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Abstract

Before leaving the house, it is a good idea to check for road closures that may affect the morning 

commute. Otherwise, one may encounter significant delays arriving at the destination. While this 

is commonly true, motorists may be able to consult a live interactive traffic map and pick an 

alternate route or detour to avoid being late. However, this is not the case if one needs to catch 

the train which follows a single track to the terminus; if something blocks the track, there is a 

delay. Such is the case for the DNA replisome responsible for copying the genetic information 

that provides the recipe of life. When the replication machinery encounters a DNA roadblock, the 

outcome can be devastating if the obstacle is not overcome in an efficient manner. Fortunately, the 

cell’s DNA synthesis apparatus can bypass certain DNA obstructions, but the mechanism(s) are 

still poorly understood. Very recently, two papers from the O’Donnell lab, one structural [1] and 

the other biochemical [2], have challenged the conventional thinking of how the replicative CMG 

helicase is arranged on DNA, unwinds double-stranded DNA, and handles barricades in its path. 

These new findings raise important questions in the search for mechanistic insights into how DNA 

is copied, particularly when the replication machinery encounters a roadblock.
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Introduction

Nucleic acid helicases are essential enzymes for the genomic maintenance of all forms 

of life. DNA specific helicases act on a variety of substrates encountered during DNA 

replication, repair, and recombination to destabilize and separate duplex DNA by coupling 

ATP hydrolysis to unwinding. Even though hexameric DNA helicases structurally converged 

into a common ring-shaped architecture [3], they arose separately into two major 

families classified by conserved folds and unwinding polarities [4,5]. Superfamily (SF) 

4 DNA replication helicases from bacteria and many phages, including E. coli DnaB, 

bacteriophage T7 gp4, and mitochondrial Twinkle, utilize RecA-folds to unwind DNA in 

the 5′-3′ direction. Alternatively, eukaryotes and archaea rely on SF 5 helicases, including 

minichromosomal maintenance (MCM) proteins, derived from ATPases associated with a 

variety of activities (AAA+) clade that translocate with opposite 3′-5′ polarity. In spite of 

these evolutionary and functional differences, both families utilize a common P-loop ATPase 

motif that organizes ATP binding motifs from one subunit to arginine fingers contained in an 

adjacent subunit catalyzing ATP hydrolysis to power DNA unwinding [6].

Organization of the MCM Helicase on DNA

As a consequence of the measured unwinding polarities of SF 4 and SF 5 helicases, the 

hexameric helicase will encircle and translocate along the lagging strand in bacteria (DnaB) 

and along the leading strand in archaea and eukaryotes (MCM). Binding of bacterial DnaB 

to a replication fork arranges the C-terminal RecA motor domain (CTD) adjacent to the 

duplex with the lagging strand traversing the central channel of the helicase towards the 

N-terminal domain (NTD) [7]. Loading of the MCM2-7 helicase in eukaryotes proceeds by 
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sequential binding of two individual hexamers to origin DNA followed by closing of the 

ring around double-stranded DNA upon ATP hydrolysis and concomitant release of Cdt1 

to form an off-set double hexamer ring [8–10]. The active form of the MCM2-7 helicase 

includes melting of the duplex DNA and transitioning to the encircling of one strand of 

DNA coincident with sequential binding of Cdc45 and GINS subunits across the MCM2-5 

gate to form the CMG complex effecting bidirectional topological separation of the leading 

and lagging strands [11–14].

Binding of the homo-hexameric MCM from archaea to fork DNA was also shown using 

various fluorescence experiments to orientate the CTD (AAA+ domain) towards the duplex 

[15,16]. From these initial experiments, it seemed that, like bacterial DnaB, the motor 

domain acts to separate the duplex, while the NTD is free to interact with other replisome 

proteins. Like archaeal MCM, the eukaryotic D. melanogaster CMG complex was shown 

by electron microscopy (EM) to have an identical binding orientation placing the CTD 

towards the duplex DNA [17]. However, the recent high resolution EM structure of the 

S. cerevisiae CMG complex from the O’Donnell laboratory challenges this orientation and 

instead shows the NTD leading the way along the leading strand [1]. The EM visualization 

is quite clear and as such has created a controversy over how eukaryotic origins are activated 

and propagated to form bidirectional replication forks after loading of the MCM2-7 double 

hexamer.

There are significant differences between experimental systems that need to be explored. 

First and foremost, the yeast CMG complex includes both GINS and Cdc45 that are absent 

from the archaeal experiments that may help to properly orientate the MCM complex on 

DNA. If so, then answers on how Cdc45 and GINS help to direct complex binding are of 

utmost importance. Of course, there could be actual orientation differences between archaeal 

and eukaryotic MCM on DNA; however, as most of the other features of DNA replication 

are conserved, this would be very surprising. More surprising would be species-specific 

differences in MCM2-7 activation/orientation with the eukaryotic domain as seen between 

the fly and yeast CMG EM structures. One caveat with the yeast CMG orientation is that 

the authors utilized five phosphorothioate deoxythymidines on the 3′ end of the leading 

strand, presumably to prevent degradation when the leading strand DNA polymerase epsilon 

was included in future structures. However, archaeal MCM has been shown to load and 

slide onto the 3′ end of a DNA strand [15], and whether eukaryotic MCM2-7 is influenced 

by these phosphorothioates or, on the other hand, whether archaeal MCM is influenced 

by fluorescent labels is not known. There are also DNA sequence-specific differences 

between the three systems. The archaeal MCM orientation (CTD first) was determined using 

both random sequence [15] and poly-dT [16] fork arms. The Drosophila (CTD first) [17] 

and yeast (NTD first) [1] CMG orientations also utilized poly-dT for the leading strand, 

however, the yeast structure also had a short random 16-nucleotide excluded strand. Whether 

the excluded strand influences CMG loading in a particular orientation onto artificial fork 

substrates needs to be addressed.

What is confirmed is that a double hexamer of MCM2-7 is loaded at an origin of replication 

with the NTDs arranged head-to-head. Although the 3′-5′ unwinding polarity of CMG is 

not under question, how the double hexamer MCM2-7 becomes activated for unwinding 
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would be considering this new orientation. In addition to the foremost unanswered question 

in the DNA replication field for how a double hexamer goes from encircling double-stranded 

DNA to individual CMG hexamers encircling opposing single-strands, biophysics of 

helicase fork activation also become probing. Should the NTD lead the way for unwinding, 

the two hexamers would have to pass by one another to form the individual forks by having 

one CMG encircle the displaced strand of the other (Fig. 1A). This is not impossible 

but would require somewhat complicated protein-DNA reorganization that includes a 

larger DNA bubble to accommodate this transversion. Alternatively, individual CMGs 

that translocate with the CTD leading the way would just have to destabilize dodecamer 

association before single-stranded DNA translocation and unwinding commences (Fig. 1B).

Hexameric Helicase Structure-Function Unwinding Mechanism

The steric exclusion (SE) model of DNA unwinding by hexameric helicases seems to be 

conserved across both superfamilies of enzymes (Fig. 1C). Here, single-stranded DNA 

contacts conserved positively charged hairpins within the central channel to pass the DNA 

through or the hexameric helicase along effectively translocating on one strand. Recent high 

resolution EM data of a CMG-Pol epsilon complex from the Costa lab is consistent with 

the SE model with CMG behaving as a single-stranded DNA translocase [18]. The opposing 

excluded strand is separated prior to entry into the central channel using a physical toroidal 

wedge to unwind DNA. Previous models where single-stranded DNA is extruded out a 

side channel within the interior of the hexamer or double-stranded DNA is pumped and 

twisted through the central channel have been almost universally discounted. Instead, more 

information on the precise contacts with DNA have led to slight modifications of the SE 

model. Electrostatic interactions on the exterior surface with the excluded single-stranded 

DNA has led to the steric excluding and wrapping (SEW) model (Fig. 1D) [19]. The 

mechanistic role and binding dynamics of the excluded strand may vary with different 

classes of helicases; however, this interaction clearly modulates the rate and efficiency of 

DNA unwinding in all hexameric helicases tested [20,21].

Recently, more high resolution EM data from the O’Donnell laboratory has visualized 

a small stretch of duplex DNA within the NTD of the S. cerevisiae CMG complex [1] 

(O’Donnell, unpublished). They propose a somewhat different modified steric exclusion 

(MSE) model of unwinding, whereby double-stranded DNA enters the NTD to be separated 

inside the central channel only to be extruded back out the same path and excluded along 

the exterior of the CMG (Fig. 1E). Whether the excluded strand at this point binds specific 

MCM subunits or interacts specifically with Cdc45 or GINS or other components of the 

eukaryotic replisome remains to be determined.

Biochemical experiments using purified CMG proteins and biotin-streptavidin blocks 

attached to either the translocating or excluded strand seem to support the MSE model 

[2]. It was observed that adducts on either strand blocked or reduced unwinding by the 

CMG complex. Most tellingly, the covalent methyltransferase adduct on the lagging strand 

was an even stronger block to unwinding. They further showed that streptavidin can be 

displaced from biotin on the lagging strand providing key support for entry of duplex DNA 

into the CMG complex followed by an internal unwinding mechanism. Thus, their results 
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did not support a strict SE model. This MSE model is consistent with both EM and In vitro 
biochemical data from the O’Donnell laboratory and will have strong implications for the 

ability of the replisome to overcome and bypass a multitude of noncovalent and covalent 

roadblocks during DNA replication.

Helicase Encounters with DNA Adducts or Protein Obstacles

Even though CMG had a hard time progressing past large bulky lesions on either the 

translocating or nontranslocating strand, it should be stressed that emerging evidence 

indicates that inhibition of DNA unwinding activity is dependent on the type of adduct 

and the specific helicase under investigation [22,23]. It is generally thought that relatively 

small base lesions that only minimally affect DNA structure are well tolerated by ring-like 

helicases that possess a central channel for DNA translocation. For example, the sequence-

related SF 4 helicases E. coli DnaB and human mitochondrial Twinkle, implicated in 

replication of the bacterial [24,25] and mitochondrial [26] genomes, respectively, were 

unaffected by a cyclopurine (cPu) lesion (that perturbs helix twist and base stacking) in 

either the translocating or non-translocating strands of the duplex DNA substrate [21,27]. 

Similarly, a single alkyl phosphotriester modification that introduces a hydrophobic group 

into the DNA backbone and neutralizes the negative charge of the phosphodiester moiety 

displayed no apparent effect on DnaB or M. thermoautotrophicum MCM [28].

Even DNA helicases sharing sequence homology within the helicase core domain may 

display differences in how they are affected by DNA modifications, suggesting subtle and 

specialized differences in unwinding mechanisms [29]. It should be kept in mind that the 

size of the biotin-SA moiety used for interrogation of strand-specific inhibition of DNA 

unwinding by the yeast CMG helicase [2] really represents an extreme case in the type of 

DNA block because it is considerably bulkier than DNA lesions such as those described 

above. Therefore, it may not be surprising that the biotin-SA positioned on either the 

translocating or non-translocating strands negatively affects yeast CMG-catalyzed DNA 

unwinding. Nonetheless, protein-DNA covalent adducts can be quite large, so the findings 

from biotin-SA modified DNA substrates are informative. As more interacting proteins are 

identified that collaborate with helicases, it seems likely that such factors will regulate their 

activity and potentially direct pausing or bypass at specific lesions.

The mammalian DNA tumor virus SV40 large T antigen is a hexameric DNA 

helicase demonstrated to have the capability of unwinding past a DNA-protein (Hpall 

methyltransferase conjugate) cross-link on the helicase translocating strand, leaving the 

authors to speculate that the helicase ring can open to bypass the protein barrier [30]; 

however, ring-opening was not formally shown. It remains to be seen if other replicative 

DNA helicases can behave in a similar manner to bypass a significantly large bulky 

covalent adduct. The possibility that CMG helicase complex can bypass a bulky lesion 

in the translocating strand by a ring-opening mechanism would certainly be relevant to its 

encounter with an interstrand cross-link (ICL), a hot topic of debate (see next section).

The finding from the O’Donnell lab that the purified yeast CMG helicase is sensitive to 

biotin-SA in either strand [2] is in contrast to a 2011 report from the Walter lab using 
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Xenopus laevis egg extract protein showing that CMG-supported replisome-catalyzed DNA 

synthesis on a plasmid-based DNA substrate is sensitive to biotin-SA positioned in the 

translocating strand but not the non-translocating strand [31]. In the latter case, it was 

argued that the results strongly supported a classic SE model, which is now in doubt for 

the purified yeast CMG helicase [2]. Aside from the unlikely (but possible) explanation 

of species-specific differences, one must keep in mind that replisome/CMG-interacting 

proteins in the Xenopus extract may mediate bypass of the bulky lesion positioned in 

the strand opposite to the one that helicase is believed to thread. Although likely by a 

different mechanism, the single-stranded DNA binding protein Replication Protein A (RPA), 

which physically interacts with FANCJ [32] or RECQ1 [33], can enable either helicase to 

efficiently unwind past a TG lesion positioned in the non-translocating strand, but not the 

translocating strand [29]. It will be important to identify the putative protein factors that 

enable the Xenopus replisome/CMG to bypass a bulky DNA lesion or protein obstacle in a 

strand-specific manner, and determine if a similar mechanism operates for other eukaryotic 

CMG complexes in a highly purified reconstituted system. Such studies are pertinent to 

many forms of biologically relevant DNA lesions, including ICLs (next section).

A reasonably good class of candidates to mediate CMG bypass of a DNA adduct or protein 

obstacle is accessory DNA helicases. The McGlynn lab has made significant advances to 

comprehend the genetic and biochemical roles of accessory helicases as components of the 

replisome to bypass protein-bound DNA complexes (for review, see [34–36]). In E. coli, the 

3′ to 5′ SF 1 DNA helicase Rep actively collaborates with the 5′ to 3′ replicative DnaB 

helicase to provide an efficient mechanism for genome duplication [37–39]. It is yet unclear 

if the helicases operate together to bypass any types of bulky DNA adducts; moreover, to our 

knowledge the identification and characterization of an accessory 5′ to 3′ helicase(s) that 

operates in conjunction with the 3′ to 5′ CMG helicase is not reported. Among the potential 

candidates are the SF 1 helicases Pif1 [40,41] or human DNA helicase B (HDHB) [42].

Replication Fork and CMG Dynamics at Bulky Blocks

Replication forks are frequently challenged by a host of impediments including alternate 

DNA structures and DNA covalent adducts. Lesions, such as ultraviolet photoproducts, that 

can be included within the central channel of CMG may not impede the passage of the 

fork, although they inhibit polymerases. The consequence, shown in an early investigation of 

replication in E. coli exposed to UV, is gaps in the daughter strands. That study supported 

a model of replication restart past polymerase blocking photoproducts [43]. That view has 

been extended in more recent studies, and the concept of leading daughter strand synthesis 

interrupted by DNA adducts on the template strand is well established [44–47].

On the other hand, blocks on the leading strand template, too large to be accommodated in 

the central channel of the CMG, would be expected to stop forward progress of the CMG. 

Indeed, as summarized above, placement of bulky adducts, too large for inclusion in the 

central channel, on leading or lagging strand templates, or on both strands, has been used 

to interrogate the disposition of the template strand in the architecture of the CMG. Two 

different conclusions have emerged from these studies. Walter and colleagues concluded that 

the “CMG encircles single-stranded DNA with no duplex DNA remaining in the central 
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channel” [31], in accord with a SE model. An additional implication was that when the 

CMG complex encountered an ICL, the DNA immediately adjacent to the lesion would be 

single-stranded since one strand would be within the central channel, while the other would 

be excluded [31] (see below).

The recent publications from the O’Donnell lab [1,2], cited above, provide a somewhat 

different view of duplex DNA and leading and lagging templates strands within and on 

the surface of the CMG. Their MSE model explained why a block on either strand would 

challenge forward movement of the helicase. They suggested that the different conclusions 

of the two groups were due to the use of purified proteins (O’Donnell) versus extracts 

(Walter).

The experiments from both the Walter and O’Donnell laboratories support the conclusion 

that that bulky adducts on the leading strand template cannot be bypassed by the replisome. 

This would also extend to ICLs that link one strand to an enormous bulky adduct, i.e., the 

other DNA strand. Consequently, ICLS have always been considered absolute blocks to the 

replication fork. However, this view was challenged with the description of what was termed 

“replication traverse”, in which DNA synthesis restarted on the side of an ICL distal to that 

of the fork encounter as measured in cells [48]. Assuming that the CMG that collided with 

an ICL also drives the restart, this pathway is reminiscent of the discontinuous synthesis 

pathway reported almost 50 years ago by Dean Rupp [43]. However, restart past the ICL 

by a CMG topologically locked around the leading strand template is not possible without 

structural adjustments.

Replication Restart Past an Interstrand Cross-link

A series of steps must occur for replication restart past an ICL. (1) The topological 

constraints imposed by the CMG lock around the leading strand template would have to 

be temporarily relieved, i.e., the ring must open; (2) The channel of the “open” replisome 

must be able to include the crosslinked DNA; (3) The complex would have to translocate 

past the ICL; (4) The replisome would have to be reactivated and DNA synthesis resumed.

(1) How Is the topological constraint Imposed by CMG relieved?

By analogy, as alluded to above for the bypass of a bulky lesion by Large T antigen [30], an 

alternative but simple explanation for the bypass of an ICL is that the CMG helicase opens 

its ring upon encounter with the ICL, and then closes again in a timely manner once the 

ICL is traversed, suggested by studies with Xenopus extracts [31] (Fig. 2A). Deciphering 

the putative mechanism of ring opening/closing will be insightful. Along these lines, there 

may be a specific factor(s) interacting with CMG and/or DNA substrate that mediates bypass 

of the ICL in a yet unknown manner. For example, as mentioned above and by analogy to 

the bacterial system, an accessory DNA helicase or factor may promote CMG bypass of a 

replisome obstacle like the ICL (Fig. 2B). These alternatives should be approachable from 

an experimental standpoint.

A possible solution to the first problem, i.e., relief of the topological constraint, was 

provided by an observation from the Costanzo laboratory in experiments using Xenopus egg 
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extracts. They found that the GINS complex was lost from the CMG when it encountered 

a pause imposed by a double-stranded DNA break. On the other hand, Cdc45, the other 

protein involved in ring closure, was retained [49]. It has been suggested that the retention of 

Cdc45 could prevent the loss of the MCM complex from the DNA, thus facilitating eventual 

reconstruction of a functional CMG [50]. Loss of the GINS could open either the N-tier 

or the N- and C-tiers, as depicted by Langston and O’Donnell [2], enabling reannealing 

of the lagging strand template to the leading strand template within the central channel. 

Consequently, the reannealing would be anchored by this duplex element, and the “CM” 

complex could move past the ICL without the complexity of a transition from an exclusively 

single-strand binding to a double-strand binding mode. On the other hand, if the CMG 

complex proceeds by strict steric exclusion, it would have to transition from single-strand 

binding to double-strand binding, presumably in such a way that double-stranded DNA 

(with an ICL contained within the barrel of the helix) enters the CMG. Eventually, a GINS 

complex would have to re-associate, reconstructing an active CMG which would reestablish 

the fork.

(2) Is the channel large enough to include the crosslinked duplex?

There is a precedent for translocation of a replicative DNA helicase past an ICL lesion in 

the DNA. Bastia et al. determined that E. coli DnaB could translocate past a duplex DNA 

region containing an ICL in vitro [51]. Similarly, DnaB was shown to displace protein bound 

to duplex DNA via its double-strand DNA translocase activity [52]. T7 hexameric gp4 was 

shown to be capable of switching from traveling on single-stranded DNA to translocating 

on double-stranded DNA while continuously encircling the DNA tract, be it one-stranded 

or two annealed strands [53]. Therefore, it is a reasonable hypothesis that the same CMG 

complex acting as the replicative helicase to unwind parental duplex strands might convert to 

a double-stranded DNA translocase mode upon encountering a DNA ICL (Fig. 2C).

(3) How would an open replisome be translocated past an ICL?

Replication traverse of an ICL was shown to be facilitated by the translocase activity of the 

Fanconi Anemia protein FANCM, in association with interacting partners PCNA and the 

BLM helicase [48,54,55]. Thus, it is possible that the “open” replisome might be moved 

past a block by the action of perhaps transiently associated DNA translocases. Multiple 

translocases are associated with the cellular response to replication stress [56–58]. These 

translocases, in addition to FANCM, may contribute to traverse of ICLs or other potent 

blocks to the replisome.

(4) How would the replisome be reactivated?

Because the mechanism of CMG activation is not yet known, it may even be possible 

that a single MCM2-7 hexamer with the associated Cdc45, GINS, and CDK/DDK activity 

could be reactivated to encircle a single-strand after double-strand translocation of an 

ICL. Although there is very little known about such factors that would mediate CMG 

bypass of a bulky DNA adduct or an ICL, and subsequent replisome reactivation, some 

clues may be obtained from studies that examined the association of protein factors 

with CMG during replication initiation, keeping in mind that the mechanisms of origin 

activation and replisome reactivation after DNA damage bypass are inherently different. The 
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RECQL4 helicase (defective in Rothmund-Thomson syndrome, Baller-Gerald syndrome, 

and RAPADILINO [59]) was found to be associated with the CMG complex and MCM10 

at replication origins in a cell cycle dependent manner [60,61]. Furthermore, the interaction 

of RECQL4 with MCM10 was found to play an important role in efficient DNA replication 

origin firing [62]. Using a Xenopus egg extract with plasmid DNA harboring a site-specific 

origin, it was found that RECQL4 promotes the conversion of the pre-initiation complex 

to an active replisome via DNA unwinding [63]. Taken together, these results suggest 

that RECQL4 may be a candidate to mediate CMG bypass of an ICL or bulky lesion 

and replisome reactivation. Another candidate is HDHB which upon its depletion was 

shown to cause inhibition of DNA replication initiation [64]. Consistent with its role in 

the commencement of DNA synthesis, HDHB was found to interact with Cdc45 and aid 

its loading onto chromatin, suggesting involvement in the assembly of the pre-replication 

complex [64].

Contrasting Implications of the Modified Steric Exclusion and Strict Steric 

Exclusion Models

The two models have differing implications for fork encounters with replication blocks. The 

inclusion of some stretch of duplex DNA into the replisome, proposed in the MSE, implies 

that any DNA modification or alternate structure, that is too large to for the entry port of 

CMG would have the potential to block progress of the complex. This consideration would 

be independent of the strand on which the structure/adduct was formed. For example, a 

G quadruplex (G4) structure on the lagging strand template, R-loops in either orientation 

relative to the fork, protein-DNA adducts, etc., all could be serious impediments to the 

CMG. Consequently, completion of S phase may be even more challenging than the prior 

focus on leading strand impediments would suggest. Thus, the transient “opening” of the 

CMG may occur quite frequently during replication to overcome blocks on either strand. 

This would occur without loss of CMG, which is quite stable on DNA with a very slow 

off-rate compared with other replication factors [14].

Alternatively, in the strict steric exclusion model only leading strand structures could block 

the CMG. Thus, the two models make quite different predictions for the influence of lagging 

strand blocks on the progress of the replication fork. If the MSE model is correct the 

transient “opening” of the CMG may occur quite frequently during replication to overcome 

blocks on either strand.

Following this logic, further characterization of DNA helicases with structural features like 

that of MCM helicase will be valuable to ascertain if the proposed MSE model applies to 

them. For example, the aforementioned mitochondrial replicative DNA helicase Twinkle has 

a ring-like structure [65,66], and recent experimental evidence indicates that it dynamically 

interacts with both strands [21]. Twinkle is poorly active on a variety of intermolecular and 

intramolecular G4 DNA substrates [67], suggesting that its architecture is not conducive 

to overcoming this type of DNA roadblock even though predicted G4-forming sequences 

are highly abundant in the human mitochondrial genome [67,68]. Surprisingly, the sequence-

related E. coli DnaB, which is also a 5′ to 3′ hexameric helicase [69], was shown to unwind 
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a two-stranded anti-parallel G-quadruplex DNA substrate (that Twinkle does not) [67], 

suggesting specialization of substrate recognition and/or mechanism. To our knowledge, 

there are no reports on G4 DNA unwinding by CMG (MCM).

Replication Forks Converging on an Interstrand Cross-link

Above, we addressed potential lesion bypass mechanisms for a fork coming from a single 

direction; however, converging forks stalled at an ICL pose a unique structural dynamic 

that may operate by a more elaborate or entirely different mechanism (Fig. 3). Indeed, 

experimental evidence from the Xenopus egg extract system with a plasmid-based ICL DNA 

substrate in which two replication forks converge on the ICL demonstrated that ubiquitin 

signaling targets BRCA1 to the ICL-stalled fork, and together with leading strand DNA 

polymerase extension, these two elements promote CMG helicase complex unloading from 

the stalled replication fork [70]. CMG unloading allows dual DNA incisions in one DNA 

strand on opposite sides of the ICL, a prerequisite for recombination-mediated error-free 

repair of the cross-linked DNA. In subsequent work, it was demonstrated that post BRCA1 

recruitment to the ICL, the p97/Cdc48/VCP segregase unloads the stalled CMG complex 

by a degradation-independent mechanism involving MCM7 polyubiquitylation [71]. This 

occurs upon replication completion and disassembly [72], suggesting it is not likely for ICL 

bypass and reactivation. Therefore, it is yet unclear if the described p97/BRCA1 mechanism 

is applicable to bypass of and ICL or other forms of replication stress.

Summary

Although the current literature and latest developments suggest that as in the case of a 

train track barricade, replication past DNA roadblocks is complicated, it may very well be 

that the cell uses more than one mechanism for lesion bypass that is dependent on several 

factors. Firstly, mechanisms between prokaryote and eukaryote, and even between individual 

species, may be in part conserved, but also diverge in subtle ways. Secondly, the mechanism 

for lesion bypass is likely to be dependent on the type of DNA adduct or protein obstacle. 

Thirdly, purified components of the replisome (e.g., helicase) behave differently when acting 

alone versus in the context of interacting proteins. Cell type and transformation status that 

dictate the expression profile of various proteins influencing the replisome would likely 

come into play. Despite the seemingly myriad of factors influencing replication bypass, 

progress in the field is evident and points toward a more comprehensive view of biological 

and potentially clinical relevance, yet more work is needed to clarify specific mechanisms.
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Highlights

• Interaction of CMG helicase with DNA substrate dictates fate of replication 

fork

• Modified versus strict steric exclusion model has implications for CMG block 

bypass

• Replisome-associated factors may affect replisome bypass of bulky adducts

• CMG structural adjustments are required for fork traverse of interstrand cross-

link

• Multiple mechanisms are responsible for bypass of replication obstacles in 
vivo
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Figure 1. Models of hexameric helicase activation and unwinding.
A double hexamer MCM complex forms with the N-terminal domain (NTD) head to head 

at the origin of replication where single-stranded DNA selection and unwinding can proceed 

either with the A) NTD or B) C-terminal domain (CTD) leading the way. During active 

unwinding, the MCM helicase proceeds in the 3′-5′ direction on the translocating strand C) 

excluding single-stranded DNA from the central channel that can D) interact on the exterior 

surface to control the unwinding rate and efficiency. E) A modification of these models 

includes initial double-stranded DNA separation occurring within the central channel.

Trakselis et al. Page 16

DNA Repair (Amst). Author manuscript; available in PMC 2022 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. ICL lesion bypass by a CMG helicase in a unidirectional manner.
A) CMG converts from a single-stranded DNA translocase to a double-stranded DNA 

translocase as it passes the ICL. B) CMG helicase opens its ring upon encounter with 

the ICL, and then closes again once the ICL is traversed. C) An accessory DNA helicase 

(triangle) may promote CMG bypass of the ICL.
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Figure 3. ICL lesion bypass by CMG helicases at converging forks.
p97 and BRCA1, together with leading strand DNA synthesis, promote CMG helicases to 

unload at the converging fork. Reloading occurs on the distal side of the ICL.
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