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Transcription must be propetly regulated to ensure dynamic gene expression underly-
ing growth, development, and response to environmental cues. Regulation is imposed
throughout the transcription cycle, and while many efforts have detailed the regulation
of transcription initiation and early elongation, the termination phase of transcription
also plays critical roles in regulating gene expression. Transcription termination can be
driven by only a few proteins in each domain of life. Detailing the mechanism(s)
employed provides insight into the vulnerabilities of transcription elongation complexes
(TECs) that permit regulated termination to control expression of many genes and
operons. Here, we describe the biochemical activities and crystal structure of the super-
family 2 helicase Eta, one of two known factors capable of disrupting archaeal transcrip-
tion elongation complexes. Eta retains a twin-translocase core domain common to all
superfamily 2 helicases and a well-conserved C terminus wherein individual amino acid
substitutions can critically abrogate termination activities. Eta variants that perturb
ATPase, helicase, single-stranded DNA and double-stranded DNA translocase and ter-
mination activities identify key regions of the C terminus of Eta that, when combined
with modeling Eta—TEC interactions, provide a structural model of Eta-mediated ter-
mination guided in part by structures of Mfd and the bacterial TEC. The susceptibility
of TEC:s to disruption by termination factors that target the upstream surface of RNA
polymerase and potentially drive termination through forward translocation and alloste-
ric mechanisms that favor opening of the clamp to release the encapsulated nucleic acids
emerges as a common feature of transcription termination mechanisms.

RNA polymerase | transcription termination | Eta | Archaea | superfamily 2 helicase

Factors that promote or inhibit efficient transcription initiation are abundantly encoded
in most genomes, with many species harboring dozens to hundreds of site-specific DNA
binding proteins that can influence the assembly and activities of basal transcription fac-
tors and RNA polymerase (RNAP) at promoter sequences (1-6). The abundance of
transcription factors that control initiation does not preclude regulation throughout the
remainder of the transcription cycle, and an increasing number of factors have been
demonstrated to influence postinitiation transcription that are often rate-limiting for
gene expression (7—10). DNA-bound proteins and nucleoid or chromatin structures typ-
ically hinder the progression of RNAP along the DNA template, slowing elongation and
providing regulatory pauses that can be exploited to control the rate of RNA production
(11, 12). Many eukaryotic factors can posttranslationally modify RNAP or intimately
associate with RNAP to control the rate of elongation and translocation (13, 14), but
only a few factors encoded in all of life can reduce the elongation rate to zero and disrupt
the normally extremely stable transcription elongation complex (TEC) (15-21). Portions
of this work were developed from the doctoral thesis of C.J.M. (22).

The termination phase of the transcription cycle is subject to intricate control mecha-
nisms that take advantage of vulnerabilities to the stability of the TEC. The bacterial
and archaeal RNAP, as well as eukaryotic RNAP III (Pol III) and bacteriophage RNAP,
are responsive to intrinsic termination sequences wherein DNA sequences encoding
weak, rU:dA RNA:DNA hybrids, often in conjunction with hairpin RNA structures,
can stall and disrupt TECs (23-26). While intrinsic termination sequences are often
encoded downstream of genes and operons, intrinsic termination signals embedded
within the 5" untranslated region and coding sequences of transcripts form the founda-
tion of many riboswitches and attenuation mechanisms (27). While the absence or non-
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have been identified that can disrupt TECs to release both
RNAP and the RNA transcript from DNA, and with just one
exception [e.g., FttA, also termed aCPSF1, and the eukaryotic
CPSE73 (29)], there is no cross-domain conservation of any
known transcription termination factor. This suggests that in
each domain unique proteins have evolved that likely target vul-
nerabilities of the TECs to tip the energetic balance in favor of
TEC disassembly versus continued elongation. Given the known
structures and conserved nature of the contacts that stabilize
TEC:s in each domain, it is possible, if not likely, that the known
termination factors may be reliant on similar mechanisms to dis-
rupt TECs and control gene expression.

Debate remains regarding the exact mechanism(s) employed by
transcription factors to disrupt TECs, but the essentiality of many
transcription termination factors underlies the importance of
termination factors to control gene expression. Transcription
termination factors can be broadly divided into two clades: “RNA-
dependent” versus “DNA-dependent.” RNA-dependent termina-
tion factors [e.g., Rho in bacteria (30) and FttA in Archaea (29)]
are typically associated with general governance of TEC activity,
terminating TECs that have transcribed to the end of a gene or
operon or TECs that fail to engage the translation apparatus. In
many prokaryotic species, the uncoupling of transcription and
translation provides an RNA binding site and ultimate access to
the TEC (29, 31-33). In eukaryotes, RNA cleavage associated
with polyadenylation signals provides access to an uncapped 5
RNA terminus that permits RNA degradation and TEC access
(34). Conversely, DNA-dependent termination factors [e.g., Mfd
in Bacteria (35), TTF2 in eukaryotes (36), and Eta in Archaea
(16)] tend to have more specialized functions, typically acting to
disrupt TECs regardless of position or coupling to the translation
apparatus to recycle RNAPs irreversibly stalled due to DNA dam-
age or to clear chromosomes prior to condensation or replication
(21, 37).

Archaea encode a single multisubunit RNAP that shares sub-
stantial structural similarities to eukaryotic RNAP II (Pol II) (38,
39). The archaeal RNAP is sensitive to intrinsic termination sig-
nals, and at least in vitro the archaeal RNAP is also sensitive to
bacterial tho-mediated termination (40); despite this susceptibil-
ity, rho is not encoded in any archaeal genome. Instead, archaeal
species universally encode an essential transcription termination
factor termed FttA [Factor that terminates transcription in
Archaea; also termed aCPSF1 (29)] and most euryarchaeal spe-
cies encode a second termination factor, Eta [Euryarchaeal termi-
nation activity (16)]. FutA is an B-CASP, metallo-p-lactamase
RNA-dependent termination factor likely responsible for global
transcription termination events that provides the reguladon nor-
mally afforded by rho in Bacteria and the poly-A dependent tran-
scription termination common in eukaryotes. Eta, in contrast, is
a DNA-dependent, superfamily 2 (SF2) helicase/translocase tran-
scription termination factor. SF2 helicases are ubiquitously dis-
tributed across the domains with varying yet often indispensable
roles in nudeic acid metabolism (41-43). Eta-mediated termina-
tion shares similarities with bacterial Mfd-mediated termination,
with both termination mechanisms being relatively slow and
thus pootly suited to terminate rapidly transcribing TECs. Both
Eta and Mfd are SF2 helicases reliant on DNA upstream of
TEC:s to restart stalled or backtracked TECs or terminate TECs
that cannot continue elongation due to damage in the template
strand of DNA or nucleotide deprivation.

variants. The structure of Eta defines two highly conserved SF2
helicase/translocase domains flanked by an NTD that is dispens-
able for transcription termination and a globular C terminus
harboring conserved residues that are critical to Eta function.
Single amino acid changes in the C terminus of Eta suffice to
separately disrupt factor-dependent transcription termination,
ATPase, translocase, and helicase activities. The combined results
provide the basis for a structural model of Eta—TEC interactions
and a model of Eta-mediated transcription termination. Disrupt-
ing the TEC from the upstream edge of the transcription bubble
in both intrinsic and factor-dependent termination suggests that
this point of access takes advantage of a vulnerability to TEC
stability by promoting forward translocation in the absence of
continued RNA synthesis to undermine the strength of the TEC
through successive disruptions to the RNA-DNA hybrid and
collapse of the transcription bubble.

Results

Eta Is a Canonical SF2 Helicase/Translocase. Eta from Thermo-
coccus kodakarensis (Fig. 14) is an 832-amino-acid (aa), ~96-kDa
monomer with 11 readily identified motifs (Q, I, Ia, Ic, II, III,
IV, V, Va, Vb, and VI) that define Eta as a member of the
DEAH/RHA family of SF2 helicases/translocases (SI Appendix,
Table S1) (44). Walker A and Walker B motifs that promote
ATP and Mg2+ binding are also defined, and primary sequence
alignments of >100 Eta homologs (S/ Appendix, Fig. S1), all
from euryarchaeal species, reveal a weakly conserved NTD har-
boring four almost universally conserved cysteines that likely
coordinate a metal ion(s). Modeling of the presumptive metal-
binding N terminus (aa 1 to 192) predicts an extended alpha-
helical structure; the NTD of Eta is dispensable for Eta-mediated
transcription termination (16). Full-length Eta is insoluble at
high concentrations and deletion of the NTD permitted suffi-
cient concentration of preparations of the remainder of Eta
(aa 193 to 832, termed Eta®~"P) to establish conditions suit-
able for crystallization. The X-ray crystal structure was solved
by single-wavelength anomalous dispersion at 4.5 A® and then
the resolution of the structure was improved to 4.1 A® with a
native crystal. Four almost identical (0.179- ~ 0.219-A root-
mean-square deviations over all residues) Eta®NTP molecules
were resolved per asymmetric unit. The Ea®NTP structure
reveals a mostly alpha-helical flattened-disk structure ~75 A® in
diameter by ~40 A°® deep defining three approximately equally
sized primary domains: aa 193 to 400 comprise the first helicase/
translocase domain (TD1, Fig. 14, cyan), aa 401 to 577 define a
second helicase/translocase domain (TD2, Fig. 14, yellow), and
aa 578 to the C terminus form a completely alpha-helical
C-terminal domain (CTD, Fig. 14, green). The two helicase/
translocase domains share a near-identical fold with each other
and the SF2 conserved sequences (Fig. 1.4, purple) form the bulk
of the interface between TD1 and TD2. Dali-based structural
alignments reveal that the twin translocase/helicase domains of
Eta overlay nicely with the translocase/helicase domains of many
other SF2 helicase/translocases, including the helicase domain of
eukaryotic DNA polymerase theta (45), Rad25 (XPB) (46, 47),
bacterial Mfd proteins (Fig. 1C), and many RNA and DNA heli-
cases. Dali alignments (48) of the Eta CTD reveal some struc-
tural conservation with the archaeal Hel308 (49) and the Ski2
RNA-helicase Brr2 (50). Contacts between TD1/T'D2 and the
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To detail the mechanisms of SF2 helicase/translocase function CTD are minor but include a globular region of the CTD (aa
and DNA-dependent transcription termination, we report the 577 to 630) that packs against TD1, an extended loop (residues
X-ray crystal structure of Eta (lacking the N-terminal domain 295 to 310) from TD1 that contacts the CTD, and the C termi-
[NTD]) and a structure-guided functional analysis of Eta nus of an a-helix (aa 747 to 770) within the CTD that contacts

Downloade

20of 11 https://doi.org/10.1073/pnas.2207581119 pnas.org

safari-web-extension://48CEC4B9-D2F1-44B3-B5DA-1C47C18AD988/...A%2F%2Fwww.pnas.org%2Fdoi%2Fpdf%2F10.1073%2Fpnas.2207581119 Page 4 of 22



The structure and activities of the archaeal transcription termination ...Inerabilities of the transcription elongation complex | Enhanced Reader

d from https://www.pnas.org by COLORADO STATE UNIVERSITY LIBRARIES; SERIALS SECTION on June 9, 2025 from IP address 129.82.95.95.

safari-web-extension://48CEC4B9-D2F1-44B3-B5DA-1C47C18AD988/...A%2F%2Fwww.pnas.org%2Fdoi%2Fpdf%2F10.1073%2Fpnas.2207581119

A - - ,“‘
SA
-~ A AT
g h\ w A
SRV -
(" WA“ \ > = (
4 AA o \
N
28 Jiset |
. 2 ’, -
1),
) X &
1%; ok
1 NTD D1
Zn** coordinating SF2 motifs: Q | Ia fe 1l m
B FEtav = + -
EtascTD - - + D Eta
P s P S P s O wra
. - - - [ xpBiRad25
% release 10£2 6819 1243

D RNAP arrests at DNA lesion

ANTD

Fig. 1. The crystal structure of Eta

Eta translocates on upstream DNA

and proposed mechanism of Eta-mediated transcription termination. (4) The X-ray crystal structure of Eta

Eta terminates the arrested TEC
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194 to 832) reveals a three-domain architecture; two RecA-like translocase domains (aa 193 to 577, cyan and yellow), and a helically structured unique CTD
(aa 578 to 832, green). Eleven conserved SF2 helicase motifs identified in the primary sequence of Eta are highlighted in magenta. (B) The unique CTD of Eta
is indispensable for Eta-mediated transcription termination. P = pellet, S = supernatant. Percent transcript release is reported as mean + SD of three repli-
cates. (C) Alignment of the TD2 translocase domain of Eta (yellow), the bacterial transcription termination factor Mfd (orange, PDB ID code: 6XEQ), and XPB/
Rad25 (olive, PDB ID code: 2FWR) reveal near-identical structures. (D) Eta-mediated termination necessitates ATP hydrolysis, efficient translocase activities,

and correct contacts with RNAP to destabilize stalled TECs. The magenta X represents a transcription roadblock, i.e., template-strand DNA damage.

TD2 around aa 473. Minimal contact points between TD1/TD2
and the CTD suggests potential rearrangements of the domains
upon RNAP/TEC and/or DNA binding during the RNAP dis-
placement process, as observed in other RNAP binding helicases
such as HelD and Mfd (15, 51). The primary sequences align-
ments of Eta to other SF2 members predicted a winged-helix
domain (WHD) resolved within the CTD (starting at aa 626),
whose characterization in other SF2 members was predicted to be
important for proper activity (41).

Eta-Mediated Transcription Termination Requires the CTD of
Eta. Eta-mediated transcription termination is energy-dependent
(dATP and ATP suffice equivalently in vitro) and requires access
to DNA upstream of the TEC (16). These activities, and reten-
tion of other hallmarks of Mfd-mediated termination in Bacte-
ria, including rescue of backtracked complexes and the ability to
terminate slowly elongating or static TECs, suggested a model of
Eta-mediated termination wherein Eta binds DNA upstream of
the TEC then translocates along double-stranded DNA
(dsDNA), collapsing the transcription bubble and forcing
RNAP to translocate forward in the absence of continued RNA
synthesis (Fig. 1D). Retention or deletion of the NTD did not

in contrast, is essential for Eta-mediated termination (Fig. 1B),
implying that the CTD may be the interaction surface with the
archacal RNAP during factor-dependent transcription termina-
tion. Deletion of the Eta CTD did not impact ATPase activities
(81 Appendix, Fig. S4), further defining the Walker motifs and
translocase/helicase activities to the twin TDs.

Conserved, Solvent-Exposed Residues in the CTD of Eta Are
Critical for Helicase, ATPase, Single-Stranded DNA (ssDNA) and
dsDNA Translocase, and Transcription Termination Activities.
We further investigated the function of the CTD for Eta-mediated
transcription termination and its helicase/translocase activities.
We aligned the ~100 closest homologs of 7. kodakarensis Eta
to identify residues that were highly (>90%) conserved within
the CTD that were solvent-exposed based on the Eta®™™ crys-
tal structure determined in this study (S Appendix, Fig. S1).
Thirty-seven highly conserved residues were identified within
the CTD, with one-third (Q588, G644, T641, F651, F705,
C741, H774, R804, and E826) solvent-exposed (Fig. 24) and
likely involved in RNAP and/or DNA interactions during tran-
scription termination. To determine the functional impacts of
these conserved residues on Eta activity, we generated single-
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impact the efficiency of Eta-mediated transcription termination,
suggesting that the NTD may play a role in coordinating Eta-
mediated transcription termination with other proteins and pro-

cesses, perhaps linked to DNA repair (16, 52). The Eta CTD,
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amino-acid variants of Eta wherein nonglycine residues were
substituted with alanine and G644 was substituted for an aspar-
tic acid (Fig. 2B). We also generated a variant wherein the
WHD was deleted (AWHD) and purified each variant to
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Fig. 2. Conserved and likely solvent-exposed residues and subdomains of
Eta targeted for mutagenesis. (4) Surface modeling of the Eta®™™ crystal
structure allows identification of conserved and likely solvent-exposed resi-
dues in the CTD of Eta (green). Identified residues (magenta), a putative WHD
(orange), and the Walker B domain (D344, E345) were perturbed via site-
directed mutagenesis, recombinantly expressed, and purified (B). Molecular
weight standards are indicated to the left.

homogeneity for use in in vitro helicase, translocase, ATPase,
and transcription termination assays. Each variant was generated
in full-length Eta, remained stably folded at 85°C, and was
recombinantly purified under identical procedures to Ea¥T,

Most Eta CTD variants retain translocase activities on both ssDNA
and dsDNA. Eta-mediated termination relies on DNA translocase
activity to terminate stalled TECs (16). While the structure of
Eta predicts translocase/helicase activities to be contained within
the TDs, it remained plausible that specific amino acid substitu-
tions within the CTD might impact helicase or translocase activ-
ities through domain cross-talk or local changes to folding. To
ensure our purified Eta variants retained translocase activity, the
ability of Eta and Eta variants to displace streptavidin bound to
an internally biotinylated and radiolabeled DNA template was
inv%s{rtli_gated in both an ssDNA and a dsDNA context (Fig. 34).
Eta™" translocating on ssDNA displaced ~90% of streptavidin
bound to an internal biotinylated base during the 8-min time
course (Fig. 3B). To ensure that once streptavidin was displaced
it would not simply rebind the biotinylated DNA substrate,
reactions were carried out in a vast excess of free biotin. Biotiny-
lated ssDNA bound streptavidin displacement curves generated
using Eta”  and Eta variants were fit to a Michaelis-Menten-
like curve (average R = 0.986), and maximum reaction rates
were determined for each Eta variant (Fig. 3D, gray bars).
Most Eta variants (Eta%4, EraT041A) Eraf70%A " B 7414,
Eta®®%* and Ea®?%4) retained wild-type (WT)- or near-WT-
like activit% with normalized (WT = 1.0) maximum reaction rates
>0.8. Fa"®™ and Em'77** displayed modest disruptions to
ssDNA translocase activity with normalized maximum reaction
rates of 0.63 and 0.73, respectively. E®YHP Ea®CTP) and
Ea“*P had severely hindered ssDNA translocase activity dis-
playing maximum rates of streptavidin displacement less than a

transcription termination, and it is plausible dsDNA translocation is
achieved through an alternative mechanism. Thus, we performed
streptavidin displacement assays for each Eta variant on dsDNA sub-
strates with one radiolabeled strand to examine streptavidin release via
native polyacrylamide gel electrophoresis (PAGE) (Fig. 30).
Maximum reaction rates were also generated after fitting streptavidin-
displacement data to a Michaeli-Menten-like curve (average
R = 0.988) and normalized to Era™ * (Fig. 3D, orange bars).
Most variants (Eta®%%4, Era oA Epaf705A R, C741A
EtaH774A, EtaRBMA, Eta®®2%4 and EtaAWHD) had comparable
translocase activity rates on dsDNA and ssDNA. Interestingly,
Eta®“**P and Eta™“"® displayed significantly improved translocase
activity on the dsDNA substrate, indicating some regions of the
CTD of Eta are instrumental in establishing the correct substrate
selection for Eta function. The observed dsDNA translocase activ-
ity of Eta®“"P, which is unable to collapse stalled TECs (Fig.
1B), reinforces that translocase activity is required but not suffi-
cient for Eta-mediated transcription termination. Overall, the
ssDNA and dsDNA translocase assays suggest it is likely that Eta
CTD variants, with the exception of Eta™77#A and Era®VHD,
retain motor activities required during Eta-mediated termination.
Most Eta CTD variants retain helicase activities. Eta retains 3’ to 5’
helicase in vitro and it is plausible that helicase activity is
required for Eta-mediated termination (53). Translocase assays
alone do not assess strand-separation activity and thus, to ensure
our purified Eta variants retained helicase activity, we tested the
ability of each variant to unwind dsDNAs with a 3’ overhang
(Fig. 4A). Eta™" directed the complete, energy-dependent
release of a small, radiolabeled oligonucleotide from dsDNA
substrates (Fig. 4B) within just a few minutes. A DNA oligo
completely complementary to the radiolabeled short oligonucleo-
tide was added to ensure the radiolabeled strand did not reanneal
to reform the original substrate; Eta cannot unwind blunt-ended
dsDNA substrates  (53). With few exceptions (Erat7744,
EtaRSOM, and EtaAWHD), the purified Eta CTD variants (Fig. 4
B and C and SI Appendix, Fig. S3) revealed no deficiencies in
helicase activities. As anticipated, disruption of the Walker B
motif completely abrogates motor activity (Fig. 4). Eta®®%A and
Eta®VHP display slower helicase activities, only unwinding ~60
to 80% of dsDNA substrates in the same time required for
Eta¥" to completely unwind the substrates; the kinetic trajectory
of Ea™* and Eta®Y"P helicase activities suggests these
enzymes are simply slower. In contrast, the activity of Eta™7%*
suggests that this amino acid substitution either perturbs local
folding dynamics congruent with proper helicase activity or lacks
the proper prerequisite ATPase activity. Importantly, most Eta
mutants retained motor activities, suggesting any defects in tran-
scription termination activities are not due to immobility of the
enzyme (Table 1).

Eta CTD variants retain ATPase activities. Retained helicase and
translocase activities in the bulk of the Eta variants suggested that
each variant also retained robust ATPase activities; however, we
nonetheless wanted to test if amino acid substitutions introduced
into our Eta variants altered ATPase activity. ATPase activity of
Eta and Eta variants is dependent on a nucleic acid substrate (57
Appendix, Fig. §4) and disrupting the Walker B motif (D344A/
E345A) abrogates ATPase activity, as expected. Most Eta CTD
substitutions have no significant impact on ATPase activity. Despite
slower helicase activity, EraR804A consiste%displays better than
FtaV! ATPase activities, whereas the Eta® variant displays just
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quarter of Eta”™ '. The broad range of disruptions to ssDNA trans-  ~60% of Eta™ " activity. Congruent with the weak helicase activity,
locase activity of Eta CTD variants suggests cross-talk between 1 e displays just ~25% of the Eta™ ! ATPase activities. Fur-
TD1 and TD2 of Eta with the CTD. However, it is likely that ther, while variations to some individual amino acids within the
translocation on a dsDNA substrate is required for Eta-mediated CTD of Eta had severe consequences for ATPase activity, Ewa®¢TP
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Fig. 3. ATP hydrolysis and the CTD of Eta are necessary for effective translocase activity. (A) ssDNA (gray) with a single, internal biotinylated base (light
blue) or dsDNA (orange and red) wherein each strand contains a single, internal biotinylated base (light blue) are bound by streptavidin (dark blue) to pro-
duce substrates for translocase assays. ATP-dependent translocase activity displaces streptavidin from the DNA substrate(s) where excess free biotin traps
streptavidin displaced due to Eta translocation from rebinding the DNA. (B) Populations of radiolabeled streptavidin bound (B) and unbound (U) ssDNA
resolved by native PAGE. Reactions lacking dATP (C1) or Eta (C2) display no intrinsic release of streptavidin, whereas enzymatic release of streptavidin by
Eta"" and Eta variant translocation along ssDNA can be tracked over time. Substitutions withing the Walker B motif or deletion of the CTD of Eta block and
significantly reduce, respectively, ssDNA translocation. (C) Populations of radiolabeled streptavidin bound (B) and unbound (U) dsDNA resolved by native
PAGE. Reactions lacking dATP (C1) display no intrinsic release of streptavidin from dsDNA, whereas enzymatic release of streptavidin by Eta"’" and Eta vari-
ant translocation along dsDNA can be tracked over time. Substitutions within the Walker B motif or deletion of the CTD of Eta block and significantly reduce
ssDNA translocation. (D) Quantification of maximum reaction rates of Eta and Eta variant translocase activity on ssDNA (gray) and dsDNA (orange). Error
bars represent one SD from the mean (n = 3).

6/9/25, 3:34PM

displayed only a very slight perturbation to ATPase activity
(~90% of Eta¥"). This is suggestive of a role of the CTD in
coordinating TD1 and TD2 into correct conformations for
DNA-dependent ATP hydrolysis.

Substitutions to conserved and solvent-exposed residues in the
CTD of Eta abrogate transcription termination activity. Stalled
TEC:s are easily formed via promoter-directed initiation and selec-
tve nucleotide deprivation on solid supports to provide an ideal
substrate to monitor the rate and efficiency of Eta-mediated tran-
scription termination (Fig. 54) (16). The archaeal basal transcrip-

allows formation of promoter proximal stalled TECs. Magnetic
separations collect intact TECs with 58 nucleotide radiolabeled
transcripts (TECs,sg) within a pellet (P) fraction, and in the
absence of any protein additions the extreme stability of TECs
results in only minor amounts of nascent transcript release to solu-
tion (S) even after extended incubation at 85 °C. While addition
of Era¥ 7! to stalled TECs results in ~80% efficient transcrip-
tion termination (Fig. 5B), many Eta CTD variants nearly
completely lose the ability to terminate transcription or display
reduced termination efficiencies (Fig. 5 C and D and S/
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don factors TFB and TBP suffice to permit the archaeal RNAP to Appendix, Fig. S§5). As anticipated, Eta variants with poor
recognize BRE and TATA promoter elements, respectively, and motor and ATPase activities (EtaH774A and Eta®VHD) also
initiate transcription with just three of the four NTPs (ATP, display poor transcription termination activity. Substitutions
UTP, and CTP); elongation on templates with a G-less cassette at the far ends of the CTD (Eta®°%¥* and Eta®%2%4) did not
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Fig. 4. The CTD of Eta and ATP hydrolysis are necessary for 3 to 5' helicase activities of Eta. (A) A short, radiolabeled DNA strand (red; asterisk denotes 532p
labeling), initially paired to a longer complementary strand (black) generating a 3'-overhung dsDNA substrate, is separated by Eta in an ATP-dependent manner
and anneals to a complementary trap DNA (blue) provided in excess. (B) The radiolabeled short oligo (O) can be electrophoretically resolved from the substrate
DNA complex (S) and the trap DNA complex (T) to reveal strand separation by Eta or Eta variants to monitor helicase activity efficiency. Deletion of the CTD or
substitutions of the Walker B motif abolish 3'-5' helicase activity. (C) Quantification of Eta and Eta variant helicase activity. Error bars represent one SD from the

mean (n = 3).

affect transcription termination efficiency; in the case of
Eta"#2* 3 reproducibly modest increase in transcription ter-
mination activity is observed. Importantly, many substitutions
that have minimal impact on helicase, dsDNA translocase,
or ATPase activities were identified that detrimentally affect tran-
scription termination activity. Two variants, Ea“***" and Ewa™***,
are of particular interest as both result in almost no transcription
termination activity while retaining high levels of dsDNA translo-
case, helicase, and ATPase activity. Ea'#4 FifP18, g sk
and Eta“"*"* are also of interest as termination efficiencies decreased
to just ~50 to 70% of Eta" ', Decreases in ssDNA translocation
activities often correlated with decreases in termination efficiency
(e.g. Era %4, EtaC04D EraF6514 and El:aCMlA), implying that
ssDNA translocase activities are likely necessary for Eta-mediated
termination; however, Eta®**** and Era!7%%4 display more dramatic
decreases in termination efficiency than losses in ssDNA translocase
activities, suggesting that while necessary ssDNA translocase activity
cannot suffice to drive transcription termination without retention
of specific Eta-TEC interactions that may be impaired by select
Eta variants.

Direct interactions between Eta and the TEC are anticipated
based on our modeling and the ability of Eta to disrupt TECs;
however, quantifying and comparing the stability of interactions
between Eta or Eta variants with TECs has not been experimen-
tally possible despite exhaustive attempts at pull-down or direct
binding assays. Given these limitations, we used the more-readily
detected movements and activities of TECs to monitor the impact
of amino acid substitutions within the Eta CTD on putative
Eta-TEC interactions (Fig. 6). TECs prepared by nucleotide dep-
rivation cannot accurately transcribe further along the DNA tem-
plate than substrate availability permits, but TECs are free to
undergo retrograde movement, often coincident with endonucleo-
lytic cleavage of RNA phosphodiester linkages that shorten nascent
transcripts. Retrograde movement, termed backtracking, is stimu-

proficient TECs, 55, backtracked TECs, 55 with internal phosho-
diester linkages occupying the active center, and TECs, 5o s7
that could either be backtracked or catalytically proficient but
with shortened transcripts. Eta, like Mfd, is known not only to
terminate TECs but also to influence the propensity of TECs to
backtrack, with Eta and Mfd both capable of rescuing backtracked

complexes to catalytically competent conformations.

Table 1. Summary of ATPase, helicase, translocase, and
transcription termination activities of Eta and Eta
variants normalized to Eta"" = 1.0

Termination Helicase ATPase
Variant activity activity activity
WT 59.6% 100% 0.72
1.00X 1.00X 1.00X
Q588A 60.1% 100% 0.87
1.01X 1.00X 1.28X
T641A 46.2% 100% 0.80
0.78X 1.00X 1.15X
G644D 14.7% 97.4% 0.79
0.25X 0.97X 1.12X
F651A 41.8% 100% 0.72
0.70X 1.00X 1.01X
F705A 31.6% 100% 0.76
0.53X 1.00X 1.08X
C741A 45.4% 97.8% 0.74
0.76X 0.98X* 1.04X
H774A 73% 27.6% 0.33
0.12X 0.28X 0.31X
RB04A 8.1% 78.9% 1.01
0.14X 0.79X 1.53X
E826A 69.1%

100% 0.73

6/9/25, 3:34PM
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lated by extended incubations at physiological temperatures. SO L kit
When limited NTP subsets are available, a population of TECs..s5 AWHD ::’)45789)? ?)56(;9)? 00.65;;(

is not static but is most accurately described as a dynamic and
interchanging population of forward translocated, catalytically

3Color gradients highlight deviations in protein activities compared to Eta*".
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We tested whether several Eta variants that lacked robust ter-
mination functions could influence TEC activities beyond tet-
mination. The capacity to alter the dynamics of a population of
TEC:s is suggestive of retained engagements with TECs when
DNA-bound, whereas minimal changes to the dynamics of a
population of stalled TEC:s is suggestive of impaired TEC inter-
actions when Eta variants are known to retain ATPase, helicase,
and dsDNA translocation activities similar to Eta™ '. When
TECs, sg are first generated, captured to a solid support, and
washed to remove NTPs at reduced temperatures, nearly all
(>98%) transcripts are retained within TECs and no obvious
reduction of nascent RNA length occurs (Fig. 6, lanes 1 to 4).
When TECs,sg are shifted to and incubated at 85°C in the
absence of any N'TPs, most backtrack, and ~75% show evidence
of transcript cleavage (Fig. 6, lanes 7 and 8); the addition of
even low concentrations of ATP, UTP, and CTP allows cydles
of backtracking and resynthesis that maintain a much more uni-
form TEC+58 population (Fig. 6, lanes 5 and 6). The addition
of Era™ " alone (Fig. 6, lanes 11 and 12) does not influence pop-
ulation dynamics, whereas the addition of Eta™ " with an energy
source exclusive to Eta (e.g., dATP) results in release of most
transcripts to solution, and importantly, the number of TECs
that backtrack is reduced from ~70% to just ~30% (Fig. 6,
lanes 13 to 16). Loss of TECs. 5057 and comadcnt gains in
TECs, 55 implies that proper engagement of Eta™ ' with TECs
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Fig. 5. Conserved CTD residues are required for efficient Eta-mediated transcription termination. (4) A terminally biotinylated (light blue) dsDNA (black)
encoding a strong archaeal promoter (BRE, TATA box, and transcription initiation site +1 are shown) followed by a G-less cassette (shown) permits transcrip-
tion initiation with TFB, TBP, and RNAP. Selective NTP availability stalls promoter-initiated TECs after incorporation of 58 nucleotides generating TECS,ss.
Addition of Eta, followed by separation of intact versus disrupted TECs through capture of the biotinylated dsDNA on a streptavidin-based solid support per-
mits quantification of nascent transcript release (S = supernatant) or retention (P = pellet) from TECs,sg. (B) Transcription termination assays reveal the
time-dependent release of nascent transcripts upon addition of Eta*'". Percent transcript release is reported as mean =+ SD of three replicates. (C) Transcrip-
tion termination activities are significantly reduced when single amino acid variants Eta®®4® and Eta®®%** are compared to Eta"V". Percent transcript release
is reported as mean =+ SD of three replicates. (D) Quantification and comparison of transcription termination activities of Eta and Eta variants. Error bars rep-

TEC activides beyond termination, EtaRSMA, Eta"®', and
T D each of which retains strong ATPase, helicase, and
dsDNA translocase activities (Table 1), all fail not only to elicit
efficient termination of TECs but also fail to significantly rescue
backtracked complexes or influence TEC population dynamics
(Fig. 6, lanes 17 to 28). While Eta™" rescues ~40% of back-
tracked complexes, FraR804A Eta" %, and Eta®%P rescue Just
8%, 18%, and 15% of backtracked TECs. The most parsimoni-
ous explanation for the combined reductions in termination
activity and loss of forward translocation of TECs is that
although these Eta variants are likely fully capable of engaging
DNA, these variants cannot correctly engage TEGs, either by
blocking direct Eta—RINAP interactions or altering Eta dynamics
such that engagement of TECs is impaired.

Discussion

TECs are necessarily stable; many functional transcriptional
units are thousands to millions of base pairs in length and must
be processively transcribed. The requirement for regulated tran-
scription termination ensures that TECs retain structural and
energetic vulnerabilities that can be exploited by intrinsic and
factor-dependent termination mechanisms. Eta-mediated termi-
nation provides an ideal model in Archaea for understanding
TEC susceptibility and the activities of SF2 helicases. Determi-
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both stimulated catalyﬁca]]y con;pétent conformations of many nation of the X-ray crystal structure of Eta®™"", combined with

TECs that permit extension of previously shortened transcripts construction and analyses of more than a dozen Eta variants,
and an overall reduction in backtracking that limits the poten-  ranging from large deletions to individual amino acid substitu-
tial to shorten transcripts. While Ea%?’ clearly influences tions, defines the essentiality of the CTD for Eta-mediated
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Fig. 6. Eta CTD variants cannot properly engage TECs. Stable TECs,sg were assembled and incubated in the presence (lanes 1 and 2) or absence (lanes
3 and 4) of 10 uM ATP, CTP, and UTP which permit resynthesis to +58 following backtracking and transcript cleavage. Following extended incubation at
85°C, TECs,sg incubated in the presence of NTPs backtrack and likely cleave nascent transcripts but can immediately resynthesize RNA, producing RNA
products that resolve at +58 (lanes 5 and 6). In contrast, following extended incubation at 85°C, most (~73%) TECs,sg lacking NTPs backtrack but cannot
resynthesized shortened RNA products, resulting in multiple RNA species less than 58 nucleotides in length (lanes 7 and 8). Addition of Eta™'" without an
energy source has no effect on the stability or backtracking of TECs,sg (lanes 9 to 12), whereas addition of Eta™" and dATP rescues and promotes nucleotide
addition by backtracked TECs, allowing many TECs to resynthesize to +58 before being terminated (lanes 13 to 16). Rescue of backtracked TECs and TEC dis-
sociation is severely abrogated when single-amino-acid CTD Eta variants (G644D, F651A, and R804A) are employed which retain ATPase, translocase, and

helicase activities (lanes 17 to 28) adumbrating impaired TEC-Eta engagement.

transcription termination and highlights specific regions of Eta
that play roles in ATPase, helicase, translocase, and termination
activities (Table 1). The impacts of single-amino-acid substitu-
tons on multiple activities of Eta imply cross-talk between the
discrete domains resolved in the crystal structure that are critical
to coordinate translocase activity into displacement of the tran-
scription complex and transcription termination.

Eta has been implicated in protein networks likely involved
in DNA repair (16, 52) and translation and RNA metabolism
(54, 55), and thus it was anticipated that not all conserved resi-
dues in the CTD of Eta would be directly related to Eta-
mediated transcription termination (Table 1). The NTD of Eta
is dispensable for Eta-mediated termination (16) and may also
have roles in stimulating additional activities. Modeling of the
NTD alone, or as part of full-length Eta, supports an extended
structure that may facilitate additional protein contacts that stim-
ulate interactions other than those necessary and sufficient for
transcription termination activity (56, 57). Substitutions to the
near-universally conserved residues Q588 and E826, located at
the extremities of the Eta CID, resulted in no significant
changes to ATPase, helicase, translocase, or transcription termi-
nation activities and likely contribute to Eta structure and func-
don outside of termination activity. In contrast, Eta variants
H774A and AWHD were severely compromised in all tested
activities; given the thermostability of these variants, it is likely
that they retained a folded structure but that substitutions to the
CTD impacted the necessary coordination between the TDs and
the CTD to convert (d)ATP hydrolysis into functional work.
H774 is close to the twin-translocase domains of Eta and given
the significant (~80%) loss of ATPase activity is likely important
for correct domain packing to align the Walker motifs. The
WHD of Hel308, another well-studied archaeal SF2 helicase, is
required for proper DNA interactions (41). Given that DNA
binding is essential for Eta ATPase activity (5] Appendix, Fig. S4),

DNA in the absence of the WHD. Several highly conserved resi-
dues in the CTD of Eta are critical for Eta-mediated transcription
termination, with little to no impact on ATPase, dsDNA translo-
case, and helicase activity: substitution of T641, F651, and C741
significantly reduced termination activity, while substitution of
G644, F651 and R804 nearly or completely abolished transcrip-
tion termination activity. For most of these variants, notable
decreases in ssDNA translocase activities correlate with loses in
termination efficiency, highlighting the likely requirement for
ssDNA translocase activity for proper transcription termina-
tion. Select variants, including Eta®%%P and EraR8044,
behaved, in termination assays, similarly to a complete deletion
of the CTD, once again highlighting the necessity of the CTD
for Eta-mediated termination and adumbrating direct contact of
the TEC and Eta CTD.

The conservation of the TDs permits structural modeling
based on other SF2 helicases with respect to the TEC. Modeling
of Ea®~"P_TEC interactions using the cryogenic electron
microscopy (cryo-EM) structures of T. kodakarensis RNAP (58)
and bacterial Mfd-TEC complexes (15) provides a plausible
arrangement of Eta and the archaeal TEC (Fig. 7). When the
twin TDs of Eta and Mfd are superimposed, the C terminus of
Eta conflicts with the path of the upstream DNA resolved in the
MIfd-TEC structure, implying either that the essential C termi-
nus of Erta is likely to rearrange upon TEC engagement or that
Ewa—DNA interactions generate a new path for the DNA that
does not require CTD rearrangements. When bound to
upstream DNA in the same manner as Mfd, Eta is positioned
such that the highly conserved, functionally critical CTD could
contact the p-protrusion domain of RNAP, in many ways analo-
gous to the primary point of contact between Mfd and the bac-
terial TEC (59). The weak interactions supporting Eta—TEC
engagements have beguiled imaging a cocomplex, but several Eta
variants that retain most tested activities except termination

6/9/25, 3:34PM

Page 15 of 22



The structure and activities of the archaeal transcription termination ...Inerabilities of the transcription elongation complex | Enhanced Reader 6/9/25, 3:34PM

the ~30% reduction in ATPase activity and ~80% reduction in activity are also limited in altering backtracking (Fig. 6), imply-

translocase activities in the Eta® Y1 variant suggests the WHD ing a defect in Eta—TEC interactions.
While termination-deficient variants (T641A, G644D,

contributes to coordinating ATP-dependent translocase activities
and that energy release is pootly coupled to motor activity on FG651A, F705A, C741A, and R804A) are dispersed in linear
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Fig. 7. Model of Eta-TEC engagement. The high conservation of the core of bacterial and archaeal RNAPs and the conserved structures of the SF2 translo-
case domains of Mfd and Eta allow modeling of the Eta-TEC complex using the previously reported Mfd-TEC structure. The TEC is oriented such that the
direction of transcription is to the right (black arrow) with upstream and downstream DNA sequences identified. Conserved, solvent-exposed Eta residues
substituted and investigated here are highlighted (raspberry, Q588 and E826, result in minimal impact on Eta function; gray, G644, F651, and C741, result in
reduced ssDNA translocase and termination efficiencies; orange, F705 and R804, result in termination specific deficiencies) cluster near the p-protrusion of
RNAP. Eta TD1 (cyan), TD2 (yellow), and CTD (green); RNAP (slate green); DNA (light and dark gray); RNA (red).

sequence, folding of the CTD positions clusters these residues
such that several could plausibly interact with the TEC (Fig.
7). The mode of TEC engagement with Mfd, and that mod-
eled for Eta, suggests that both termination factors drive RNAP
forward using their motor activities to initiate transcription ter-
mination. Coordinating Eta-mediated ATP hydrolysis to move-
ment and ultimately dissociation of the TEC likely involves not
only direct contacts between Eta and RNAP but also intramo-
lecular movements within Eta that are potentially hindered by
substitutions that reduce, but do not eliminate, Era-mediated
transcription termination.

In Bacteria, Mfd acts as the transcription repair coupling factor
and terminates TEC:s stalled at bulky DNA lesions while concur-
rently recruiting bacterial nucleotide excision repair (NER)
enzymes to the site of damage. NER or the transcription-coupled
repair (TCR) subpathway have not been explicitly demonstrated in
Archaea, although tantalizing evidence implies NER may be active
in diverse archaeal clades (16, 52, 60-62). Eta-mediated transcrip-
tion termination resembles Mfd-mediated termination, and dele-
don of both factors from their respective organisms results in
sensitivity of cells to ultraviolet-induced DNA damage (16, 63).
However, continued efforts will be necessary to detail whether Eta-
mediated transcription termination is linked to DNA repair and to
identify the factors that may direct archaeal NER and TCR.

Materials and Methods

X-Ray Crystal Structure Determination of Eta*N™, FfaN crystals were
prepared by hanging-drop vapor diffusion at 22 °C by mixing equal volumes of
Eta®NT (~8 mg/mL) and crystallization solution (0.1 M Tris-HCI [pH 8.0],
4.5 M NaCl, and ~3% ethylene glycol). Crystals were plunge-frozen in liquid
nitrogen. To obtain experimental phase information, native crystals were
soaked in crystallization solution containing 0.1 mM hexatantalum bromide
duster (TagBry,) for 4 h before flash freezing in liquid nitrogen. Diffraction data
were collected at the F1 beamline of the Cornell University High Energy Syn-
chrotron Source (CHESS, Ithaca, NY) at 100 K and data were processed by
HKL2000 (64). Both native and Ta,Bry,-containing crystals belonged to space
group P3; and contained four molecules per asymmetric unit. With both iso-
morphous and anomalous signals from native and Ta,Bry; datasets, 11 TagBr;,
sites in the asvmmetric unit were located and the experimental phase (fiqure of

used to predict a model of Eta that was used as a reference for the model build-
ing and refinement. The final model contains residues from 194 to the C termi-
nus. Final coordinates and structure factors have been deposited in the Protein
Data Bank (PDB) with ID code 7UJB.

Modeling the Tko RNAP Elongation Complex with Eta*™™. We modeled
the T. kodakarensis RNAP elongation complex with Eta®"™ using the cryo-EM
structure of T. kodakarensis RNAP (PDB ID code: 6KF3) (58), the cryo-EM structure
of the £. coli RNAP elongation complex with Mfd (PDB ID code: 6X 2N) (15), and
the crystal structure of Eta®\™ determined in this study. T. kodakarensis and E. coli
RNAPs were superimposed using their catalytic domains including double-psi beta
barrel domains in their largest (RpoA1/p’) and second-largest subunits (RpoB/).
Eta®"™ was aligned with Mfd using the translocase domains (TD1 and TD2).

Multiple Sequence Alignment and Identification of Conserved Amino
Acids within the CTD of Eta. The amino acid sequence for TK0566, enceding

Etain T. kodakarensis, was queried using the blastp suite and aligned using COBALT
(67) versus the 100 top matches from the blastp query (https:/www.ncbi.nlm.nih.
gov/). Individual residues in the CTD (aa 577 to 832) were scored for conservation
based on retention frequency. Residues conserved in >90% of sequences were
deemed conserved. Surface modeling of the Eta CTD in the crystal structure identi-
fied conserved residues likely to be solvent-exposed for mutagenesis.

Site-Directed Mutagenesis. Site-directed mutagenesis was performed on
plasmid pTS481 (16) with the QuikChange Il XL kit (Agilent Technologies). Con-
served and like solvent-exposed residues were replaced with an amino acid pre-
dicted to disrupt the normal function of the residue (Q588A, T641A, G644D,
F651A, F705A, C741A, H774A, RBO4A, and E826A). A small deletion of the
WHD (aa 630 to 645) was generated in the same manner.

Protein Purifications. RNAP (RpoL-HA-6xHis) was R#nﬁed from T. kodakarensis
strain TS413 as previously described (68). Eta", Eta*MP, EtaP3tNEA
EtaACTD EtaAWHD EtaOSBHA EtaTﬁd'lA EtaGb44D EtanSTA EtaWOSA EtaC74'IA EtaH?TdA
Etaka(m and Etam"’A were expressed and purified from Rosetta 2 (DE3) cells cul-
tured in Luria-Bertani broth supplemented with 3% o-sorbitol, 100 pg/mL ampicil-
lin, and 34 pg/mL chloramphenicol. Expression was induced by addition of 0.2
mM isopropyl f-0-1-thiogalactopyranoside, and cultures were grown overnight at
22 °C. Biomass was pelleted and initially lysed via sonication in 15 mM Tris-HCl,
pH 8.0, 10 mM MgCl,, 100 mM NaCl, and 2 mM p-mercaptoethanol. Material
was centrifuged at 22,000 x g for 15 min at 4 °C to produce a clarified lysate and
debris pellet. The debris pellet was lysed again in 15 mM Tris-HCl, pH 8.0, 10
mM MgCl,, 500 mM NaCl, and 2 mM p-mercaptoethanol and reclarified as
described above. The supernatant from this reclarification in hicher salt contained
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merit: 0.480) was calculated using Automated structure solution (AutoSol) in Eta and was heat-reated at 85 °C for 30 min. The high-salt heat-treated lysate
PHENIX (65). Density modification by Automated model building (AutoBuild) in was again clarified by centrifugation at 22,000 x g for 15 min at 4 °C, and the
PHENIX yielded a map which could be used for manual model building using resulting supernatant was dialyzed into 15 mM Tris-HCl, pH 8.0, 10 mM
Coot (66), and the structure was refined using PHENIX. AlphaFold (56) was MgCly, 300 mM NaCl, and 2 mM B-mercaptoethanol and loaded onto a 5-mlL
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HiTrap Heparin column (Cytiva) using an AKTA Pure FPLC system (GE Health-
care). Proteins were eluted over a 60-mL gradient to 15 mM Tris-HCl, pH
8.0, 10 mM MgCly, 1 M NaCl, and 2 mM B-mercaptoethanol. Fractions contain-
ing Eta were identified by sodium dodecyl sulfate (SDS)-PAGE, pooled, and dia-
lyzed into storage buffer (15 mM Tris-HCl, pH 8.0, 10 mM MgCl;, 250 mM
KCl, 2 mM B-mercaptoethanol, and 50% glycerol) and concentrated by column
centrifugation (Vivaspin 50-kDa molecular weight cutoff). Resulting enzymes
was quantified using a Qubit Protein Assay Kit (Invitrogen).

Translocase (Streptavidin Displacement) Assays. CM0082-IB (5'-CTGGCT
GTGGCGTGTITCTGGTGG[bio-dTJACCTAGGTCTTAGCCGTCTACGCCTCACT-3') was radio-
labeled with T4 Polynucleotide Kinase (New England Biolabs) in the presence of
[yP32]ATP (PerkinElmer). For dsDNA assays, radiolabeled CM0082-1B was incu-
bated in fivefold molar excess CM0082-RC-IB (5'-AGTGAGGCGTAGACGGCTAAGA
CCTAGG[bio-dTJACCACCAGAAACACGCCACAGCCAG-3, heated to 95 °C for 2 min,
and slowly cooled to room temperature to anneal the two strands. Single-
stranded radiolabeled CM0082-1B or radiolabeled double-stranded CM0082-1B/
CM0082-RC-IB was bound to 40-fold molar excess streptavidin. Translocase reac-
tions were assembled with final concentrations of 5 nM ssDNA or dsDNA sub-
strate and 15 nM Eta in 20 mM Tris-HCl, pH 8.0, 10 mM MgCl,, 10 pg/mlL
bovine serum albumin (BSA), and 1 mM dithiothreitol (DTT). Reactions were
heated to 50 °C and started by addition of dATP and excess biotin (400 pM) to
trap streptavidin displacement events. At the appropriate time points, 10-pL ali-
quots were removed and stopped on ice with the addition of 3 pL 1.5% SDS and
50% glycerol. Terminated reactions were separated on 15% native polyacrylamide
gels, and radiolabeled products were detected by exposure of the gel to a phos-
phorimaging screen (GE Healthcare) and analyzed using GE Imagequant 5.2.

Helicase Assays. The short DNA strand of the 3"-overhung dsDNA substrate
(CM0080; 5'-GACCTAGGAACCACCAGAAACACGCCACAGCCAG-3') was radiolabeled
with T4 Polynucleotide Kinase (New England Biolabs) in the presence of
[yP32]ATP (PerkinElmer). Equal molar amounts of CM0080 and the long DNA
strand of the 3'-overhung dsDNA substrate (CM0082; 5'-CTGGCTGTGGCGTGTTT
CTGGTGGTTCCTAGGTCTTAGCCGTCTACGCCTCACT-3') were mixed, heated to 95 °C
for 2 min, and slowly cooled to room temperature to anneal the two strands,
forming the substrate. Helicase reactions were assembled with final concentra-
tions of 5 nM substrate and 15 nM Eta in 20 mM Tris-HCl, pH 8.0, 10 mM
MgCl, 10 pg/mL BSA, and 1 mM DTI. Reactions were heated to 50 °C and
started by addition of dATP and trap DNA (CM0079; 5-CTGGCTGTGGCGT
GITTCTGGIGGTTCCTAGGTC-3') to 3.5 mM and 25 nM, respectively. At the appro-
priate time points, 10-pL aliquots were removed and stopped on ice with the
addition of 3 pL 1.5% SDS and 50% glycerol. Terminated reactions were sepa-
rated on 15% native polyacrylamide gels, and radiolabeled products were
detected hy exposure of the gel to a phosphorimaging screen (GE Healthcare)
and analyzed using GE Imagequant 5.2.

Malachite Green ATPase Assays. One-hundred-microliter reactions were
assembled with 500 nM substrate (prepared from CM0080 and CM0082 DNA
oligonucleotides, as above) and 250 nM Eta in 20 mM Tris-HCI, pH 8.0,
10 mM MgCly, 10 pg/mL BSA, and 1 mM DTT with 200 uM ATP. Reactions
were heated to 50 °C for 90 s, stopped by cooling on ice and the addition of
20 pL Malachite Green reagent (MAK-307, Sigma-Aldrich), followed by 15-min
incubation at room temperature in a 96-well plate to develop. Absorbance at
620 nm was determined for each reaction in the 96-well plate using a BioTek
Synergy 2. Two-hundred-fifty-nanomolar Eta"", in the presence of 500 nM DNA
substrate, converts ~11% (correcting for nonenzymatic breakdown of ATP) of
the available 200 pM ATP to free phosphate at 50 °C under the conditions
tested. Assuming Eta is functioning at maximal velocity (Vimax), with one active
site, the determined catalytic constant is 56 ATP converted per minute per
enzyme (2.3 nmol phosphate per 90 s per 27 pmol Eta™").

In Vitro Transcription Termination Assays. For in vitro transcription termi-
nation assays presented in Fig. 5, assembly of preinitiation complexes and elon-
gation to generate TECs, g were performed as described (68). TECs,s5 were

captured using nickel-coated magnetic beads (Thermo Fisher), washed three
times in 20 mM Tris-HCl, pH 8.0, 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 250 mM KCl, 4 mM MgCl,, and 20 pg/mL BSA, and resuspended 250
mM KCl, 20 mM Tris-HCl, pH 8.0, 10 mM MgCl,, 2 mM DTT, 10 uM ATP, 10
pM GIP, and 10 pM UTP. TECs.,.5¢ were incubated in the absence or presence of
500 nM Eta (or Eta variant) and 5 mM dATP at 85 °C for 2, 5, or 10 min. Reac-
tion aliquots (20 pL) were removed to ice-cold tubes containing streptavidin
paramagnetic particles (Promega) that permit separation of intact and disrupted
TECs through binding to biotin conjugated to the 5 end of the nontemplate
strand of DNA substrates. Supematants were added to 100 pL 0.6 M Tris-HCl,
pH 8.0, and 12 mM EDTA and streptavidin bead pellets were resuspended in
120 pl 0.5 M Tris-HCI, pH 8.0, and 10 mM EDTA. Pellets and supernatants of
each reaction were then subjected to an equal volume P/C/I (25:24:1 [volivolivol]
phenal/chloroform/isoamy! alcohol) extraction. Nucleic acids were precipitated
with ethanol and resuspended in 4 pl formamide loading dye before separa-
tion by electrophoresis through a 15% polyacrylamide/8 M urea denaturing
gel. Radiolabeled RNAs were detected by exposure to a phosphorimaging
screen (GE Healthcare) and analyzed using GE ImageQuant 5.2. Release of
RNAs was calculated by quantifying transcripts in the supernatant samples
divided by transcripts quantified in both the pellet and supematant samples.

In vitro transcription termination experiments presented in Fig. 6 required
assembly of preinitiation complexes and elongation to generate TECs, 55 as
previous described (68). After nickel capture and washing of TECs as
described above, TECs were either resuspended in Buffer A (250 mM KCl, 20
mM Tris-HCI, pH 8.0, 10 mM MgCl;, 2 mM DTT, 10 puM ATP, 10 uM GIP,
and 10 pM UTP) to prevent backtracking of TECs or Buffer B (250 mM KCl,
20 mM Tris-HCl, pH 8.0, 10 mM MgCl,, and 2 mM DTT) to allow backtracking
of TECs. Buffer A- and buffer B-resuspended TECs were incubated in the
absence or presence of 500 nM Eta (or Eta variant) and 5 mM dATP at 85°C
for 5 min. Reactions (20 pL) were removed to ice-cold tubes containing strep-
tavidin paramagnetic particles (Promega) that permit separation of intact and
disrupted TECs through binding to biotin conjugated to the 5" end of the
nontemplate strand of DNA substrates. Supernatants were added to 100 pL
0.6 M Tris-HCl, pH 8.0, and 12 mM EDTA and streptavidin bead pellets were
resuspended in 120 pL 0.5 M Tris-HCI, pH 8.0, and 10 mM EDTA. Pellets and
supernatants of each reaction were then subjected to an equal volume P/C/I
(25:24:1 vollvolfvol) extraction. Nucleic acids were precipitated with ethanol
and resuspended in 4 pl formamide loading dye before separation by elec-
trophoresis through a 15% polyacrylamide/8 M urea denaturing gel. Radiola-
beled RNAs were detected by exposure to a phosphorimaging screen (GE
Healthcare) and analyzed using GE ImageQuant 5.2. Release of RNAs was cal-
culated by quantifying transcripts in the supernatant samples divided by tran-
scripts quantified in both the pellet and supernatant samples.

Data Availability. Coordinates and structure factors have been deposited in
the PDB (ID code 7UJB). All other study data are included in the article and/or
S1 Appendix.
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