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M I C R O B I O L O G Y

Intein splicing efficiency and RadA levels can control 
the mode of archaeal DNA replication
Geraldy L. S. Liman1, Christopher W. Lennon2*, Jaylin L. Mandley1, Alina M. Galyon1,  
Kelly M. Zatopek3, Andrew F. Gardner3, Thomas J. Santangelo1*

Inteins (intervening proteins), mobile genetic elements removed through protein splicing, often interrupt pro-
teins required for DNA replication, recombination, and repair. An abundance of in vitro evidence implies that in-
teins may act as regulatory elements, whereby reduced splicing inhibits production of the mature protein lacking 
the intein, but in  vivo evidence of regulatory intein excision in the native host is absent. The model archaeon 
Thermococcus kodakarensis encodes 15 inteins, and we establish the impacts of intein splicing inhibition on host 
physiology and replication in vivo. We report that a decrease in intein splicing efficiency of the recombinase RadA, 
a Rad51/RecA homolog, has widespread physiological consequences, including a general growth defect, in-
creased sensitivity to DNA damage, and a switch in the mode of DNA replication from recombination-dependent 
replication toward origin-dependent replication.

INTRODUCTION
The replisome is a collection of proteins that carries out DNA repli-
cation. Its functions and concentrations are regulated, intertwined, 
and coordinated to facilitate synthesis of both leading and lagging 
strands. Perhaps unexpectedly, critical replication activities are of-
ten performed by domain-specific nonorthologous proteins (1, 2) 
and are best epitomized by the use of evolutionary-unrelated DNA 
polymerase families (Pol C, Pol D, and Pol B) for replication of bac-
terial, archaeal, and eukaryotic genomes, respectively (3, 4). The 
complex systems that regulate the initiation of DNA replication are 
especially diverse and complex (3, 5–13). DNA replication in most 
species is controlled by domain-specific initiator protein com-
plexes that assemble at specific locations in the genome, termed 
origins of replication (ori). Decades of work demonstrate that 
origin-dependent replication (ODR) is the dominant mechanism of 
replication in each domain (11).

In some archaea, origin sequences are necessary for replication, 
and origin recognition proteins (typically Cdc6) initiate replisome 
assembly by recruiting and helping load the minichromosome 
maintenance protein (MCM) helicase (14, 15). ODR facilitates ac-
curate replication of the genome, but the sophisticated regulatory 
strategies used to control the initiation of DNA replication were un-
likely to be present in the first cells. Recombination-dependent rep-
lication (RDR) initiation is an alternative and effective strategy to 
replicate archaeal genomes (16). Thermococcus kodakarensis, a hy-
perthermophilic archaeon, is naturally polyploid (17) and can repli-
cate its genome independently of any ori and the initiator protein 
Cdc6 (3, 13), demonstrating that some modern species may prefer-
entially initiate replication via recombination at many stochastic 
sites distributed around the genome. The evolutionary retention of 
predicted origin sequences and Cdc6 argues for selective usage of 
ODR versus RDR, but how ODR or RDR is selected as the replica-
tive mechanism is unknown.

Under optimal growth conditions T. kodakarensis predominately 
uses RDR, but once removed from these conditions, a more judi-
cious use of resources may dictate that an entirely different replica-
tion strategy (e.g., ODR) be used to ensure long-term survival (13). 
RDR requires the retention of multiple genomes and the activity of 
a recombinase; therefore, control of ploidy and/or the activities of 
recombinase proteins provide a plausible mechanism to switch be-
tween RDR and ODR. Archaea encode RadA, a Rad51/RecA, initi-
ates nucleoprotein filament formation and strand invasion (18–20) 
that can support DNA synthesis through recombination intermedi-
ates in vitro (21). Abundant, active RadA is predicted to be neces-
sary to establish the recombination intermediates that would permit 
RDR in vivo. Mechanisms that control the active levels of RadA in 
archaeal cells are critical, as changes to RadA protein levels are like-
ly to alter replication, recombination, and repair (RRR) mechanisms 
in vivo.

Archaeal loci encoding RadA are often interrupted by intein (in-
tervening protein)–encoding sequences that provide a potential 
mechanism—via conditional intein splicing (22–35)—to control ac-
tive RadA levels in vivo. Inteins are mobile genetic elements (MGEs) 
spliced from host proteins following translation from a precursor 
protein to yield the isolated intein protein and ligated exteins (LEs) 
that form mature protein (22, 34–38).

Given that protein splicing (i.e., the totality of reactions involved 
in intein excision and extein ligation) is known to be affected by 
environmental conditions (22–35), we sought to understand the 
mechanism(s) controlling the production of mature RadA (mRa-
dA) in T. kodakarensis and whether intein splicing efficiency could 
dictate a foundational change in replicative strategy, with high RadA 
levels supporting RDR and low RadA levels supporting the use of 
ODR. Given the volatile nature of hydrothermal environments, us-
ing an environmentally controlled, intein-based protein switch to 
regulate DNA replication strategies might prove advantageous. Us-
ing otherwise isogenic strains of T. kodakarensis with either muta-
tion to or deletion of the chromosomal intein sequence within RadA 
(TK1899), we demonstrate that differential RadA protein splicing 
can influence the physiology of an intein-containing host organism. 
Quantification of protein splicing efficiency in  vitro and mRadA 
levels in vivo, combined with marker frequency analysis (MFA) to 
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monitor potential origin usage at multiple growth temperatures that 
alter intein splicing efficiency, demonstrates that the degree of 
RadA protein splicing directs the choice of ODR versus RDR in 
T. kodakarensis. While RDR dominates under idealized growth con-
ditions, mutations that result in inefficient Tk-RadA-intein splicing 
and, in turn, diminished mature Tk-RadA (mTk-RadA) levels, re-
duce recombination frequencies to tip replication preferences to-
ward ODR.

Our results imply that conditional protein splicing (CPS) of 
RadA—and, by inference, other intein-invaded replicative machin-
ery components—is likely to shift the in vivo concentrations of ma-
ture, spliced factors that drive DNA synthesis, recombination, and 
repair throughout much of microbial life. An evolutionary shift 
from intein excision as an initial burden due to the parasitic MGE 
invasion to an exapted, regulated, and fitness-relevant controlled ex-
cision event offers regulatory functions to inteins beyond the origi-
nally evolved functions of spreading and splicing. It is thus possible 
that many intein-encoding species have exapted spontaneous-
parasitic intein splicing events to regulatory splicing events that as-
sist in the complex mechanisms controlling key features of RRR 
strategies.

RESULTS
Tk-RadA-intein houses an active homing endonuclease
Exhaustive attempts to delete Tk-RadA (TK1899) from the 
T. kodakarensis genome repeatedly failed, as did initial attempts to 
delete the intein-encoding sequences (amino acids 150 to 633) with-
in wild-type Tk-RadA (Tk-RadAWT). So-called full-length inteins, 
such as the intein sequence within Tk-RadA, encode autonomous 
homing endonuclease (HEN) domains between conserved sequenc-
es required for protein splicing; inteins without HEN domains are 
often termed mini-inteins (Fig.  1A). The HEN domain allows for 

intein mobility at the DNA level by generating double-stranded 
DNA breaks in inteinless alleles to drive intein spreading via allelic 
conversion repair with intein-containing alleles.

We reasoned that our failure to delete the sequences encoding 
the RadA-intein from the T. kodakarensis chromosome was due to 
an active HEN domain cleaving the intein-minus allele before re-
combination. As expected, preparations of Tk-RadAWT did not 
cleave the TK1899WT target DNA as the intein sequence was intact; 
however, it demonstrated robust HEN activity against a polymerase 
chain reaction (PCR)–amplified DNA fragment containing the in-
teinless allele of TK1899Δintein (Fig. 1B) and the closely related in-
teinless RadA–encoding sequence from Pyrococcus furiosus (Pf1926) 
(fig. S1C). The active site of the putative HEN domain within Tk-
RadAWT was predicted on the basis of homology with other HEN-
containing inteins (39) at residues 373 to 381. When the presumptive 
HEN active site residues were either changed to alanine [Tk-
RadAA(373–381)] or deleted (Tk-RadAΔ373–381), all HEN activity was 
lost (Fig. 1B and fig. S1C). In addition, Tk-RadA lacking the entire 
HEN domain was prepared (Tk-RadAΔ286–585) and, as expected, 
failed to cleave TK1899ΔIntein DNA (fig.  S1C). The exact cleavage 
site, sequence requirements for HEN-mediated DNA cleavage, and 
HEN active site residues were determined for Tk-RadAWT (figs. S1, 
A and B, and S2, A to F). We found that Tk-RadA-intein HEN do-
main recognizes and cleaves long asymmetrical DNA sequence, 
>23  base pairs (bp), encoding for an inteinless allele of RadA-
producing DNA fragments with 3′-hydroxyl overhangs congruent 
with previous finding of similar HEN domain in T. kodakarensis 
DNA polymerase B inteins (39).

Variant intein sequences affect RadA splicing efficiency
Intein splicing accuracy and efficiency are often quantified using re-
porters with fully or partially substituted exteins (Fig. 2A). Placing 
the Tk-RadA-intein between the artificial exteins maltose-binding 

Fig. 1. Tk-RadA encodes an intein with an active HEN domain. (A) Schematic representations of precursor RadA (pRadA; top) splicing to form both intein and mRa-
dA. The precursor RadA is composed of N-extein, intein, and C-extein denoted in blue, red/orange, and blue, respectively. The region of the intein containing the HEN 
domain is shown in orange. aa, amino acids. (B) In vitro RadA-mediated DNA cleavage demonstrates that HEN activity targets inteinless alleles of TK1899. Tk-RadAWT does 
not cut its own sequence (TK1899WT) (left) but can cut inteinless allele of RadA from T. kodakarensis (TK1899ΔIntein-encoding sequences) (middle). HEN activities are compro-
mised in the Tk-RadA(373–381)A variant wherein HEN active site residues are altered to alanines (right). The intact DNA target and resultant cleavage product(s) are repre-
sented by a star and a triangle, respectively.
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protein [N-terminal extein (N-extein)] and green fluorescent pro-
tein (GFP) [C-terminal extein (C-extein)] generates a splicing 
reporter we refer to as MIG. MIG constructs provide a rapid mecha-
nism to detail the impacts of intein composition and solution condi-
tions on the accuracy and efficiency of protein splicing determined 
by the relative fluorescence of unspliced precursor to LEs in total 
cell lysates. Precursor and ligated extein species are monitored in-
gel under conditions [i.e., samples are not boiled before SDS–poly-
acrylamide gel electrophoresis (PAGE)] where GFP fluorescence is 
maintained (Fig. 2B) (40).

Once the Tk-RadA-inteinA(373–381) and Tk-RadA-inteinΔ373–381 
were placed within a MIG reporter, splicing was highly efficient and 
proceeded to completion during expression in Escherichia coli, even 

at 15°C (Fig. 2, B and C). Tk-RadA-inteinWT with the active HEN 
was toxic to E. coli within the MIG construct, and, thus, the relative 
efficiency of splicing was determined with constructs that lack HEN 
activity. Internal components of the Tk-RadA-intein, excluding 
those residues known to be directly involved in intein-mediated ca-
talysis, can influence the efficiency of splicing (41, 42). While HEN 
inactivation does not fully inhibit splicing, removal of the entire 
HEN domain (either Δ276 to 585 or Δ286 to 585) from the Tk-
RadA-intein markedly lowers splicing efficiency from ~100% to 
only ~20% during expression at 15°C (Fig. 2, B and C). By compari-
son, the closely related Pyrococcus horikoshii RadA mini-intein (Ph-
RadA-intein), nearly identical to the Tk-RadA-intein but naturally 
lacking the HEN domain (fig. S3, A and B), splices very efficiently 
within the MIG splicing reporter (Fig.  2, B and C), as previously 
observed (22–24).

When comparing the sequences of the Ph-RadA-intein and the 
Tk-RadA-inteinΔ276–585, which are identical in length and are highly 
conserved (fig. S3A), one region of the sequence displays minimal 
conservation (red; fig.  S3A). This poorly conserved region (Tk-
RadA amino acids 270 to 275 and 586 to 592 compared to Ph-RadA 
amino acids 273 to 285; note that the Tk sequence is split because of 
Δ276 to 585), where the HEN domain of Tk-RadA is found, is where 
Ph-RadA once presumably housed a HEN domain that was lost 
during evolution (22). Substitution of the corresponding P. horikoshii 
intein amino acid residues 273 to 285 (referred to as P.ho. loop) for 
the T. kodakarensis intein amino acids into an otherwise HEN-
deleted Tk-RadA-intein sequence (Tk-RadA-inteinΔ270–592+P.ho. loop) 
largely restored the splicing defect of Tk-RadA-intein variants with 
large HEN domain deletions (Fig. 2, B and C).

Native RadA exteins block intein splicing following 
HEN deletion
Given that Tk-RadA is an essential protein, the construction of 
T. kodakarensis strains wherein severe intein splicing defects would 
sufficiently limit the production of mTk-RadA was predicted to be 
problematic. Inefficient splicing of Tk-RadA-intein variants lacking 
the HEN domain (Δ276 to 585 or Δ286 to 585) can be rescued by 
incubation at elevated temperature within the MIG reporter (Fig. 3, 
A and B). The splicing efficiencies of Tk-RadA-inteinΔ286–585 and 
Tk-RadA-inteinΔ276–585 increased from only ~20 to ~80 and ~100%, 
respectively, within MIG constructs upon incubation at only 
50°C. We carried out additional in vitro and MIG reporter assays to 
develop an intein splicing efficiency, which might translate in vivo, 
to generate a HEN-deleted Tk-RadA-intein that would reduce, but 
not eliminate, splicing (Fig. 3).

As anticipated, we were unable to obtain large HEN domain de-
letions of the Tk-RadA-intein within the natural extein context of 
T. kodakarensis, presumably due to the low splicing efficiency and 
thus insufficient in vivo levels of mTk-RadA to support growth. We 
were, however, successful in generating T. kodakarensis strains en-
coding large HEN domain deletions within the Tk-RadA-intein 
when accompanied by the addition of the P.ho. loop that was dem-
onstrated (Fig. 2, B and C) to assist splicing of HEN-deleted RadA 
inteins in vitro. The failure to recover strains at 85°C wherein the 
HEN-encoding sequences were selectively deleted demonstrates 
that temperature alone was unable to restore sufficient splicing of 
the HEN-deleted Tk-RadA-intein within T. kodakarensis to support 
growth when expressed in the native extein context, despite tem-
perature having a large impact on splicing efficiency within the MIG 

Fig. 2. Intein-extein partnerships and intein composition affect the efficiency 
of intein splicing. (A) Schematic of the maltose-binding protein (MBP)–intein 
(Int)–GFP (MIG) reporter constructs wherein intein-containing fluorescent precur-
sor proteins must excise the intein and ligate the exteins to generate a matured, 
smaller fluorescent product (MBP-GFP). (B and C) Native PAGE and quantification of 
fluorescent signals reveal the impact of intein composition and the presence of the 
HEN domain on the efficiency of intein excision.



Liman et al., Sci. Adv. 10, eadp4995 (2024)     18 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 14

reporter (Fig. 3A); Ph-RadA-intein splicing efficiencies within the 
native exteins, rather than the MIG reporter, are also grossly af-
fected by intein-extein interactions (24). Upon expression of the 
Tk-RadA-inteinΔ286–585 in a construct containing the native exteins, 
no splicing is observed during expression in E. coli and subsequent 
purification (Fig. 3C). Attempts to increase splicing of the Tk-RadA-
intein lacking the HEN domain by incubating at 65°C only mod-
estly increased splicing, and while the levels of precursor protein are 
reduced, splicing of this variant was inefficient (~10%), and off-
pathway products resulting from cleavage of the N-extein from the 
intein-C-extein before ligation dominate (Fig. 3C).

RadA drives recombination by forming nucleoprotein filaments 
on single-stranded DNA (ssDNA) as a first step in homologous re-
combination. As the addition of substrates (ssDNA) can rescue Ph-
RadA-intein splicing within native exteins (22, 23, 34), we tested 
whether the addition of ssDNA might similarly increase the splicing 
efficiency of Tk-RadA-inteinΔ286–585 within the native extein con-
text (Fig. 3C). As predicted, addition of ssDNA increased the accu-
racy of Tk-RadA-inteinΔ286–585 splicing within native exteins from 
only ~10% to ~70% in vitro (Fig. 3C). While it is speculative as to 
any potential role for ssDNA in Tk-RadA splicing, our results indi-
cate that Tk-RadAΔ286–585 retains at least partial ssDNA binding ca-
pacity in the precursor form. Further, these results suggest a possible 
means by which some mini-inteins might rely on cellular signals or 
substrates (e.g., ssDNA) to compensate for splicing defects follow-
ing HEN domain loss.

These marked splicing defects within native exteins (Fig.  3C) 
likely explain our inability to obtain HEN deletions without the ad-
dition of the P.ho. loop in vivo in T. kodakarensis. While inviability 
associated with an inability to efficiently splice an essential protein 
such as RadA may appear an obvious result, it is the first such de-
scription within an intein-containing organism. Hence, our results 

have implications for other intein-containing microbes and support 
the hypothesis that targeted approaches to impairing protein 
splicing in human pathogens, particularly for the RecA intein of 
Mycobacterium tuberculosis, represent a viable antimicrobial strategy.

Variable protein splicing within T. kodakarensis
Following an allelic exchange of genomic sequences to inactivate the 
Tk-RadAWT-intein HEN active site (amino acids 373 to 381), se-
quences encoding the entire Tk-RadAWT-intein could then be easily 
deleted or allelically exchanged on the T. kodakarensis genome 
(Fig. 4A). To evaluate the impacts of variable protein splicing on the 
viability, fitness, and potential replicative strategies used in vivo be-
cause of altered levels of mTk-RadA, we generated a series of other-
wise isogenic strains of T. kodakarensis wherein TK1899 sequences 
(encoding RadA) were modified to generate alleles that encode Tk-
RadA variants, with predicted alteration in intein splicing efficiency 
(Fig. 4A). All strains retain the native promoter and genomic locus 
and encode the same extein sequences, ensuring that mTk-RadA in 
each strain is identical at the primary sequence level. Intein se-
quence variants, however, are likely to affect the efficiency of intein 
excision and thus steady-state mTk-RadA protein levels in  vivo. 
Whole-genome sequencing (WGS), at greater than 100× coverage 
for each strain, revealed that the newly constructed strains contained 
only the desired allelic modifications to TK1899 and were other-
wise isogenic throughout the remainder of the >2-Mbp genome 
compared to the parental strain TS559.

The efficiency of intein splicing in vivo, as well as the steady-state 
abundance of mTk-RadA (resultant from properly LEs) and the Tk-
RadA-intein, was quantified via Western blotting using polyclonal 
antibodies raised against the unspliced precursor Tk-RadAWT (pTk-
RadAWT; Fig. 4, B and E; each strain was evaluated with triplicate bio-
logical replicates). Total cell lysates derived from the T. kodakarensis 
parental strain (TS559) were compared with lysates from otherwise 
isogenic strains encoding variant sequences of TK1899 that result in 
(i) direct production of mTk-RadAWT without the need for splicing 
due to the removal of all intein-encoding sequences (strain AL003), 
(ii) a pTk-RadAA(373–381) variant wherein the full intein-encoding se-
quences are retained but modified such that the HEN active site is 
compromised because of replacement of residues 373 to 381 with ala-
nines (strain AL002), or (iii) a pTk-RadAΔ270–592+P.ho. loop variant 
wherein the entire HEN domain was removed and a small sequence 
derived from the Ph-RadA-intein that improves splicing (Fig. 2, B 
and C) was added (strain AL015). When total cellular lysates were 
resolved and probed with polyclonal antibodies raised against pTk-
RadAWT, we were readily able to detect the anticipated dominant pro-
tein products of TK1899, namely, pTk-RadAWT, mTk-RadAWT, and 
the Tk-RadA-intein (Fig. 4, B and E).

In the parental strain TS559 wherein the native extein-intein 
partnerships of Tk-RadA are retained, in vivo protein splicing is ef-
ficient (~95% of pTk-RadAWT is processed to mTk-RadA and Tk-
RadA-intein) and accurate (no evidence of off-pathway reactions) 
(Fig. 4, B and C). The retention of Tk-RadA-intein as a stand-alone 
protein outlines potential biological roles, including HEN activity. 
When the intein-encoding sequences of TK1899 are fully removed 
from the genome (strain AL003), mTk-RadAWT is the direct prod-
uct of translation; Western blotting reveals only a single band cor-
responding to mTk-RadAWT, and, as anticipated Tk-RadA-intein 
signal is completely absent (Fig. 4, B and E). mTk-RadAWT levels in 
strain AL003 increase to ~135% compared to those in the parental 

Fig. 3. The efficiency and accuracy of pTk-RadA splicing is radically improved 
at high temperature or through addition of ssDNA in  vitro. (A and B) Native 
PAGE and quantification of fluorescent signals reveal the impact of temperature on 
the efficiency of intein excision of Tk-RadAΔ286–858. (C) SDS-PAGE of purified pTk-
RadAΔ286–585 before incubation (T0) without (−) and with (+) an ssDNA cofactor that 
markedly increases the efficiency and accuracy of intein splicing and extein liga-
tion. The lane labeled M contains proteins of known molecular weights measured 
in kilodaltons.
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strain TS559 (Fig. 4, D and G). We rationalize that this difference in 
mTk-RadAWT levels results from some native pTk-RadAWT misfold-
ing, improperly splicing, or degrading in TS559.

The importance of intein sequences beyond those immediately 
engaged in the chemistry of protein splicing is revealed in strain 
AL002, where nine alanine substitutions in the active center of the 
HEN domain of the Tk-RadA-intein diminish the efficiency of 
splicing by ~25% and obvious levels of nonspliced pTk-RadAA(373–381) 
are retained at steady state (Fig. 4, B, C, E, and F). In strain AL015, 
removal of sequences encoding the entire HEN domain and addi-
tion of the corresponding sequences from the Ph-RadA-intein, gen-
erating Tk-RadA Δ270–592+P.ho. loop, result in a smaller precursor 
protein (P*) that is also less efficiently spliced compared to 

pTk-RadAWT (~75%) due to changes within intein residues not in-
volved in the chemistry of protein splicing (Fig. 4, B, D, E, and F). 
The in  vivo splicing deficiencies for pTk-RadAA(373–381) and 
pTk-RadAΔ270–592+P.ho. loop were substantial from 85°C grown strains 
(Fig. 4, B and C) and were further exacerbated when strains were 
grown at only 65°C (Fig. 4, E and F), demonstrating that the envi-
ronmental conditions can affect splicing efficiencies and thus regu-
late production of intein-free proteins in vivo.

Impaired splicing affects mRadA protein levels
Changes to the efficiency of pTk-RadA splicing in vivo directly af-
fect the steady-state levels of mTk-RadA available for cellular activi-
ties, including formation of nucleoprotein filaments necessary for 

Fig. 4. Intein splicing defects affect in vivo levels of mTk-RadA. (A) Tk-RadA allelic variants introduced into the T. kodakarensis genome at the native locus retain native 
extein and promoter sequences. Strains differ solely in the sequences encoding the Tk-RadA-intein. The full-length precursor of Tk-RadAWT from the parental strain TS559 
contains the unspliced intein (red and orange; amino acids 150 to 633) with an active HEN domain (orange; amino acids 286 to 585) embedded within N-extein and 
C-extein (blue; amino acids 1 to 149 and 634 to 839, respectively). AL002 was constructed from TS559 and encodes an inactive HEN (red, orange, and black; amino acids 
373 to 381) with alanine substitution of amino acids 373 to 381 [Tk-RadAA(373–381)]. AL003 (Tk-RadAΔIntein) encodes a Tk-RadA variant lacking the entire intein sequence 
(amino acids 150 to 633) introduced into AL002. Reintroduction of the allele lacking the HEN domain with a small loop derived from the mini-intein of P. horikoshii RadA 
protein into AL003 generated AL015 (Tk-RadAΔ270–592+P.ho. loop). (B and E) In vivo Tk-RadA protein and intein levels were monitored by Western blotting using polyclonal 
antibodies against the pTk-RadAWT. Strains were grown to mid-exponential phase in biological triplicate at 85°C (B) and 65°C (E). All Tk-RadAWT isoforms were detected, 
including pTk-RadA (P), pTk-RadA lacking the HEN domain (P*), mature, ligated exteins (LEs) of Tk-RadA, and the spliced intein (I). (C and F) Tk-RadA splicing efficiencies 
at 85°C (C) and 65°C (F) were quantified from the ratio of LE/P or LE/P* intensities. (D and G) Relative mTk-RadA levels at 85°C (D) and 65°C (G) were quantified from the 
ratio of LE (variant strains)/LE (TS559). Error bars represent SE from the mean of a minimum of three biological replicates.
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initiation of homologous recombination. In both strains AL002 and 
AL015, wherein the efficiency of Tk-RadA-intein splicing was re-
duced, the impact on steady-state protein levels was notable, with 
HEN-inactivation and HEN-deletion P.ho. loop addition within the 
Tk-RadA-intein resulting in ~20 and  ~40% less of the identical 
mTk-RadA product, respectively (Fig.  4, B and D) when strains 
were grown at the optimal temperature of 85°C.

Given the variable splicing efficiencies due to temperature 
changes observed in  vitro and in E. coli, we grew T. kodakarensis 
strains at 65°C to determine the impact of environmental conditions 
on the efficiency of Tk-RadA protein splicing and the steady-state 
abundance of mTk-RadA in vivo in the native host (Fig. 4, E to G). 
A 20°C reduction in temperature had minimal and no impact on the 
splicing efficiency of Tk-RadA in strains TS559 and AL003, respec-
tively. The noted temperature dependence of thermococcal RadA 
proteins in  vitro (22) is thus largely compensated for in  vivo. In 
strains AL002 and AL015, where splicing efficiency was compro-
mised at 85°C, the reduction in growth temperature to 65°C resulted 
in even greater splicing deficiencies, with protein splicing reduced 
to only ~66 and ~53%, respectively (Fig. 4, E and F). The deficiency 
in splicing at 65°C also substantially affects the steady-state protein 
levels of mTk-RadAWT. As observed at 85°C, the RadA-inteinless 
strain AL003 retains a greater (~120%) amount of mTk-RadAWT 
than observed in TS559. Unexpectedly, the reduction in splicing ef-
ficiency in strain AL002 at all temperatures only very modestly re-
duces (~95%) the steady-state level of mTk-RadAWT at 65°C, 
implying that a combination of splicing and degradation rates af-
fects protein levels in strain AL002. In line with the increased 
splicing deficiencies in strain AL015, the steady abundance of mTk-
RadAWT is halved (~50%) compared to the otherwise isogenic pa-
rental strain with the native Tk-RadA-intein sequence (Fig.  4, 
E and G).

Intein splicing defects compromise growth and response to 
DNA damage
Deletion of the sequences encoding the RadA-intein in strain AL003 
or inactivation of the HEN activities within the RadA intein in 
strain AL002 maintained mRadA protein levels in vivo at both 65° 
and 85°C (Fig.  4, D and G) and expectedly resulted in negligible 
impacts on growth compared to the parental strain TS559 at both 
temperatures (Fig. 5, A and B). These results suggest no negative or 
positive fitness impact due to the absence of a functional HEN-
containing intein nor the complete loss of the intein from the 
cytoplasm of T. kodakarensis. In contrast, strain AL015, wherein 
RadA-intein splicing is compromised and mRadAWT levels are re-
duced compared to the parental strain (Fig. 4, D and G), demon-
strated a consistent growth lag, and reduced culture density was 
observed (Fig.  5, A and B). Given that the parental (TS559) and 
AL015 strains are otherwise isogenic, the most parsimonious cause 
of the growth defect is a direct association with RadA-intein exci-
sion defects. While the reduction in splicing efficiency is moderate 
and may not have been predicted to manifest a phenotypic conse-
quence or fitness impact, reduced splicing efficiency and reduced 
mRadAWT protein levels in AL015 have a demonstrated fitness cost 
for T. kodakarensis (Fig. 5, A to C).

RadA oligomerizes and forms nucleoprotein filaments that drive 
strand invasion; these invasions can initiate homology-directed 
DNA repair, including the repair of bulky DNA lesions resultant 
from exposure to ultraviolet (UV) light. To ascertain whether the 

modest defects in RadA-intein splicing and associated approximate-
ly twofold reductions in mRadAWT steady-state protein levels af-
fected RadA-mediated DNA repair mechanisms, we used UV 
sensitivity assays to compare the ability of parental (TS559) and 
AL015 strains to repair bulky DNA damage. We detected a notable 
and substantial (~3.5-fold) UV-sensitive phenotype within AL015 
cells following UV damage compared to the parental strain, show-
ing that a ~50% reduction in mTk-RadA abundance greatly affected 
RadA-mediated DNA repair mechanisms and compromises cellular 
fitness (Fig.  5C). To complement evidence that reduced levels of 
mTk-RadA directly correlate with an increased sensitivity to UV 
damage in strain AL015, we also examined the UV sensitivity of 
strain AL003 (encoding an inteinless RadA, thereby directly pro-
ducing mTk-RadA without a pTk-RadA intermediate), in which a 
modest increase (~20%) in steady-state levels of mTk-RadA was ob-
served (Fig.  5D). Although the increase in mTk-RadA levels in 
AL003 is modest, the UV median lethal dose (LD50) increases, in 
full support of mTk-RadA levels playing a critical role in initiating 
efforts to repair bulky lesions in vivo. These results also suggest that 
intein, as a single protein, has no effect on the organism’s UV sen-
sitivity.

Reduced RadA-intein splicing can control the dominant 
mode of DNA replication
The defects in DNA repair due to reduced mRadAWT levels (Fig. 5C) 
suggested that other RadA-mediated processes, such as RDR, could 
be similarly affected by defects in RadA-intein excision proficiency. 
The dominant mode of replication in T. kodakarensis cells is easily 
determined by MFA (Fig. 6A) (13, 43). In rapidly growing but un-
synchronized planktonic T. kodakarensis cultures that are using an 
origin(s) of replication, DNA harvested during exponential growth 
should retain an overrepresentation of sequences adjacent to the 
origin compared to sequences located further away from the 
origin(s). When sequence abundances recovered from (i) growing 
and replicating cultures and (ii) nongrowing, nonreplicating sta-
tionary phase cultures are compared, and any regional overabun-
dance defines an origin(s) of replication and would be consistent 
with ODR [e.g., a peak(s) in the plotted frequency of sequence 
abundance defines an origin, with a smooth wave of regional over-
abundance extending bidirectionally away from the origin provid-
ing confidence that at least some of the cells in culture are using 
ODR as the dominant mode). When a relatively equal abundance of 
all genomic sequences is returned in MFA, all sites on the genome 
are equally likely to serve as replication origins and would be consis-
tent with RDR.

The sole T. kodakarensis replication origin, the hallmark of 
ODR, is located not far from the RadA (TK1899) locus, between 
TK1900 (predicted voltage-gated potassium channel) and TK1901 
(Cdc6; the origin recognition protein) at ~1.75 Mbp of the chro-
mosome (Fig.  6; red dotted line defines the location of the ori). 
MFA of TS559 cultures grown at 85° and 65°C reaffirmed (13) that 
an obvious single origin is not present and, therefore, is not neces-
sary for normal growth of T. kodakarensis. These results are consis-
tent with the preponderance of DNA replication initiation through 
RDR at every position of the genome with equal preference instead 
of a clear peak at the origin or anywhere else on the genome 
(Fig. 6B). The loss of the Tk-RadA-intein in strain AL003 did not 
affect the use of RDR as the dominant mode of replication at either 
85° or 65°C (Fig. 6C). AL003 appeared to generate a flatter MFA 
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profile compared to TS559 (Fig. 6, B and C), suggesting a greater 
propensity for RDR due to the increased levels of mTk-RadA 
(Fig. 4, B and E). For AL002, particularly at 65°C, MFA indicates a 
modest shift in the population toward ODR, although the change 
was subtle (Fig. 6D). However, a pronounced switch in the mode 
of DNA replication from RDR to ODR is observed for AL0015, 
particularly at 65°C (Fig. 6, D and E). This switch from RDR to 
ODR correlated with deficiencies in Tk-RadA splicing (Fig. 4, B, 
C, E, and F), a resultant decrease in mTk-RadAWT (Fig. 4, B, D, E, 
and G), an increase in pTk-RadA (Fig. 4, B and E), a reduced over-
all fitness (Fig. 5, A and B), and a UV hypersensitivity phenotype 
(Fig. 5C).

AL015, when compared to TS559 (parental), is completely 
isogenic besides changes to the Tk-RadA-intein, and it still encodes 

mTk-RadAWT. When grown at either 65° or 85°C, there was 
clear evidence of origin usage, and, thus, a foundational switch 
in replicative strategies was manifested by a maximally twofold 
change in steady-state mTk-RadA levels in  vivo. MFA of the 
AL002 strain, wherein splicing efficiency is decreased to only 
~80 and  ~66% at 85° and 65°C, respectively, displayed a more 
subtle transition to ODR from the RDR default; MFA provides a 
population average; thus, some cells in strain AL002 are likely to 
prefer RDR, whereas others prefer ODR. This shift correlated 
with accumulation of pTk-RadA rather than steady-state pro-
tein levels of mTk-RadAWT (Fig. 4C). Unexpectedly, it appeared 
that the splicing efficiency decrease was responsible for changes 
in the prominence of ODR versus RDR, as total steady-state pro-
tein levels of mTk-RadAWT in AL002 were only reduced by ~20 

Fig. 5. Impaired intein excision and reduced mTk-RadA protein levels impair cellular fitness. (A and B) Growth of triplicate biological replicates of strains of 
T. kodakarensis monitored by changes in optical density at 600 nm (OD600nm) at 85°C over 24 hours (A) and 65°C over 42 hours (B) reveals that impaired intein splicing 
negatively affects growth rate and final culture densities. Deletion of the Tk-RadA-intein (AL003) or inactivation of the HEN domain (AL002) does not obviously affect 
growth at either temperature. Deletion of the HEN domain in AL015 hinders growth at both temperatures, and when combined with the deletion of the ori and Cdc6 in 
AL026, it synergistically reduces growth. (C) Reduced splicing efficiencies and reduced mTk-RadA levels in strain AL015 result in decreased survival upon UV exposure, 
adumbrating impacts to RadA-mediated DNA repair mechanisms in vivo. (D) Deletion of the Tk-RadA-intein–encoding sequences in strain AL003 results in a modest in-
crease in survival upon UV exposure. The median lethal dose (LD50) denoted with a star was calculated for both strains based on the death curve data using Finney’s 
probit analysis calculator.
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or ~5% when compared to TS559 at 85° and 65°C, respectively. 
Evidence for origin utilization in strain AL002 at 65°C, where-
in mTk-RadAWT levels were effectively unchanged, suggested 
that the very act of splicing, or the retention of pTk-RadAA(373–381), 
tipped the ratio of T. kodakarensis cells that rely on RDR 
versus ODR.

ΔoriΔcdc6 strains must use RDR
The preference for RDR over ODR in T. kodakarensis permits dele-
tion of the origin (ori) sequence and adjacently encoded origin rec-
ognition protein Cdc6 (TK1901) without substantial growth defects 
(13). ΔoriΔcdc6 strains rely entirely on RDR (Fig. 6F), and deletion 
of the natural origin and initiator protein does not reveal evidence 

Fig. 6. Impaired intein excision elicits a radical shift of replication strategies. (A) Overview of MFA. The T. kodakarensis genome is shown by a black circle, with cyan 
and orange boxes denoting generic regions in the genome proximal and distal, respectively, to the ori. When ODR prevails as the dominant replicative strategy, DNA 
isolated from actively replicating cultures during exponential phase retains an overrepresentation of the DNA regions closest to the ori (cyan) and an underrepresentation 
of regions of DNA located distantly from the ori (orange). When the frequencies of DNA sequences from replicating cultures are compared to the frequencies of DNA se-
quences from nonreplicating cultures of the same strain in stationary phase, MFA permits identification of any areas of the genome that are overrepresented in replicating 
cells, with the peak defining a replication origin. The hypothetical blue scatter plot displays the anticipated wave pattern with a single apex at the predicted origin that 
would be anticipated from cultures wherein ODR dominates. In contrast, when RDR dominates within a growing culture, MFA will not reveal any sequence enrichment 
and will be consistent with the hypothetical green scatter plot. (B to G) Strains were grown at 85°C (blue) and 65°C (green), and DNAs were purified from cells harvested 
at both mid-exponential and stationary phase. MFA reports the log2 ratio of the mapped reads from exponentially growing cells divided by reads from stationary cultures. 
A 100-period moving average is plotted using the thick blue/green solid lines to show the trend from the MFA. The genome of T. kodakarensis was segregated into 1000-bp 
bins. The location of the ori-cdc6 region is indicated by the red dotted line. The downward arrow in (F) and (G) represents the location of the TKV2-excised region.
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of a secondary or cryptic origin of replication (13). Construction of 
the ΔoriΔcdc6 strain was coincident with the spontaneous deletion 
of TKV2, a prophage genome known to be dispensable for growth of 
T. kodakarensis (44). Mapping of MFA results to the TS559 genome 
details this loss through a precise peak at ~0.32 Mbp of the genome 
(Fig. 6, F and G). We rationalized that introduction of the Tk-RadA 
Δ270–592+P.ho. loop allele into a ΔoriΔcdc6 strain incapable of ODR 
(generating strain AL026) would challenge both ODR and RDR 
mechanisms in T. kodakarensis. The reduced efficiency of intein 
splicing and reduced mTk-RadA levels favor ODR, but the deletion 
of the origin and initiator protein precludes use of ODR. As pre-
dicted, growth of AL026 strains is compromised, more markedly at 
65°C, wherein intein excision is more impaired (Fig. 5, A and B), but 
AL026 strains are incapable of ODR as revealed by MFA (Fig. 6G). 
Thus, although reduced RadA splicing (e.g., strain AL015) would 
normally dictate a switch in replication strategies favoring ODR 
when intein excision is compromised, ODR is not permitted, and, 
therefore, AL026 must use RDR. RDR is required for the growth of 
AL026 but leads to markedly reduced growth at 65°C due to subop-
timal concentrations of mTk-RadA. This represents the first demon-
stration of a growth defect due to impaired splicing and the potential 
power of regulated intein splicing to regulate microbial physiology.

mRadA activities are unaffected by precursor RadA
The massive phenotypic impacts resultant from modestly decreased 
intein excision and a twofold reduction in mRadAWT protein levels 
suggest that even small changes in intein excision efficiencies can 
manifest large physiological responses in vivo, supporting contin-
ued efforts to develop antimicrobials that control intein splicing in 
essential genes. Given that RadA functions as an oligomer, the pre-
cursor RadA (pRadA) retains a response to addition of substrate 
(Fig. 3) and is likely at least partially folded. We rationalized that 
increased steady-state levels of pRadA could affect on mRadA func-
tion. Work with the closely related P. horikoshii RadA demonstrated 
that while the pRadA cannot hydrolyze adenosine 5′-triphosphate 
(ATP), it can bind DNA (23, 24), hinting that precursor forms of 
intein-containing proteins can perform some but not all functions. 
Therefore, if elevated steady-state pRadA levels permit pRadA to 
interrupt mRadA oligomerization and function, then the true im-
pact of deficiencies in RadA-intein excision may reflect a reduced 
mRadA level and inhibition of mRadA function due to unfavorable 
and interfering interactions between pRadA and mRadA.

RadA activity can be reconstituted and quantified through an 
in vitro recombinase assay that monitors the efficiency of purified 
recombinant mTk-RadA to promote strand invasion of an ssDNA 
oligonucleotide into a supercoiled plasmid (fig. S4) (21). Nucleopro-
tein filament formation was facilitated by incubating the purified 
recombinase with the 5′-Fluorescein amidites (FAM) deoxyoligo-
nucleotide (L93) before the addition of supercoiled plasmid DNA 
(pUC19), which contains a sequence complementary to the L93 
oligo. RadA mediates strand invasion of the L93 oligo into pUC19, 
forming a displacement loop (D loop) in a RadA protein concentra-
tion and ATP-dependent manner (fig. S4A). The D-loop formation 
can subsequently be resolved and quantified using native gel electro-
phoresis, revealing a shift in fluorescent signal caused by the 5′-FAM 
L93 oligo traveling slower with the supercoiled pUC19.

Purified mTk-RadA, as expected, functions as a recombinase 
and successfully catalyzes the strand invasion of the 5′-FAM L93 
oligo into the supercoiled pUC19, resulting in the D loop (fig. S4A). 

The optimal temperature for RadA-mediated invasion was estab-
lished to be 65°C, comparable with prior results using RadA from 
Pyrococcus abysii (fig. S4D) (21). Incubating the recombinase reac-
tion with increasing amounts of pTk-RadA, in an attempt to inhibit 
mTk-RadA, did not affect the efficiency of D-loop formation 
(fig. S4B), suggesting that the unspliced pRadAs were not interact-
ing with nor impairing the capacity of mRadA to drive D-loop for-
mation even when present at equal molar concentrations. Note that 
while we added pTk-RadA preparations that contained almost no-
spliced proteins into the recombinase reactions, the in vitro recom-
binase assay conditions appeared to promote the splicing of 
pTk-RadA, as observed by SDS-PAGE (fig. S4C); given that the bulk 
of the added precursor protein does not splice, we remain confident 
that the excess pTk-RadA does affect mTk-RadA function in vitro. 
While we did generate a pTk-RadA variant wherein we mutated the 
first cysteine residue on the intein splicing junctions to completely 
prevent pTk-RadA from splicing (and thus eliminate any remaining 
concerns of splicing of pTk-RadA in the recombinase reactions), the 
resulting variant was unstable and repeatedly precipitated out of so-
lution during heat treatment. The results obtained thus argue that 
increased pTk-RadA levels do not negatively affect the functions of 
mTk-RadA and that the massive phenotypic impacts result directly 
from reduced splicing efficiencies and reduced mTk-RadA protein 
levels in vivo.

DISCUSSION
Inteins can be vertically inherited, transferred via endosymbiosis, 
move between closely related strains during mating, propagate via 
intragenomic transfer, or be horizontally transferred between spe-
cies or even domains, often as a result of viral-mediated events (35, 
45). T. kodakarensis encodes the most inteins relative to genome size 
reported, with at least 15 inteins distributed in 12 genes (Table 1) 
(36). About 1% of the T. kodakarensis genome is composed of in-
teins, with these enigmatic elements representing over 20 kbp of se-
quence. While inteins might be traditionally viewed as molecular 
parasites and fitness-negative MGEs, the past decade has yielded 
compelling work to demonstrate that the rate and accuracy of pro-
tein splicing for dozens of inteins are highly dependent on environ-
ment, suggesting that CPS may provide regulatory benefits to the 
intein-containing organism (26).

The preponderance of inteins in RRR-related genes in T. kodakarensis 
(11 of 15; Table 1) is in line with the prevalence of inteins in RRR-
related gene across both prokaryotic domains (~65%) (36). Given 
the nonrandom distribution and retention of inteins in RRR-related 
genes, coupled with the wealth of in vitro work demonstrating CPS 
in response to environmental signals acutely relevant to the intein-
containing organism (22–35), argue that some inteins have been 
exapted from one-time parasites to beneficial regulatory elements. 
However, the major criticism of this hypothesis was the complete 
absence of work demonstrating a connection between RRR-related 
protein function and intein splicing efficiencies within an organism 
that naturally houses inteins. This study provides a compelling con-
nection between intein activity and RRR-protein activity in vivo. In 
this case, we show that the growth rates, response to fitness chal-
lenges, and the dominant mode of DNA replication can be regulated 
by differences in the intein splicing efficiency or RadA levels.

While the reduction in splicing we observe is based on intein-
specific mutations in otherwise isogenic strains, we convincingly 
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demonstrate that a reduction in mTk-RadA levels due to variable 
intein splicing results in T. kodakarensis favoring ODR over RDR 
(Fig. 6), a reduction in growth rate, and an increase in UV sensitiv-
ity (Fig. 5). In addition, we show for the splicing-deficient AL015 
strain that the switch from RDR to ODR becomes more apparent at 
lower temperature, which correlates with intein splicing accuracy 
and efficiency both in vivo and in vitro (Figs. 2 to 4). Although our 
findings rely on an artificial down-regulation of intein activity by 
intein-specific mutations on the T. kodakarensis chromosome, our 
work suggests that CPS could potentially be a prevalent mechanism 
of regulating the efficiency, rate, or mechanisms of DNA RRR under 
distinct environmental conditions. These results represent seminal 
findings in an emerging field that will lay the groundwork for the 
investigation of CPS within T. kodakarensis and other intein-
containing organisms.

We demonstrate that a relatively modest reduction (~50%) in the 
splicing of a single intein can radically affect microbial physiology. Fu-
ture work will be required to determine whether this is specific to ho-
mologous recombinases such as RadA that form nucleoprotein filaments 
where activity can be highly sensitive to protein concentration or more 
generalizable to most intein-containing proteins. Nevertheless, while it 
has been long hypothesized that splicing inhibition would result in di-
minished growth, this work represents the first in vivo demonstration 
and shows the potential power of protein splicing inhibition to control 
microbial growth. It remains plausible that variant intein sequences 
within identical extein sequences can influence the folding of sequence-
identical exteins and thus affect the function of the mature protein. Re-
gardless, knowing that differential intein excision can radically affect 
total cellular physiology and fitness, combined with (i) the retention of 
inteins in several devastating human pathogens, including M. tuberculosis 
and Cryptococcus neoformans, and (ii) the complete absence of inteins in 

metazoans, lends support to the ongoing search for targeted protein 
splicing inhibitors as previously unidentified antimicrobials (46, 47). The 
ability for modest changes in the splicing of a single intein to radically 
affect microbial growth, combined with the retention of inteins in many 
pathogens, but the near absence (only 1%) or complete loss of inteins in 
eukaryotic genomes and metazoans, respectively, offers intriguing op-
portunities to target intein splicing with therapeutics (46, 47).

The integration of inteins into the active sites or critical regulatory re-
gions of RRR-related proteins may reflect a selection for intein integra-
tions that retain the greatest likelihood of impacting function of the 
RRR-related protein in the precursor form. The Tk-RadA-intein is locat-
ed within the ATP-binding P loop. Alternatively, inteins may cluster to 
these RRR proteins due to their high degree of genetic conservation and, 
thus, HEN target site conservation, which would promote horizontal in-
tein transfer. We reason therefore that in some, but not all, cases, retention 
within RRR proteins is due to exaptation. It will thus be critical to deter-
mine both the efficiency of splicing and the impact on steady-state ma-
ture protein concentrations in vivo for inteins in different classes of genes 
and across each domain to fully understand the biological role inteins 
play in regulating RRR mechanisms. Given that even very subtle changes 
to in vivo protein concentrations and splicing efficiencies may result in 
marked changes in cellular physiology, it will be equally critical to evalu-
ate the fitness importance of intein splicing efficiency—an ancient select-
able characteristic of inteins—to the fitness importance of regulated 
intein splicing—an evolutionarily recent exaptation of intein biology.

MATERIALS AND METHODS
Microbial growth and medium conditions
Parental (TS559) and newly constructed T. kodakarensis strains 
were anaerobically maintained in an artificial sea water–based 

Table 1. Inteins present in the T. kodakarensis genome. 

Gene Protein Function RRR Number of Intein Intein Length Extein Length

TK0001 Pol B DNA polymerase Yes 2 360/536 760

TK0470 Rgy Reverse gyrase Yes 1 489 1222

TK0764 LHR Large helicase–
related protein Yes 1 525 865

TK1091 TopA DNA topoisomerase 
1 Yes 1 511 718

TK1305 IF2 Initiation factor 2 No 1 546 598

TK1332 Ski2-like DNA repair and 
recombination Yes 1 403 722

TK1620 MCM-3 Replicative DNA 
helicase Yes 2 140/335 682

TK1736 RNR Ribonucleotide 
reductase No 2 454/382 910

TK1853
KlbA

Type II/IV secretion 
system adenosine 

triphosphatase
No 1 523 675

TK1899 RadA Homologous 
recombinase Yes 1 482 354

TK1903 Pol D DNA polymerase II Yes 1 474 1324

TK2218 RFC Clamp loader Yes 1 540 322
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medium supplemented with tryptone (5 g/liter), yeast extract 
(5 g/liter), pyruvate (5 g/liter), elemental sulfur (S°; 2 g/liter), a 
KOD1-vitamin mixture, and 1 mM agmatine sulfate at 85° or 65°C 
(48). Growth rates were monitored via optical density measure-
ments at 600 nm in liquid cultures. Cultures were prepared with 
1:100 inoculums from overnight cultures grown in the same medi-
um, and the growth rates of a minimum of three independent 
biological replicates were monitored and reported (Figs. 4 and 5).

T. kodakarensis strain constructions
The genomic sequences encoding Tk-RadA (TK1899) were targeted 
for allelic modification using standard markerless modification pro-
tocols in T. kodakarensis strain TS559 (48) and ΔoriΔcdc6 (13, 48). 
Briefly, nonreplicative plasmids containing sequences homologous 
to the flanking regions of TK1899 along with the desired allelic 
change(s) were temporarily integrated and then subsequently ex-
cised from the TS559 or ΔoriΔcdc6 genome in the region surround-
ing TK1899 based on restoration of agmatine prototrophy and 
resistance to 6-methylpurine, respectively. Sanger sequencing of 
amplicons generated via diagnostic PCR using primers adjacent to 
TK1899 with genomic DNA purified from newly constructed strains 
confirmed the exact end points of deletions and any allelic modifica-
tions. Preparations of genomic DNA from strains presumed to 
be modified at TK1899 were sequenced at >100× coverage via 
MinION Nanopore sequencing (Oxford Nanopore Technologies, 
Oxford, UK) to finalize WGS. Analyses of WGS results confirmed 
the introduction of sequences encoding allelic variants at TK1899 
and the absence of any secondary mutations throughout the re-
mainder of the genome. WGS also confirmed the loss of TKV2 in 
strains AL026 and ΔoriΔcdc6. HEN activity of native Tk-RadA 
necessitated a unique path to strain constructions to ensure that in-
tein invasion of inteinless alleles of TK1899 did not prohibit genera-
tion of  desired alleles. TS559 was used to first generate AL002 
[Tk-RadAA(373–381)], the inactive HEN activity lacking variant of 
Tk-RadA. AL002 was used to generate AL003 (Tk-RadAΔIntein), the 
inteinless variant of Tk-RadA. AL003 was used to generate 
AL015 (Tk-RadAΔ270–592+P.ho. loop), and the mini-intein variant of 
Tk-RadA. ΔoriΔcdc6 was used to generate AL026.

Cloning, expression, and purification of Tk-RadA variants
The wild-type, intein-containing sequences of Tk-RadA (TK1899) 
was amplified from purified TS559 genomic DNA, incorporating 
sequences encoding a C-terminal 6×His tag during amplification 
and cloned into the Sal I site of pQE-80L via In-Fusion Snap As-
sembly (Takara Bio USA Inc.). Sequence variants, used to produce 
proteins variants of Tk-RadA, were introduced via QuikChange 
mutagenesis on the Tk-RadAWT expression plasmid. Sanger se-
quencing confirmed the full sequence of the entire insert for all con-
structs. Each expression plasmid was transformed into Rosetta 2 
competent cells (Novagen). Transformants were grown at 37°C in 
LB medium containing sodium ampicillin salt (100 μg/ml) and 
chloramphenicol (25 μg/ml). Protein expression was induced at 
optical density at 600 nm (OD600nm) of ~0.4 through addition of 
isopropyl-β-​d-thiogalactopyranoside to 0.5 mM final concentra-
tion, and protein production was permitted for an additional 4 hours 
of 37°C growth. Cells were harvested via centrifugation (15,000g 
for 15 min at 4°C), the supernatant was discarded, and cell pellets 
were frozen at −20°C until protein purifications. Cell pellets were 
thawed, resuspended in 20 mM tris-HCl (pH 8.3), 500 mM NaCl, 

10% glycerol, and 30 mM imidazole (buffer A), and lysed using son-
ication, and cellular debris were removed through centrifugation 
(75,000g at 4°C for 20 min). Clarified lysates were passed through a 
5-ml HiTrap Chelating HP column (Cytiva) charged with nickel, 
washed extensively with buffer A, and then eluted using a linear, 
20-column volume gradient from 100% buffer A to 100% buffer B 
[20 mM tris-HCl (pH 8.3), 500 mM NaCl, 10% glycerol, and 500 mM 
imidazole]. Fractions containing Tk-RadA were identified via SDS-
PAGE, pooled, and dialyzed into 20 mM tris-HCl (pH 8.3), 200 mM 
NaCl, and 50% glycerol for long-term storage.

HEN assays
DNA amplicons were generated via two rounds of PCR, each fol-
lowed by gel extraction and PCR clean-up, respectively, using Nu-
cleospin Gel and PCR Clean-Up kit (MACHEREY-NAGEL Inc.). 
HEN activity was evaluated at 75°C for 1 hour in 20 μl of reactions 
containing 0 to 0.5 nM of the Tk-RadAWT or Tk-RadA variant pro-
teins and 15 nM of purified DNA substrate in 50 mM tris-HCl 
(pH 8.3), 100 mM NaCl, 10 mM MgCl2, and 1 mM dithiothreitol. 
The reactions were stopped by addition of 100 μl of 0.6 M tris-HCl 
(pH 8.0) and 12 mM EDTA and extracted with an equal volume of 
phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v). Precipitation 
of the aqueous phase was facilitated with 2.6× volumes of 100% 
ethanol and GlycoBlue Coprecipitant (50 μg/ml; Invitrogen). Puri-
fied DNAs were resolved through either 1% (Fig. 1 and fig. S1) or 3% 
(fig. S2) 1× tris-borate EDTA (TBE) agarose gels run in TBE and 
visualized by EtBr staining. The cleaved fragments generated from 
TK1899ΔIntein-encoding sequences were Sanger sequenced by Azenta 
Life Sciences (fig. S1B) to map the exact cut sites.

D-loop formation assay
The protocol to monitor D-loop formation was adapted from 
Hogrel et al. (21) with a few modifications. Supercoiled pUC19 
plasmids were purified using a QIAGEN plasmid purification kit 
following a low-temperature modified protocol intended to in-
crease isolation of supercoiled plasmids from E. coli cells (49). The 
5′-FAM L93 single-stranded fluorescently labeled DNA substrates 
(5′-[FAM]-AAA-GGC-GGT-AAT-ACG-GTT-ATC-CAC-AGA-
ATC-AGG-GGA-TAA-CGC-AGG-AAA-GAA-CAT-GTG-AGC-
AAA-AGG-CCA-GCA-AAA-GGC-CAG-GAA-CCG-TAA-
AAA-3′) was obtained from Eurofins Genomics LLC. Briefly, 
25 nM 5′-FAM L93 was mixed with purified mTk-RadA or pTk-
RadA at various concentrations from 0 to 1600 nM or 0 to 800 nM, 
respectively (detailed in fig. S4) in 20 mM tris-HCl (pH 8.0), 125 mM 
NaCl, 10 mM dithiothreitol, bovine serum albumin (50 μg/ml), 
10 mM MgCl2, and 2.5 mM ATP (when indicated), followed by 10 min 
of incubation at 65°C (note that incubation temperatures were 
varied in fig. S4C). Following the initial incubation, 25 nM super-
coiled pUC19 was added, and the reactions were incubated 
again for 10 min at 65°C (unless noted otherwise). The reactions 
were terminated by the addition of Proteinase K (50 μg/ml), 
0.5% SDS, and 40 mM EDTA, followed by 15 min of incubation at 
37°C. Reactions were resolved through 1.2% TBE agarose gel fol-
lowing the addition of an equal volume of 20% Ficoll. The unin-
corporated and D loop–incorporated 5′-FAM L93 oligos were 
visualized with a Typhoon FLA 9500 (GE Healthcare). The per-
centage of oligo complexed with the plasmid through the activi-
ties of Tk-RadA was quantified with ImageQuant software and 
plotted in Excel.
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Western blot analysis
Purified pTk-RadAWT was used as an antigen to generate polyclonal 
antibodies in guinea pigs (Cocalico Biologicals Inc.); test and terminal 
bleeds were confirmed against purified Tk-RadAWT and lysates from 
T. kodakarensis for specificity. T. kodakarensis cultures were grown at 
either 85° or 65°C until optical density measurements of 0.4 to 0.5 
were achieved, representing mid-log phase growth, and then rapidly 
chilled on ice. Chilled cells were harvested via centrifugation (15,000g 
for 10 min at 4°C) and resuspended in 100 μl of 25 mM tris-HCl 
(pH 8.0), 500 mM NaCl, 10% glycerol, and 2% SDS. Protein concen-
trations were quantified using the Qubit Protein Assay (Thermo Fisher 
Scientific). Proteins were resolved through 4 to 20% acrylamide gels, 
blotted onto polyvinylidene difluoride (PVDF) membranes, blocked 
with 5% bovine serum albumin, and probed using the primary anti–
Tk-RadA antibody (1:10,000 dilution). Blots were washed, then 
probed with immunoglobulin G–alkaline phosphatase–conjugated 
goat anti–guinea pig secondary antibodies (1:1000 dilution), and 
visualized using the 1-Step NBT/BCIP Substrate Solution (Thermo 
Fisher Scientific). Western blot bands were quantified with Im-
ageQuant software and plotted in Excel.

UV sensitivity assay
Parental (TS559) and AL015 T. kodakarensis strains were grown at 
85°C in rich medium supplemented with 1 mM agmatine sulfate 
and KOD1-vitamin mixture as previously described to an OD600nm 
of ~0.4 to 0.5 before being rapidly harvested via centrifugation 
(8000g for 15 min at 4°C), the supernatant was discarded, and the 
cell pellets were resuspended in 150 ml of 1× artificial sea water. The 
resuspended cells were anaerobically irradiated by exposure to a UV 
light in 10 ml of aliquots at 100 μW/cm2 for 0, 5, 10, 15, 20, 30, 45, 
60, and 90 s (resulting in total exposures of 0, 5, 10, 15, 20, 30, 45, 60, 
and 90 J/m2, respectively) and immediately put on ice. Irradiated 
cultures were serially diluted 10-fold from 10−1 to 10−7, and 10 μl 
from each dilution was plated onto rich medium–solidified plates 
supplemented with polysulfides, agmatine sulfate, and KOD1-
vitamin mixture. The plates were incubated anaerobically at 85°C 
for 48 hours. Given that T. kodakarensis colonies are flat, pale, and 
difficult to image conventionally, colony-forming unit counts were 
determined after transferring colonies to PVDF (0.2 μm) and stain-
ing the proteins lysed from transferred cells. PVDF membranes 
were prerinsed with 100% methanol for 10 min and pressed onto the 
colony-containing plates to facilitate colony transfer. The colony-
containing membranes were flash frozen with liquid nitrogen to fa-
cilitate cell lysis and protein release and then stained with 
Coomassie Brilliant Blue G-250 for 20 min with gentle rocking. The 
membranes were destained twice in 100% methanol for 5 min and 
allowed to air dry. The fraction of viable cells at each UV dose was 
determined by comparing the number of colony-forming units 
from countable spots at each UV dose to that of the same dilution 
spot from the no UV control for each strain. Assays were done in 
minimally triplicate for each strain.

Marker frequency analysis
Genomic DNAs were isolated at mid-exponential (0.4 to 0.5 
OD600nm) and late stationary phase (after the OD600nm reading 
peaked and modestly decreased). Illumina libraries were prepared 
using NEBNext Ultra II DNA Library Prep Kit for Illumina (New 
England Biolabs) as directed by the manufacturer. The quality of 
each library was assessed using an Agilent Bioanalyzer 2100 using 

an Agilent High Sensitivity Kit (Agilent Technologies). Libraries 
were pooled in equimolar proportion and sequenced on an Illumina 
NextSeq instrument, using a NextSeq 1000/2000 P2 reagent kit. Raw 
sequencing data were uploaded into the Galaxy platform and pro-
cessed via fastp for adaptor trimming and filtering of low-quality 
reads, HISAT2 for aligning the processed data to the TS559 refer-
ence genome, and bamCoverage to bin the TS559 reference genome 
into nonoverlapping 1000-bp bins for generating a bedGraph file 
that classifies the sequencing reads into the corresponding bin nor-
malized to reads per kilobase per million mapped reads. Graphs 
plotting the log2 (exponential/stationary) ratios were generated 
using Excel.

In vitro splicing assays
All MIG splicing reporter constructs (Figs.  2B and 3A) containing 
either Tk-RadA-inteinA(373–381), Tk-RadA-inteinD373–381, Tk-Rad 
A-inteinΔ286–585, Tk-RadA-inteinΔ276–585, or Tk-RadA-inteinΔ270–592+P.ho. loop 
were commercially synthesized and sequenced (GenScript, USA) 
based on previous MIG reporters in the pACYC vector backbone 
(24). Construction of the Pho-RadA-inteinWT was previously de-
scribed (24). All inteins within the MIG reporter are flanked by 10 
residues on both the N and C termini from the natural RadA exteins, 
which are identical in all constructs.

For native extein splicing assays with Tk-RadA-inteinΔ286–585 
(Fig.  3C), this construct was commercially synthesized and sub-
cloned into the pET45b(+) vector backbone in-frame with an N-
terminal His tag (GenScript, USA). This construct contains the 
entire natural C-extein, which forms interactions with the intein 
that inhibits splicing (23, 24), and a deletion in the N-extein (resi-
dues 1 to 112) previously shown to not influence extein-intein inter-
actions or response to ssDNA (23).

Plasmids were transformed into E. coli BL21(DE3), and protein 
expression was induced in mid-log phase by addition of 1 mM 
isopropyl-β-​d-thiogalactopyranoside (GoldBio). Proteins were ex-
pressed for ~20 hours at 15°C, and cells were harvested at 4000g.

For MIG splicing assays, cell pellets were resuspended in 50 mM 
tris-HCl (pH 8.0) and 10% glycerol and lysed by sonication. Insolu-
ble material was removed by centrifugation, and clarified lysates 
were either examined immediately for splicing during expression or 
incubated at 50°C as described in Figs. 2 and 3. To measure splicing 
efficiencies, lysates were mixed with Laemmli sample buffer and re-
solved using 8 to 16% Tris-Glycine eXtended gels (Bio-Rad). Sam-
ples were not heated in Laemmli sample buffer to maintain GFP 
fluorescence. GFP fluorescence was measured in-gel using an Am-
ersham Imager 680 (GE Healthcare).

For the Tk-RadA-inteinΔ286–585 in native exteins (Fig. 3), cell pel-
lets were resuspended in 20 mM tris-HCl (pH 8.0), 500 mM NaCl, 
and 30 mM imidazole and lysed by sonication, and insoluble mate-
rial was removed by centrifugation. Clarified lysates were purified 
using Ni-charged MagBeads (GenScript) and dialyzed into 20 mM 
tris-HCl (pH 8.5), 200 mM NaCl, and 10% glycerol. Purified protein 
was mixed with ssDNA (187.5 ng/μl; Bayou Biolabs) or tris-EDTA 
buffer and incubated as described in Fig. 3C. Reactions were mixed 
with SDS sample buffer, resolved through 8 to 16% bis-tris gels 
(GenScript, USA), and stained with Coomassie Brilliant Blue dye.

Relative levels of precursor, LE, and other species were quan-
tified by densitometry using ImageJ (imagej.nih.gov) based on 
three biological replicates. Average and SD are shown in the 
bar graphs.

http://imagej.nih.gov
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