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Control of origin accessibility

Bacteria. In E. coli, the ability of DnaA to access its binding sites within oriC is closely tied to the
action of dedicated DNA-binding proteins that either compete for origin sites or stimulate DnaA
association and action (Figure 6a). For example, in E. coli, IHF and HU are two NAPs that
synergistically potentiate the action of DnaA on oriC (1). Both proteins significantly bend DNA
(2-4), an activity that can either help destabilize duplex origin DNA directly (HU) (1, 5, 6), or
promote the assembly of ATP-bound DnaA on oriC to drive DUE melting (IHF) (1, 3, 7-10). By
contrast, a third NAP — Fis (Factor for Inversion Stimulation) — can prevent the binding of IHF to
oriC and thereby block DnaA assembly (11-15). Although neither IHF nor Fis are essential for
viability, both factors are involved in maintaining initiation synchrony during rapid E. coli

growth (6, 16).

Origin accessibility is also regulated to prevent inappropriate re-initiation. For example,
following initiation in E. coli, a dedicated protein known as SegA binds to newly-replicated
origins, enforcing synchronous DNA replication (17). Following the passage of a replication fork
through oriC, the origin enters into a transient, hemi-methylated state that allows SeqA —
whose affinity for hemi-methylated DNA is greater than for fully-methylated substrates (18, 19)
— to engage specific GATC sequences within the region (20-22). As SeqA associates with oriC, it
assembles into a filamentous oligomer, organizing the origin into a stable nucleoprotein
complex in which SegA occupies low-affinity DnaA sites to block initiator binding to oriC and
impede re-replication (22-24). Upon dissociation of SegA from DNA, the Dam methylase fully
methylates oriC to prevent SegA from rebinding the origin (25), thereby re-establishing

initiation competency.

Other bacteria do not appear to rely on the NAPs and SegA system used in E. coli.
Nevertheless, the use of sequence-specific DNA binding proteins to compete for DnaA access to
cognate replication origins is a general trend. For example, in B. subtilis, an origin-binding

protein called SpoA both recognizes specific sites in oriC and prevents DNA melting in vitro,
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possibly through an origin sequestration mechanism (26). In Caulobacter crescentus, a master
regulatory protein known as CtrA silences the chromosomal origin (Cori) by binding next to one
or more DnaA boxes, thereby preventing the initiator from appropriately engaging DNA (27-30).
Notably, control of CtrA function utilizes several cell-cycle dependent strategies reminiscent of
those found in eukaryotes (discussed below). For example, CtrA can be phosphorylated by the
histidine kinase CckA, an event that allows CtrA to productively associate with C,;(29). CtrA
levels also are regulated by controlled proteolysis through the ClpXP degradasome (31, 32).
Given the relative abundance of DNA-binding and remodeling proteins in bacterial cells (33), it
seems likely that studies of other bacterial species will turn up analogous, albeit distinct,

systems for controlling origin accessibility.

Eukaryotes. Early genome-wide analyses with yeast first revealed that the firing of replication
origins follows a complex temporal and spatial pattern that does not perfectly overlap with
predicted ACS loci (34) (35). More recent analyses have highlighted a key role for nucleosomes
and their positioning in defining origin regions (36). Nucleosomes comprise an octameric
histone core that wraps duplex DNA into a solenoidal supercoil (37). Histones and their terminal
tails are modified by an array of covalent marks, including acetylation and methylation(38),
ubiquitinylation(39) and ADP-ribosylation(40). These modifications provide an extensive
combinatorial code for fine-tuning nucleosome position, stability, compaction, and protein-

chromatin interactions (41).

As with other DNA-dependent transactions (e.g., transcription and repair), initiation of
DNA replication in eukaryotes is strongly influenced by chromatin status and environment. For
example, conserved patterns of nucleosome positioning and occupancy are evident in many
yeast origins (42, 43). In vitro reconstitution assays have shown that nucleosomes naturally
tend to avoid binding within ACS sequences (44) and that the addition of ORC and ATP further
can reorder nucleosomes to positions observed in vivo (43). The N-terminal BAH domain of
Orcl, which is essential for activation of certain origin loci (45), may contribute to nucleosome

organization around replication origins (46).
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Interestingly, the chromatin flanking known ORC binding sites is dynamic and
characterized by high nucleosome turnover (47). At present, it is unclear whether ORC helps to
reposition nucleosomes directly or whether it acts indirectly by influencing the activity of
chromatin remodeling enzymes (48). Within higher eukaryotes, nucleosome positioning and
mobility around replication origins seem to follow some of the patterns seen in yeast. For
example, ORC binding sites in Drosophila and in Chinese hamster frequently are devoid of

nucleosomes and reside next to dynamic chromatin regions (49, 50).

As with transcription, DNA replication requires DNA opening events that are guided by
specific chromatin cues (reviewed in (36)). Consistent with this theme, the genome-wide
distribution of site-specific transcription factors in Drosophila (such as Myb, also refer to
Section 2.2) overlaps with ORC binding sites (51, 52). Metazoan replication origins generally do
not reside within intergenic regions (51) (although they can in yeast (34)), suggesting that these
replication start sites, which overlap with actively transcribed regions, may be activated more
readily than other DNA segments. Indeed, promoter sequences themselves may directly help
define or lead to origin activation, possibly by ensuring that DNA is accessible to replication
initiation factors (53). However, transcriptional activity also can also silence initiation sites, such

as when an origin sits within the boundaries of an actively transcribed gene (54, 55).

Further insights into the interdependence between replication, transcription, and the
chromatin landscape derive from developmental patterns of origin firing. For example,
selectively replicated DNA regions in Drosophila polytene salivary gland chromosomes are
transcriptionally silent and enriched in repressive histone modification signatures (56). Notably,
ORC occupancy is markedly diminished within the same regions, indicating that under-
replication is enforced by reducing productive initiation events (57). Altogether, it appears that
eukaryotic replication start sites are defined by a ‘code’ that is distinct from DNA sequence, and
instead depend on contextual cues that influence DNA packaging and topology. However, the

mechanisms by which this code is manifest and read out still remain largely undefined.

Archaea. How archaea control the ability of initiation factors to associate with origin regions is

similarly poorly understood. Nonetheless, the pervasiveness of origin-sequestration strategies
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in bacteria and eukaryotes suggests that archaea will employ analogous approaches. Most
archaeal phyla contain one or more NAPs that assist with DNA packaging, and hence could
potentially influence replication onset. For example, euryarchaeota and certain crenarchaeota
encode two homologs of eukaryotic core histones that assemble on DNA as a dimer of dimers
(58); however, archaeal histones also lack N- and C-terminal tails (59), suggesting that post-
translational modification events may play less of a role in controlling DNA-binding and
remodeling than in eukaryotes. Crenarchaeal species that lack histones contain a highly-
abundant protein, Cren7, which can constrain negative supercoils and modulate higher-order
DNA organization (60). Many crenarchaeota (and some euryarchaeota) encode a factor, Alba
(or Ss010b/Sac10b), which also binds and compacts DNA (61-64). Alba can both bind DNA and
impede MCM helicase progression in a manner subject to post-translational control
(particularly acetylation) (65-67), an activity directly linked to cell cycle progression (68).
Additional studies are needed to build upon these early efforts for clarifying whether and how
archaeal NAPs and other DNA-binding proteins play a role in governing the timing and location

origin firing.



Supplemental Material: Annu. Rev. Biochem. 2013. 82:25-54
doi: 10.1146/annurev-biochem-052610-094414

Mechanisms for Initiating Cellular DNA Replication

Costa, Hood, and Berger

Supplemental bibliography

oUW

11.

12.
13.
14.
15.

16.

17.

18.

19.
20.
21.
22.
23.

24,

25.
26.

27.
28.

29.
30.
31.

32.

Hwang DS, Kornberg A. 1992. ] Biol Chem 267: 23083-6

Sugimura S, Crothers DM. 2006. Proc Natl Acad Sci US A 103: 18510-4
Rice PA, Yang S, Mizuuchi K, Nash HA. 1996. Cell 87: 1295-306

Swinger KK, Lemberg KM, Zhang Y, Rice PA. 2003. EMBO ] 22: 3749-60
Funnell BE, Baker TA, Kornberg A. 1987. ] Biol Chem 262: 10327-34

Ryan VT, Grimwade JE, Nievera CJ, Leonard AC. 2002. Mol Microbiol 46:
113-24

Leonard AC, Grimwade JE. 2011. Annu Rev Microbiol

McGarry KC, Ryan VT, Grimwade JE, Leonard AC. 2004. Proc Natl Acad Sci
USA101:2811-6

Craig NL, Nash HA. 1984. Cell 39: 707-16

Kuznetsov SV, Sugimura S, Vivas P, Crothers DM, Ansari A. 2006. Proc Natl
Acad SciUS A 103:18515-20

Ryan VT, Grimwade JE, Camara JE, Crooke E, Leonard AC. 2004. Mol
Microbiol 51: 1347-59

Hiasa H, Marians K]J. 1994. ] Biol Chem 269: 24999-5003

Wold S, Crooke E, Skarstad K. 1996. Nucleic Acids Res 24: 3527-32

Koch C, Kahmann R. 1986. ] Biol Chem 261: 15673-8

Pan CQ, Feng JA, Finkel SE, Landgraf R, Sigman D, Johnson RC. 1994. Proc
Natl Acad SciUSA91:1721-5

Boye E, Lyngstadaas, A., Lobner-Olesen, A., Skarstad, K., and Wold, S. .
1993. In DNA replication and the cell cycle., ed. E Fanning, Knippers, R and
Winnacker, E.-L., pp. 15-26. Berlin: Springer

Odsbu [, Klungsoyr HK, Fossum S, Skarstad K. 2005. Genes Cells 10: 1039-
49

Slater S, Wold S, Lu M, Boye E, Skarstad K, Kleckner N. 1995. Cell 82: 927-
36

Brendler T, Abeles A, Austin S. 1995. EMBO ] 14: 4083-9

Oka A, Sugimoto K, Takanami M, Hirota Y. 1980. Mol Gen Genet 178: 9-20
Zyskind JW, Smith DW. 1986. Cell 46: 489-90

Nievera C, Torgue JJ, Grimwade JE, Leonard AC. 2006. Mol Cell 24: 581-92
Guarne A, Brendler T, Zhao Q, Ghirlando R, Austin S, Yang W. 2005. EMBO
J24:1502-11

Taghbalout A, Landoulsi A, Kern R, Yamazoe M, Hiraga S, et al. 2000. Genes
Cells 5: 873-84

Kang S, Lee H, Han ]S, Hwang DS. 1999. ] Biol Chem 274: 11463-8
Castilla-Llorente V, Munoz-Espin D, Villar L, Salas M, Meijer W]. 2006.
EMBO ] 25: 3890-9

Quon KC, Marczynski GT, Shapiro L. 1996. Cell 84: 83-93

Quon KC, Yang B, Domian IJ, Shapiro L, Marczynski GT. 1998. Proc Natl
Acad SciUS A 95:120-5

Siam R, Marczynski GT. 2000. EMBO ] 19: 1138-47

Marczynski GT, Shapiro L. 2002. Annu Rev Microbiol 56: 625-56

McGrath PT, Iniesta AA, Ryan KR, Shapiro L, McAdams HH. 2006. Cell 124:
535-47

Gorbatyuk B, Marczynski GT. 2005. Mol Microbiol 55: 1233-45



Supplemental Material: Annu. Rev. Biochem. 2013. 82:25-54
doi: 10.1146/annurev-biochem-052610-094414

Mechanisms for Initiating Cellular DNA Replication

Costa, Hood, and Berger

33.

34.

35.

36.
37.

38.
39.

40.
41.
42.
43.
44,
45.
46.
47.
48.
49,
50.

51.
52.

53.

54.
55.

56.
57.
58.
59.

60.

Grainger DC, Hurd D, Goldberg MD, Busby SJ. 2006. Nucleic Acids Res 34:
4642-52

Wyrick ], Aparicio JG, Chen T, Barnett JD, Jennings EG, et al. 2001. Science
294:2357-60

Raghuraman MK, Winzeler EA, Collingwood D, Hunt S, Wodicka L, et al.
2001. Science 294: 115-21

Ding Q, MacAlpine DM. 2011. Crit Rev Biochem Mol Biol 46: 165-79

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. 1997.
Nature 389: 251-60

Kouzarides T. 2007. Cell 128: 693-705

Wang H, Wang L, Erdjument-Bromage H, Vidal M, Tempst P, et al. 2004.
Nature 431: 873-8

Martinez-Zamudio R, Ha HC. 2012. Mol Cell Biol 32: 2490-502
Ehrensberger AH, Svejstrup ]JQ. 2012. Crit Rev Biochem Mol Biol

Berbenetz NM, Nislow C, Brown GW. 2010. PLoS Genet 6

Eaton ML, Galani K, Kang S, Bell SP, MacAlpine DM. 2010. Genes Dev 24:
748-53

Kaplan N, Moore IK, Fondufe-Mittendorf Y, Gossett A], Tillo D, et al. 2009.
Nature 458: 362-6

Noguchi K, Vassilev A, Ghosh S, Yates JL, DePamphilis ML. 2006. EMBO |
25:5372-82

Muller P, Park S, Shor E, Huebert D], Warren CL, et al. 2010. Genes Dev 24:
1418-33

Kaplan T, Liu CL, Erkmann JA, Holik ], Grunstein M, et al. 2008. PLoS Genet
4:e1000270

Shimada K, Oma Y, Schleker T, Kugou K, Ohta K, et al. 2008. Curr Biol 18:
566-75

MacAlpine HK, Gordan R, Powell SK, Hartemink AJ, MacAlpine DM. 2010.
Genome Res 20: 201-11

Lubelsky Y, Sasaki T, Kuipers MA, Lucas I, Le Beau MM, et al. 2010. Nucleic
Acids Res 39: 3141-55

MacAlpine DM, Rodriguez HK, Bell SP. 2004. Genes Dev 18: 3094-105

Beall EL, Manak ]R, Zhou S, Bell M, Lipsick JS, Botchan MR. 2002. Nature
420:833-7

Ghosh M, Liu G, Randall G, Bevington ], Leffak M. 2004. Mol Cell Biol 24:
10193-207

Haase SB, Heinzel SS, Calos MP. 1994. Mol Cell Biol 14: 2516-24

Sasaki T, Ramanathan S, Okuno Y, Kumagai C, Shaikh SS, Gilbert DM. 2006.
Mol Cell Biol 26: 1051-62

Lu X, Wontakal SN, Emelyanov AV, Morcillo P, Konev AY, et al. 2009. Genes
Dev 23: 452-65

Sher N, Bell GW, Li S, Nordman ], Eng T, et al. 2012. Genome Res 22: 64-75
Bailey KA, Chow CS, Reeve JN. 1999. Nucleic Acids Res 27: 532-6
Decanniere K, Babu AM, Sandman K, Reeve JN, Heinemann U. 2000. /] Mol
Biol 303: 35-47

Guo L, Feng Y, Zhang Z, Yao H, Luo Y, et al. 2008. Nucleic Acids Res 36:
1129-37



Supplemental Material: Annu. Rev. Biochem. 2013. 82:25-54
doi: 10.1146/annurev-biochem-052610-094414

Mechanisms for Initiating Cellular DNA Replication

Costa, Hood, and Berger

61.

62.
63.

64.
65.

66.
67.
68.

Jelinska C, Petrovic-Stojanovska B, Ingledew W], White MF. 2010. Biochem
J427:49-55

Xue H, Guo R, Wen Y, Liu D, Huang L. 2000. J Bacteriol 182: 3929-33
Wardleworth BN, Russell R], Bell SD, Taylor GL, White MF. 2002. EMBO ]
21:4654-62

Forterre P, Confalonieri F, Knapp S. 1999. Mol Microbiol 32: 669-70

Bell SD, Botting CH, Wardleworth BN, Jackson SP, White MF. 2002. Science
296: 148-51

Marsh VL, Peak-Chew SY, Bell SD. 2005. ] Biol Chem 280: 21122-8

Marsh VL, McGeoch AT, Bell SD. 2006. ] Mol Biol 357: 1345-50

Lundgren M, Bernander R. 2007. Proc Natl Acad Sci U S A 104: 2939-44



