et al., 1988; Seo et al., 1993). SF-III contains helicases 

from eukaryotic viruses, such as papillomavirus E1, simian virus 40 large tumor antigen 

(SV40 LTag), and adeno-associated virus Rep40. SF-VI is composed of the eukaryotic and 

archaeal replicative Mini-Chromosome Maintenance (MCM) helicases. In eukaryotes, the 

MCM helicase is made up of six paralogous subunits (Mcm2 through Mcm7), forming a 

heterohexameric helicase (Bochman and Schwacha, 2008; Kearsey and Labib, 1998; Labib 

and Diffley, 2001). MCMs are activated by the binding of Cdc45 and the GINS (Go-Ichi-Ni-

San) complex to form a Cdc45-MCM-GINS (CMG) assembly that drives replication fork 

progression (Gambus et al., 2006; Ilves et al., 2010; Moyer et al., 2006).
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All hexameric helicases have a similar, though not necessarily evolutionarily conserved, 

arrangement for coordinating NTPs and nucleic acid substrates (Figs. 2, 3). The hexameric 

ring creates six subunit-subunit interfaces, each of which houses a bipartite ATPase center. 

These active sites are constructed by the WA and WB regions from one protomer and a 

catalytically essential basic amino acid, called the Arginine Finger (RF), in deference to 

G-protein nomenclature, from the neighboring subunit (Fig. 2) (Ahmadian et al., 1997; 

Scheffzek et al., 1996; Walker et al., 1982). Hexameric helicases also possess a set of 

pore loops that line their central channel to support nucleic acid binding and translocation 

(Fig. 3). The pore loops frequently contain arginine and lysine residues that interact non-

specifically with the bound DNA or RNA substrate though the phosphodiester backbone 

(Enemark and Joshua-Tor, 2006; Fletcher et al., 2003; Itsathitphaisarn et al., 2012; McGeoch 

et al., 2005; Petojevic et al., 2015; Thomsen and Berger, 2009) The ATPase motor domains 

of hexameric helicases are frequently appended with different types of N- and/or C-terminal 

domains (e.g., winged-helix domains or oligonucleotide/oligosaccharide binding folds) that 

serve to augment helicase function (Brewster et al., 2008; Dolan et al., 1990; Dombroski and 

Platt, 1988; Fletcher et al., 2003; Nakayama et al., 1984)

Although hexameric RecA and AAA+ helicases are both ASCE ATPases, the two groups 

of enzymes differ in their relative placement of certain key catalytic residues. In RecA 

helicases, the RF lies on family specific structural insertion of two β strands at one edge 

of the ASCE domain, whereas in AAA+ helicases, this residue sits on a different, α-helical 

element (Fig. 1) (Lenzen et al., 1998; Singleton et al., 2000). AAA+ proteins also contain 

a Sensor I (SI) residue that resides on β4 of the central fold, as well as a Sensor II (SII) 

residue that is positioned on an α-helix that is part of a small helical subdomain that sits 

atop the principle ASCE fold (Fig. 1) (Guenther et al., 1997; Hanson and Whiteheart, 

2005). The SI and SII motifs were originally identified as part of a large hydrogen bonding 

network that senses and responds to the presence of the γ phosphate on ATP, similar to 

the “Switch II” region of Ras (Brunger et al., 1990; Pai et al., 1990). The SI residue 

is generally polar and functions with the catalytic glutamate (CE) in the WB motif to 

coordinate a nucleophilic water molecule for hydrolysis (Hanson and Whiteheart, 2005). 

The SII residue is generally an arginine and helps to coordinate bound nucleotide and 

control conformational changes associated with hydrolysis (Hanson and Whiteheart, 2005). 

Hexameric RecA and AAA+ helicases also differ in the orientation of their core ASCE 

folds, which sit perpendicular to each other relative to their active sites (Wang, 2004). 

As a consequence, the nucleic acid-binding loops of the two protein families extend from 

different secondary structural positions with respect to the site of NTP turnover. This subunit 

rotation not only suggests that RecA and AAA+ ATPases evolved the ability to hexamerize 

independently of one another, but also changes the orientation of conserved catalytic motifs 

relative to the direction of force generation. Whether these structural differences contribute 

to some of the known mechanistic differences between the two helicase families is unknown.

Since the initial discovery that helicases could form hexamers, there has been significant 

interest in understanding the mechanism of these enzymes. A number of biochemical 

studies have shown that NTP binding and hydrolysis around the ring is highly cooperative 

(Crampton et al., 2004; Notarnicola and Richardson, 1993; Patel et al., 1994). These 
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observations have led to questions regarding how NTP hydrolysis physically drives 

translocation and duplex unwinding, and what controls both helicase step size (the number 

of bases moved per ATP binding per hydrolysis event) and velocity.

NTP Hydrolysis in Hexameric Helicases

In all hexameric helicases, nucleotide binding and hydrolysis are coordinated to both 

local and global conformational changes. Historically, three types of models for hydrolytic 

cycling have been proposed for the operation of these enzymes (Lyubimov et al., 2011; 

Singleton et al., 2007). In one, known as the concerted model (Fig. 4A), all six subunits 

bind, hydrolyze, and release ATP in synchrony with each other. In a second, termed a 

‘stochastic’ model (Fig. 4B), there appears to be no firm requirement for subunits to 

hydrolyze ATP in any particular order. The concerted model was derived from structural 

studies of AAA+ proteins such as SV40 LTag and HsIU (a protein unfoldase), which 

captured the ATPase rings in six-fold symmetric nucleotide-bound or apo states (Gai et 

al., 2004; Wang et al., 2001). Interestingly, these states were imaged in the absence of a 

client DNA or peptide; more recent structural findings (described below) indicate that these 

symmetrized forms likely reflect non-translocative pre- or post-substrate engagement states. 

By comparison, the ‘stochastic’ model was largely developed from biochemical studies of 

covalently linked protomers of ClpX, another AAA+ protein unfoldase, bearing distinct 

combinations of inactive ATPase centers (Martin et al., 2005). This effort showed that ClpX 

is highly tolerant to different permutations of WA, WB, and RF substitutions around the 

hexameric ring, demonstrating that there is a high degree of plasticity in the system.

The concerted and stochastic models differ from a third scheme, termed ‘rotary’ hydrolysis 

(Fig. 4C), in which nucleotide turnover by each active site proceeds in a sequential 

clockwise or counterclockwise order around the hexameric ring. An early inspiration for 

the rotary mechanism came from structural and single-molecule studies of the F1-ATPase, 

a heterohexameric RecA-family motor protein that is part of ATP synthase and generates 

ATP from the protonmotive force across the inner membrane of mitochondria (reviewed 

in (Walker, 2013)). A structure of the F1-ATPase showed that the nucleotide status and 

conformation of its three catalytic pockets (present in the β subunits, as the α subunits 

bind ATP noncatalytically) alternated about the ring between substrate (AMPPNP)-bound, 

product (ADP)-bound, or empty states (Abrahams et al., 1994). This arrangement suggested 

that hydrolysis would progress as a sequential wave around the ring in conjunction with the 

rotation of a central α-helical element inside the pore of the motor (known as the γ subunit, 

or ‘stalk’). Rotation was confirmed by direct visualization of single F1-ATPase motors in 

which a fluorescently labeled actin filament was attached to the γ subunit by streptavidin-

biotin conjugation (Noji et al., 1997). Upon the addition of ATP, the labeled actin rotated 

counterclockwise and three molecules of ATP were hydrolyzed per full rotation, as predicted 

by the crystal structure (Abrahams et al., 1994; Adachi et al., 2000; Noji et al., 1997).

As structural, biochemical, and single-molecule studies of hexameric helicases have 

progressed, several lines of evidence have converged in support of RecA family enzymes 

operating by a tightly coupled rotary mechanism. A structure of the isolated helicase 

domain of T7 gp4 bound to four molecules of ADPNP•Mg2+ provided the first structure 
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that was suggestive of rotary firing in a SF-IV helicase (Singleton et al., 2000). More 

recent structural studies of gp4 and DnaB bound to substrate single-stranded DNA (ssDNA) 

have provided snapshots of hexamers with a single empty active site (Fig. 3A), a feature 

that rules out a concerted hydrolysis mechanism but that is consistent with a rotary firing 

scheme (Gao et al., 2019; Itsathitphaisarn et al., 2012). Biochemical studies involving 

heterooligomers of gp4 that disrupt NTP binding, hydrolysis, DNA binding, or intersubunit 

communication have shown that even a single defective subunit results in a clear loss of 

positive cooperativity, ruling out a purely stochastic firing model as well (Crampton et al., 

2004; Notarnicola and Richardson, 1993; Patel et al., 1994). Single-molecule studies of 

G40P have shown that the binding of even a single ATPγS molecule can stall the helicase, 

also at odds with the behavior expected for a stochastic or concerted mechanism (Crampton 

et al., 2006; Schlierf et al., 2019). Structures of RNA-bound states of the SF-V helicase 

Rho, which shares ~50% sequence similarity to the F1-ATPase, align with its SF-IV cousins, 

revealing hexamers that contain a mix of empty, ATP-, and ADP-like states that progress 

in sequence around the ring (Fig. 3B) (Thomsen and Berger, 2009; Thomsen et al., 2016). 

Pre-steady state kinetic studies of Rho function have supported the observed proportionality 

of these states, in particular noting that there is a one to two-subunit lag between nucleotide 

hydrolysis and Pi release that is seen structurally; this lag has been reported for T7 gp4 as 

well (Adelman et al., 2006; Liao et al., 2005; Thomsen et al., 2016).

Like their RecA counterparts, there is significant evidence that AAA+ hexameric helicases 

operate by a rotary hydrolysis mechanism. The first crystal structure of a hexameric 

AAA+ helicase bound to ssDNA, the papillomavirus E1 protein (SF-III) displayed a series 

of ATPase states that progress from apo to ATP- and then ADP-like configurations in 

sequential order (Fig. 3C) (Enemark and Joshua-Tor, 2006). A subsequent single-molecule 

study of E1 showed that the inclusion of ADP led to a significant decrease in unwinding 

efficiency by increasing the number of paused and back-tracked molecules, suggesting 

that it cannot overcome a catalytically stalled subunit; this observation has been taken 

to argue against the helicase using a random or stochastic ATPase firing order (Lee et 

al., 2014), a mechanism that has been proposed to explain the tolerance of the AAA+ 

peptide translocase, ClpX, to misfiring subunits (Martin et al., 2005). As with SF-III 

proteins, structural studies of ssDNA-bound SF-VI MCM helicases have captured active 

site occupancies that also have supported a rotary mechanism (Fig. 3D) (Eickhoff et al., 

2019). However, biochemical studies of MCMs in which nucleotide binding or hydrolysis 

has been disrupted in specific subunits in the heterohexamer have also shown that some 

active sites are more tolerant to disruption than others (Bochman et al., 2008; Eickhoff et al., 

2019; Ilves et al., 2010). This latter observation suggests that, similar to ClpX, some AAA+ 

helicases retain sufficient plasticity to overcome an inactivated subunit even if they normally 

function by a rotary mechanism (Martin et al., 2005). Why and how some hexameric AAA+ 

complexes may be more tolerant to misfiring than RecA hexamers is unknown. Interestingly, 

when viewed down the pore in the direction of translocation (toward the 3’ nucleic acid 

end for SF-IV/V helicases and toward the 5’ end for SF-III/VI helicases) the order of apo, 

ATP-, and ADP-bound states around the ring is inverted between RecA and AAA+ enzymes 

(Figs. 3B vs. C–D) (Thomsen and Berger, 2009). This difference in pattern suggests that the 

two classes of helicases move in opposing directions along a DNA or RNA chain by having 
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an active site firing sequence that progresses either counterclockwise (RecA) or clockwise 

(AAA+).

Translocation by Hexameric Helicases

Processive helicases use ATP turnover to power their translocation along substrate DNA. 

Several models have been proposed to account for this movement. In one, known as the 

inchworm model, each round of catalysis causes one portion of the helicase to step forward 

into a single-stranded/double-stranded nucleic acid junction (the ‘fork’) and away from a 

rearward segment of the helicase, after which the forward portion freezes and the back 

element steps forward. It is now believed that non-hexameric SF-I and -II helicases move in 

this manner (reviewed in (Gao and Yang, 2020) and (Singleton et al., 2007)). An important 

feature of the inchworm model is that the net movement of the nucleic acid substrate through 

the helicase is a sliding motion that results from the coordinated hand-off of each base from 

the front end of the motor to the back. A levering movement analogous to what might be 

expected for an inchworm mechanism, called the ‘pumpjack’ (Fig. 5A), has been proposed 

for the replicative CMG helicase on the basis of different conformational states seen for the 

assembly in absence of DNA (Yuan et al., 2016). In these structures, the C-terminal AAA+ 

motor domains were observed to move up and down, pulling the GINS- and Cdc45-bound 

N-terminal domain along with them in a ratcheting manner.

Two other translocation schemes proposed for hexameric helicases have been called the 

hand-over-hand and coordinated escort models, both of which are inherently rotary (Fig. 

5B, C) (Enemark and Joshua-Tor, 2006; Itsathitphaisarn et al., 2012). In these schemes, 

cycles of ATP binding, hydrolysis, and product release are tied to conformational changes 

and alterations in DNA binding affinity within the hexameric ring that sequentially advance 

each subunit into the fork. In the hand-over-hand model, this movement reflects a large 

translational motion of an entire ATPase domain or helicase subunit (Fig. 5B). For the 

coordinated escort model, this action is performed primarily by the DNA-binding pore loops 

and some smaller, rocking motions in their associated ATPase domains (Fig. 5C). A feature 

shared by both models is that there is no sliding or hand-off of DNA from one subunit to 

the next. Instead, each subunit of the helicase appears to grab either one or two nucleobases 

in the substrate (depending on the superfamily) and then carry that cargo through helicase 

pore until it is released. In maintaining subunit/nucleic-acid contacts as the substrate passes 

through the pore, these two approaches contrast with an alternative, “revolution” model 

proposed for the translocation of dsDNA by the ring-shaped phi29 packaging protein, which 

has suggested that duplex DNA is actively passed from one subunit to the next in an 

ATP-coupled manner to facilitate movement (Schwartz et al., 2013).

SF-IV RecA helicases such as DnaB and gp4 appear to operate by a hand-over-hand 

mechanism that drives translocation in a 5’-3’ direction. When bound to substrate DNA, 

both enzymes take the form of a short spiral in which the ATPase domains of the top- and 

bottom-most protomers, sometimes referred to as the ‘seam’ subunits, are separated by a 

narrow gap (Gao et al., 2019; Itsathitphaisarn et al., 2012). This gap is spanned by a linker 

element that extends from the 5’-proximal subunit to dock against the 3’-proximal subunit, 

topologically sealing the helicase ring around the DNA. The 3’ seam subunit is not bound 
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to ATP or substrate DNA. A recent structure of gp4 with ssDNA shows that there is a 

network of residues that connect the pore loops to a nucleophilic water in the active site, 

establishing an allosteric relay between DNA binding and NTP hydrolysis (Gao et al., 2019). 

Interestingly, tightening of the gp4 active sites along the spiral seems to be matched by a 

tightening of the helicase’s interactions with DNA, a relationship also noted in biochemical 

studies of gp4 and a structure of ssDNA-bound DnaB (Gao et al., 2019; Hingorani and Patel, 

1993; Itsathitphaisarn et al., 2012). This feature of SF-IV helicases suggests that product 

release causes the 5’ (fork-distal) subunit of the seam to dissociate from DNA and to bind 

ATP when it reassociates with DNA at the 3’ (fork-proximal) portion of the spiral.

Similar to SF-IV RecA helicases, structural studies have indicated that SF-VI MCM 

helicases also form a spiral when bound to ssDNA and operate by a hand-over-hand 

mechanism to translocate in a 3’-5’ direction (Eickhoff et al., 2019; Meagher et al., 2019). 

A recent cryo-EM study of ssDNA-bound CMG imaged four different states of the ATPase, 

revealing that the motor domains of ssDNA-bound MCM helicases form a spiral in which 

different subunits (either Mcm2, 3, or 4) occupy the 5’ (fork-proximal) position at the seam 

(Eickhoff et al., 2019). In one of these models, the two 3’-proximal subunits (Mcm5 and 3) 

are tightly associated with each other through ATP binding, but whereas Mcm3 is seen to 

contact DNA, Mcm5 does not. This observation suggests that Mcm5 and Mcm3 may be able 

to translocate together as a unit, potentially illustrating why ATP hydrolysis can be required 

at some MCM subunit interfaces but dispensable at others (Bochman et al., 2008; Eickhoff 

et al., 2019; Ilves et al., 2010; Schwacha and Bell, 2001). Variability in the number of 

subunits that translocate from the bottom to the top of the ATPase spiral or that are needed 

to productively associate with nucleotide could provide a means for CMG to accommodate 

lesions or small disruptions in the tracking strand during DNA translocation and unwinding. 

Interestingly, studies using methylphosphonate chemistry have shown that CMG contacts 

only one strand during translocation over dsDNA, similar to the duplex DNA packaging 

motor of phase phi29 (Aathavan et al., 2009; Langston and O’Donnell, 2019).

It has been suggested that a hand-over-hand mechanism is universal to AAA+ translocases, 

with structures of peptide-associated unfoldases and translocases providing support for such 

claims (Puchades et al., 2020). However, the E1 helicase does not form a lock-washer 

structure nor is it completely planar (Enemark and Joshua-Tor, 2006). Instead, the pore 

loops of its six subunits form a spiral that tracks along the phosphodiester backbone of a 

tightly coiled ssDNA substrate bound in the central pore of the enzyme. Although there is 

some rotational, out-of-plane displacement between each pair of E1 subunits, the pore loops 

also appear to lever up and down depending on the nucleotide status of their associated 

protomers. As a consequence, translocation by E1 appears to rely on a coordinated escort 

mechanism in which a loop dives toward the 5’ DNA end, engages a base, and then 

moves upward, remaining associated with that base until it is released at the end of the 

ATPase cycle for that subunit. As with SF-IV and -VI helicases, DNA engagement occurs 

concomitantly with ATP binding and DNA release with product release. Interestingly, 

the Rho transcription termination factor seems to work by a mix of hand-over-hand and 

coordinated escort. Like E1, there is no opening or seam in the Rho ring, but five of its 

ATPase subunits form a pronounced out-of-plane spiral and, like SF-IV and -IV enzymes, 

the sixth appears capable of moving parallel to the central axis of the helicase as it transits 
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from the 5’- to the 3’-proximal position in the ring (Thomsen and Berger, 2009). At the 

same time, the RNA-binding pore loops in Rho undergo a levering motion that is linked to 

status of their associated ATPase centers (Thomsen et al., 2016). The hybrid nature of Rho 

is intriguing, as it suggests that the coordinated escort and hand-over-hand mechanisms are 

two extremes of a continuum of local and global molecular movements that couple a rotary 

ATPase cycle to nucleic acid translocation.

Unwinding and Step Size

Historically, two energetic models have been proposed for how helicases use nucleotide 

turnover to promote duplex unwinding (Fig. 6) (Lohman and Bjornson, 1996). In one, 

called the active or power-stroke model, ATP hydrolysis is tied to a structural change in 

the helicase that performs mechanical work to physically separate base pairs in a nucleic 

acid duplex. This action in principle would allow a translocating enzyme to plow through 

several base pairs per ATP turnover event; since the free energy from ATP hydrolysis under 

standard conditions is ~ −7 kcal/mol and melting of a single base pair costs ~1.6 kcal/mol, a 

power-stroke enzyme operating at 100% efficiency could conceivably melt up to 4 or 5 base 

pairs per ATP consumed (Fig. 6A) (Von Hippel and Delagoutte, 2001). In the second model, 

termed a passive or Brownian ratchet mechanism, the substrate duplex transiently opens 

or frays due to thermal fluctuations, exposing a single-stranded nucleic acid segment that 

can then be captured by the helicase in a conformational step that is linked to the NTPase 

cycle (Fig. 6B). The energetic cost associated with spontaneous base pair melting limits 

helicase movement to a maximum step size of a few bases per NTP turnover. Quantitative 

models that account for the degree of passiveness or activeness in hexameric helicases have 

suggested that there may be a spectrum of activities that range from highly active to highly 

passive. The ratio of helicase velocity during translocation on ssDNA or ssRNA strands as 

compared to the rate of duplex unwinding as a function of varying force and GC content 

has been proposed as a means of mapping helicase activity on this spectrum (Manosas et al., 

2010).

To date, studies have shown that DNA unwinding by SF-IV helicases is passive (Johnson 

et al., 2007; Lionnet et al., 2007; Manosas et al., 2010). Enzymes such as DnaB or gp4 

often display dsDNA unwinding rates that are significantly slower than ssDNA translocation 

rates and that vary significantly with GC content (Jeong et al., 2004; Johnson et al., 2007; 

Kim et al., 2002, 1996; Ribeck et al., 2010). While these helicases tend to unwind DNA 

at a constant rate, they are prone to pausing, especially when encountering duplexes of 

increased GC content (Johnson et al., 2007; Lionnet et al., 2007; Ribeck et al., 2010; 

Schlierf et al., 2019; Syed et al., 2014). Interestingly, many SF-IV helicases show increased 

ATPase and unwinding activity when bound to a partner polymerase (Bird et al., 2000; Kim 

et al., 1996; Pandey and Patel, 2014; Stano et al., 2005). For example, the gp4 helicase 

shows a marked decrease in pausing and slipping when engaged to an actively synthesizing 

T7 DNA polymerase (even up to 50% GC content), indicating that enzymatic coupling 

between nucleotide addition (by the polymerase) and hydrolysis (by the helicase) increases 

unwinding efficiency (Pandey and Patel, 2014). The T7 DNA polymerase contains low level 

strand displacement capabilities, and it has been suggested that the positioning of the leading 

strand DNA polymerase at the fork with the helicase allows for synergistic unwinding at 
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the forefront of the replisome in bacteria and phages (Gao et al., 2019; Pandey and Patel, 

2014; Stano et al., 2005). Bacterial primase, known as DnaG, also stimulates the ATPase and 

unwinding activities of DnaB however, this effect is seen with the helicase binding domain 

of DnaG alone, suggesting that this stimulatory affect is allosteric, rather than coupled to 

RNA polymerization by the primase.

Although there has been debate about the step size of RecA-family hexameric helicases, 

most of the available data points to a small value that might be expected for a passive 

mechanism of unwinding. For example, the structure of Rho bound to ssRNA shows that the 

pore loops bind to the phosphodiester backbone in single nucleotide increments, suggesting 

a step size of one (Thomsen and Berger, 2009). With respect to phage SF-IV helicases, there 

have been variable reports for either one or two nucleotide steps based on single molecule 

(G40P) or structural studies (gp4), respectively (Gao et al., 2019; Schlierf et al., 2019). The 

available data indicate that in discussing step size by a hexameric helicases it is important to 

distinguish between physical and kinetic step sizes. Physical step size is the number of base 

pairs traveled in a conformational cycle of a given helicase, whereas the kinetic step size 

refers to the number of base pairs traveled between successive rate-limiting steps (Patel and 

Donmez, 2006). In considering RecA-family hexameric helicases, structural data indicate 

that a single enzyme would take either a 6-nucleotide (SF-V) or 12-nucleotide (SF-IV) step 

between the point where it releases and rebinds its nucleic acid substrate, while the helicase 

ring as a whole would advance by steps of only 1 or 2 nucleotides into the fork to promote 

unwinding. Interestingly, the pitch of DNA bound to DnaB and gp4 is similar to that seen 

for FtsK, suggesting that the core stepping mechanism may be conserved between SF-IV 

helicases and RecA-type dsDNA translocases (Gao et al., 2019; Itsathitphaisarn et al., 2012; 

Jean et al., 2020). Consistent with this idea, the pores of SF-IV hexamers are sufficiently 

large to accommodate a paired duplex and members of this helicase family are known to 

possess the ability to traverse dsDNA segments without melting the complementary paired 

strands (Itsathitphaisarn et al., 2012; Kaplan, 2000). It is only when SF-IV helicases are 

loaded onto the 5’ssDNA-end a fork bearing a sufficiently large unpaired 3’ tail that they 

unwind DNA by sterically excluding the non-translocated strand from the helicase pore 

(Kaplan, 2000). Interestingly, biochemical studies have indicated that the excluded strand 

can interact with the exterior surface of both DnaB and gp4 (Carney et al., 2017; Galletto 

et al., 2004; Hingorani and Patel, 1993); however, biochemical and structural studies of 

the T7 replisome have also indicated that the leading strand polymerase can engage the 

excluded strand right at the junction where ssDNA enters the helicase pore (Gao et al., 2019; 

Nandakumar et al., 2015), sequestering DNA in a manner that would prevent wrapping. 

It has been suggested that the wrapping of the excluded strand may serve as a regulatory 

mechanism to slow helicase advancement when the motor is uncoupled from the polymerase 

(Perera et al., 2019b). Additional work is needed to investigate this issue further.

A picture for the unwinding mechanism of AAA+ helicases derives from both structural and 

single-molecule studies. Structural efforts have suggested a subunit step size of 6 nucleotides 

for SF-III helicases and 12 nucleotides for SF-VI enzymes, with corresponding hexamer 

steps of 1 and 2 nucleotide nucleotides, respectively (Eickhoff et al., 2019; Enemark 

and Joshua-Tor, 2006; Meagher et al., 2019). As with their RecA counterparts, the small 

hexamer steps are consistent with a more passive mechanism of unwinding. Analyses 
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of CMG have revealed non-uniform DNA unwinding rates, with periods of pausing and 

backwards translocation that result in DNA reannealing akin to a biased random walk 

(Burnham et al., 2019). Retrograde helicase movement was observed during long stretches 

of time and on extended DNAs, suggesting that the behavior is not due to unproductive ATP 

hydrolysis events. These results further indicate that hexameric AAA+ helicases unwind 

DNA in a relatively passive manner. Interestingly, cryo-EM structures have shown that 

dsDNA can enter far into the N-terminal region of CMG, and that loops in this region seem 

to divert the displaced strand to a possible exit tunnel between Mcm3 and Mcm5 (Yuan et 

al., 2020). As with SF-IV helicases, it has been suggested that the exterior surface of MCM 

helicases may associate with the excluded strand, an interaction that has been proposed to 

prevent backsliding (Costa et al., 2008; Graham et al., 2011, 2016, 2018; Rothenberg et 

al., 2007). However, structural studies of eukaryotic replisome components suggest that the 

Pol α–primase complex sits close to the N-terminal (fork-proximal) tier of CMG through a 

interaction with the Ctf4/AND-1 scaffolding protein (Georgescu et al., 2017; Simon et al., 

2014; Sun et al., 2015b; Yuan et al., 2019; Zhu et al., 2007). This placement would position 

Pol α–primase close to the point where the excluded strand is ejected from CMG during 

DNA unwinding (a polymerase/helicase juxtaposition somewhat analogous to that seen for 

T7 gp4), thus preventing wrapping from occurring. Future work will be needed to resolve 

the fate of the displaced strand and the role of any interactions it might have with the MCM 

exterior.

Hexameric Helicase Loading

The ring-like structure of hexameric helicases creates a topological challenge for the 

binding of nucleic acid substrates. For replicative hexameric helicases (SF-III, -IV, and 

-VI), replication origins are embedded in the middle of circular or very long linear DNAs; 

for SF-V enzymes, target RNA segments are flanked by large ribonucleoprotein complexes, 

such as RNA polymerase and the ribosome. Both situations prevent threading of the helicase 

ring onto a free DNA or RNA end, and instead necessitate a discrete loading strategy. 

Interestingly, these strategies vary widely between and even within hexameric helicase 

superfamilies.

One means used by nature to grapple with helicase loading is to assemble the enzyme 

at its target locus from monomeric subunits (Fig. 7A). SF-III helicases such as LTag 

and E1 appear to follow this approach, although they can proceed through somewhat 

distinct assembly processes (Fouts et al., 1999; Mastrangelo et al., 1989). Dedicated origin 

binding domains on the N-termini of LTag and E1 initially form doubly dimeric or trimeric 

intermediates, respectively, which initially bind to double-stranded origins (Meinke et al., 

2007; Schuck and Stenlund, 2005). In LTag, this “double dimer” then recruits 8 more 

protomers in an ATP-dependent fashion to form a head-to-head double hexamer (reviewed 

in (Hickman and Dyda, 2005)). How this complex transitions to encircling ssDNA and 

separates into two active hexameric helicases is not yet understood. The N-terminus of E1 

also binds to double-stranded origins but higher-order oligomerization is initially blocked 

by a molecular chaperone – the E2 protein – which binds to the AAA+ domains of E1 

(Abbate et al., 2004). ATP binding by E1 is thought to promote E2 dissociation and 

aid E1 oligomerization, forming a head-to-head “double trimer” intermediate and can 
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hydrolyze ATP to locally untwist and melt the origin (Schuck and Stenlund, 2011). How 

this intermediate leads to further assembly of E1 double hexamers or active E1 hexamers 

is unknown, although it has been suggested that this transition may be regulated by a 

C-terminal tail present in the papillomavirus E1 enzyme (Schuck and Stenlund, 2015).

The loading mechanisms of RecA family SF-IV hexameric helicases are highly varied. In 

contrast to SF-III enzymes, SF-IV helicases are loaded onto single-stranded nucleic acids. 

However, in at least one instance, as exemplified by B. subtilis DnaC (a DnaB-family 

helicase), loading has been reported to use a ring-assembly strategy (Velten et al., 2003). 

In this particular system, an ATP-dependent factor known as DnaI (an AAA+ ATPase) and 

two ATP-independent factors, DnaB (so-named for historical reasons and not to be confused 

with DnaB helicases) and DnaD, assist with the formation of helicase hexamers around 

DNA (Soultanas, 2002; Velten et al., 2003); the single-stranded substrate is generated in 

bacteria by a replication initiation protein known as DnaA (Bramhill and Kornberg, 1988). 

The mechanism of loading for B. subtilis DnaC contrasts with that of E. coli DnaB, which 

pre-assembles into closed-ring hexamers that require a factor known as DnaC (also an 

AAA+ ATPase and an ortholog of B. subtilis DnaI) for loading (Fig. 7B) (Kobori and 

Kornberg, 1982). Structural studies have shown that E. coli DnaC physically opens DnaB 

rings as a means to allow ssDNA to enter the helicase pore, and that once DNA binds, the 

loader-bound helicase isomerizes into a conformation similar to that seen in translocation-

competent states of the enzyme (Arias-Palomo et al., 2013, 2019; Itsathitphaisarn et al., 

2012). During the initiation of DNA replication, two DnaB6C6 complexes are loaded per 

origin, with the DnaB hexamers facing each other (Fang et al., 1999). In E. coli, the loaded 

DnaB molecules do not appear to form any specific interactions with each other (Fang et al., 

1999), although a double-hexamer intermediate has been observed for one bacterial species 

of DnaB (Helicobacter pylori) in the absence of DNA (Stelter et al., 2012). For replication to 

proceed, the two DnaB helicases must translocate past each other, the mechanism of which 

is not well-understood. Interestingly, a majority of bacterial species lack DnaC/DnaI loader 

proteins, and instead use an ATP-independent chaperone called DnaC/I antecedent (DciA) 

(Brézellec et al., 2016). How DciA facilitates helicase loading has yet to be established. 

The SF-IV helicases of certain phages, such as T4 gp41 and SPP1 G40P, are thought 

utilize ATP-independent loading factors that may work by a ring-opening strategy (e.g., 

gp59 in T4 and G39P in SPP1) (Bailey et al., 2003; Mueser et al., 2000). However, at least 

one phage enzyme (T7 gp4 helicase-primase) is thought to be able to pre-assemble into 

a hexameric or heptameric oligomer that is capable of self-loading onto DNA, and it has 

been proposed that the ssDNA binding site on the primase domain facilitates ring opening 

(Ahnert, 2000). Some phages also use dedicated proteins to hijack and load host DnaB 

proteins onto viral replication origins; the P protein of phage lambda, which cracks open E. 
coli DnaB hexamers in a manner similar to that of DnaC but without a need for ATP is one 

such example (Chase et al., 2018). Moreover, at least one DnaB homolog (from H. pylori) 
has been shown to be capable of bypassing a DnaC-dependent loading mechanism in vivo, 

operating through an as yet unknown mechanism (Soni et al., 2003, 2005).

Two groups of helicases, SF-V and SF-VI, have been demonstrated to form self-regulated 

pre-opened hexameric rings prior to loading (Bochman and Schwacha, 2010; Costa et 

al., 2011; Lyubimov et al., 2012; Skordalakes and Berger, 2003; Yu et al., 2000). The 
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promiscuous or inappropriate binding of substrate nucleic acid segments is controlled by 

different means in these systems. Open Rho rings can be recruited to and loaded on client 

RNAs either by the association of the helicase’s N-terminal RNA binding domains with 

cytosine-rich ‘rut’ (rho utilization) sequences (Fig. 7C), or by interacting with partner 

proteins such as RNA polymerase and NusG (Allison et al., 1998; Martinez et al., 1996a, 

1996b; Said et al., 2021). By comparison, MCM hexamers rely on an elaborate loading 

mechanism that couples helicase deposition and activation with discrete cell cycle stages. 

In eukaryotes, a heterohexameric AAA+ complex known as the origin recognition complex 

(ORC), works in conjunction with Cdc6 (another AAA+ ATPase) and Cdt1 to recruit 

MCM rings to replication origins and align them around duplex DNA (Fig. 7D) (On et 

al., 2018; Parker et al., 2017). Like SF-III helicases, MCM rings are initially loaded as 

head-to-head double hexamers (Abid Ali et al., 2017; Noguchi et al., 2017); interestingly, 

the N-terminal domains that support inter-hexamer interactions are evolutionarily unrelated 

between SF-III and SF-VI helicases, indicating that the double-hexamer loading strategy 

arose independently during evolution (Fletcher et al., 2003). MCM loading occurs in the 

early G1 phase of the cell cycle, and the double hexamers persist until S phase, at which 

point they are activated by kinase-dependent phosphorylation and the binding of the Cdc45 

and GINS accessory factors (Chang et al., 2015; Diffley et al., 1994; Labib, 2010; Remus 

and Diffley, 2009). These events promote DNA melting and isomerization of the MCM 

double hexamer into translocation competent single hexamers around ssDNA (Douglas 

et al., 2018). How the MCM transitions between double and single hexamer states and 

from encircling dsDNA to ssDNA is not yet understood at a structural level. Interestingly, 

the head-to-head nature of the loaded MCM DH indicates that matured CMG assemblies 

must bypass each other during the start of translocation and replication, similar to the 

action of their SF-III helicase counterparts and bacterial DnaB enzymes. The fact that all 

cellular replicative helicases, as well as those of some viruses, manifest this bypass behavior 

suggests that there has been some evolutionary pressure to adopt such a mechanism, such as 

ensuring the complete and efficient replication of origin regions (Fang et al., 1999).

Roadblock and Damage Bypass

During strand synthesis, replicative hexameric helicases must contend with roadblocks 

in the form of both chemical modifications and stalled or covalently attached proteins. 

Several hexameric helicases (e.g., DnaB, MCM) have been shown to be capable of 

actively translocating over small lesions, such as cyclobutene pyrimidine dimers and alkyl 

phosphotriesters, with varying effects on polymerase stalling (Byun et al., 2005; Suhasini et 

al., 2012; Sun et al., 2015a; Taylor and Yeeles, 2018). In T7 gp4 and CMG, this tolerance is 

diminished by bulky lesions such as interstrand cross-links or DNA-protein adducts, which 

have been shown to block helicase progression (Brown and Romano, 1989; Duxin et al., 

2014; Fu et al., 2011). Interestingly, CMG has been shown to be able to bypass DNA-protein 

crosslinks, even when the lesions are present on the translocating strand (Sparks et al., 

2019). This bypass activity is often aided by monomeric SF-I helicases and translocases 

that either help remove the block or promote CMG migration over the barrier (Huang et al., 

2013; Schauer et al., 2020; Sparks et al., 2019; Yardimci et al., 2012). Surprisingly, SV40 

LTag is able to actively navigate past large covalent protein-DNA blocks on the translocation 
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strand without removing the adduct, suggesting that the ring briefly opens to continue 

unwinding past the block (Yardimci et al., 2012). How lesions affect hexameric helicase 

unwinding energetics and how auxiliary partners modulate the function of these enzymes to 

promote ring integrity and lesion bypass remains a frontier area of inquiry.

Concluding remarks

Although the two predominant types of hexameric helicases, RecA and AAA+, appear to 

have evolved independently of one another, members of these classes nonetheless display 

some organizational and functional similarities (Table 1). All hexameric helicases form 

asymmetric rings when bound to a nucleic acid substrate in which bipartite NTPase centers 

reside at subunit interfaces. Hexameric helicases also appear to use a sequential, rotary NTP 

hydrolysis mechanism to drive substrate translocation; however, the allosteric couplings 

that communicate nucleotide status between active sites and coordinate NTP turnover with 

DNA or RNA movement is poorly understood and likely differs between the two enzyme 

families. A deeper understanding of this allosteric relay is needed to help explain why some 

hexameric helicases possess sufficient plasticity to tolerate inactive subunits. It also remains 

to be determined whether NTPase activity is relatively monotonic during helicase operation, 

or whether it occurs in bursts, as has been described for the phi29 dsDNA translocase 

(Moffitt et al., 2009).

Interestingly, hexameric helicases thus far appear to operate by a relatively passive 

translocation mechanism. This stands in contrast to some monomeric SF-I and -II helicases, 

which have been suggested to be capable of exerting a true power stroke (Manosas et al., 

2010). A common theme seen with in vitro measurements of hexameric helicase unwinding 

rates is that these speeds rarely meet the rates required for in vivo function (Burnham et 

al., 2019; Jeong et al., 2004; Kim et al., 1996). Additionally, many hexameric helicases are 

fast at translocating along single nucleic acid strands, but slow considerably when tasked 

with duplex unwinding (Jeong et al., 2004; Kim et al., 2002; Manosas et al., 2010). The 

binding of partner proteins has been observed to dramatically increase the ATPase and DNA 

unwinding rates of many different hexameric helicases, particularly those involved with 

replication (Bird et al., 2000; Kim et al., 1996; Pandey and Patel, 2014; Stano et al., 2005). 

The mechanisms responsible for these effects remain a fascinating area of study.

Many hexameric helicases also depend on specialized nucleic acid recruitment and loading 

approaches that help regulate access to nucleic acid substrates. Although these strategies 

vary, it is intriguing that many bacterial species and all eukaryotes use a homologous suite 

of AAA+ proteins – DnaA and DnaC/DnaI in bacteria, ORC and Cdc6 in eukaryotes – 

to coordinate the deposition of replicative hexameric helicases onto chromosomal origins. 

This group of proteins belongs to a phylogenetically linked clade of ‘initiator’ factors 

within the AAA+ superfamily, even though the DnaB and MCM helicases they act on 

are evolutionarily distinct. How replication initiation factors evolved their highly distinct 

helicase recruitment and loading mechanisms is not known, nor is it fully understood 

how, following loading, replicative helicases switch from a translocation-restricted state to 

a processive, DNA unwinding configuration. Future studies will be needed to more fully 

resolve these questions.
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The realization that evolutionarily distinct lineages of helicases have converged on similar 

– or at least analogous – operational mechanisms is intriguing. Some of this congruence, 

such as the apparent ubiquity of a rotary NTP hydrolysis/translocation mechanism, may 

reflect some type of selective advantage, perhaps involving chemomechanical coupling 

efficiency and/or enzyme processivity. Similarly, the common reliance on partner proteins 

for controlling helicase loading, activation, and the bypass of roadblocks undoubtedly stems 

from a need for additional levels of helicase regulation in cells. Future work in these areas 

will be necessary to derive new fundamental insights into hexameric helicase function and 

evolution.
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Fig. 1: Hexameric helicase superfamilies and folds.
The core ASCE αβα binding fold (blue) has diverged into the RecA (pink) and AAA+ 

(green) families that make up all hexameric helicases. Select structural insertions and 

locations or specific motifs are indicated (yellow for ASCE, pink or green for RecA and 

AAA+, respectively). Dark green dotted lines and arrows show the helix two insert (H2I) 

that is specific to SF-VI and not found in SF-III helicases.
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Fig. 2: Overview of RecA and AAA+ hexameric helicase structures.
A. SF-IV – G. stearothermophilus DnaB bound to ssDNA and GDP•AlF4 (PDB 4ESV). B. 
SF-V – E. coli Rho bound to ADP•BeF3 and RNA (PDB 3ICE). C. SF-III – papillomavirus 

E1 bound to ADP and ssDNA (PDB 2GXA). D. SF-VI – D. melanogaster Mcm2-7 bound to 

ADP, ATP and ssDNA (PDB 6RAZ). For all – Top: Top-down view of hexameric rings and 

active sites (inset). Bottom: Side view showing N-and C-terminal domains. RF = Arginine 

Finger, WA = Walker A, WB = Walker B, CE = Catalytic Glutamate, SI = Sensor I, SII = 

Sensor II.
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Fig. 3: Nucleic acid binding and ATPase status of hexameric helicases.
A. SF-IV – G. stearothermophilus DnaB. All GTP-bound active sites are in the same 

conformation and thus ATPase status around the ring cannot be assigned (PDB 4ESV). B. 
SF-V – E. coli Rho with ATPase state assigned by active site conformation and nucleotide 

status (PDB 3ICE). C. SF-III – papillomavirus E1 with ATPase state assigned by active 

site conformation (PDB 2GXA). D. SF-VI – D. melanogaster Mcm2-7 with ATPase state 

assigned by cryo-EM density and active site conformation (PDB 6RAZ). For all – nucleic 

acid substrates are shown in blue and pore loops in red. Nucleotide states: ATP – substrate 

bound; ADP – product bound; E – empty/exchangeable, ATP* - hydrolysis competent. 

All views are looking down from the 3’-5’ perspective. Insets show cutaway of helicase 

structure to highlight pore loops interactions with nucleic acid substrates.
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Fig. 4: Models for NTP hydrolysis.
ATPase states: T (green) – ATP; D (orange) – ADP + Pi; E (red) – empty. A. Concerted 

hydrolysis. All sites fire in synchrony. B. Stochastic hydrolysis. Sites fire at random. C. 
Rotary hydrolysis. Sites fire in a sequential order around the ring.
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Fig. 5: Models for translocation.
A. Pumpjack translocation where a stable N-terminal region (gray) encircles ssDNA while 

the C-terminal motor regions moves up and down as a levering unit. B. Hand-over-hand 

translocation in which rounds of ATP binding, hydrolysis, and product release coincide with 

an entire subunit moving from one end of the helicase spiral to the other (bottom-to-top 

movement as depicted here). C. Concerted escort translocation in which DNA binding loops 

(red, inset) form a spiral around DNA and rounds of ATP binding, hydrolysis, and product 

release are coupled to upward and downward loop movements (bottom-to-top movement as 

depicted here). Red arrows indicate the direction of translocation.
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Fig. 6: Power stroke vs. Brownian ratchet unwinding mechanisms.
A. In the power stroke model, ATP hydrolysis by the helicase is tied to conformational 

changes that actively push it forward into a duplex, forcibly splitting paired bases to unwind 

the substrate. B. Passive unwinding involves local fraying of base pairs due to thermal 

or torsional fluctuations that expose ssDNA, which the helicase then captures through an 

ATP-dependent movement.
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Fig. 7: Strategies for loading hexameric helicases.
A. Ring assembly. SF-III helicases such as LTag and E1 are assembled at viral replication 

origins, proceeding through head-to-head intermediate complexes into single hexamers that 

encircle single DNA strands. B. Chaperoned rings opening. The SF-IV DnaB helicase from 

E. coli forms pre-assembled hexamers that are physically opened by DnaC and loaded 

onto a ssDNA bubble formed by the replication initiator, DnaA. C. Self-regulated ring 

closure. The SF-V helicase Rho forms a pre-opened hexamer that is recruited to target 

RNAs by Rho utilization (rut) sequences; once bound, the threading of ssRNA into the 

helicase channel promotes ring closure. D. Chaperoned ring closure. SF-VI helicases like 

MCMs form pre-opened hexameric rings that are loaded onto duplex replication origins by 

ORC, Cdc6, and Cdt1. This process establishes a closed-ring, head-to-head double hexamer 

intermediate that, when activated by Cdc45 and GINS to form the CMG complex, melts 

the origin and isomerizes into single hexamers that encircle ssDNA. Red arrows indicate 

direction of post-loading translocation. Helicase bypass following loading occurs for SF-III, 

-IV, and -VI enzymes.
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Table 1.
Summary of mechanisms utilized by hexameric helicase superfamilies.

Distinct evolutionary lineages of hexameric helicases have evolved surprisingly similar mechanisms of NTP 

hydrolysis and duplex unwinding. Modes of helicase translocation exist on a spectrum from hand-over-hand, 

with a full separation of subunits, to coordinated escort with a closed, planar, ring. Ring-shaped helicases also 

employ a wide variety of loading strategies, although many rely on dedicated partner proteins.

Superfamily Hydrolysis Translocation Unwinding Loading

III Rotary Coordinated escort Passive Monomer assembly on dsDNA

IV Rotary Hand-over-hand Passive Partner protein mediated loading on ssDNA

V Rotary Hybrid hand-over-hand and coordinated 
escort

Passive Self- or partner protein-mediated loading on 
ssRNA

VI Rotary Hand-over-hand Passive Partner-protein mediated loading on dsDNA
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