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Abstract

:

Simple Summary


Here, we summarize what is known about the non-replication roles of MCM helicase, best known for its ability to unwind double-stranded DNA templates during DNA replication.




Abstract


The MCM2-7 complex is a hexameric protein complex that serves as a DNA helicase. It unwinds the DNA double helix during DNA replication, thereby providing the single-stranded replication template. In recent years, it has become clear that the MCM2-7 complex has additional functions that extend well beyond its role in DNA replication. Through physical and functional interactions with different pathways, it impacts other nuclear events and activities, including folding of the genome, histone inheritance, chromosome segregation, DNA damage sensing and repair, and gene transcription. Collectively, the diverse roles of the MCM2-7 complex suggest it plays a critical role in maintaining genome integrity by integrating the regulation of DNA replication with other pathways in the nucleus.
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1. Introduction


An ordered series of protein-loading and activation steps ensures that DNA replication occurs efficiently and, importantly, only once per cell cycle. A critical regulated step, referred to as origin licensing, is defined as the loading of the MCM (mini-chromosome maintenance) helicase [1]. This helicase is a hetero-hexamer of ATPase subunits, MCM2-7 [2,3]. The MCM2-7 complex forms a ring-shaped structure that, upon activation, engages the DNA in a manner that promotes unwinding of the DNA double helix, allowing access by polymerases and other components of the active replisome [4,5,6].



Replisome assembly begins with the binding of the Origin Recognition Complex (ORC) to presumptive origins [7,8]. In higher eukaryotes, origins are not sequence-specified as they are in some fungal models. ORC binds throughout the genome as cells exit mitosis, and in vertebrates replication licensing occurs when a replication inhibitor, called geminin, is degraded at mitotic exit [9,10]. This releases the licensing factor, Cdt1, which, together with Cdc6, promotes loading of the MCM2-7 complex onto chromatin [11,12,13].



Throughout G1, MCM2-7 complexes remain bound to chromatin but do not unwind the double-stranded DNA (dsDNA). Replication initiation occurs when MCMs are activated by two cell-cycle-dependent kinases, Dbf4-dependent kinase (DDK) and cyclin-dependent kinase (CDK) [14,15,16,17]. Phosphorylation of MCMs allows association of the helicase-activating components, GINS and Cdc45, that, together with MCM2-7, form the active CMG holo-helicase [18,19]. Upon activation, the helicase translocates from the origin along a single strand of the helix, unwinding DNA in the 3′-5′ direction, thus forming replication “bubbles” as pairs of replication forks are established and progress away from sites of initiation [20].



Upon completion of DNA replication, the replisome is disassembled and the MCM2-7 complex is unloaded. The CMG helicase is removed from the DNA after polyubiquitination of the MCM7 subunit [21]. In vertebrates, this modification is made by the E3 ubiquitin ligase CRL2LRR1 (SCFDia2 in yeast) [22,23]. Polyubiquitinated MCM7 is recognized and removed from chromatin by the protein remodeler p97/VCP/Cdc48 [24]. The MCM-binding protein (MCM-BP) and its interacting partner USP7 have also been shown to function in unloading MCM2-7 from chromatin, but it has been suggested that they function primarily on MCM2-7 complexes that remain at inactive origins [25,26,27].



In what has been referred to as the “MCM paradox”, many more MCM2-7 complexes are loaded during replication licensing than are required for efficient DNA replication [28,29]. Some estimates suggest that there is a ten- to twenty-fold superabundance of MCM2-7 complexes on chromatin. But why? Several models have been invoked to explain this phenomenon, and the most prominent proposes that these complexes can be engaged if necessary, should DNA replication be compromised in some way, thereby providing robustness to the system. During replication stress, “dormant origins” can be thus activated to ensure complete DNA replication (reviewed in [30]).



There is now also increasing evidence that MCM2-7 complexes bound to chromatin serve roles beyond DNA replication, perhaps providing one explanation for their seeming overabundance. Chromatin-bound MCM2-7 complexes serve to scaffold and integrate other activities, such as the DNA replication checkpoint response, gene transcription, and cohesin dynamics, with DNA replication. Thus, through different interacting partners, chromatin-bound MCM2-7 complexes have significant impacts on several key aspects of chromosome biology. Here, we review these non-canonical roles of the MCM helicase, summarized in Figure 1.




2. The MCM2-7 Complex and Cohesin Regulation


The MCM2-7 complex has significant impacts on chromosome dynamics beyond its direct role in DNA replication. This is in part due to functional interactions of the MCM2-7 complex with regulators of cohesin, a protein complex that controls chromosome compaction and segregation. Both cohesin loading and stabilization are controlled by replication licensing, albeit through distinct mechanisms.



The cohesin complex ensures proper chromosome dynamics in two mechanistically distinct ways. The tethering together of the products of DNA replication, called sister chromatids, by the cohesin complex ensures the proper alignment and accurate segregation of chromosomes, thus ensuring genome stability. Most notably in vertebrate cells, cohesin also acts in cis on individual chromosomes. It binds to chromatin and extrudes chromatin loops, resulting in chromosome folding and compaction. The proper formation of loops and domains, which are critically dependent on cohesin activity, are thought to ensure proper gene regulation by placing promotors and enhancers in the correct topological context (reviewed in [31]).



During the vertebrate cell cycle, the cohesin complex is largely removed from chromatin when it is phosphorylated by mitotically activated kinases, and a small fraction is protected from removal at the centromere until chromosome segregation at anaphase [32,33]. In telophase, as nuclei reform following cell division, both the MCM2-7 complex and cohesin are loaded onto chromatin [6,33]. Elegant experiments in the Xenopus egg extract system have shown that cohesin loading is dependent on full replication licensing [34,35]. ORC binding, Cdt1, Cdc6, and MCM loading, which together form the pre-replication complex (pre-RC), were all found to be prerequisites for cohesin loading [34,35]. When replication licensing is blocked, the cohesin complex fails to load onto chromatin. Importantly, active replication initiation, which requires the recruitment of additional proteins and results in the unwinding of the DNA helix by the MCM2-7 complex, is not a prerequisite; treatments that prevent replication initiation have no immediate impact on cohesin loading.



How does replication licensing, specifically MCM2-7 loading, control cohesin activity? Cohesin loading depends on a heterodimeric protein complex composed of the NIPBL and MAU2 proteins (Scc2 and Scc4 in Xenopus and budding yeast) [36,37]. This loader complex was shown to interact directly with a kinase called DDK (Dbf4-dependent kinase) [38]. DDK is also composed of two subunits—the CDC7 kinase and one of two activating subunits, either Dbf4 or Drf1 [39]. DDK interacts directly with NIPBL/MAU2, forming a soluble complex that also contains cohesin [38]. The recruitment of DDK to pre-RCs thus results in the recruitment of the cohesin loader complex, which in turn stimulates cohesin loading. The depletion of DDK from Xenopus egg extract prevents chromatin association of Scc2/Scc4, and kinase-inactive CDC7/Drf1 fails to recruit NIPBL/MAU2 to chromatin. The dependency on MCMs for cohesin loading onto chromatin is largely conserved in cultured somatic cells, as depletion of the essential MCM2 subunit with siRNA reduces loading of cohesin on chromatin during early S phase, but this effect was less obvious in telophase [40]. This may reflect greater temporal separation of licensing and DDK recruitment in somatic cells than in the embryonic Xenopus egg extract system. In addition, immunoprecipitation of the MCM2-7 complex from cultured somatic cells has been shown to co-precipitate all four core subunits of cohesin (SMC1, SMC3, Rad21, SA), but whether this was through direct interaction between the complexes is unclear [41]. Regardless of how the interaction occurs, this experiment reinforces the notion that the pre-RC has functional interactions with the cohesion machinery.



In addition to promoting cohesin loading, the MCM2-7 complex makes critical contributions to the establishment of cohesion between sister chromatids. Although most cohesin association with chromatin is dynamic throughout interphase, a small pool is stabilized during DNA replication, and this pool is thought to be critical for sister chromatid cohesion [42]. One clue came from work in budding yeast, which showed that acetylation of the SMC3 subunit of cohesin by the Eco1 acetyltransferase stabilizes its interaction with chromatin, most likely by inhibiting the ability of the Wapl (Rad61 in budding yeast) protein to remove cohesin from chromatin [43,44,45,46,47].



In a well conserved mechanism, acetylation of SMC3 during DNA replication is critical for establishing and maintaining cohesion between sister chromatids [45,46,48]. In budding yeast, the dependence on DNA replication was shown to be due to direct interaction of Eco1 with the replication processivity factor, PCNA (proliferating cell nuclear antigen), which associates with chromatin and is loaded onto primed ssDNA by RFC (replication factor C) [49]. In vertebrates, the situation is somewhat more complicated. Vertebrates express two distinct homologs of Eco1, ESCO1 and ESCO2, which share a conserved acetyltransferase domain with the budding yeast Eco1 protein but have distinct, largely disordered N-terminal extensions not found in Eco1 [50,51]. Although both enzymes modify SMC3, the establishment of cohesion between sisters during DNA replication is critically dependent on acetylation by the ESCO2 protein, while ESCO1 has broad impacts on gene expression [52,53].



In vertebrate models, the direct interaction of ESCO2 with the MCM2-7 complex is critical for sister chromatid cohesion. In Xenopus egg extract, the recruitment of ESCO2 (also called xEco2) to chromatin, and the resulting SMC3 acetylation, depends on assembly of the pre-RC [54,55]. The nature of the interaction between ESCO2 and the MCM2-7 complex is unusual: ESCO2 may interact with multiple MCM2-7 subunits, with a slight preference for MCM4 [56,57]. ESCO2 interacts with the MCM2-7 complex through a conserved motif in the ESCO2 N-terminal tail [55,56,58]. ESCO2 interaction with the MCM helicase is required for the establishment of sister chromatid cohesion and for acetylation of SMC3 by ESCO2 [55,58,59]. The interaction of ESCO2 with MCM may also contribute to ESCO2 stability, as derivatives that fail to interact with the MCM2-7 complex appear to be less stable [56,57,58]. The MCM-binding motif present in vertebrate ESCO2 is not conserved in budding yeast Eco1p; Eco1 may interact with MCM2 through some other mechanism [60]. Collectively, these data suggest that the establishment of sister chromatid cohesion and DNA replication are coordinated through the direct interaction between ESCO2 and the MCM2-7 complex.



In addition to its role in cohesin loading and the establishment of sister chromatid cohesion, the MCM2-7 complex impacts the activity of cohesin once it is chromatin-associated. The genome is organized into loops and topologically associated domains (TADs), in large part through the loop extrusion activity of the cohesin complex [61,62]. In an elegant study combining single-cell chromosome confirmation capture, single molecule imaging, and computer simulations, Dequeker et al. showed that the MCM2-7 complex restricts the ability of cohesin to form chromatin loops by binding chromatin and forming a physical barrier to loop extrusion, particularly in G1 cells [63]. They suggested that the cohesin complex interacts directly with MCM3 in human cells through a motif conserved in other cohesin-interacting proteins [64]. The interaction of cohesin with the MCM2-7 complex likely impacts the transcriptional landscape by affecting changes in chromosome loops and domains. This may in fact contribute to cell cycle-correlated changes in transcription between cells with bound MCM2-7 and cells in which MCM2-7 has unloaded following DNA replication or in which licensing is reduced, such as in quiescence.




3. Sharing the Highway: The MCM2-7 Complex and Transcription


The MCM2-7 complex helps to coordinate transcription and DNA replication and mitigates their conflicts. Transcription–replication conflicts (TRCs) arise when active DNA replication and transcription on the same DNA template interfere with each other. TRCs can occur in two orientations: co-directional, in which the machineries are moving in the same direction on the template, or head-on, in which the machineries collide from opposite directions [65,66]. These conflicts can lead to replication stress and DNA double-strand breaks due to replication fork stalling and collapse. Some studies suggest that the direct interaction of the MCM2-7 complex with transcription machinery may serve to mitigate potential conflicts (see Figure 2).



The MCM2-7 complex has been copurified from cell lysates with the RNA polymerase II (RNA Pol II) holoenzyme, suggesting that these complexes interact, perhaps directly [67]. Consistent with this observation is the fact that the expression of MCM subunits is required for RNA Pol II-dependent transcription, and the MCM2-7 complex is found to localize to constitutively expressed genes [68]. This raises the possibility that the helicase may have a direct role in unwinding DNA for elongation of all RNA Pol II transcripts.



In a reciprocal manner, active transcription itself may cause redistribution of the MCM2-7 complex on the genome. The RNA Pol II complex can push MCMs on DNA, which redistributes replication origins and is likely to thereby minimize TRCs [69]. In fact, DNA replication is more likely to be initiated outside of frequently transcribed regions, suggesting a mechanism that spatially segregates transcription and DNA replication [70]. Single-molecule assays of loaded origins show that RNA Pol II can redistribute MCM2-7 on DNA fibers, and that the preinitiation complex (ORC-Cdc6-Cdt1-MCM2-7) remains intact when this happens [71]. This suggests that origin licensing remains functional, even after RNA Pol II has repositioned it. Whether this mechanism depends on specific interactions between RNA Pol II and the MCM2-7 complex has not been determined, but the redistribution of MCMs by RNA polymerase would certainly help to reduce TRCs.



In addition to helping to prevent TRCs, the MCM2-7 complex may also contribute to the resolution or prevention of a dangerous byproduct of transcription: R-loops. These three-stranded DNA:RNA hybrids occur when RNA transcripts anneal to template DNA and displace the non-template strand [72]. R-loops can present obstacles to the DNA replication machinery, leading to replication-dependent stress [72,73,74,75]. It appears the MCM2-7 complex acts as an orientation-dependent regulator of R-loop levels, helping to reduce R-loop formation in the co-directional (CD) orientation but promoting their formation in the head-on (HO) orientation, where conflicts between transcription and replication machinery are more likely to occur [74]. In fact, the MCM helicase can unwind DNA:RNA hybrids in the 3′ to 5′ orientation in vitro, suggesting a potential direct role for MCM helicase in R-loop resolution or removal [76].



In higher eukaryotes, the MCM2-7 complex minimizes transcription–replication conflicts by interacting with the Integrator complex. Integrator is a multi-subunit (INTS1–INTS15) protein complex that plays a critical role in the regulation of transcription at RNA Pol II promotors [77,78]. The interaction between the MCM2-7 complex and Integrator promotes the removal of RNA Pol II at paused promotors during replication fork progression, thus ensuring that DNA replication can proceed unimpeded [79]. The interaction between MCM2-7 and the Integrator complex occurs independently of RNA Pol II and is only observed during active DNA synthesis. Loss of Integrator function leads to an increase in co-directional conflicts and increased proximity between MCM2, MCM3, and RNA Pol II [79]. The exact nature of the interaction between Integrator and the MCM2-7 complex is not yet clear, but these data suggest a mechanism in which Integrator interaction with the MCM helicase at active replication forks prevents co-directional conflicts.



The MCM2-7 complex also plays a direct role in certain transcription pathways, such as cytokine gene activation. MCM subunits interact directly with the Stat1 transcriptional activator [80,81]. Stat1 (signal transducer and activator of transcription 1) is activated when phosphorylated by the JAK tyrosine kinase, leading to the transcription of downstream cytokine genes [82]. The phosphorylation-dependent interaction of MCM5 with Stat1 is essential for its transcriptional activity [80,81,83]. This suggests that the MCM2-7 complex can act as a chromatin-bound scaffold, enhancing certain transcriptional pathways.



The transcriptional response to hypoxia is also integrated with the function of the MCM2-7 complex, in this case in reciprocal ways. The transcription factor hypoxia-inducible factor 1 (HIF-1), which regulates the expression of genes that help mitigate oxidative damage [84,85], binds to Cdc6, thereby preventing MCM activation, though not licensing, and thus DNA replication [86,87]. In addition, HIF-1 binds directly to multiple MCM subunits, which leads to HIF-1 ubiquitination and subsequent degradation by the proteasome [86]. These data suggest that MCM2-7 complex function is downregulated during hypoxia, while HIF-1-dependent transcription may be inhibited in cells in which the MCM2-7 complex is already bound to chromatin. These mechanisms would seem to help to prevent relicensing of origins during hypoxic stress, pausing the onset of DNA replication until more favorable conditions are achieved. Given the abundance of MCM2-7 complexes present on chromatin, it is possible other transcriptional pathways, particularly those that are cell cycle related, might be found to be controlled through interaction with this complex.




4. MCM2-7 Complexes and the Intra-S Checkpoint


Active replication forks may encounter obstacles or lesions that cause them to stall and even collapse. Under these circumstances, the MCM2-7 complex plays an important role in the checkpoint response, both by interacting with proteins that induce the checkpoint and by maintaining active checkpoint signaling at the site of stress. The intra-S phase checkpoint is activated directly at the replication fork with the participation of the CMG helicase, while DNA double-strand breaks, both near the replication fork and elsewhere in the genome, induce a related checkpoint pathway, the DNA damage checkpoint [65,88,89]. The differences in these pathways have been reviewed elsewhere [89,90,91].



During DNA replication, the interaction of the active CMG helicase with chromatin is stabilized by a multi-subunit protein complex called the Fork Protection Complex [92]. This complex, which consists of the Timeless, TIPIN, Claspin, and AND-1 proteins (Tof1, Csm3, Mrc1, and Ctf4 in budding yeast), is recruited to the replisome following DDK-dependent phosphorylation of the MCM2-7 complex, and travels with the CMG helicase during DNA replication [93,94,95,96,97,98]. The FPC serves as a processivity factor, helping to prevent fork stalling and stabilizing forks when they do stall [99,100,101]. The FPC prevents disassembly of the replisome when barriers or nucleotide paucity cause fork stalling and is critical for fork restart once the barrier is repaired or mitigated in some way [102].



The MCM2-7 complex is critical for activation of the intra-S phase checkpoint (see Figure 3). Stalled replication forks can lead to the uncoupling of the CMG helicase from the polymerase, which in turn leads to the generation of unprotected single-stranded DNA adjacent to the stalled fork [103,104]. This ssDNA recruits the single-strand-binding complex RPA (replication protein A), which in turn recruits the Ataxia telangiectasia and Rad3-related (ATR) kinase through its ATRIP binding partner [105]. While the interaction between RPA and ATRIP is sufficient for the recruitment of ATR [106], the activation of ATR requires the synthesis of RNA primers by DNA polymerase α (Pol α) [107,108]. Polα associates with the replisome through interactions with the Ctf4/AND-1 homotrimer [109]. When replication forks stall, unprocessed primers result in ssDNA–dsDNA/RNA structures with free 5′ ends that support the loading of the 9-1-1 complex (called Rad9-Rad1-Hus1 in humans) [110]. Together, the 9-1-1 complex and Pol α recruit to the stalled replication fork the primary ATR activating protein, TopBP1 [111]. The activation of ATR at stalled replication forks is also stimulated by the FPC, whose TIPIN and Claspin subunits are critical for activation of the downstream Checkpoint Kinase 1 (Chk1) during S phase [98,112]. Chk1 in turn orchestrates many cellular responses to damage signaling, including cell cycle arrest and origin suppression. The budding yeast ortholog of Claspin, called Mrc1, has been shown to interact with the MCM6 subunit of the helicase, and mutants in which this interaction is abrogated are defective in activation of the replication checkpoint in response to certain kinds of DNA damage [113]. Thus, through the generation of ssDNA and interaction with the FPC, the CMG helicase mediates the response to fork stalling, ensuring genome maintenance in the face of DNA replication barriers.



The MCM2-7 complex itself is a direct target of both the intra-S phase checkpoint (described above) and the related DNA damage checkpoint. The DNA damage checkpoint is activated by DNA double-strand breaks, which activate the ATM (Ataxia telangiectasia mutated) kinase. This kinase is related to ATR and similarly stimulates the phosphorylation of a number of proteins to mediate cell cycle arrest and prevent origin firing [89]. MCM3 is phosphorylated by ATM in response to genotoxic stress, while MCM2 is phosphorylated by ATR [114,115]. ATR-mediated phosphorylation of MCM2 is essential for the recovery of DNA replication after activation of the checkpoint.



The MCM2-7 complex also interacts with another kinase, called Polo-like kinase (Plk1), in a mechanism that can suppress the intra-S phase checkpoint. Plk1 is a multifunctional cell cycle regulatory kinase. Plk1 interacts with the MCM2-7 complex in response to activation of the intra-S checkpoint, and there restores DNA replication [116,117]. The phosphorylation of the MCM helicase by ATM and ATR facilitates replication fork restart through an interaction with Plx1 (the Xenopus ortholog of Plk1). Finally, the MCM7 protein interacts directly with the ATR accessory protein called ATRIP, and cells that are hypomorphic for MCM7 expression have an intra-S phase checkpoint defect [114]. This suggests that the MCM7 subunit may play a critical role in checkpoint activation, through direct interactions with the ATR–ATRIP heterodimer.



Finally, it is interesting to note that, in the absence of DNA damage, the MCM helicase acts as a chromatin-associated sink for inactive Chk1. Chk1 binds directly to MCM helicase, and this interaction is abruptly reduced in response to DNA damage [118]. The association between Chk1 and the MCM helicase seems to serve two purposes: it promotes the rapid phosphorylation of Chk1 by locally activated ATR, and it provides a regulated mechanism for the release of phosphorylated Chk1 from chromatin—a critical step in amplifying the cell cycle checkpoint [118,119].




5. The MCM2-7 Complex, Histone Inheritance, and Epigenetic Memory


As the replication fork progresses along the DNA template, histones are disassembled into H2A-H2B and H3-H4 subcomplexes, and chromatin must be reassembled behind the fork. The histones deposited on the replicated strands include both the “parental” histones, including their post-translational modifications, and naïve unmarked histones. The MCM2-7 complex makes critical contributions to chromatin reassembly during DNA replication. Through direct interaction with the MCM2 subunit of the helicase, the AND-1 (Ctf4 in budding yeast) subunits of the FPC chaperone the parental (H3–H4)2 tetramers onto the newly formed DNA behind the fork. This mechanism ensures the inheritance of certain histone marks on the lagging strand, and this is critically important for certain types of epigenetic inheritance (reviewed in [120]). The disruption of the interaction with AND-1/Ctf4 results in asymmetric inheritance of chromatin marks and changes in cell identity [121,122,123,124,125]. There is also evidence in yeast that the FACT (Facilitator of Chromatin Transcription) histone chaperone promotes histone recycling through interaction with the MCM helicase [126,127,128,129]. In budding yeast, FACT interacts with the MCM2 subunit, while, in higher eukaryotes, FACT may have a different interacting partner within the complex [126,127,129,130,131]. Indeed, the FACT complex, originally characterized for its role in transcription, seems to play critical roles in assuring the efficiency of DNA replication through different kinds of chromatin, suggesting that the coupling of DNA replication with histone repositioning improves the efficiency of DNA replication [128,129,131,132,133]. Collectively, the data indicate that the MCM2-7 complex at the core of the active replication helicase coordinates histone deposition adjacent to the replication fork. Interactions between the MCM2-7 complex and histone chaperones play critical roles during DNA replication in the local recycling of histones behind the fork, helping to maintain chromatin marks and cell identity through genome duplication.




6. Conclusions


We have seen in this review that the MCM2-7 complex plays many roles beyond the direct unwinding of the DNA double helix during DNA replication. The MCM2-7 complex serves as a hub, playing essential roles in cohesin regulation, genome organization, and the coordination of transcription with other DNA transactions on the crowded genome. Through both direct physical and functional interactions, the MCM2-7 complex helps coordinate DNA replication with other pathways required for cellular homeostasis, histone deposition, stress responses, and recovery from damage. Given these observations, the MCM2-7 complex can be thought of as a central player in the maintenance of genome integrity.
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Figure 1. Multiple roles of the MCM2-7 complex. Shown is a cartoon illustrating the contributions of the MCM2-7 complex to various nuclear pathways. During DNA replication, the MCM2-7 complex forms the core of the replicative helicase. In addition to its direct role in DNA replication, the MCM2-7 complex also participates in other transactions and pathways in the nucleus. The MCM2-7 complex interacts with regulators of the cohesin complex (left). The MCM2-7 complex promotes recruitment of the cohesin loader (NIPBL/MAU2 heterodimer) and interacts directly with the ESCO2 cohesin acetyltransferase. MCM function also intersects with transcription (center). The helicase is able to displace RNA Pol II from promoters and may help unwind the DNA in advance of active polymerase. The MCM2-7 complex interacts directly with the Integrator complex, through which it controls the termination of transcription at RNA Pol II promoters. The MCM2-7 complex is essential for the intra-S phase checkpoint (right) and coordinates histone deposition on newly replicated DNA. Through interaction with the Fork Protection Complex (FPC), it ensures both checkpoint activation and fork stabilization when barriers are encountered. In addition, the Ctf4/AND-1 subunit of the FPC serves as a histone chaperone to help recycle histones onto the replicated DNA. The FACT complex also participates. Not drawn to scale. See text for details. 
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Figure 2. The MCM2-7 complex and transcription. The MCM2-7 complex is involved in mechanisms that help mitigate transcription–replication conflicts. At left, active transcription by RNA polymerase II can displace the MCM2-7 complex, thereby redistributing DNA replication origins and preventing conflicts. The Integrator complex associates with the CMG helicase and helps mitigate co-directional conflicts between the helicase at the leading edge of a replication bubble and RNA polymerase II sitting at paused promotors. The result is termination of transcription, and release of RNA polymerase II from the DNA. This allows the CMG helicase to proceed, thereby preventing activation of ATM-mediated checkpoint signaling. See text for details. 
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Figure 3. The MCM2-7 complex and the intra-S checkpoint. Replication barriers cause fork stalling, which in turn results in the accumulation of single-stranded DNA adjacent to the CMG helicase. The binding of RPA to the single-stranded DNA results in recruitment of the ATR kinase through its associated ATRIP protein. Subsequent loading of the Rad9-Rad1-Hus1 heterotrimeric clamp results in the recruitment of TopBP1, which activates the ATR kinase. Importantly, the TIPIN and Claspin subunits of the Fork Protection Complex (FPC) are also critical to ATR activation. The Chk1 kinase, which can interact directly with the MCM2-7 complex, is activated by ATR and mediates numerous responses to the damage signal, including fork stabilization, inhibition of origin activation, and cell cycle arrest. See text for details. 
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