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DNA replication is the basis for the propagation and evolution of living 

organisms.  It requires the combined efforts of numerous proteins.  DNA 

replication in archaea has been shown to be more similar to eukarya than bacteria.  

Therefore, we use archaea as a model to study DNA replication.   

Euryarchaeon is one of the five main branches of archaeon.  In this thesis, 

the replication machinery of the thermophilic euryarchaeon Thermococcus 

kodakarensis was investigated.  In particular, this work focuses on two essential 

DNA replication proteins, the minichromosome maintenance (MCM) helicase and 

the processivity factor, proliferating cell nuclear antigen (PCNA).   

The MCM complex is thought to function as the replicative helicase in 



 
 

archaea and eukaryotes.  In most archaea, one MCM homolog assembles to form 

the active homohexameric complex.  Atypically, the genome of T. kodakarensis 

encodes three MCM homologs, here designated MCM1-3.  Although all three 

MCM exhibit helicase activity, DNA binding and ATPase activities, only MCM3 

appears to be essential for cell viability.  Taken together with bioinformatics 

analysis, the results suggest that MCM3 is the replicative helicase in T. 

kodakarensis. 

PCNA is a ring shaped protein that encircles duplex DNA and, upon 

binding to the polymerase and other proteins, tethers them to the DNA. All 

euryarchaeal genomes, except T. kodakarensis, encode for a single PCNA protein.  

T. kodakarensis is unique because it contains two genes encoding for PCNA1 and 

PCNA2.  It is shown here that both PCNA proteins stimulate DNA polymerase 

activity.  It was found that PCNA1 is expressed in vivo at high levels in 

comparison to PCNA2.  Furthermore, it was determined that PCNA2 is 

dispensable for cell viability.   

Taking together, the data presented herein suggest that T. kodakarensis is 

similar to other archaeal species studied, requiring only one MCM and one PCNA 

protein for viability.  The results obtained from this work provide essential 

knowledge about the replication machinery in eukarya. 
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Chapter 1 Introduction 

 

1.1 Overview  

DNA replication is the basis for the propagation and evolution of living 

organisms.  The mechanism of DNA replication guarantees the duplication and 

transfer of genetic information during cell division.  The process needs to be 

precise during the cell cycle. Our studies will contribute to the understanding of 

the mechanisms controlling DNA replication and its regulation in archaea.   

DNA replication starts at a specific sequence known as the origin of 

replication.  It has an AT-rich region and contains specific inverted repeats (IRs) 

that facilitate binding of origin binding proteins (OBPs).  OBPs bind to the origin 

and partially melt the duplex DNA to form a replication bubble.  After that, the 

helicase loader loads the helicase in an ATP-dependent manner.  Following the 

dissociation of the helicase loader from the helicase-DNA complex, the helicase 

unwinds the duplex DNA into single strand DNA (ssDNA).  Single strand binding 

protein (SSB) covers the unwound ssDNA to protect it from degradation by 

nuclease. DNA polymerase will use the ssDNA as template to synthesize new 

DNA.  However, polymerase cannot start DNA synthesis de novo but needs a 

primer.  Primase binds to the unwound ssDNA and uses it as a template to 

synthesize a short RNA primer, which is used by the polymerase to synthesize the 

complementary DNA strand.  Sliding clamp is loaded by the clamp loader onto 

the primer-template junction, and then the clamp will encircle the duplex and 

tether polymerase onto the DNA to increase the polymerase processivity.  This 
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process occurs once in the leading strand and multiple times in the lagging strand.  

It has been shown that in bacteria, when the polymerase encounters the 5’-

terminus of the previous Okazaki fragment in the lagging strand, the affinity of 

the polymerase to the sliding clamp is attenuated, which frees the polymerase to 

dissociate from the Okazaki fragment and allows it to cycle to the new primer-

template junction to begin synthesis of the next Okazaki fragment.  This process 

is still not clear in archaea and eukarya, though it is proposed that the eukaryotic 

and archaeal polymerase can displace the primer of the previous Okazaki 

fragment.  The sliding clamp remaining on the DNA molecule interacts with other 

proteins needed for Okazaki fragment maturation and regulates their actions in 

removing RNA primers, synthesizing DNA to the template, and then covalently 

joining the completed Okazaki fragments into a continuous DNA molecule. 

 

1.2 Archaea 

The archaea is one of the three domains of life, along with bacteria and 

eukarya [(1,2), Fig. 1-1].  Archaea often inhabit extreme environments and are 

classified into five major kingdoms; Euryarchaeota, Crenarchaeota, 

Korearchaeota, Nanoarchaeota, and Thaumarchaeota (3,4).  Since the genome of 

the first archaea was completed attention has been given to the study of these 

unique organisms.  Phylogenetic analyses of archaeal genomes have revealed that 

they exhibit a mosaic of features from the other two domains, as well as domain 

specific features.  For example, proliferation processes in archaea are an 

interesting mix: proteins involved in the biochemical property of the DNA 
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replication process are simplified versions of those found in eukarya [(5), Table 1], 

whereas the cell division process appears to be quite similar to the system found 

in bacteria (6-8).   

 

 

Figure 1-1. Phylogenetic trees of the three domains of life based on 16s rDNA 

sequences. Adapted from (9) 

 

1.3 Thermococcus kodakarensis  

Euryarchaeaota contains a diverse archaeal group of members, including 

halophiles, hyperthermophiles, methanogens and thermophilic methanogens.  In 

this study, we used the euryarchaeon Thermococcus kodakarensis KOD1 as a 

model organism to study DNA replication machinery. T. kodakarensis was 

isolated from a solfatara off the shore of Kodakara Island, Kagoshima, Japan (10). 

It is a hyperthermophilic microorganism with an optimal growth temperature of 



4 
 

Table 1-1. Key components of the DNA replication machinery. 

1 Euryarchaea contain one PCNA homolg which forms homotrimers; crenarchaea contain three PCNA homologs which forms 

heterotrimers. 
2 Proposed to function in replisome assemblys. 
3 Some archaeal species contain two GINS homologs which form a heterotetramer, while other contains only one GINS homolog 

which forms a homotetramer. 

Function 
E. coli 
Protein 

Subunit 
Organization 

Archaeal 
Protein 

Subunit Organization 
Eukaryotic 

Protein 
Subunit Complex 

Origin 
reorganization 

DnaA 8-12 mer ORC/CDC6 Unknown ORC1-6 Heterohexamer 

Helicase loading DnaC Homohexamer Unknown Unknown CDC6 Unknown 
Helicase DnaB Homohexamer MCM Homohexamer MCM2-7 Heterohexamer 

Primase DnaG Monomer 
DnaG-like 
Primase 

Unknown 
Heterodimer 

Polα/Primase Heterotetramer 

DNA polymerase Pol III core Heterotrimer 
Pol B 
Pol D 

Monomer 
Heterodimer 

Pol ε 
Pol δ 

Heterotetramer 
Heterotetramer 

Processivity factor β Homodimer PCNA Homotrimer/Heterotrimer1 PCNA Homotrimer 
Processivity complex γ complex γ3δδ’ RFC Heteropentamer RFC Heteropentamer 
Single strand DNA 
binding 

SSB Homotetramer RPA Heterotrimer/Monomer RPA Heterotrimer 

Replisome assembly τ homodimer GINS2 Heterotetramer/Homotetramer3 GINS Heterotetramer 
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85°C and generation time of about 2 hours.  T. kodakarensis is a strictly anaerobic 

obligate heterotrophy that grows on complex proteinaceous substrates, and whose 

growth is strongly associated with the reduction of elemental sulfur (11).  T. 

kodakarensis has a single genome of 2.1M bp with 2,306 open reading frames 

(12).  It was previously reported as Pyrococcus sp. KOD1.  Later detailed 

phylogenetic analysis indicated that it is a member of the genus Thermococcus 

[(11), Fig. 1-2].  The GC content of T. kodakarensis genome is 52.0%, higher than 

its closest euryarchaeal order Pyrococcus genomes (40-50%).  Four potential viral 

integration regions (TKV1-TKV4) have been identified in its genome (12).  It is 

interesting that several DNA replication factors are located in these regions (more 

detail will be discussed below).  Genetic tools generated in T. kodakarensis make 

it an attractive and useful archaeal model organism in the research on 

hyperthermophiles (13-16).  

 

1.4 Archaeal DNA replication 

1.4.1 The replication origin 

DNA replication origin is a particular sequence in the chromosomal DNA 

where replication is initiated.  Archaea was thought to contain a single origin of 

replication because its chromosome structure is similar to bacteria, which usually 

contain a single replication origin.  Past studies showed that Pyrococcus abyssi, 

Pyrococcus furiosus,  Pyrococcus horikoshii and Archeoglobus fulgidus have only 

one origin (17,18).  However, multiple origins have also been identified in several 

archaeal species. (19,20).  Interestingly, in most cases the identified origins are 
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Figure 1-2. Phylogenetic tree showing the KOD1 strain is positioned more close 

to other Thermococcus species than Pyrococcus species.  T. kodakarensis KOD1 

is underlined in red.  Adapted from (11) 

 

located upstream of the gene encoding for the initiator protein CDC6.  Archaeal 

origins contain a number of origin recognition boxes (ORB).  ORB is the 

functional homolog of the bacterial DnaA boxes, which serve as binding sites for the 

origin recognition. Structural and biochemical studies indicated that archaeal 

initiator proteins CDC6 interact with ORB specifically and tightly.  Although 

archaeal origin sequences are highly diverse, conserved inverted reverse (IR) 

sequence elements are identified in archaeal ORB.  This makes archaeal origins 
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similar to bacterial and eukaryotic origins which are defined by specific sequence 

elements. Archaeal mini-ORB is defined as TnCAnnnGAAA (where n can be 

substituted by any nucleotide).  The flanking sequences may vary between IRs. 

Like most other Thermococcus and Pyrococcus, T. kodakarensis is 

predicted to have a single origin in its genome and it is located upstream of the 

operon encoding for CDC6 and Polymerase D (PolD).  Although it has not been 

confirmed experimentally, based on the DNA sequence similarity between T. 

kodakarensis genome sequence and other archaeal sequences, the T. kodakarensis 

origin is predicted as TTCCAgTggAAACggAA (Fig. 1-3).  

 

1.4.2 Initiation 

Initiator protein CDC6 

The function of the initiator protein is to recognize the origin of replication 

and partially melt the origin duplex region.  In bacteria, DnaA are recruited onto 

the DNA replication origin in the initiation process.  In eukaryotes, origin 

recognition complex (ORC) binds at origins, and then recruits many other 

proteins, such as CDC6 and MCM onto the origin (Table 1-1).  So far, most 

sequenced archaeal species contain at least one homolog of CDC6.  Archaeal 

CDC6 has a similar amino acid sequence to the eukaryotic CDC6 protein and the 

subunits of ORC.  However, it is still unclear whether the archaeal CDC6 

combine the function of ORC and CDC6 in eukaryotic cells.  Most archaea 

contain only one CDC6 gene, some contain multiple copies and several, (e.g. 

methanogens) do not contain clear CDC6 homolog.  The different copy number 
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Figure 1-3. Putative T. kodakarensis origin of replication. (A) Schematic 

representation of the region flanking the origin (oriC). (B) The sequence of the 

putative oriC in T. kodakarensis is shown. The initiation codons for CDC6 and 

TK1900 are shown in red. Putative ORB sequences are shown with an arrow (+ or 

- refer to the orientation of the IRs). 

 

in the archaeal CDC6 copy may indicate gene duplication, gene transfer or 

heterocomplex formation similar to eukaryotic ORC counterpart.  It is also 

possible that archaeal CDC6 has been evolved into different sequence, which 

cannot be identified by homology.  The fact that the CDC6 gene is usually 

expressed next to the predicted origin, suggests that the two may be co-regulated. 

As a member of the AAA+ protein family, CDC6 contains several 

conserved motifs for ATP binding and hydrolysis.  Crystal structure of a CDC6 

homolog from Pyrobaculum aerophilum indicated that it is featured with a novel 

loop and α-helix, which is not found in other AAA+ family proteins (21).  

Another crystal structure of ORC from A. pernix suggested that ATP binding and 

hydrolysis may substantially influence its structure (22).  To date, the biochemical 

properties of archaeal ORC/CDC6 are not yet clear.  It has been shown that CDC6 

protein undergoes autophosphorylation on Ser residue (23).  It is interesting to 

note that eukaryotic CDC6 can also be autophosphorylated.  However, the 

function of this activity in vivo is unclear.  It has also been reported that CDC6 

can stimulate MCM helicase activity in Thermoplasma acidophilum, which 

suggests that it possesses a regulatory function during DNA replication (24).  
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Although the mechanism of helicase assembly at the origin is not yet clear, 

several possible mechanisms have been proposed.  Studies showed that the CDC6 

protein can dissociate the MCM complex, suggesting a potential role in the origin 

assembly process (25).  Another study also indicated that CDC6 may be involved 

in the recognition of DNA replication origin in Pyrococcus furiosus (26) . 

Attempt to knockout the CDC6 gene in T. kodakarensis has failed, 

suggesting that CDC6 is essential and probably plays an important role in T. 

kodakarensis DNA replication (Santangelo, TS et al personal communication).  

Similar to other Thermococcus and Pyrococcus, T. kodakarensis contains only one 

CDC6 homolog.  The gene encoding for CDC6 is adjacent to the putative DNA 

replication origin (Fig. 1-3), consistent with many other species.  The function of 

CDC6 is not clear yet.  However, it has been shown that CDC6 can form a 

complex with PCNA and PolD in vivo (see below), which indicates its function in 

DNA replication (27). Future work needs to elucidate the role of CDC6 in T. 

kodakarensis. 

 

MCM helicase 

After the initiator protein melts the origin, DNA helicase is recruited onto 

the origin.  During chromosomal DNA replication, the replicative helicase 

unwinds the duplex DNA to provide the ssDNA substrate for DNA primase and 

polymerase.  In bacteria, the helicase is named DnaB and it is comprised of six 

identical polypeptides to form homohexamer rings.  In eukarya and archaea, the 

replicative helicase is the minichromosome maintenance (MCM) complex.  In 
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eukaryotes the MCM complex is a family of six essential polypeptides (Mcm2–7), 

which is a stable hexamer in solution.  Archaea usually contain one MCM 

homologue in their genomes, although some archaea contain up to 8 MCM 

homologues (Table1-2).  MCM expression level in archaeal cells has been 

reported to be 300-1500 molecules of MCM per cell (17,28).  Recently, several 

archaeal species with multiple MCM homologues have been identified that are 

thought to have resulted from gene duplication or lateral gene transfer from 

viruses or other archaeal species. 

The archaeal MCM usually contains 650-680 amino acids and can be 

divided into three major regions (Fig. 1-4): the N-terminal containing around 250 

residues which is responsible for DNA binding and oligomerization; a catalytic 

region of about 300 residues consisting of several conserved motifs for nucleotide 

binding and hydrolysis; the C-terminal region containing a helix-turn-helix 

domain, which can only be identified in archaeal MCM, though the function is not 

yet clear.  In solution, archaeal MCM has been reported to adopt different 

oligomeric states, although a hexamer is suggested to be the active form of MCM 

(29).  Salt and protein concentration greatly influence MCM structure.  To further 

investigate its catalytic mechanism, much effort has been focused on defining the 

structure of archaeal MCM by X-ray and electron microscopy.  Unfortunately, 

there is still no high resolution of the full length sequence of this family of 

enzymes, so the information provided is limited. 

In addition to structural features, the archaeal and eukaryotic MCM 

proteins share similar biochemical properties, some of which are different from  
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Table 1-2. Archaeal species with multiple MCMs 

Species Name Numbers of MCM homologs 

Sulfolobus neozealandicus 2 

Natronomonas pharaonis DSM 2160 2 

Haloarcula marismortui ATCC 43049 3 

Halorubrum lacusprofundi ATCC 49239 2 

Methanosarcina acetivorans C2A 2 

Thermococcus kodakarensis KOD1 3 

Methanopyrus kandleri AV19 2 

Methanocaldococcus jannaschii DSM 2661 4 

Methanococcus aeolicus Nankai-3 3 

Methanococcus vannielii SB 3 

Methanococcus maripaludis C5 4 

Methanococcus maripaludis C6 8 

Methanococcus maripaludis C7 4 

Methanococcus maripaludis S2 4 

Methanococcus vannielii A3 2 

 

the two other extensively studied replicative helicases, Escherichia coli DnaB and 

phage T7.  Both the archaeal and eukaryotic MCM translocate on DNA in the 3’-5’ 

direction (DnaB has a 5’-3’ directionality), both can assemble around closed 

circular DNA (while DnaB cannot) and both have similar processivity in vitro.  In 

addition to structure features, the enzymes can bind and translocate along dsDNA, 

and unwind DNA-RNA hybrids when moving along the DNA strand.  The 

archaeal MCM protein was also shown to displace proteins, such as histones, 

from DNA during DNA unwinding and it was suggested that the eukaryotic 
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enzyme may be able to displace proteins from DNA as well. 

 

 

Figure 1-4. The schematic structure of archaeal MCM.  N-terminal (in blue) is for 

DNA binding and multimerization; AAA+ catalytic domain has conserved motifs 

for ATP binding and hydrolysis; C-terminal has a predicted helix-turn-helix 

domain. Several motifs required for MCM helicase activity is labeled in blue. Zn-

finger, Zinc finger; β-hairpin; Walker-A motif; Walker-B motif; R-finger, Arginine 

finger; H2I, Helix 2 insertion; PS1, Presensor 1; PS2, Presensor 2; S1, Sensor 1 

and S2, Sensor 2. 

 

Unlike many other Thermococcus, Pyrococcus and most other archaeal 

species, the T. kodakarensis genome encodes three MCM homologs (Table1-2 and 

also see Chapter 2).  Bioinformatics analysis suggested that all three MCMs 

contain the essential motifs for helicase activity and these three MCMs may 

originate from the same origin.  Our biochemical study has shown that although 

all three MCMs exhibited helicase activity, only MCM3 is essential for T. 

kodakarensis growth, while the other two (MCM1 and 2) are deletable (30).  The 

essential MCM gene is located in the same operon with GINS23, which is also 
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found in other archaeal species.  Another interesting finding is that the two non-

essential MCM genes are located in different viral integration regions, suggesting 

that the two genes are acquired via lateral gene transfer.  When the cell grows in 

the mid-log phase, MCM3 expression level is highest at 2000 molecules per cell, 

while the other two are expressed at levels much lower than MCM3.  Therefore, a 

tempting hypothesis is that T. kodakarensis controls the different expression levels 

of the three MCMs for its replication.  Although both MCM2 and 3 exhibit robust 

helicase activity in vitro, only MCM3 is indispensable for T. kodakarensis due to 

its high concentration in vivo.  Future experiment will be performed to replace the 

genomic MCM3 gene with MCM2 to establish that the cell remains viable. 

 

1.4.3 Elongation 

Primase 

The ssDNA unwound by DNA helicase is covered by the ssDNA binding 

protein RPA from nuclease degradation, and becomes the template for DNA 

polymerase to elongate.  However, DNA polymerases require a 3'-OH primed 

template in order to elongate DNA chains and these primers are synthesized by 

DNA primases.  In bacteria, DNA primase consists of a single subunit DnaG to 

synthesize short RNA primers.  In eukaryotes, DNA primase is a heterodimer 

containing a catalytic subunit (Pri-S) that associates with a regulatory subunit Pri-

L.  This heterodimer is found to synthesize short oligoribonucleotides that are 

elongated by the Polα complex to generate RNA-DNA oligonucleotides (31).  

These short chains are recognized by the clamp loader RFC which loads PCNA 
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onto a primer-template junction that tethers the DNA polymerase which catalyzes 

the synthesis of lagging and leading strands (32). 

Although archaea have been shown to contain both the DnaG and 

eukaryotic-type DNA primases, the DnaG-like primase was reported to play a role 

in RNA degradation rather than DNA replication (33).  Genetic studies suggest 

that the genes encoding for Pri-L and Pri-S are essential whereas DnaG is 

dispensable for cell growth (34).  The archaeal primase contains a two-subunit 

structure with significant homology to the eukaryotic Pri-L and Pri-S subunits.  

However, the counterpart to the eukaryotic Polα subunit has not been detected in 

archaeal genomes (35).  Similar to the eukaryotic primase heterodimer, the 

archaeal Pri-S contains DNA primase activity and the Pri-L subunit may regulate 

its primase activity.  It has been shown that both archaeal and eukaryotic Pri-L 

contain a [4Fe4S] cluster which is essential for primer synthesis, although the 

mechanism of the metal cluster in this process is not yet clear (36,37).  In some 

archaeal species, RNA primed intermediates have been found, similar to those 

observed in eukaryotic Okazaki fragments (19,38).  However, studies with the 

heterodimeric DNA primase complex isolated from P. furiosus suggested that the 

Pri-S alone preferentially utilized dNTPs and formed DNA chains de novo that 

were extended up to several kilobases (39,40).  Furthermore, in vitro replication 

by the P. furiosus primase complex was stimulated by ATP and ATP was reported 

to start DNA chains.  Similar findings have been reported for the primase complex 

isolated from P. abyssi (34).   

The T. kodakarensis primase complex can synthesize both RNA and DNA, 
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but preferentially utilizes dNTP rather than rNTP (41).  This finding suggests that 

archaeal DNA replication may be initiated by a DNA primer. In addition, the 

catalytic subunit alone is found to form the dNMP-Tris or dNMP-glycerol through 

a 5' phosphorus linkage of dAMP (41,42).  The significance of the dNMP adduct 

formation is being explored.  

 

GINS complex 

The GINS complex has been identified as a component required for the 

establishment and maintenance of replication forks in eukarya (43).  Archaeal 

GINS homolog was originally identified by bioinformatics study and all 

sequenced archaeal species contain GINS homolog (44).  Most archaea contain 

two GINS homologs, GINS15 and GINS23 and there are some species that lack 

GINS23 (45).  It is possible that this protein is present in archaeal cells but that it 

has diverged in sequence to the point where it cannot be detected.  It has also been 

proposed that the GINS23 protein was present in the last common ancestor but 

then lost during the evolutionary process. 

Archaeal GINS structure has been elucidated.  It has similar overall 

structure to human GINS structure.  The major difference between these is the 

location of the C-terminal small domain of GINS15 (46).  In addition, archaeal 

GINS structure also showed different subunit contacts from those in human GINS.  

The overall similarity in the architectures between the archaeal and eukaryotic 

GINS complexes suggests that the GINS function is conserved (47). 

To date, four archaeal GINS complexes have been characterized. In 
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Sulfolobus solfataricus, GINS was found to interact with MCM and both subunits 

of primase (48).  It was also reported that RecJ homolog RecJdbh protein can be 

co-purified with the GINS complex.  However, no obvious functional effect was 

observed from those interactions (48).  In P. furiosus, GINS23 and GINS15 form 

a tetramer in a 2:2 ratio.  The GINS23 protein can interact with MCM helicase 

and GINS15 can interact with CDC6 homolog (49).  Surprisingly, it is claimed 

that GINS complex can stimulate MCM helicase activity through an increase in 

ATP hydrolysis, which is not seen in S. solfataricus or T. kodakarensis (see 

Chapter 2).  In T. acidophilum and other euryarchaea, only GINS15 is found.  It is 

shown that GINS15 can form a homotetramer and physically interact with MCM.  

It has also been claimed that GINS stimulates MCM helicase activity under high 

concentration of GINS (50).  In T. kodakarensis, biochemical studies indicate that 

GINS can form a stable complex with a RecJ homolog nuclease, and stimulate its 

exo-nuclease activity (51).  However, no interaction between GINS and MCM has 

been identified and there is no obvious influence on MCM helicase activity by the 

GINS complex (Chapter 2).  It has also been found that GINS can interact with 

Polymerase D (27), though the significance of this interaction has not been 

elucidated.  The fact that GINS is reported to interact with various proteins, 

indicates that it has multiple functions during DNA replication. 

 

DNA polymerase 

DNA polymerase requires ssDNA as a template and an RNA primer 

generated by primase to synthesize the complementary DNA. Similar to bacteria 
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and eukaryote, archaea possess multiple polymerases.  Studies have suggested 

that both DNA polymerase B (PolB) and PolD are involved in archaeal 

chromosomal DNA replication (52).  

Polymerase B (PolB) is a ubiquitous family that exists in all archaeal 

organisms.  All archaeal species contain at least one PolB homolog.  Because all 

three replicative polymerases in eukarya (Polα, δ, and ε) belong to PolB family, it 

was proposed that the members of this family also participate in chromosomal 

replication in archaea.  PolB possess a 3’-5’ exonuclease proofreading activity.  

The T. kodakarensis PolB crystal structure has been elucidated (53), and this has 

provided useful information to clarify the mechanisms for the rapid and accurate 

elongation reaction.  Interestingly, many members of PolB contain inteins.  The 

intein location is conserved among different species.  It is also found that the 

catalytic subunit of PolB from M. thermautotrophicus is split into two parts and 

the association of both polypeptides is required to support the activity (54). 

PolD can only be found in euryarchaea (55-57).  It is a heterodimer of 

PolD-L and PolD-S.  In Pyrococcus and Thermococcus, the genes encoding for 

PolD-L and PolD-S are in an operon and located next to the putative DNA 

replication origin.  PolD has also been proposed to function at the replication fork 

as its small subunit shares amino acid sequence similarity with several of the 

small non-catalytic subunits of the eukaryotic Polε and Polδ .  In addition, it has 

been shown that the large subunit of PolD shares sequence similarity with the 

catalytic subunit of the eukaryotic Polε   (58) and may be the functional 

homologue of Polε in archaea.  However, the biochemical properties of PolD and 
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its function in DNA replication are still poorly understood.  To date, few 

biochemical studies on PolD have been reported. PolD has low processivity, 3’-5’ 

exonuclease activity and strand displacement activity (56,57).  Furthermore, it has 

been reported that PolD can be stimulated by RFC and PCNA (52).  

Genome sequence analysis suggested that both PolB and PolD can be 

found in T. kodakarensis.  It was hypothezed that both PolB and PolD function in 

the replication fork and work independently.  In eukaryotes, Polδ is mainly 

responsible for copying the lagging strand template; while Polε primarily 

participates in the leading strand (59).  Like the eukaryotes, PolB and PolD may 

participate in different strand synthesis.  To support this idea, a bioinformatics 

study indicated that PolD evolved together with Polδ; while PolB is more similar 

to Polε (58).  However, a genetic study by Santangelo group indicated that PolB is 

dispensable for T. kodakarensis cell growth (Santangelo, TS et al unpublished 

result).  It implies that T. kodakarensis genome replication can be performed 

exclusively by only one DNA polymerase.  Nevertheless, studies are still needed 

to explain this observation. 

 

PCNA and RFC 

The processivity of a polymerase can be defined by the probability that a 

polymerase will incorporate another nucleotide or will dissociate from the 

template.  The replicative polymerase on its own has very low processivity.  To 

synthesize over a million bases in the leading strand, the required processivity is 

conferred by the ring shaped sliding clamp, which can encircle the duplex DNA 
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and tether a polymerase to the DNA template.  In bacteria, the sliding clamp is a 

homodimer, β dimer (60).  In eukaryotes and archaea, the sliding clamp is a trimer, 

named as proliferating cell nuclear antigen (PCNA).  Studies have shown that 

PCNA is an essential factor required for chromosomal DNA replication in archaea 

and eukarya.  Crenarchaea usually encodes three distinct PCNA genes that form 

heterotrimers.  In contrast, most members of euryarchaea and thaumarchaea 

encode a single PCNA gene which results in formation of a homotrimer ring as 

the active form.  Several archaeal PCNA structures have been elucidated [(61), 

reference therein, also see Chapters 3 and 4].  In all organisms studied PCNA 

forms ring-shaped trimers. 

In addition to their function as the processivity factor to the replicative 

polymerases, PCNA proteins from archaea and eukarya have been shown to 

associate with a large number of other cellular proteins required for nucleic acid 

metabolic processes (61).  The interaction between PCNA and its client protein is 

through the PCNA interacting protein (PIP) motif.  The PIP motif is usually 

located in the C-/N-terminal of the client proteins.  Structural study indicated that 

one PIP peptide can bind each PCNA subunits.  Since the PCNA ring contains 

three subunits, it is possible that PCNA can interact with multiple partner proteins 

simultaneously as a platform.  However, more biochemical and structural studies 

are needed to support this idea.  In addition to the PIP motif, there are also other 

interacting sites in the client proteins, which are required for their activity. 

The PCNA trimer is a circular molecule that encircles the DNA.  However, 

PCNA itself cannot spontaneously assemble onto DNA and requires a specific 
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clamp loader, replication factor C (RFC) to facilitate clamp loading onto the 

primed DNA template.  This process is usually ATP- and DNA-dependent (62,63).  

Biochemical and structure studies have provide much of the information on the 

mechanism of this process.  Like MCM and CDC6, RFC subunits are members of 

the AAA+ protein family.  In most archaea two homologues of RFC have been 

identified, RFC-S and RFC-L, and these form a pentameric complex containing 4 

subunits of RFC-S associated with one subunit of RFC-L. Four ATP bind to RFC 

and then the intact RFC complex interacts with PCNA.  This interaction can open 

the PCNA ring and facilitate its binding to DNA.  This loading process depends 

on ATP binding to RFC.  Although it is not yet fully confirmed, it is believed that 

ATP hydrolysis releases the clamp loader from the loaded PCNA.  

To date, among all sequenced archaea, there are only two archaeal species 

that contain two PCNA homologs: P. aerophiluma and T. kodakarensis.  In this 

thesis, the biochemical properties of the two PCNA proteins from T. kodakarensis 

were determined and compared: although both PCNA can form a homotrimer, 

they have different stabilities.  Both PCNAs function with RFC and DNA 

polymerase.  Genetic studies also showed that only one PCNA homolog is 

required for cell survival (Chapter 3).  

 

1.4.4 Okazaki fragment maturation 

Several additional proteins required for the elongation phase and the 

maturation of Okazaki fragments have been isolated and studied in several 

archaea.  These include the topoisomerase, ligases, Fen-1 and RNase HII.  Our 
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group identified a novel DNA nuclease which can be stimulated by GINS 

complex in T. kodakarensis, and named as GAN (GINS associated nuclease).  

Structural analysis indicated that GAN has a similar structure to eukaryotic 

CDC45, although the primary sequence has no obvious homology.  It has been 

reported that CDC45, GINS and MCM form a functional complex in eukarya 

(43,64).  However, the archaeal counterpart of CDC45 is absent and has not been 

discovered based on amino acid sequence alignment (65). It is possible that the 

archaeal CDC45 has evolved to some new function and its sequence is different 

from that of eukaryotes.  Therefore, no obvious homolog can be readily identified 

by simple primary sequence.  It may also apply to other DNA replication factors 

which appear in eukarya but are absent in archaea.  In addition, it has also been 

reported that PCNA can interact with Fen1, ligase and RNase HII in archaea.  In T. 

kodakarensis, PCNA can stimulate Fen1 endonuclease activity but has no major 

effect on ligase activity.  This mechanism needs to be elucidated in the future. 
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Chapter 2 Biochemical characterization of multiple 

MCMs in T. kodakarensis  

 

2.1 Abstract 

The minichromosome maintenance (MCM) complex is thought to function 

as the replicative helicase in Archaea and Eukaryotes.  In Eukaryotes, this 

complex is an assembly of six different but related polypeptides (MCM2-7) but, 

in most Archaea, one MCM protein assembles to form a homohexameric complex.  

Atypically, the T. kodakarensis genome encodes three archaeal MCM homologues, 

here designated MCM1-3, although MCM1 and MCM2 are unusual in having 

long and unique N-terminal extensions.  The results reported establish that MCM2 

and MCM3 assemble into homohexamers and exhibit DNA binding, helicase and 

ATPase activities in vitro typical of archaeal MCMs.  In contrast, MCM1 does not 

form homohexamers and although MCM1 binds DNA and has ATPase activity, it 

has only minimal helicase activity in vitro.  Removal of the N-terminal extension 

had no detectable effects on MCM1 but increased the helicase activity of MCM2.  

A T. kodakarensis strain with the genes TK0096 (MCM1) and TK1361 (MCM2) 

deleted has been constructed that exhibits no detectable defects in growth or 

viability, but all attempts to delete TK1620 that encodes MCM3 have been 

unsuccessful.  This suggests that MCM3 is the replicative helicase in T. 

kodakarensis.  The likely origins and possible function(s) of the three MCM 

proteins are discussed.   
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2.2 Introduction 

The minichromosome maintenance (MCM) complex is thought to function 

as the replicative helicase in Archaea and Eukaryotes, the role played by DnaB in 

bacteria.  In all eukaryotes, the replicative MCM complex is a heterohexamer 

formed by the assembly of six different homologues (MCM2 through MCM7) all 

of which are essential for viability.  The MCM complex participates in both the 

initiation and elongation phases of DNA replication [reviewed in: (66-69).  The 

heterohexameric complex, and also trimeric complexes formed by MCM4, 

MCM6 and MCM7 have 3’→5’ helicase activity in vitro although the replicative 

helicase in vivo seems to be a larger assembly of all six MCM homologues, 

Cdc45 and the GINS complex, together designated the CMG complex (Cdc45, 

MCM and GINS) (43,64,70).  In archaea, the replicative helicase is also thought 

to be the MCM [reviewed in: (71-75)] but most Archaea have only one MCM 

homologue.  A central domain that embodies the AAA+ catalytic ATPase is 

conserved in both the archaeal and eukaryotic MCMs but the eukaryotic 

homologues have longer sequence, with N- and C-extensions that are not present 

in the archaeal MCM proteins.  In contrast, archaeal MCMs have a C-terminal 

domain containing a helix-turn-helix motif that is not conserved in eukaryotic 

MCMs.  As predicted, archaeal MCM complexes also have ATP-dependent 3′→5′ 

helicase activity and can bind and translocate along ss and ds DNA, displace 

proteins bound to DNA, and unwind DNA–RNA hybrids [reviewed in: 

(71,73,74)]. 

With many archaeal genome sequences now available, a few species with 
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more than one MCM homologue have been identified with gene duplication and 

lateral gene transfer as explanations (12,76-79).  The genome of T. kodakarensis 

encodes three MCM homologues (here designated MCM1, MCM2 and MCM3) 

although MCM1 and MCM2 are unusual in having long and unique N-terminal 

extensions.  With facile genetic technologies now established for T. kodakarensis, 

this species has become a model system for archaeal molecular biology research.  

Here we report the results of a combination of biochemical and genetic 

approaches that establish that MCM2 and MCM3 have the activities expected for 

an archaeal MCM helicase but that only MCM3 appears essential for replication 

and viability.   

 

2.3 Materials and methods 

2.3.1 Multiple amino acid sequence alignment of MCM proteins 

The amino acid sequences of the three T. kodakarensis MCM proteins 

were compared to those of S. solfataricus and M. thermautotrophicus.  The 

alignment was generated using ClustalW. Amino acids with 100% identity in all 

species are highlighted in red, 80% identity in green and 60% identity in yellow. 

For clarity, the two inteins found in MCM3 are not included although their 

location is marked by arrow heads.  The location of the truncation of the N-

terminal regions of MCM1 and 2 is marked by an arrow.  The location of the 

Walker-A sites on MCM1-3 (Lys571, Lys473, and Lys335, respectively) is 

marked by an asterisk. The location of the putative Walker-A box motif lysine of 

MCM3 that was replaced by a glutamate to generate MCM3 (K335E/K355E) is 
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marked by a triangle.  The accession numbers used are: MCM1, YP_182509.1; 

MCM2, YP_183774.1; MCM3. YP_184033.1; M. thermautotrophicus, 

NP_276876; S. solfataricus, NP_342281.1. 

 

2.3.2 Media and growth conditions 

T. kodakarensis cultures were grown anaerobically at 85˚C in artificial sea 

water (ASW) containing trace minerals and vitamins supplemented with 5 g yeast 

extract and 5 g tryptone per liter (ASW-YT medium) or with a mixture of 20 

amino acids (ASW-AA) (80).  Sulfur (2 g/l) and/or sodium pyruvate (5 g/l) were 

also added to ASW-YT or ASW-AA where indicated.  Gelrite (1% w/v) was 

added to solidify these media for plating.  Cells competent for DNA uptake were 

prepared as described (81).   

 

2.3.3 Construction of T. kodakarensis deletion strains 

Sequences that flank TK0096, TK1361 and TK1620 were PCR amplified 

from T. kodakarensis KW128 genomic DNA and were cloned into plasmid 

pTS535, adjacent to the [TK0254 (trpE) +TK0664] expression cassette, 

essentially as previously described (16).  The sequences of all PCR primers used 

in this study are list in appendix.  The plasmids generated (Table 2-1) were used 

to transform T. kodakarensis TS517 (ΔpyrF; ΔtrpE::pyrF; ΔTK0664) with 

transformants selected by growth in the absence of tryptophan.  Diagnostic PCR 

(primers used are list in Table 2-2) confirmed that the (TK0254+TK0664) cassette 

was integrated into the T. kodakarensis genome, adjacent to the target gene and 
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flanked a direct duplication of genomic DNA.  Expression of TK0664 resulted in 

these transformants being sensitive to 6-methyl purine (6MP).  Mutants, 

spontaneously resistant to 6MP were selected as clones that grew on ASW-YT 

plates containing 100 μM 6MP.  PCR and sequencing of genomic DNA isolated 

from representative clones, designated T. kodakarensis TS601 and TS602 

confirmed that recombination between the duplicated genomic regions had 

precisely deleted the (TK0254+TK0664) cassette and TK0096 or TK1361 

respectively (Table 2-3).  In contrast, although the 6MPR clones isolated following 

transformation with plasmid DNA containing TK1620 had lost the 

(TK0254+TK0664) cassette they all retained TK1620.  Repetition of the 

transformation, selection and counter-selection steps, starting with the T. 

kodakarensis TS601 (ΔpyrF; ΔtrpE::pyrF; ΔTK0664; ΔTK0096) as recipient 

strain, generated T. kodakarensis TS604 (ΔpyrF; ΔtrpE::pyrF; ΔTK0664; 

ΔTK0096; ΔTK1361).  The T. kodakarensis strains generated and used in this 

study are summarized in Table 2-3.   

 

2.3.4 Construction of MCM expression plasmids 

Standard molecular biology procedures were used to construct plasmids, 

transform and select Escherichia coli DH5α transformants and isolate plasmid 

DNA from E. coli and T. kodakarensis.  The genomic copy of TK1361 (MCM2) 

includes sequences that encode two inteins that were removed by using PCR as 

described previously (82).  The resulting ORF (here designated TK1361) and 

TK1620 (MCM3) were cloned into pET-21a (Novagen), with six histidine codons 
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added in-frame to their 3'-termini, resulting in plasmids designated pET-TK1361 

and pET-TK1620 (Table 2-1).  The gene (TK0096) encoding MCM1 was 

synthesized with six histidine codons added at the 3'-terminus and cloned into 

pET-21a by GeneArt, resulting in plasmid pET-TK0096.  Derivatives of these 

plasmids were generated by site-directed mutagenesis in which the MCM-

encoding sequence was changed to generated plasmids that encode Walker-A-box 

variants of MCM1 (K571E), MCM2 (K473E) and MCM3 (K335E).  Derivatives 

that encode variants of MCM1 and MCM2 that lack the N-terminal extension 

(designated MCM1-ΔN and MCM2-ΔN), were generated by PCR-based site-

directed mutagenesis as previously described (82). 

 

2.3.5 Expression and purification of recombinant His6-tagged MCM1, 

MCM2 and MCM3 

Plasmids pET-TK0096, pET-TK1361 and pET-TK1620 were transformed 

into E. coli BL21 DE3 Rosetta (Invitrogen) and expression of the MCM encoding 

gene was induced by addition of 0.5 mM IPTG to cultures growing in LB 

containing 100 μg/ml ampicillin and 25 μg/ml chloramphenicol at an OD600 of 

~0.6.  Incubation was continued for 16 hr at 16°C.  Cells were collected by 

centrifugation, resuspended and incubated in 50 mM Tris-HCl (pH 8.0), 500 mM 

NaCl, 10 mM imidazole and 10% glycerol (lysis buffer) at 55°C for 30 min, and 

then lysed by sonication.  The lysate was clarified by centrifugation and loaded 

onto a Ni2+-charged column (Chelating Sepharose Fast Flow, GE Healthcare) pre-

equilibrated with lysis buffer.  The column was washed with 50 mM Tris-HCl (pH 
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8.0), 1 M NaCl, 10% glycerol, 50 mM imidazole and then with 50 mM Tris-HCl 

(pH 8.0), 500 mM NaCl, 50 mM imidazole and 10% glycerol.  The His6-tagged 

MCM protein was eluted from the column by washing with 50 mM Tris-HCl (pH 

8.0), 500 mM NaCl, 250 mM imidazole and 10% glycerol, dialyzed and stored in 

50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.5 mM EDTA, 2 mM DTT and 10% 

glycerol. 

 

2.3.6 Size exclusion chromatography 

An aliquot (200 μg) of each MCM protein, dissolved in 200 μl 25 mM 

Tris–HCl (pH 7.5), 500 mM NaCl and 10% (v/v) glycerol, was incubated for 1h at 

22°C and then subjected to chromatography, at 22°C, by passage through a 

Superdex-200 gel-filtration column (HR10/30; GE Healthcare) pre-equilibrated 

with 25 mM Tris–HCl (pH 7.5), 500 mM NaCl and 10% glycerol (v/v).  Fractions 

(250 μl) were collected and the proteins present in a sample of each fraction were 

separated by electrophoresis through a 10% (w/v) polyacrylamide gel containing 

0.1% SDS and visualized by staining with Coomassie brilliant blue (R250). 

 

2.3.7 Light scattering of MCMs 

The molecular mass of the MCM complexes were determined using 100 

μg of proteins in 20 μl buffer with 25 mM Tris-HCl pH 7.5, 50 mM NaCl and 10% 

glycerol.  A 1200 series HPLC system (Agilent Technologies) with a Shodex 

KW-802.5 or a Shodex KW-804 column (Showa Denko K.K.) was used. The 

flow rate was 0.5 ml/min of a solution containing 25 mM Tris–HCl (pH 7.5), 500 
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mM NaCl and 10% glycerol (v/v).  Light scattering was measured on a miniDawn 

Treos (Wyatt Technology) and the protein concentration was measured with an 

OptilabrEX differential refractometer (Wyatt Technology) (83). 

 

2.3.8 Helicase assays 

Oligonucleotides MD007 and MD015 (Table 2-4) were 32P-end-labeled by 

incubation with [γ-32P]ATP (3000 Ci/mmol; Perkin Elmer) and T4 polynucleotide 

kinase (Fermentas).  The 25 bp and 96 bp double stranded 32P-labeled DNA 

substrates used for helicase assays were generated by hybridization of the 32P-

MD007 with MD008, and 32P-MD014 with MD015, respectively (Table 2-4), and 

purified as previously described (84). 

DNA helicase activity was assayed in reaction mixtures (15 μl) that 

contained 20 mM Tris-HCl (pH 8.0), 2 mM DTT, 10 mM MgCl2, 1.5 μg BSA, 2 

mM ATP, 10 fmol of 32P-labeled substrate and the MCM protein, as noted in the 

legends to Figures 2-2, 2-3, 2-4, 2-5 and 2-6.  The reaction mixtures were 

incubated at 70°C for 1 h and the reaction stopped by addition of 5 μl loading 

buffer (0.1% xylene cyanol, 0.1% bromophenol blue, 1% SDS, 50% glycerol and 

100 mM EDTA), after which the sample was placed on ice.  Aliquots (10 μl) were 

loaded onto an 8% (w/v) polyacrylamide gel and the 32P-labeled nucleic acids 

present were visualized and quantified by phosphor-imaging after separation by 

electrophoresis in 0.5X TBE for 40 min at 180 V.  The helicase assays were 

repeated at least three times, and the average of the results obtained, with standard 

deviations, are reported. 
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To determine the nucleotide requirements for helicase activity, reaction 

mixtures (15 μl) that contained the 25 bp DNA substrate, 1 pmol of the MCM 

protein and 2 mM ATP, dATP, ADP, or [γ-S]ATP, or 1 mM CTP, dCTP, GTP, 

dGTP, UTP or dTTP were incubated at 70°C for 1 h.  The reactions were stopped 

and the 32P-labeled products were separated, visualized and quantified as 

described above.  

 

2.3.9 ATPase assays 

ATPase activity was assayed in reaction mixtures (15 μl) that contained 25 

mM Tris-HCl (pH 8.0), 5 mM MgCl2, 1 mM DTT, 100 μg/ml BSA, 1.5 nmol of 

[γ-32P]ATP (3000 Ci/mmol; Perkin Elmer), plus or minus 10 pmol of the 49-mer 

oligonucleotide MD008 (Table 2-4), plus the MCM protein, as noted in the figure 

legends.  After incubation at 75°C for 1 h, an aliquot (1 μl) of the reaction mixture 

was spotted on a polyethyleneimine cellulose thin layer plate.  ATP and Pi were 

separated by chromatography in 1 M formic acid containing 0.5 M LiCl, and the 

extent of ATP hydrolysis was calculated based on phosphorimage quantification.  

The ATPase assays were repeated at least three times, and the averages of the 

results obtained with standard deviations, are reported. 

To establish rates of ATP hydrolysis, reaction mixtures (45 μl) that 

contained 25 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 1 mM DTT, 100 μg/ml BSA, 

4.5 nmol [γ-32P]ATP (3000 Ci/mmol; Perkin Elmer) and 4 pmol MCM1 or MCM3 

monomer, or 0.2 pmol of MCM2 monomer were incubated at 75ºC, with or 

without 10 pmol of the 49-mer oligonucleotide MD008.  Aliquots (3 μl) of the 
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reaction mixture were removed after 0, 30, 45, 60, 90, 120, 150 and 175 min 

(MCM1 and 3) or 0, 2, 5, 10, 15, 30 and 45 min (MCM2) incubation, mixed with 

1 μl 0.5 M EDTA, and the extent of ATP hydrolysis determined as described 

above. 

 

2.3.10 Measurement of DNA binding by fluorescence polarization anisotropy 

(FPA) 

A 30-mer oligonucleotide (A1, Table 2-4) was synthesized with a Cy5 at 

the 5'-terminus and the dye-labeled product was purified by chromatography 

through a 15 % acrylamide gel.  The concentration of the DNA solution was 

determined by measurements of A260 (extinction coefficient of 287900 M-1 cm-1) 

for DNA and A646 (extinction coefficient 250,000 M-1 cm-1) for Cy5.  The MCM 

protein was added to reaction mixtures that contained 25 mM HEPES-NaOH (pH 

7.5), 2 mM DTT, 5 mM MgCl2, 10 nM DNA, plus or minus 1 mM ATP.  After 5 

min incubation at 25ºC, FPA measurements were taken at 25oC using a 

Fluoromax-3 spectrofluorimeter equipped with an autopolarizer.  The cuvette 

(3mm path length) contained a starting volume of 150 μl, the reaction mixtures 

were excited at 645 nm and emission measured at 670 nm.  Three measurements 

were taken, averaged over 5 sec integration periods.  The anisotropy values were 

directly tabulated with measured G factor and dark corrections acquired for each 

blank for each experiment.  Binding constants (Kd) were calculated by using 

Grafit version 5.0.1, based on the following equation for fluorescent polarization 

anisotropy measurements: , ( ) ( ){ }TT
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where ΔA is the change in anisotropy, ΔAT is the total anisotropy change, ET is the 

enzyme concentration at each titration point, DT is the total concentration of DNA 

(assuming it is constant at 10 nM) and Kd is the dissociation constant for the 

binding isotherm.
 
All experiments were repeated and the average values obtained, 

with standard deviations, are reported.  

 

Table 2-1. Plasmids used to generate the knockout strains and for protein 

expression 

Plasmid name Used for 
pZLE031 Delete TK0096 in vivo 
pZLE29 Delete TK1361 in vivo 
pET-TK0096 MCM1 expression 
pET-TK1361 MCM2 expression 
pET-TK1620 MCM3 expression 
pET-TK0096WA MCM1 K571E expression 
pET-TK1361WA MCM2 K473E expression 
pET-TK1620WA MCM3 K335E expression 
pET-TK0096-ΔN MCM1-ΔN expression 
pET-TK1361-ΔN MCM2-ΔN expression 

 

Table 2-2. Oligonucleotides used for diagnostic PCR of the deleted strains 

Primer set Sequence  Chromosomal location 

I 
GGCCAACGCCACTCGACCCGGGACC
GAGGATTTGAGTGGTGGTGAGCCG 

TK1194083-1194107 
TK1194581-1194558 

II 
CAACCCAATCTGCCGTAACG 
TCTTCCTCTTCGGCTTCATG 

TK1191965-1191984 
TK1195741-1195722 

III 
GAGGAGAAGCTGGTCAGGGCTTTC 
CTCATACCCACACTTAGGACACAC 

TK81123-81146 
TK81572-81549 

IV 
TATGTACCTGTTCTCTGCGC 
GTGATCACTTCTTCACAATG 

TK84557-84538 
TK80127-80146 
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Table 2-3. T. kodakarensis strains used in this study 

Strain 
designation 

Relevant Genotype Origin 

TS517 ΔpyrF; ΔtrpE::pyrF; ΔTK0664 (85) 
TS601 ΔpyrF; ΔtrpE::pyrF; ΔTK0664; ΔTK0096 This study 
TS602 ΔpyrF; ΔtrpE::pyrF; ΔTK0664; ΔTK1361 This study 
TS604 ΔpyrF; ΔtrpE::pyrF; ΔTK0664; ΔTK0096; ΔTK1361 This study 
 

Table 2-4. Oligonucleotides used for DNA binding and to generate the helicase 

substrates 

Oligo 
names 

Sequence 
Formed 
substrate names 

MD007 
5'-TTTGTTTGTTTGTTTGTTTGTTTGCCGACGTGC 
CAGGCCGACGCGTCCC 

25F 

MD008 
5’-GGGACGCGTCGGCCTGGCACGTCGGTTTGTTT 
GTTTGTTTGTTTGTTTG 

25F 

MD012 
5'-TTTGTTTGTTTGTTTGTTTGTTTGCGACGGCCA 
GTGCCAAGCTTGCATGCCTGCAGGTCG 

36B 

MD013 
5'-CGACGGCCAGTGCCAAGCTTGCATGCCTGCAG 
GTCGTTTGTTTGTTTGTTTGTTTGTTTG 

36C 

MD014 

5’-TTTGTTTGTTTGTTTGTTTGTTTGCGACGGCCA 
GTGCCAAGCTTGCATGCCTGCAGGTCGCGACGGC
CAGTGCCAAGCTTGCATGCCTGCAGGTCGCGACG
GCCAGTGCCAAGCTTGCAT 

96F 

MD015 

5’-ATGCAAGCTTGGCACTGGCCGTCGCGACCTGC 
AGGCATGCAAGCTTGGCACTGGCCGTCGCGACCT
GCAGGCATGCAAGCTTGGCACTGGCCGTCGTTTG
TTTGTTTGTTTGTTTGTTTG 

96F 

MD016 
5'-CGACGGCCAGTGCCAAGCTTGCATGCCTGCAG 
GTCG 

36A 

A1 
5’-(Cy5)-GGGGCGAGTCCAGGTCAGGACCTTGCG 
GGG 
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2.4 Results 

2.4.1 The T. kodakarensis genome encodes three MCM homologues 

The genome sequence of T. kodakarensis revealed the presence of three 

genes (TK0096, TK1361 and TK1620) that were predicted to encode MCM 

homologues (12), here designated MCM1, MCM2 and MCM3, respectively.  An 

alignment of their amino acid sequence with those of other archaeal MCM 

proteins (Fig. 2-1) and eukaryotic MCM proteins confirms the presence of all 

known motifs needed for helicase activity.  The analysis also suggested that 

MCM1 and MCM2 have unique 205 and 136 residue N-terminal extensions, 

respectively (Fig. 2-1).  The T. kodakarensis genome, MCM3 protein contains two 

inteins, one between the Walker-A and Walker-B motifs and the second is 

downstream of the Walker-B motif. The first intein is present in the same location 

in the single MCM encoded in related Pyrococcus genomes and the second intein 

is present in a similar location in the MCMs of Methanoculleus marisnigri and 

Staphylothermus marinus (86). 

 

2.4.2 MCM1-3 proteins posses helicase activity 

The MCM proteins from archaea and eukarya are the presumptive 

replicative helicases.  However, all other archaeal MCM studied are from 

organisms with single MCM homologue.  Thus, the ability of MCM1-3 to unwind 

duplex DNA was evaluated.  It has been reported that both archaeal and 

eukaryotic MCM can unwind primed M13 substrates, although they prefer fork-

like substrates.  First, three different M13 based helicase substrates were used for  
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MCM1          MSEDINFDFAWKFLIGLIQNGKTEMKVSTLPNSLQKVAKSIGYEDDDTVPLLTLKEYLEK 60 

MCM2          -----------------------------------------------------MLTKVTD 7 

MCM3          ------------------------------------------------------------- 

Mth           ------------------------------------------------------------- 

Sso           ------------------------------------------------------------- 

                                                                             

MCM1          TWGHISPNPQVPKSPQEGWGQLEPESPSPQEDSPVDESLGDSDESIISEITPYLEAIQRV 120 

MCM2          VTGEISENKDNSGVTNEMYRNVTEVTEKYRN-------------------VIEFLNLIQK 48 

MCM3          ------------------------------------------------------------ 

Mth           ------------------------------------------------------------ 

Sso           ------------------------------------------------------------ 

                                                                             

MCM1          VTDADRTEKRLAIYLLLKNGEMYDPDLRKELAPLGQYFSKNKEPYKVKTIKNVISFVRNS 180 

MCM2          AFNLQRTVEALPYYVLWTNGRLSLTKLKEIMEEYNSHLPKPYTHSSLKVALSVLRRDKTN 108 

MCM3          ------------------------------------------------------------ 

Mth           ------------------------------------------------------------ 

Sso           ------------------------------------------------------------ 

                                                                             

MCM1          PHVWSSKDPTTGMFVYRLKDETVKAILQELQMVLQEREVLQKQEELKQADEEKLVRAFFD 240 

MCM2          --VLEVKDKELGITYYELKPEAVEEILNVLQVEAKLRELEEAKAKDHEDLVNLAR----- 161 

MCM3          ------------------------------------MDREEMIARFAKFLREYV-----D 19 

Mth           -----------------------------------MMKTVDKSKTLTKFEEFFSL---QD 22 

Sso           --------------------------------MEIPSKQIDYRDVFIEFLTTFKG----- 23 

 

MCM1          FFMNYVEDGKHVFLDQLRNLLVLGEDRGLRVDWHVLDAVNPSLAERLINEPDVVISAAEK 300 

MCM2          ------EFFREFYRDRIAEALTGSRDRFIVVDWMELNAVLPQLAEAVVERPVVAIKAFND 215 

MCM3          ------DEGNEVYINRLKDLLTVTPKRSLAIDWAHLNSFDPELADELLNNPEEAIASAED 73 

Mth           --------YKDRVFEAIEKYPNV---RSIEVDYLDLEMFDPDLADLLIEKPDDVIRAAQQ 71 

Sso           ------NNNQNKYIERINELVAYRKK-SLIIEFSDVLSFNENLAYEIINNTKIILPILEG 76 

 

MCM1          AVLEVLNEPEFMLYEERPRIHVRFVNLPKTISPRAVRSEHIGRLVQARGVVSAIAEGEKS 360 

MCM2          ALRR--FVEEDLMVEVRGEWSVHFTNLRDKLKPEDVRAEHVGKLVEIKGLVTGVSN---- 269 

MCM3          AIQIVLR-EPPLLVEREFKVHARFYNLPKTLLVKELGSEHINKLIQVEGIITRVSE---- 128 

Mth           AIRN----IDR--LRKNVDLNIRFSGISNVIPLRELRSKFIGKFVAVDGIVRKTDE---- 121 

Sso           ALYDHILQLDPTYQRDIEKVHVRIVGIPRVIELRKIRSTDIGKLITIDGILVKVTP---- 132 

          

MCM1          NGVKGFIEKAVFVCPK--CGYEVSLLQKPYEN--FVVPKECPACGARLSADNLSVEKSTV 416 

MCM2          --VRSFYRKAVFVCLD--CGARMARLQQPLKP--LVRPKRCEACGS--RNVELLEEESDK 321 

MCM3          --VKPFVEKAVFVCRD--CGNEMVRLQRPYEN--LVKPAKCDACGS--RNIELDVDKSRF 180 

Mth           --IRPRIVKAVFECRG--CMRHHAVTQSTNM---ITEPSLCSECGG--RSFRLLQDESEF 172 

Sso           --VKERIYKATYKHIHPDCMQEFEWPEDEEMPEVLEMPTICPKCGKP-GQFRLIPEKTKL 189 

 

MCM1          IDMREIFVQDPSDALHAAGTASYVRVILLDDNARMDVNPGDEVLITGVVRGIMRKKNGKP 476 

MCM2          LDFQFFKVQDSPEDLSGGE-PSERLAYVIGPQAGILK-GGMRVRLSAIVRERVYKKDDLP 379 

MCM3          LNFQSFRLQDRPESLKGGQMPRFVDAILLDDLVDAAL-PGDRVLVTGVLRVILEQREKRP 239 

Mth           LDTQTLKLQEPLENLSGGEQPRQITVVLEDDLVDTLT-PGDIVRVTGTLRTVRDERTKR- 230 

Sso           IDWQKAVIQERPEEVPSGQLPRQLEIILEDDLVDSAR-PGDRVKVTGILDIKQDSPVKRG 248 
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MCM1          ---ALGWVLEANSLTKLTKDIEDLEITPEDVQKFQDMVKDP--EFDSKLIRSLAPAITGR 531 

MCM2          ---VYERVLEVNHVEVLDKAMSVEELSEEDLRRVRELARVHGDKLPFVVASSIAPNLYGL 436 

MCM3          ---IFKKILEVNHIEQLSKEIEELEISPEDEQKIRELAKRK--DIVDAIVDSIAPAIWGH 294 

Mth           ----FKNFIYGNYTEFLEQEFEELQISEEDEEKIKELAGDP--NIYEKIIRSTAPSIHGY 284 

Sso           SRAVFDIYMKVSSIEVSQKVLDEVIISEEDEKKIKDLAKDP--WIRDRIISSIAPSIYGH 306 

*  
MCM1          EVEKKAVLLALFSGEDYDITG-THVRKRSHVLLFGDASTGKSEIIRHAAQIAPGGVHSTG 590 

MCM2          EREKLGAAVSIVGGVPTQAKP----RGHIHLLLVGDPGCGKTELLGAVERVAPKAIFTSG 492 

MCM3          RIVKKGIALALFGGVQRTLPDGTKLRGESHVLLVGDPGVAKSQLLRYVANLAPRAIYTSG 354 

Mth           REVKEAIALQLFGGTGKELDDKTRLRGDIHILIVGDPGIGKSQMLKYVSKLAPRGIYTSG 344 

Sso           WELKEALALALFGGVPKVLED-TRIRGDIHILIIGDPGTAKSQMLQFISRVAPRAVYTTG 365 

              ▼    

MCM1          THSSGVGLTAAIDSMD---GVRVLRAGVLVLADRGVAALDELDKMREEDYDKMLDALEQG 647 

MCM2          PGSSGVGLTATVKRNEVSKGDWMIVGGALVLASGGVCLIDELEKMKEDERKALHTAMEQQ 552 

MCM3          KSSSAAGLTAAAVRDE-FTGSWVLEAGVLVLADGGFALIDEFDKMSDRDRSAIHEALEQQ 413 

Mth           KGTSGVGLTAAAVRDE--FGGWSLEAGALVLGDKGNVCVDELDKMREEDRSAIHEALEQQ 402 

Sso           KGSTAAGLTAAVVREK-GTGEYYLEAGALVLADGGIAVIDEIDKMRDEDRVAIHEAMEQQ 424 

                   

MCM1          WFPYNKAGFNTRLMARAVVIAAANPPGGEFDRHNYKPFDELKRLFDQPFYSRFDLIIPTF 707 

MCM2          LIPINKAGINVVLKIDTTIMATANPKGGKFDRD-KTVIEQID--FPPTLLNRFDLAFVVL 609 

MCM3          TISISKAGITATLNSRTTVIAAANPKFGRFNRH-KSLPEQLD--LPPTLLSRFDLIFLLL 470 

Mth           TISIAKAGIMATLNSRCSVLAAANPKFGRFDSY-KSIAEQID--LPSTILSRFDLIFVVE 459 

Sso           TVSIAKAGIVAKLNARAAVIAAGNPKFGRYISE-RPVSDNIN--LPPTILSRFDLIFILK 481 

 

MCM1          RNTEDSVLEEIADAVLDKHEG---KIEPPYDSELLTKFIAYARREIPRVVLPQALRGVMK 764 

MCM2          DDYQEG--DDVLDYVMEVNDAG---AAGPIPEDLLRKFFVYARS-LRPRFSEEAKE-AIK 662 

MCM3          DEPDEKVDASIAEHILKVRRGEAEAVTPKIPYDLLKKYIAYARKNVHPVLSREAME-EIK 529 

Mth           DKPDEEKDRELARHILKTHKE--DHMPFEIDPELLRKYIAYARKNVRPVLTDEAMQ-VLE 516 

Sso           DQPGEQ-DRELANYILDVHSG--KSTKNIIDIDTLRKYIAYARKYVTPKITSEAKNLITK 538 

 

MCM1          -YMVDLAK----------AIGSAAPRAMEAIIRLTEAHARMHLRKEATLADFLAAKELFD 814 

MCM2          AGFKELRK------KYKSGKIALNLRYFNGLMRIAEAFAKLRLSETVEPVDVERAVNLFE 716 

MCM3          RYYVKMRKGLRRGDEDGVQPIPITARQLEALIRLSEAHARMRLSETVTREDARAAIEIIE 589 

Mth           DFYVSMR----ASAADEDSPVPITARQLEALVRLSEASAKIKLKEHVEAEDARKAIKLSQ 572 

Sso           DFFVEMRK---KSSETPDSPILITPRQLEALIRISEAYAKMALKAEVTREDAERAINIMR 594 

 

MCM1          EMITRLAGSSDEEEKEEVMKGLAGVIWTEEKKRKVDKLWSILKYYEALDERGEGVHINDI 874 

MCM2          SSIRMIA---YDPETDQYDLAILEVGVPSDVLDLQERVIGFLREASSWFPNG-VPWGTVV 772 

MCM3          AMMKTIA---VDEE-GNLDVSILEVGKSSKKINKIEKLVDIIKSLESEGEFG-APEEKVI 644 

Mth           ACLKQVG---YDPETGKIDIDKVEGRTPKSERDKFRLLLELIKEYEDDYG-GRAPTNILI 628 

Sso           LFLESVG---VDMESGKIDIDTIMTGKPKSAREKMMKIIEIIDSLAVSSECAKVKDILKI 651 

 

MCM1          EEAEQQGIERSEVLVLLEDMERANM-VEQSKPGFYRLRRR 914 

MCM2          DAMVEKG-YPKEKVVQVLRDLMTHGRVAEVEANRLKLVG- 810 

MCM3          EAAKQAGIGTKADIEKLLNELKSDGRVYEPRAGFYRVI-- 682 

Mth           TEMMDRYNVSEEKVEELIRILKDKGAIFEPARGYLKIV-- 666 

Sso           --EAQQVGIEKSNIEKLLTDMRKSGIIYEAKPECYKKV-- 686 
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Figure 2-1. Alignment of MCM amino acid sequences. The sequences of MCM1, 

MCM2 and MCM3 are shown aligned by ClustalW with the sequences of 

archaeal MCMs from S. solfataricus and M. thermautotrophicus. Residues 

conserved 100%, 80% and 60% are highlighted in red, green and yellow, 

respectively. The locations of the two inteins in MCM3 are indicated by arrows. 

MCM1 and MCM2 were truncated at the position marked by an arrowhead to 

generate MCM1-ΔN and MCM2-ΔN. The locations of the lysine in the Walker-A 

box motif that were replaced by a glutamate to generate the MCM1 (K571E), 

MCM2 (K473E) and MCM3 (K335E) variants are marked by an asterisk. The 

location of the putative Walker-A box motif lysine of MCM3 that was replaced by 

a glutamate to generate MCM3 (K335E/K355E) is marked by a triangle. The 

GenBank accession numbers of the sequences shown are YP_182509.1 (MCM1); 

YP_183774.1 (MCM2); YP_184033.1 (MCM3); NP_276876 (M. 

thermautotrophicus) and NP_342281.1 (S. solfataricus). 

 

this test.  As shown in Figure 2-2, both MCM2 and 3 exhibited good helicase 

activity on primed M13 substrates with 5’-overhang (Fig. 2-2 B, lane 8-10 and 

lane 13-15 and Fig. 2-2 F) and with 3’-overhang (Fig. 2-2 C, lane 8-10 and lane 

13-15 and Fig. 2-2 G); while MCM1 only show very poor activity even under 

highest concentration (Fig. 2-2 B and C, lane 3-5 and Fig. 2-2 F and G).  When 

primed M13 without overhang substrate was used, the helicase activity of all three 

MCMs decreased (Fig. 2-2 A and E), which is consistent with the previous results 

that MCM prefers the forked substrate.  To further confirm this result, an oligo 
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based fork-like substrate was used for the helicase assay (Fig. 2-2 D and H). 

MCM2 and MCM3 still exhibit good helicase activity (Fig. 2-2 D lane 8-10 and 

lane 13-15), while MCM1 shows low activity (Fig. 2-2 D lane 3-5).  This result is 

similar to primed M13 substrates mentioned above. Collectively, MCM2 and 3 

process better helicase activity than MCM1. 

All MCM proteins required the energy from ATP hydrolysis to translocate 

along one strand of the DNA duplex and displace the complementary strand.  

Therefore, the omission of ATP can be served as a control. As expected, when 

ATP was omitted from the assays no DNA unwinding activity could be detected 

(Fig. 2-2 A, B, C and D lanes 6, 11 and 16) and only ATP and dATP could support 

helicase activity (Figure 2-3) as was reported for other member of the MCM 

family [for example: (87)].  MCM is a member of the AAA+ family of ATPases 

and thus contain a conserved Lys at the Walker-A motif required for ATP binding 

and hydrolysis.  Therefore, as an additional control, the Walker- A Lys residues in 

the three MCM proteins were replace by Glu, MCM1 (K571E), MCM2 (K473E) 

and MCM3 (K335E).  When the variant enzymes of MCM1 and 2 were used in 

lieu of the wild-type protein no helicase activities could be observed (Fig. 2-2 A, 

B, C and D lanes 7, 12 and 17, see also Fig. 2-3).   

The data presented in Figures 2-2 and 2-3 demonstrate that MCM2 and 3 

robust helicase activities on short duplex DNA, while MCM1 activity is low.  

Next, the activity of the enzyme on longer duplex was evaluated.  It was found 

that both MCM2 and MCM3 can unwind the short and long duplex to similar 

extent (Fig. 2-4) suggesting that both enzymes are processive as was reported for  



40 
 

 

Figure 2-2. MCM2 and MCM3 exhibit better helicase activities than MCM1. 

Electrophoresis separation of the products of helicase assays with 10 fmol of the 

32P-labeled substrate 36A (A), 36B (B), 36C (C), and 25F (D) (Table 2-4) 

performed with increasing concentrations of MCM1 (lanes 3-6), MCM2 (lanes 8-

11) and MCM3 (lanes 13-16). Control lanes contained aliquots of the substrate (S), 

product (P) and the products of reaction mixtures incubated with 0.9 pmol of the 

Walker-A K→E variants (lanes 7, 12 and 17).  E, F, G and H provide the average 
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values, with standard deviations, resulting from quantification of three 

independent repetitions of the experiments exemplified in (A), (B), (C) and (D). 

 

 

Figure 2-3. Helicase activities of MCM1, MCM2 and MCM3 are dependent on 

ATP and dATP.  

Reaction mixtures contained 10 fmol of the 32P-labeled substrate 25F and 1 pmol 

of the indicated MCM protein or Walker-A variant plus the nucleotide(s) listed 

above each track. Control lanes contained substrate (S) and product (P). 

 

other archaeal MCM helicases [for examples see: (87-89)]. MCM1 still exhibited 

little activity, which suggests it has poor processivity. 

It is also noticed that the Walker-A mutant of MCM3 K335E still 

processes some substrate unwinding activity (see Fig. 2-2 D, lane 17 and Fig. 2-

3A, lane 17) when 25 bp duplex forked substrate was used. It may be due to the 

different mutation in Walker-A may influence its helicase activity to different 

level.  Sequence analysis of MCM3 indicated a “cryptic” Walker-A motif may 

exist between the canonical Walker-A and Walker-B motifs.  This cryptic Walker- 
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Figure 2-4. Both MCM2 and MCM3 are processive helicases.  

Electrophoresis separation of the products of helicase assays with 10 fmol of the 

32P-labeled 25F (A) and 96F (B) forked substrates (Table 2-4) performed with 

increasing concentrations of MCM1 (lanes 3-6), MCM2 (lanes 8-11) and MCM3 

(lanes 13-16).  Control lanes contained aliquots of the substrate (S), product (P) 

and the products of reaction mixtures incubated with 4 pmol of the Walker-A 

K→E variants (lanes 7, 12 and 17).  (C), (D) and (E) provide the average values, 

with standard deviations, resulting from quantification of three independent 

repetitions of the experiments exemplified in (A) and (B). 

 

A motif may compensate some function to the canonical one (the mutated lysine 

residue is marked by a triangle in Fig. 2-1).  To test this hypothesis, we 
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constructed double mutant in which both known Walker-A and the cryptic 

Walker-A sites were point mutated (K335E/K355E).  To further test the influence 

of the mutations on the protein activity, helicase assay were performed (Fig. 2-5). 

It is found that MCM3 K335E/K355E still possess limited substrate unwinding 

ability, which is similar to the MCM3 K335E (Fig. 2-5 A lane 4 and 5, Fig. 2-5 B 

and also see above helicase assay result).  However, in the absence of ATP, 

MCM3 has no substrate unwinding ability, because its helicase activity is 

dependent on ATP binding and hydrolysis (Fig. 2-5 C lane 3 and 5); while MCM3 

K335E still exhibited substrate unwinding ability, which suggest that this activity 

is not dependent on ATP (Fig. 2-5 C lane 4 and 6).  Therefore, the duplex 

unwinding by MCM3 K335E is not due to helicase activity.  The reason remains 

to be elucidated. 

 

2.4.3 GINS has no major effect on three MCM helicase activity 

In eukaryotic cell, MCM2-7 need to form stable complex with CDC45 and 

the GINS complex for helicase activity (64,70).  In archaea, some studies have 

been performed to test the function of GINS on MCM activity, while the results 

are different. In S. solfataricus, it was reported that GINS could interact with 

MCM but did not influence its helicase activity (48).  In P. furiosus, it was shown 

that GINS can stimulate MCM helicase activity through increasing its ATP 

hydrolysis ability, although the amount of GINS input into the reaction is 

substantially over MCM (49).  Thermococcus is the closest species to Pyrococcus.  

To test if GINS has the similar stimulatory effect in T. kodakarensis, we add 
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different amount of GINS into the helicase assay.  Our result indicated that there 

is no major difference on helicase activity when GINS is present in the MCM1 

and MCM2 (Fig. 2-6 A, lane 4-6 and 7-9).  However, it is found that GINS 

slightly increase MCM3 helicase activity (Fig. 2-6 A lane 10-12).  

 

 

Figure 2-5. The duplex DNA unwinding ability exhibited by MCM3 Walker-A 

mutant K335E is ATP-independent.  

Electrophoresis separation of the products of helicase assays with 10 fmol of the 

32P-labeled substrate 25F (A) performed with 1pmol of MCM3, K335E, 

K335E/K355E. The averages of three repeats were reported in (B). (C) MCM3 

K335E mutant strand unwinding ability is not dependent on ATP. One pmol of 

MCM3 and K335E were used for helicase assay in the presence (lane 3 and 4) or 

absence (lane 5 and 6) of 2mM ATP.  
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Figure 2-6. GINS has no major effect on MCM1-3 helicase activity.  

Electrophoresis separation of the products of helicase assays with 10 fmol of the 

32P-labeled substrate 36B (A). 1 or 9 pmol GINS (as a tetramer) was added into 

the standard helicase assay with 0.5 pmol of each MCM. (B) is the average results 

with standard deviation from three repeats. 

 

2.4.4 All three MCMs bind DNA and hydrolyze ATP 

Helicase activity requires DNA binding followed by ATP-dependent 

translocation along the DNA substrate.  To determine all three MCMs DNA 

binding ability, fluorescence polarization anisotropy (FPA) was used.  Although 

MCM1 had only minimal helicase activity, it bound DNA in the absence (Fig. 2-7 

A) and presence (Fig. 2-7 B) of ATP with affinities similar to that of MCM2, 

MCM3 and DNA-binding affinities reported for other archaeal MCMs 

(28,90,91).Then, ATPase assays were performed to evaluate the ability of MCMs  
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Figure 2-7. MCM1-3 bind DNA with similar affinities. 

DNA binding to 10 mM Cy5-labeled oligonucleotide A1 measured by 

fluorescence polarization anisotropy in the absence (A) and presence (B) of 1 mM 

ATP.  The changes in anisotropy were measured as the MCM protein identified 

was titrated into the reaction mixture.  The apparent dissociation constants 

calculated are listed in (C).   

 

to hydrolyze ATP. MCM1 and MCM3 had relatively low but readily measurable 

ATPase activities (Fig. 2-8 A and C), with rates of ATP hydrolysis that were 

stimulated only ~2-fold by the presence of DNA (Fig. 2-8 D), close to the 

activities reported for other archaeal MCMs (24,90,92).  MCM2, in contrast, 

exhibited robust ATPase activity (Fig. 2-8 B) and the rate of ATP hydrolysis was 
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stimulated ~7-fold by the presence of DNA (Fig. 2-8 D).  Given that MCM1 and 

MCM3 have similar affinities for DNA and comparable ATPase activities, it 

seems unlikely that a deficiency in DNA binding or ATPase activity is the 

explanation for the inability of MCM1 to unwind DNA in vitro (Fig. 2-2 and 2-3). 

 

Figure 2-8. MCM2 has higher ATP hydrolysis rate than MCM1 and 3.   

Assays were carried in reaction mixtures that contained increasing amounts of (A) 

MCM1, (B) MCM2 and (C) MCM3 in the presence or absence of the 

oligonucleotide MD008.  The rates of ATP hydrolysis were calculated and (D) 

shows the averages of the results from three independent experiments.  The 

standard deviations of all experiments were below 10%. 

 

2.4.5 Simultaneous measurement of helicase and ATPase activity 

To further determine the ATP consumption by MCM during DNA 

unwinding, helicase and ATPase coupled assay were performed.  This experiment 
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allowed us to monitor the ATPase activity and helicase activity simultaneously.  

As shown in Figure 2-9, it is clear that MCM1 hydrolyzed low amount ATP 

corresponding to its exhibited low DNA duplex unwinding activity (Fig. 2-9 A 

lane 3-7; Fig. 2-9 B lane 3-7 and C); while MCM3 hydrolyzed the lowest amount 

of ATP among the three MCMs (Fig. 2-9 B lane 13-17 and E), however, it can 

reach the best unwinding substrate activity when the enzyme concentration 

increases up to 4 pmol (Fig. 2-9 A lane 13-17 and E).  MCM2 is the most 

complicated to explain.  Under low protein concentration, the high level ATP 

hydrolysis level is corresponding to the high helicase activity (Fig. 2-9 A lane 8-

12 and D); while after reach to 1 pmol per reaction, the helicase activity reaches 

~40% unwinding saturation (also see the above helicase assay result, Figs. 2-2 

and 2-4), but the ATP hydrolysis is still increasing (Fig. 2-9 B lane 8-12 and D).  

In other words, the helicase activity of MCM2 is not coupled with its own ATPase 

activity under high enzyme concentration, because at this point, the substrate for 

ATPase activity is not only the duplex DNA, but those unwound ssDNA also 

become the substrate to stimulate MCM2 ATPase activity (also see the above ATP 

hydrolysis assay in Fig. 2-8 B and D).  Therefore, it is suggested that only ATPase 

activity was increased without unwinding activity coupled.  Collectively, this 

assay indicated that the three MCMs exhibited different ATP hydrolysis ability 

during their duplex unwinding process, and this result was consistent with the 

ATPase assay and helicase assay shown in other experiments. 



49 
 

 

Figure 2-9. Simultaneous measurement of helicase and ATPase activities of 

MCM1-3.  

Standard helicase assays were performed as described in Materials and Methods, 

with the exception of adding 9000 pmol of [γ-32P]ATP into each reaction.  

Electrophoresis separation of the products of helicase assays with 10 fmol of the 

32P-labeled substrate 25F (A) and thin layer chromatography separation of ATP 

and Pi (B) with increasing concentrations of MCM1 (lanes 3-7), MCM2 (lanes 8-

12) and MCM3 (lanes 13-17). Control lanes contained aliquots of the substrate 

(S), product (P). (C), (D) and (E) provide the average values, with standard 

deviations, resulting from quantification of three independent repetitions of the 

experiments exemplified in (A) and (B). Blue diamond stands for ATPase activity 



50 
 

and red triangle for helicase activity.  

 

2.4.6 MCM2 and MCM3 form hexameric complexes 

For helicase activity, six MCM subunits assemble to form a hexameric 

ring-shaped complex (69,73,93,94).  Size exclusion chromatography revealed that 

MCM1 monomers (104 kDa) formed complexes in solution with an estimated 

molecular mass of ~345 kDa (Fig. 2-10 A) and therefore contained either three 

(312 kDa) or four (416 kDa) monomers.  There was no evidence for assembly into 

MCM1 hexamers (636 kDa) providing one explanation for the lack of helicase 

activity.  In contrast, MCM2 (94 kDa) eluted from the Superdex-200 column as 

two protein peaks, the first consistent with a mixture of monomers and dimers 

(estimated molecular mass of ~140 kDa), and the second with hexameric 

complexes (estimated molecular mass of ~500 kDa) (Fig. 2-10 B).  MCM3 (77.4 

kDa) eluted as a single protein peak (Fig. 2-10 C), with an estimated molecular 

mass of ~440 kDa, consistent with a hexameric complex.  Similar estimates for 

the sizes of the complexes formed by MCM1, MCM2 and MCM3 in solution 

were obtained by static light scattering (Table 2-5).  

 

Table 2-5. The oligomeric states of MCM1-3 complexes determined by light 

scattering. 

Protein Monomeric size (kDa) Light scattering (kDa) Oligomeric state 

MCM1 104.0 298.4 trimer 

MCM2 94.0 285.3 and 451.5 trimer and hexamer 

MCM3 77.4 460.8 hexamer 
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Figure 2-10. Sephadex-200 size exclusion chromatography of MCM1, MCM2 

and MCM3 and the mixture of the three MCMs.  

The proteins present in fractions from (A) MCM1, (B) MCM2, (C) MCM3, (D) 

MCM1 plus MCM2, (E) MCM1 plus MCM3, (F) MCM2 plus MCM3 and (G) 

MCM1 plus MCM2 and 3 separated by Superdex-200 gel filtration 

chromatography, Coomassie blue stained after resolution by 10% SDS-PAGE. (H) 

Shows the elution positions of the MCM1, MCM2 and MCM3 complexes relative 

to those of the mass standards.  The positions at which thyroglobulin (Thy, 669 

kDa), gamma globulin (Gam, 158 kDa) and ovalbumin (Ova, 44 kDa) eluted from 

the Superdex-200 column are noted at the top of the figure.  Control gel lanes 

contained aliquots of the material loaded onto the column (L) and size standards 

(M).  

 

2.4.7 MCM1-3 heterocomplex formation test 

Based on the results shown above, it has been clear that the three MCMs 
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have different properties of duplex substrate unwinding and ATP hydrolysis but 

not DNA binding.  To further test if the three MCM could form heterocomplexes, 

like the eukaryotic MCM2-7, to work together, several assays has been performed.  

First, the three MCMs were mixed together in the same amount (100 μg) and 

subjected to Superdex 200 gel filtration column after incubation under 25°C for 

1h (Fig. 2-10 D-G).  If either two or all of the MCMs interact, they should form a 

new complex which may change the protein elution peak position.  Unfortunately, 

it is not found that new elution position which is different from the one by each 

MCM alone (Compare Fig. 2-10 A, B and C with D, E, F and G). This result 

indicated that there is no heterocomplex formation under our test condition.  

However, no new elution profile may be due to the resolution limitation of our gel 

filtration column or the MCM heterocomplex is not stable under the high salt test 

condition (500 mM NaCl) we used.  Therefore, to get a better understanding of 

the heterocomplex formation, we tried to see if the biochemical property is 

changed when three MCMs are mixed together. 

To test if MCM1-3 have functional interaction, ATPase assays were 

performed with each MCM alone and the mixture of the three MCMs. In this 

assay, we tried to mix two or three MCMs in a 1:1 or 1:1:1 molar ratio to see if 

there is any stimulation or inhibition effect.  Under our test condition, only 

MCM2 exhibit obvious ATPase activity, while MCM1 and 3 activities are very 

weak, which are negligible compared with MCM2 (Fig. 2-11).  When MCM2 was 

mixed with the same molar ratio with MCM1, or MCM3 or MCM1 and 3 

mixtures, the ATPase activity exhibited is similar to the level by MCM2 alone.  
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The fact that the ATP hydrolysis amount is not changed by the mixture of MCM1 

or/and MCM2, indicates MCM1-3 did not have functional interactions, indicating 

that there is no heterocomplex formation among the three MCMs. 

 

 

Figure 2-11. ATP hydrolysis by MCM1-3 mixtures indicated that no 

heterocomplex being formed.  

0.1 pmol of MCM1, MCM2 and MCM3 (as monomer) and their Walker-A 

mutants were used to incubate with (blue bars) or without (red bars) 0.5 pmol 

ssDNA oligo (Miao 008, Table 2-4) to detect ATP hydrolysis level either by 

mixture of the two or three MCMs together or each MCM alone. The average 

result from three independent experiments with standard deviation was shown.  

 

2.4.8 Removal of the N-terminal extension increases MCM2 helicase activity 

As illustrated in Figures 2-1 and 2-12A, MCM1 and MCM2 have N-

terminal extensions, consist of 205 and 136 residues, respectively.  These  
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Figure 2-12. N-terminal extension of MCM2 may have regulatory function on its 

helicase activity.  

(A) Illustration of MCM1, MCM2 and MCM3 with the sites at which MCM1 and 

MCM2 were truncated to generate MCM1-ΔN and MCM2-ΔN (see also Fig. 2-1).  

(B) Helicase activities of the indicated MCM proteins in reaction mixtures that 

contained 10 fmol of the 32P-labeled substrate 25F and increasing concentrations 

of the MCM protein.  Control lanes contained an aliquot of the substrate (S) and 

product (P).  (C) The average values, with standard deviation, calculated from 

three independent experiments. 
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extension sequences appear to be unique since no homolog could be identified in 

database.  It is possible that the N-terminal extensions may function as a regulator 

to inhibit MCM1 helicase activity.  To determine the role of the N-terminal 

extensions on helicase activity, MCM1-ΔN and MCM2-ΔN variants that lacked 

the N-terminal extensions were generated (Fig. 2-12 A) and purified and their 

helicase activities determined (Figs. 2-12 B and 2-12 C).  As observed for MCM1, 

MCM1-ΔN had only minimal helicase activity in vitro. Surprisingly, in contrast, 

MCM2-ΔN had higher helicase activity than MCM2 (Figs. 2-12 B and 2-12 C), 

revealing that the N-terminal extension of MCM2 modulates its helicase activity. 

To determine the reason that influences MCM2-ΔN has better helicase 

activity, ATPase activity and DNA binding ability of MCM1-ΔN and MCM2-ΔN 

have been investigated and compared with the full length MCM1 and MCM2.  It 

was shown that there is no obvious difference between full length MCMs and 

truncated MCMs regarding to DNA binding (Fig. 2-13 C) and ATPase activity 

(Fig 2-13 A and B).  Therefore, they are not the reasons to explain the better 

helicase activity by MCM2-ΔN.  It is also shown that MCM2-ΔN is like other 

MCMs whose helicase activity is ATP-dependant (Fig. 2-14, lane 3 and 5).  

However, there may be another possibility that the MCM2-ΔN has different 

oligomeric state from the full length MCM2.  Archaeal MCM has been shown to 

be active as a hexamer (29).  When MCM2 was analyzed by gel filtration and 

light scattering, two populations were found (hexamer and monomer, see Fig. 2-

10 and Table. 2-5).  It is possible that MCM2-ΔN become more stable as a 

hexamer, therefore leads to better helicase activity.  Future experiment will need 
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to confirm this hypothesis. 

 

 

Figure 2-13. MCM1-ΔN and MCM2-ΔN have similar ATPase and DNA binding 

activities to the full length MCM1 and MCM2. (A and B) ATPase assays were 

carried out in reaction mixtures that contained increasing amounts of (A) MCM1 

and MCM1-ΔN and (B) MCM2 and MCM2-ΔN in the presence of 10 pmol of the 

oligonucleotide MD008. The amount of ATP hydrolysis was calculated and the 

average values, with standard deviation, calculated from three independent 

experiments are shown. (C) DNA binding to 10 nM Cy5-labeled oligonucleotide 

A1 measured by fluorescence polarization anisotropy in the presence of 1 mM 

ATP. The changes in anisotropy were measured as the MCM protein identified 

was titrated into the reaction mixture. The apparent dissociation constants 

calculated are listed. 

 

2.4.9 Only MCM3 is essential for T. kodakarensis viability 

T. kodakarensis TS601 (ΔTK0096) and TS602 (ΔTK1361) were 

constructed without difficulty generating strains lacking MCM1 and MCM2,  
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Figure 2-14. MCM2-ΔN helicase activity is dependent on ATP and dATP. 

Helicase assays of MCM2-ΔN with and without ATP. Reaction mixtures 

contained 10 fmol of the 25 bp 32P-labeled substrate and 1 pmol of the MCM2-

ΔN protein plus the nucleotide(s) listed above each track. Control lanes contained 

substrate (S) and product (P). 

 

respectively. T. kodakarensis TS604 (ΔTK0096; ΔTK1361) was then generated 

from T. kodakarensis TS601 with both TK0096 and TK1361 deleted.  The 

strategies and results of the diagnostic PCRs (Fig. 2-15 B) and Southern blots (Fig. 

2-15 C) that confirmed the genome organizations in T. kodakarensis TS601, 

TS602 and TS604 are shown in Figure 2-15 A.  Despite repeated attempts, we 

have been unable to generate a strain with TK1620 (MCM3) deleted arguing that 

MCM3 is likely required for T. kodakarensis viability.  As T. kodakarensis TS604 

(TK0096; ΔTK1361) exhibits no detectable growth defects, the presence of 

MCM3 is apparently sufficient for genome replication and therefore T. 

kodakarensis, in common with most Archaea, requires only one MCM for 

chromosomal replication. 
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Figure 2-15. Genome organizations, PCR and Southern blot confirmation of the T. 

kodakarensis ΔTK0096 and ΔTK1361 deletions.    

(A). Genome organizations surrounding TK0096 (MCM1) and TK1361 (MCM2).  

The positions at which the PCR primers (Roman numeral primer pairs I through 

IV, Table 2) hybridized and the locations of the HindIII and BamHI sites used in 
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the Southern blot analyses are shown.  

(B). Agarose gel electrophoretic separation of PCR amplicons from genomic 

DNA of T. kodakarensis TS517 (ΔpyrF, ΔtrpE::pyrF, ΔTK0664), TS601 (ΔpyrF, 

ΔtrpE::pyrF, ΔTK0664, ΔTK0096), TS602 (ΔpyrF, ΔtrpE::pyrF, ΔTK0664, 

ΔTK1361), and TS604 (ΔpyrF, ΔtrpE::pyrF, ΔTK0664, ΔTK0096, ΔTK1361) 

with the positions of DNA size standards indicated.  As shown, primers internal to 

TK1361 (primer pair I, panel A) amplified a ~600 bp molecule from T. 

kodakarensis TS517 and TS601 but failed to generate an amplicon from T. 

kodakarensis TS602 and TS604 genomic DNAs. Primers hybridizing to 

sequences that flank TK1361 (primer pair II) generated ~3,800 bp amplicons, 

which contain the TK1361 sequence (2,433 bp) from T. kodakarensis TS517 and 

TS601 but amplicons that were only ~1,400 kbp from T. kodakarensis TS602 and 

TS604 genomic DNAs consistent with the loss of TK1361. Primers specific to 

TK0096 (primer pair III) amplified an ~450 bp amplicon from T. kodakarensis 

TS517 and TS602, but failed to generate an amplicon from T. kodakarensis TS601 

and TS604 genomic DNAs.  Primers that hybridized to sequences flanking 

TK0096 (primer pair IV) generated an ~4,400 bp amplicon, which included the 

TK0096 sequence (2,745 bp) from T. kodakarensis TS517 and TS602 but 

amplicons that were only ~1,600 bp amplicon from T. kodakarensis TS601 and 

TS604 genomic DNAs consistent with the loss of TK0096.  

(C). Southern blot analyses of genomic DNA. Genomic DNA (10µg) from T. 

kodakarensis TS517 (ΔpyrF, ΔtrpE::pyrF, ΔTK0664); TS601 (ΔpyrF, 

ΔtrpE::pyrF, ΔTK0664, ΔTK0096); TS602 (ΔpyrF, ΔtrpE::pyrF, ΔTK0664, 
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ΔTK1361), and TS604 (ΔpyrF, ΔtrpE::pyrF, ΔTK0664, ΔTK0096, ΔTK1361) 

was digested with HindIII (left panel) and BamHI (right panel).  The products 

were separated by electrophoresis through 0.8% agarose gels, denatured and 

transferred to a Zeta-probe membrane as previously described (81).  The 

membranes were incubated with a 32P-labeled oligonucleotide that hybridized to a 

sequence internal toTK0096 (left panel) or TK1361 (right panel).  TK0096 is 

located within an ~7,000 bp HindIII fragment that was present only in T. 

kodakarensis TS517 and TS602 genomic DNAs.  TK1361 is located within an 

~3,000 bp BamHI fragment (right panel) that was present only in T. kodakarensis 

TS517 and TS602 genomic DNAs.  The data was generated by Dr. Thomas 

Santangelo, Ohio State University. 

 

2.5 Discussion 

2.5.1 MCM3 is the replicative helicase in T. kodakarensis 

All three MCM proteins predicted by bioinformatics to exist in T. 

kodakarensis have been purified and all three bind DNA and have ATPase activity, 

dependent on an intact Walker-A motif (Fig. 2-11).  However, only MCM2 and 

MCM3 spontaneously assembled into hexameric complexes and exhibited robust 

helicase activity in vitro.  In contrast, recombinant MCM1 does not form stable 

hexamers and exhibited barely detectable helicase activity in vitro.  Deletion of 

the genes encoding MCM1 (TK0096) and MCM2 (TK1361) had detectable 

effects on growth or viability arguing that these MCM homologs are not essential 

for replication provided MCM3 is present.  In contrast, our inability to delete 
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TK1620 strongly suggests, although it does not categorically prove, that MCM3 is 

essential for viability in T. kodakarensis TS517 and is likely the predominant and 

possibly the only MCM catalyzing T. kodakarensis genome replication.  Providing 

further support to this conclusion, MCM3 is the most similar in size to other 

archaeal MCMs, and TK1620 is apparently part of an operon that also encodes the 

GINS23 (TK1619) subunit of the replisome (45,95).  MCM1 and MCM2 have 

atypical N-terminal extensions (Figs. 2-1 and 2-15A) and are encoded by genes 

that are not closely linked in the T. kodakarensis genome to genes that encode 

known replication proteins.  Both the initial genome annotation and a subsequent 

in-depth bioinformatics analysis predict that TK0096 (MCM1) and TK1361 

(MCM2) are present in regions of the T. kodakarensis genome that originated 

from past viral infections (12,78).  Thus, it seems a reasonable hypothesis that 

MCM1 and MCM2 are vestigial viral helicases, and that MCM3 is the 

endogenous archaeal MCM in T. kodakarensis.  The same explanation, namely 

that one MCM homolog is the endogenous enzyme and any additional MCMs 

present were acquired through replicon infection, may also apply to the other 

archaea now found to have multiple MCMs (96).   

 

2.5.2 Do MCM1 and MCM2 have non-essential functions in T. kodakarensis? 

As MCM1 and MCM2 can be deleted, they do not have essential functions 

in T. kodakarensis TS517 synthesizing MCM3.  In the past, MCM1 and/or MCM2, 

most likely in collaboration with host proteins, may have participated in the 

replication of infecting viruses or plasmid DNA or in the activation of a prophage.  
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Their N-terminal extensions perhaps play roles regulating the viral replication.  

This would resemble the role of the simian virus 40 (SV40) large T antigen (97,98) 

that, together with host proteins, contributes to both SV40 origin recognition and 

functions as the viral replicative helicase.  As TK0096 and TK1361 are still 

expressed in vivo (27), it seems also likely that MCM1 and MCM2 now also do 

have similar functions in archaeal viral replications in ancestors of the T. 

kodakarensis lineage with these activities regulated by their atypical N-terminal 

extensions. 

When MCM1-His6 and MCM2-His6 were isolated from T. kodakarensis 

cell lysates by binding to a Ni2+-charged matrix, they were isolated in complexes 

that also contained the archaeal DNA polymerases B and D, and the processivity 

factor PCNA1 (27).  Their presence in such complexes in vivo argues for MCM1 

and MCM2 participating in DNA metabolic processes, possibly in recombination 

and/or DNA repair in T. kodakarensis.  In this regard, it is noteworthy that MCM2 

also co-purified from T. kodakarensis cell lysates with a MutS homologue, an 

established DNA repair enzyme (27).  The T. kodakarensis genome encodes two 

PCNA homologs, although biochemical and structural studies argue that only 

PCNA1 (encoded by TK0535) has properties in common with all other archaeal 

PCNAs, and only PCNA1 is essential for T. kodakarensis viability (Chapter 3). 

Studies are now underway to determine if T. kodakarensis strains lacking MCM1, 

MCM2 and/or PCNA2 exhibits defects in DNA repair and/or recombination. 
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Chapter 3 Biochemical and genetical characterization of 

multiple PCNAs in T. kodakarensis 

 

3.1 Abstract 

PCNA forms ring-shaped molecules that encircle duplex DNA and provide 

essential contacts for, and stability and processivity to, many DNA metabolic 

processes.  All eukaryotic and most euryarchaea genomes contain a single gene 

encoding for PCNA, while T. kodakarensis is unique by containing two genes, 

TK0535 and TK0582, that encode for PCNA1 and PCNA2, respectively.  It is 

shown here that these two PCNA proteins stimulate DNA synthesis by PolB, and 

ATP hydrolysis by the RFC complex.  Examination of their roles in vivo revealed 

that PCNA1 is very highly expressed compared to PCNA2 in rapidly dividing 

cells, and that only PCNA1 was essential for viability.  The implications of these 

observations for PCNA function, and the origin of the two PCNA-encoding genes, 

are discussed. 

 

3.2 Introduction 

PCNA is a ring-shaped trimeric complex that encircles duplex DNA and 

plays an essential role in many DNA metabolic processes in Archaea and Eukarya 

(99,100).  PCNA cannot autonomously assemble around DNA, but must be 

loaded onto DNA by the clamp loader, RFC complex.  RFC recognizes the 3’ end 

of the single-strand/duplex (primer-template) junction and utilizes ATP hydrolysis 
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to assemble the PCNA ring around the primer (101). 

The first reported function of PCNA was as a processivity factor for the 

replicative DNA polymerases.  PCNA encircles DNA and upon binding to a 

replicative polymerase, tethers it to the DNA template for processive DNA 

synthesis.  Subsequent studies showed that PCNA proteins from Archaea and 

Eukarya also associate and modulate the activities of a large number of other 

proteins involved in nucleic acid metabolic transactions and the regulation of the 

cell cycle (102). 

The Archaea can be divided into three main branches: crenarchaeota, 

euryarchaeota and thaumarchaeota.  While most Archaea belonging to the 

euryarchaeota and thaumarchaeota kingdom encode a single PCNA homologue 

that forms homotrimers, members of the crenarchaeota domain contain three 

distinct genes that result in the formation of heterotrimers as the active form 

(61,103).  Most archaeal species also contain two homologues of RFC, referred to 

as RFC large (RFC-L) and short (RFC-S), that form a pentameric complex of one 

copy of RFC-L with four subunits of RFC-S. 

T. kodakarensis, a hyperthermophilic euryarchaea that grows optimally at 

85°C, was isolated from a solfatara on the shore of Kodakara Island, Japan (11). T. 

kodakarensis is unique among euryarchaeal species by containing two genes 

encoding for PCNA homologues, TK0535 and TK0582, referred to here as 

PCNA1 and PCNA2, respectively.  It was previously shown that the two genes 

are expressed in vivo (27) and form homotrimeric rings [Fig. 3-1, (83)].  In this 

study the biochemical properties of the two PCNA proteins were determined as 
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well as their in vivo roles.  It was found that although both proteins have similar 

biochemical properties, only PCNA1 is essential for cell viability. 

 

 

Figure 3-1. The crystal structures of T. kodakarensis PCNA1 and PCNA2. Both 

PNCA is composed of three subunits and form homotrimer. PDB ID codes 3LX1 

and 3LX2 for PCNA1 and PCNA2 respectively (83). 

 

3.3 Materials and methods 

3.3.1 Protein expression and purification 

The two T. kodakarensis encoded-PCNA proteins, the T. kodakarensis 

RFC complex and T. kodakarensis PolB were purified as previously described 

(41,83).  The genes encoding for the three RPA genes (TK1959, TK1960 and 

TK1961) were amplified using PCR from T. kodakarensis genomic DNA and 

cloned into pET-21a (Novagen) to generate pET21a-TK1959, pET21a-TK1960 

and pET21a-TK1961. All three constructs contain an in-frame six histidine tag 
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(His6) at the C-terminus.  The three RPA proteins were expressed in E. coli BL21 

DE3 Rosetta cells and purified on a Ni2+ column as previously described for the 

expression and purification of RPA from M. thermautotrophicus (54).  The RPA 

complex was formed by mixing the three proteins in a 1:1:1 molar ratio. 

 

3.3.2 Gel filtration analysis 

An aliquot (200 μg) of each PCNA protein and RFC complex in 200 μl 

buffer containing 25 mM Tris–HCl (pH 7.5), 500 mM NaCl and 10% glycerol 

(v/v) was fractionated through a Superdex-200 gel-filtration column (HR10/30; 

GE Healthcare) pre-equilibrated with 25 mM Tris–HCl (pH 7.5), 500 mM NaCl 

and 10% glycerol (v/v) at 22°C. Fractions (15 μl) were separated though a 10% 

SDS-PAGE and visualized by staining with Coomassie brilliant blue (R250). 

 

3.3.3 Static light scattering of PCNA and RFC 

The solution molecular mass of each PCNA protein and RFC were 

determined using size exclusion chromatography within-line multiangle light 

scattering. A 1200 series HPLC system (Agilent Technologies) with a Shodex 

KW-802.5 or a Shodex KW-804 column (Showa Denko K.K.) was used for this 

purpose. For each PCNA, different amount of purified proteins as shown in 

Figure 3-2 was detected. The flow rate was 0.5 ml/min, and the mobile phase was 

0.01 M phosphate buffer (pH 6.5), 0.1 M ammonium sulfate, 0.1 mM EDTA, and 

0.01% sodium azide. For RFC complex, the molecular mass was determined 

using 100 μg of protein in 20 μl 25 mM Tris-HCl (pH 7.5), 50 mM NaCl and 10% 
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glycerol.  The flow rate was 0.5 ml/min, in a solution containing 25 mM Tris–HCl 

(pH 7.5), 500 mM NaCl and 10% glycerol (v/v) (Chapter 2).  Light scattering was 

measured with a miniDawn Treos (Wyatt Technology); the protein concentration 

was measured with an Optilab rEX differential refractometer (Wyatt Technology). 

 

3.3.4 ATPase assays 

ATPase activity of RFC was assayed in reaction mixtures (15 μl) 

containing 25 mM Tris-HCl (pH 8), 5 mM MgCl2, 1 mM DTT, 1.5 μg BSA, 1.5 

nmol of [γ-32P]ATP (3000 Ci/mmol), 0.5 pmol of RFC and 0.01, 0.05, 0.1, 0.25 

and 0.5 pmol of PCNA1 or PCNA2 proteins (as trimers) as indicated in the figure 

legend in the presence or absence of 50 pmol of primed substrate formed by 

annealing oligonucleotides MD001 (5’-GCGGCGAGTCCAGCTCAGGAGCTC 

GCGCCG) and MD002 (5'-TTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTT 

TGCGGCGCGAGCTCCTGAGCTGGACTCGCCGC).  After incubation at 70°C 

for 1 h, an aliquot (1 μl) of the reaction mixture was spotted on a 

polyethyleneimine cellulose thin layer plate. ATP and Pi were separated by 

chromatography in 1 M formic acid containing 0.5 M LiCl, and the extent of ATP 

hydrolysis was calculated based on phosphorimaging quantification.  The ATPase 

assays were repeated three times, and the averages of the results obtained with 

standard deviations are shown in the Figure 3-5. 

To establish the rate of ATP hydrolysis by RFC, reaction mixtures (45 μl) 

containing 25 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 1 mM DTT, 100 μg/ml BSA, 

4.5 nmol [γ-32P]ATP (3000 Ci/mmol), 0.5 pmol RFC and 0.05 pmol PCNA were 
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incubated at 70ºC, with or without 50 pmol of primed substrate as described 

above.  Aliquots (3 μl) of the reaction mixture were removed after 0, 5, 10, 15, 30 

and 45 min, mixed with 1 μl of 0.5 M EDTA, and the extent of ATP hydrolysis 

determined using polyethyleneimine cellulose thin layer chromatography as 

described above. 

 

3.3.5 PCNA protein expression 

Fifty ml cultures of T. kodakarensis cells (KW128) were grown as 

previously reported to OD600 of 0.5-0.6 resulting in 2-5×108 cells/ml.  The cells 

were harvested by centrifugation at 3000 rpm for 20 min at 23°C. The cell pellet 

was resuspended in 500 μl 25 mM Tris-HCl (pH 8.0), 500 mM NaCl and 10% 

glycerol followed by sonication.  The mixture was clarified by centrifugation at 

13,000 rpm for 10 min at 4˚C. 

Known amounts of recombinantly-produced T. kodakarensis PCNA1 and 

2 were resolved alongside specific volumes of cell extract, representing known 

numbers of cells, on 12% SDS-PAGE followed by electrobloting onto a 

nitrocellulose membrane. Western analysis was performed using a combination of 

guinea pig polyclonal antibodies (Cocalico Biologicals Inc) generated against the 

recombinant PCNA proteins and rabbit anti-guinea pig antibodies coupled to 

horse-radish peroxidase (Sigma-Aldrich); blots were developed using enhanced 

chemiluminescence  (ECL) (GE Healthcare). The intensity of each band was 

quantified using ImageQuant TL (GE Healthcare).  The experiment was repeated 

three times.  The average results of three experiments were used to calculate the in 
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vivo levels of the PCNA proteins.  

 

3.3.6 DNA replication assay 

Elongation assays of singly primed M13 DNA templates were performed 

as reported previously (83).  A reaction mixture (20 μl) containing 40 mM Tris-

HCl (pH8.0), 250 mM NaCl, 1.5 mM DTT, 0.01% BSA, 10 mM Mg-acetate, 2 

mM ATP, 100 μM each of dTTP, dCTP and dGTP and 20 μM [α-32P]dATP and 10 

fmol singly primed M13 mp18.  The proteins used in the reaction were indicated 

as in Figure 4-4.  Following incubation at 70ºC for 20 min the reaction was 

stopped by the addition of EDTA to final concentration of 10 mM. The products 

were separated by electrophoresis through 1.1% alkaline agarose gel. Total 

nucleotide incorporation was quantified by liquid scintillation (GE Healthcare) 

from 4µl aliquots of each reaction.  

 

3.3.7 Constructs and techniques to generate T. kodakarensis knock out strains 

TS032 and TS033 target the genomic loci of TK0535 and TK0582 

respectively, and were constructed using the same principles employed to design 

similar vectors as described [Chapter 2 and (30)].  The selective and counter-

selective pressures employed to generate intermediate and markerless deletion 

strains were as described [Chapter 2 and (30)].  Briefly, TS032 and TS033 were 

independently transformed into T. kodakarensis strain TS517 with selection on 

artificial seawater (ASW) based solid medium containing amino acids (AA) but 

lacking tryptophan.  Colonies arising from double crossover homologous 
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integrations at the desired locus were identified by diagnostic PCR, and then 

spread on ASW-AA medium containing 6-methyl purine (6MP).  Intermediate 

strain construction was possible for each construct, whereas only TS033, targeting 

TK0582 (PCNA2) allowed viable excision of the markers to generate a 

markerless deletion of TK0582.  Figure 3-6 outlines the diagnostic PCRs 

confirming loss of TK0582 from the genome. 

 

3.4 Results  

3.4.1 The oligomeric states of PCNA1, PCNA2 and RFC 

T. kodakarensis PCNA1 and PCNA2 form very similar trimeric ring-

shaped molecules that differ significantly only at the subunit boundaries, 

excluding stable heteromeric complexes of the two PCNA proteins (83).  The two 

PCNA trimers have different stability (Figs. 3-2 and 3-3).  At the concentration 

used for crystallization, 13 mg/ml, PCNA2 gave a molar mass average of 87.0 

kDa which is close to the calculated molar mass of 87.8 kDa for a trimer. The 

experimental molar mass average for PCNA1 at the concentration used for 

crystallization, 6.25 mg/ml, was 67.6 kDa which is significantly low for a trimer 

(87.2 kDa) and significantly high for a dimer (58.1 kDa).  When lower 

concentrations were used, the light scattering indicated that PCNA2, under the 

solution conditions used, remained a stable trimer.  Under the same conditions, 

the structure of PCNA1 was most likely rapidly alternating between a dimer and a 

trimer at high concentrations and between dimer and monomer at lower 

concentrations.  The different stabilities of the two PCNAs are also reflected in  
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Figure 3-2. PCNA2 is a stable trimer in solution. Static light scattering of dilution 

series of the two PCNA proteins demonstrate the stability of the trimer of PCNA2 

and the instability of the trimer of PCNA1 at low protein concentrations.  

 

their ability to support DNA polymerase activity. 

To further confirm the above result, we used size exclusion 

chromatography to determine the oligomeric state of archaeal PCNA proteins.  

Similar to the light scattering results, PCNA1 is not a stable trimer and eluted 

from the column as a protein with an approximate molecular mass of 62.0 kDa 

(Fig. 3-3 A and B).  The results suggest that PCNA1 is in equilibrium between 

trimers (87.2 kDa) and dimers (58.1 kDa). PCNA2, in contrast, eluted in two 

major peaks, (Fig. 3-3 C and D) suggesting a mixture of complexes with 

molecular masses of 86.4 kDa and 177.9 kDa, consistent with trimeric (87.8 kDa)  
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Figure 3-3. Size exclusion chromatography of PCNA1, PCNA2 and the RFC 

complex. PCNA1, PCNA2 and the RFC complex were analyzed using Superdex-

200 gel filtration column as described under “Experimental Procedures”.  

Aliquots (15 μl) of each fraction were subjected to 10% SDS-PAGE analysis 

followed by Coomassie Blue staining. A. PCNA1; C, PCNA2 and E, RFC. The 

peak positions of thyroglobulin (Thy, 669 kDa), gamma globulin (Gam, 158 kDa) 

and ovalbumin (Ova, 44 kDa) are indicated at the top of the figure. L, load on; M, 

molecular mass standard.  The peak elution in respect to standards are shown in 

panels (B), PCNA1; (D) PCNA2 and (F) RFC. 
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and hexameric (175.6 kDa) structures, respectively.  The human PCNA may also 

form hexameric rings (104). 

When the RFC complex was analyzed on gel-filtration (Fig. 3-3 E and F) 

it elute in a single peak corresponding to a protein with molecular mass of 207.6 

kDa.  This suggest, similar to all other archaeal RFC studied, that the T. 

kodakarensis RFC is a complex in which the large subunit (58.1 kDa) is 

associated with four small subunits (37.2 kDa) resulting in a complex pentameric 

complex of 206.9 kDa.  Light scattering experiments revealed a molecular mass 

of 203.0 kDa for the RFC complex also consistent with a pentameric complex. 

 

3.4.2 Both PCNA1 and PCNA2 stimulate the activity of PolB. 

The best understood function for PCNA is as the processivity factor for the 

replicative DNA polymerases (99). To determine if both T. kodakarensis PCNA 

proteins can stimulate T. kodakarensis DNA polymerase, replication assays using 

T. kodakarensis PolB were performed in the presence and absence of PCNA1 and 

PCNA2.  The elongation of a singly primed M13 template by PolB was detected 

only in the presence of both RFC and PCNA1 or PCNA2, and the rate of DNA 

synthesis was depended on the level of PCNA added (Fig. 3-4, lanes 9-11 and 6-

8).  Thus, both PCNA complexes retain function, although at low PCNA1 

concentrations the size of DNA products formed were reduced in comparison to 

PCNA2 (Fig. 3-4, compare lanes 10 and 11 to lanes 7 and 8).  This effect is likely 

due to the instability of the PCNA1 trimer at low concentrations (Figs. 3-2 and 3-

3 A and B).   
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Figure 3-4. Both PCNA1 and PCNA2 stimulate polymerase activity.  DNA 

replication assays were performed as described under “Experimental Procedures” 

using 440 fmol of PolB, 430 fmol of RFC (as pentamers), 6000 fmol of RPA (as 

trimmers) and different amount of PCNA1 or PCNA2 as indicated. Reactions 

were incubated for 20 min at 70°C. An aliquot (4 μl) was used to measure DNA 

synthesis, and the remaining mixture was subjected to 1.1% alkaline-agarose gel 

electrophoresis. After drying, gels were autoradiographed for 1 hour at -80°C and 

then developed.  The data was generated by Dr. Jerard Hurwitz, Memorial Sloan-

Kettering Institute. 

 

In Bacteria and Eukarya, the replicative polymerase cannot replicate long 

single stranded DNA template in the absence of SSB.  Therefore, the effect of the 

T. kodakarensis SSB - referred to as RPA in Archaea and Eukarya - on T. 
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kodakarensis PolB activity was evaluated.  As shown in Figure 2 RPA addition 

inhibits rather than stimulates the activity of PolB in the presence of either 

PCNA1 (compare Fig. 3-4 lane 14 to lane 9) or PCNA2 (compare lane 13 to lane 

6).  This observation is similar to those made with other archaeal members of the 

PolB family in which RPA inhibit polymerase activity (54), and suggests that 

PCNA1 nor PCNA2 interaction with PolB are insufficient to overcome such 

inhibition.  

 

3.4.3 Both PCNA1 and 2 stimulate the ATPase activity of RFC 

It is well established that the ATPase activity of the archaeal and 

eukaryotic RFC is stimulated in the presence of PCNA and primed substrate DNA 

(105,106).  However, it remained unclear if the two T. kodakarensis PCNAs 

would behave similarly in this regard, and thus the effect of each PCNA complex 

on RFC ATPase activity were evaluated.  In the presence of a primed DNA 

substrate both PCNA1 (Fig. 3-5 A) and PCNA2 (Fig. 3-5 B) stimulate ATP 

hydrolysis by RFC in a concentration dependent manner.  However, the rate of 

ATP hydrolysis is ~ 3 fold greater in the presence of PCNA1 than PCNA 2 (Fig. 

3-5 C).  This is consistent with the observation that PCNA1 stimulates PolB 

activity slightly better than PCNA2 [Fig. 3-4, (83)]. 

 

3.4.4 Only PCNA1 is essential for T. kodakarensis viability 

Both PCNA proteins stimulate PolB activity (Fig. 3-4), RFC ATPase 

activity (Fig. 3-5) and Fen1 activity (Li et al unpublished data).  Thus, it is  
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Figure 3-5. Both PCNA1 and PCNA2 stimulate ATP hydrolysis by RFC.  A and B, 

ATPase assays were carried as described under “Experimental Procedures” in 

reaction mixtures that contained increasing amounts of (A) PCNA1 or (B) 

PCNA2 in the presence or absence of the primed DNA substrate. The rates of ATP 

hydrolysis by RFC were determined as described under “Experimental Procedures” 

in the presence of PCNA1 or PCNA2 and primed DNA substrate.  The average 

results of three experiments are shown in panel C. 
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possible that they are redundant and T. kodakarensis cells could survive with only 

one protein.  To address this possibility we attempted to delete the genes encoding 

PCNA1 (TK0535 and PCNA2 (TK0582).  T. kodakarensis TS033 (ΔTK0582) 

was constructed without difficulty generating a strain lacking PCNA2.  Figure 3-6 

A illustrates the strategy used to confirm the genome organizations in T. 

kodakarensis TS033 and examples of the diagnostic PCR results are shown in 

Figure 3-6 B.  Despite repeated attempts, we were unable to generate a strain with 

TK0535 (PCNA1) deleted suggesting that PCNA1 is essential for T. kodakarensis 

viability.  As T. kodakarensis TS033 exhibits no detectable growth defects, the 

presence of PCNA1 is apparently sufficient for genome replication and, as in 

most euryarchaea, the T. kodakarensis replisome can function with one PCNA 

homologue. 

 

3.4.5 PCNA1 is abundant in T. kodakarensis cells 

Although PCNA1 is essential for cell viability (Fig. 3-6) it is not a stable 

trimer at low protein concentrations (Figs. 3-2 and 3-3 A and B).  Therefore, the in 

vivo expression levels of PCNA1 and 2 were determined using quantitative 

Western analysis (Fig. 3-7).  It was found that while PCNA1 is expressed and 

accumulates to high levels (5,000-10,000 molecules per cell), the cells contain 

less that 60 molecules of PCNA2 (the capacities of the antibodies limits further 

definition).  The high concentration of PCNA1 may explain how the relatively 

unstable trimer functions as the replicative PCNA in vivo.   
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Figure 3-6. Genome organizations and PCR confirmation of the T. kodakarensis 

ΔTK0582 deletion.    

(A) Genome organizations surrounding TK0535 (PCNA1) and TK0582 (PCNA2).  

The positions at which the PCR primers (Roman numeral primer pairs I and II) 

hybridized are shown.  

(B) Agarose gel electrophoretic separation of PCR amplicons from genomic DNA 

of T. kodakarensis TS517 (parental strain, lane 1 and 2), TS033 (ΔTK0582 strain, 

lane 3 and 4) with the positions of DNA size standards indicated.  As shown in 

lane 1 and 3, primers internal to TK0535 (primer pair I, panel A) amplified a ~600 

bp molecule from T. kodakarensis TS517 and TS033. Primers specific to TK0582 
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(primer pair II, panel A) amplified an ~600 bp amplicon from T. kodakarensis 

TS517, but failed to generate an amplicon from T. kodakarensis TS033 genomic 

DNAs (compare lane 2 and 4).   The data was generated by Dr. Thomas 

Santangelo, Ohio State University. 

 

It is currently unknown if T. kodakarensis requires a high number of 

PCNA molecules per cell for its general physiology or if PCNA is produced at 

high levels to promote formation of active trimers.  Although no information is 

available on PCNA concentrations in other archaeal species, one can speculate 

that T. kodakarensis does not require grossly greater number of clamps than E. 

coli; both have similarly sized circular chromosomes and both are likely to 

replicate their chromosome from a single origin of replication.  The β-subunit is 

the bacterial functional homologue of PCNA and retains a similar overall 

structure and shared biochemical properties (99,107).  The main difference is that 

the β-subunit is a dimer while PCNA is a trimer (107).  E. coli contains about 600 

copies of the β-subunit per cell resulting in 300 active molecules (dimers).  Thus, 

T. kodakarensis needs about 900 molecules of PCNA to achieve a similar number 

of trimeric rings.  Assuming the same numbers of rings are needed for both 

organisms replisome, the results presented in Fig. 3-7 suggest that the high 

number of PCNA molecule per cell may not be required for function but rather to 

make the concentration sufficiently high to form trimmers, or that PCNA1 has 

more diverse roles in T. kodakarensis than currently known. 
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Figure 3-7. PCNA1 is more abundant than PCNA2 in T. kodakarensis cells.  

Quantitative Western was performed as describe in “Experimental Procedures” 

with PCNA1 (A) or PCNA2 (B). 

 

3.5 Discussion 

T. kodakarensis is the only known euryarchaeote that encodes multiple 

PCNA homologues, however, the data presented here suggest that, like all other 

Euryarchaea, T. kodakarensis requires only one PCNA homologue for viability.  

Despite similar biochemical activities, and thus the potential for redundant roles 

in vivo, we demonstrate that the gene encoding PCNA2 is not essential and can be 

readily deleted from the chromosome without an obvious phenotype.  We could 

not, however, delete the gene encoding PCNA1.  Although the inability to delete a 
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gene is not, by itself, a proof of its essentiality, there are a number of supporting 

observations suggesting that PCNA1 is the replicative PCNA in T. kodakarensis. 

Three additional lines of evidence support the notion that PCNA1 is the 

PCNA normally involved in replication and replisome activity.  First, in many 

archaeal species the gene encoding PCNA is in an operon with a gene encoding a 

subunit of GINS, another replication factor (45,95).  The gene encoding PCNA1 

(TK0535) is in an operon with the gene encoding GINS15 protein (TK0536) 

while PCNA2 is not.  Furthermore, the gene encoding PCNA2 is located in a part 

of the chromosome suggested to be of a viral origin (12) suggesting that PCNA2 

protein is of viral origin.  A second line of evidence comes from the atomic 

structures of PCNA1 and PCNA2.  Although the overall structures of PCNA1 and 

2 are very similar the dimer interfaces are not (83).  The trimer interfaces of 

PCNA1 are more similar to those found in other archaeal PCNA proteins in 

comparison to PCNA2 (83).  Third, the expression of PCNA1 dominates in vivo, 

whereas PCNA2 expression is minimal.  It is unlikely, based on the E. coli model 

and β-subunit concentrations in E. coli, that PCNA2 expression would be 

sufficient to support replication in the absence of PCNA1. 

Taken together our data strongly suggest that PCNA1 is the functional 

replication protein in T. kodakarensis cells while PCNA2 is likely from a viral 

origin.  This scenario is reminiscent of another replication protein found in 

multiple copies in T. kodakarensis (Chapter 2).  The minichromosome 

maintenance (MCM) is the replicative helicase responsible for separating the 

duplex DNA at the replication fork.  While most archaeal species contain a single 
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MCM homologue, T. kodakarensis contains three.  It was shown, however, that 

only one is essential for viability (30) while the other two are likely have a viral 

origin. 
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Chapter 4 The archaeal PCNA proteins 

 

4.1 Abstract 

PCNA is a ring-shaped protein that encircles duplex DNA and plays an 

essential role in many DNA metabolic processes.  The PCNA protein interacts 

with a large number of cellular factors and modulates their enzymatic activities.  

Here the structures, functions and interactions of the archaeal PCNA proteins are 

summarized. 

 

4.2 Introduction 

PCNA was originally identified in humans as an antigen in patients with 

systemic lupus erythematosis and as a protein that was synthesized during the S 

phase of the cell cycle.  The presence of the protein in the nucleus of dividing 

cells led to the name PCNA. Subsequent studies demonstrated that genes that 

encode for PCNA are present in all eukarya and that the proteins are essential for 

cell viability.  It was also found that the protein plays diverse roles in many 

aspects of DNA metabolic processes by interacting and modulating the activities 

of a large number of enzymes (108,109).  When genome sequences became 

available, it was found that all archaeal species sequenced contain at least one 

gene encoding a homologue of the eukaryotic PCNA. 

All PCNA proteins studied were shown to form ring-shaped structures that 

encircle duplex DNA and slide bi-directionally along it.  This ability to slide on 

DNA leads to the term “DNA sliding clamp” commonly used to describe the 
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protein. The first described, and to date best understood, function for PCNA is its 

role in chromosomal DNA replication as the processivity factor for the replicative 

DNA polymerases.  Following primer synthesis by primase, PCNA is assembled 

around the primer and upon binding to the polymerase tethers it to the template, 

resulting in processive DNA synthesis.  

To date, all activities described for the PCNA proteins require them to 

encircle the duplex; no biochemical function for PCNA off DNA has been 

reported.  However, the PCNA proteins form stable rings in solution that cannot 

assemble independently around the duplex.  RFC complex was shown to function 

as the clamp loader in archaea and eukarya.  RFC is capable of assembling PCNA 

around the DNA [reviewed in: (110,111)].  Following primer synthesis by primase, 

RFC recognizes the primer terminus and uses the energy from ATP hydrolysis to 

open the PCNA ring and assemble it around the primer.  Although the mechanism 

of clamp opening by RFC is not yet understood, molecular dynamics simulation 

suggested a lateral opening and right handed spiral of the ring which matches the 

right handed spiral of RFC resulting in clamp opening (112).  However, as PCNA 

participates in other cellular functions besides replication (see below), it is 

possible that other proteins or complexes, not yet identified, are also capable of 

loading PCNA onto DNA.  The number of Okazaki fragments synthesized during 

the replication of the chromosome is larger than the number of PCNA molecules 

within the cell.  Therefore, PCNA has to be unloaded from the DNA so that it can 

be used on subsequent Okazaki fragments.  It was shown that the eukaryotic RFC 

could also unload the PCNA from duplex DNA (113).  It is likely that the archaeal 
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RFC has a similar function.Here a summary of the current knowledge on the 

archaeal PCNA will be described.  For studies on the eukaryotic PCNA the reader 

is referred to several reviews on the subject  (114). 

 

4.3 The archaeal PCNA proteins 

All sequenced archaeal genomes contain at least one homologue of the 

eukaryotic PCNA protein.  However, the number of homologues differs between 

members of the different archaeal kingdoms. While the genomes of organisms 

belonging to the euryarchaeota and thaumarchaeota kingdoms contain a single 

homologue of PCNA (115-117), those belonging to the crenarchaeota branch 

contain three homologues each (118,119).  While the single PCNA in 

euryarchaeota forms a homotrimer similar to the eukaryotic PCNA, the 

crenarchaeota proteins are active as heterotrimers (118,119).  To date, the 

genomes of only two archaeal species contain two genes encoding for PCNA. 

One is the crenarchaeota P. aerophilum while the other is the euryarchaeota T. 

kodakarensis.  It is possible that each participates in a subset of PCNA activities 

within the cell.  In vitro studies with the two proteins from T. kodakarensis show 

that both form homotrimers and can stimulate DNA polymerase activity in the 

presence of RFC (83). It was suggested that one of the T. kodakarensis genes was 

acquired via a recent lateral gene transfer (12). 

 

4.4 PCNA structure 

In all organisms studied PCNA forms ring-shape trimers. To date, the 
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three-dimensional structures of archaeal PCNA proteins have been determined for 

P. furiosus (Fig. 4-1 A) (120), A. fulgidus (Fig. 4-1 B) (121), H. volcanii (Fig. 4-1 

C) (122,123), the two PCNA homologues in T. kodakarensis (Fig. 4-1 D) (83), 

and S. solfataricus (Fig. 4-1 E) (124).  While PCNA from euryarchaeota form 

homotrimers, those from crenarchaeota form heterotrimers.  Nevertheless, the 

overall structures of the rings are very similar to each other as well as to the 

structure of the eukaryotic PCNA (125).  Each monomer is composed of two 

structurally similar domains, although they share very little amino acid sequence 

similarity. The two domains are connected by a long loop that was shown to be 

the major interaction with PIP-box containing proteins (discussed below).  

To form the trimeric rings three monomers interact in a head-to-tail 

manner resulting in a pseudo six-fold symmetry for the trimeric complex. The 

interface includes antiparallel β-strands forming an extended β-sheet, a core of 

hydrophobic residues and ionic interactions. The interfaces between PCNA 

proteins from different organisms vary mainly in the extent of hydrogen bonding 

and ion pairing and the length of the β-strand interaction.   

The inner diameter of the PCNA rings from all organisms studied is about 

35 Å; this is sufficiently large to accommodate duplex DNA. The ring has two 

different faces.  One interacts with proteins that associate with PCNA while, to 

date, the other face has not been implicated in protein-protein interactions.  

Although no structure of a thaumarchaeota PCNA has been determined, it is likely 

to possess a structure similar to those of the euryarchaeota proteins. 

All PCNA proteins identified to date are acidic with low pI (114). The  
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Figure 4-1. Three dimensional structures of archaeal PCNA proteins.  

Top and bottom, front view; middle, side view.  Top and middle images are ribbon 

representations. The bottom panel shows the charge distribution.  Negatively 

charged residues are shown in red; positively charged residues are blue.  Panel A, 

P. furiosus; Panel B, A. fulgidus; Panel C, H. volcanii; Panels D, T. kodakarensis; 

Panel E, S. solfataricus.  

 

charge distribution on the ring surface, however, is not symmetric.  While the 

outer surface is highly negatively charged, there is a net positive electrostatic 

potential in the central cavity (Fig. 4-1).  It was proposed that the negatively 

charged surface might prevent non-specific interactions with DNA.  Using the 

eukaryotic PCNA it was shown that the positively charged residues in the central 
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cavity are required for PCNA interactions with DNA (126).  Furthermore, 

mutating four conserved Arg and Lys residues in the central cavity resulted in 

reduced DNA binding (126).   

In contrast to the PCNA proteins from the thermophilic archaeons P. 

furiosus, A. fulgidus, S. solfataricus, T. kodakarensis, and the eukaryotic PCNA, 

the protein from the halophilic archaeon H. volcanii has very few positively 

charged residues within the central cavity.  Interestingly, out of the four positively 

charged residues in the eukaryotic PCNA required for DNA binding (126) only 

one is present in the H. volcanii protein (122,123).  These observations may 

suggest a different mechanism of interaction with DNA by the halophilic PCNAs.  

It was suggested that the increased number of negatively charged residues in the 

central cavity may serve as cation-binding sites and thus DNA binding may be 

mediated by cation interactions with the phosphate backbone of the DNA (122). 

As mentioned above, T. kodakarensis contains two PCNA homologues, 

PCNA1 and PCNA2 encoded by TK0535 and TK0582 respectively. It was 

suggested that one of the genes encoding for PCNA was acquired via lateral gene 

transfer and is not a result of gene duplication (Chapter 3).  The three-dimensional 

structure supports this hypothesis (83).  While the antiparallel β-strand 

interactions found in the interface and the core hydrophobic interactions are 

conserved between PCNA1 and PCNA2, the side chains participating in hydrogen 

bonding and ionic interactions are not (83). 
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4.5 PCNA functions 

The PCNA protein has no known enzymatic activity.  The only known 

function is its ability to move along duplex DNA.  The protein, however, interacts 

with a large number of cellular factors and regulates their activities [summarized 

in (102,108,109)].  It was proposed that the ability of PCNA to slide along duplex 

DNA might function as a moving platform for enzymes that participate in DNA 

metabolic processes but have low sequence specificity (127).  

Many of the proteins that interact with PCNA do so, at least in part, via a 

PCNA-interacting protein (PIP) motif (128,129).  PIP- motif is 8 amino acid 

sequence defined as Qxxhxxaa where “h” is a moderately hydrophobic amino 

acid (I, L or M) and “a” is an aromatic residue followed by a non-conserved 

sequence containing basic amino acids.  The PIP-motif interacts with the loop that 

connects the two domains in each PCNA monomer.  However, not all PCNA 

interacting proteins contain a PIP-motif and it was found that other, less common 

PCNA binding motifs also present in some proteins.  Furthermore, some proteins 

contain multiple PIP-boxes or several motifs needed for PCNA interactions. 

The archaeal PCNA interacts with a number of enzymes needed for 

lagging strand replication and Okazaki fragment maturation.  PCNA was shown to 

interact and stimulate the activity of the replicative DNA polymerases of 

euryarchaeota PolB and PolD, and crenarchaeota, PolB. When the synthesis of an 

Okazaki fragment is completed the PCNA clamps left on DNA interact and 

regulate the activity of several enzymes needed for Okazaki fragment maturation.  

These interactions include the binding to Fen1 and RNase H, which participate in  
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removing the RNA primers, and DNA ligase which seals the nick between 

adjacent Okazaki fragments (Table 4-1).   

As mentioned above, crenarchaeal PCNA is a heterotrimer.  Studies with 

the heterotrimeric PCNA from S. solfataricus show that different subunits interact 

withPolB, Fen1 and DNA ligase (118).  This observation may suggest that during 

chromosomal replication there is a preformed complex that contains all the 

components needed for lagging strand replication and Okazaki fragment 

maturation.  In euryarchaeota PCNA is a homotrimer and it is not yet clear if 

PCNA can simultaneously bind to different enzymes.  It is thus possible that 

euryarchaea and crenarchaea utilize PCNA differently. 

In addition to their roles in chromosomal replication, the archaeal PCNA 

proteins also participate in DNA repair and recombination.  The role of PCNA in 

these processes is less well understood.  PCNA binds and regulates the activity of 

several repair and recombination enzyme enzymes (Table 4-1).  PCNA was shown 

to interact and regulate the activity of the archaeal members of the translesion 

DNA polymerases (PolY), which are involved in DNA repair by replicating 

through damaged DNA.  PCNA also interacts with uracil-DNA glycosylase 

(UDG), which eliminates uracil from DNA damaged by cytosine deamination and 

with apurinic/apyrimidinic (AP) endonuclease to generate a gap for efficient DNA 

repair synthesis.  PCNA was also shown to interact with XPF (xeroderma 

pigmentosum complementation group F), Hjc (Holliday junction endonuclease) 

and Hjm (Holliday junction migration helicase) proteins that participate in the 

resolution of Holiday junctions either during recombination mediated repair  
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Table 4-1. PCNA interacting proteins 

 

*Stimulatory effect on P. furiosus UDG but no effect was observed on P.  aerophilum and S. solfataricus UDG. 

 

Protein Effect Organisms in which interactions been demonstrated 

PolB Increase polymerase processivity 
A. pernix; A. fulgidus; M. thermoautotrophicus; M. 
acetivorans  P. abyssi; P. furiosus; S. solfataricus 

PolD Increase polymerase processivity A. fulgidus; P. abyssi; P. furiosus; P. horikoshii 
PolY Increase polymerase processivity M. acetivorans; S. solfataricus  

RFC Loading PCNA onto DNA 
A. pernix; A. fulgidus; M. thermoautotrophicus; P. abyssi; 
P. furiosus; S. solfataricus 

DNA ligase Stimulate ligase activity A. pernix; P. furiosus; S. solfataricus 
Fen1 Stimulate nuclease activity A. pernix; P. aerophilum; S. solfataricus 
RNase HII  A. fulgidus; P. abyssi 
Rad2  A. fulgidus 
UDG Stimulate activity * P.  aerophilum; P. furiosus; S. solfataricus 
XPF Stimulate nuclease activity S. solfataricus 
AP endonuclease Stimulate nuclease activity P. furiosus 
NucS  Increase nuclease cleavage specificity P. abyssi 
Hjc Stimulate nuclease activity S. solfataricus 
Hjm  Stimulate helicase activity P. furiosus  
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and/or in DNA replication restart of stalled or broken replication forks.  PCNA 

also interacts with other enzymes that may be involved in DNA repair [e.g. (130)]. 

 

4.6 Regulating PCNA activity 

In eukarya, post-translational modification of the PCNA proteins regulates 

its stability and the binding between PCNA and its interacting enzymes.  These 

modifications include phosphorylation, acetylation, ubiquitination and 

sumoylation.  To date, neither ubiquitination nor sumoylation have been identified 

in archaea.  However, a small molecule modifier of archaeal proteins has been 

identified (131).  It is thus possible that post-translational modification of PCNA 

also plays a role in the function of the enzyme in archaea.  It was found that 

PCNA in H. volcanii is enriched in the phosphoproteome fractions, thus 

suggesting that the protein may be phosphorylated in vivo (132).  In eukarya, it 

was shown that phosphorylation of several enzymes that interact with PCNA 

modulates their interactions with PCNA [e.g. Fen1 (133)].  As protein 

phosphorylation is commonly found in archaea (134), a similar mechanism may 

also exist in this domain.  Future studies, however, are needed to determine if 

post-translational modification participates in regulating the archaeal PCNA. 

 

4.7 Discussion 

To date, most of the proteins that interact with the archaeal PCNA 

participate in either DNA replication or repair (Table 4-1).  In eukarya, on the 

other hand, PCNA also interacts with enzymes involved in post replication 
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process (e.g. methyltransferase and chromatin remodeling factors), cell cycle 

regulatory proteins (e.g. p21/cip1), etc.  Thus, it is possible that PCNA interacts 

with other, not yet identified cellular proteins and modulates their activities.  The 

recently developed genetic tools for a number of archaeal species may enable new 

experimental approaches to identify those proteins. 
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 Chapter 5 Concluding remarks 

 

In the past decade, a lot of progress has been made on the study of the 

mechanism of DNA replication in archaea.  However, the main drawback of the 

field was the lack of genetic tools.  This has changed in the past few years.  T. 

kodakarensis is found to be naturally competent for DNA uptake and to 

efficiently incorporate donor DNA into its genome.  Benefiting from this, many 

shuttle and integrating vectors have been developed, making T. kodakarensis an 

ideal archaeal model system.  In addition, this organism has several unique 

features regarding its replication proteins, not found in other archaeal species, 

which make it an interesting organism to study DNA replication. 

MCM helicase is an essential enzyme in both the initiation and elongation 

stages of DNA replication.  All archaeal and eukaryotic species contains MCM 

genes.  In eukarya, the replicative MCM complex is a heterohexamer formed by 

the assembly of six different homologs (MCM2-7).  The replicative helicase in 

archaea is also thought to contain an MCM complex, but most archaeal species 

possess a single MCM homolog.  Prior to this work, all archaeal MCM studies 

were from organisms with a single MCM homologue.  However, there are several 

archaeal species, including T. kodakarensis, containing multiple MCM homologs 

(Chapter 1 and 2), which may infer that these organisms may be the evolution 

intermediates between archaea and eukarya.  Therefore, it would be important to 

find whether these paralogues/orthologues form hetero multimeric complexes, 

like their eukaryotic counterparts; or they can be functional individually.  It would 
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be also interesting to see if all of the MCMs in the cell are essential for the cell 

viability. To answer these questions, several experiments were performed 

(Chapter 2).  It was found that all three MCMs contain all essential motifs 

required for archaeal MCM helicase activity reported previously.  Based on the 

biochemical experiments, all three MCMs exhibited ATP hydrolysis ability, DNA 

binding ability and duplex DNA unwinding activity but with different levels.  

However, the three MCMs have different oligomeric states: only MCM3 forms a 

stable hexamer in solution, which is similar to other reported archaeal and 

eukayotic MCMs.  This result may explain why MCM1 is such a poor helicase, 

since it is not a stable hexamer in solution.  Future work will be needed to 

determine how the helicase activity of MCM2 is influenced by its different 

oligomeric states. To determine whether all three MCMs are required for cell 

growth, we tried to knock out each gene.  The result indicated that the genes 

encoding for MCM1 and MCM2 can be knocked out individually and 

simultaneously.  The fact that we could not knockout MCM3 gene suggests it is 

essential for T. kodakarensis.  Collectively, the biochemical and genetic results 

indicated that only MCM3 is involved in DNA replication in T. kodakarensis. 

PCNA is the processivity factor which can tether the DNA polymerase 

onto the template to prevent it from falling off the DNA.  Both archaeal and 

eukaryotic PCNA are composed of three subunits to form trimers (Chapter 3).  To 

date, the structures of six archaeal PCNA have been elucidated, including T. 

kodakarensis (Chapter 3 and 4).  Uniquely, T. kodakarensis is the only 

euryarchaea containing two PCNA homologs.  The two PCNAs from T. 
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kodakarensis share similar overall structure to each other as well as to other 

previously characterized archaeal PCNA structures (Chapter 1 and 3).  However, 

it is also found that the PCNAs have different trimer stability.  Further tests were 

performed to check the difference in biochemical properties of the two PCNAs.  It 

is shown that both PCNAs can stimulate RFC ATPase activity and both can 

stimulate PolB activity.  These biochemical assays confirmed that both PCNAs 

are functional in vitro.  Next, to detect if both PCNAs are needed for cell growth 

in vivo, knock out for each PCNA gene was attempted. Only the gene encoding 

PCNA2 can be deleted, but not PCNA1, suggesting that PCNA1 is essential for 

cell survival and probably involved in DNA replication. 

Another interesting finding is that the three deletable genes encoding for 

MCM1, MCM2 and PCNA2 are located in three different putative viral 

integration regions (TKV1, TKV4 and TKV3, respectively).  This analysis 

suggests that these three potential DNA replication factors may originate from 

viral sources.  They may be acquired through lateral gene transfer, but not via 

gene duplication into T. kodakarensis genome.  In fact, it is rare to find that 

replication factors are located in viral integration regions.  To support it, there are 

totally 151 open reading frames (ORFs) in T. kodakarensis viral integration 

regions.  More than 95% ORFs are annotated as hypothetical proteins, without 

any evident functional homolog.  Based on our study, MCM1, MCM2 and 

PCNA2 are not essential for cell growth.  However, all of them are expressed in 

vivo but with different level.  It is possible that although these proteins are not 

directly involved in DNA replication, they may participate in other DNA 
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metabolism pathways, like DNA repair, recombination or other cellular process.  

To further determine if the knockout strains for MCM or PCNA have abnormal 

cell growth due to DNA replication and repair, T. kodakarensis cell will need to 

be subject to UV radiation and other DNA damage.  Furthermore, T. kodakarensis 

can grow under a wide range of condition (temperature from 60-100°C, pH from 

5-9).  Therefore, it is also possible that the cell may utilize different MCMs or 

PCNAs to adapt its changing living environment.  In the future, the thermostablity 

and pH/salt sensitivity of each MCM and PCNA can be analyzed to approve this 

hypothesis.  Interestingly, both MCM1 and2 have unique N-terminal extensions, 

through which the proteins may interact with other protein factors in vivo to 

regulate the MCM helicase activity.  In fact, in vivo pull down assay also suggest 

that MCM2 may form a complex with MutS homolog, a DNA repair enzyme 

(Chapter 2).  Alternatively, the N-terminal extensions of MCM1 and 2 may also 

be responsible for other enzyme functions required for archaeal viral replication 

and infection regulation.  To support it, it was found that in polyomavirus SV40, 

the large tumor antigen contains an origin DNA binding domain in addition to its 

helicase domain (Chapter 2).  In bacteriophage T7, gene 4 encodes a polypeptide 

composed of both primase and helicase domain.  Another possibility is that the 

host cell may add this N-terminal extension sequence to modify the viral 

replication protein and control its activity.  In other words, these N-terminal 

extensions may reflect the interaction between the host and virus.  Future 

experiment can be designed to characterize the function of the N-terminal 

elongation region.  This study also raised another possibility that the whole viral 
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integration regions in T. kodakarensis (TKV1-TKV4) are not essential for the cell 

growth.  These regions may be formed and developed during the evolution 

process as an “immune system” to defend archaeal viral infection.  

In addition to T. kodakarensis, there are several other archaeal species that 

have been sequenced and shown to contain multiple MCM homologs.  Based on 

our biochemical and genetic results, T. kodakarensis requires only one MCM and 

one PCNA for its DNA replication, like most other archaeal species.  However, it 

is still not clear how multiple MCMs and PCNAs formed in T. kodakarensis and 

other archaeal organisms.  Bioinformatics study suggest that MCM1, MCM2 and 

MCM3 are grouped in the same cluster in archaeal MCM phylogenetic tree, 

which indicated these three MCMs share the same origin (78).  Given that MCM2 

and MCM3 are located in putative viral integration regions, it is possible that 

MCM1 and 2 is generated from MCM3 via viral infections (Fig. 5-1).  It is 

understood that virus could utilize host replication machinery to amplify new 

virus.  During this process, archaeal virus may “hi-jack” the endogenous MCM3 

for its replication and mutated to new MCMs due to low viral replication fidelity.  

Then the virus containing the newly mutated MCM (MCM1 or 2) could invade 

the archaeal cell again.  At this point, T. kodakarensis cell uptake the foreign DNA 

material to integrate to it genome to form the multiple MCM.  This model may 

also be applicable to the evolution of multiple PCNAs in T. kodakarensis.  

Nevertheless, more information and study will be needed for archaeal viruses and 

archaeal evolution to confirm this speculation.  This study will shed light on the 

evolution of multiple MCMs in other archaeal organisms. Future work will need 
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to address the relationship between these viral proteins and DNA repair and 

recombination.  Thermococcus and Pyrococcus are the largest orders among 

euryarchaea.  Interestingly, T. kodakarensis is the only organism has been found 

to have viral integration region in both Thermococcus and Pyrococcus. It will be 

important to understand the reason T. kodakarensis is more easily to be infected 

by virus and acquire foreign materials. 

DNA replication is the basis for the propagation and evolution of living 

organisms. The process needs to be precisely controlled and regulated. This work 

focuses on the study of two essential DNA replication proteins, the MCM helicase 

and the processivity factor PCNA. Using biochemical, structural and genetic 

approaches we studied the three MCM and two PCNA homologs in T. 

kodakarensis. We showed that although T. kodakarensis contains multiple 

homologues of each protein, with similar structures and biochemical properties, 

only one of each is essential for cell viability.  These observations make T. 

kodakarensis similar to most other archaeal species studied which contain a single 

MCM and a single PCNA homologues.   
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Figure 5-1. Putative model for T. kodakarensis multiple MCM evolution.  

Dashed arrow stands for the viral invasion process. Hexagons represent MCMs; 

oval represents T. kodakarensis cell; yellow star represents archaeal virus which 

can infect the T. kodakarensis cells; black arrow represents evolution process; 

dashed arrow stands for archaeal virus infection process. In this process, T. 

kodakarensis is originated from single MCM containing cell to multiple MCM 

harboring cell due to integrated viral genetical materials into its own genome. 

 

 



101 
 

Appendix 

Oligonucleotides used for this study 

Primer Sequence 
MD001 5’-GCGGCGAGTCCAGCTCAGGAGCTCGCGCCG 

MD002 
5'-
TTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGTTTGCGGCGC
GAGCTCCTGAGCTGGACTCGCCGC 

MD003 5'-CGGCGCGAGCTCCTGAGCTGGACTCGCCGC 

MD004 
5'-
GCGGCGAGTCCAGCTCAGGAGCTCGCGCCGGTTTGTTTGT
TTGTTTGTTTGTTTGTTTGTTTGTTT 

MD005 5'-CGGCGCGAGCTCCTGAGCTGGACTCGCCGC 
MD006 5'-CCGACGTGCCAGGCCGACGCGTCCC 

MD007 
5'-
TTTGTTTGTTTGTTTGTTTGTTTGCCGACGTGCCAGGCCGA
CGCGTCCC 

MD008 
5’-
GGGACGCGTCGGCCTGGCACGTCGGTTTGTTTGTTTGTTTG
TTTGTTTG 

MD009 
5’-TTTGTTTGTTTGTTTGTTTGTTTG 
CAGTGCCAAGCTTGCATGCCTGCAG 

MD010 
5’-
CAGTGCCAAGCTTGCATGCCTGCAGTTTGTTTGTTTGTTTG
TTTGTTTG 

MD011 
5'-
CGACCTGCAGGCATGCAAGCTTGGCACTGGCCGTCGTTTG
TTTGTTTGTTTGTTTGTTTG 

MD012 
5'-
TTTGTTTGTTTGTTTGTTTGTTTGCGACGGCCAGTGCCAAG
CTTGCATGCCTGCAGGTCG 

MD013 
5'-
CGACGGCCAGTGCCAAGCTTGCATGCCTGCAGGTCGTTTG
TTTGTTTGTTTGTTTGTTTG 

MD014 

5’-
TTTGTTTGTTTGTTTGTTTGTTTGCGACGGCCAGTGCCAAG
CTTGCATGCCTGCAGGTCGCGACGGCCAGTGCCAAGCTTG
CATGCCTGCAGGTCGCGACGGCCAGTGCCAAGCTTGCAT 
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MD015 

5'-
ATGCAAGCTTGGCACTGGCCGTCGCGACCTGCAGGCATGC
AAGCTTGGCACTGGCCGTCGCGACCTGCAGGCATGCAAGC
TTGGCACTGGCCGTCGTTTGTTTGTTTGTTTGTTTGTTTG 

MD016 5'-CGACGGCCAGTGCCAAGCTTGCATGCCTGCAGGTCG 

MD017 

5'-
TTTGTTTGTTTGTTTGTTTGTTTGCGACCTGCAGGCATGCA
AGCTTGGCACTGGCCGTCGTTTGTTTGTTTGTTTGTTTGTTT
G 

MD018 

5'-
TTTGTTTGTTTGTTTGTTTGTTTGCGACCTGCAGGCATGCA
AGCTTGGCACTGGCCGTCGTTTGTTTGTTTGTTTGTTTGTTT
G 

Miao001 5'-ccgCATATGGAAGTTCTGACAAAGGACGAG 

Miao002 
5'-
ccgGGATCCTCAGTGATGGTGATGGTGATGCTCAAGGCCGTA
CTCCTTCAG 

Miao003 5'-ccgCATATGAAGAAGCGCCTACCAGCGAGC 

Miao004 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGGAGCGGCTCGTA
GAAGCCTATC 

Miao005 5’-ccgCATATGGAGGAAACGAGGTTTAGAAGG 

Miao006 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGTTCCTCACCACC
TCCGAAGAACTCG 

Miao007 5’-ccgCATATGGACGATGACTACCTCAGTTC 

Miao008 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGGAACAACCTCCT
CTGGCGAGAGAGGC 

Miao009 5’-ccgCATATGTTAACAAAAGTTACAGACGTTACAG 

Miao010 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGCCCCACCAACTT
CAATCTATTAG 

Miao011 5’-ccgCATATGAGTGAGGACATCAATTTTGACTTCG 

Miao012 
5’-
ccgGAATTCTCAGTGATGGTGATGGTGATGCCTCCTTCTCAA
GCGGTAAAAG 

Miao013 5’-ccgCATATGGACAGGGAAGAGATGATAGC 
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Miao014 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGGATGACGCGGTA
GAATCCAGC 

Miao015 5’-ccgCATATGACTTTTGAGATTGTGTTTGATTC 

Miao016 
5’-
ccgGTCGACTCAGTGATGGTGATGGTGATGTGAGCGACCCT
CCTCGACTC 

Miao017 5’-ccgCATATGCCGTTCGAAGTTGTTTTTGACG 

Miao018 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGCTCCTCAACGCG
CGGAGCG 

Miao019 5’-ccgCATATGCTCGACCCCTTTGGAAAAAGAGC 

Miao020 
5’-
ccgGGATCCTTAGTGATGGTGATGGTGATGCTCACTGGTCTC
ACCTTCCTTC 

Miao021 5’-ccgCCATGGTGAGTAAGCTGTTGAGGGAAGTAAC 

Miao022 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGTCCCTCATGTAG
CTCCTTCCATTC 

Miao023 5’-ccgCATATGTCCGAGGAAGTGAAGGAAG 

Miao024 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGCTTACCCATAAT
CGTGAACTGG 

Miao025 5’-ccgCATATGACGGAAGTCCCATGGGTTG 

Miao026 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGCTTCTTGAGGAA
GTCGAACAG 

Miao027 5’-ccgCATATGATCCTCGACACTGACTACATAAC 

Miao028 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGAGTTCCCTTCGG
CTTCAGCC 

Miao029 5’-ccgCATATGGATATAGTGAAGCTCAGGGAAC 

Miao030 
5’-
ccgGGATCCTTAGTGATGGTGATGGTGATGGAGGAATATCCT
TACTCTTCGTGC 

Miao031 5’-ccgCATATGTTCACGGGTAAAGCCCTC 

Miao032 
5’ 
ccgGGATCCTCAGTGATGGTGATGGTGATGGGCATCACCGAG
CCACTCGTTTC 

Miao033 5’-ccgCATATGCTGGTGGAGGACCTCCTTAAGAAC 
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Miao034 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGAACCCCCTCGCA
AAACTGGTCAAAC 

Miao035 5’-ccgCATATGAGCGAGGAGATTTACTCGCC 

Miao036 
5’-
ccgGAATTCTTAGTGATGGTGATGGTGATGCGAGCCGAAGA
ACTCGTCGAGGC 

Miao037 
5'-
ccgCATATGATCCTCGACACTGACTACATAACCGAGGATGGA
AAGCC 

Miao038 
5'-
ccgGGATCCTCAGTGATGGTGATGGTGATGAGTTCCCTTCGG
CTTCAGCCAAGCACTCAAACC 

Miao039 
5'-
ccgCATATGAGCGAGGAGATTTACTCGCCTGAAATGAAGGC 

Miao049 5'-ATCTTCTCCAGCTCATCAAT 
Miao050 5'-GAAGTCAAAGAAAGCCCTGACC 
Miao051 5'-CAGGCTTCCCGTTCTTCTTCC 
Miao052 5'-GAAACGGCTGTAAAACGGC 
Miao053 5'-GAATATGGGCCTCTTCTCCC 
Miao054 5'-TTGGAGACCTTGACTGGGCC 
Miao055 5'-CTTGATCTTCGAGACCACTCC 
Miao056 5'-CAGAGTTGCGGTAATTCCGGCC 
Miao057 5'-TGAATCTTCGGCTCGCTTCCATCCC 
Miao058 5'-CAACGGGAAGCTTATGATTGG 
Miao059 5'-GATGAATCCAATGAGTGTTTGG 
Miao060 5'-GGTTATCTTTATTCTCCTCCC 
Miao061 5'-GGCGAGTCTCTCCATATCGTCC 
Miao062 5'-CCTTGCAGTACCAGCGCGCCC 
Miao063 5'-GGTGGTTCGTCTCAACACCGGGG 
Miao064 5'-CTAGCTCCTGAACCCACCACTCC 
Miao065 5'-CAACCCTGGCCGTTTTTCCTTCC 
Miao066 5'-TATCCTCCCAATGATTCCAGCC 
Miao067 5'-TTATCGCGCTTAAATCCAAGCC 
Miao068 5'-GCCTGACTTTCACCAGCCAGCC 
Miao069 5'-GACGGTGAGGACTATCTTTCC 

Miao071 
5’-
GCTAAAGCCAGTGCAGCGGTTGTCTTCCCGACGCCGGGTG
GCCCTGCG 
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Miao072 
5’-
CGCAGGGCCACCCGGCGTCGGGAAGACAACCGCTGCACT
GGCTTTAGC 

Miao073 
5’-
GCGTCTTCGTCGCCGTCGCAGTTCCTCCTCTTCGCCGCATG
GTAATAC 

Miao074 
5’-
GTATTACCATGCGGCGAAGAGGAGGAACTGCGACGGCGAC
GAAGACGC 

Miao075 
5’-
CGCGGACGGCTGCTGCAGTTAGGCCCGCCGCCGATGAACT
CTTCCCG 

Miao076 
5’-
CGGGAAGAGTTCATCGGCGGCGGGCCTAACTGCAGCAGCC
GTCCGCG 

Miao077 
5’-
GGCCTTGGAGATGCTGATTGTCTGCTGCTCCAGCGCTTCGT
GTATCG 

Miao078 
5’-
CGATACACGAAGCGCTGGAGCAGCAGACAATCAGCATCTC
CAAGGCC 

Miao079 
5’-
GATGATTGAGGGGTACAGGGATCTAAAATCTAGGTACACTA
TGTTCTCC 

Miao080 
5’-
GGAGAACATAGTGTACCTAGATTTTAGATCCCTGTACCCCT
CAATCATC 

Miao081 
5’-
GCCGTAGTAACCGTAGTAGCTGTTTGCCAGGATCTTGATGG
CCCTC 

Miao082 
5’-
GAGGGCCATCAAGATCCTGGCAAACAGCTACTACGGTTACT
ACGGC 

Miao083 5’-GCCGTCGCAGTTCCTCCTCTTCGCCGCATGGTAATAC 
Miao084 5’-GTATTACCATGCGGCGAAGAGGAGGAACTGCGACGGC 

Miao085 
5’-
CGGCTGCTGCAGTTAGGCCCGCCGCCGATGAACTCTTCCC
G 
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Miao086 
5’-
CGGGAAGAGTTCATCGGCGGCGGGCCTAACTGCAGCAGCC
G 

Miao087 
5’-
GGAGATGCTGATTGTCTGCTGCTCCAGCGCTTCGTGTATC 

Miao088 
5’-
GATACACGAAGCGCTGGAGCAGCAGACAATCAGCATCTCC 

Miao089 
5’-
GGGGTACAGGGATCTAAAATCTAGGTACACTATGTTCTCC 

Miao090 5’-GGAGAACATAGTGTACCTAGATTTTAGATCCCTGTACCCC 

Miao091 
5’-
GTAACCGTAGTAGCTGTTTGCCAGGATCTTGATGGCCCTC 

Miao092 
5-
GAGGGCCATCAAGATCCTGGCAAACAGCTACTACGGTTAC 

Miao093 

5’-
ACCTTGTGGGTCACCTCGTTATAGGTCTCGCTCCACACACC
TCGGCTGGAATCATTGGGAGGATAATCGGCTTTTCAGACGT
TCTCGTTGGCTACGCACACCCGTATTACCATGCGGC 

Miao094 

5’-
CGAGGCAGGGAGGTACCTCCTCAAGGTGGCGCGCTTCATC
GATGACCTCCTTGAGAAGTTCTACGGATTACCCAGGTTCTA
CAATGCCGAGAAGATGGAAGACCTTGTGGGTCACC 

Miao095 5’-GTATTACCATGCGGCGAAGAGGAGGAACTGCGACGG 

Miao096 
5’-
ccgGAATTCTTAGTGATGGTGATGGTGATGCGAGCCGAAGA
ACTCGTCGAGG 

Miao097 5’-ccgGAATTCTTACGAGCCGAAGAACTCGTCGAGG 
Miao098 5'-TTAACGAAAGTATTGTAACACACC 
Miao099 5'-GATCGAACACACGAAAAGGAAACC 
Miao100 5’-AAGAGATGATAGCACGCTTTGCC 
Miao101 5’-CCCTGTCCATATGTATATCTCC 
Miao102 5’-ccgCATATGGACAGGGAAGAGATGATAGC 
Miao103 5’-CTAAGTGTGGGTATGAGGTTTCTCTCC 
Miao104 5’-GACACACAAAAACAGCCTTCTCGATGAAGCC 
Miao105 5’-ATACATATGGACAGGGAAGAGATGATAGCACG 
Miao106 5’-CGTGCTATCATCTCTTCCCTGTCCATATGTAT 

Miao107 

5'-
cctGTCGACAGCGATATATTTATATAGGGATATAGTAATAGATA
ATATCACAGGTGGTATGAATGAGTGAGGACATCAATTTTGA
CTTCG 
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Miao108 
5’-
CCGAAGCGGCCGCTCAGTGATGGTGATGGTGATGGTGATG
GTGATGCCTCCTTCTCAAGCGGTAAAA 

Miao109 5'-ccgGGATCCTCACTTACCCATAATCGTGAACTGG 
Miao110 5'-5'-catgaggggaagattgaaccgcc 
Miao111 5'-ccgGGATCCTTACTCACTGGTCTCACCTTCCTTC 

Miao112 
5'-
cctGTCGACAGCGATATATTTATATAGGGATATAGTAATAGATA
ATATCACAGGTGGTATGAATGGACGATGACTACCTCAGTTC 

Miao113 
5’-
CCGAAGCGGCCGCTCAGTGATGGTGATGGTGATGGTGATG
GTGATGGAACAACCTCCTCTGGCGAGAGAGGC 

Miao114 5’-ccgCATATGTACCCCGAAAACTATAAAAGG 

Miao115 
5’-
ccgGGATCCTCAGTGATGGTGATGGTGATGTTGGATTCCCTC
CAGCAGG 

Miao116 5’-ccgCATATGATTCCTTTTCTAATTTTCTTC 

Miao117 
5’-
ccgGGATCCCTAGTGATGGTGATGGTGATGGTGTTCCCCGTA
TTTAGG 

Miao118 5'-CCATCAAGGCCTTCAACGATGCC 
Miao119 5'-GGACAAGGCCATGTCGGTTGAGG 
Miao120 5'-CCGTGGAGAGGGTTGCGCCTAAGGCG 
Miao121 5'-TGAGACTGAGCTGTTGGGGG 
Miao125 5'-ccgGGATCCTCAAACCCCCTCGCAAAACTGGTCAAACC 
Miao126 5'-ATGAGTCCCTTCCAGTGGAAAACGGG 
Miao127 5’-GGGCAAAGGAGATTCCCGACGAGTGGGAGC 
Miao128 5’-TGTAGTGGAAGCCCTCCTTTGGGGC 
Miao129 5'-ccgCATATGCTGGTGGAGGACCTCCTTAAGAAC 
Miao130 5’-ccgCATATGACTTTTGAGATTGTGTTTGATTC 
Miao131 5'-ccgGTCGACctgcagTCATGAGCGACCCTCCTCGACTC 
Miao132 5'-ccgGGATCCctgcagTCACTCCTCAACGCGCGGAGCG 
Miao133 5’-TCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG 
Miao134 5’-TATACATATGGTACTGCAAGAACGTGAAGTTCTGCAG 
Miao135 5’-TATACATATGGAGGCTAAGCTCAGGGAGCTGGAGGAGG 
Miao136 5’-GAGAGTTCATCGGCGGCGGGCCTAACTGCAGCAGCCG 
Miao137 5’-CCCGCTCGTGTAAATAGCCCTTGGAGCCAGATTGGCG 
Miao138 5’-CCGCATATGAAGATAGCGGGCATTGACGAGG 
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Miao139 
5’-
CCGGGATCCTCAGTGATGGTGATGGTGATGGACCTTCCGAA
AGTAGCGG 

Miao140 
5’-
TGAGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCC 

Miao141 
5’-
GCGACGACGCAGACGATAAAAACCCGGTTTGCTCTGTTCA
ACC 

Miao142 
5’-
CCCCACCAACTTCAATCTATTAGCCTCAACCTCCGCAACTC
TCC 

Miao143 
5’-
GATGACGCGGTAGAATCCAGCTCTCGGTTCATAGACCCTGC
C 

Miao144 
5'-
CACGGGATCCTCAACCAACAGAAGCTCTTCGAAGGTGATG
GTGATGGTGATGCTCCTC 

Miao145 
5'-
CACGGTCGACTCAACCAACAGAAGCTCTTCGAAGGTGATG
GTGATGGTGATGTGAGCGAC 

Miao146 5'-AAGCTTGCGGCCGCACTCGAGCACCACC 
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