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FttA is a CPSF73 homologue that terminates

transcription in Archaea

Travis J. Sanders', Breanna R. Wenck', Jocelyn N. Selan'!, Mathew P. Barker', Stavros A. Trimmer’,

Julie E. Walker? and Thomas J. Santangelo ®

Regulated gene expression is largely achieved by controlling
the activities of essential, multisubunit RNA polymerase tran-
scription elongation complexes (TECs). The extreme stabil-
ity required of TECs to processively transcribe large genomic
regions necessitates robust mechanisms to terminate tran-
scription. Efficient transcription termination is particularly
critical for gene-dense bacterial and archaeal genomes'* in
which continued transcription would necessarily transcribe
immediately adjacent genes and result in conflicts between
the transcription and replication apparatuses*-¢; the coupling
of transcription and translation”® would permit the loading of
ribosomes onto aberrant transcripts. Only select sequences
or transcription termination factors can disrupt the otherwise
extremely stable TEC and we demonstrate that one of the
last universally conserved archaeal proteins with unknown
biological function is the Factor that terminates transcription
in Archaea (FttA). FttA resolves the dichotomy of a prokary-
otic gene structure (operons and polarity) and eukaryotic
molecular homology (general transcription apparatus) that is
observed in Archaea. This missing link between prokaryotic
and eukaryotic transcription regulation provides the most
parsimonious link to the evolution of the processing activities
involved in RNA 3’-end formation in Eukarya.

Transcription termination (Extended Data Fig. 1), driven either
by DNA sequence and encoded RNA structures (for example,
intrinsic termination) or by protein factors (for example, factor-
dependent termination), ensures the rapid dissociation of RNA
polymerase (RNAP) from the DNA template to recycle RNAP and
generate RNA 3’ ends'’. While often prevalent within prokaryotic
genomes, intrinsic termination sequences are typically neither suf-
ficiently abundant nor efficient to mediate all termination events.
Transcription termination factors must then efficiently recognize
transcription elongation complexes (TECs) that are not intrinsi-
cally terminated and compete with continued elongation to mediate
the release of the nascent transcript. While the identification of Eta
provided evidence of factor-dependent archaeal termination'’, no
kinetically efficient mechanism of factor-dependent archaeal tran-
scription termination has been described. The retention of operon-
organized archaeal genomes and the sensitivity of the archaeal
transcription apparatus to bacterial Rho-mediated termination
in vitro* (combined with the normal coupling of transcription and
translation®, the resultant polar suppression of downstream expres-
sion in the absence of such coupling in archaeal cells' and the con-
servation of Spt5/NusG in all genomes) implied the existence of a
kinetically relevant archaeal transcription termination activity that
might function akin to the bacterial Rho protein. However, Rho

homologues are restricted to Bacteria'?, suggesting instead that con-
served archaeal-eukaryotic or unique archaeal factors may drive
factor-dependent archaeal transcription termination.

Only a core set of ~200 gene families (more properly, archaeal
clusters of orthologous genes; arCOGs) are conserved in most
archaeal genomes'’; just ~129 arCOGs are strictly ubiquitous' and
one is an obvious orthologue of a subunit of the cleavage and poly-
adenylation specificity factor (CPSF) complex'*~'®. The homology
of most archaeal transcription components to eukaryotic factors
suggested that the archaeal homologue of eukaryotic CPSF73 might
function as the Factor that terminates transcription in Archaea
(FttA). We challenged promoter-initiated TECs'** (generated
with an RNAP variant with a His;—-HA-epitope-tagged RpoL sub-
unit'**"*—where His6 represents six histidine residues, HA rep-
resents haemagglutinin and RpoL represents the RNA polymerase
subunit L—and containing a radiolabelled nascent transcript) with
FttA (Extended Data Fig. 2; FttA is the ~73.5kDa protein product
of gene TK1428) and monitored transcription termination by quan-
tifying the release of transcripts from TECs (Fig. 1). TECs stalled
by nucleotide deprivation with +125-nucleotide (nt) nascent tran-
scripts (TECs,,,;) remain stably associated in the absence of FttA
(Fig. 1a, lanes 1-4). The addition of FttA to stalled TECs results in
the cleavage and release of ~100nt of the nascent transcript (Fig.
la, lanes 5-6). However, despite repeated and exhaustive efforts to
monitor FttA-mediated transcript cleavage within seconds of FttA
addition, we never observed an ~25-nt 3’ transcript fragment. We
were thus initially hesitant to assume that FttA-mediated transcript
cleavage was coupled to bona fide transcription termination, as an
~25-nt transcript is sufficient to stabilize an archaeal TEC>***,

To fully validate that the cleavage and termination activity of
FttA is distinct from that of a general RNase, we challenged TECs
with either FttA or RNase I, in parallel. If TECs remain intact fol-
lowing FttA-mediated cleavage of the nascent transcript then: radio-
labelled 3’ nascent transcripts should remain associated with TECs;
intact TECs should survive washes designed to remove transcripts
not associated with TECs; nucleotide triphosphate (NTP) addition
should permit the continued elongation of active TECs, allow-
ing extension of the nascent transcript; and RNAP should remain
within TECs. By contrast, if FttA-mediated cleavage of the tran-
scripts inactivates and terminates transcription, RNAP should be
released to the supernatant and resumed elongation following NTP
supplementation will not be possible. Treatment of TECs,,; with
RNase I; (ref. '°; Fig. 1c) fulfilled all of the expectations of transcript
processing that are not linked to transcription termination: stable
TECs_,,; were observed (Fig. 1b, lanes 10-11), the addition of unla-
belled NTPs (Fig. 1b, lane 12) or radiolabelled NTPs (Fig. 1b, lane
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Fig. 1| FttA is a bona fide archaeal transcription termination factor. a, Transcripts within intact TECs are retained in pellet (P) fractions; transcripts
released from terminated TECs partition into the supernatant (S). Radiolabelled transcripts within starting material (SM) TECs,,s and mock-treated
TECs,,,5 (-) are retained in P fractions (lanes 1-4), whereas FttA"WT addition (+) results in the cleavage of nascent transcripts and the termination of most
TECs (lanes 5-6). A catalytically deficient FttA variant (FttA"?55*) abrogates cleavage and RNA release (lanes 7-8). Lane M contains 32P-labelled single-
stranded DNA markers. b, FttA-mediated termination is distinct from RNase treatment of intact TECs. TECs,,5 (SM, lane 1) are resistant to repeated
washes and readily resume elongation following NTP addition to generate +225-nt transcripts (lanes 2-5). Dashed boxes and arrows denote +125-nt
transcripts that are elongated to +225-nt transcripts; the specific activity of +225-nt transcripts can be increased by the addition of more 32P-a-UTP during
resumed elongation. RNase [; digestion of nascent transcripts associated with washed TECs_, results in the degradation of the nascent transcript to just
~20-30nt, but TECs with shortened transcripts remain associated with the DNA and survive repeated washing (lanes 10-11). TECs_, 5 5, resulting from
RNase |, treatment of TECs,,,; readily resume elongation following NTP addition to generate ~+125-nt full-length transcripts (lanes 12-13). Dashed black

line separates the FttA and RNase |, samples. Dashed boxes and arrows denote ~+25-nt transcripts that are elongated to ~+125-nt transcripts; the specific
activity of ~+125-nt transcripts can be increased by the addition of 32P-a-UTP during resumed elongation. FttA addition to TECs,,,s disrupts most TECs with
nascent transcript cleavage (lanes 6-9), resulting in the release of most TECs from the template; cleaved transcripts cannot be extended by NTP addition
(lanes 8-9). B, biotin; BRE, TFB recognition element. ¢,d, Diagrams of the fate of TECs_,,5 following RNase I; (¢) and FttA treatment (d). Solid red lines
represent nascent RNA and the brown segments represent nascent RNA encapsulated within the TEC. Dashed red lines represent RNAs degraded by FttA
or RNase I.. Solid blue lines represent the newly synthesized nascent RNA from the NTP pool (blue). e, FttA releases RNAP from the DNA template into
solution confirming the dissociation of the TEC and bona fide FttA-mediated transcription termination. RNAP was tracked and quantified by western blots
(n=3 independent replicates) with anti-HA antibodies that recognize the modified RpoL subunit. M, markers; L, load. f, FttA is not reliant on NTP hydrolysis

to inactivate TECs, cleave nascent transcripts and terminate transcription. For a,b,f, similar results were observed in four independent experiments.

13) permitted all TECs_,,; to resume elongation and RNAP parti-
tioning confirmed that essentially all TECs remained intact (Fig. le,
lanes 7-8). The treatment of identically prepared TECs, ,; with FttA
(Fig. 1b) is, by contrast, fully supportive of FttA-mediated termina-
tion: the bulk of FttA-treated TECs,,,; do not survive washes and
FttA activity releases ~70% of RNAP to solution (Fig. le, lanes 5-6).
FttA is thus the second archaeal-encoded factor that can mediate
transcription termination.

Addition of an FttA variant'>'”>>?° (FttA"?>**) reduced but did
not eliminate FttA-mediated termination (Fig. la, lanes 7-8).
Termination activity is thus linked to FttA-mediated RNA cleav-
age, rather than FttA-mediated stimulation of the intrinsic cleav-
age activity of RNAP (ref. ). FttA-mediated cleavage of the nascent
RNA to yield an ~100-nt 5" transcript is consistent with FttA stimu-
lating RNA cleavage at the first solvent-accessible phosphodiester
linkage and the ~25nt of nascent transcript protection is consis-
tent with the results of previous digestions of intact archaeal’® and
eukaryotic TECs* with RNA exonucleases. In contrast to other pro-
karyotic transcription termination factors, FttA-mediated termina-
tion is not energy dependent (Fig. 1f).

FttA recognizes TECs through binding to nascent transcripts
(Fig. 2). TECs stalled on G-less cassettes, and thus with A-, U- and
C-rich RNAs, revealed a near-linear relationship between tran-
script length and FttA-mediated termination (Fig. 2b—d). Although
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FttA-mediated termination is possible with only short segments of
solvent-accessible nascent transcript sequences (a notable discrimi-
nating feature between Rho- and FttA-mediated termination), the
efficiency and rate of FttA-mediated termination are modest in
such instances. By contrast, TECs stalled on C-less cassettes, and
thus with A-, U- and G-rich RNAs, effectively abolish FttA activity
(Fig. 2 and Extended Data Fig. 3a,b). FttA-mediated termination is
thus stimulated by C-rich RNAs (as is the case for bacterial Rho-
mediated termination) or inhibited by transcripts that are particu-
larly G-rich. Rho activity can be stimulated at suboptimal rut sites by
NusG; the archaeal-eukaryotic homologue of NusG, Spt5, together
with its common binding partner Spt4, can likewise stimulate FttA
when transcript sequences limit FttA recognition or FttA activ-
ity (Fig. 2c,d). As such, Spt4-Spt5 temper the nucleotide require-
ments of FttA. FttA is a known endo- and 5'-3’ exonuclease'>* and
cleavage of nascent transcripts is stimulated by interactions with
the archaeal TEC, but not RNAP alone (Extended Data Fig. 3d).
FttA-mediated cleavage of TEC-associated nascent transcripts was
completed within ~1-2 min, while incubations of FttA with purified
RNA under identical conditions required ~30-times longer to gen-
erate even mild cleavage patterns (Fig. 3¢), consistent with previous
results'>". FttA-mediated endonucleolytic cleavage of free RNA at
CA and CC dinucleotide sequences is consistent with FttA activity
on C-rich transcripts'®. The consistently observed cleavage pattern
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Fig. 2 | FttA-mediated termination shares mechanistic requirements of Rho-mediated bacterial transcription termination. a, Promoter-directed
transcription of biotinylated templates encoding G-less or C-less cassettes permits the formation of TECs with increasingly long A-, C- and U-rich or A-,
G- and U-rich nascent transcripts, respectively. FL, full-length; all templates permit elongation for 100 nt beyond the G- or C-less cassette. b, TECs remain
stably associated and transcripts are primarily recovered in the P fraction in the absence (=) of FttA. When FttA is present (+), transcripts are cleaved and
primarily recovered in the S fraction. Cleavage releases ~20-30-nt shorter transcripts (boxed). The left-most lane contains 32P-labelled ssDNA markers. ¢,
The addition of Spt4-Spt5 largely abrogates the RNA sequence requirements of FttA-mediated transcription termination. T, total reaction=P +S. The left-
most lane contains 32P-labelled ssDNA markers. d, Transcript release was quantified with (salmon/green) and without (pink/mint) FttA addition for TECs
with transcripts of increasing length on G-less (pink/salmon) and C-less cassettes (mint/green), with and without Spt4-Spt5 addition for TECs,,,5 formed
on G- and C-less cassettes. Error bars were calculated as standard deviation from the mean (n=3 independent experiments). For b,c, similar results were

observed in three independent experiments.

on various substrates (reduced transcript length by ~20-30nt) sup-
ports FttA-mediated cleavage and termination being dictated and
positioned by RNAP-RNA interactions near the stalk domain and
RNA exit channel and is further enhanced by Spt4-Spt5.

Archaeal transcription units are typically separated by only short
(<100 base pair) intergenic regions"'"*"*; thus, for FttA-mediated
termination to be an effective mechanism of gene regulation in vivo,
FttA must quickly recognize and disrupt TECs before transcrip-
tion continues substantially into downstream genes or operons. To
establish whether FttA-mediated termination was competitive with
transcription elongation, stalled TECs, ,,; were permitted to resume
elongation with different [NTPs]. The differential elongation rates
that resulted from varying [NTPs] provided a relative measure of
the efficiency of FttA-mediated transcription termination in com-
petition with transcription elongation (Fig. 3). Atlow [NTPs], TECs
elongated slowly and many TECs were still transcribing after sev-
eral minutes of incubation as evidenced by a mixture of nascent
transcripts between 125-225nt (Fig. 3b, lanes 3-4). At increasingly
higher [NTPs], elongation rates increased until TECs were elon-
gating at rates comparable to normal elongation rates in vivo (Fig.
3b, lanes 5-8). The addition of FttA to stalled TECs (Fig. 3b, lanes
17-18) resulted in near-complete termination, but as the rate of
elongation increased with increasing [NTPs], FttA-mediated termi-
nation decreased. Although not an obligate subcomplex of archaeal
RNAP, in vivo Spt4-Spt5 engages RNAP early during the elongation
process and remains associated with TECs throughout long genes™.
The ability of Spt4-Spt5 to temper the transcript requirements for
FttA-mediated termination (Fig. 2) suggested that the addition of
Spt4-Spt5 may accelerate FttA recognition of or action towards
TECs. In support of this hypothesis, addition of Spt4-Spt5 greatly
increased the termination efficiency of FttA, as demonstrated by
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the release of transcripts >+125nt but <+225nt (Fig. 3b, lanes
27-32). The results demonstrate that FttA is kinetically coupled to
RNAP via the elongation factors Spt4-Spt5, a striking analogy to the
stimulation of the unrelated bacterial Rho protein by NusG (ref. **)
and to the observed stimulation of Pol II termination by CPSF73/
Xrn2 (ref. *°). To ensure that FttA mediates termination when com-
bined with Spt4-Spt5 (and that termination observed in the pres-
ence of all three factors was not a new activity of Spt4-Spt5) we
employed a variant of FttA (FttA"?°#) that retains only partial activ-
ity (Extended Data Fig. 4a,b).

Interactions between Rho and the C-terminal KOW domain of
NusG stimulate Rho-mediated termination™*. The NusG KOW
domain is normally engaged with the ribosome and becomes avail-
able only when transcription becomes uncoupled from transla-
tion”. Archaeal transcription and translation are coupled®; we
asked whether the isolated KOW domain of Spt5 would suffice to
stimulate FttA-mediated termination. Addition of the Spt5 KOW
domain (Spt5*N%N, which remains thermostable) alone does not
influence the activities of FttA or RNAP in vitro (Extended Data
Fig. 4c). Spt5 is often in a heterodimeric partnership with Spt4
and this partnership is critical to kinetically couple FttA activity
to RNAPs (Extended Data Fig. 4d). As with the nuclear eukary-
otic RNAPs, the archaeal RNAP contains a stalk domain®. The
stalk provides binding surfaces for conserved initiation and elon-
gation factors and the nascent transcript*>*'-*’. Purified stalk-
less RNAP (RNAP*¥4F), when combined with the TATA-binding
protein (TBP) and transcription factor B (TFB), is competent for
transcription initiation, elongation and intrinsic termination®, but
fails to respond correctly to FttA-mediated termination (Extended
Data Fig. 4e). Even when continued elongation was prohibited,
the termination activities of FttA were stunted by the loss of the
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Fig. 3 | FttA-mediated transcription termination is competitive with transcription elongation. a, Washed, NTP-deprived TECs,,,; were assembled on
biotinylated templates with a +125-nt G-less cassette. b, Resumed elongation following differential [NTPs] addition permits transcription to generate +225-
nt transcripts, albeit at different rates. Arrow sizes reflect the increasing [NTP]. Solid red lines represent nascent RNA and the brown segment represents
nascent RNA encapsulated within the TEC. ¢, FttA readily terminates stalled or slowly elongating TECs (lanes 17-24) and FttA-mediated termination
becomes competitive with transcription elongation even at high [NTPs] in the presence of Spt4-Spt5 (lanes 25-32). Similar results were observed in three

independent experiments.

RNAP stalk domain (Extended Data Fig. 4e, lanes 17-18). Addition
of Spt4-Spt5 to TECs assembled with RNAPAFAF does not stimu-
late FttA-mediated termination to rates that are competitive with
continued elongation even at low [NTPs] (Extended Data Fig. 4e,
lanes 27-32). The results suggest roles for both the stalk domain
and Spt4-Spt5 in accelerating FttA-mediated termination to permit
kinetically competitive termination in vitro.

FttA is probably sufficiently abundant (~2,100 + 500 molecules
per cell; Extended Data Fig. 5) to monitor global transcription
(RNAP is estimated at ~3,000 molecules per cell)"’. FttA is a metallo-
beta lactamase-fold protein containing a beta-CASP domain'® and
we predicted that general inhibitors of metallo-beta-lactamase
proteins* may impair FttA activity. 2,6-pyridine dicarboxylic acid
(dipicolinic acid; DPA) nearly completely inhibited FttA-mediated
termination in vitro (Fig. 4a,b). Thermococcus kodakarensis cultures
challenged with DPA demonstrated a reduced, then complete inhi-
bition of growth (Fig. 4c). While DPA may impact several factors
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in vivo, we rationalized that monitoring RNA 3’ ends following
DPA addition may reveal changes due to the inactivation of FttA.
Quantitative PCR with reverse transcription (QRT-PCR) analyses
revealed substantial changes to the 3’ ends at several loci in vivo (Fig.
4d-f) following DPA addition. The fold changes in the extended 3’
ends of each transcript generally increased in magnitude compared
to untreated cultures both with respect to the distance from the
translation stop codon and with increasing [DPA]. Altered 3’ ter-
mini stemming from exposure to a general metallo-beta-lactamase
inhibitor cannot be definitively attributed to direct inhibition of
FttA activity in vivo. Given our desire to directly demonstrate that
reduced FttA activity impacts termination in vivo, coupled with our
inability to generate T. kodakarensis strains encoding enzymatically
impaired FttA variants, we next reduced FttA activity by limiting
FttA expression and altering steady-state wild-type (FttA"") protein
levels. To ensure that the introduced and regulated expression of
TK1428 did not impact TK1429 expression®, we separated TK1428
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Fig. 4 | Inhibition of FttA activity abolishes transcription termination invitro and reduced FttA expression or activity alters steady-state RNA 3’ termini
invivo. a, DNA templates supporting transcription. b, TECs,,,; (lane 3) resume elongation following NTP addition to generate +225-nt transcripts with or
without 25mM DPA (lanes 4-11). FttA addition results in transcript cleavage and the release of most TECs to the supernatant without DPA (lanes 12-13),
inhibiting resumed elongation following NTP addition (lanes 14-15). Pre-incubation of FttA with 25 mM DPA inhibits FttA-mediated termination (lanes
16-17), permitting TECs,,,5 to resume elongation (lanes 18-19). Lanes M1 and M2 contain **P-labelled 10- and 50-nt ssDNA markers, respectively. Similar
results were observed in five independent experiments. ¢, The inhibition of metallo-beta-lactamase/beta-CASP protein activity impairs the growth of T.
kodakarensis. A mid-log culture of T. kodakarensis strain TS559 was split into nine cultures, with three biological replicates exposed to O mM (peach), three
to 12.5mM (green) and three to 25 mM DPA (purple). d-f, RNAs recovered 1h post-DPA addition to cultures of TS559, or from cultures of IR5 grown in

the absence of NaF, displayed altered 3’ termini. TRIzol-extracted RNAs were reverse transcribed with primers complementary to the nascent transcript
sequences of TK1146 (d), TK0222 (e) and TK0676 (f) to generate complementary DNAs that were quantified and normalized to internal controls. Inhibiting
FttA activity with DPA or lowering steady-state FttA levels by riboswitch-mediated controlled expression impacted the abundance of RNAs with extended
3’ termini in vivo. RNA abundance in untreated TS559 cultures (open bars) was set to 1.0, and fold changes in the abundance of amplicons reflecting RNA
transcripts with extended 3’ sequences at increasing distances from the translation stop site (purple, green, orange and red) are shown for strain IR5 (solid
bars), TS559 +12.5mM DPA (wide stripes) and TS559 + 25 mM DPA (narrow stripes). Errors were calculated at a 95% confidence interval with the centre
value as the mean of three biological replicates. g, Maps of the TK1428 locus in parental (TS559), N-terminally tagged (TK1428D) and riboswitch-regulated
expression (IR5) strains. h, A western blot demonstrating the reduction in FttA protein levels in strain IR5 following the removal of NaF from the medium;
n=3independent replicates. Size standards are identified by molecular weight (left).

expression from TK1429 by the introduction of a new promoter
and intrinsic termination sequence and then placed the TK1428
coding sequences downstream of sequences encoding an archaeal
fluoride-responsive riboswitch*, thereby generating strain IR5 (Fig.
4g). Construction of IR5 was possible only when cultures were con-
tinuously provided with fluoride even though fluoride impairs the
growth of T. kodakarensis*, supporting the idea that very limited
expression of TK1428 was not compatible with life. Steady-state
FttA levels in IR5 strains grown in the absence and presence of fluo-
ride revealed a modest ~twofold change in FttA levels in vivo when
fluoride was removed from the cultures (Fig. 4h and Supplementary
Fig. 2), yet even this modest alteration substantially and reproduc-
ibly impacted transcription termination in vivo (Fig. 4d-f). The
increased abundance of RNA with extended 3’ untranslated regions
(UTRs) in strains with reduced FttA protein abundance is support-
ive of FttA normally directing transcription termination in vivo.
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FttA is conserved in all archaeal genomes'>'>*%, including the
severely reduced genomes of symbiotic Nanoarchaeota, and it was
perhaps not surprising that exhaustive attempts to delete or gen-
erate variants that radically impair the activity of FttA*>**" in T.
kodakarensis were unsuccessful; our failures were supported by the
essentiality of FttA in other Archaea*’**. We were able to generate a
strain (termed TK1428D) encoding a His,-affinity and HA-epitope-
tagged FttA (Fig. 4g). Strain TK1428D growth was indistinguish-
able from the parental strain’** and N-terminally tagged FttA
was easily recovered directly from TK1428D cell lysates in abun-
dance (Extended Data Fig. 6). Proteins copurifying with FttA from
TK1428D were identified by MuDPIT***, returning only a small
number of proteins (Extended Data Fig. 7) that have minimal
inferred activity related to transcription and gene expression. No
obvious stoichiometric FttA interaction partners were recovered,
supportive of our in vitro demonstration that FttA alone can disrupt
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archaeal TECs. Affinity purification of FttA does not return RNAP
subunits nor Spt4-Spt5, suggesting that FttA transiently encounters
and disrupts TECs rather than forming stable interactions with TEC
components or Spt4-Spt5.

The essentiality of FttA in T. kodakarensis and other Archaea**,
the complete conservation of FttA in Archaea'*'>'*, the demon-
strated in vitro ability of FttA-mediated termination to compete
with productive elongation (Fig. 3) and the demonstrated changes to
RNA 3’ ends in strains in which FttA activity is reduced by two inde-
pendent mechanisms (Fig. 4) suggests that FttA is probably respon-
sible for the 3’-end formation of transcripts that are not directed by
intrinsic termination, and further that FttA-mediated termination is
probably responsible for the polarity in archaeal cells''. By establish-
ing the requirements for FttA-mediated transcription termination
(Figs. 1-4, Extended Data Figs. 3 and 4) we complete the archaeal
transcription cycle and describe an additional mechanism of 3'-end
formation (Extended Data Fig. 8). The described activities of FttA
suggest that the steady-state 3’ termini of in vivo transcripts termi-
nated by FttA do not reflect the actual position of termination of
the archaeal RNAP. Thus, consensus termination sequences derived
from next-generation sequencing and Term-seq data"** should be
re-evaluated given that FttA-terminated transcripts probably lack
at least ~20-30nt from the 3’ terminus; additional RNA process-
ing events are likely to further complicate attempts to map the 3’
termini of transcripts that reflect the true position of TEC dissocia-
tion. Even transcripts derived from loci encoding putative intrinsic
termination sequences should be re-evaluated, as FttA activity may
influence the efficiency of intrinsic termination or serve as a back-
up mechanism of transcription termination for genes/operons with
less efficient intrinsic termination signals.

The requirements for FttA-mediated termination suggest that
the long 5" UTRs observed for some archaeal transcripts may serve
as points of regulation for premature termination upstream of the
coding sequences**. It will be interesting to determine how the
transcription of stable RNAs, including ribosomal RNAs, is pro-
tected from FttA-mediated termination. The exclusion of Spt4-
Spt5 from TECs transcribing stable RNAs, or structures within
the nascent transcript, may suffice to hinder FttA loading or FttA-
mediated termination of archaeal TECs; a delayed mechanism of
Spt5 recruitment to rRNA and CRISPR loci has been identified™.
Full-length FttA homologues are found in the genomes of several
bacterial species, suggesting that FttA may function as a termina-
tion factor in multiple domains (Supplementary Fig. 1). It will be of
immediate interest to determine whether the bacterial FttA proteins
can direct transcription termination and, if they can, whether they
cooperate with or can substitute for Rho. It will be similarly inter-
esting to determine whether FttA activity can disrupt eukaryotic
TECs formed with Pol I, I and III, given that the structure of FttA
is nearly identical to the CPSF73 subunit of the eukaryotic CPSF
complex (Extended Data Fig. 2)'>'7*>*"*, The combined activities
of CPSF and Xrn2 are necessary for normal termination patterns in
Eukarya™*. FttA retains all the necessary activities within a single
protein: FttA can bind TECs, mediate the cleavage and release of the
nascent transcript and use 53’ exonuclease activities to degrade
the 3’ transcript. We propose that the eukaryotic CPSF complex®’,
which contains at least four homologous but non-identical sub-
units, arose from archaeal FttA. The ability of the CPSF complex to
directly terminate transcription was probably lost during special-
ization and the partnership with factors that direct RNA 3’ matura-
tion in Eukarya.

Methods

T. kodakarensis culturing conditions. T. kodakarensis strain TS559 and derivatives
of such were grown at 85 °C under anaerobic conditions as previously described™.
DPA (Sigma) was added at neutral pH to either 12.5 or 25 mM as shown in Fig. 4.
NaF was added to 4 mM when necessary.
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Protein purifications. Archaeal RNAPs (WT and AE/F variant) containing
His,~HA-epitope-tagged RpoL subunits, TBP and TFB were purified as previously
described'**'. T. kodakarensis Spt5 and His,—Spt4 were purified as previously
described”. Spt5*NN was purified as was full-length Spt5. WT and a H255A
variant of FttA were purified from Rosetta2 Escherichia coli cells carrying pQE-
80L (Qiagen) expression vectors with the WT or variant TK1428 coding sequence
(Extended Data Fig. 2). Cells were grown in LB medium at 37 °C with shaking
(~220r.p.m.) with 30 pgml~' chloramphenicol and 100 pg ml~' ampicillin to an
optical density at 600 nm of 0.5 before expression was induced with 0.5 mM
isopropyl p-p-1-thiogalactopyranoside. Cultures were grown for an additional 3h
at 37 °C with shaking before biomass was harvested via centrifugation (~8,000g,
20min, 4°C), resuspended and lysed via sonication (3mlg™" of biomass) in 20 mM
Tris-HCI pH 8.0, 5mM 2-mercaptoethanol, 10 mM MgCl,, 100 mM NaCl. Cellular
lysates were clarified by centrifugation (~20,000g, 20 min, 4 °C), heated to 85°C
for 30 min to denature most host proteins and clarified again by centrifugation
(~20,000g, 20 min, 4°C). Heat-treated clarified cell lysates were resolved through

a 5-ml HiTrap-heparin column (GE Healthcare) with a linear gradient from
0.1-1.0 M NaCl dissolved in 20 mM Tris-HCI pH 8.0, 5mM 2-mercaptoethanol,
10mM MgCl,. Fractions containing >95% pure FttA were identified by
SDS-PAGE, pooled and dialysed into 25 mM Tris-HCI pH 8.0, 100 mM KCI,

10 mM 2-mercaptoethanol, 50% glycerol before storage at —80°C. All protein
concentrations were quantified using a Bradford Assay®.

DNA templates. The double-stranded DNA templates used in all transcription
reactions were PCR amplified from plasmids and gel purified as previously
described'****". All transcription templates contained a non-template 5’-strand
biotin-TEG moiety to provide attachment to streptavidin-coated paramagnetic
beads (Promega).

In vitro transcription assays. The assembly of preinitiation complexes and
elongation via NTP deprivation was carried out as described previously'*****. To
obtain stalled TECs on G-less cassette templates, preinitiation complexes were
assembled using 10 nM template, 20 nM RNAP, 40nM TBP, 40nM TFB in a

20 ul total volume of transcription buffer (20 mM Tris-HCI pH 8.0, 250 mM KCI,
5mM MgCl,, 1mM DTT) with 75uM ApC for 3 min at 85°C before the addition
of 200 uM ATP, 200 uM CTP, 10 uM uridine triphosphate (UTP) and 10 uCi
[*2P-a]-UTP for 3 additional min at 85 °C, then chilled to 4 °C. To obtain stalled
TECs on C-less cassette templates, reactions were identical to those above, with
the substitution of 200 uM GTP for 200 uM CTP. RNAP-bound templates were
captured with HisPur Ni-NTA magnetic particles (Thermo Fisher Scientific) and
washed three times with 100 ul 20 mM Tris-HCI pH 8.0, 1 mM EDTA, 500 mM KCL.

For Fig. 1a, washed TECs were resuspended in 10 mM Tris-HCI pH 8.0,
125mM KCI, 5mM MgCl,, 1 mM DTT, with 10 uM each of ATP, CTP and UTP
before the addition of 1 uM FttA or FttA"5A for 5min at 85 °C. Reactions were
chilled to 4°C followed by the separation of pellet and supernatant fractions by
the addition of streptavidin-coated paramagnetic particles (Promega). Similar
results were observed in four independent experiments. For Fig. 1b, washed
TECs (lane 1) were resuspended in 10mM Tris-HCl pH 8.0, 125mM KCl, 5mM
MgCl,, 1mM DTT with 10 uM each of ATP, CTP and UTP and were incubated at
85°C for 7min (lane 2) before being chilled on ice, bound to streptavidin-coated
paramagnetic beads and washed with 100 ul 20 mM Tris-HCl pH 8.0, 1 mM EDTA,
500 mM KClI (lane 3). Washed TECs were incubated at 85°C for 1 min before the
addition of 100 uM NTPs (lane 4) or 100 uM ATP, CTP and GTP, 10uM UTP
containing 1 puC ¥P-a-UTP (lane 5) and continued incubation at 85°C for 3 min.
Washed TECs were exposed to 1 uM FttA (lane 6) at 85°C for 7 min before being
chilled on ice, bound to streptavidin-coated paramagnetic beads and washed with
100 ul 20 mM Tris-HCI pH 8.0, 1 mM EDTA, 500 mM KCl (lane 7). FttA-treated,
washed TECs were incubated at 85°C for 1 min before the addition of 100 uM
NTPs (lane 8) or 100 uM ATP, CTP and GTP, 10uM UTP containing 1 uC *P-a-
UTP (lane 9) and continued incubation at 85 °C for 3 min. Washed TECs were
exposed to 50 U RNase I; (lane 10) at 37 °C for 7 min before being chilled on ice,
bound to streptavidin-coated paramagnetic beads and washed with 100 ul 20 mM
Tris-HCI pH 8.0, 1 mM EDTA, 500 mM KCl (lane 11). RNase I-treated, washed
TECs were incubated at 85 °C for 1 min before the addition of 100 uM NTPs (lane
12) or 100uM ATP, CTP and GTP, 10uM UTP containing 1 uC **P-a-UTP (lane
13) and continued incubation at 85 °C for 3 min. Similar results were observed
in four independent experiments. For Fig. 1f, washed TECs were resuspended
in 10mM Tris-HCl pH 8.0, 125mM KCI, 5mM MgCl,, 1 mM DTT, with or
without 10 uM each of ATP, CTP and UTP before the addition of 1 uM FttA at
85°C. Reaction aliquots were removed after 1, 2 or 5min, chilled to 4°C and then
pellet and supernatant fractions were separated by the addition of streptavidin-
coated paramagnetic particles (Promega). Similar results were observed in four
independent experiments.

For Fig. 2b,c and Extended Data Fig. 3, washed TECs were assembled as above
on G-less or C-less cassettes of various lengths. Washed TECs were resuspended
in 10mM Tris-HCl pH 8.0, 125 mM KCl, 5mM MgCl,, 1 mM DTT, with or
without 1 puM FttA at 85 °C for 3 min. Reactions were chilled to 4°C, then pellet
and supernatant fractions were separated by the addition of streptavidin-coated
paramagnetic particles (Promega). For Fig. 2b,c and Extended Data Fig. 3, similar
results were observed in three independent experiments.
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For Fig. 3 and Extended Data Fig. 4, washed TECs were assembled with
WT or AE/F RNAP as above on a +125-nt G-less cassette template. Continued
elongation was permitted by the addition of 0, 1, 10 or 100 uM NTPs in the
presence or absence of combinations of 6 uM Spt4, 6 uM Spt5, 6 UM Spt54NN, 1 uM
FttA or FttA">5A, After 5min at 85 °C, reactions were chilled to 4 °C followed by
the separation of pellet and supernatant fractions by the addition of streptavidin-
coated paramagnetic particles (Promega). For Fig. 3¢, similar results were observed
in three independent experiments. Extended Data Fig. 4 was performed once.

For Fig. 4b, stalled TECs on a G-less cassette template were assembled using
10nM template, 20nM RNAP, 40 nM TBP, 40 nM TFB in a 20-pl total volume of
transcription buffer (20 mM Tris-HCI pH 8.0, 250 mM KCI, 5mM MgCl,, 1 mM
DTT) with 75uM ApC for 3 min at 85 °C before the addition of 200 uM ATP,
200puM CTP, 10uM UTP and 10 uCi [a-*P]-UTP and incubation for 3 additional
min at 85 °C followed by chilling to 4°C. RNAP-bound templates were captured
with HisPur Ni-NTA magnetic particles (Thermo Fisher Scientific) and washed
three times with 100 ul 20 mM Tris-HCI pH 8.0, 1 mM EDTA, 500 mM KCl.
Washed TECs were resuspended in 10mM Tris-HCI pH 8.0, 125mM KCI, 5mM
MgCl,, 1 mM DTT, with 10 uM each of ATP, CTP and UTP before the addition of
reaction buffer (10 mM Tris-HCI pH 8.0, 120mM KCl, 8mM DTT and 1.25mM
MgCl,) +25mM DPA and/or + 1 uM FttA at 85°C. Reaction aliquots were
incubated for 3 min and then chased with 250 uM ATP, CTP, UTP and GTP for
2min to allow for elongation to 4225 nt. Reactions were chilled to 4°C, then the
pellet and supernatant fractions were separated by the addition of streptavidin-
coated paramagnetic particles (Promega). Similar results were observed in five
independent experiments.

Radiolabelled transcripts from Figs. 1-4, Extended Data Fig. 3 and Extended
Data Fig. 4 were recovered by the addition of five volumes of STOP buffer (600 mM
Tris-HCI pH 8.0, 30mM EDTA) containing 7 ug of transfer RNA (total) and equal
volume phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v) extractions. RNA
was recovered by precipitations of the aqueous phase with 2.6 volumes of 100%
ethanol. Precipitated transcripts were resuspended in 95% formamide, 1X TBE,
heated to 99 °C for 2 min, rapidly chilled on ice, loaded and resolved in 10-20%
polyacrylamide, 8 M urea, 1x TBE denaturing gels. Radiolabelled RNA was
detected using phosphorimaging (GE Healthcare). Gel images were analysed using
GE Imagequant 5.2.

To generate the +125-nt [a-**P]-UTP-labelled transcripts used in Extended
Data Fig. 3, transcription reactions were assembled and terminated as above, with
the substitution of 10 ug of glycogen for 7 ug of tRNA during reaction clean-up.
Radiolabelled transcripts were incubated at 85°C with or without 1 uM FttA or at
37°C with 5U RNaseA (Thermo Fisher Scientific) in T. kodakarensis transcription
buffer (20 mM Tris-HCI pH 8.0, 250 mM KCl, 5mM MgCl,, 1mM DTT) to
monitor cleavage. When present, T. kodakarensis RNAP was added to a final
concentration of 40 nM.

Western blot analysis of RNAP release to solution . Anti-HA antibodies
(BioLegend 901513) were employed as previously described'*'*** to quantify RpoL
levels in the pellet and supernatant fractions (Fig. le).

Western blot analysis of FttA protein levels. Purified, recombinant full-length
FttA was used as an antigen to prepare polyclonal antibodies in mice (Cocalico
Biologicals) (Fig. 4h and Extended Data Fig. 5). Known quantities of purified

FttA were resolved as comparative quantification standards in adjacent lanes to
clarified cell lysates derived from known quantities of cells. Proteins were separated
via SDS-PAGE, transferred to PVDF membranes and probed with primary anti-
FttA antibodies. Blots were developed by the addition of an IgG-AP conjugated
antimouse secondary antibody allowing for detection by NBT/BCIP (Roche). A
linear regression FttA signal intensity to FttA amount (in ng) was generated.

Construction of strains TK1428D and IR5. The T. kodakarensis strains used here
were constructed from the parental strain TS559 (ref. ') as previously described*.

Purification of FttA directly from lysates of strain TK1428D and MuDPIT
analysis. Purification procedures and MuDPIT analysis were performed largely
as previously described'****". Briefly, 21 of early exponential phase cultures
(optical density at 600 nm=~0.3) of T. kodakarensis strains TK1428D and

TS559 grown in ASW-YT-S° medium at 85 °C were rapidly chilled to 4°C and
harvested by centrifugation (20,000g). All subsequent procedures were carried
out at 4°C and completed as rapidly as possible to retain native in vivo protein-
protein interactions. Cells from each strain were individually resuspended in

3ml of 25 mM Tris-HCI pH 8.0, 500 mM NaCl, 10% glycerol per gram of wet
biomass and lysed by repetitive sonication. The resulting lysates were clarified via
centrifugation (20,000g) before passage through 5-ml HiTRAP chelating columns
(GE Healthcare) precharged with NiSO, and equilibrated in 25 mM Tris-HCI pH
8.0, 500 mM NaCl, 10% glycerol. The lysate components that did not bind the
columns (for example, the flowthrough) were discarded and the columns were
washed with ~20 column volumes 25 mM Tris-HCI pH 8.0, 500 mM NaCl, 10%
glycerol until no additional proteins were eluted. Bound proteins were eluted using
a linear gradient from (an initial) 25 mM Tris-HCI pH 8.0, 500 mM NaCl, 10%
glycerol to (a final) 25 mM Tris-HCI pH 8.0, 100 mM NacCl, 150 mM imidazole,

10% glycerol. Fractions that contained the tagged TK1428 protein were identified
by western blotting (Extended Data Fig. 6), pooled and dialysed twice in 3-kDa
molecular weight cut-off dialysis tubing against 1125 mM Tris-HCI pH 8.0,
500mM NaCl, 0.5mM EDTA, 2mM dithiothreitol. FttA was not identified by
western blots within fractions that resulted from processing TS559 biomass, but
identical fractions were collected and processed to identify native T. kodakarensis
present in such fractions that spontaneously bind the chelating resin. Protein
concentrations were determined by Bradford assays® and 30-ug aliquots of the
proteins present in solution were precipitated by adding trichloroacetic acid (15%
final concentration). The trichloroacetic acid-precipitated proteins were identified
by multidimensional protein identification technology at the Ohio State University
mass spectrometry facility (https://www.ccic.osu.edu/MSP) using the MASCOT
search engine. We required a minimum of two unique peptide fragments to
positively identify a protein. TS559 control samples identified several proteins
that bound and eluted from the Ni**-charged matrix in the absence of a His,-
tagged protein. All of the proteins identified in the experimental samples that had
MASCOT scores of >100 and were not also present in the control samples are
shown in Extended Data Fig. 7.

TRIzol-based RNA purifications from T. kodakarensis cultures and qRT-PCR.
RNA extractions were performed essentially as previously described* from strain
TS559 before or 1h after DPA addition. RNA extractions from IR5 and TS559, in
the absence and presence of 4mM NaF, were performed as previously described™.
qRT-PCR reactions were performed as previously described®, except that 500 ng of
total RNA was used during cDNA synthesis.

Sequences of DNA templates employed in transcription reactions. For all DNA
templates, the BRE and TATA sequences are shown in capital text and italicized,
transcription start sites are in capital bold text, transcribed regions are underlined
and positions used to stall TECs by NTP deprivation are shown in bold. The
critical parameters of each template (template name, G-less or C-less cassette
length and the length of full-length run-off transcripts) are highlighted above the
text of each DNA template:

TJSO 125-nt G-less stalled transcript, 175-nt run-off transcript. cgcgcgtaatacgactcac-

tatagggGCGAtataTTTATATAgggatatagtaatagataatatc Acatctctcttctcaaatattctacttatta-
ctcaacaccatctaccttccactecatectaccttecacatctetettctcacectecctctecaccaactacttccacttcac
catcaaccatgggtcctgttccgttggaccgtggtttccaggeggtacgtctgctgtcgg

TJS1 125-nt G-less stalled transcript, 225-nt run-off transcript. cgcgcgtaatacgactcac-
tatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatctctcttctcaaatattctacttatta-
ctcaacaccatctaccttccactccatectaccttecacatctetcttctcaccetccctctccaccaactacttccacttc-
accatcaaccatgggtcctgttccgttggaccgtgetticcaggeggtecgtctgetgtcggetecctetggtgactggct
agatggaccctttagtgagggttaattgcgg

TJS2 87-nt G-less stalled transcript, 187-nt run-off transcript. cgc-

gcgtaatacgactcactatagggGCGAtataTTTATATAgggatatagtaatagataa-
tatcAcatctctcttctcaaatattctacttattactcaacaccatctaccttccactccatcctac-
cttccacatctctcttctcaccctgggtectgttcegttggaccgtggtttccaggeggtgcgtct-

gctgtcgggtecctctggtgactggcetagatggaccctttagtgagggttaattgegg

TJS3 69-nt G-less stalled transcript, 169-nt run-off transcript. cgcgcgtaatacgactcacta-
tagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatctctcttctcaaatattctacttattact-
caacaccatctaccttccactccatcctaccttccagggtcctgttcegttggacegtggtttccaggeggtgegtctgetg

tcgggtccctctggtgactggctagatggaccctttagtgaggettaattgegg

TJS4 54-nt G-less stalled transcript, 154-nt run-off transcript. cgcgcgtaatacgactcacta-
tagggGCGAtataTTTATATAgggatatagtaatagataatatc Acatctctcttctcaaatattctacttattact-
caacaccatctaccttccactgggtcctgttccgttggaccgtggtttccaggeggtgegtcetgetgtegggtecctetggt
gactggctagatggaccctttagtgagggttaattgcgg

TJS5 125-nt C-less stalled transcript, 180-nt run-off transcript. cgcgcgtaatacgac-
tcactatagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaatatt-
t

gttaatgtatattggtaatatgagttccctcctgttcgtcgccgttggaccgtggttccctttagtgagggttaattgcgg

TJS6 98-nt C-less stalled transcript, 153-nt run-off transcript. cgcgcgtaatacgactcacta-
tagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaatattgtagttggat-
gtaggttggagtogagtgtotgatatotgtatggtgatagattaagtgttaatgtggttgtagataaccctectgttcgtcge
cgttggaccgtggttccctttagtgagggttaattgegg

TJS7 78-nt C-less stalled transcript, 133-nt run-off transcript. cgcgcgtaatacgactcacta-
tagggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaatattgtagttggat-
gtaggttggagtggagtatgtggtgtgtgtatggtgatagattaagtcectectgttegtcgecgttggaccgtggtteect
ttagtgagggttaattgcgg

TJS8 58-nt C-less stalled transcript, 113-nt run-off transcript. cgcgegtaatacgactcactat
agggGCGAtataTTTATATAgggatatagtaatagataatatcAcatgtgtgttgtgaaatattgtagttggatgt
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Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the authors on
reasonable request. Source data for Figs. 1e and 4h, as well as Extended Data Figs.
2a, 3d and 5 are included in this article and its Supplementary Information files.
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Bacterial
RNAP

PPP-5'

Extended Data Fig. 1| Transcription termination mechanisms commonly employed in Bacteria, Eukarya and Archaea. Intrinsic transcription termination
in Bacteria (a), Archaea (b), and for eukaryotic Pol Ill (c) results in release of the entire 5’-triphosphate-containing RNA transcript following transcription
through a region of dyad-symmetry encoding an RNA hairpin immediately proceeded a T-rich non-template strand sequence (Bacteria)®* or T-rich non-
template strand sequences (Archaea and eukaryotic Pol [11)?°325-%°, d, g, Factor-mediated bacterial transcription termination®*, driven by rho or Mfd, also
directs release of the entire nascent transcript and results in collapse of the TEC and recycling of RNAP. Rho-mediated termination is aided by NusG (Spt5
in Eukarya and Archaea)***%’°72, e, Release of the majority of the nascent transcript cannot be considered a bona fide termination event in-of-itself. RNA
processing events, such as the endonucleolytic cleavage of the nascent RNA within eukaryotic Pol Il TECs by the cleavage and polyadenylation factor
complex (CPSF)'625°057¢1 yield a 5’'-fragment that is often further processed - typically by the addition of a 3’-polyA tail for many Pol Il transcripts - but
also a 3’-fragment that is encapsulated within a still-stable TEC;?*¢° the combined activities of CPSF and Xrn2 are necessary for normal termination
patterns in Eukarya®®°°73, f, FttA can cleave the nascent transcript and terminate the archaeal transcription apparatus. g, h, Both bacterial Mfd and archaeal
Eta can disrupt stalled TECs and release full-length transcripts by rewinding the transcription bubble.
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Extended Data Fig. 2 | FttA is highly conserved and shares structural and sequence homology with eukaryotic CPSF73. Recombinant FttA (the protein
product of T. kodakarensis TK1428; TK1428p) is 73.5 Kda, 85°C thermotolerant and free of contaminating proteins. Lane M contains molecular weight
standards in Kda. Data shown are from a single experiment. b, The crystal structure of FttA from Pyrococcus horikoshii (PDB: 3AF5)" shown in chainbow
coloring (N-terminus in purple to C-terminus in red) reveals two N-terminal KH-domains attached by a linker to a C-terminal MBL fold. Alpha-carbons of
highly conserved residues in archaeal FttA homologues are shown in colored spheres. ¢, The MBL-fold of FttA is nearly structural identical to the MBL-fold

of the human CPSF73 protein (PDB: 217T)'.
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Extended Data Fig. 3 | The RNA cleavage activity of FttA is stimulated by interactions with the archaeal TEC and FttA-mediated termination prefers
C-rich transcripts. Promoter-directed transcription of biotinylated templates encoding a C-less cassette permits formation of TECs with increasing length
A-, G-, and U-rich nascent transcripts, respectively. FL=full-length; all templates permit elongation for 100 nts beyond the C-less cassette. b, TECs remain
stably associated and transcripts are primarily recovered in the pellet (P) fraction in the absence (-) of FttA. When FttA is present (+), but nascent
transcripts are devoid of CMP, minimal FttA-mediated transcript cleavage or termination occurs, and transcripts are not released to the supernatant

(S). Lane M contains 3P-labeled ssDNA markers. Similar results were observed in 3 independent experiments and quantified (n=3) in Fig. 2d. ¢, FttA
demonstrates minimal RNase activity on an isolated + 125 nt transcript. Control reactions with RNaseA demonstrate that the purified transcript is not
resistant to the activity of RNases. Similar results were observed in 2 independent experiments. d, Addition of T. kodakarensis RNAP to reactions containing
purified +125 nt transcripts does not stimulate FttA activity over 30 min. Similar results were obtained in two independent experiments.
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Extended Data Fig. 4 | The active center of FttA, an intact Spt4/5 complex and the stalk domain of the archaeal RNAP are necessary for efficient

and kinetically-competitive FttA-mediated termination invitro. TECs,,,; were assembled using promoter directed, biotinylated DNA templates. Intact
TECs are bound to pellet fractions (P) while released transcripts are recovered from the supernatant (S). b, FttA"#?> retains only minimal cleavage and
termination activity alone, and inefficiently terminates stalled or slowly elongating TECs (lanes 17-24). FttAf?*>A-mediated termination becomes more
efficient upon addition of Spt4-Spt5 but remains non-competitive with transcription elongation at high [NTP] (lanes 25-32). Note that the left part of this
figure (lanes 1-16) is a duplication of the left part of Fig. 3c. ¢, Spt4/5 complexes stimulate FttA-mediated termination (Fig. 3), however, addition of Spt5
alone, containing (lanes 17-24) or lacking (lanes 25-32) the N-terminal NGN domain, fails to stimulate FttA-mediated termination to be competitive with
transcription elongation at high [NTPs]. d, Spt4 alone, or together with the KOW domain of Spt5, is insufficient to stimulate FttA-mediated termination
to be competitive with transcription elongation at high [NTPs]. e, While TECs assembled with RNAPYT support kinetically-competitive FttA-mediated
termination (Fig. 3), TECs generated with RNAP 274E only support FttA-mediated termination of stalled or slowly elongating complexes. The absence of
the stalk domain impairs both FttA-mediated cleavage and release of the nascent transcript, and while FttA-activity can be stimulated by the addition

of Spt4/5, the hinderance to FttA-mediated termination in the absence of the stalk domain impairs FttA-mediated termination under condition of high
[NTP]. Each experiment (b-e) was performed once independently.
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Extended Data Fig. 5 | FttA is an abundant protein likely responsible for 3’'-end formation in archaeal cells. Quantitative Western blots employing
anti-FttA antibodies, purified recombinant FttA, and total cellular lysates derived from known numbers of lysed T. kodakarensis cells reveal that FttA is
present at ~2,100 -/ + 500 copies per cell. Cell counts and protein calculations were performed as described”®. A, B and C represent independent
biological samples.
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Extended Data Fig. 6 | Gentle-purification of FttA directly from lysates of T. kodakarensis strain TK1428D. Top panels show SDS-PAGE gels of fractions
recovered from imidazole elutions of total cell lysates from strains TK1428D (left) and TS559 (right) resolved over 5 ml Ni?*-charged chelating columns
(GE Healthcare). Bottom panels are Western blots of the same fractions from above probed with anti-HA antibodies to identify fractions within TK1428D
lysates that contain FttA. The fractions pooled and analyzed by MuDPIT are identified. Magic Mark protein ladders are identified by molecular weight in

Kda to the left of the gels. Data shown are from a single experiment.
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Extended Data Fig. 7 | Proteins identified as co-eluting partners of FttA from lysates of strain TK1428D.
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Extended Data Fig. 8 | FttA-mediated transcription termination completes the archaeal transcription cycle. Promoter-directed assembly of pre-initiation
complexes requires RNAP, TFB and TBP and is often assisted by TFE. Denovo RNA synthesis permits promoter escape and transcription initiation factors
are replaced by transcription elongation factors TFS and Spt4-Spt5. The absence of a nuclear compartment permits translation initiation and the normal
coupling of the archaeal transcription and translation apparatuses throughout transcription of the gene or operon, but this coupling is disrupted by
translation termination. The exposed nascent transcript likely permits loading of FttA to TECs and FttA activity mediates cleavage of nascent transcripts
and release of RNAP to solution.
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that we pioneered and all details are available in published literature.
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Data exclusions  No data points were excluded from our analyses.

Replication Figures and legends report means and standard deviations demonstrating reproducibility of our experimentation. Figures and legends report
means and standard deviations demonstrating reproducibility of our experimentation.

Randomization  Randomization was not required for the current studies. In vitro biochemistry does not necessitate randomization.

Blinding Blinding was not necessary for the current studies. In vitro biochemistry does not require blinding.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms

Human research participants
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Clinical data

Antibodies

Antibodies used Custom polyclonal anti-FttA antibodies were generated in two mice at Cocalico Biolabs using full-length recombinant FttA as an
antigen. Total serum from each animal was provided and used in Western blots in the current work. Commercially available
monoclonal anti-HA antibodies previously available from Covance Research, but now marketed by BioLegend (Covance
#MMS-101R; BioLegend 901513; both stem from clone #16B12) were used in this study. Lot #GR3295537-1 was used at a
1:4,000 dilution. Custom antibodies against recombinant FttA were raised in commercial facilities by Coalico Biologicals (http://
www.cocalicobiologicals.com; Stevens, PA). Pre- and post-immunization serum were tested on purified, mass-spec verified FttA
as well as extracts from WT cells. The effective dilutions of each lot of FttA-antibodies are empirically determined in house, but
typically range from 1:1,000 - 1:10,000.

Validation Pre-immune serum and post-inoculated serum were used with purified FttA to confirm antibody specificity Purified FttA was
used as a standard to confirm FttA specificity in total cell lysates. The efficacy of all lots and aliquots of our existing Covance
stocks, and any new Biolegend provided materials have and will continue to be determined using Western blots with control
extracts from a E. coli strain harboring a sequence-confirmed plasmid encoding a ~35 kDa HA-tagged MBP fusion protein. Anti-
FttA antibodies were confirmed with Thermococcus kodakarensis lysates and Thermococcus kodakarensis derived and purified
FttA.
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Components were purified from Thermococcus kodakarensis. Strain TS559 was used for all genetic constructions.




Wild animals No wild animals were used in this study.
Field-collected samples No field-collected samples were used in this study.

Ethics oversight No ethics oversight was necessary or applied to the current study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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