"\ ANNUAL
{\ ¥ REVIEWS

Annual Review of Microbiology

Mark D. Greci' and Stephen D. Bell!»?

!'Department of Biology, Indiana University, Bloomington, Indiana 47405, USA;
email: stedbell@indiana.edu

?Department of Molecular and Cellular Biochemistry, Indiana University, Bloomington,
Indiana 47405, USA

s CONNECT
—

www.annualreviews.org

* Download figures

* Navigate cited references

* Keyword search

* Explore related articles

* Share via email or social media

Annu. Rev. Microbiol. 2020. 74:65-80 Keywords

i E S GG R EE o archaea, DNA polymerase, DNA primase, CMG, Sulfolobus, helicase
June 5, 2020 Z Y 2 2 ’ ’

The Annual Review of Microbiology is online at Abstract

micro.annualreviews.org . . . . . . g
It is now well recognized that the information processing machineries of ar-

chaea are far more closely related to those of eukaryotes than to those of their
prokaryotic cousins, the bacteria. Extensive studies have been performed on
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) the structure and function of the archaeal DNA replication origins, the pro-
All rights reserved

teins that define them, and the macromolecular assemblies that drive DNA
unwinding and nascent strand synthesis. The results from various archaeal
organisms across the archaeal domain of life show surprising levels of diver-
sity at many levels—ranging from cell cycle organization to chromosome
ploidy to replication mode and nature of the replicative polymerases. In the
following, we describe recent advances in the field, highlighting conserved
features and lineage-specific innovations.
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ARCHAEAL REPLICON ARCHITECTURE

Although, like many bacteria, archaea possess simple, circular chromosomes, distinct archaea can
exploit strikingly diverse modes of genome replication. Thus far, all bacteria characterized have
a single replication origin per chromosome. Initial radiolabeling studies in the euryarchaeon Py-
rococcus abyssi provided the first characterization of replication initiation in archaea and supported
the existence of a single origin in the Pyrococcus chromosome (38). Subsequent fine-mapping ex-
periments confirmed the activity of an origin of replication, termed 07:C, in the vicinity of the gene
for the candidate initiator protein, a relative of the eukaryotic Orcl and Cdc6 proteins (33). In eu-
karyotes, Orcl is a highly conserved component of the origin replication complex (ORC), which
defines replication origins. ORC leads to the recruitment of the replicative helicase [MCM(2-7) in
eukaryotes] via the actions of two coloader proteins, Cdc6 and Cdtl (6). Interestingly, eukaryotic
Cdc6 is related in sequence to Orel, suggesting they evolved from a common ancestor via gene du-
plication and diversification. Such a progenitor-like molecule is found in archaea and even some
early-branching eukaryotes such as trypanosomes (58). The relationship between the archaeal
protein and both Orcl and Cdc6 has led to a confusing nomenclature, with individual archaeal
genome sequencing projects arbitrarily assigning names of Cdc6 or Orcl to the candidate initia-
tor proteins. We refer to the archaeal proteins as Orc1/Cdc6 generically but use the individual
genes’ names when referring to a given species in the discussion below. The situation is further
complicated by the existence of genes for multiple Orc1/Cdc6 paralogs in various archaeal species.
For example, while Pyrococcus encodes a single Orc1/Cdc6 protein, Sulfolobus encodes three and
members of the Haloarchaea encode ten or more.

In Pyrococcus, the single Orc1/Cdc6 protein is encoded by a gene located immediately adja-
cent to oriC, a situation reminiscent of that seen in many bacteria where the analogous initia-
tor protein, DnaA, is encoded adjacent to the bacterial 07iC (33). This cis relationship between
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initiator protein gene and origin of replication is found in other archaea, too. However, although
the single replication origin of Pyrococcus was the first to be mapped and characterized, it tran-
spires to be a rather anomalous replication mode for archaea. Indeed, the majority of archaea
subsequently characterized have multiple replication origins per chromosome. Members of the
Sulfolobus genus have three replication origins, each of which fires once per cell per cell cycle (29,
49, 50). Another crenarchaeon, Pyrobaculum calidifontis, has four replication origins (45), while the
main chromosomes of members of the genus Haloferax have three origins. Interestingly, however,
a laboratory-adapted strain possesses a fourth main chromosome replication origin courtesy of
an integrated extrachromosomal element, the origin of which remains active in its new ectopic
location (18).

Genetic studies in Sulfolobus demonstrated that while wild-type cells utilize all three replication
origins, none is individually required for viability (54). Indeed, strains with only a single replication
origin are fully viable, albeit with extended doubling time and a longer S phase than their wild-
type counterparts. Notably, replication termination in the origin-deficient strains repositioned to
midway between the remaining active replication origin(s), indicating that, unlike bacteria, Su/-
folobus does not possess a dedicated site-specific replication termination system. An even more
remarkable situation was observed in Haloferax volcanii, where cells remained fully viable, even
having accelerated growth compared to wild type, when all of the main chromosome’s origins
of replication were deleted (18). Genome-wide replication profiling by marker frequency analy-
sis unambiguously demonstrated that the origin-free population did not utilize unique start sites.
Further, viability of this strain was dependent on the presence of the RadA recombinase (the ar-
chaeal ortholog of bacterial RecA and eukaryotic Rad51). Thus, the origin-free strain was likely
using a recombination-based mechanism to ensure genome replication. Intriguingly, a study in
a closely related species, Haloferax mediterranei, also demonstrated that it is possible to delete all
main-chromosome replication origins in that species. However, the resultant population utilized
a previously inactive dormant replication origin on the main chromosome (62). The remarkable
plasticity of the Haloferax genome has been underscored by a recent study in which it was shown
that deletion of a single orcl/cdc6 paralog, termed orc5, leads to fission of the main chromosome
into two distinct replicons via homologous recombination between two near-identical copies of
genes for superoxide dismutase (1).

The ability of Haloferax to survive (indeed thrive) under laboratory conditions in the absence
of replication origins is likely linked to the extremely high ploidy of this organism—exponentially
growing cells contain approximately 15 copies of the genome (56). This high copy number may
help promote survival by recombination-mediated mechanisms. While wild-type Haloferax cells
make use of the replication origins, a more recent study in Thermococcus kodakarensis has suggested
that the strain TS559 does not exclusively use the predicted single 07iC in the genome during log-
arithmic growth (15). While this strain possesses a number of mutations throughout the genome
relative to the wild-type isolate, it is presumed to have growth parameters reflective of the natural
isolate. The lack of origin usage, as determined by marker frequency, was underscored by the lack
of essentiality of the single orc1/cdc6 gene in this strain. In contrast, the 72dA gene was required
for viability, again pointing to a recombination-based mechanism for genome propagation in this
species. Notably, as with Haloferax, Thermococcus is a highly-oligoploid member of the euryarchaea,
possessing 7-19 copies of the genome per cell. In contrast to the case of Haloferax, however, dele-
tion of 07iC resulted in a reduction in long-term viability, particularly under conditions of nutrient
deprivation.

Thus, the emerging rules, albeit from a very small sampling of the broad archaeal taxonomic
diversity, suggest that the highly oligoploid euryarchaea can effectively propagate their genomes
via recombination-based mechanisms under laboratory-based conditions. It is worth noting that
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both Thermococcus kodakarensis and H. volcanii have been selected as model organisms in part be-
cause of the relative ease with which they can be genetically modified, a testament to their robustly
active homologous recombination systems. However, the near universality of orc1/cdc6 genes in ar-
chaeal genomes points to a selective advantage for their retention across the diversity of archaeal
lineages.

In contrast to the euryarchaeal species described above, members of the crenarchaea, includ-
ing Sulfolobus, have organized cell cycles with defined gap phases and cycle between one and
two copies of their chromosome (7, 47). This cell cycle organization, with a G1-phase bottle-
neck during which cells have a single copy of the chromosome, effectively precludes homologous
recombination-based initiation from occurring. While it is formally possible that genomes could
be replicated via R-loop-mediated initiation, the apparent requirement for at least one replication
origin in Sulfolobus suggests that this mechanism is not readily employed (54).

REPLICATION ORIGIN FUNCTION

With the characterization of the Suifolobus replication origins, it was recognized that many ar-
chaea share a common type of origin (50), typified by Sulfolobus 0riC1 and the single Pyrococcus
oriC (for a recent review, see 3). Biochemical, chromatin immunoprecipitation, and/or structural
studies revealed that the Pyrococcus Orc1/Cdc6 and its sequence orthologs in other archaeal species
(Orcl-1 in Sulfolobus) bind specifically to the 07iCI-type replication origins and, moreover, bind
specifically to sequence elements within the origin termed origin recognition box (ORB) elements
(14, 33, 50) (Figure 12). ORB elements possess dyad symmetry with an asymmetric G-rich se-
quence on one side of the dyad element. Each ORB element is bound by a single monomer of
Orcl-1 with a defined polarity. The Orc1/Cdc6 proteins possess an N-terminal AAA+ fold and
C-terminal winged-helix (WH) domain (13, 14, 28). The wH domain recognizes the dyad element
of the ORB element, and an a-helical-rich signature motif within the AAA+ domain, termed the
initiator-specific motif (ISM), recognizes the asymmetric G-rich motif. While the number of ORB
elements present in 0riCI-type origins varies across species, a common feature is that two ORBs
are present in inverted orientation relative to one another and separated by minimally 75 base
pairs of typically AT-rich DNA—a candidate duplex unwinding element (DUE) (3). In Sulfolobus,
it has been demonstrated that this pair of inverted ORB elements is necessary and sufficient for
maximal levels of replicative helicase recruitment by Orcl-1 in vitro and for 07iC1 function in vivo
(53, 57). The consequence of this unique polarity of binding of Orc1-1 to the two inverted ORB
elements is that the wH domains of two Orc1/Cdc6s will face each other, separated by an extensive
AT-rich region that serves as a candidate DUE. In vitro reconstitution experiments revealed that
Orcl-1 recruits the replicative helicase to 07iCI dependent on a surface-exposed a-helical region
(MCM recruitment motif, MRM) on the wH-proximal face of the Orcl-1 AAA+ domain. Im-
portantly, this interaction was dependent on the nucleotide cofactor bound by the Orcl1-1 AAA+
domain (53). More specifically, when ATP was stabilized in the active site, for example by mu-
tation of the protein’s Walker B glutamate (E147), a residue involved in ATP hydrolysis, then
Orcl-1 E147A could support MCM recruitment in vitro and support 07C]1 replication in vivo. In
contrast, when the active site was occupied by ADP, the ability to interact with MCM was abro-
gated. These observations, coupled with the facts that Orcl-1 is a rather unusual single-turnover
ATPase and transcription of the orcI-1 gene is restricted to the immediately prereplicative phase
of the cell cycle, suggest that one level of the control of origin firing is at the level of availability
of the ATP-bound form of Orcl-1 (53, 54).

The archaeal replicative helicase MCM is a ring-shaped homohexamer MCM (for more de-
tails of the architecture of MCM, see the following section). How is the ring opened and MCM
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Figure 1

(@) Schematic of the loading of two open-ring homohexamers of MCM onto a replication origin by Orc1-1+ATP. The origin contains
two cis-acting elements—ORB elements—that are presented in inverted orientation. Orcl-1 binds as a monomer, with the G-rich
motif (yellow) in the ORB being recognized by the ISM motif present in the AAA+ ATPase domain of Orcl-1 and a dyad-containing
sequence (o7znge) in the ORB bound by the wH domain of Orcl-1. When bound to ATP, Orcl-1 contacts the C-terminal domain of an
MCM subunit via the MRM within Orc1-1’s AAA+ ATPase domain. () Model for origin melting by MCM. MCM proceeds with
NTDs leading, and thus when one or two hexamers are double-stranded-DNA-bound, they will act as impediments to encroachment
by the other hexamer (two /eft panels); dashed lines indicate DNA obscured from view in the central cavities of the MCM hexamers.
However, once both hexamers have transitioned to binding single-stranded DNA following full melting, they will be able to pass one
another, thus establishing bidirectional replication fork progression. Not shown in the illustration are the CG complexes that stimulate
MCM?s helicase activity, incorporated at a currently unknown point in the origin activation process. Abbreviations: CTD, C-terminal
domain; ISM, initiator-specific motif; MRM, MCM-recruitment motif; NTD, N-terminal domain; ORB, origin recognition box;

wH, winged helix.

loaded onto DNA? In the eukaryotic replication apparatus, the association of the accessory pro-
tein Cdtl helps crack the MCM ring [a heterohexameric assembly of MCM(2-7) in eukaryotes] at
the interface between the MCM2 and MCMS5 subunits. Interestingly, early electron microscopy
studies revealed that archaeal MCM (from Methanothermobacter thermautotrophicus) intrinsically
adopts an open-ring conformation at the organism’s physiological growth temperature (17). Anal-
ogous treatment of the Sulfolobus MCM significantly elevated MCM loading in vitro, suggesting
the recruitment of MCM to origin DNA did not require active ring-opening by Orcl-1 (53).
The ultimate consequence of MCM recruitment by the two inversely juxtaposed Orcl-1.ATP
will be the formation of a double hexamer of MCM encircling the origin DNA. Thus far, evi-
dence in the Sulfolobus system is compatible with MCM being loaded onto double-stranded DNA
with origin melting occurring at a later stage (Figure 14,b). It is notable that recent work in the
eukaryotic budding yeast system has also invoked symmetrically opposed ORC proteins directing
the formation of an MCM(2-7) double hexamer, suggesting a conserved mechanism for replica-
tive helicase assembly in archaea and eukaryotes. Recent studies have demonstrated that Sulfolobus
MCM in isolation is rather promiscuous with respect to DNA binding (46)—with the homohex-
amer being able to bind to a single-stranded tail of a short oligonucleotide model substrate in
both orientations (i.e., with either the N-terminal or C-terminal domain facing the duplex DNA).
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Indeed, for binding, the C-terminal-domain-facing-duplex orientation is favored, in agreement
with earlier studies (35, 51). However, productive translocation and DNA melting appear to be
effected by the minority conformation, with N-terminal domains leading during helicase move-
ment. Such an orientation is in agreement with the prevalent model for translocation by the eu-
karyotic Cdc45-MCM(2-7)+GINS (CMG) complex and provides an elegant mechanism to ensure
bidirectional replication from replication origins (12, 16, 41) (Figure 15).

THE ARCHAEAL MCM HOMOHEXAMER AND THE CMG COMPLEX

The MCM hexamer is a 3'-to-5" helicase that melts duplex DNA as it translocates 3’ to 5’ (5). As
a member of the AAA+ ATPase superfamily, MCM has activities that are driven by ATP hydrol-
ysis, release, and rebinding (5, 52). In archaea, the MCM homohexamer is assembled of identical
protomer subunits, and in eukaryotes, the MCM(2-7) hexamer is assembled of MCM paralogs
reflecting duplications of the ancestral MCM (30). The fundamental MCM architecture consists
of an N-terminal domain, the AAA+ domain, and a wH domain (36). Additionally, eukaryotic
Mcm protomers have terminal extension posttranslation-modification targets involved with reg-
ulation and recruitment (5). The homohexameric MCM ring complex is tiered into N-terminal
and AAA+ levels, possesses a DINA-accommodating central pore lined with § hairpins coordi-
nated with ATP hydrolysis, and possesses interprotomer allosteric communication (36). Notably,
ATP binding occurs at the subunit interface, and the protomers act with localized cooperativity
(37).

In eukaryotes, Mcm2-7 associates with GINS (SId5, Psf1-3) and Cdc45 to form the replicative
helicase assembly CMG (6). Archaeal GINS homologs and Cdc45 orthologs have been identified
(30). The majority of archaea possess one GINS subunit, termed Gins23, that is related to Psf2 and
Psf3 and a second subunit, termed Gins15 (or Gins51 in some species) that is related to Psfl and
SId5. The archaeal GINS assembly is thus a dimer of dimers containing two copies each of Gins23
and Gins15 (31). Studies within the last three years have characterized biochemical properties of
archaeal CMG and its subassemblies (39, 42, 59), as well as genetic or physical interactions of
archaeal Cdc45 or GINS (10, 26, 39, 41, 43, 44, 59).

ARCHAEAL Cdc45 AND GINS ASSOCIATE TO FORM THE STABLE
(Cdc45),-(GINS) COMPLEX

In eukaryotes, the regulated and sequential association of Cdc45 and then that of GINS with
origin-loaded MCM are key regulatory steps in the initiation of DNA replication. In the Su/-
folobus acidocaldarius system, Gins23 and Ginsl5 copurify with Cdc45 (59). Further, using Sul-
folobus islandicus, it was found that his-tagged Cdc45 forms a stable complex with recombinant
Ginsl5 and Gins23 (59). As determined by both gel filtration analysis and native electrospray ion-
ization mass spectrometry, the reconstituted complex Cdc45:Gins23:Gins15 has a stoichiometric
ratio of 2:2:2. The Sulfolobales GINS is a dimer of dimers [(Gins23),+(Ginsl15),], and thus two
Cdc45 proteins with one GINS comprise the archaeal CG complex (59). Similarly and more re-
cently using the Thermoplasma acidophilum system, which has an unusual homotetrameric GINS,
recombinant Cdc45 ortholog TaRec]2 and TaGins51-tetramer were shown to form a complex at
a 2:1 ratio (42). The Cdc45-GINS interface has been characterized for both the Sulfolobus solfa-
taricus and Thermococcus kodakarensis complexes. In both cases, the Cdc45 homolog interacts with
the C-terminal B-domain of Gins15 (44, 59). The crystal structure of C-terminal Gins15.Cdc45
from T. kodakarensis (Figure 2) highlights the features of the interface: Gins15-C and the N ter-
minus of the DHH domain of Cdc45 bind through hydrophobic and hydrophilic interactions,
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Gins15 CTD

Figure 2

(@) The interaction interface between Ginsl15 and Cdc45 (aka GAN). The right-hand panel emphasizes the
extended B sheet that lies at the heart of the interface. Data from PDB file SGHS (44). Rendered with
PyMOL. (b) Illustrative, but likely inaccurate, model for the interaction of two Cdc45s (GANSs) with a GINS
complex. The coordinates for the GINS complex were obtained from PDB 3ANW (43). Gins23 is shown in
wheat, Ginsl15 in teal, and Cdc45 (GAN) in brown. The position of Cdc45 (GAN) relative to GINS in
solution is currently unknown beyond the primary interaction interface with Gins15’s CTD. Rendered with
PyMOL. Abbreviations: CTD, C-terminal domain; PDB, Protein Data Bank.

including the formation of an interprotein f sheet (44). The conserved Gins51-CeCdc45/Rec]
binding interface has also been confirmed in T. acidophilum and in Pyrococcus furiosus (26, 42). No-
tably, the archaeal CG complex is remarkably stable (59) and characterized by high Cdc45-Gins15
binding affinity (39, 42, 44). Reconstituted S. islandicus CG withstands 8-M urea washes (59). In
agreement, surface plasmon resonance studies with recombinant 7. kodakarensis Cdc45 (GAN)
with GINS or Gins51-C exhibit rapid binding saturation and minimal to no disassociation (40,
44). Similarly, the generated binding curve of recombinant 7. acidophilum TaRec]2 and TaGINS
is characteristic of high-affinity binding (42). The conserved nature of a constitutive CG complex
in archaea contrasts with the highly regulated and sequential assembly of Cdc45 then GINS with
MCM(2-7) in eukaryotes and likely reflects the increased requirement for regulation of DNA
replication initiation in eukaryotes.
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DIVERGENT ARCHAEA HAVE Cdc45 (GAN) WITH EXONUCLEASE
ACTIVITY STIMULATED BY GINS IN VITRO

The structure of Cdc45 (GAN) of T. kodakarensis reveals a conserved DHH architecture suit-
able for divalent cation coordination and DNA binding, thus suggesting a catalytic DHH domain
conferring nuclease activity following the Rec] family orthologs (44). Indeed, the recombinant
Cdc45 (GAN) possesses nuclease activity that is stimulated by GINS or Gins51 addition in vitro
(44). Specifically, the basal 5'-to-3’ processive exonuclease activity is stimulated 1.5-fold by GINS
addition and prefers divalent manganese over magnesium (39). Subsequent structural and bio-
chemical work in P, furiosus established that the GAN ortholog PfuRec] also has an intact catalytic
architecture: In vitro, it also is a 5'-to-3" exonuclease that prefers manganese and is stimulated
by GINS (26). TaRec]2 of Thermoplasma acidophilum exhibits 3'-5" exonuclease activity towards
both DNA or RNA substrates, requires manganese, and is stimulated by TaGINS addition as de-
termined by recombinant in vitro assays (42). Interestingly, P. furiosus PfuRec] can also act as a
3’-to-5" RNA exonuclease in vitro (26). In contrast, the DHH domain of S. so/fataricus Cdc45 is
degenerate, similar to the situation of eukaryotic Cdc45 (30), thus hinting that archaeal Cdc45 ul-
timately has a structural role similar to that of the eukaryotic counterpart as opposed to a catalytic
Rec] role. Notably, T. kodakarensis gan deletion mutants exhibit a growth defect that is accentuated
at higher temperatures, but insertion of catalytically inactive gan into the strain rescues normal cell
growth (39). [Note, however, that in other work, a 1. kodakarensis gan deletion strain was observed
to have wild-type growth (10).] Furthermore, the 7. kodakarensis intracellular divalent magnesium
and manganese concentration levels are incompatible with GAN exonuclease activity in vitro (39).
Thus, the in vivo significance, if any, of the Cdc45/GAN nuclease activity observed under non-
physiological conditions in vitro is unclear.

ARCHAEAL CG STIMULATES MCM HELICASE ACTIVITY IN VITRO

Recently, biochemical assays confirmed that archaeal MCM has basal helicase activity (39, 42, 59).
CG addition stimulates MCM helicase activity, whereas Cdc45 alone does not in recombinant in
vitro assays derived from S. islandicus (59), T. kodakarensis (39), and T. acidophilum (42). CG addi-
tion also stimulates the AT Pase rate of single-stranded-DNA-bound MCM (39, 59) and increases
MCM binding to a Y-shaped oligonucleotide substrate (mimicking the DNA template at the repli-
cation fork) (59). The physical CG-MCM interaction is necessary for the stimulation: Truncated
MCMAA maintaining the helicase domain while lacking the A-domain mediating CG interac-
tion preserves basal helicase activity but is not stimulated by CG addition (59). There is some
discrepancy in the influence of GINS versus CG on MCM activity among the archaea in vitro.
Stimulation of MCM helicase activity by CG addition does not exceed the stimulation by GINS
addition alone in biochemical assays of the T. kodakarensis (39) and T. acidophilum (42) systems. In
contrast, there is no helicase stimulation at all by GINS addition alone for the S. islandicus sys-
tem (59). Interestingly, it was found earlier that GINS alone does stimulate MCM for the closely
related species S. solfataricus (25). Ultimately as discussed above, the archaeal Cdc45+GINS is an
extremely stable assembly in S. islandicus (59), T. kodakarensis (39, 44), and T. acidophilum (42), and
thus assembled CG appears to be constitutive and the physiologically relevant species.

ARCHAEAL CG ASSOCIATES WITH MCM TO FORM THE CMG
REPLISOME CORE

In the archaeal system, the components Cdc45, MCM, and GINS associate to form the CMG
assembly. T. kodakarensis recombinant surface plasmon resonance experiments with Cdc45
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immobilized to the chip and sequential addition of GINS and MCM reveal that the three
constituents can form a single assembly (39). Further, work in various species confirms that GINS
is required to bridge between MCM and Cdc45 (39, 42, 59). There is evidence that Cdc45,
MCM, and GINS are bound together in vivo. In whole-cell extracts of exponentially growing
T kodakarensis and T. acidophilum cells, Cdc45 (GAN), MCM, and GINS all coimmunoprecipitate
(39, 42). Importantly, there is also evidence supporting the replisome core function of archaeal
CMG. Intracellular concentrations of Cdc45, MCM, and GINS in exponentally growing
T. kodakarensis are suggestive of them primarily functioning in concert (39). Additionally, chro-
matin immunoprecipitation in Sulfolobus indicates that both Cdc45 and MCM are enriched at the
origins of replication in Gl/early S phase, are relatively enriched at interorigin regions during
mid-S phase, and are relatively enriched at what has been established as the last replicated region
during G2 phase (59). Thus, archaeal Cdc45 was consistently found to chromosomally colocalize
with MCM, a hallmark of the replication fork (59).

GENETIC INTERACTIONS IMPLICATE THERMOCOCCUS
Cdc45 (GAN) IN DNA PROCESSING PATHWAYS

Genetic studies with archaeal Cdc45 (GAN) reveal DNA-repair-related interactions. In 7" ko-
dakarensis, deletion strains reveal synthetic lethality for gan and fenl deletions (10). Fenl could be
involved in several DNA repair pathways as well as in Okazaki fragment maturation, and thus syn-
thetic lethality suggests redundant roles for GAN and Fenl in one or more of those pathways (10).
Because catalytically inactive gan is also synthetically lethal with the fenI deletion, the catalytic ac-
tivity of GAN would be required for these proposed roles. Double deletion of gan and RNase HII
also produces synthetic lethality. Oddly enough, the fernl and RNase HII double-deletion strain
is viable (10). However, as mentioned above, the nuclease activity of GAN is not supported at
the physiologically relevant divalent cation concentrations found intracellularly (39). Also using
T. kodakarensis, Nagata et al. (40) found that the double deletion of gan and ban, coding for a
nuclease associated with the archaeal ortholog of FANCM identified as Hef, did not grow at tem-
peratures at which the wild type normally would grow. Given this observation and that Hef-HAN
function in the repair of stalled replication forks, it is therefore postulated that there is increased
replication fork stalling at higher temperatures and that GAN contributes to replication fork sta-
bility in 7. kodakarensis (40).

THE EVOLUTIONARY CONTEXT AND FUNCTION
OF ARCHAEAL CMG

In eukaryotes, it is well established that the CMG assembly contains a single copy of the Cdc45
protein. In contrast, as detailed above, archaeal CG and, by inference, CMG have two copies of
the archaeal Cdc45 homolog. This stoichiometry arises from the observation that archaeal GINS
is typically a dimer of dimers and thus has two Cdc45-binding domains (59). Significantly, it has
been proposed that eukaryotic Cdc45 resulted from gene duplication and subsequent fusion of
the ancestral archaeal Cdc45 resulting in a pseudodimer (59).

While the identity and existence of archaeal CMG as the active form of the replicative helicase
have now been established, open questions remain about how the assembly of the complex is
effected in vivo. In particular, whether the assembly and thus activation of the CMG helicase is a
key regulatory step in archaea as in eukaryotes remains to be determined (6).
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INITIATING DNA SYNTHESIS—THE ROLE OF THE
ARCHAEAL PRIMASE

The steps that mediate and regulate the melting of DNA at archaeal DNA replication origins are
not yet determined at the biochemical level. However, it is clear that the initiation of synthesis
ultimately depends on the recruitment of the replication-dedicated DNA-dependent RNA poly-
merase, DNA primase. The archaeal replicative primase is a dedicated, template-dependent, low-
processivity RNA polymerase that synthesizes an oligoribonucleotide primer that is then trans-
ferred to a DNA polymerase for extension. In principle, primase activity is required once for
leading strand synthesis but once per ~100-200 nucleotides on the lagging strand for initiation
of every Okazaki fragment (34). In Sulfolobus, primase has been shown to interact with the GINS
complex, thus providing a mechanism to coordinate priming activity with processive replication
fork progression (31). The archaeal primase has two subunits that are conserved across the archaeal
domain of life—PriS and PriL.. PriS contains the active site of the enzyme. Further, PriS and PrilL
have orthologs in eukaryotes that form the primase module of the DNA polymerase a—primase
complex. Thus, PriSL is sometimes referred to as the archaeal eukaryotic primase (AEP). Inter-
estingly, AEP relatives are also found in a range of extrachromosomal elements in both bacteria
and archaea as well as in the dedicated eukaryotic enzyme termed PrimPol that is thought to play
arole in DNA damage tolerance (for recent reviews see 4, 22). The PriSL heterodimeric assem-
bly has been biochemically characterized in a number of archaeal species and shown to possess
both RNA and DNA de novo synthetic capability. With regard to the latter activity, studies of the
euryarchaeal Archaeoglobus and Pyrococcus primases have demonstrated that they possess the ability
to synthesize past a range of lesions in DNA, suggesting that they may play moonlighting roles in
DNA repair, in addition to having the canonical primase function (21, 24).

STRUCTURAL STUDIES OF PRIMASE

Initial studies of the Sulfolobus PriSL heterodimer demonstrated weak RNA and DNA synthesis
capability. A key study by Li Huang and colleagues revealed that the native Sulfolobus primase pos-
sessed a hitherto unidentified third subunit that they termed PriX (27). Importantly, addition of
PriX to PriSL formed a stable heterotrimer with massively elevated activity compared to PriSL.
Initial structural studies demonstrated that PriX formed a helical bundle and also established a
structural relationship between PriX and a domain of eukaryotic PriLL that was missing from the
Sulfolobus Pril. homolog (27). Thus, the combination of PriX and Su/folobus Pril. corresponds to
the full-length eukaryotic PriLL protein. Significantly, this helical bundle region of human PriL. had
been demonstrated to interact with the 5 end of the RNA primer in a primer-template complex
(2). Additionally, mutation of a conserved arginine residue in this domain abrogated the ability
of eukaryotic primase to initiate synthesis but did not impact its ability to elongate a preformed
primer (23). Additional insight into the role of this conserved helical domain came with the de-
termination of the structure of the Sulfolobus PriSLX assembly in the presence of the ATP analog
AMPCPP (19). One AMPCPP molecule was bound to the elongation site within PriS, but a sec-
ond AMPCPP was found to be coordinated by residues within the PriX helical bundle (Figure 34).
Importantly, nucleotide binding by PriX was effected by interactions between the 5 triphosphate
of the nucleotide and residues in PriX that include an arginine that occupies the position orthol-
ogous to that of the eukaryotic helical bundle arginine, mutation of which abrogated initiation
but not elongation. Analogous effects on initiation specifically, and not elongation, were observed
upon mutation of the PriX residues involved in triphosphate coordination (19). Thus, PriX and,
by inference, the helical bundle domain of eukaryotic PriL serve as the binding site for the initi-
ating nucleotide in primer synthesis. More recently, a similar mechanism has been proposed for
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Figure 3

(@) Structure of Sulfolobus PriSLX with the initiating nucleotide (Ntl1) shown in black and the nucleotide in
the catalytic elongation site (Nt2) in blue. Prepared from Protein Data Bank file SOF3. Rendered with
PyMOL. (b) Schematic of the caliper model for primer length determination. As in panel 4, PriS is shown in
wheat, PriL in salmon, and PriX in blue. Juxtaposition of initiation and elongation sites allows dinucleotide
formation. Subsequent nucleotide monophosphates are incorporated at the elongation site while the
initiation site retains a grip on the 5’ end of the primer. Eventually, a maximal length of primer is reached,
dictated by the maximal distance tolerated between initiation and elongation sites. This constraint could be
imposed by distance and/or helical rotation of the heteroduplex.

an extrachromosomal element-encoded AEP, ORF904 of the archaeal plasmid pRN1 (8). In both
pRN1 primase and the cellular Sufolobus PriSLX, the connection between the main body of the
enzyme and the helical bundle initiation site appears quite flexible (8, 19). This flexibility may
be important for both initiation, during which the initiation site and the catalytic elongation site
are presumably juxtaposed, and elongation. The exclusive interactions of the helical bundle with
the 5’ triphosphate have important implications for how primer length is determined (61). The
5" triphosphate serves as a unique signifier of the 5’ end of the RNA primer, and if the helical
bundle remains associated with the 5" end as synthesis is ongoing, then the primase could serve
as a caliper to measure the distance, and thus chain length, between the initiation and elongation
sites (Figure 3b). A series of experiments with model substrates and mutant forms of the pri-
mase provided evidence that supports this caliper model (61). The caliper could function simply
by measuring length, but it also could be influenced by the helical geometry of the heteroduplex
as the RNA chain is elongated. Structural studies on elongation complexes with defined primer
lengths will be of profound importance in illuminating this model.

ARCHAEAL DNA POLYMERASES

In the late 1990s, Cann and Ishino made the startling discovery that Euryarchaea possess a novel
DNA polymerase, termed PolD (11, 20). PolD was shown to be phylogenetically distinct from
all known cellular DNA polymerases and to be the founding member of a new family of DNA
polymerases, the D-family. Subsequently, D-family polymerases have been shown to be present
in all archaeal phyla with the exception of the crenarchaea. PolD is a two-subunit enzyme, and
genetic studies have shown the genes to be essential for viability in a number of archaeal species.
Notably, many PolD-containing archaea also possess a distinct DNA polymerase belonging to
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the B-family. The cellular replicases of eukaryotic genomes are centered around three distinct
B-family enzymes: Pola, Pol3, and Pole. However, in the PolD-containing archaea, PolB enzymes
have generally been found to be dispensable for viability, suggesting that PolD is the true replica-
tive DNA polymerase and the B-family enzyme plays an ancillary role, perhaps in DNA repair
(for a more detailed discussion see 48).

As is found in other replicative polymerases, PolD has both polymerase and proofreading ex-
onuclease activities. These properties are attributable to distinct subunits—DP1 confers the proof-
reading ability, while polymerization is effected by DP2. Structural studies have revealed that DP1
belongs to the calcineurin-like phosphodiesterase family, and its catalytically active fold is unique
to the PolD family of replicative polymerases (48, 55). However, the overall structure of DP1
is closely related to the accessory B-subunit of the eukaryotic B-family DNA polymerases. In-
triguingly, however, the eukaryotic B-subunit proteins have lost the catalytic residues associated
with exonuclease activity, and the eukaryotic B-subunit proteins lack any catalytic activity. Instead,
proofreading by eukaryotic Pol8 and Pole is conferred by a DnaQ-like domain in the same large
subunit that contains the DNA polymerase catalytic subunit. An even more striking finding was
that the structure of the DP2 DNA polymerase catalytic subunit is unique to the PolD family
of enzymes and in fact resembles the catalytic center of RNA polymerases (RNAPs) (55). Other
cellular DNA polymerases possess a classical right-hand morphology with the catalytic center re-
siding in the so-called palm domain. The palm domain can be split into two subtypes based on
the topology of the active-site fold. They can be either Klenow-type, as found in the A-, B-, and
Y-family DNA polymerases, or PolB-like, as in the X- and C-family polymerases (9). Uniquely,
PolD possesses a double-psi beta-barrel fold that is clearly related to the catalytic center of mul-
tisubunit cellular RNAPs, RNAPs involved in RNA silencing, and viral RNAPs (55). Thus, it
appears that, in the evolutionary gulf between archaea and eukaryotes, the eukaryotic B-subunit
may have evolved from an archaeal-like DP1-subunit and, in doing so, lost the catalytic activity
of the archaeal proofreading site while retaining the overall fold of the subunit (Figure 4). The
situation with the catalytic subunit is more complex. PolD’s DP2 differs from the eukaryotic Pol3
and Pole in both the fold of the catalytic center and the presence of a catalytic-subunit-associated
proofreading nuclease activity in the eukaryotic enzymes (48). It is open to speculation whether
the D-family double-psi barrel fold or the B-family Klenow-type fold was present in the last com-
mon ancestor between these two domains. Regardless of the evolutionary pathway leading to its
generation, the available evidence, with regard to both genetic essentiality and the documented
interactions with a number of components of the euryarchaeal replication machinery, strongly
implicates PolD as a key component of the archaeal replisome.

However, as mentioned above, the D-family DNA polymerases are absent from the crenar-
chaeal phylum. Typically, crenarchaea encode multiple B-family polymerases. For example, Sul-
folobus species encode three, termed PolB1, PolB2, and PolB3. A recent study revealed that neither
PolB2 nor PolB3 was required for viability in Sulfolobus—this agrees with their rather modest se-
quence conservation, their weak in vitro activities, and the presence of amino acid substitutions in
otherwise highly conserved regions of the polymerase (32). It seems likely that PolB2 and PolB3
play roles in DNA damage tolerance pathways. In contrast, the gene for PolB1 is essential. Al-
though PolB1 was initially identified in the 1980s and studied by many laboratories as a recombi-
nant single-subunit enzyme, recent work has revealed that two small subunits, now termed PBP1
and PBP2, were overlooked in the initial characterizations (60). PolB1 was demonstrated to exist
in cells as a PolB1.PBP1.PBP2 heterotrimeric holoenzyme assembly, PolB1-HE. Reconstitution
experiments revealed that PolB1-HE was more thermostable than the catalytic subunit alone.
Further, PBP1 played a key role in mitigating PolB1’s strand-displacement activity by enhancing
polymerase recycling. A consequence of this property of PBP1 was to improve the efficiency of
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Okazaki fragment maturation by minimizing wasteful resynthesis of DNA during the Okazaki-
fragment-processing pathway. Whether the small subunits play roles in facilitating the integration
of PolB1-HE into higher-order replisome assemblies is currently under investigation.

CONCLUSIONS

Opver the last two decades, numerous laboratories have contributed to our understanding of the
structures and mechanisms of action of components of the archaeal DNA replication machinery.
Importantly, the field has moved beyond simple characterizations of homologs of known eukary-
otic replication factors and, through application of gene-tagging and affinity purification method-
ologies, has revealed the identity of novel archaea-specific components of the replication appara-
tus. With the recent development of in vitro assays for MCM loading at replication origins and
reconstitution of partial replisome assemblies, it is anticipated that a fully reconstituted archaeal
DNA replication system will be defined in the near future. Clear goals are to understand the
higher-order architectures of replisome assemblies and to determine the mechanisms that ensure
appropriate regulation of archaeal chromosome replication in the context of the cell cycle.
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