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ABSTRACT 
 
 
 

ARCHAEAL TRANSCRIPTION AND REPLICATION: NEW INSIGHTS INTO TRANSCRIPTION-

COUPLED DNA REPAIR AND ORIGIN-INDEPENDENT DNA REPLICATION 

 

The three Domains of extant life use similar mechanisms for information processing 

systems. Although many aspects of replication, transcription and translation are universally 

conserved, the evolutionary history of the enzymes involved is not always clear and domain-

specific differences are known. The transcription apparatus, especially the multi-subunit RNA 

polymerase (RNAP), has a clear evolutionary conservation across all Domains. Elucidating the 

mechanisms of the transcription apparatus in Archaea will help further understanding of 

underlying transcription mechanisms and regulation of those mechanisms, not only in Archaea 

but also in Bacteria and Eukarya. Conversely, the DNA replication machinery, most notably the 

replicative DNA polymerases, are distinct for each Domain. Any demonstration of the activities 

of the replication proteins, and especially discovery of unique pathways and mechanisms 

underlying replication helps to improve the understanding of the larger evolutionary questions 

surrounding DNA replication. 

The compact nature of archaeal genomes necessitates timely termination of 

transcription to prevent continued transcription of neighboring genes while ensuring complete 

transcription of the gene of interest. Transcription elongation is processive, and the transcription 

elongation complex is exceptionally stable. The disruption of this transcription elongation 

process, transcription termination, is an essential step in the transcription cycle. The presence 

of DNA lesions causes early termination of transcription in Bacteria and Eukarya. The results of 

this dissertation demonstrate this is also true in Archaea. Archaeal RNAP arrests transcription at 

DNA lesions and likely initiates transcription-coupled DNA repair (TCR) as will be soon 

demonstrated using in vivo techniques developed during this dissertation work. 
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DNA replication is a highly regulated cellular process, particularly initiation of DNA 

replication. The long-standing replicon hypothesis states a trans-acting replication initiation 

protein must recognize a cis-acting DNA element, the origin of replication. For the 50 years after 

the replicon hypothesis was first posited, the replication hypothesis was supported in phages, 

Bacteria, Archaea, and Eukarya. The work presented in this dissertation describes the non-

essentiality of Cdc6 and the origin of replication, and further demonstrates that origin-

independent DNA replication is the mechanism by which Thermococcus kodakarensis replicates 

its genome. The results of this study and others in the field brings forward questions about the 

evolutionary history of DNA replication in all three Domains of extant life.
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CHAPTER 1 
 
 
 

 INTRODUCTION1 
 
 
 
1.1 ARCHAEAL REGULATION STRATEGIES 

Archaea encode a great diversity of metabolic pathways and unique physiologies. Although 

Archaea often resemble bacteria in size and shape, and occasionally share conserved 

metabolic pathways, the enzymology driving archaeal DNA replication, transcription, translation, 

recombination and repair shares homology with Eukarya. The eukaryotic homology of these 

critical pathways and enzymes, coupled with the component simplicity of the enzymology 

involved in archaeal central dogma processes, provides a unique opportunity to detail shared 

aspects – and compare unique strategies – of regulation in these Domains.  

 There is inherent value in determining the strategies employed in extant life to regulate 

gene expression and growth. The increase use of archaeal organisms for biofuel production and 

biotechnological applications also supports a more thorough discernment of archaeal 

physiology. The recalcitrance of many archaeal species to genetic investigations coupled with 

the very real expenses of maintaining many species in the laboratory has limited progress in 

understanding archaeal diversity, metabolism, regulation, and response to environmental 

stimuli. As such, significant gaps in our knowledge of archaeal information processing systems 

remain. This dissertation provides insights into mechanisms supporting initiation of genomic 

DNA replication, specialized processes of DNA repair, and mechanistic insights into response of 

                                                           

1 A portion of this chapter was previously published as part of a review article, “Transcription 
Regulation in Archaea”, in June 2016. Parts of the original manuscript have been updated, 
expanded, or omitted where necessary and appropriate. 
 
JEW and I conceived the content and co-wrote the manuscript with input from TJS. 
 
Gehring, A. M.; Walker, J. E.; Santangelo, T. J. Transcription Regulation in Archaea. Journal of 
bacteriology 2016, 198, 1906-17. PMID: 27137495. 
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the transcription apparatus during the elongation and termination phases of the archaeal 

transcription cycle.  

1.2 TRANSCRIPTION 

The multi-subunit RNA polymerase (RNAP) is essential for all life. Although RNA 

synthesis is carried out by RNAP, the activities of RNAP during each phase of transcription are 

subject to basal and regulatory transcription factors. Substantial differences in transcription 

regulatory strategies exist in the three Domains (Bacteria, Archaea, and Eukarya). Only a single 

transcription factor (NusG or Spt5) is universally conserved1,2, and the roles of many archaeal-

encoded factors have not been evaluated using either in vivo and in vitro techniques. Archaea 

are reliant on a transcription apparatus that is homologous to the eukaryotic transcription 

machinery; similarities include additional RNAP subunits that form a discrete subdomain of 

RNAP3,4, as well as basal transcription factors that direct transcription initiation and  

elongation5–8. The shared homology of archaeal-eukaryotic transcription components aligns with 

the shared ancestry of Archaea and Eukarya, and this homology often is exclusive of Bacteria. 

Archaea are prokaryotic but the transcription apparatus of Bacteria differs significantly from that 

of Archaea and Eukarya. 

The archaeal transcription apparatus is most commonly summarized as a simplified 

version of the eukaryotic machinery. In some respects, this is true, as homologs of only a few 

eukaryotic transcription factors are encoded in archaeal genomes and archaeal transcription in 

vitro can be supported by just a handful of transcription factors. However, much regulatory 

activity in eukaryotes is devoted to post-translational modifications of chromatin, RNAP, and 

transcription factors, and this complexity seemingly does not transfer to the archaea where few 

post-translational modifications or chromatin-imposed transcription regulation events have been 

described. The ostensible simplicity of archaeal transcription is under constant revision as more 

detailed examinations of archaeal-encoded factors become possible through increasingly 

sophisticated in vivo and in vitro techniques. 
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The Archaeal Transcription Cycle 

Transcription is highly regulated and the transcription cycle is typically demarcated into 

three phases: initiation, elongation and termination9–14 (Figure 1.1). An abbreviated and overall 

introduction to this cycle is presented first, with sections below detailing the activities of RNAP 

and associated factors during each stage of transcription. Briefly, archaeal transcription initiation 

requires that RNAP be directed to promoter-sequences defined by the binding of TATA binding 

protein (TBP) and transcription-factor B (TFB). TBP, TFB, and RNAP are sufficient to generate 

a single-stranded section of DNA (the transcription bubble) and feed the template strand into the 

bi-partite active center of RNAP6,15. RNAP can initiate transcript synthesis de novo and 

continued synthesis then competes with favorable promoter and initiation factor contacts until 

promoter escape can be achieved. Release of RNAP from the initiating factors classically 

defines the end of initiation, although in reality no clear boundary separates the latter stages of 

initiation from the early stages of elongation. Although TFB and TBP are necessary and 

sufficient to permit promoter-directed transcription initiation, a third conserved factor, 

transcription factor E (TFE), can also assist in transcription initiation and likely leaves the 

promoter with RNAP during the early stages of transcript elongation16–19.  Transition to a stable, 

long-lived elongation complex is believed to involve internal rearrangements of RNAP. This 

transition involves the exchange of initiation factors for stably bound elongation factors that 

monitor RNA synthesis for accuracy, respond to regulatory DNA sequences, react to regulatory 

inputs of more transiently associated transcription factors, and influence processivity of RNAP. 

Elongation is, in general, very stable, but specific sequences can lower the overall energy of the 

transcription elongation complex permitting either spontaneous intrinsic or factor-assisted 

termination20,21. Transcription termination results in release of both the transcript and RNAP 

from the DNA template. 
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Figure 1.1. The archaeal transcription cycle. (A) The euryarchaeal RNA polymerase crystal 
structure from T. kodakarensis (PDB ID: 4QIW) is shown in a surface representation. The 
clamp (green) and stalk (blue) domains are highlighted.  A simplified cartoon structure of 
RNA polymerase is shown below in green; the bipartite active site and RNA exit channel are 
highlighted in dark green. (B) i. RNAP is recruited to the promoter by transcription factors 
TFB, TFE and TBP during transcription initiation. ii. RNAP escapes the promoter and early 
elongation begins with TFE bound to RNAP. iii. TFE is replaced by elongation factor Spt5 
during elongation. iv. Factor dependent termination is predicted to occur in archaea by an 
unknown factor. v. Intrinsic terminators are characterized by a run of T’s on the non-template 
strand. vi. The transcript is released and RNAP is recycled for another round of transcription.  
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Regulated transcription initiation 

 Transcription initiation is tightly regulated by both transcription factors and DNA 

elements. The minimal, necessary proteins and DNA elements for archaeal transcription 

initiation are now well defined and characterized22–29. A recent excellent review30 summarizes 

the actions of repressors and activators that function during initiation in archaeal species. The 

focus here is on the roles of new DNA elements and newly discovered strategies of basal 

initiation factors. 

Basal Transcription Factors 

TBP and TFB are the only transcription factors required for in vitro transcription under 

optimized conditions, and TFE has been shown to assist promoter-opening when conditions are 

sub-optimal17. In vivo studies have shown that archaea must retain at least one gene encoding 

TBP and one gene encoding TFB, although many archaeal species encode multiple TBP and 

TFB isoforms5,22,31–36. Some differences in promoter-sequence preferences and protein-pairing 

have been noted in TBP-TFB isoform pairs37–42, but these minor differences are not on par with 

the clear but not always radical promoter-sequence differences noted for alternative σ-factors in 

bacterial transcription40,43. TFE also appears essential, and it is currently unclear if this 

essentiality is due to necessary activities during transcription initiation or some other role in the 

transcription cycle27,44,45. 

All three of the aforementioned transcription factors have close eukaryotic homologs: 

archaeal TBPs are nearly identical to eukaryotic TBPs46; archaeal TFB proteins are homologous 

to eukaryotic TFIIB proteins47, with homology also seen with the Pol III initiation factor BRF148 

and Pol I initiation factor Rrn7/TAF1B49; and archaeal TFE proteins are homologous to the N-

terminal half of the eukaryotic TFIIEα, and recent evidence identified a separate homolog in 

some lineages to eukaryotic TFIIEβ18. TBP is needed to recognize the TATA box, bend the 

DNA, and recruit TFB47; its role has therefore been deemed equivalent to the role of eukaryotic 

TBPs. Recent, sophisticated TIRF-FRET measurements now detail differences in the activities 
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of archaeal and eukaryotic TBPs, despite the nearly identical 3-D folds of these factors23. In 

some cases, archaeal TBPs require the co-binding of TFB to stably bind and bend the promoter 

DNA 5,23,50,51. It is tempting to speculate that different promoter sequences may be regulated by 

different TFB-TBP pairs based on the interdependence, or lack thereof of cooperative DNA 

bending for establishing a stable platform for RNAP recruitment. Recent studies suggest that 

select isoforms of TFB and TBP can result in differences in transcription output, but further 

studies will be needed to determine if these effects on such preliminary steps of transcription 

initiation are a direct mode of regulation resulting in phenotypic differences38,52. 

In contrast to eukaryotic transcription, archaeal promoter opening is not an energy-

dependent process6. Therefore, TBP and TFB alone are capable of assisting RNAP in formation 

of the transcription bubble. In all archaea, TFB is responsible for stabilizing the TBP bound DNA 

complex and together this bi-partite protein platform recruits RNAP53, but how these molecular 

interactions melt the DNA is still unresolved. Reconstructions and analyses of open complexes 

using archaeal components reveal an overall architecture of the open promoter complex and 

provide the first placement of the non-template strand within the complex53. TBP and TFB are 

located closer to RNAP than would be the case for eukaryotic promoters and this proximity may 

provide more intimate contacts that collectively provide the energy to open the promoter DNA. 

The tight network of interactions in the archaeal open complex may torsionally strain the DNA 

and melting is likely to reveal this strain and result in open complex formation. 

Several new insights into TFE activity and evolution have been described. Archaeal TFE 

had previously been characterized as a monomer and as a homologue of the alpha-subunit of 

eukaryotic TFIIE, termed TFIIEα17,19,54. Eukaryotic TFIIE is a heterodimeric complex of TFIIEα 

and TFIIEβ, but archaeal genomes had only been shown to encode a homologue of the alpha-

subunit55,56. Eukaryotic RNAPs differ in their requirements for initiation, with RNAP III 

incorporating homologues of several RNAP II initiation factors as core components of RNAP 

III57–59. Comparisons of the RNAP III subunit hRCP39 revealed a well-conserved archaeal 
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homolog (termed TFEβ) that directly and extensively interacts with archaeal TFE (now named 

TFEα)18. Although TFEβ is not conserved in all archaea, TFEβ is essential for some 

crenarchaea, and when employed in vitro, TFEα/TFEβ complexes are effective in binding 

RNAP, stabilizing open complex formation, and stimulating total transcriptional output18. 

The mechanism of TFE recruitment to the initiation complex and its activities during 

initiation have been partially resolved. TFEα simultaneously binds TBP, RNAP and downstream 

DNA, and has been shown to stimulate transcription at non-canonical promoter sequences and 

at reduced temperatures in vitro17,19,60. Several studies have identified critical interactions 

between TFE and the pre-initiation complex that have furthered our understanding of TFE 

function during initiation2,16,27,60,61. TFEα consists of two domains: a winged helix (WH) domain 

and a zinc-ribbon (ZR) domain62,63; TFEβ contains a conserved WH domain and a FeS 

domain18. The winged-helix domain of TFEα contacts the upstream, non-template strand of 

DNA and helps form the open-promoter complex through an unknown mechanism16,53. Several 

studies have shown that the presence of the RNAP stalk domain, unique to archaeo-eukaryotic 

RNAPs and comprised of two subunits – RpoE and RpoF in archaea and Rpo4 and Rpo7 in 

eukaryotes – is essential for the full activity of TFEα60,64,65. The predicted interaction between 

TFEα and the stalk domain was bolstered by co-purification of TFEα with intact RNAP but the 

loss of TFEα from RNAP preparations wherein the stalk domain was missing45. A recent 

structure-function study identified critical interactions between TFEα and RpoE of the stalk 

domain27. TFE may have an essential role in modulating intramolecular movements of RNAP 

during the transcription cycle, most notably movements of the clamp domain. Interaction of 

TFEα with both the stalk and clamp domains of RNAP during transcription initiation may retain 

the clamp domain in an open conformation necessary for initiation and early elongation. 

Replacement of TFE by Spt4/5 during early elongation may alter clamp positioning and further 

stabilize the elongation complex2. 
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DNA elements 

Transcription initiation is regulated by DNA elements that are recognized by basal transcription 

factors and that influence subsequent steps in promoter opening. There are four DNA elements 

currently known to regulate archaeal transcription initiation; i) the TATA box located 

approximately 25 bp upstream of the site of transcription initiation66–68, ii) the TFB Recognition 

Element (BRE) located immediately upstream of the TATA box5, iii) the initiator element (INR) 

located within the initially transcribed region, and iv) promoter proximal element (PPE) located 

between the TATA box and the site of transcription initiation69–71. Of these four, only the TATA 

box and BRE are required for transcription initiation, although alterations to all four elements 

can influence total output of a promoter.  

The INR is not a required DNA element for transcription initiation; however, it is a 

regulatory element that can increase the strength of the promoter in a TATA- and BRE-

dependent manner. The INR is a core promoter element located in the 5′ untranslated region 

(UTR), and has sequence similarity to the TATA box. The INR has been shown to be targeted 

by some transcriptional activators, and its high A/T content may facilitate promoter-opening in 

some instances. Given that many archaeal transcripts are leaderless, the INR is not consistently 

identifiable, and the regulatory influence of INR sequences does not appear to extend to RNA 

half-life or to the altering of translational capacity72. PPEs, centered at approximately ten bps 

upstream of the site of initiation, have been shown to increase transcription output through 

recruitment of TFB69,70. Additionally, permanganate footprinting data of the preinitiation complex, 

demonstrated that the border of the transcription bubble is at the PPE and that this region is 

important for the activity of TFEα/β18. 

Regulation of transcription elongation 

 As transcription transitions from initiation to elongation, RNAP undergoes a 

conformational change accompanied by the replacement of initiation factors with elongation 

factors2,12,73–76.  It is plausible that the emerging nascent transcript stimulates the swap of 
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regulatory factors and initiates the intramolecular movements that result in stable elongation 

complex formation64,77. Very few transcription elongation factors have been bioinformatically 

identified within archaeal genomes, and it is probable that archaeal-specific factors await 

discovery. Archaeal genomes do not appear to encode any co-activator complexes nor mega-

complexes for chromatin-modification or rearrangements. There does not appear to be 

machinery for regulated post-translational modifications of the archaeal transcription apparatus 

nor chromatin, with the exception of acetylation/deacetylation of the small chromatin-associated 

protein Alba78–81. Furthermore, archaeal transcripts are not capped, do not require nuclear 

export and with the exception of self-splicing introns, are intron-less; thus factors responsible for 

these activities are similarly lacking from archaeal genomes82–84. 

Transcription elongation factors have various roles including increasing processivity and 

fidelity of RNAP and/or increasing genome stability. Only two archaeal elongation factors have 

been experimentally studied: the aforementioned universally conserved elongation factor Spt5, 

often with a conserved binding partner Spt4 (Spt4/5)2,85,86 and transcription factor S (TFS)87,88. 

Several recent studies have shed light onto the roles of Spt5 during elongation64,74,89,90. TFS, 

with homology to the C-terminal domain of eukaryotic TFIIS and functionally analogous to 

GreA/GreB in Bacteria8,91–93 can stimulate endonucleolytic cleavage of the RNA from 

backtracked RNAP complexes87,93–95. The finding of multiple TFS homologs in some archaeal 

lineages offers the possibility of unique regulatory roles of specific isoforms.  

Transcription factor Spt5  

Archaeal Spt5, homologous to bacterial-encoded NusG, consists of two domains: the 

NusG N-terminal (NGN) domain and a single, C-terminal Kyrpides-Ouzounis Woese (KOW) 

domain with affinity for single stranded RNA85,86,89; eukaryotic Spt5 typically contain three to six 

repeats of the C-terminal KOW domain95–97. Critical, direct molecular interactions between Spt5 

and RNAP have been identified in both Bacteria and Archaea85,86,89,90,95,98–100, and the 

conservation of RNAP and Spt5 infers that these same interactions are used in Eukarya. Briefly, 
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a hydrophobic depression on the NGN domain interacts with the mobile clamp domain of RNAP, 

with additional interactions between the NGN domain and RNAP jaw domain likely fixing the 

location of the clamp domain in a closed configuration11,98. Spt5 interaction with RNAP is not 

necessary for productive and processive elongation in vitro, but the interaction does increase 

total output of transcription systems1. It is plausible that Spt5 increases elongation rates and 

processivity, as E. coli NusG does, and it is further possible that the increased efficiency of 

transcription results from the stabilization of the clamp domain that in turn stabilizes the 

DNA:RNA hybrid in place during transcription elongation89,101–103. The NGN domain also 

contacts the upstream strands of DNA offering protection from backtracking and, by inference, 

may reduce pausing of the transcription elongation complex89,90,104,105. It is of importance to note 

that NusG/Spt5 can have a positive and/or negative effect on elongation rates and pause events 

of RNAP. In Thermus thermophilus, NusG slows down RNA elongation rather than increases 

elongation rates98. In Bacillus subtilis, sequence-specific interactions of the NGN and non-

template DNA strand within the paused transcription bubble stabilized the pause event in the trp 

operon104,106. Furthermore, evidence in Saccharomyces cerevisiae has shown that Spt4/5 

induces pauses during early elongation of RNAP I but promotes elongation downstream107. 

Although NusG can elicit opposite roles on transcription elongation, the NusG:RNAP binding 

sites remain well-conserved across various species. Archaeal and eukaryotic-genomes often 

encode an additional elongation factor, Spt4 (annotated as RpoE’’/RpoE2 in archaea), that 

forms a complex with Spt5 and stabilizes the Spt5-RNAP interaction1,86,95. Spt4 does not appear 

to be essential; however, the affinity of Spt5 for RNAP decreases in the absence of Spt4 in 

vitro1. 

The primary interacting partners (e.g. RNAP and Spt4) of the Spt5-NGN domain have 

been established in molecular detail; however, no specific interacting partners of the KOW 

domain have been identified in archaea. It is possible that the affinity of the KOW domain for 

RNA leads to non-specific interactions with the emerging transcript, however, it is tempting to 
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speculate greater involvement of the KOW domain based on the known activities of the C-

terminus of bacterial NusG108. Bacterial NusG can facilitate elongation or termination depending 

on its binding partner99,101,102,109–111. The bacterial NusG KOW domain can interact with the S10 

ribosomal subunit (NusE) during elongation, thereby linking the leading ribosome with the 

transcription apparatus110,111. When not bound to a trailing ribosome, the bacterial NusG-KOW 

domain can be bound by and stimulate the activity of the transcription termination factor 

Rho109,112,113. Archaeal transcription and translation are similarly coupled114,115, and it is 

reasonable to venture that archaeal Spt5 can also link the archaeal transcription and translation 

apparatuses, and also potentially interact with termination factors.   

Intramolecular rearrangements of RNAP may increase processivity 

The archaeal and three eukaryotic RNAPs can be reduced in complexity to three large 

domains: the core, the mobile clamp, and the stalk4,75,116. The archaeo-eukaryotic stalk, absent 

from bacterial RNAP, is used by a host of archaeal and eukaryotic transcription factors to bind 

and regulate the activities of RNAP. Increasing evidence from biochemical, biophysical, and in 

vivo approaches indicate that transcription factor binding often stimulates intramolecular 

movements of RNAP that appear necessary for transitions between phases of the transcription 

cycle4,27,90,100,117,118. 

Hinge-like movement of the mobile clamp domain has been demonstrated for the 

bacterial RNAP75. The movements of the mobile clamp are sufficiently large enough to open the 

main channel of RNAP such that double stranded DNA can easily enter and exit when the 

clamp is open, whereas double stranded DNA – or the RNA/DNA hybrid – would be trapped 

inside RNAP when the clamp is closed. The bacterial RNAP clamp is open during initiation but 

remains closed during processive elongation73, leading to a simple model of encapsulation of 

the nucleic acids to explain the dramatic stability of the elongation complex. It was then logical 

to propose mechanistic actions of transcription factors that may modulate the clamp positioning 

with respect to the core and stalk domains of RNAP and thus alter the stability and transitions of 
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RNAP throughout the transcription cycle. TFE is predicted to make contacts with both the clamp 

and stalk domain of RNAP thereby fixing the clamp into the open conformation critical for 

initiation27,60,118–120. As transcription transitions into the elongation phase, RNA emerges from the 

enzyme and interacts with the stalk domain64,77, where a predicted steric clash occurs between 

the RNA and TFE, likely driving TFE to disengage from RNAP. The disengagement of TFE 

allows for Spt5 to bind to the clamp and core domains of RNAP and lock the clamp in the 

closed position, thus ensuring processivity during elongation89. 

RNAP clamp movement is predicted to be universal; however, both the archaeal and 

eukaryotic RNAP contain additional subunits, including the stalk domain2,75,116,119,120, and 

previous structural data predicted the stalk domain would sterically limit or abolish major 

movements of the clamp domain. Recent crystallographic evidence of the complete 

euryarchaeal RNAP demonstrated that the clamp is able to open without a steric clash with the 

stalk domain through a coordinated swing and rotation movement of both the clamp and stalk 

domains75. This evidence supports the bacterial mechanism of the clamp opening and closing 

during initiation/termination or elongation, respectively, thus supporting a universal model of 

clamp movement.  

Transcription Termination 

Transcription termination occurs when the transcription elongation complex becomes sufficiently 

unstable and fails to maintain contact between RNAP and the encapsulated nucleic acids. The 

stability of the transcription elongation complex is derived from i) contacts between RNAP and 

the RNA:DNA hybrid, ii) contacts between RNAP and single-stranded RNA in the exit channel, 

iii) contacts between RNAP and the downstream DNA, and iv) the base pairing of the RNA:DNA 

hybrid116,121–127. The first and last of these contacts are most likely to be altered during the 

termination process. Transcription through specific DNA sequences can result in stronger or 

weaker base pairing within the RNA:DNA hybrid, and contacts between RNAP and the nucleic 

acids are most easily modified by movements of the clamp domain that relieve movements of 
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the hybrid with respect to the core of RNAP128–130. Release of the nascent RNA may be possible 

through continued translocation in the absence of synthesis, or the RNA:DNA hybrid could be 

released in bulk if the clamp domain transitions from a closed to open position. The gene-dense 

nature of many archaeal genomes necessitates timely termination of transcription to prevent 

aberrant transcription of neighboring genes. It is predicted that there are two mechanisms of 

termination across all domains: intrinsic termination and factor-dependent termination.    

Intrinsic termination 

Intrinsic transcription termination is driven primarily by weak base pairing within the 

RNA:DNA hybrid and occurs independently of the activity of transcription factors131,132. Intrinsic 

transcription termination has been established in all three Domains20,21,133,134, with some 

differences in sequence and structural requirements131,133,135–137. The archaeal RNAP, like 

eukaryotic RNAP III, is sensitive to intrinsic termination20,134,138,139. Eukaryotic RNAP I and RNAP 

II do respond to DNA sequence context in the form of pauses and arrests, but rarely release the 

transcript at such positions140–142. Archaeal intrinsic termination is characterized by a run of five 

to ten thymidine residues in the non-template strand, encoding a run of poly-U at the 3’ end of 

the nascent RNA20,21. The weak rU:dA RNA:DNA hybrid at or near the positions of termination is 

seemingly insufficiently energy rich to maintain the stability of the elongation complex; RNAP III 

similarly spontaneously dissociates upon transcription of poly-T non-template tracts. 

Identification of factor-dependent termination 

Transcription factors involved in initiation and elongation have been characterized in all 

domains and until recently transcription termination factor(s) had only been characterized in 

Bacteria and Eukarya14,143–146. Two well-studied transcription bacterial termination factors, Rho 

and Mfd13,147–151, lack clear homologs in archaeal genomes, but there are hints that analogous 

activities may be present in archaeal species. Interestingly, the mechanism of the only identified 

archaeal transcription termination factor, Eta, suggests that it is analogous to Mfd14.  
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Although first characterized in T. kodakarensis, Eta is conserved in most archaeal 

lineages thus suggesting that factor-dependent transcription termination is a common 

transcription regulatory strategy in archaea. Eta is able to disrupt transcription elongation 

complexes causing release of the nascent RNA to the supernatant. Eta appears to be a slow 

acting transcription termination factor and likely is responsible for identifying RNAP in a paused 

or stalled transcription elongation complex. To terminate transcription and remove the stalled 

RNAP, Eta binds to the upstream DNA and in an ATP dependent manner pushes RNAP into a 

hypertranslocated state which causes disassociation of the complex. 

The bacterial Mfd protein can remove RNAP from sites of DNA damage and initiate 

transcription-coupled DNA repair (TCR)147,149,151,155. Recent evidence that the archaeal RNAP 

halts synthesis and forms long-lived complexes at the site of DNA lesions in vitro predicts that 

mechanisms exist to remove RNAP from the site of damage156. Further the deletion of the 

transcription termination factor, Eta, in Thermococcus kodakarensis resulted in cells that were 

sensitive to UV irradiation, even further suggesting the analogous activity of Eta to Mfd14. 

Rho is a homohexamer helicase that represses phage transcription and mediates polar 

repression of downstream genes when transcription and translation become uncoupled144,152–154. 

Archaea demonstrate polar repression of downstream genes in the absence of continued 

translation, and it is likely that a factor or factors mediate polarity in archaea115. It is tempting to 

use the bacterial model of NusG:Rho interactions to conjure a similar picture for Spt5 KOW 

interactions with an archaeal transcription termination factor; Rho is capable of terminating a 

stalled archaeal RNAP in vitro20. 

Chromatin architecture affects the transcription cycle 

Archaea employ two seemingly distinct mechanisms to compact, wrap, and condense 

their genomes to fit within the cell (Figure 1.2)157. Most euryarchaeal species are oligoploid and 

encode histone proteins that dominate chromatin architecture158–162; archaeal histones mimic 

the core eukaryotic histone-fold163,164. In contrast, most crenarchaeal species are diploid and are
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Figure 1.2. Transcription in the context of archaeal chromatin. (A) The structure of histone A 
from Methothermus fervidus (PDB ID: 1B67) is overlaid by a cartoon representation of each 
histone dimer with ~60 bp of DNA wrapping the complex. (B) The crystal structure of an Alba 
dimer from Sulfolobus solfactaricus (PDB ID: 1H0X) bound to DNA is overlaid by a cartoon 
representation. (C). Transcription elongation continues in a chromatin environment. 
Accessibility of the TATA box and BRE is altered by localized chromatin structure.   
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reliant on small, basic nucleoid proteins to organize their genomes165,166. Condensation 

demands organization of the genome and offers regulatory opportunities by controlling the 

accessibility of promoter sequences, the introduction of local superhelicities that may promote or 

inhibit promoter opening, and the potential for the introduction of chromatin-based obstacles to 

transcription elongation. The overall role of genome architecture with respect to archaeal 

transcription is an emerging area of study with several recent studies highlighting the breadth of 

influences genome architecture can have on transcription output at the organismal  

level163,167–169. 

Archaeal histone-based chromatin is known to form extended superstructures of 

polymerized histone-tetramers enveloped in a superhelical DNA that, in overall dimensions, 

mimics an extended and continuous nucleosomal configuration163. Archaeal histones share 

similar biases with eukaryotic nucleosomes for flexible DNA sequences and are, in general, 

absent from the core promoters of archaeal genes163,170,171. Archaeal histone proteins share the 

same core-fold as eukaryotic histones, but lack the extensions from this fold (i.e. tails) that are 

highly modified and essential for proper nucleosome dynamics in eukaryotes172. Archaeal 

histone-based chromatin structures present a surmountable barrier to the progression of the 

transcription elongation complex, although traversion does slow the elongation complex173. The 

lack of known modifications to archaeal histones, and the lack of known machinery for the 

repositioning or movement of archaeal histones suggests that transcription elongation 

complexes simply traverse histone-based chromatin complexes naturally and that chromatin 

organization spontaneously reforms when the histones gain access to preferred binding 

positions following the departure of RNAP. This mechanism of elongation through the histone 

structures is likely similar to the mechanism of Pol III in eukaryotes173–175. 

The activities or stimulatory effects of archaeal elongation factors on transcription 

through archaeal histone-based chromatin remain to be explored; the substantial pausing and 

delayed progress of RNAP on chromatinized-templates suggests that elongation factors will 
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accelerate progress of the transcription elongation complex. Any role of chromatin architecture 

in transcription termination is similarly unexplored. Topology of naked DNA templates does 

influence the positions and efficiencies of intrinsic terminators, suggesting that chromatin-

templates may also influence termination patterns. Archaeal histone-based chromatin-structures 

are not only depleted from promoter regions, but also from predicted termination regions, 

suggesting a potential regulatory role for chromatin architecture on termination of 

transcription170.  

Histone-based regulation of transcription 

Several genetic studies have addressed the role of archaeal histone-based chromatin on 

gene expression at the organismal level with surprisingly different results. In some halophilic 

species, singular histone-encoding genes are non-essential and histone proteins appear to 

function more akin to site-specific transcription factors, moderately influencing the expression of 

only a few genes167. These studies contrast the view of histone proteins as general 

organizational factors with global influence on gene expression, and minimally suggest that 

archaeal chromatin of some species is dependent on the activities of many nucleoid-associated 

proteins. When histone-encoding genes have been deleted, or attempted to be deleted from 

other species, more global disruption of gene expression has been noted163,164,167–171,176–179. 

Some species are reliant on at least one histone protein, and it is unclear at this point whether 

the noted global changes in gene expression seen in deletion strains stem from reorganization 

or disorganization of the archaeal genomes or the primary, secondary, and tertiary effects of 

localized disruptions that leads to additional differences in regulation at remote sites163,168.  

Histone Occupancy at Archaeal Promoter Sequences 

Chromatin architecture at a promoter could influence or prevent transcription initiation by 

occluding transcription factor binding or inhibiting DNA melting170,173,176,180. Crenarchaeal 

encoded nucleoid associated proteins have been shown to influence transcription output 

through the acetylation/deaceytlation of Alba in vitro81, although Alba has not yet been shown to 
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influence transcription in vivo. It is possible that Alba could regulate transcription given that Alba 

proteins can loop, condense, bridge and even saturate DNA in vitro, but the in vivo dynamics 

remain unknown181–185. In the euryarchaeal organism, Methococcus voltae, the deletion of the 

gene encoding Alba resulted in the upregulation only of a small number of genes implying that 

Alba-based regulation may be limited in scope169. Additional research may reveal a clearer 

picture of transcriptional regulation through binding of Alba. 

The binding preferences and genomic locations of stable euryarchaeal histone protein 

interactions have been mapped and it has been shown that regions directly upstream from the 

start codon are nucleosome depleted on a global scale170,171. The presence of histones bound at 

the promoter has been correlated with a decrease in total transcription in vitro180, and it was 

suggested that both steric and torsional effects limit binding of basal transcription factors to the 

DNA180. Although most data supports the lack of histone-based structures at the promoter, 

specific promoters can be regulated by histone occupancy. This appears to be a general 

mechanism of histone-based regulation in some halophiles, and a more specialized mechanism 

of regulation in other species. The transcriptional activator Ptr2 from Methanocaldococcus 

jannaschii must out-compete histones for binding to the promoter to activate transcription of 

select genes186. 

Evidence for transcription-coupled DNA repair in Archaea 

DNA repair mechanisms are essential to maintain the genome for accurate transcription and the 

production of functional RNA macromolecules. In addition to the generalized DNA repair 

pathways, TCR has been established in Bacteria and Eukarya forming a link between 

transcription and DNA repair187,188. In Bacteria, RNAP stalls at the DNA lesion, and the footprint 

of RNAP necessarily occludes the lesion from DNA repair factors. In most cases, Mfd 

recognizes the stalled RNAP, removes it from the DNA lesion, and recruits the Uvr family of 

proteins to initiate excision of the damaged base and surrounding sequences; DNA polymerase 

I then resynthesizes DNA using the undamaged strand as a template and DNA ligase 
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completes repair by ligating the nick to seal the DNA188,189. The Eukarya TCR pathway is 

similarly dependent on recognition of DNA damage by elongating RNAPs, but the pathway 

mediating removal, repositioning or degradation of the stalled RNAP to expose the damaged 

base is much more complex187. The identity and participation of many factors is known, but the 

mechanistic roles played by of all the factors to direct TCR in vivo has yet to be established. It is 

known that the lack or inactivation of factors participating in eukaryotic TCR leads to debilitating 

human conditions, including Xeroderma Pigmetosum and Cockayne’s syndrome190–195.  

Efforts to establish TCR in Archaea have produced mixed results. Studies of members of 

the Crenarchaea, including Sulfolobus solfataricus, concluded that TCR was not detectable, and 

instead suggested high levels of global genome repair were sufficient to maintain genomic 

integrity196,197. Evidence supportive of TCR has been established in some halophilic, 

euryarchaeal species, but the requirements for archaeal TCR and the molecular details of 

proteins involved remains unclear. The halophiles are unique among known archaea in that 

their genomes encode UvrABC – likely recently acquired via horizontal gene transfer from 

bacteria198. In Haloferax volcanii, it was demonstrated that UvrA was required for TCR, however 

in Halobacterium sp. NRC-1, UvrA was not involved in TCR suggesting a unique archaeal 

pathway199,200. Furthermore, most euryarchaeal species do not encode any Uvr protein 

homologues and therefore are likely reliant on unknown archaeal specific factors for mediating 

TCR. Most euryarchaeal genomes do encode homologs to the eukaryotic XP proteins, factors 

known to be critical for eukaryotic TCR201,202. It is tempting to speculate that these XP proteins 

homologs would also have a role in archaeal TCR in archaea.  

1.3 DNA REPLICATION 

Environmental conditions and the overall health of cells regulate genome architecture, DNA 

repair and replication. The initiation of DNA replication is typically the target of extensive 

regulation, and all life normally conforms to a long-standing and seemingly simple mechanism to 

regulate initiation of genomic replication. This hypothesis asserts a role for a trans-acting factor 
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(an initiator protein or protein-complex) whose access to and activities at a cis-acting element 

(DNA origin) are regulated to limit initiation of DNA replication. Although the same overall 

scheme is used, Bacteria use an initiation factor that is distinct from the factor shared between 

Archaea and Eukarya with the eukaryotic initiation complex involving more factors. A wide 

diversity of replicative strategies has been reported within Archaea, and this diversity may 

reflect the unique challenges presented by the diverse environments in which archaeal species 

thrive. 

Replication Origins and Initiation of DNA Synthesis 

DNA replication typically initiates through the assembly and loading of the replisome at 

distinct positions in the genome, replication origins in Bacteria and Archaea or autonomously 

replicating sequences (ARSs) in Eukarya.  Eukaryotes have thousands of ARSs, and the 

mechanism of ARS recognition by the Origin Recognition Complex (ORC) varies among 

species. In some species, the ARS is an AT-rich sequence whereas in other species there is no 

consensus sequence among ARS, and the mechanism of recognition is unknown203. Further 

complicating recognition of ARS by ORC in Eukarya, chromatin plays a role in recruitment of the 

ORC and other replication proteins204,205. In contrast, Bacteria and Archaea replicate their 

genomes from a single or just a few genomic positions that retain conserved, sequence specific 

regions that recruit initiation factors and facilitate unwinding of the DNA206. Archaeal replication 

origins often have AT-rich sequences interspersed with Origin Recognition Boxes (ORB) that 

serve as binding sites for the origin recognition proteins. The core sequence of an ORB contains 

a short dyad repeat, necessary for binding of the origin recognition protein207. Although the 

exact sequence and orientation of ORBs within the origin varies, the presence of ORBs and 

defined replication origins is conserved across Archaea208,209.  

The first archaeal replication origin was experimentally identified in Pyrococcus abyssi in 

2000210. Continued experimentation has identified and validated in silico predictions of archaeal 

replication origins in diverse domains, and the results obtained support that the Thermococcales 
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encode only a single origin of replication per chromosome211. The presence of multiple origins 

(1-4) per chromosome in some archaeal clades may have arisen through horizontal gene 

transfer, gene duplication events, or the retention of viral sequences in the host genome209. 

Archaeal Origin Recognition Proteins 

Eukaryotic origin recognition is reliant on three complexes/proteins: Orc1 recognizes the 

ARS and binds directly to the DNA; Cdt1 is recruited by Orc1, and this recruitment represents a 

key regulatory step in replication initiation; and finally, Cdc6 loads the MCM helicases onto the 

DNA. Archaeal origins are recognized by a subset of homologous factors to also achieve 

loading of the replicative helicase (Figure 1.3). Archaeal genomes encode a protein that is 

homologous to both Cdc6 and Orc1, and, depending on the organism, this factor is termed 

Cdc6, Cdc6/Orc1, or Orc1209,212,213. In the Thermococcales, Cdc6 is the assigned annotation of 

the initiator protein and will be the general term used in this dissertation. 

With the exception of Methanopyrus kandleri, bioninformatic analysis has suggested that 

all archaea encode at least one copy of Cdc6212. The Thermococcales encode only one Cdc6 

protein but Cdc6 copy number varies considerably among archaeal clades212. For example, H. 

volcanii encodes 14 distinct Cdc6 proteins that function at three chromosomal origins and an 

integrated viral origin214. In some organisms, an increase in the number of Cdc6 proteins directly 

correlates to the number of replication origins with each Cdc6 binding only one specific origin215. 

Yet in other organisms, only one Cdc6 protein is necessary for replication initiation, while the 

remaining Cdc6 proteins are predicted to have other roles in the cell216,217. Although these roles 

have yet to be experimentally determined in archaea, they are hypothesized to include gene 

regulation, recombination, replication fork restart, or possible negative regulation of 

replication212,216. 

Archaeal origin binding and DNA unwinding 

 For replication to truly initiate, the DNA must be unwound and the minichromosome 

maintenance (MCM) helicase must be loaded onto the DNA. MCM is responsible for continued 
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Figure 1.3. Comparison of the DNA replication initiation complexes in eukaryotes (right) and 
archaea (left). Eukaryotes require both Cdc6 and Cdt1 to recognize the origin of replication 
whereas archaea only require Cdc6. The eukaryotic Mcm hexamer is made up 6 different 
proteins whereas archaeal Mcm is homohexamer. In both Domains, once Mcm has unwound 
the DNA, the DNA replication apparatus is loaded.   
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unwinding of DNA throughout replication elongation. The winged-helix domain of Cdc6 binds 

directly to origins, and more specifically to ~4-5 bp of ORB sequences218–220. Binding of multiple 

Cdc6 proteins to adjacent ORBs and mini-ORBS is not cooperative, but is generally necessary 

to drive the ATP-independent unwinding/melting of origin sequences221. Unwinding permits 

loading of the replicative, ring-shaped, homohexameric archaeal MCM helicase on ssDNA. 

Cdc6 may assist loading the MCM as is true in Eukarya; however it is also plausible that 

archaeal MCM-loading is Cdc6-indepenent, and several models to accommodate MCM loading 

have been proposed222–225. MCM can self-load onto DNA at D-loops generated by 

recombination events; this can lead to further unwinding and recruitment and loading of 

additional replisome components or simply facilitate resolution of the recombination event226,227. 

Spontaneously-formed, open-ring conformations of MCM provides an alternative mechanism to 

load the helicase complex that does not require Cdc6 activity, but such mechanisms necessarily 

fail to target MCM to the presumptive and known origin sequences encoded in archaeal 

genomes. 

Regulation of replication initiation 

 In both Bacteria and Eukarya, initiation of replication is tightly coupled to the cell cycle. 

For some archaeal clades, including the Crenarcheota, a defined cell cycle has been reported, 

and the cell-cycle regulated expression of Cdc6 and related replication proteins is predicted to 

limit initiation of replication228,229. In contrast, a defined cell cycle is not obvious in most archaeal 

clades – most prominently within the Euryacheaota – and the regulation imposed on DNA 

replication in these species is largely undefined. Euryarchaeal species often share additional 

characteristics, including retention of histone proteins, retention of the archaeal specific DNA 

polymerase D, and oligoploidy (e.g. the retention of many genomes per cell)159,161–164,170,212,230. 

Studies of the euryarchaeal species P. abyssi suggest that Cdc6 is always bound to the origin of 

replication, regardless of growth phase231. This constitutive binding of Cdc6 to origin sequences 

suggests regulation of replication initiation occurs through DNA opening or MCM loading.  
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Alternative mechanisms of initiating replication 

 Origin-dependent genomic replication supports rapid growth of Bacteria and Eukarya, 

but alternative mechanisms of replication initiation can support bacterial growth, albeit very slow 

growth, when either the origin or origin-recognition protein (DnaA) is missing or inactivated by 

mutation232–235. Origin-independent replication is reliant on long-lived R-loops or the induction of 

double strand DNA breaks. R-loops can serve as sights of replisome formation and therefore 

sites of replication initiation236. Double strand DNA breaks require recombination for repair of the 

break. During this repair, the replisome machinery can be loaded onto the DNA and begin 

origin-independent replication.  

In Eukarya, the presence of so many ARS precludes the necessity for all ARSs to fire 

during each round of replication, but no ARS-independent mechanisms support genomic 

replication. The retention of Cdc6 in essentially all archaeal genomes suggests a prominent role 

in replication initiation, but the ability of cells to replicate in an origin-independent manner, even 

in the presence of Cdc6, suggests that the requirement for Cdc6 may not be absolute. Likewise, 

the retention of multiple defined origin sequence in many species suggests their use for normal 

cellular growth, but in many cases, origin-sequences can be individually deleted without 

compromising viability or growth rate. In an intriguing report, all replication origins can be viably 

deleted from H. volcanii, and in contrast to expectations, cells lacking all origins gained a fitness 

advantage237. Replication in these strains was predicted to occur by RDR, and in support of 

such, recombination factors that were dispensable in strains containing origins become 

essential in strains lacking origin sequences.  

1.4 CONCLUDING STATEMENT 

This work presented here offers insights into the regulatory strategies that regulate gene 

expression and cellular growth in archaeal organisms. The response of the archaeal RNAP 

polymerase from T. kodakarensis to DNA lesions will be described. Further a system for 

investigating TCR in T. kodakarensis has been developed and results from this system are 
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pending. This system will be applied to determine which factors, likely unique and archaeal 

specific, are responsible for TCR in vivo. Further, work will be presented describing the 

regulation of replication, or apparent lack thereof, in T. kodakarensis. This lack of regulation 

provides insight into some of the large evolutionary questions surrounding DNA replication 

initiation and cellular division in archaeal species. The work presented lays the foundation for 

continued elucidation of the TCR pathway in the euryarchaea in addition to better understanding 

of archaeal DNA replication and regulation thereof. 
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CHAPTER 2 
 
 
 

ARCHAEAL RNA POLYMERASE ARRESTS TRANSCRIPTION AT DNA LESIONS2

 
 
 

2.1 INTRODUCTION 

All life is dependent on multi-subunit RNA polymerases (RNAP) that share a double β-barrel 

core structure1–9. Despite a highly conserved active center and hybrid binding channel, the 

overall fidelity, elongation rate, processivity and response to sites of DNA damage differs among 

RNAPs from each Domain (Table 2.1). Bacterial RNAP, eukaryotic Pol II, and phage RNAPs 

can respond to a variety of distinct DNA lesions, although the response elicited (e.g. lesion 

bypass, pausing, backtracking, arrest) varies dependent on the source of RNAPs10–24. 

Archaeal-encoded RNAPs share significant structural homology with eukaryotic RNAP II 

(Pol II) and are also reliant on conserved archaeal-eukaryotic factors for promoter-directed 

initiation8,9,25,26. Many model archaeal species thrive in harsh environments that likely result in 

continuous damage to the genomes, and this damage likely impedes both replication and 

transcription27–33. Here we use RNAP purified from Thermococcus kodakarensis, a marine, 

hyperthermophilic, anaerobic euryarchaeaon to monitor the response of the archaeal RNAP to 

site- and strand-specific DNA lesions in vitro. The archaeal RNAP arrests transcription at a 

variety of template strand lesions whereas non-template strand lesions do not hinder 

transcription. Depending on the type of lesion, archaeal RNAP often stalls adjacent to the 

lesion, demonstrating that incorporation across from the damaged base is often possible but  

 

                                                           

2 This chapter was published in June 2017 under the same title. 
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all the experiments. I performed all experiments and analyzed all data. 
 
Gehring, A.M.; Santangelo, T.J. Archaeal RNA Polymerase Arrests Transcript at DNA Lesions. 
Transcription 2017. PMID: 28598254.  
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         Table 2.1. Transcription arrest at DNA lesions in vitro 
 Abasic 8oG 8oA TG dU Ref. 
Phage -/+ -/+ + + - 10-15 
Bacteria - - n.d. n.d. - 16-19 
Archaea + + + + -/+ This study 
Eukarya (Pol II) -/+ -/+ + -/+ - 11,15,20-24 
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that continued elongation is severely hindered as the misaligned base pair moves through the 

hybrid binding channel. Our results are supportive of the recent demonstration of transcription-

coupled DNA repair (TCR) in some Archaea, a pathway dependent the strand-specific 

recognition of DNA lesions by RNAP34. 

2.2 RESULTS 

Archaeal RNAP is sensitive to lesions in the template strand of DNA 

All multi-subunit RNAPs normally initiate transcription de novo and promoter-initiated archaeal 

transcription minimally requires the addition of the basal transcription factors TBP (TATA-

binding protein) and TFB (transcription factor B)25,35. An alternative mechanism of transcription 

is possible in vitro that removes the requirements of additional factors and promoter 

sequences36. This system is reliant only on addition of RNAP and a nucleic acid scaffold 

composed of i) a short RNA that is partially complementary to the template strand of DNA and ii) 

complementary non-template and template strand DNAs (Figure 2.1). This scaffold supports 

RNAP binding, encapsulation of the preformed RNA/DNA hybrid into the hybrid-binding site 

within the main channel of RNAP, and alignment the RNA transcript 3’-OH for continued 

catalysis upon addition of NTPs to the reaction. Scaffold-assembled transcription systems offer 

several advantages over promoter-directed transcription for study of transcription elongation. 

First, the reaction is dependent only on RNAP and the assembled nucleic acid scaffold, thus 

removing any influences from transcription factors that may stay associated with RNAP during 

the early stages of elongation. Second, elongation with a subset of NTPs is simplified, 

permitting RNAP elongation to any predefined template position by withholding one or more 

NTP substrates. Finally, and most importantly for these assays, the scaffold can be assembled 

from purified single-strands of nucleic acids. Chemical synthesis of each deoxyoligonucleotide 

permits incorporation of site- and strand-specific modified bases. The DNA templates used in  

this study thus allowed the response of the archaeal RNAP to a DNA lesion in either the 

template or the non-template strand of DNA to be investigated in isolation (Figure 2.1).  
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Figure 2.1. RNAP polymerase selectively recognizes and arrests at template strand DNA 
lesions. (A) The scaffolds were constructed from individual nucleic acid 
deoxyoligonucleotides (15 nt RNA, 60 nt template strand with 9bp complementary to RNA, 
51 nt non-template strand). Modified bases were incorporated into either the template or 
non-template strand at either +34 or +35 (red nucleotides). The position of the elongation 
complex is designated by the total length of the RNA. The initial +15 complex will resume 
synthesis upon NTP addition to +30 (-CTP) or +66. (B) Transcription on scaffold templates 
with the noted lesion incorporated in either the template (T) or non-template (NT) strand. 
Reactions on control templates demonstrate the ability to limit elongation to +30 (-CTP) or 
allow full-length transcript synthesis (+66). Lesions in the NT strand do not inhibit 
transcription elongation and permit production of full-length transcripts (●). Lesions in the T 
strand result in significant and lesion-specific pausing before (▲), at (♦), and post (■) DNA 
lesion.  (C) Quantification of the total lengths of RNA transcripts after 3 minutes of elongation 
on scaffolds containing site- and strand-specific DNA lesions. 
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Transcription elongation from a scaffold wherein the non-template (NT) and template (T) 

strands of DNA contained only the four natural bases (Figure 2.1B; Control) resulted in the 

expected elongation to +30 when reactions were supplemented with only ATP, GTP, and UTP; 

note that some elongation to +31 is seen for each template and this additional incorporation is 

likely the result of both small amounts of contaminating CTP and NTP misincorporation during 

the 3 minute incubation at 85˚C. In contrast, reactions supplemented with all 4 NTPs resulted in 

>90% of the initial +15 nucleotide (nt) RNA elongated to a full-length +66 nt transcript (Figure 

2.1B, lanes 1 and 2). 

Common DNA lesions, including deoxyuridine (dU), an abasic site, 8-oxoguanine (8oG), 

8-oxyadenine (8oA), and thymidine glycol (TG) were individually site- and strand-specifically 

incorporated into the deoxynucleotide sequences that supported scaffold-dependent 

transcription. The modified or missing base was incorporated at position +34 (dU, abasic, 8oG, 

TG) or +35 (8oA) in either the template or non-template strand. Elongation in the absence of 

CTP from all templates resulted in efficient elongation to +30/+31 indicating that each scaffold 

supported RNAP binding and template-directed transcription elongation (Figure 2.1B, odd 

lanes). Elongation to +30/+31 does not permit RNAP to engage the modified or missing base 

within its active center. Furthermore, elongation in the presence of all 4 NTPs from scaffolds 

where the modified or missing base was incorporated into the non-template strand resulted in 

>90% of +15 initial transcripts being elongated to full-length +66 transcripts without evidence of 

pausing, arrest, or delay along the length of DNA template compared to the control template.  

Template-strand specific incorporation of an abasic position, 8oA, 8oG, or TG resulted in 

the majority of archaeal RNAPs arresting at or adjacent to the position of the modified or 

missing base (Figure 2.1). The exact response of the archaeal RNAP to each specific lesion 

was unique, and with the exception of dU, even after 3 minutes of elongation with 200µM NTPs 

at the optimal temperature of 85˚C, nearly half of all RNAPs failed to generate full-length 

transcripts (Figure 2.1C). 
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An abasic site at position +34 of the template strand resulted, after 3 minutes of 

elongation, primarily in transcripts that were +33 nts and +34 nts. These lengths indicate that 

the archaeal RNAP continued synthesis until the abasic position resided in the active center of 

RNAP (+33) and that RNAP could often incorporate a base across from the abasic template 

position (+34). Elongation beyond the abasic site was not seen in most cases, arguing that 

passage of the abasic site through the hybrid-binding pocket of the archaeal RNAP was not 

tolerated.  A similar pattern of elongation and arrest is seen on scaffolds containing 8oG at 

position +34, although elongation across from 8oG is better supported than incorporation across 

from an abasic site. On both templates a modest but reproducible percentage of RNAPs fail to 

elongate a few nts before the lesion. It is possible that transcripts at +30-32 nts result from 

backtracking and endonucleolytic cleavage of the RNA that was initially elongated to position 

+33 or +34, or that RNAP failed to elongate efficiently on templates with downstream lesions. 

Elongation on scaffolds with 8oA incorporated into the template strand at +35 resulted in 

a mixture of arrested elongation complexes with RNA lengths varying from +30-38 nts. The 

dominant position is +34, suggesting the most elongation complexes were not capable of 

incorporation across from 8oA and that limited synthesis occurred after such incorporation. 

Specific +36, +37, and +38 nt transcripts were noted, suggesting that continued elongation was 

severely hindered by an altered RNA/DNA hybrid configuration containing the modified template 

DNA base. Evidence of hindered elongation is present for only 3 nts after the lesion, suggesting 

that once the modified template position moved far enough through the RNA/DNA hybrid that 

any distortion of the hybrid was tolerated to permit more rapid catalysis. Scaffolds containing a 

thymidine glycol (TG) derivative at +34 resulted in minimal interference with incorporation 

across from the DNA lesion but rather resulted in apparent arrest of the elongation complex 

several base pairs downstream of the lesion. Multiple positions of arrest downstream of TG 

suggest that like 8oA, movement of TG through the RNA/DNA hybrid was not well tolerated 

within the elongation complex. 8oA- and TG-containing scaffolds also result in production of 
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shorter transcripts that suggest that RNAP either failed to properly elongate due to the presence 

of a downstream lesion or that these transcripts result from synthesis, backtracking and 

cleavage of RNAs that were not elongated to or beyond the modified base. Elongation on 

scaffolds containing dU incorporated at +34 of the template strand resulted in minimal defects to 

elongation after 3 minutes. Approximately 10% of complexes appear to arrest before or at the 

site of the lesion, but the effects of dU are more modest than the elongation defects resultant 

from the other lesions tested here. 

Prolonged pausing and arrest at template-strand DNA lesions 

All multi-subunit RNAPs appear capable of forward and retrograde translocation during 

elongation. Given the apparent varied response of the archaeal RNAP to each lesion it was of 

interest to determine if the lengths of RNAs resultant after 3 minutes of elongation were the 

result of RNAP arrest, pausing, hindered elongation, backtracking and cleavage, etc. or some 

combination thereof. Previous in vitro studies37 are in agreement with elongation kinetics 

measured here that show the archaeal RNAP typically elongates at ~20-25 nts/sec, permitting 

elongation of +15 RNAs to full-length +66 transcripts in approximately 3 seconds. To better 

understand how the archaeal RNAP responds to each lesion, we performed in vitro transcription 

on the same templates and removed aliquots over time to monitor the elongation kinetics 

(Figure 2.2A). For the control scaffold, as well as for all scaffolds containing lesions in the non-

template strand, elongation was unhindered and resulted in nearly all full-length transcripts in 

just 2-5 seconds. In contrast, scaffolds containing template-strand lesions resulted in significant 

delays and overall reductions in production of full-length transcripts. Nearly all elongation 

complexes on these templates were affected by the modified template position (Figure 2.3B), 

and ~70-80% of all complexes demonstrated a prolonged pause at the exact position of the 

DNA lesion on each scaffold (Figure 2.3A). Each scaffold containing a template-strand DNA 

lesion did permit some elongation complexes to generate full-length transcripts, with TG, 8oA, 

and an abasic position limiting elongation of greater than half of all complexes (Figure 2.2B). dU 
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Figure 2.2. Template strand lesions arrest transcription elongation. (A) Monitoring the rate of 
in vitro transcription on scaffold templates containing a template strand-specific lesion 
reveals that elongation is generally unhindered until the lesion enters the RNAP active site 
and arrests elongation. Identically modified bases in the non-template strand do not block 
elongation. (B) The time required to generate full length transcripts is increased when the 
DNA lesion, abasic (red), 8oA (gold), 8oG (green), TG (blue), or dU (purple), is present in the 
template strand. 
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and 8oG permitted most complexes to eventually yield full-length transcripts, however, in all 

cases the time required for full-length transcript production was dominated by pausing at or near 

the site of the lesion (Figures 2.2B and 2.3). For each scaffold with template-strand DNA 

lesions, we observed some complexes that remained indefinitely stalled at the DNA lesion. 

We calculated the half-life of complexes stalled at the lesion (Figure 2.3A) and the 

collective half-life of all complexes stalled at or adjacent to the lesion (Figure 2.3B). The half-life 

of RNAP stalled at the DNA lesion ranged from approximately 4-7 seconds for all lesions except 

dU (Figure 2.3). For 8oG the pause at the lesion was responsible for the bulk of the time delay 

in generating full-length transcripts, but for TG, 8oA, dU and an abasic position, the half-life of 

the pauses at adjacent positions dominated the delay in full-length transcript synthesis (Figure 

2.3A and 2.3B). Except for a slow incorporation across from the abasic site resulting in a slow 

shift in the percentage of complexes stalled before versus at the template strand lesion, the 

distribution of complexes stalled at or adjacent to template strand DNA lesions was largely 

invariant over time (Figure 2.3E). This invariance suggests that most complexes are 

immediately arrested rather than paused at or near the template-strand DNA lesions. We failed 

to observe any obvious retrograde movement or cleavage of transcripts over time on any 

template. 

2.3 DISCUSSION 

Failure of the archaeal RNAP to respond to non-template strand DNA lesions is consistent with 

the activities of multi-subunit RNAPs from Bacteria and Eukarya and with the predicted path of 

the nucleic acids through RNAP38–41. The non-template strand is not predicted to make any 

contacts with the active center of RNAP and thus lesions within the non-template strand are not 

predicted to influence catalysis. 

Each template-strand lesion resulted in the majority of elongation complexes pausing or 

arresting at or near the lesion, and with the exception of scaffolds containing dU, the bulk of 

elongation complexes failed to elongate significantly beyond the position of the lesion. We 
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Figure 2.3. Transcription arrest occurs at and after the template strand incorporated lesion. 
(A) RNAP arrests at DNA lesions, abasic (red), 8oA (gold), 8oG (green), TG (blue), or dU 
(purple), in the template strand demonstrating that the DNA lesions are a significant block to 
RNAP elongation. (B) Quantification of the half-life of RNAP arrested at a DNA lesion. (C) 
Percent of elongation complexes arrested before, at, or after the DNA lesions. (D) 
Quantification of half-life of elongation complexes arrested prior to, at, or downstream of the 
DNA lesions. (E) Percent of complexes stalled before the DNA lesion (dark shading), at the 
lesions (medium shading), and after the DNA lesion (light shading). 
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demonstrate that the archaeal RNAP is capable of elongation up to each modified base, 

although elongation up to dU, 8oA, 8oG, TG, and abasic sites is hindered even before the 

modified base enters the bipartite RNAP active center (Figure 2.2A). Incorporation across from 

each base is possible, with obvious difficulties observed for dU, TG, and 8oG, whereas 

incorporation across from an abasic site or 8oA was extremely slow. Elongation after 

incorporation at the modified template position was affected for all templates, with movement of 

the modified base through the RNA/DNA hybrid limiting elongation rates at several positions 

downstream. 

Elongation on the control scaffold, as well as for all scaffolds containing lesions in the 

non-template strand, was unhindered and resulted in the expected completion of nearly all full-

length transcripts in just ~2-5 seconds (Figure 2.2B). In contrast, scaffolds containing template-

strand lesions resulted in significant delays and overall reductions in production of full-length 

transcripts. Nearly all elongation complexes on these templates were affected by the modified 

template position (Figure 2.3A), and ~70-80% of all complexes demonstrated a transcriptional 

arrest at or adjacent to the position of the DNA lesion. For each scaffold with template-strand 

DNA lesions, we observed some complexes that remained indefinitely stalled at the DNA lesion. 

We define complexes that fail to generate full length transcripts and dwell at or near the position 

of the lesion for > 4 seconds on average, representing a ~100-fold greater residence time over 

the average dwell time of just ~40 milliseconds, as arrested. ~40% of complexes suffer only a 

long pause and can slowly bypass the lesions on templates with TG, 8oA, or an abasic position 

(Figure 2.2B).  

The archaeal RNAP appears to recognize and halt elongation in response to a greater 

number of template-strand lesions than RNAPs from bacteriophages, Bacteria, and Eukarya 

(Table 2.1)10–24. The increased sensitivity of the archaeal RNAP to a range of DNA lesions may 

reflect a relatively rigid active center configuration that is not tolerant of deviations from idealized 

geometry for synthesis. Although a remarkable degree of structural conservation among the 



64 
 

core structure of the multi-subunit RNAPs exists8,9,26,42, subtle differences in active site 

geometries could readily account for the differential sensitivity of the RNAPs from different 

Domains to template-strand lesions. The ability of the archaeal RNAP to recognize and arrest 

transcription at a variety of common DNA lesions is supportive of a role for RNAP in initiating 

the recently described more rapid repair of template versus non-template DNA lesions in vivo34. 

We demonstrate that transcription elongation by the archaeal RNAP is arrested at a variety of 

template-strand DNA lesions in vitro. Identical non-template strand lesions do not result in any 

notable reduction in elongation kinetics. The strand-bias and efficiency of recognition of a 

variety of template-strand DNA lesions is supportive of the archaeal RNAP serving as a sensor 

of DNA damage in vivo that may serve to signal TCR mediated DNA repair pathways in 

archaeal species. Repair of the template-strand lesions that arrest RNAP likely requires either 

the removal of RNAP from the DNA template to expose the lesion, or the repositioning of RNAP 

on the template in a significantly backtracked position to expose the DNA lesion. Such activities 

would be consistent with TCR pathways in Bacteria and Eukarya43–45, respectively, although no 

factor capable of directing termination or dissociation of the archaeal elongation complex has 

yet been described. Furthermore, any archaeal encoded factors responsible for initiating 

template-strand DNA repair following exposure of the DNA lesion are not yet known. How the 

arrested RNAP is recognized, removed or repositioned, and the factors responsible for initiating 

DNA repair will require additional studies to elucidate the mechanisms and mechanics of 

archaeal transcription-coupled DNA repair. 

2.4 MATERIALS AND METHODS 

DNA templates 

DNA templates were assembled from complementary, individual HPLC-purified 

oligodeoxynucleotides from TriLink Biotechnologies or Eurofins MWG Operon (Figure 2.1). 

(abasic, dSpacer; 8oA, 8-Oxo-2-deoxyadenosine; 8oG, 8-Oxo-2-deoxyguanosine; TG, 

thymidine glycol; dU, deoxyuridine) Lesion-containing oligodeoxynucleotides were paired with 
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complementary unmodified oligodeoxynucleotides in all cases. Selective digestions of such 

pairings with enzymes with specificity for each lesion (T4 PDG, Fpg, and EndoV) revealed that 

>90% of such double-stranded DNAs contained recognizable mispairings. Similar results were 

obtained from assembled transcription reactions, confirming incorporation of both strands of 

DNA into the scaffold-assembled transcription elongation complexes. 

Purification of RNA polymerase 

RNAP was purified as previously described35,46. Briefly, RNAP was purified from T. 

kodakarensis strain TS413 by a combination of Ni2+
 affinity and MonoQ chromatography.  

In vitro transcription assays 

In vitro transcription reactions were assembled using a scaffold DNA template (Figure 2.1)36. 

Equimolar amounts (20 nM) of the template strand of DNA and [32P]-labeled RNA were 

combined, heated to 65°C and slowly cooled to room temperature. RNAP (40 nM) was added 

and the reaction adjusted to 20 mM Tris-HCl pH 8.0, 5 mM MgCl2, 5 mM DTT. After incubation 

at room temperature for 10 minutes, the non-template strand was then added in 3x molar 

excess (60 nM) and incubation was extended for an additional 10 minutes at room temperature. 

Complexes were then heated to 85°C for 1 minute and rNTPs (each NTP at a final 

concentration of 200 µM) were added. A DNA oligonucleotide (5′ TATCGCCGCAGACTC 3′) 

complementary to the RNA was added at a final concentration of 10nM to prevent additional 

rounds of transcription initiation47. Transcription elongation was permitted for the experiment 

specific amount of time and was then stopped by addition of 100µl 1.2x stop buffer (0.6 M Tris-

HCl pH 8.0, 12 mM EDTA). Reactions were subjected to equal volume 

phenol:chloroform:isoamyl alcohol (25:24:1) extractions and the [32P]-labeled RNA transcripts 

were purified from the aqueous phase by alcohol-precipitation. Purified transcripts were 

resolved through 15% denaturing 1X-TBE polyacrylamide gels containing 8M urea (National 

Diagnostic Urea Gel)35. Radiolabeled RNA was detected on phosphorimaging plates and 

quantified using a Typhoon FLA 9500 (GE Healthcare). Images were analyzed using GE 
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Imagequant Software 5.2. The percentage of full length transcripts and transcripts within 

paused/arrested complexes on each template was calculated as the percentage of all 

transcripts +30nt or greater. Error bars represent the standard error of the mean from at least 

three independent assays. 
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CHAPTER 3 
 
 
 

GENOME REPLICATION IN THERMOCOCCUS KODAKARENSIS INDEPENDENT OF CDC6 

AND AN ORIGIN OF REPLICATION3

 
 
 

3.1 INTRODUCTION 

DNA replication is fundamental for cellular life and although there are differences in the details, 

the initiation of genome replication has common features in Bacteria, Archaea, and Eurkaryotes. 

An initiator protein or protein complex recognizes and assembles at one (all Bacteria and some 

Archaea) or multiple sites (some Archaea and all Eukaryotes) that function as origins of 

replication1. Under exceptional circumstances, initiator protein-independent genome replication, 

termed recombination-driven DNA replication initiation (RDR; also termed inducible and 

constitutive stable DNA replication) has been documented in Bacteria, but such mechanisms 

support - at best - only minimal cell growth2–5. It was surprising then when Hawkins et al6 

proposed that RDR not only facilitates genome replication but supports faster-than-wild type 

growth of a strain of the halophilic archaeon, Haloferax volcanii from which they had genetically 

deleted all four of the recognized origins of genome replication. Consistent with RDR initiation, 

the recombination factor RadA was essential for viability of the origin-less strain but could be 

deleted from the genome of the parental, origins-containing H. volcanii. 

                                                 
3 This chapter is an accepted manuscript under the same title with the suggested reference 
below. 
 

JNR, TJS, and ZK conceived the manuscript. RM, BWB, and I carried out the experiments. DPA 
and I analyzed the Marker Frequency data. TJS and I wrote the manuscript with input from JNR, 
ZK, and DPA. 

Gehring, A. M.; Astling, D.P.; Matsumi, R.; Burkhart, B.W.; Kelman Z.; Reeve, J.N., Jones, K.L.; 
Santangelo, T. J. Genome replication in Thermococcus kodakarensis independent of Cdc6 and 
an origin of replication. Frontiers in Microbiology. 
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Given the established and convincingly large body of evidence that archaeal genomes 

have defined origins recognized and bound by initiator proteins7–15, the proposal that RDR 

supports rapid growth in an archaeon6 is unique and challenging. Most archaea encode 

replication initiator proteins that are homologous to eukaryotic initiation factors Orc1 and Cdc6, 

and one or more Cdc6-encoding genes are present in almost all sequenced archaeal genomes, 

usually located adjacent to a known or predicted origin(s) of replication16–24. An increase in the 

number of Cdc6 proteins is often positively correlated with the number of replication origins20; H. 

volcanii encodes fourteen Cdc6 proteins that function at three chromosomal origins and an 

integrated viral origin9. Some species are reliant on a single encoded, or only a single-functional 

Cdc6 protein to initiate replication, and the remaining Cdc6 isoforms are predicted to play roles 

in transcription regulation, recombination, replication restart or negative regulation of replication 

initiation25.  

To address the roles of Cdc6, presumptive origin sequences, and the potential of RDR 

to support rapid growth of archaeal strains, we took advantage of a procedure that permits the 

precise deletion of non-essential genome sequences and provides strong statistical evidence for 

essential genes in the hyperthermophilic archaeon Thermococcus kodakarensis 26. Employing 

similar techniques, several essential and some surprisingly non-essential genes have already 

been identified revealing unanticipated features in archaeal DNA replication27–31. Bioinformatic 

analysis including GC-skew and Z-curve analysis predict only one origin of replication located 

directly adjacent to the gene encoding Cdc6 in T. kodakarensis16,32,33. Most members of the 

Thermococcales, including T. kodakarensis, encode only one identifiable Cdc6 protein24. We 

now report that Cdc6 and the adjacent previously-presumed origin of replication can be deleted 

from T. kodakarensis with no detectable consequences for viability, growth, genetic competence 

or plasmid maintenance. Data obtained by whole genome sequence and marker frequency 

analyses34, coupled with the apparent essentiality of RadA and RadB, provide strong evidence 



75 

 

that T. kodakarensis normally employs a RDR mechanism for initiation that occurs at many sites 

around the genome. 

3.2 RESULTS 

Construction of T. kodakarensis Δcdc6  

The procedure employed to delete genes from the T. kodakarensis genome permits a statistical 

definition of essentiality26. Plasmids are constructed and used to transform a parental strain 

(here T. kodakarensis TS559) so that the target locus is flanked by two sets of direct repeats. 

Spontaneous recombination in this intermediate strain between one set of the repeats results in 

the markerless deletion of the target locus, whereas an equally-probable recombination 

between the second set of repeats regenerates the parental strain. When only the parental 

strain is recovered, after screening >30 isolates generated from at least two independently-

constructed intermediate strains, the target locus is defined operationally as essential for T. 

kodakarensis viability under our laboratory conditions. 

TK1901-TK1902-TK1903 (encoding Cdc6, DNA polymerase D small and large subunits, 

respectively) form an operon35 and essentiality has been previously established for TK1902 and 

TK1903 (Figure 3.1)30. Surprisingly, this was not true for TK1901, the only gene in T. 

kodakarensis that encodes a recognizable Cdc6 homologue. The design of the plasmid 

constructed to delete TK1901 ensured retention of the upstream promotor and so continued 

expression of  TK1902-TK1903, and avoided deletion of any sequences in the adjacent ~900 bp 

region predicted to contain the origin of replication based on homology with the origin region in 

Pyrococcus furiosus, a related member of the Thermococcales (Figure 3.1)16,36. 

The presence of the TK1901 deletion was confirmed by diagnostic PCR and Southern 

blotting in two independent isolates (Figure 3.1). Amplicon sequencing confirmed that the 1,248 

bp deletion extended precisely from the ATG-start codon to TGA-stop codon of TK1901, and 

this was subsequently re-confirmed by deep-sequencing (see below) of the entire genome of 

one isolate, designated T. kodakarensis Δcdc6. This isolate was phenotypically 
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Figure 3.1. Deletion of TK1901 and the presumptive origin of replication from T. 
kodakarensis is non-phenotypic. (A) Organization of the T. kodakarensis genome 
surrounding TK1901. The locations of sequences used as primers in PCRs, probes in 
Southern blotting and SmaI recognition sites are shown. (B) Sequence of the presumptive 
origin region of T. kodakarensis. The full sequence of cdc6 plus the underlined nucleotides 
were deleted from the genome in T. kodakarensis Δcdc6 Δori. (C) PCR generate amplicons 
confirm deletion of TK1901, as well as TK1901 and the presumptive origin from T. 
kodakarensis Δcdc6 and Δcdc6 Δori, respectively. (D) Southern blots of SmaI-digested 
genomic DNA from T. kodakarensis TS559, Δcdc6, and Δcdc6 Δori confirm deletion of cdc6, 
as well as cdc6 and the presumptive origin, respectively. (E) Deletion of cdc6 or cdc6/ori 
does not affect laboratory growth of T. kodakarensis TS559 (grey), Δcdc6 (blue), and Δcdc6 
Δori (orange). Error bars report standard error of the mean of three biological replicates 
grown in triplicate. 
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indistinguishable from the parental T. kodakarensis TS559 strain: cultures grew at the same rate 

and reached the same final cell densities (Figure 3.1) and T. kodakarensis Δcdc6 was 

genetically competent and supported the autonomous replication of pTN1-based plasmids37. 

Marker frequency analysis of genomic DNA  

Regions adjacent to an origin(s) are over-represented in growing cells, and marker frequency 

analyses comparing the number of sequencing reads across the genome has been used to 

identify replication origin(s) in many archaeal genomes6,13,38. Genomic DNA was therefore 

isolated, fragmented and deep-sequenced from growing and stationary phase cultures of T. 

kodakarensis TS559 and Δcdc6. The sequences obtained confirmed the deletion of TK1901 

but, in repeated experiments, all regions of the genome were equally represented in the DNA 

reads from both growing and stationary phase cells of both T. kodakarensis TS559 and Δcdc6 

(Figure 3.2 and Figure 3.3). Given this unanticipated result, to provide confidence in the 

laboratory and computational procedures, the experiments were repeated with genomic DNAs 

from Escherichia coli MG1655 and Pyrococcus furiosus strain JFW0239, species with 

established origins of replication. Quantification of the WGS reads clearly and correctly 

identified the origin loci established in the genomes of E. coli and P. furiosus (Figure 3.4)39,40. 

Construction of T. kodakarensis Δcdc6 Δori  

Using the same markerless-genome modification techniques, the presumed origin sequences 32 

were easily deleted in T. kodakarensis Δcdc6 (Figure 3.1). All the bioinformatically identified 

mini-origin recognition boxes (mini-ORBs; green) and one full ORB (blue) were deleted while 

retaining the promoters (red), transcription start sites (arrows), and translation start sites 

(yellow) for TK1902-1903, and for TK1900 (Figure 3.1). Both amplicon- and whole genome 

deep-sequencing confirmed the precision of the deletion. A representative isolate, designated T. 

kodakarensis Δcdc6 Δori, was phenotypically indistinguishable from T. kodakarensis TS559 and 

Δcdc6. All three strains grew at the same rate, achieved the same final cell densities, were 

genetically competent and supported plasmid replication. Quantification of WGS reads also 
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Figure 3.2. Marker frequency analysis of DNA sequence reads from T. kodakarensis strains 
fails to identify a defined origin(s) of replication. The log2 ratio of each nucleotide in 
sequences from exponentially growing cells divided by sequence from stationary phase cells 
is shown in each panel. Frequencies were calculated using 1 Kbp intervals (red dots) with a 
sliding window of 500 bp generating the average frequency shown in black. The location of 
the ori-cdc6 region is indicated. 
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Figure 3.3. GC bias of WGS data of all strains used in the copy number analysis. The 
normalized coverage is plotted against the %GC content for each bin for the exponential 
(red) and stationary (blue) cultures. 
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Figure 3.4. Copy number analysis for the E. coli MG1655 (top panel) and for P. furiosus 
JFW02 (bottom panel). The log2 frequency of each nucleotide in the WGS reads is plotted 
against the genome coordinates. The known, single replication origins (32, 33) were 
identified for both species. 
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failed to identify any preferred origin(s) sequences and indicated that replication was initiated at 

many sites around the genome of T. kodakarensis Δcdc6 Δori (Figure 3.2). 

Spontaneous genome deletion and inversion  

Although the WGS reads did not identify origins of replication, with >2000x genome coverage, 

they did identify spontaneous recombination events at two locations in subpopulations (<10%) 

of T. kodakarensis TS559 cells (Figure 3.5). The recombinations inverted an ~150 kbp region or 

excised ~100 kbp, and these events resulted in small spikes and dips in the marker frequency 

analyses at sites previously established to contain vestigial prophage TKV2 and TKV3 genomic 

sequences (Figure 3.5)33,41. Only a small number of sequences were obtained that extended 

across the sites of recombination, (Figure 3.5) but these were more prevalent in DNAs isolated 

from growing than from stationary phase cells. Based on PCR amplicons, these recombination 

events also occurred in T. kodakarensis Δcdc6 and Δcdc6 Δori.  As deletion of TKV3 severely 

hinders growth 41 and several presumably essential genes are within the deleted sequences, 

these recombination events are likely lethal and prevent the effected cells from contributing to 

continued culture growth. 

Mutations acquired by T. kodakarensis since isolation  

T. kodakarensis KOD1 has been the focus of continuous research since its isolation in 199442. It 

seemed possible therefore that the cdc6- and origin-independent replication of T. kodakarensis 

TS559 might result from mutations acquired and selected during laboratory culture. The 

genome sequence determined here for T. kodakarensis TS559 was therefore compared with 

that published for T. kodakarensis KOD133. All the changes known to have been intentionally 

introduced to generate T. kodakarensis TS559 from T. kodakarensis KOD1 were present, and 

although there were no large genome rearrangements, an additional 35 single nucleotide 

differences were identified. Some of these changes are within open reading frames, but none 

would be predicted to radically change DNA replication or recombination (Table 3.1).
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Figure 3.5. Semi-quantitative PCR supports large-scale genomic rearrangements. (A) 
Representations of TS559 (top) and inverted (bottom) genome structures. The end points of 
the inversion events are marked with dotted gray lines in the TS559 genome representation. 
(B) Semi-quantitative PCRs demonstrate the inversion genome rearrangements identified 
from the WGS data. The presence of the inversion was identified in < 10% of the samples. 
(C) Representations of TS559 (top) and fusion-event (bottom) genome structures. The end 
points of the fusion events are marked with dotted gray lines in the TS559 genome 
representation. (D) Semi-quantitative PCRs demonstrate the fusion event identified from the 
WGS data in < 10% of the samples. 
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Table 3.1. Differences in the genome sequences of the T. kodakarensis KOD1 and TS559  

Positiona TK 

Geneb 

Operon DNA 

change 

Protein 
change 

Annotated/Putative functionb  

(result of the mutation) 

37106 0042 00380050 AG K185R Flagellin 

76583 0090 00860090 AC Q187H Putative S-layer function 

96733 0119 01190122 AG E183G α-subunit proline dehydrogenase 

201247 0238 02370241 AG E215G nitrilase; C-H bond hydrolase 

229773 0275 02790274 CT R351K  argD; acetyl-lysine amino transferase 

327973 0392 03840393 AG N.Cc Hypothetical 

327976 0392 03840393 CA N.C. Hypothetical 

343671 0415 04100419 GA G24E Hypothetical 

538367 0634 06310638 GA N.C. chemotaxis methyl-acceptor 

785924 Interd  CG --  

785946 0901 09020901 ΔΔG S115fse F-subunit RNA polymerase 
(frameshift extends the ORF –S* to –
IDEYRPLE* at C-terminus) 

898031 1021 10201021 ΔΔA T800fs Hef nuclease (frameshift extends the 
ORF –TGTLR* to –QAPYVEEEDKA* 
at C-terminus) 

912171 1039 10391038 TC K342R cyclic 2´3´-diphosphoglycerate 
synthetase 

914113 1041 10411042 CG D132E transcription regulator with H-T-H 
domain 
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1084046 1236 1236 CG A209P AAA+ family ATPase 

1124276 1285 1285 CT G102D transcription regulator; LysR/AsnC 
with HTH domain 

1124363 1285 1285 AC L73R transcription regulator; LysR/AsnC 
with HTH domain 

1127248 inter tRNA fT --  

1160792 1315 1315 AC F581V phosphoadenosine phosphosulfate 
reductase 

1160804 1315 1315 AC F577V phosphoadenosine phosphosulfate 
reductase  

1252468 1428 14291429 AG V20A metal-dependent RNase with KH-
domain 

1361362 1554 1554 C P412fs cellulose synthetase; glycosyl 
transferase (frameshift changes 
CTSWFSSLRGLCTP* to 

-
LYFMVFVLAGVVYTMRGLTKLLIGK
LTWEKT QFRT* at C-terminus) 

1524161 1729 17291730 A L211fs mannosyl transferase (frameshift 
results in in-frame ORF fusion with 
TK1730; TK1729 –NGEPATLC* to 
TK1729 –LKWGARYIV-TK1730) 

1580984 1774 17701776 ΔΔA T1069fs amylopullanase (frameshift extends 
the ORF–
NHHDYYNHIPRRRRKWQRIHHYQH
LPRHRRW* to 
TTTTTTTTSPGGGGSGSGTTTSTS
PGT 
GGGEEGGGICGPAFLVGLAVVPLL
LRRRR* at C-terminus; does not 
overlap TK1775) 

1585144 inter  ΔΔG --  



85 

 

1596662 1789 17891787 TC E108G KaiC domain; recA-like ATPase 

1743876 1932 19321930 T N30fs KaiC domain; ABC-family ATPase 
(frameshift results in 31 in-frame 
amino acids then *) 

1824228 2030 2030 TC F70L ACT-domain; amino acid metabolism 
regulator 

1824230 2030 2030 TA F70L ACT-domain; amino acid metabolism 
regulator 

1824411 2030 2030 ΔΔG R131fs ACT-domain; amino acid metabolism 
regulator (frameshift changes 
GRNKQDLHSHRWNALNR 
DIWQNKDNQRLQEAHTPHT* to 

EETSKIYIVIDGTLSTETFGKIKTIRG
FKRLILHTPEKDKEKFVCNYCEVKY
CPKRVLLESLTTQR* at C-terminus 

1828936 inter  G --  

1860427 2069 20722066 C V16fs α-subunit of cytosolic NiFe 
hydrogenase (frameshift changes –
GRGQGRR to -VEGKGGV* at aa 
138) 

2011218 2222 2222 TG T242P ATPase 

2050612 2262 22612263 GT R119L PIN domain, likely VAPC toxin 

2078803 2298 22982299 CG P247A Anaerobic ribonucleoside reductase 
class III 

a. Genome position 0 was defined in (27) 
b. Numerical gene designations, TKxxxx, and annotated functions based on (27) 
c. No change 
d. Intergenic region 
e. Frame shift 
f. Nucleotide insertion 
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Why are Cdc6 and the origin-sequences retained?  

T. kodakarensis is oligoploid (7 to 19 genomes/cell43) and this is consistent with the use of RDR. 

Nutrient-stress, the absence of defined DNA segregation strategies, and the potential for 

continued cell division without DNA replication may occasionally result in T. kodakarensis cells 

with only one genome. Such cells would be unable to restart growth by RDR initiation but could 

do so if an cdc6-oriC system of replication initiation was also available. To evaluate whether 

retention of cdc6 or presumptive origin sequences promotes long-term viability, aliquots were 

taken from stationary phase cultures maintained at 85˚C for extended periods without nutrient 

addition, and assayed for viability. Extended (several months) incubation at elevated 

temperatures in nutrient poor conditions was predicted to deplete energy reserves, introduce 

stress into the genome, and potentially reduce ploidy as genomes were consumed to provide 

nutrients. Cells in cultures of T. kodakarensis TS559 and Δcdc6, strains with the presumed 

origin (oriC) region, were viable for ~40 days longer than cells in cultures of T. kodakarensis 

Δori (Figure 3.6). Retention of Cdc6, however, did not influence long-term viability.  

TK1899 (RadA) and TK2231 (RadB) are essential genes  

RadA was required for growth – presumably by RDR initiation – of the origin-deleted halophilic 

H. volcanii strains but non-essential in the parental, origins-containing strain6. Despite repeated 

attempts with different transforming DNA strategies, we were unable to generate T. 

kodakarensis strains with RadA (TK1899) or RadB (TK2231) deleted, regardless of the retention 

or absence of cdc6 and/or origin sequences.  

3.3 DISCUSSION 

TK1901 encodes what appears to be a fully functional Cdc6 protein, with intact Walker A and 

Walker B motifs, DNA and ATP-binding domains. TK1901 is co-transcribed with TK1902 and 

TK1903, essential genes that encode the subunits of DNA polymerase D35 and is located 

immediately adjacent to a region with sequences very similar to those of the origin of replication 

in P. furiosus. Nevertheless, the results reported establish conclusively that TK1901 and so 
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Figure 3.6. Presence of the origin region increases long-term viability. Four biological 
replicates of T. kodakarensis TS559 (blue), Δcdc6 (grey), and Δcdc6 Δori (orange) were 
grown to stationary phase and incubation was continued without additions to the medium for 
> 170 days. Aliquots were removed at intervals and used to inoculate fresh growth media. 
The number of cultures with viable cells that generated progeny cultures is plotted against 
days of incubation at 85˚C. 
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Cdc6 are not required for T. kodakarensis viability and the absence of Cdc6 has no detectable 

effect on laboratory growth, genetic competence or the ability to support autonomous plasmid 

replication. Equally surprising, the previously presumed origin of replication can also be deleted 

without any detectable phenotypic consequence. Consistent with Cdc6 and oriC having no 

essential roles, marker frequency analyses of WGS data obtained from cultures of T. 

kodakarensis TS559, Δcdc6 and Δcdc6 Δori provided no evidence for origin-dependent 

replication initiation, even when the origin and the recognition protein were both present. Given 

the depth of the WGS, any regional over-representation of reads, consistent with initiation at as 

many as 5 separate location would have been detected, but this was not the case. In contrast, 

the WGS results argue for genome replication in T. kodakarensis TS559 being initiated at many 

sites distributed around the genome, consistent with the proposal for RDR-dependent genome 

replication in the H. volcanii strain with all origins of replication deleted6. We extend this 

proposal to suggest that RDR supports growth of T. kodakarensis despite the presence of a 

predicted origin. In support of this assertion, despite a considerable effort, we were unable to 

generate T. kodakarensis strains with TK1899 (RadA) or TK2231 (RadB) deleted. In E. coli, 

long-lived R-loops accumulate in strains lacking RNase H, and these R-loops can facilitate 

initiator protein (DnaA) independent constitutive stable DNA replication, but their growth is very 

slow2,3,44. The T. kodakarensis strains investigated here all express TK0805, the gene that 

encodes RNase HII45 and thus R-loop accumulation is unlikely to be responsible for origin-

independent genome replication in T. kodakarensis. 

Employing RDR for genome replication could also explain why T. kodakarensis is 

atypically naturally competent and so amenable to genetic manipulation. Additional features of 

T. kodakarensis are consistent with RDR. In genomes replicated from distinct origins, highly 

expressed genes are transcribed predominantly in the same direction as replication fork 

movement16,38,46,47. But, if bidirectional replication was initiated from the previously presumed 

origin in T. kodakarensis, 628 transcripts would be transcribed with, and 626 would be 
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transcribed against the direction of the replisome movement16,33,35. A computational search also 

failed to identify any location, and so a putative origin, anywhere on the genome that would 

result in transcription and DNA replication occurring predominantly in the same direction16. 

Often, when cloned, an origin of genome replication will still function and can be used to 

construct self-replicating plasmids. This is the case for the origin of replication cloned from P. 

furiosus36 and the generated plasmids replicate not only in the cytoplasm of P. furiosus but also 

in T. kodakarensis. In contrast, cloning many variants of the very similar presumed origin region 

from the T. kodakarensis genome did not result in a replicating plasmid. 

RDR initiation requires the retention of more than one genome, and it is now well-

established that members of the Euryarchaeota including T. kodakarensis, are naturally 

oligoploid43,48,49. To date, however, there is no evidence for precise genome segregation 

strategies suggesting that growing cultures will naturally produce cells with varying ploidy – 

including monoploid cells. If cells occur with only one genome, then the presence of an origin-

dependent initiation module would provide a survival mechanism. With this in mind, we 

demonstrated that cultures of T. kodakarensis TS559 and Δcdc6 did retain viability longer than 

T. kodakarensis Δcdc6 Δori. Retention of Cdc6 did not influence survival under identical 

conditions, suggesting that Cdc6 may not be necessary for use of the presumptive origin 

sequences. 

The presence of ≥ ~20 genomes per T. kodakarensis cell43 raises challenging questions 

as to how they are all accommodated and replicated within a generation time of ~40 minutes. 

As established for the DNA clamp loader (PCNA1; >1,000 molecules/cell28,50), at minimum, the 

replisome components must be present at very high levels and maybe this also facilitates 

simultaneous replication from many sites around the T. kodakarensis genome. How the 

replicative apparatus is assembled and how simultaneous rounds of replication are prohibited or 

accommodated during rapid growth remain outstanding questions. 
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3.4 MATERIALS AND METHODS 

Growth of microorganisms  

T. kodakarensis strains were grown in artificial seawater (ASW) supplemented with 5 g/L of both 

yeast extract and tryptone (YT) and 2 g/L of sulfur (S°) or 5 g/L sodium pyruvate (Pyr) at 85°C. 

P. furiosus strain JFW02 39 was grown at 95°C as described using maltose as a carbon 

source51. E. coli strain MG1655 was grown in Luria-Bertani (LB) broth at 37°C. The growth of 

cultures was measured by increases in optical density at 600 nm (OD600). T. kodakarensis 

cultures were harvested at an OD600 of 0.2 (early exponential) and 0.6 (late-exponential) while 

the stationary phase cells were harvested at an OD600 of ~1.0. In Figure 3.6, four independent 

cultures of each T. kodakarensis strain were maintained at 85˚C in sealed vessels with no 

additions to the cultures over ~180 days. Loss of culture viability was defined as the inability of 

aliquots, sampled multiple times over three days, to initiate culture growth when inoculated into 

fresh medium. The inability of 9 or more individual aliquots, removed from cultures over 3 

consecutive days, to support outgrowth confirmed that these cultures had lost all viable CFUs.   

Strain construction of T. kodakarensis  

Standard procedures26 were used to construct plasmids, pOSUTK1901B and pJG4 respectively, 

that were used to delete TK1901 or TK1901 plus the origin sequences from T. kodakarensis 

TS559. In the resulting strains, T. kodakarensis Δcdc6 and Δcdc6 Δori, the Cdc6 encoding 

sequence (TK1901; 1,248 bp) was deleted but the promoter for the TK1901-TK1903 operon 

was retained to sure expression of TK1902-1903. Similarly, in T. kodakarensis Δcdc6 Δori, the 

putative origin (640 bp) with one origin recognition box (ORB) and three mini-ORBs were 

deleted, but the promoters for TK1901-1903 and TK1900 were retained (Figure 3.1). Use of the 

same procedures, and plasmids designed to precisely delete the TK1899 (RadA) and TK2231 

(RadB) sequences, did not generate viable strains with the desired deletions. 
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Isolation of genomic DNA  

Genomic DNA was isolated from all strains as described52. Cells pelleted from cultures at the 

designate OD600 were resuspended in 10% (w/v) sucrose, 20 mM Tris-HCl pH 8.0, and 5 mM 

EDTA. SDS (2% final concentration) and proteinase K (0.25 mg/ml) were added to the resulting 

lysate and the mixture was incubated for 1 hour at 55°C. NaCl (1 M final concentration) was 

then added, the mixture was chilled, centrifuged and an equal volume of isopropanol was added 

to the clarified supernatant. The precipitated nucleic acids were pelleted, resuspended with 10 

mM Tris-HCl pH 8.0, 50 µg of RNase A added and incubation continued at 37°C for 30 minutes. 

The DNA remaining was further purified by repeated phenol/chloroform/isoamyl alcohol 

(25:24:1) extraction and an alcohol precipitation.  

Southern Blotting  

The procedure used has been previously described30. In Figure 3.1, TK1901 (Probe 1, pink) is 

only detectable in strain TS559 whereas origin sequences (Probe 3, blue) are detectable in 

strains TS559 and Δcdc6, but not strain Δcdc6 Δori; probe 3 highlights a smaller product in 

Δcdc6 that reflects deletion of TK1901.  Probe 2 (orange) detected the sequences encoding 

TK1902 in all samples and the fragment lengths identified are appropriate for the corresponding 

strains. 

Whole genome sequencing (WGS)  

Sequencing libraries were prepared using TruSeq DNA library preparation kits (Illumina, San 

Diego, CA) and were subjected to WGS (pair-ended, 2 × 150 bp per read; 1 × 125 bp reads for 

E. coli) on an Illumina Hi-Seq 2000 platform (University of Colorado Denver Genomics and 

Microarray Core Facility). Individual genome coverages ranged from 3,300× to 7,800×. 

Comparison of genome sequences  

The reference genome for Thermococcus kodakarensis KOD1 

(https://www.ncbi.nlm.nih.gov/nuccore/NC_006624.1) was downloaded from Genbank and 

manually edited to account for the laboratory manipulations mad in the lineage leading to T. 
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kodakarensis TS559. The reference genomes for Pyrococcus furiosus COM1 and Escherichia 

coli MG1655 were downloaded from Genbank here 

(https://www.ncbi.nlm.nih.gov/nuccore/CP003685 and 

https://www.ncbi.nlm.nih.gov/nuccore/NC_000913.3, respectively). 

The T. kodakarensis TS559 and KOD1 genomes were aligned and differences identified 

by using Universal Genotyper (GATK version v2.1-853) and MUMmer (version 3.154). Low quality 

sequences, regions with <5x coverage and a small number of variants identified in DNA from 

only growing or stationary phase cells of the same isolate were not included. The coordinates of 

the RefSeq GFF file were updated to account for identified insertions and deletions, and the 

resulting variants annotated using snpEff (version 4.0e55). 

Alignment and marker frequency analysis of whole genome sequences  

An index was built for each reference genome with bowtie2-build (version 2.2.956) using default 

settings. Illumina adaptor sequences and low quality bases (quality score < 10) were trimmed 

from the 3’-end of each read using cutadapt (version 1.1157) with reads discarded if more than 

half the bases were trimmed. The filtered reads were aligned to the reference genome using 

bowtie2 (version 2.2.956) selecting the best alignment for each read. The alignment statistics are 

reported in Table 3.2. Reads that did not align as proper pairs were treated as single end reads. 

For copy number estimation, each reference genome was binned into 1 kb windows with a 500 

bp sliding overlap between windows using bedtools (version 2.17.058) For each sample, the 

coverage for each 1 kb was calculated as the number of sequenced bases that overlap with that 

window. The %G+C content of each window was calculated, and corrections made for potential 

bias in library preparation and sequencing due to GC content. The average coverage for each 

GC bin was plotted against the GC content and smoothed by a Lowess regression model. A 

correction factor, calculated by dividing the global mean coverage by the fitted model, was 

applied to each sample. Source code available at http://github.com/dpastling/plethora.
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Supplementary Table 1: Alignment Statistics 

Sample Number of Reads Filtered Reads Aligned Reads 
Percent 
Aligned 

TS559 exponential 67,633,173 65,914,849 65,058,090 96.2 

TS559 stationary 43,521,320 42,699,034 42,102,125 96.7 

Δcdc6 exponential 66,437,434 64,584,318 63,846,669 96.1 

Δcdc6 stationary 67,489,844 65,733,849 65,125,236 96.5 

Δcdc6Δori exponential 40,886,671 40,883,270 40,475,385 99.0 

Δcdc6Δori stationary 49,284,832 49,278,072 48,239,873 97.9 

MG1655 exponential 130,627,142 129,951,009 125,558,107 96.1 

MG1655 stationary 164,618,767 163,804,543 162,897,668 99.0 

JFW02 exponential 46,985,782 46,982,363 46,396,801 98.7 

JFW02 stationary 42,499,179 42,493,069 33,714,141 79.3 
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CHAPTER 4 
 
 
 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES 
 
 
 

4.1 SUMMARY 

The work presented in this dissertation fills significant gaps in our knowledge of archaeal 

information processing systems and lays the foundation for studying strategies in archaeal 

organisms that regulate gene expression and cellular growth. Preliminary studies presented 

here will provide evidence for experimental assays that will definitively determine if transcription-

coupled DNA repair (TCR) is present in Thermococcus kodakarensis. All available evidence is 

in support of TCR1–3, and thus the established procedures were designed to test the 

requirements for, and the activities of the likely unique archaeal-specific factors involved in TCR, 

transcription termination, and DNA repair. Additionally, the regulation of DNA replication, or lack 

thereof in T. kodakarensis was demonstrated. Origin-independent DNA replication is the only 

predominant mode of initiating cellular DNA replication in Thermococcus kodakarensis. 

Questions remain as to whether T. kodakarensis is unique in its replicative strategy or whether 

RDR is more broadly employed, and if so, how is RDR controlled and regulated? Studies to 

determine how other Thermococcales replicate their genomes will provide insight into the 

evolutionary history of DNA replication and the factors involved. 

4.2 A SYSTEM FOR STUDYING TCR IN T. KODAKARENSIS 

TCR has only been defined in two archaeal organisms, Haloferax volcanii and Halobacterium 

NRC-13. Both species encode obvious homologs of the bacterial UvrA, UvrB, and UvrC 

proteins, likely acquired via horizontal gene transfer4. In Bacteria, the Uvr proteins are 

responsible for initiating TCR, and this is also the case for Halobacterium NRC-15. Interestingly, 

TCR in H. volcanii is not dependent on the UvrA protein and thus TCR in this species is 
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therefore likely dependent on unknown archaeal specific proteins that recognize RNAP stalled 

at template strand lesions and initiate TCR3. 

A possible candidate for the archaeal-specific transcription-repair coupling factor (TRCF) 

may be the recently described transcription termination factor Eta2. T. kodakarensis strains 

lacking Eta exhibit an increased sensitivity to DNA damaging agents, including UV light, which 

suggests a role in DNA repair. The mechanism Eta uses to disrupt stalled transcription 

elongation complexes mimics Mfd-mediated transcription termination, and Mfd is the bacterial 

TRCF5–8. In vitro transcription reactions using purified T. kodakarensis RNAP and DNA 

templates with DNA lesions in either the template or the non-template strand demonstrated that 

the RNAP from T. kodakarensis is sensitive to DNA lesions only in the template strand of DNA, 

a hallmark of TCR1. Combined, the likely presence of an archaeal specific TRCF suggested by 

studies in H. volcanii, the similarities between Eta and Mfd, and the response of archaeal RNAP 

to DNA lesions only in the template strand of DNA suggest that TCR exists in T. kodakarensis 

and therefore likely other euryarchaeal organisms1–3. To facilitate studies investigating TCR in T. 

kodakarensis, I have set up system for demonstrating either the presence or absence of TCR 

following UV irradiation. 

Construction of isogenic strains to study TCR in vivo 

TCR is defined by a faster rate of DNA repair in the template strand of DNA compared to the 

non-template strand within transcribed regions of the genome. It is therefore necessary to 

monitor and report the rate of DNA repair in each strand in both the presence and absence of 

transcription to provide evidence for TCR. In most instances, the global rate of strand specific 

repair is not reported or even calculated, but rather the rate of a single gene or operon is 

reported and used as a proxy for the genome-wide rate of strand specific repair. In many 

bacterial and eukaryotic systems, easily controlled promoters can be switched “on” or “off”, and 

thus a single strain may provide a platform to monitor the rate of strand-specific DNA repair 

under transcription-permissive versus transcription-repressive conditions. Unfortunately, such 
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an easily controlled promoter is not yet available for hyperthermophilic archaeal systems, and 

thus I was forced to develop an alternative, two-strain mechanism to monitor the rate of strand 

specific DNA-repair in the absence and presence of transcription. 

Two otherwise isogenic T. kodakarensis strains, termed here as AG1 and AG2, were 

constructed to modify the expression of the TK1761-3 operon using standard lab techniques9,10 

(Figure 4.1). TK1761 encodes a β-glycosidase while TK1762 and TK1763 encode proteins with 

unknown function10,11. Previous studies demonstrated that modifications of the promoter region 

for TK1761-3 could repress or highly activate transcription of this genomic locus, but that strains 

with differential expression of TK1761-3 did not display any phenotypic changes in growth rate 

or final densities10. Strain AG1 was constructed to place TK1761-3 under control of a 

constitutively expressed, exogenous promoter (PhmtB) known to increase TK1761-3 expression 

well-above the expression levels observed under standard laboratory growth. Strain AG2, in 

contrast, was designed and constructed to abolish transcription of the TK1761-3 operon, and 

this was accomplished by deleting sequences upstream of TK1761 to remove the promoter 

elements necessary to recruit RNAP and the basal transcription factors. Once constructed and 

sequence-verified, these two otherwise isogenic strains provide a mechanism to monitor the 

rate of strand-specific DNA repair in the absence or presence of transcription. 

To verify the desired consequences for TK1761-3 expression levels in strains AG1 and 

AG2, total RNA preparations were made from each strain, and the levels of TK1761-3 

expression were quantified by qRT-PCR. A housekeeping gene encoding the S-layer protein 

(TK0895), with no known co-regulation or influence of TK1761-3, was used as a reference 

signal to quantify RNA levels of TK1761-3 in the parental strain (TS559) and both experimental 

strains (AG1 and AG2)11,12. The qRT-PCR results confirmed that, relative to TS559, deletion of 

promoter elements led to no detectable expression of TK1761-3 in strain AG2, whereas 

expression of TK1761-3 was highly increased in strain AG1 that employed the heterologous 

promoter to drive expression of the operon (Figure 4.2). The results obtained confirm that
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Figure 4.1. T. kodakarensis genome maps. TS559 is the parent genome. AG1 and AG2 are 
isogenic except for alterations in the promoter: Expression of TK1761-3 in TS559 is under 
control of the native promoter, AG1 a constitutive promoter, and AG2 a deleted promoter. 
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Figure 4.2. Relative expression levels of TK1761 in strains AG1 (red), AG2 (orange), and 
TS559 (aqua). Expression levels were normalized to TK0895, a constitutively expressed 
gene. 
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strains AG1 and AG2 constitutively express and block transcription, respectively, of TK1761-3 

and thus provide a platform to monitor strand-specific DNA repair in T. kodakarensis. 

Demonstrating the presence or absence of TCR in T. kodakarensis 

There is no simple assay that can be used to monitor the rate of repair in both strands of DNA 

simultaneously. Instead, a multi-step, strand-specific Southern blot is traditionally used to 

determine the rate of repair in each strand of DNA13. The many steps of this Southern blot must 

be individually optimized (Figure 4.3). 

The overall scheme relies on the introduction of DNA damage via UV irradiation, 

followed by periods of recovery that permit the cell to repair some (or all) of the introduced 

damage. The rate of repair is quantified by monitoring the repair of cyclopyrimidine dimers 

(CPDs) in each DNA strand of the reporter gene. Total genomic DNA is recovered from aliquots 

of cells that were allowed increasing periods of recovery, then digested with common restriction 

enzymes to release a small (~1 Kb) fragment that encodes the TK1761-3 reporter construct. 

The time-dependent retention or repair of CPDs in DNAs is estimated by the sensitivity of the 

released reporter-containing DNA to digestion by T4 Endonuclease V (TEV), an enzyme that 

will nick the DNA at the 5′ end of the CPDs14,15. TEV-nicking of the DNA reduces the size of the 

fragments, and when resolved in denaturing gels and observed via strand-specific Southern 

blotting, the rate of repair is calculated by the time required to generate DNA fragments that are 

resistant to TEV-digestion. 

To ensure TEV was functional and specific for CPDs, pUC19 with ~1 CPD per plasmid 

was generated and used to test the enzyme and reaction conditions. TEV-induced plasmid 

nicking relaxes the plasmid DNA such that the cut vector resolves at a different position in an 

agarose gel than the original supercoiled plasmid (Figure 4.4). TEV is active under our 

experimental conditions, and thus is supportive to monitor archaeal TCR.
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Figure 4.3. Schematic of the Southern blot experiment used to determine the presence of 
absence of TCR. T. kodakarensis strains expressing TK1761-3 (AG1) or not expressing 
TK1761-3 (AG2) are grown overnight and then UV irradiated. Follow UV irradiation, the cells 
are then allowed to recover for varying time points. Genomic DNA is harvested from cells 
and then digested with HindIII and NheI restriction enzyme to release a ~1 Kb fragment of 
DNA that will be probed in the Southern blot. This DNA is then digested with TEV or mock 
digested and resolved in a denaturing agarose gel and transferred to a positively charged 
nylon membrane. Simultaneously, radio-labeled RNA probes specific for either the template 
or the non-template strand are synthesized. The RNA probes are then hybridized to the 
membrane-bound denatured DNA. The hybridized and washed membrane is then imaged 
using a phosphorimager screen. If the resultant image looks similar to the bottom panel, TCR 
occurs in the cell. Reference gel from Schalow et al., 2012. 
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Figure 4.4. pUC19 with ~1 CPD per plasmid is incubated with or without TEV to determine if 
TEV was active under the reaction conditions. TEV will recognize a CPD and nick the DNA 
which relaxes the supercoil. This modifies the migration of the plasmid DNA in a standard 
agarose gel.  
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Synthesis of RNA probes specific for either the template or non-template strand of DNA 

To determine the rate of DNA repair in the template strand of DNA compared to the non-

template strand of DNA, two probes, each specific for only one strand of DNA, must be 

synthesized. The RNA probes are specific to the ~1 Kb region within TK1761-3 that is present 

after restriction digest of genomic DNA. To generate the RNA probes, the DNA fragment of 

interest was cloned into the pGEM-3Z vector, a standard Escherichia coli cloning vector used 

for RNA synthesis16 resulting in the newly constructed pAMG1 vector. The region of interest in 

pAMG1 is flanked on either side by a SP6 or T7 phage RNAP promoter. (Figure 4.5). Using 

phage RNAP, purified pAMG1, ribonucleotides, and 32P-CTP, a radiolabeled RNA probe is 

synthesized. Prior to use of the probe in the Southern blot, pAMG1 is removed using a DNase 

treatment. The probe synthesized using the SP6 RNAP is specific for the non-template strand 

whereas the probe synthesized by T7 RNAP is specific for the template strand.  

Denaturing agarose gel and Southern blot conditions necessary for strand-specific probing 

The rate of repair for each strand of DNA is determined by monitoring the amount of full-length 

(~ 1 Kb) restriction digested DNA fragments that are TEV-resistant following UV irradiation. 

Since TEV only nicks the DNA at the site of a CPD, a denaturing agarose gel must be run to 

separate the two strands of DNA. Traditionally, a NaOH denaturing gel is run13, however the 

standard conditions have not yet yielded reproducible results that can be quantified. The only 

buffering solution in the NaOH denaturing agarose gels is NaOH which necessitates running 

condition of <30 volts and use of a recirculating buffer. Due to the obscure running conditions, it 

is common that the DNA does not resolve in tight bands and diffuses out of the gel overtime 

resulting in inconsistent results. As an alternative to the NaOH denaturing agarose gel, I have 

investigated protocols for formamide- or glyoxal-based denaturing agarose gels. Both of these 

protocols produce consistent results in the denaturation of the DNA and resolution of the gels, 

however the standard Southern blot hybridization techniques used in combination with either the  
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Figure 4.5. Close-up view of the region of pAMG2, the plasmid used for the generation of the 
strand specific RNA probes. The SP6 or T7 phage RNAP and corresponding promoters are 
used to synthesize the non-template strand or template strand probe, respectively. 
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formamide or glyoxal-based agarose produces images with large amounts of non-specific 

binding. This non-specific binding decreases the signal to noise ratio in the final image to such a 

great extent that the images cannot be analyzed. Continued work is focused on improving the 

resolution and the consistency of the NaOH denaturing gels as well as defining the Southern 

blot hybridization conditions necessary for reproducible results with both the formamide- and 

glyoxal-based denaturing gels.  

Following denaturation of the DNA in the agarose gel, the DNA is then transferred and 

cross-linked to a positively charged nylon membrane. This membrane is then pre-incubated with 

a hybridization buffer consisting of 50% formamide. The radiolabeled RNA probe specific for 

either the template or the non-template strand of DNA is then added to the hybridization buffer 

and the membrane and incubated for at least 12 hours. To remove any non-specifically bound 

RNA probes, the membrane is washed in a series of SSC and SDS buffers. The washed 

membrane is ultimately exposed to a phosphorimager screen. My Southern blot conditions in 

combination with the NaOH denaturing agarose gels have been optimized to allow for as little as 

3 μg of DNA in a single land to be detected (Figure 4.6). Hybridization and washing conditions 

will be adapted and modified as needed for the formamide- and glyoxal-based denaturing gels. 

4.3 REGULATION OF ARCHAEAL TCR 

TCR is still present in H. volcanii strains lacking UvrA, necessitating that an archaeal specific 

TCR pathway exists3. Eta may remove RNAP from the site of template-strand DNA lesions, but 

the remaining factors in the TCR pathway are unknown. Nucleotide excision repair (NER) has 

not yet been demonstrated in any archaeal clade, but if TCR does exist (and all evidence is in 

support of such), and TCR is normally a specialized version of NER, then what proteins are 

likely responsible for both NER and TCR in T. kodakarensis? The archaeal-encoded XP 

proteins, homologous to factors known to participate directly in eukaryotic TCR, possibly 
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Figure 4.6. Southern blot using the RNA probe specific for the template strand of DNA to 
detect undamaged genomic DNA from T. kodakarensis resolved in a denaturing NaOH 
agarose gel. 
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have a role in archaeal TCR17, and thus we also established mechanisms to directly test the role 

of XP proteins and Eta in archaeal TCR. 

Role of XP Proteins 

T. kodakarensis encodes three proteins homologous to factors involved in TCR in Eukarya, 

XPB, XPD, and XPF (TK0928, TK0784, TK1021, respectively)11. These three proteins are 

crucially important to TCR in Eukarya, and lack of XP protein activity results in Xeromderma 

Pigemtosum (XP). Patients with XP are exceptionally sensitive to UV light, and half of patients 

with XP develop skin cancer by age 1018,19. Previous studies in T. kodakarensis demonstrated 

strains lacking the XP proteins were sensitive to UV irradiation and other DNA damaging 

agents17. Strains lacking each the XP proteins are in hand and will be further modified to encode 

the promoter constructs upstream of TK1761-3 thus allowing for determination of their role, if 

any, in TCR in T. kodakarensis. 

Role of the termination factor, Eta 

Recently, the first archaeal transcription termination factor, Eta, was described in T. 

kodakarensis2. Eta is conserved across the euryarchaeal clade, the only archaeal clade in which 

TCR has been described. The termination mechanism of Eta is reminiscent of the bacterial 

termination factor and TRCF, Mfd2. Additionally, the deletion strain of eta is sensitive to UV 

irradiation, a commonality among TRCF2,5,8,20. Combined these results suggest that Eta may be 

a TRCF in T. kodakarensis and possibly all euryarchaeal organisms. The strain lacking Eta has 

been additionally modified to encode either the strong promoter or no promoter upstream of 

TK1761-3.  

4.4 REPLICATION INITIATION IN THE THERMOCOCCALES 

Studies of regulation of replication initiation have been onerous in archaeal organisms, and 

many questions about replication initiation remain, including the role of the Cdc6, the 

mechanism of Mcm loading, and the signals that regulate replication initiation. All archaea, 

except Methanopyrus kandleri, encode at least one Cdc6 protein21. It was predicted that at least 
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copy of Cdc6 was required for cell viability in all archaeal organisms. However, recent 

demonstrations of Cdc and origin-independent replication initiation in T. kodakarensis and 

origin-independent replication in H. volcanii have shifted this thinking22. 

In H. volcanii strains with all replication origins deleted, the cells still carried out DNA 

replication; however these cells also became dependent on the recombination proteins, RadA 

and RadB22. Further, the cells lacking all replication origins had an increased rate of growth 

compared to wildtype22. Interestingly, T. kodakarensis is dependent on recombination proteins 

under all conditions, and it has been demonstrated that under standard laboratory growth 

conditions the cells do not utilize the origin of replication and instead use origin-independent 

replication initiation. Experimental evidence from both H. volcanii and T. kodakarensis suggests 

replication is likely initiated via recombination dependent replication initiation (RDR), however it 

is unknown how or if this recombination is regulated in archaeal cells. 

Role of recombination 

It has been known for decades that recombination plays a role in DNA repair, and deficiencies 

in recombination increase susceptibility of a cell to DNA damaging agents. Additionally, 

recombination also plays a role in initiation of origin-independent DNA replication23. In 

prokaryotic cells, the initiation of replication randomly throughout the genome can be detrimental 

as replication forks are more likely to collide. One of the most intriguing questions about origin-

independent replication initiation, specifically recombination driven replication initiation (RDR), 

concerns the cell’s ability to discriminate between recombination events that are meant to repair 

the DNA verse those that are meant to initiate DNA replication.  

In most cells, the expression of replication proteins is tightly linked to the cell cycle, 

however the euryarchaea do not have a canonical cell cycle and in some euryarchaeal 

organisms the DNA replication proteins are constitutively expressed24–26. Further complicating 

the lack of apparent regulation of the expression of DNA replication proteins, RDR has been 

hypothesized to be the mechanism by which T. kodakarensis initiates replication of its genome. 
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In T. kodakarensis is every recombination event a possible replication initiation event, and could 

this explain why the level of oligoploidy is so variable in T. kodakarensis27? 

Retention of replication initiation proteins in T. kodakarensis 

 Origin-independent genome replication initiation, therefore also Cdc6 independent, is the 

preferred mode for initiating DNA replication in T. kodakarensis and origin-independent 

replication initiation occurs both in the presence and absence of Cdc6. What then is the 

evolutionary advantage of retention of Cdc6? Long-term starvation studies demonstrated that 

wild-type cells were viable over a longer period than cells that lacked the origin and Cdc6. It is 

hypothesized that retention of Cdc6 and the origin sequence is valuable during times of cell 

stress when the number of genomes retained by a cell drastically decreases and only one 

genome remains. When only 1 genome remains, RDR (dependent on >1 genome per cell) will 

no longer be feasible, and the cells must utilize origin-dependent replication initiation to survive. 

T. kodakarensis was initially isolated from a solfatara in the Pacific ocean where it is subject to 

ocean currents and could easily be swept away from its preferred environment28,29. Although T. 

kodakarensis has archeaellum which it can use to swim11,30,31, individual cells are likely to go 

through periods of starvation where the presence of both Cdc6 and origin or replication would 

be crucial for cell survival. 
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APPENDIX 1 
 
 
 

MANIPULATING ARCHAEAL SYSTEMS TO PERMIT ANALYSES OF TRANSCRIPTION 

ELONGATION-TERMINATION DECISIONS IN VITRO4

 
 
 
A1.1 INTRODUCTION 

Processive transcription elongation adumbrates, and research findings support that, the 

decision to terminate transcript synthesis is tightly regulated1–20. It is therefore imperative that 

methods are available to discriminate delayed synthesis (paused, backtracked, or arrested 

complexes) from bona vide transcript release signaling transcription termination. Release of an 

RNA transcript from a fully formed elongation complex is the definition of transcription 

termination21. This definition discriminates true termination from abortive initiation wherein short 

transcripts are often repeatedly released from complexes transitioning from initiation to 

elongation22–25. Release of the nascent RNA may or may not occur simultaneously with 

recycling of RNAP from the DNA for another round of transcription26.  

Studies of elongation and termination often require positioning elongation complexes at 

discrete template positions in vitro. By non-covalently linking template DNAs to a solid – and 

often magnetic – support, stable transcription complexes can be generated by limiting the NTP 

substrates provided to RNAP for synthesis27,28. Transcription of a template attached to a solid-

                                                           

4 This appendix was previously published as a methods article with the same title, “Manipulating 
Archaeal Systems to Permit Analyses of Transcription Elongation-Termination Decisions In 
Vitro”, in January 2015.  
 
TJS and I conceived the content and co-wrote the manuscript. 
 
Gehring, A. M.; Santangelo, T. J. Manipulating Archaeal Systems to Permint Analyses of 
Transcription Elongation-Termination Deciscions In Vitro. Methods in Molecular Biology 2015, 
1276, 263-279. PMID: 25665569. 
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support permits walking RNAP to discrete positions and also provides a simple technique to 

distinguish those transcripts associated with stalled but stable elongation complexes from true 

termination events. 

Herein we describe methods to expand this technology to the study of archaeal RNAPs. 

The simplified transcription system employed by all archaea most closely mimics the eukaryotic 

RNA polymerase II (Pol II) system rather than the bacterial or eukaryotic Pol I or Pol III 

machinery29–36. Archaeal transcription systems necessitate that at least two additional 

considerations must be addressed. First, essentially all current in vitro transcription systems 

with archaeal components are derived from hyperthermophiles37–42, and transcription at high 

temperatures often requires two compatible solid-support matrixes to facilitate multiple rounds of 

walking and to distinguish true termination events. Secondly, the archaeal transcription 

apparatus is not sensitive to commonly used RNAP inhibitors (i.e. rifampicin or α-amanitin)43, 

and thus transcription of a template linked to a solid support is often necessary to obtain a 

single elongation complex per DNA template to analyze single-round transcription elongation 

and termination in vitro. The methods presented here detail the promoter directed in vitro 

transcription derived from Thermococcus kodakarensis and the steps necessary to generate 

stalled elongation complexes and monitor transcription termination.  

A1.2 Materials  

Bacterial cell growth and purification of recombinant TBP, TFB1, and TFB2.  

1. LB media (10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl). 1 L autoclave sterilized 

within a 4 L baffled Erlenmeyer flask.  

2. Kanamycin 

3. Chloramphenicol 

4. Rosetta 2 (DE3) cells (Novagen) (see note 1). 

5. Isopropyl-β-D-1 thiogalactopyranoside (IPTG) 

6. Sorbitol 
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7. Lysozyme 

8. TEN buffers: 20 mM Tris-HCl pH 8, 0.1 mM EDTA, x mM NaCl. Buffers are named 

based on [NaCl]. For example, TEN-100 represents a solution with 100 mM NaCl. 

9. Protein storage buffer: 20 mM Tris–HCl pH 8, 0.1 mM EDTA, 100 mM NaCl, 50% 

glycerol, 5 mM β-ME. 

10. 6X SDS-loading buffer (0.375M Tris pH 6.8, 12% SDS, 60% glycerol, 0.6M DTT, 

0.06% bromophenol blue) 

11. 5X SDS-running buffer (94 g glycine, 15 g Tris-base, and 5 g sodium dodecyl sulfate 

(SDS) per liter). 

12. Dialysis tubing (10 kD and 100 kD molecular weight cut-off). 

Thermococcus cell growth and purification of RNAP 

1. Anaerobic chamber (Coy Laboratories) (see note 2). 

2. Artificial sea-water medium supplemented with 0.5% (w/v) tryptone, 0.5% (w/v) yeast 

extract, 1X trace mineral solution, and 1X vitamin mixture. 1X artificial sea-water 

contains 20 g NaCl, 3 g MgCl2 · 6H2O, 6 g MgSO4 · 7H2O, 1 g (NH4)2SO4, 200 mg 

NaHCO3, 300 mg CaCl2 · 2H2O, 0.5 g KCl, 420 mg KH2PO4, 50 mg NaBr, 20 mg SrCl2 ·

6H2O, and 10 mg Fe(NH4)2(SO4)2 · 6H2O sulfate per L . 

3. Trace mineral solution (1000X): 0.5 g MnSO4 · H2O, 0.1 g CoCl2 · 6 H2O, 0.1 g ZnSO4 

· 7 H2O, 0.01 g CuSO4 · 5 H2O, 0.01 g AlK(SO4)2 · 12 H2O, 0.01 g H3BO3, 0.01 g 

Na2MoO4 · 2 H2O per L. 

4. Vitamin mixture (200X): 0.2 g niacin, 0.08 g biotin, 0.2 g pantothenate, 0.2 g lipoic 

acid, 0.08 g folic acid, 0.2 g P-amionbenzoic acid, 0.2 g thiamine, 0.2 g riboflavin, 0.2 g 

pyridoxine, 0.2 g cobalmin per L. 

5. Elemental sulfur (flowers of sulfur). 

In vitro transcription 

1. rNTPs (see note 3). 
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2. 10X Transcription Buffer: 155 mM Tris-HCl pH 8.0, 27.5 mM MgCl2. 

3. SA Buffer: 10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1 mg/mL bovine serum albumin 

(BSA). 

4. Wash Buffer: 20 mM Tris-HCl, 0.1 mM EDTA, 250 mM KCl, 4 mM MgCl2, 20 µg/mL 

BSA. 

5. 1.2X Stop buffer: 0.6 M Tris-HCl pH 8.0, 12 mM EDTA. 

6. 1.0X Stop buffer: 0.5 M Tris-HCl pH 8.0, 10 mM EDTA. 

7. Formamide loading buffer: 95% formamide, 1X TBE containing 0.1% bromophenol 

blue and 0.1% xylene cyanol. 

8. 1M KCl. 

9. Streptavidin coated magnetic beads (We use Streptavidin MagneSphere 

Paramagnetic Particles from Promega). 

10. Anti-digoxigenen magnetic beads (We use Anti-digoxigenen magnetic particles from 

Roche). 

11. 25:24:1 Phenol : Chloroform : Isoamyl alcohol mixture; Tris-saturated at pH 8.0. 

12. Dinucleotide (ApC; see note 3). 

13. OmniFlex 200 µl Gel-Load pipette tips (Life Science Products). 

14. 32P- -ATP. 

15. T4 polynulceotide kinase (We use PNK purchased from New England Biolabs). 

16. 10X T4 PNK buffer (We use the buffer supplied from New England Biolabs). 

Additional instrumentation 

1. Top heated thermocycler (see note 4).  

2. 40 cm vertical gel electrophoresis apparatus and an appropriate power supply. 

3. Sonicator and appropriate horn. 

4. Large capacity high-speed centrifuge. We use an Avanti-J26 XP1 equipped with 

JA25.50, JLA10.5, and J20/1 rotors; Beckman Coulter. 
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5. Liquid chromatography system equipped with fraction collector. We use an AKTA 

platform; GE Healthcare. 

6. Chromatography columns, including Hi Trap Q-FF, Superdex 200 16/60, Hi Trap SP-

FF, Mono Q, and Hi Trap Chelating. We obtain all of our columns from GE Healthcare, 

although any high quality columns with similar matrixes will suffice. 

7. Centrifugal concentrators (10, 30, and 100 kD molecular weight cut-off; We use units 

from Ambion). 

8. Discontinuous SDS-PAGE system. We generate all gels in-house and resolve gels 

using a Minimax protein apparatus; Aquebogue Machine Shop. 

9. Coomassie stain. (1 g coomassie per liter; 50% methanol, 10% acetic acid, 40% H2O. 

10. Magnetic separation stand (Although any magnet will suffice, we typically rely on 

commercial stands from Promega). 

11. pH and conductivity meter. 

A1.3 METHODS 

Transcription using archaeal components requires only three protein complexes for accurate 

promoter initiated transcription, namely RNAP, TATA-binding protein (TBP), and Transcription 

Factor B (TFB)37,44. Procedures for the purification of the necessary protein complexes are 

provided first, followed by details regarding the formation of elongation complexes. Separation 

of intact transcription elongation complexes from RNAs released into solution is then detailed.  

Purification of recombinant archaeal TBP 

1. Grow Rosetta2 (DE3) cells carrying a pET30b-derived vector expressing recombinant 

TBP (TK0132) from T. kodakarensis in LB supplemented with 34 µg/ml chloramphenicol 

and 40 µg/ml kanamycin to an A600 of 0.4 at 37˚C. Induce expression by addition of IPTG 

to a final concentration of 0.25 mM and sorbitol to final concentration of 1% (w/v) (see 

note 5). Allow 12 hours at 22˚C for induction. (see note 6). 
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2. Harvest biomass (5,000 x g), and discard supernatant. Resuspend biomass (3 ml per 

gram) in TEN-0 with 0.2 mg lysozyme/ml and lyse by repeated sonication (see note 7). 

3. Clarify mixture by centrifugation (10,000 x g). Discard pelleted debris. 

4. Load the clarified supernatant over a 5 ml Hi-Trap Q-FF column (pre-equilibrated with 

TEN-100) attached to a chromatography system. Discard flowthrough. 

5. Flush the column with minimally 20 column volumes TEN-100 (continue to flush with 

TEN-100 if substantial protein elution can be detected by monitoring the UV absorbance 

of the eluent). Elute bound proteins, including TBP, with a ~30 column volume linear 

gradient of NaCl from TEN-100 to TEN-2000. 

6. Collect 1-2 ml fractions during the elution. 10 µl of peak fractions (identified via UV 

absorbance) are combined with 2 µl 6X SDS-loading buffer and boiled for 3 minutes. 

7. Fractions containing TBP (molecular weight ~ 21.5 Kd) should be identified by SDS-

PAGE and coomassie staining. 

8. Fractions containing TBP should be pooled and concentrated (at 4˚C) to < 1 ml using 

10 kDA molecular-weight cut-off centrifugal concentrators following the manufacturers 

recommendations. 

9. Concentrated fractions containing TBP should be loaded onto and resolved through a 

Superdex 200 16/60 column equilibrated with TEN-500 at 0.5 ml/min. Collect 1-2 ml 

fractions during the elution.  

10. Fractions containing TBP should be identified by SDS-PAGE and coomassie staining 

(as in sections 3.1.6. and 3.1.7.) These fractions should be pooled and concentrated (as 

in section 3.1.7.). 

11. Concentrated fractions containing TBP should be reapplied onto a 5 ml HiTrap Q-FF 

column pre-equilibrated with TEN-200. The column should be washed with TEN-200 

until no changes in UV absorbance are noted in the eluent.  Bound proteins are eluted 

with a linear ~30 CV gradient from TEN-200 to TEN-900. 
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12. Fractions containing TBP should be identified by SDS-PAGE and coomassie 

staining. These fractions should be pooled and concentrated (if necessary). Secure 

samples in 10kD dialysis tubing and dialyze samples (twice, for at least 6 hours) against 

minimally 1000-volumes protein storage buffer. Recover purified protein from the dialysis 

tube and store at -80˚C. 

Purification of recombinant archaeal TFB 

T. kodakarensis encodes two isoforms of transcription factor B [(TFB); TFB1 = TK1280; TFB2 = 

TK2287], both of which are full functional in vivo and in vitro for all transcription reactions38. 

Details are provided that are generally applicable for purification of either TFB isoform tagged 

with an N-terminal His6-sequence. 

1. Grow Rosetta2 (DE3) cells carrying a pET28a-derived vector expressing a 

recombinant TFB from T. kodakarensis in LB supplemented with 34 µg/ml 

chloramphenicol and 40 µg/ml kanamycin to an A600 of 0.5 at 37˚C. Induce expression by 

addition of IPTG to a final concentration of 0.25 mM and sorbitol to final concentration of 

1% (w/v). Allow 24 hours at 22˚C for induction (see note 8). 

2. Harvest biomass (5,000 x g) and discard supernatant. Resuspend biomass in TEN-

100 (3 ml per gram) containing 0.2 mg lysozyme/ml and lyse by repeated sonication. 

3. Clarify mixture by centrifugation (10,000 x g). Discard pelleted debris. 

4. Load the clarified supernatant over a 5 ml Hi-Trap SP-FF column (pre-equilibrated 

with TNE-100) attached to a chromatography system. Discard flowthrough. 

5. Flush the column with minimally 20 CV TEN-100 (continue to flush with TEN-100 if 

substantial protein elution can be detected by monitoring the UV absorbance of the 

eluent). Elute the bound proteins, including TFB, with a ~30 CV linear gradient of TEN-

100 to TEN-2000. 

6. Collect 1-2 ml fractions during the elution. 10 µl of peak fractions (identified via UV 

absorbance) are combined with 2 µl 6X SDS-loading buffer and boiled for 3 minutes. 
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7. Fractions containing TFB (molecular weight ~34 Kd) should be identified by SDS-

PAGE and coomassie staining. 

8. Fractions containing TFB should be pooled, and loaded directly onto a 5 ml Ni2+-

charged chelating column (see note 9). After extensive washing with 20 ml Tris-HCl pH 

8.0 containing 500 mM NaCl and 5 mM imidazole, bound proteins should be eluted with 

a linear gradient of 500 mM NaCl and 5 mM imidazole to 100 mM NaCl and 500 mM 

imidazole in 20 mM Tris HCl pH 8.0. 

9. Fractions containing TFB should be identified by SDS-PAGE and coomassie staining. 

These fractions should be pooled and concentrated (if necessary). Secure samples in 

10kD dialysis tubing and dialyze samples (twice, for at least 6 hours) against minimally 

1000-volumes protein storage buffer. Recover purified protein from the dialysis tube and 

store at -80˚C. 

Purification of archaeal RNAP 

Many archaeal RNAPs contain Fe-S centers45,46, however, there is no evidence for such 

clusters in T. kodakarensis RNAP and the enzyme can be purified aerobically without concern. 

Strains wherein a gene encoding a single subunit of RNA polymerase is modified to encode a 

protein with a His6-tag are now routinely used for purification of RNAP38. 

1. Prepare sterile artificial sea water media supplemented with yeast extract, tryptone, 

vitamins, and trace minerals within a Coy anaerobic chamber (see note 2). Add sulfur to 

2 g per L. Media should be inoculated with an appropriate T. kodakarensis culture 

(1:100) and be placed at 85˚C until growth reaches mid-exponential phase (A600 ~ 0.6). 

2. Harvest biomass (aerobically, 5000 x g; see note 10) and discard supernatant. 

Resuspend biomass (3 ml per gram) in 25 mM Tris-HCl pH 8.0, 1 M NaCl, 10% (v/v) 

glycerol and lyse by repeated freeze-thawing employing liquid N2 (see note 11). 

3. Clarify mixture by centrifugation (15,000 x g). Discard pelleted debris. 
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4. Load the clarified supernatant over a 5 ml Ni2+-charged Hi-Trap chelating column (pre-

equilibrated with 25 ml Tris-HCl pH 8.0 containing 1 M NaCl and 10% (v/v) glycerol) 

attached to a chromatography system. Discard flowthrough. 

5. Flush the column with minimally 20 CV 25 ml Tris-HCl pH 8.0 containing 1 M NaCl 

and 10% (v/v) glycerol (continue to flush with 25 ml Tris-HCl pH 8.0 containing 1 M NaCl 

and 10% (v/v) glycerol if substantial protein elution can be detected by monitoring the 

UV absorbance of the eluent). Elute the bound proteins, including RNAP, with a ~30 CV 

linear gradient from 25 ml Tris-HCl pH 8.0 containing 1 M NaCl and 10% (v/v) glycerol to 

25 ml Tris-HCl pH 8.0 containing 0.1M NaCl, 10% (v/v) glycerol, and 100 mM imidazole. 

6. Collect 1-2 ml fractions during the elution. 10 µl of peak fractions (identified via UV 

absorbance) are combined with 2 µl 6X SDS-loading buffer and boiled for 3 minutes. 

7. Fractions containing RNAP (molecular weight ~380000 Kd; 12 subunits) should be 

identified by SDS-PAGE and coomassie staining. The two largest subunits of RNAP run 

as an easily identifiable doublet near the top of the gel. 

8. Fractions containing RNAP should be pooled and concentrated to < 1 ml using 100 

kDA molecular-weight cut-off centrifugal concentrators. 

9. Concentrated material containing RNAP should be diluted with 25 ml Tris-HCl pH 8.0 

10% (v/v) glycerol until the conductivity of the sample is below the conductivity of 25 mM 

Tris-HCl pH 8.0, 10 mM MgCl2, 10% (v/v) glycerol. The diluted sample should be loaded 

onto and resolved through a 1 ml Mono Q column. Discard flowthrough.  The column 

should be washed with minimally 20 CV 25 mM Tris-HCl pH 8.0, 10 mM MgCl2, 10% 

(v/v) glycerol containing 200 mM KCl, then bound proteins should be eluted with a linear 

gradient of 200 mM to 400 mM KCl in 25 mM Tris-HCl pH 8.0, 10 mM MgCl2, 10% (v/v) 

glycerol. 

10. Collect 1-2 ml fractions during the elution. 10 µl of peak fractions (identified via UV 

absorbance) are combined with 2 µl 6X SDS-loading buffer and boiled for 3 minutes. 
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11. Fractions containing RNAP (molecular weight ~380000 Kd; 12 subunits) should be 

identified by SDS-PAGE and coomassie staining. 

12. Fractions containing RNAP should be pooled and concentrated to < 1 ml using 100 

kDA molecular-weight cut-off centrifugal concentrators. Concentrated material should be 

loaded onto and resolved through a Superdex 200 16/60 column equilibrated with 20 

mM Tris-HCl pH 8.0, 0.1 mM EDTA, 100 mM NaCl at 0.5 ml/min. 

13. Collect 1-2 ml fractions during the elution. 10 µl of peak fractions (identified via UV 

absorbance) are combined with 2 µl 6X SDS-loading buffer and boiled for 3 minutes. 

14. Fractions containing RNAP (molecular weight ~380000 Kd; 12 subunits) should be 

identified by SDS-PAGE and coomassie staining. Pool appropriate fractions. 

15. Pooled fractions containing RNAP should be reapplied to a 5 ml Ni2+-charged HiTrap 

chelating column (pre-equilibrated with 25 ml Tris-HCl pH 8.0 containing 1 M NaCl and 

10% (v/v) glycerol) attached to a chromatography system. Discard flowthrough. 

Flush the column with minimally 20 CV 25 ml Tris-HCl pH 8.0 containing 1 M NaCl and 

10% (v/v) glycerol (continue to flush with 25 ml Tris-HCl pH 8.0 containing 1 M NaCl and 

10% (v/v) glycerol if substantial protein elution can be detected by monitoring the UV 

absorbance of the eluent). Elute the bound proteins, including RNAP, with a ~30 CV 

linear gradient from 25 ml Tris-HCl pH 8.0 containing 1 M NaCl and 10% (v/v) glycerol to 

25 ml Tris-HCl pH 8.0 containing 0.1M NaCl, 10% (v/v) glycerol, and 100 mM imidazole. 

16. Collect 1-2 ml fractions during the elution. 10 µl of peak fractions (identified via UV 

absorbance) are combined with 2 µl 6X SDS-loading buffer and boiled for 3 minutes. 

17. Fractions containing RNAP should be identified by SDS-PAGE and coomassie 

staining. These fractions should be pooled and concentrated (if necessary). Secure 

samples in 100kD dialysis tubing and dialyze samples (twice, for at least 6 hours) 

against minimally 1000-volumes protein storage buffer. Recover purified protein from the 

dialysis tube and store at -80˚C. 
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Design of DNA template  

We employ DNA templates containing the modified promoter from Methanothermobacter sp. 

used to initiate transcription of histone B  

(5′ - GCGATATATTTATATAGGGATATAGTAATAGATAATATCA - 3′)47. This short promoter 

sequence (PhmtB) contains both BRE (underlined) and TATA box (double underlined) sequences 

to aid transcription factor binding. The transcription start site (bold) is defined and uniform, and 

> 70% of template DNAs contain elongation complexes when initiation uses equimolar RNAP 

and templates concentrations; TBP and TFB are provided in 4-fold molar excess38. The 

sequence downstream from the transcription initiation site can be designed to suit the particular 

needs of an experiment; for illustrative purposes, we will detail elongation on a DNA template 

permitting elongation to +116 with the initially transcribed sequence of +1-ACGGTAACCGG 

(Figure A1.1).  

It is important to note that the DNA templates employed in transcription assays can be 

any length, and can include the use of even supercoiled plasmid templates. We typically employ 

templates wherein the 5′ end of the non-template strand of DNA is biotinylated or digoxigenin-

labeled such that elongation complexes can be captured and washed during the experiment. 

For experiments requiring multiple walking steps interspersed with heating steps, the template 

strand should also be labeled at the 5’ end with either digoxigenin or biotin; note that on DNA 

templates where both 5’ bases are modified, one strand should be labeled with biotin and the 

complement with digoxigenin.  For all of our DNAs used in transcription reactions, non-template 

sequences are fully complementary to template strand sequences. Double stranded templates 

can be generated via PCR (with or without 5’-modified primers), or each strand of the DNA can 

be chemical synthesized and oligonucleotides paired to generate double stranded templates for 

transcription. 
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Figure A1.1. Initial transcription and separation of nascent- versus released-transcripts. 
Denaturing electrophoresis of 5′-ApC dinucleotide radiolabeled RNAs generated from in vitro 
transcription reactions with archaeal components permits identification of specific transcripts 
(identified with solid arrows on the left). Two misincorporation products are visible in reaction 
#3 (identified with dashed arrows on the right). Reactions were separated into pellet (P) and 
supernatant (S) fractions to identify transcripts associated with the transcription apparatus 
(pellet fraction) from those transcripts released to solution (supernatant fraction). +116 nt 
transcripts represent run-off products. Radiolabeled ssDNA 10-bp markers (far left lane) 
serve as approximate size standards. Reactions resolved in lanes 1–3 each contain 5′- 32 P-
ApC and were supplemented with 200 μM: ( 1 ) ATP, GTP, CTP, andUTP; ( 2 ) only ATP, 
GTP, and UTP; ( 3 ) only GTP. 
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Labeling dinucleotide primers with 32P 

1. For each transcription reaction, combine 1.5 µmole ApC dinucleotide with ~50µC 32P-

Ȗ-ATP, in a 5 µl reaction containing 1X T4 PNK buffer and 10 U T4 PNK. 

 2. Incubate the reaction at 37˚C for 1 hour. 

 3. Incubate the reaction at 85˚C for 10 minutes to inactivate T4 PNK. 

Transcription initiation with subsets of NTPs permits walking of RNAP 

1. Combine a double stranded DNA template (10 nM final) with 40 nM RNAP, 80 nM 

TFB, 80nM TBP, in 1X Transcription buffer supplemented with 250 mM KCl, 5 mM DTT 

and 5 mM MgCl2. Add the entirety of the reaction wherein the dinucleotide was labeled 

(from section 3.4.). Reactions are typically prepared in sterile, 0.6 ml plastic tubes with 

flat caps that can be fitted into a thermocycler block equipped with a heated lid. This 

mixture is heated to 85˚C for 5 minutes to allow formation of promoter-bound, open  

complex (see note 12). 

2. Add a subset of NTPs (each NTP to [200 µM] final, dissolved in 1X transcription 

buffer, 250 mM KCl, 5 mM MgCl2, 5 mM DTT) that allows for elongation to a discrete, 

predetermined position in the sequence is added to the reaction.  As one example, 

addition of GTP alone to a reaction employing a DNA substrate with the non-template 

sequence (+1-ACGGTAACC) permits elongation to generate a RNA that is +4 

nucleotides in length. Addition of just ATP, GTP, and UTP would permit elongation to +7, 

but transcription elongation complexes (TECs) containing 8 or fewer nucleotides are 

generally not stable and typically do not survive washing steps. Formation of a promoter-

proximal stalled complex sterically inhibits the formation of a second TEC on the same 

template, thus limiting transcription initiation to a single-round. Washing the complexes 

(see below), removes excess RNAP, TBP, and TFB, eliminating any future TEC 

formation. 
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3. The reaction is placed on ice and transferred to pre-equilibrated dry streptavidin 

coated paramagnetic particles (see note 13). The streptavidin coated paramagnetic 

particles and the TECs formed on the biotinylated DNA substrates are allowed to 

incubate on ice for 10 minutes.  

4. Using the Magnetic Separation Stand, the magnetic particles and the bound TECs are 

washed 3 times using 100µL of wash buffer. These washes remove essentially all 

unincorporated NTPs. The particles are then resuspened in 1X transcription buffer, 

supplemented with 5mM DTT, and 250mM KCl.  

5. A new subset of NTPs can be added to allow walking to a different position and this 

process can be repeated until all desired walking steps are performed (see note 14). To 

continue the example from above, TECs containing 7 nucleotide RNAs can be 

supplemented with CTP to permit continued elongation to +9, or all NTPs to generate 

TECs with RNAs that are +116 nucleotides long. 

Stopping of reaction and preparation of samples 

1. Samples are typically removed in 20 µl volumes and added to 100 µl 1.2x stop buffer 

or 120 µl of 1.0x stop buffer if TECs bound to particles are not resuspended after 

washing. Additionally, 8 µg of carrier tRNA is added to each sample. 

2. A volume of phenol:chloroform:isoamyl alcohol equal to the total volume of the 

stopped reaction is added, and each reaction is mixed extensively.  

3. The extracted samples are centrifuged (3 minutes, 14,000 x g) to separate the 

aqueous and organic phases. The aqueous layer is removed to a clean tube containing 

2.6 volumes of 100% ethanol. The reactions are vigorously mixed, quickly centrifuged to 

collect material from the side of the tubes, then placed at -20˚C for minimally 1 hour (see 

note 15).  

4. The cold samples are centrifuged in a refrigerated bench top centrifuge (4˚C, 14,000 x 

g) for 30 minutes. A small visible pellet should be seen at the end of the centrifugation. 
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5. The ethanol is then removed from the samples and appropriately discarded 

6. Each pellet is then resuspended in 4µL formamide loading buffer. Samples are heated 

to 99˚C for 3 minutes, then immediately transferred to ice prior to loading on denaturing 

gels. 

Resolving of samples  

The samples are resolved in a 40cm polyacrylamide gel on an aluminum backed gel apparatus. 

1. Each total sample (4 µL) is transferred via OmniFlex tips into unique wells in the gel. 

3. The gel is then immediately resolved by applying ~1500-2500V until desired 

resolution is achieved. For separation of transcripts differing by a few or even a single 

nucleotide, we resolve samples until the bromophenol blue migrates at least 30 cm in ≤ 

15% denaturing gels. 

Analysis 

When the gel is sufficiently resolved, the apparatus is broken down and the glass plates 

containing the gel are separated. The specific activity of the nascent transcripts is typically 

sufficient such that drying of the gels is unnecessary. The gel is covered with a single layer of 

plastic-wrap and is exposed to a phosphoimager screen.  Use of a radiolabeled dinucleotide 

ensures that all transcripts, regardless of length, have the same specific activity permitting 

immediate and easy quantification of molar ratios of different transcripts present in the 

reactions. 

A1.4 NOTES 

1: Archaeal and bacterial genomes use the same genetic code, but substantial differences in 

codon bias between the two domains generally necessitates use of an E.coli strain wherein all 

rare tRNAs are overexpressed to facilitate high-level translation of archaeal transcripts for 

recombinant protein production. 

2: T. kodakarensis is an obligate anaerobe. Facilities for anaerobic microbiology are critical for 

the proper passage and growth of Thermococcus strains. We use an anaerobic chamber 



135 
 

manufactured by Coy Laboratories, although any unit capable of maintaining an anaerobic 

environment would be suitable. All media preparations should be carried out within the 

chamber, sealed within the chamber, and then removed from the chamber for sterilization. 

Extreme caution is warranted when autoclaving sealed media bottles. 1 L of media is typically 

prepared in 2 L pyrex bottles with high temperature closures and anaerobic septums. 

3: When employing subsets of NTPs to allow elongation to a specific position, it is critical that 

the purity of the NTPs be extremely high. The quality and purity of NTP preparations from 

suppliers differs significantly. We routinely use NTPs purchased from GE Healthcare, although 

any sufficiently pure NTPs will suffice. Transcription initiation with a dinucleotide is often 

preferable to initiation using two NTPs, as initiation is more uniform and the dinucleotide permits 

radiolabeling of the dinucleotide with 32P- -ATP. Use of radiolabeled dinucleotides results in 

transcripts with a single radiolabel and facilitates rapid quantification of RNA products on a 

molar ratio. 

4: Small volume transcription reactions (< 100 µl) heated to 85˚C in a traditional wet- or dry-bath 

suffer too great a volumetric loss due to evaporation to control reaction conditions for 

reproducible results. We rely on top-heated thermocyclers to limit evaporative loss. The reaction 

tubes used for the experimentation should be sized appropriately to fit into the thermocycler and 

allow the top of the thermocycler to close tightly. We utilize 0.65 ml tubes with flat caps. 

5: The concentrations of IPTG used here have been empirically determined to maximize protein 

expression. Alternate expression constructs are likely to require different conditions. The 

addition of sorbitol aids in expression and limits degradation of recombinant proteins. 

6: TBP expression peaks at 12 hours post-induction and solubility is greater when cultures are 

shifted to 22˚C. Purification is possible from cultures maintained at 37˚C and from cultures 

induced for as short as 1 hour. 
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7: Sonication is typically completed with a series of 10 second pulses, on ice, with 30-40 

seconds between pulses to limit heating the sample. Sonication is continued until the mixture 

has a viscosity approximately equal to water.  

8: Expression of each TFB peaks at least 24 hours after induction. Lowering the culture 

temperature to 22˚C aids in total yield and solubility of each TFB isoform.  

9: Many Ni2+-affinity matrixes are available. We routinely use pre-packed chelating columns that 

we charge with NiSO4 prior to use. Columns are flushed, in order, with 5 CV H2O, 1 CV 0.5M 

EDTA (to remove all bound metals), 5 CV H2O, 1 CV 0.1 M NiSO4 (to charge the column with 

Ni2+), and 5 CV H2O before each use. 

10: The metabolism of T. kodakarensis typically uses elemental sulfur as the terminal electron 

acceptor, thus generating copious amount of poisonous H2S gas and building substantial 

pressures within the sealed growth vessel. Extreme care should be taken to properly vent the 

pressurized gases prior to harvesting biomass. All spent media should be disposed within a 

fume hood. 

11: Biomass is flash frozen by immersion in liquid N2 then immediately thawed by incubation at 

85˚C. Repeated rounds of freezing and thawing effectively lyses T. kodakarensis cultures.  

12: These procedures have been optimized at the normal growth temperature of Thermococcus 

kodakarensis. Transcription initiation and elongation are possible at lower temperatures. Note 

that sequences that direct intrinsic termination at physiological temperature only function to 

direct RNAP to pause at reduced temperatures6, and thus it is critical to evaluate elongation-

termination decisions at the physiological temperature 

13: Streptavidin Magnasphere Paramagnetic Particles must be equilibrated prior to use. The 

particles are equilibrated by washing 10µL of particles (1 mg/mL) with 100 µL of SA buffer three 

times. To separate the particles from the buffer, a MagneSphere Technology Magnetic 

Separation Stand (Promega) is used. The buffer is removed from the particles prior to the 



137 
 

reaction being added to the particles. For each reaction that particles will be used, 10µL of 

particles must be equilibrated. 

The streptavidin molecules denature at temperatures above 55˚C, and thus we cool complexes 

only to ensure capture to the solid support. Complexes must be returned to physiological 

temperatures before elongation-termination decisions can be properly monitored following NTP 

addition. 

DNAs containing digoxigenin moieties can be employed when coupled with solid-supports 

facilitating capture of digoxigenin-labeled DNAs. We often employ templates with separate 

digoxigenin and biotin moieties at the 5’ ends of the substrates. 

14: The temperature constraints of the archaeal transcription apparatus necessitate the addition 

of unheated streptavidin-coated particles after each elongation cycle at high temperature. 

Elongation at room temperature is possible, but is facilitated by incubation at 85˚C. Room 

temperature elongation is utilized when the physiological state of the TEC is not under study 

during the elongation, however elongation at 85˚ permits analysis at the optimal reaction 

conditions. 

15: We rely on a high-concentration of Tris to aid in the precipitation of in vitro synthesized 

RNAs. Use of tRNA and Tris as carriers results in samples that do not contain high 

concentrations of NaCl or KCl that typically lower the resolution and clarity of samples during 

electrophoresis. It is critical to extract and precipitate the RNAs away from RNAP, as RNAP will 

non-specifically associate with transcripts and retard their migration during electrophoresis. 
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APPENDIX 2 

 

MARKERLESS GENE EDITING IN THE HYPERTHERMOPHILIC ARCHAEON 

THERMOCOCCUS KODAKARENSIS5 

A2.1 INTRODUCTION 

 Archaea often thrive in seemingly inhospitable and rapidly changing environments. Analyses of 

archaeal genomes reveal a plethora of metabolic strategies, predict sophisticated and highly 

interdependent regulatory networks underlying gene expression and reveal many genes whose 

protein–and increasingly often stable RNA–products lack a defined function. The ability to 

challenge existing, and define new pathways through genetic manipulation has assisted in 

deconvoluting archaeal physiology and information processing systems, and has more recently 

opened archaeal species to synthetic- and systems-level approaches to define intra- and 

intercellular networks.  

   Thermococcus kodakarensis is a hyperthermophilic, anaerobic, marine archaeon for 

which a genetic system has been developed over the last decade1–6. The ability to genetically 

modify T. kodakarensis has allowed for the study of individual gene function in metabolism, 

replication, transcription and translation. Using a recombination based system and both 

selective and counter-selective markers, individual genes are deleted from the T. kodakarensis 

genome in a markerless manner (Figure A2.1). This markerless deletion strategy allows the 

consecutive deletion of multiple genes in a single strain using the same strategy for each gene.  

                                                           

5 This appendix is an accepted protocol under the same title with the suggested reference 
below. 
 
TS and I conceived and wrote the content with input from TJS. 
 
Gehring, A.M., Sanders, T. and Santangelo, T. J. Markerless gene editing in the hyperthermophilic 
archaeon Thermococcus kodakarensis. Bio-protocol. 
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Figure A2.1. Overview of the markerless deletion scheme used in T. kodakarensis. At the 
top of the figure is the B-plasmid used to delete the target gene from the genome. The 
plasmid recombines into the genome providing agmatine prototrophy to recipient cells and 
yields an intermediate genome. Two intermediate genomes are possible; however only 
one is depicted here. A second spontaneous recombination event excises plasmid 
sequences and permits survival in the presence of cytotoxic 6-MP. This second 
recombination event will result in the desired deletion genome (left) or the restoration of 
the TS559 genome (right). 
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T. kodakarensis strain TS559 (ΔTK2276; ΔTK0254::TK2276; ΔTK0149; ΔTK0664) requires the 

presence of agmatine and tryptophan for cellular growth7. The deletion strategy presented here 

utilizes the selectable and counter-selectable markers TK0149 and TK0664, respectively. 

TK0149 encodes a pyruvoyl-dependent arginine decarboxylase, an enzyme necessary in the 

conversion of arginine to agmatine which is then converted to putrescine. Cells lacking TK0149 

are dependent on the addition of agmatine to the media for viability. TK0664 encodes a 

hypoxanthine guanine phosphoribosyltransferase, an enzyme involved in a ribonucleotide 

scavenging pathway. Cells encoding TK0664 can metabolize 6-methylpurine (6-MP), a cytotoxic 

purine derivative, and thus perish in environments containing 6-MP.  

To assist others in implementing this technology, here we outline a procedure to delete a 

gene [as one example, we delete TK05668] from the T. kodakarensis TS559 genome.  

A2.2 MATERIALS AND REAGENTS 

1. 1 ml TB syringe (BD, catalog number: 309624) 

2. 1.7 ml microcentrifuge tubes (VWR, catalog number: 490004-444) 

3. 0.2 ml PCR tubes (VWR, catalog number: 20170-012) 

4. Polystyrene Petri plates (Fisher Scientific, catalog number: S33580A) 

5. Split rubber stopper (Wheaton, catalog number: W224100-282) 

6. 20 mm aluminum seals (Wheaton, catalog number: 224178-01) 

7. 20 mm E-Z Crimper, Standard Seal (Wheaton, catalog number: W225303) 

8. 20 mm E-Z Decapper (Wheaton, catalog number: W225353) 

9. Polycarbonate centrifuge tubes (Beckman Coulter, catalog number: 361690) 

10. Glass Petri plates (VWR, catalog number: 89000-304) 

Note: Glass petri plates are used here, as plastic petri plates will melt at T. kodakarensis 

incubation temperature (85°C). 

11. Cell spreader (Fisher Scientific, catalog number: 08-100-10) 

12. 10 ml serum bottles (Wheaton, catalog number: 223739) 
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13. T. kodakarensis strain TS5597 

14. DH5α E. coli competent cells (Fisher Scientific, catalog number: 18258012) 

15. XL1-Blue E. coli competent cells (Agilent Technologies, catalog number: 200228) 

16. 700Forward Primer (5′ CGCCGCAATAGCGGTCGTCGTCATGTTCCC 3′) 

17. 700Reverse Primer (5′ AACAATTTCACACAGGAAACAGCTATGACC 3′) 

18. pTS7005 

Note: Please contact corresponding author to obtain plasmid.  

19. 10 mM Tris-HCl pH 8.0 (VWR, catalog number: 97061-258) 

20. Isopropanol (Sigma-Aldrich, catalog number: 190764) 

21. Chloroform (Sigma-Aldrich, catalog number: C2432) 

22. Phenol (VWR, catalog number: 0945) 

23. Isoamyl Alcohol (Sigma-Aldrich, catalog number: 1009791000) 

24. Phusion DNA polymerase (New England Biolabs, catalog number: M0530) 

25. LE Quick dissolve agarose (VWR, catalog number: 490000-004) 

26. Ethidium bromide (Sigma-Aldrich, catalog number: E1510) 

27. AMPure XP (Beckman Coulter, catalog number: AG3881) 

28. Nucleospin Gel and PCR Clean-up Kit (Machery-Nagel, catalog number: 740609) 

29. ZR Plasmid Miniprep kit (Zymo Research, catalog number: D4015) 

30. SwaI restriction enzyme (New England Biolabs, catalog number: R0604) 

31. T4 DNA Polymerase (New England Biolabs, catalog number: M0203) 

32. dCTP (Fisher Scientific, catalog number: 10297018) 

33. dGTP (Fisher Scientific, catalog number: 10297018) 

34. NEBuffer 2.1 (New England Biolabs, catalog number: B7202) 

35. Ampicillin (Sigma-Aldrich, catalog number: A0166) 

36. Taq DNA Polymerase (New England Biolabs, catalog number: M0267) 

37. dNTPs (Fisher Scientific, catalog number: 10297018) 
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38. Yeast extract (VWR, catalog number: 97063) 

Note: For E. coli media, any yeast extract is suitable, however T. kodakarensis requires 

this source of yeast extract. 

39. Tryptone (EMD Millipore, catalog number: 1072131000) 

Note: T. kodakarensis requires casein peptone that is enzymatically digested using 

pancreatic enzymes. Other sources of tryptone are suitable for E. coli media.  

40. Sodium chloride (NaCl) (Sigma-Aldrich, catalog number: 793566) 

41. Quikchange II (Agilent Technologies, catalog number: 200523) 

42. Agmatine (Sigma-Aldrich, catalog number: A7127) 

43. Elemental sulfur (VWR, catalog number: 101224-218) 

44. Gelzan (Sigma-Aldrich, catalog number: G1910) 

45. 6-methylpurine (Sigma-Aldrich, catalog number: M1256) 

46. Niacin (Sigma-Aldrich, catalog number: PHR1276) 

47. Biotin (Amresco, catalog number: 0340) 

48. Pantothenate (Sigma-Aldrich, catalog number: 259721) 

49. Lipoic acid (Fisher Scientific, catalog number: BP2682) 

50. Folic acid (Sigma-Aldrich, catalog number: F7876) 

51. P-aminobenzoic acid (Acros Organics, catalog number: 146210010) 

52. Thiamine (Fisher Scientific, catalog number: BP892) 

53. Riboflavin (Sigma-Aldrich, catalog number: R1706) 

54. Pyridoxine (Sigma-Aldrich, catalog number: P9755) 

55. Cobalamin (Sigma-Aldrich, catalog number: V6629) 

56. Magnesium chloride hexahydrate (MgCl2·6H2O) (Sigma-Aldrich, catalog number: 

M9272) 
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57. Magnesium sulfate heptahydrate (MgSO4·7H2O) (EMD Millipore, catalog number: 

MX0070) 

58. Ammonium sulfate ((NH4)2SO4) (VWR, catalog number: BDH9216) 

59. Sodium bicarbonate (NaHCO3) (Sigma-Aldrich, catalog number: S6014) 

60. Calcium chloride dihydrate (CaCl2·2H2O) (EMD Millipore, catalog number: CX0130) 

61. Potassium chloride (KCl) (Sigma-Aldrich, catalog number: P3911) 

62. Potassium phosphate monobasic (K2HPO4) (Sigma-Aldrich, catalog number: P0662) 

63. Sodium bromide (NaBr) (Fisher Scientific, catalog number: S255) 

64. Strontium chloride hexahydrate (SrCl2·6H2O) (Sigma-Aldrich, catalog number: 13909) 

65. Ammonium iron(II) sulfate hexahydrate (Fe(NH4)2(SO4)2·6H2O) (Sigma-Aldrich, catalog 

number: F3754) 

66. Manganese(II) Sulfate Monohydrate (MnSO4·H2O) (Fisher Scientific, catalog number: 

M10337) 

67. Cobalt (II) chloride hexahydrate (CoCl2·6H2O) (Sigma-Aldrich, catalog number: 202185) 

68. Zinc sulfate heptahydrate (ZnSO4·7H2O) (Ricca Chemical Company, catalog number: 

RDCZ0200)  

69. Copper (II) sulfate pentahydrate (CuSO4·5H2O) (Sigma-Aldrich, catalog number: C8027) 

70. Aluminum potassium sulfate dodecahydrate (AlK(SO4)2·12H2O) (Fisher Scientific, 

catalog number: S70459) 

71. Boric acid (H3BO3) (Fisher Scientific, catalog number: A73) 

72. Sodium molybdate dehydrate (Na2MoO4·2H2O) (Sigma-Aldrich, catalog number: S6646 

73. Sodium sulfide nonahydrate (Na2S·9H2O) (Sigma-Aldrich, catalog number: 431648) 

74. Cysteine (Fisher Scientific, catalog number: BP377) 

75. Glutamic acid (Amresco, catalog number: 0421) 

76. Glycine (Sigma-Aldrich, catalog number: W328707) 

77. Arginine (Sigma-Aldrich, catalog number: A5131) 
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78. Proline (Sigma-Aldrich, catalog number: W331902) 

79. Asparagine (Amresco, catalog number: 94341) 

80. Histidine (Sigma-Aldrich, catalog number: H800) 

81. Isoleucine (Sigma-Aldrich, catalog number: W527602) 

82. Leucine (Sigma-Aldrich, catalog number: L8000) 

83. Lysine (Sigma-Aldrich, catalog number: L5626) 

84. Threonine (Sigma-Aldrich, catalog number: T8625) 

85. Tyrosine (Sigma-Aldrich, catalog number: T3754) 

86. Alanine (Sigma-Aldrich, catalog number: W381829) 

87. Methionine (Sigma-Aldrich, catalog number: M9625) 

88. Phenylalanine (Sigma-Aldrich, catalog number: P2126) 

89. Serine (Sigma-Aldrich, catalog number: S8407) 

90. Tryptophan (Amresco, catalog number: E800) 

91. Aspartic acid (Amresco, catalog number: 0192) 

92. Glutamine (Sigma-Aldrich, catalog number: G3126) 

93. Valine (Sigma-Aldrich, catalog number: V0500) 

94. Phenol:Chlorofrom:Isoamyl Alcohol (see Recipes) 

95. LB plates (see Recipes) 

96. LB media (see Recipes) 

97. KOD vitamins (see Recipes) 

98. ASW-YT media (see Recipes) 

99. 2x ASW solution (see Recipes) 

100. Trace minerals solution (see Recipes) 

101.Polysulfides (see Recipes) 

102. 0.8x ASW solution (see Recipes) 

103. 20 amino acid solution (see Recipes) 
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A2.3 EQUIPMENT 

1. Pipettes (Gilson, catalog numbers: F123600, F123615, F123602) 

2. 125 ml serum bottles (Wheaton, catalog number: 223748) 

3. JLA10.500 rotor (Beckman Coulter, catalog number: 369681) 

4. Enzyme Cooler, Isotherm System (Eppendorf, catalog number: 3880000011) 

5. GasPak EZ Anaerobe Container System (BD, catalog number: 260678) 

6. Eppendorf Microcentrifuge 5424 (Eppendorf, model: 5424) 

7. Eppendorf Mastercycler Nexus Thermal cycler (Eppendorf, catalog number: 

6333000022) 

8. VWR forced air incubator (37 °C and 85 °C) 

9. Thermo MaxQ 4000 benchtop orbital shaker (Thermo Fisher Scientific, model: MaxQTM 

4000) 

10. Anaerobic Chamber (Coy Labs) 

11. Beckman Avanti J Series centrifuge system 

12. Autoclave 

13. Dry block heater (VWR, catalog number: 12621-090) 

A2.4 SOFTWARE 

1. Primer39 

A2.5 PROCEDURE 

Primer design 

1. The first step in constructing a deletion strain is generating a plasmid construct that will 

facilitate the deletion of the gene of interest, referred to here as your favorite gene 

(YFG). A specific amplicon must be inserted into a common plasmid backbone (pTS700, 

see below), and the amplicon of choice must be generated with specific 5’ and 3’ 

sequences (added to the primers that generate the amplicon) to facilitate construction of 

the desired plasmid. Primer design starts by identifying the sequence of your favorite 
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gene (YFG) as well as the sequence of adjacent regions in the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) database10. The T. kodakarensis reference genome is 

entry T00226.  

2. Copy the positive-strand sequences encoding YFG plus 700 nucleotides upstream and 

700 nucleotides downstream of YFG. End-join the 700 nucleotide sequence upstream 

and the 700 nucleotide sequence downstream of YFG by replacing the sequence of YFG 

with a single ‘N’. The resulting 1,401 nucleotide sequence serves as an input sequence 

for the primer design software program Primer39.  

3. Within Primer3, set the parameters to demand selection of a pair of 25 nucleotide 

primers that will yield an amplicon of ≥ 1,200 nucleotides from the inputted 1401 

nucleotide sequence. Each primer should have a minimum Tm of 57 °C, no maximum Tm, 

40%-75% G/C, and a 2 nucleotide GC-3’ end clamp. Primer3 typically returns multiple 

primer pairs, and for convenience only, we select the first pair. These algorithm derived 

primers are sufficient to amplify the amplicon of choice, but must be amended to add 

sequences that facilitate insertion into pTS700.  

4. To the upstream primer, add the sequence 5′ GGAGGTGAATTTC. This new primer (38 

nucleotides) will be designated 001-XXXX, where XXXX is the gene number. To the 

downstream primer, 5′ GGTGAAGGATTTC will be added, and this primer will be 

designated 002-XXXX.  

Note: The additional sequence added to 001-XXXX and 002-XXXX primers facilitates 

the use of Ligation Independent Cloning (LIC), our preferred cloning method, and may 

be omitted if a different cloning method is used. 

A. A-plasmid construction 

Note: Construction of an A-plasmid is not necessary to delete a gene from the T. 

kodakarensis genome. The A-plasmid serves as a building block from which multiple gene 

modification constructs can be built, including the addition of an affinity tag sequence, 
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truncated versions of the gene, or allelic changes within the gene. Thus, if the deletion of the 

gene is the only desired result, B-plasmid construction (see ‘Mutagenic PCR for B-plasmid 

construction) is the only necessary plasmid and may be constructed using an alternative 

cloning strategy. For example, ordering of a synthetic DNA fragment containing only the 

upstream and downstream regions of homology to YFG for use in cloning will suffice. 

1. T. kodakarensis strain TS559 genomic DNA is prepared for amplification of the gene of 

interest using the primers designed above (001-XXXX and 002-XXXX). To properly 

inoculate a fresh culture of T. kodakarensis, 1 ml culture from a stock, 100 μl 1 M 

agmatine, 100 μl KOD vitamins (see Recipes), and 0.2 g of sulfur are added to 100 ml of 

ASW-YT media (see Recipes) under anaerobic conditions. The newly inoculated culture 

is incubated at 85 °C for 12 h prior to the transformation.  Using a 1 ml syringe, remove 1 

ml of T. kodakarensis TS559 culture and transfer to a 1.7 ml microcentrifuge tube, and 

collect the cells via centrifugation (9,000 x g for 5 min in a tabletop centrifuge). Decant 

the supernatant, resuspend the harvested cells in 100 µl of 10 mM Tris-HCl pH 8.0, and 

then add 50 μl of Phenol:Chloroform:Isoamyl Alcohol (see Recipes). After vigorously 

mixing, separate organic and aqueous phases via centrifugation (9,000 x g, 5 min in the 

tabletop centrifuge), aliquot 50 μl of the upper aqueous layer to a fresh 1.7 ml 

microcentrifuge tube that contains 50 μl 10 mM Trisi-HCl pH 8.0. Precipitate the nucleic 

acids by adding 100 μl of 100% isopropanol. Following a 30 minute spin (9,000 x g, 

tabletop centrifuge), carefully remove the isopropanol and allow the near-colorless, small 

nucleic acid pellet to dry for 10 min. Resuspend the dried pellet in 30 μl 10 mM Tris-HCl 

pH 8.0. The DNA is not quantified prior to use in PCR reactions. 

2. PCR amplification is typically achieved using 001-XXXX and 002-XXXX primers in a 

mixture (50-100 µl) containing 3 μl of the genomic DNA (~300 ng), as prepared above. 

Any high-fidelity DNA polymerase can be used for the PCR amplification and should be 

used following the manufacturers recommendations.  
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3. To determine if the amplicon of interest was generated, ~5 µl of the amplification reaction 

is loaded into a 1% agarose gel, resolved, stained with ethidium bromide (EtBr), and 

imaged. If the correct product was amplified with no alternative products, the resultant 

amplicon is purified using AMPure XP beads following the manufacturer’s directions. If a 

mixture of desired and alternative products were identified, the total reaction should be 

loaded into the gel, resolved, stained, imaged and the desired amplicon should be 

excised out of the gel and purified using a commercially available gel purification kit such 

as Nucleospin Gel and PCR Clean-up Kit by Machery-Nagel following the 

manufacturer’s instructions. 

Note: A gel purification kit or PCR clean-up kit can be used as an alternative to AMPure 

XP beads. 

4. Simultaneous to generating the desired amplicon for YFG, the plasmid pTS700 should 

be prepared for accepting the amplicon. pTS700 is the vector used for all gene deletion 

constructs and contains an E. coli origin of replication (oriC), AmpR, and T. kodakarensis 

selectable and counter-selectable markers, TK0149 and TK0664, respectively. pTS700 

also features a SwaI restriction enzyme cut site that is used to insert, via LIC, the YFG 

amplicon. pTS700 can be maintained in any standard E. coli strain using ampicillin as 

the selectable marker, is easily recovered from cultures via commercially available 

miniprep kits (we typically use the ZR Plasmid Miniprep Kit and follow manufacturer’s 

instructions), and the concentration determined by fluorometric or spectroscopic 

techniques. 

5. At this point, both the YFG desired amplicon and pTS700 should be purified. LIC will be 

used to build the new plasmid, pCSUXXXXA, again where XXXX is the gene number of 

YFG. LIC uses 12 nucleotide complimentary overhangs between the plasmid and PCR 

product to drive incorporation of the amplicon sequences into the vector. The  
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Figure A2.2. Construction of the A-plasmid using ligation independent cloning. A. The target 
gene as well as the upstream and downstream sequences are amplified using 001-XXXX and 
002-XXXX primers that include the necessary 5’-tail sequences. The purified amplicon is 
incubated with T4 DNAP and dGTP to generate the 12 nucleotide overhangs. B. pTS700 is 
digested using SwaI and then incubated with T4 DNAP and dCTP to generate amplicon-
complementary 12 nucleotide overhangs. C. The T4 DNAP treated amplicon and plasmid are 
incubated together and transformed into E. coli to generate the A-plasmid. 
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complementarity is generated by T4 DNA polymerase (DNAP)-mediated exonuclease 

activity on the vector and amplicon sequences (Figure A2.2). 

Note: LIC is not essential in A-plasmid construction. We utilize LIC for plasmid 

construction because it is the most cost effective-option for constructing 

deletionplasmids for all 2,306 genes in the T. kodakarensis genome. LIC is not 

dependent on a DNA ligase or phosphatase, and the only enzyme required is T4 

DNAP11. Any standard cloning method may be used in place of LIC.  

Digest 500 ng of purified pTS700 with SwaI in a 20 μl reaction following manufacturer’s 

instructions. Following SwaI digestion, 1 μl of T4 DNAP and 1 μl of 100 mM dCTP are 

added, incubation is continued at 37 °C for 30 min, then 20 min at 85 °C to heat 

inactivate all enzymes, and finally the reaction is placed on ice. Simultaneously, a 

second reaction will prepare the YFG amplicon for LIC. Mix 500 ng desired amplicon, 0.9 

μl NEBuffer 2.1, 0.5 μl 100 mM dGTP, and 0.5 µl T4 DNAP in a final volume of 9 μl, 

incubate at 37 °C for 30 min, then 20 min at 85 °C to heat inactivate the enzymes. 1 µl 

aliquots of each reaction are combined in a single tube, heated to 85 °C for 3 min, and 

the mixtures allowed to slowly cool to room temperature. This slow cooling permits the 

12 nucleotide complementary overhangs to anneal. Following the cooling step, the 2 µl 

reaction is transformed into 50 μl competent cells of any standard E. coli strain, and 

spread onto LB-Amp plates (see Recipes).  

1. After overnight incubation, colony PCR is used to determine if resultant transformants 

contain the newly constructed, desired A-plasmid. At least 10 distinct colonies should be 

checked using the pTS700 specific primers (700Forward and 700Reverse), although in 

some cases additional colonies may need to be screened. Each colony is picked from 

the plate into 6 μl of dH2O in a 0.2 ml PCR tube and resuspended. 4 μl is removed and 

spotted onto a LB-Amp plate leaving 2 μl behind in the PCR tube (ensure that the label 
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on the PCR tube matches that on the spot plate). Once all colonies are spotted, incubate 

the LB + Amp plate at 37 °C to allow overnight growth. The remaining 2 μl of cells will be 

used as the DNA component in an amplification reaction using Taq DNAP. Taq DNAP 

yields the best results as it is not sensitive to the cellular and media components carried 

over into the reactions.  

 

Colony PCR Conditions (20 μl) 

Taq DNAP (20 U/μl) 0.1 μl  

dNTPs (2.5 mM) 1.6 μl  

10x ThermoPol buffer 2 μl  

700Forward primer (100 μM) 0.1 μl  

700Reverse primer (100 μM) 0.1 μl  

Resuspended Cells 2 μl  

H2O 13.9 μl  

 

Following PCR, the total reaction is loaded into a 1% agarose gel, resolved, stained, and 

imaged. If the LIC was unsuccessful, a product of 150 bp will be generated. If LIC was 

successful, a product of 150 bp plus the size of your initial amplicon (YFG + 1,400 bp 

flanking regions) will be present. Identify one of the successful LIC generated plasmids, 

return to the spot plate, and pick the corresponding colony into 5 ml of LB with ampicillin 

and grow overnight at 37 °C while shaking. Purify the plasmid from E. coli using a 

preferred plasmid Miniprep kit, quantify, and sequence the entire amplicon using the 

700Forward and 700Reverse primers in two separate reactions. If the sequencing 

confirms the YFG along with the upstream and downstream sequences have been 

inserted into pTS700, the plasmid is now designated pCSUXXXXA and is referred to as 

the A-plasmid. 
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B. Mutagenic PCR for B-plasmid construction 

1. The B-plasmid is used for gene deletions and lacks the YFG but retains the upstream 

and downstream sequences. To construct the B-plasmid, a Quikchange-II reaction is 

used with the A-plasmid as DNA template. 60 nucleotide primers are employed, and the 

primers bind to 30 nucleotides on either side of the gene of interest thus deleting the 

sequences encoding YFG from the final product. The first 30 nucleotides should be 

identical to the 30 nucleotides immediately upstream of YFG, while the 3’ terminal 30 

nucleotides should be identical to the 30 nucleotides immediately downstream of YFG. 

These long primers ensure the primers are of the adequate melting temperature (> 

78 °C). The 60 nucleotide primers used in the Quikchange are designated 016-XXXX 

and 017-XXXX and, as Quikchange demands, the primers are reverse complements of 

each other.  

2. The conditions for the Quikchange reaction follow exactly the Quikchange-II kit protocol 

including the DpnI treatment to degrade the E. coli methylated A-plasmid. After the DpnI 

treatment, 2 μl of the total reaction is used to transform 50 μl XL1-Blue E. coli cells, 

which are then plated on LB-Amp agar plates, and incubated overnight at 37 °C. Colony 

PCR is performed, again using primers 700Forward and 700Reverse, to determine if the 

sequences encoding YFG were deleted from the A-plasmid leaving only the now-fused 

upstream and downstream sequences. The product size for all deletions should be 

~1,400 bp, and the colony corresponding to the deletion is picked into 5 ml LB-Amp, 

incubated at 37 °C overnight, and newly constructed B-plasmid DNA purified using the 

preferred plasmid Miniprep Kit. The resulting purified B-plasmid is sequenced using the 

700Forward and 700Reverse primers in two separate reactions. If the sequencing 

demonstrates that YFG has been deleted, this new plasmid is now designated pCSU-

XXXXB and will be used to construct the T. kodakarensis deletion strain. 
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C. Thermococcus kodakarensis transformation 

1. The B-plasmid must be transformed into T. kodakarensis strain TS559. The first step of 

the transformation is to inoculate a fresh culture of TS559 as described in step B1.  

2. To complete the transformation, the cells will be spread onto specialized plates that will 

remain solid at 85 °C. The media used to make the plates must be autoclaved 

immediately before pouring. Plates should be poured no more than 24 h prior to use. 

Two 100 ml serum bottles with unique ingredients are autoclaved separately and mixed 

immediately before pouring. Each set of serum bottles will yield four plates, and each 

transformation requires two plates. For all plates, one of the bottles will remain 

consistent and contains 1 g of Gelzan in 50 ml of distilled H2O. Once the Gelzan and 

dH2O are added, cap the serum bottle with a rubber stopper and aluminum seal and 

shake to mix well. Note that the Gelzan will not completely dissolve prior to autoclaving. 

The contents of the second bottle will vary depending on the composition of the desired 

solid media. The media required for the initial transformation is ASW-YT-S, and thus the 

second serum bottle will contain 50 ml of 2x ASW (see Recipes) with 0.5 g yeast extract, 

0.5 g tryptone, and 500 μl trace minerals (see Recipes). After all reagents are in the 

bottle, cap with a rubber stopper and seal with an aluminum seal. 

Note: Place both bottles in an autoclave-safe vessel with a lid and add a small amount of 

water to the bottom. For this, we used a large noodle pot, however any large vessel with 

a lid will work. The sealed bottles present an explosion hazard in the autoclave. Placing 

the bottles in a large noodle pot ensures that on the rare occasions an explosion occurs 

it will be contained. When working with sealed vials and the autoclave, proper safety 

precautions should be taken including the use of face shields, lab coats, and autoclave 

gloves. 

A standard liquid autoclave cycle with a 20-min sterilization at 121 °C is sufficient to 

sterilize the media and dissolve the Gelzan. As soon as the autoclave cycle has finished, 
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remove the noodle pot, and bring the bottles into the anaerobic chamber. The Gelzan will 

begin to solidify at any temperature below 85 °C and will remain solidified so you must 

pour the plates immediately after the autoclave cycle has completed. For every set of 

two bottles, four, previously autoclaved, glass Petri plates should be arranged in the 

chamber to allow for quick pouring. Once the bottles are in the chamber, work quickly to 

uncap the bottle containing the 2x ASW and add to this bottle 100 μl vitamins and 200 μl 

polysulfides (see Recipes). Swirl to mix well, careful not to spill. Now, uncap the bottle 

containing Gelzan and pour the 2x ASW bottle into the Gelzan bottle, again swirl to mix 

well. Pour approximately ¼ of the bottle into each plate. The plates should set in about 

10 sec. Allow the plates to cool for ~10 min then flip the plates over until ready for use.  

3. After 12 h, the TS559 liquid culture (100 ml) is taken into the anaerobic chamber and 

poured into a polycarbonate centrifuge tube suited for use in a high-speed centrifuge. 

The centrifuge tube is sealed, removed from the chamber, and spun in a JLA10.500 

rotor at 18,000 x g for 10 min at 4 °C to pellet the cells. After centrifugation, immediately 

remove and invert the centrifuge bottle so that the cell pellet is not disturbed by the 

supernatant while moving the tube back into the anaerobic chamber. Once the tube is 

back in the chamber, carefully remove the supernatant without disturbing the pellet. 

Note: Polycarbonate tubes must be used as they can withstand the high temperatures of 

the cultures.  

4. The cell pellet is resuspended in 3 ml of 0.8x ASW (see Recipes). Each transformation 

only requires 200 μl of resuspended cells therefore a 100 ml of culture yields enough 

cells for ~15 transformations. Following resuspension, remove the cells from the 

centrifuge bottle and place them in 1.7 ml microcentrifuge tubes on ice.  

Note: To prevent the chambers from becoming humid, use a small ice bucket with a lid 

or an enzyme cooler. Allow the cells to incubate on ice for 30 min. 

Note: Cells cannot be stored for future experiments. 
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5. While the cells incubating on ice, the previously purified B-plasmid(s) are prepared for 

the transformation. For each transformation, aliquot 3 μg of purified B-plasmid into a 1.7 

ml microcentrifuge tube and bring into the chamber.  

6. After the cells have incubated for 30 min on ice, add 200 μl of cells to the 3 μg of 

plasmid. Continue incubating on ice for an additional 60 min. 

7. Although T. kodakarensis is naturally competent, a heat shock step is used in the 

transformation protocol to increase the efficiency of the transformation. Heat the 

cell/plasmid mixture to 85 °C for 1 min followed by a 5 min recovery on ice. Each 

transformation will be spread on two plates, one with a high volume of cells (160 μl) and 

one with a low volume of cells (40 μl) using a cell spreader. After spreading, the plates 

are flipped upside down and placed in a metal cylinder, packed with paper towels to 

absorb moisture and a GasPak EZ Anaerobe Container System packet to maintain 

anaerobic conditions during growth. The cylinder is sealed in the chamber, removed from 

the chamber, and placed in an 85 °C incubator for 48-72 h. 

8. After allowing colony formation, remove the cylinder from the incubator and bring into the 

anaerobic chamber. Remove the plates from the cylinder and identify T. kodakarensis 

colonies. The colonies are small, clear, and can be difficult to identify. For this reason, it 

is difficult to pick single colonies directly from the transformation plates and it is therefore 

often necessary to spot the colonies.  At least 10 colonies are spotted onto media of 

identical composition to the transformation plates. To spot single colonies, a colony from 

the transformation plate is picked into 6 µl of 0.8x ASW and serial dilutions are spotted 

(spots are ~6 µl).  Using 0.8x ASW and a 10-fold dilution at each step, spot the colony 

for 10 dilutions onto freshly poured plates. The plates are then placed in a metal cylinder 

with an anaerobe pack and incubated at 85 °C for 48-72 h. 
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9. Following the incubation, the plates are removed from the incubator and brought 

into the anaerobic chamber. One colony from each series of serial dilutions is 

used to inoculate 5 ml of ASW-YT supplemented with 0.1 g of elemental sulfur 

and 5 μl KOD vitamins. These freshly inoculated bottles are sealed in the 

anaerobic chamber, removed, and incubated at 85°C overnight. These cultures 

will be referred to as potential intermediate strains. After overnight growth, total 

genomic DNA will be extracted from these cultures as described in section B1.  

D. Selection of intermediate strains 

1. For the transformation to be successful, indicated by the presence of viable colonies, the 

B-plasmid must have integrated into the genome via homologous recombination. The 

plasmid has the potential to recombine at one of two loci, either upstream or downstream 

of the gene of interest (Figure A2.3). 

It is necessary to confirm via PCR that the B-plasmid integrated into the genome 

and determine the locus of this recombination. Purified genomic DNA from potential 

intermediate strains (as specified in section D9 above) will be used in PCR reactions 

with two separate primer combinations: 700Forward is used in combination with 002-

XXXY while 700Reverse will be used 001-XXXW.  PCR is performed using 3 μl (~300 

ng) of genomic DNA with Phusion DNAP following manufacturer’s instructions. The PCR 

reactions are resolved in a 1% agarose gel, stained, and imaged. Ideally, both the 

upstream and downstream recombination events will be identified in individual colonies, 

however in some cases only one of the recombination events is identified. 

Note: The 001 and 002 primers used in this PCR are not for YFG, but instead for the 

genes immediately upstream and downstream of YFG, respectively. If the 001 and 002 

primers are not available for the adjacent genes, any primer should suffice as long as it 
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Figure A2.3. Identification of the intermediate genomes using PCR. The intermediate 
genomes are identified using primers specific to the B-plasmid (700Forward and 700Reverse) 
with primers specific to the genome sequence. For intermediate PCR, the 001 and 002 primers 
for the target gene cannot be used; instead the 001 and 002 primers for the upstream and 
downstream genes, respectively, should be used. 
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is external to the 001 and 002 primers for the gene of interest. The 001 and 002 primers 

for the gene of interest cannot be used because they will bind both the plasmid and 

genomic DNA sequences. 

2. Using the results from the intermediate PCR, two distinct intermediates are selected, 

ideally one each of the 2 possible recombination events. Each of the selected 

intermediate strains is used to inoculate 5 ml of ASW-YT supplemented with 5 μl KOD 

vitamins, elemental sulfur, and 5 μl 1 M agmatine. Agmatine is added at this point so that 

the cells no longer have selective pressure to retain the plasmid in the genome and to 

allow for the second recombination event to occur. These cultures are allowed to grow 

for 12 h at 85 °C. 

3. To select for cells that have spontaneously excised the plasmid sequences and 

potentially generated the deletion strain of YFG, overnight cultures of the intermediate 

strains are spread on plates containing both agmatine and 6-methylpurine in addition to 

KOD vitamins, polysulfides, and 20 amino acids solution (see Recipes). For each 

intermediate culture, two plates will be poured. As done in step D4, two 50 ml serum 

bottles are used. As before, one serum bottle will contain 1 g of Gelzan in 50 ml of H2O. 

The second serum bottle will now contain only 50 ml of 2x ASW and 500 μl trace 

minerals. The same autoclaving procedure is used. After removing the serum bottles 

from the autoclave and bringing each into the anaerobic chamber, the serum bottle 

containing 2x ASW is opened and 100 μl of 1 M agmatine, 100 μl 100 μM 6-

methylpurine, 200 μl polysulfides, and 5 ml 20 amino acid solution are added and mixed 

well. This solution is then added to the Gelzan containing bottle, mixed well, and poured 

into 4 glass Petri plates.  

4. Following 12 h incubation, the agmatine-containing confirmed intermediate cultures are 

brought into the chamber where they will be spread onto the counter-selective plates. 

The two plates for each culture will be used to spread either high (160 μl) or low (40 μl) 
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volumes of cells. For each plate, the proper number of cells are pipetted onto the surface 

and a cell spreader is used to spread the cells around the plate. Following this, the 

plates are put into a metal cylinder with an anaerobe pack and sealed. The cylinder is 

removed from the chamber and placed in the 85 °C incubator for 48-120 h.  

5. After 85 °C incubation, at least 10 colonies from the spread plates must be spotted onto 

newly poured plates made in the exact same manner as the spread plates to obtain 

single colonies. To spot single colonies, a colony from the spread the plate is picked into 

6 μl of 0.8x ASW and serial dilution spot plating is performed using 0.8x ASW and a 10-

fold dilution at each step for 10 steps (spots are ~6 µl). Following serial-dilution spotting, 

the plates are placed in a metal cylinder with an anaerobe pack and incubated at 85 °C 

for 48-120 h. 

6. After these spot plates have been allowed to grow, one colony from each serial dilution 

series is used to inoculate 5 ml of ASW-YT supplemented with 5 μl 1M agmatine, 5 μl 

KOD vitamins, and 0.1 g elemental sulfur. After overnight growth, total genomic DNA can 

be extracted from these cultures as described in section B1.  

E. Confirmation of deletion strain 

1. There are two possible recombination events that could occur when the plasmid 

recombines out of the genome. One recombination will return the genotype to the 

parental strain that retains YFG, while the other will yield the genome with the desired 

deletion of YFG. If after checking 30 individual colonies from at least 2 intermediates, 

ideally one from each of the possible recombination events, only the wildtype genome is 

observed, then the gene is deemed statistically essential. A series of different PCR 

reactions are performed to determine if YFG was deleted (Figure A2.4).  

TS559 genomic DNA is always used as a positive control for the final PCR 

reactions. The first PCR uses the 001-XXXX and 002-XXXX primers to determine if YFG 

is deleted, and a second reaction uses either 001-XXXX or 002-XXXX and a primer 



165 
 

Figure A2.4. Confirmation of the desired deletion strain. The primer designated ‘A’ is the 001-
XXXX and the primer designated ‘B’ is 002-XXXX. The C and D primers are any primers 
internal to the gene of interest. To confirm the deletion of the gene of interest, at least 3 
combinations of primers must be used, A/B, C/D, and A/D or B/C. If the gene of interest has 
been deleted from the genome, no product will be synthesized using the C and D primers. 
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internal to YFG. The third PCR reaction utilizes a pair of primers that are completely 

internal to YFG. The lack of a PCR product for the second and third reactions signifies 

the deletion occurred as long as the product was present using the control TS559 

genomic DNA. These PCR reactions are performed using a high fidelity DNAP and 3 μl 

genomic DNA (~300 ng). Following PCR, the products are separated using a 1% 

agarose gel, stained with EtBr, and imaged. 

2. If the desired deletion genome is identified within the final PCR amplifications, further 

amplifications are performed on that strain to extend confidence that YFG is truly 

deleted. The external PCR using the 001-XXXX and 002-XXX primers is repeated in a 

50 μl reaction using Phusion DNAP, and 3 μl of purified genomic DNA (~300 ng). 

Following PCR, only 5 μl of this reaction is used in an agarose gel to confirm the PCR 

worked. The remaining reaction is sent to a DNA sequencing facility for purification and 

sequencing using the 001-XXXX and 002-XXXX primers in two separate sequence 

reactions.  

3. Once the sequencing has confirmed the deletion of YFG, the deletion strain has been 

constructed. If desired, a Southern blot or whole genome sequencing can be performed 

to further confirm the deletion. 

A2.6 DATA ANALYSIS 

1. Plasmid construction confirmation 

Construction of both the A and B plasmid is typically a facile procedure with few 

problems. Complications can result from primer design errors or primer incompatibility, 

and when such occurs, the use of the second set of primers selected by the program is 

typically sufficient to resolve any issues. Infusion cloning can be used (following 

manufacturer’s instructions) in instances where LIC is unsuccessful. Construction of 

pCSU-0556A and pCSU-0556B were typical and non-problematic using the described 

protocol. 



167 
 

2. Intermediate strain PCR 

PCR for the intermediate strains may only give a product for one of the primer pairs 

(001-XXXX /700Reverse or 002-XXXX/700Forward). In most cases, modification of the 

PCR conditions, annealing temperature or elongation time, will allow for amplification 

using both pairs of PCR primers. For the deletion of TK0556, both intermediate strains 

were identified using standard PCR conditions (Figure A2.5). 

3. Final deletion strain PCR  

Ideally, four PCR reactions, in addition to DNA sequencing, will be used to determine if 

the gene of interest was deleted from the T. kodakarensis TS559 genome (Figure A2.6). 

The PCR reaction using two primers internal to the gene of interest is crucial in ensuring 

that the gene is deleted from the genome, and has not moved to a different locus via an 

off-target recombination event. 

A2.7 RECIPES 

1. Phenol:Chlorofrom:Isoamyl Alcohol (25:24:1) 

25 ml Tris-saturated Phenol 

24 ml chloroform 

1 ml isoamyl alcohol 

2. LB media (1 L) 

10 g tryptone 

5 g yeast extract 

10 g NaCl  

3. LB-Amp plates (1 L) 

10 g tryptone 

5 g yeast extract 

10 g NaCl 

15 g agar
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Figure A2.5. Identification of both intermediate genomes for the deletion of TK0566 using 
diagnostic PCR. X and Y lanes are used to determine the orientation of the intermediate 
genome. Primers 001-0565 and 700Reverse are used in the X reaction while 002-0567 and 
700Forward are used in the Y reaction. If the genome is the first intermediate, the X product 
should be ~3,600 bp while the Y products should be ~1,600 bp. For the second intermediate, 
the X product should be ~3,600 bp and the Y product ~3,650 bp. A third, control PCR reaction 
(Z) was performed using 001-1418 and 002-1418 to ensure that the genomic preps yielded 
DNA suitable for PCR. The expected Z product was ~1,600 bp. 
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Figure A2.6. Diagnostic PCR confirms the deletion of TK0566 from the T. kodakarensis 
genome. The same primer pairs are used on the TS559 genome as the deletion genome. The 
size shift using primers A/B corresponds to the deletion of TK0566 while the absence of 
products for the reactions using C/D and E/F confirms the gene has been deleted from its 
native locus. The absence of products using primers C/D demonstrates that TK0566 is not 
present anywhere in the genome of the deletion strain. 
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4. KOD Vitamins (200x) (1 L) 

0.2 g niacin 

0.08 g biotin 

0.2 g pantothenate 

0.2 g lipoic acid 

0.08 g folic acid 

0.2 g P-aminobenzoic acid 

0.2 g thiamine 

0.2 g riboflavin 

0.2 g pyridoxine 

0.2 g cobalamin 

Note: This solution is light sensitive and should be protected. 

5. ASW-YT media 

Artificial sea-water medium supplemented with: 

0.5% (w/v) tryptone 

0.5% (w/v) yeast extract 

1x trace mineral solution 

1x vitamin mixture 

1x artificial sea-water contains (1 L): 

20 g NaCl 

3 g MgCl2·6H2O 

6 g MgSO4·7H2O 

1 g (NH4)2SO4 

200 mg NaHCO3 

300 mg CaCl2·2H2O 

0.5 g KCl 
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420 mg KH2PO4 

50 mg NaBr 

20 mg SrCl2·6H2O 

10 mg Fe(NH4)2(SO4)2·6H2O  

6. 2x ASW (1 L) 

40 g NaCl 

6 g MgCl2·6H2O 

12 g MgSO4·7H2O 

2 g (NH4)2SO4 

400 mg NaHCO3 

600 mg CaCl2·2H2O 

1 g KCl 

840 mg KH2PO4 

100 mg NaBr 

40 mg SrCl2·6H2O 

20 mg Fe(NH4)2(SO4)2·6H2O 

7. Trace minerals (1,000x) (1 L) 

0.5 g MnSO4·H2O 

0.1 g CoCl2·6H2O 

0.1 g ZnSO4·7H2O 

0.01 g CuSO4·5H2O 

0.01 g AlK(SO4)2·12H2O 

0.01 g H3BO3 

0.01 g Na2MoO4·2H2O  
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8. Polysulfides 

10 g Na2S·9H2O, 3 g Sulfur per 15 ml 

Dissolve the mixture using heat 

Note: It should be a deep red color when complete. 

9. 0.8x ASW (1 L) 

16 g NaCl 

2.4 g MgCl2·6H2O 

4.8 g MgSO4·7H2O 

800 mg (NH4)2SO4 

160 mg NaHCO3 

240 mg CaCl2·2H2O 

400 mg KCl 

336 mg KH2PO4 

40 mg NaBr 

16 mg SrCl2·6H2O 

8 mg Fe(NH4)2(SO4)2·6H2O 

Note: must be autoclaved 

10. 20 amino acid solution (1 L) 

1 g cysteine 

1 g glutamic acid 

1 g glycine 

500 mg arginine 

500 mg proline 

400 mg asparagine 

400 mg histidine 

400 mg isoleucine 
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400 mg leucine 

400 mg lysine 

400 mg threonine 

400 mg tyrosine 

300 mg alanine 

300 mg methionine 

300 mg phenylalanine 

300 mg serine 

300 mg tryptophan 

200 mg aspartic acid 

200 mg glutamine 

200 mg valine 
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