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Abstract

In all domains of life, multi-subunit RNA polymerases (RNAPs) catalyze both the extension of 

mRNA transcripts by nucleotide addition and the hydrolysis of RNA, which enables proofreading 

by removal of mis-incorporated nucleotides. A highly conserved catalytic module within RNAPs 

called the trigger loop (TL) functions as the key controller of these activities. The TL is proposed 

to act as a positional catalyst of phosphoryl transfer and transcript cleavage via electrostatic 
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UniProt Protein Accession IDs
This study uses RNA polymerase II from Saccharomyces cerevisiae strain S288c (ATCC 204508), which consists of 12 subunits 
(RPB1–RPB12) with the following UniProt Accession IDs.

RNAPII subunit Uniprot ID Uniprot name

RPB1 P04050 RPB1_YEAST

RPB2 P08518 RPB2_YEAST

RPB3 P16370 RPB3_YEAST

RPB4 P20433 RPB4_YEAST

RPB5 P20434 RPAB1_YEAST

RPB6 P20435 RPAB2_YEAST

RPB7 P34087 RPB7_YEAST

RPB8 P20436 RPAB3_YEAST

RPB9 P27999 RPB9_YEAST

RPB10 P22139 RPAB5_YEAST

RPB11 P38902 RPB11_YEAST

RPB12 P40422 RPAB4_YEAST
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and steric contacts with substrates in its folded helical form. The function of a near-universally 

conserved TL histidine that contacts NTP phosphates is of particular interest. Despite its 

exceptional conservation, substitutions of the TL His with Gln support efficient catalysis in 

bacterial and yeast RNAPs. Unlike bacterial TLs, which contain a nearby Arg, the TL His is 

the only acid-base-catalyst candidate in the eukaryotic RNAPII TL. Nonetheless, replacement of 

the TL His with Leu is reported to support cell growth in yeast, suggesting that even hydrogen 

bonding and polarity at this position may be dispensable for efficient catalysis by RNAPII. To test 

how a TL His-to-Leu substitution affects enzymatic functions of RNAPII, we compared its rates 

of nucleotide addition, pyrophosphorolysis, and RNA hydrolysis to the wild-type RNAPII enzyme. 

The His-to-Leu substitution slightly reduced rates of phosphoryl transfer with little if any effect 

on intrinsic transcript cleavage. These findings indicate that the highly conserved TL His is neither 

an obligate acid–base catalyst nor polar contact for NTP phosphates but instead functions as a 

positional catalyst mainly through steric effects.

Graphical Abstract

Keywords

transcription; RNA polymerase II; phosphoryl transfer; trigger loop; positional catalysis; RNA 
hydrolysis

INTRODUCTION

Transcription of the information encoded in DNA into RNA is governed by multi-subunit 

RNA polymerases (RNAPs) in all domains of life. Prokaryotes and archaea use a single 

RNAP to perform all transcription, whereas eukaryotes use up to five distinct nuclear 

RNAPs. All eukaryotes make large rRNAs with RNAPI, mRNAs and many non-coding 

RNAs with RNAPII, and tRNAs and other sRNAs including 5S rRNA with RNAPIII; land 

plants and some algae additionally use RNAPIV and RNAPV in gene silencing pathways.1–5 

Although the complex regulation of transcription by both protein and nucleic-acid cofactors 

varies, the structure and function of the active site in mRNA-synthesizing RNAPs is highly 

conserved from bacteria to mammals. This single active site catalyzes both the reversible 
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phosphoryl transfer reaction that produces RNA and hydrolysis reactions that remove 3′ 
ribonucleotides for proofreading or reactivation of stalled RNAP.6–9 Both activities require 

two proton transfers (i.e., acid–base catalysis)10–12 and are aided by elongation and cleavage 

cofactors, respectively.

RNA synthesis by RNAP is described by an iterative nucleotide addition cycle (NAC, Figure 

1A). RNAP moves (translocates) the DNA template in 1-bp steps, binds NTP substrate, 

catalyzes two-Mg2+-mediated phosphodiester bond formation, and releases pyrophosphate 

(PPi). The phosphoryl transfer step is rate-limiting for iterative nucleotide addition during 

RNA synthesis,10, 11 although the translocation step also can contribute to the overall rate.13 

The NAC can be interrupted by reverse translocation of DNA (backtracking) by one or more 

nucleotides (nt), which removes the RNA 3′ hydroxyl (3′-OH) from the RNAP active site 

and precludes RNA synthesis. Backtracking can be caused by roadblocks to RNAP forward 

translocation on DNA such as a nucleosome or DNA damage,14 by misincorporation of 

an incorrectly paired ribonucleotide,15 or in response to a DNA-encoded pause signal.16 

Hydrolysis, phosphorolysis, or pyrophosphorolysis of backtracked RNA forms a new 3′ end 

in the active site,17–19 allowing the NAC to resume. In bacterial RNAPs and eukaryotic 

RNAPII, hydrolysis can occur via an intrinsic cleavage mechanism at rates that vary among 

species, or by a fast factor-assisted mechanism in which cofactors (GreA/B in bacteria; TFS 

in archaea; TFIIS or Rpb9 paralogs in eukaryotes) stabilize second Mg2+ ion binding.22, 23 

Co-transcriptional nucleotide excision after misincorporation plays an essential role in 

transcriptional fidelity.24

The trigger loop (TL) is a highly conserved module of the largest RNAP subunit (called 

Rpb1 in RNAPII) that plays crucial roles in the NAC. Folding of the TL into an α-helical 

hairpin dubbed the trigger helices (TH) closes the active site pore into the secondary channel 

used for NTP entry and PPi release and positions reactants for efficient catalysis (Figure 

1B).12, 25–27 The TL–TH undergoes cycles of folding and unfolding during the NAC, with 

the folded TL accelerating nucleotide addition by a factor of ≥340.27, 28 TH unfolding into 

a fluctuating loop conformation allows translocation of the nucleic-acid template through 

RNAP, PPi release, and NTP entry.29, 30 Binding of an incorrect NTP or of a 2′-dNTP 

inhibits TL folding whereas TH-stabilizing alterations increase misincorporation, suggesting 

that TL–TH energetics modulate transcriptional fidelity.20, 31, 32

Sequence alignments of the Rpb1/β′ subunit reveal universal conservation of a TL histidine 

(TL His, S. cerevisiae Rpb1 H1085, E. coli β′ H936) that directly contacts the NTP 

substrate in structures of elongation complexes (ECs, Figure 1B).20, 27, 33 In structures 

of backtracked ECs, the TL assumes a partially unfolded conformer and the TL His is 

displaced from the active site.21, 34, 35 TL conformational dynamics may aid positioning 

of the backtracked nucleotide for hydrolysis, at least in E. coli.36 In yeast, inhibition of 

RNAPII by α-amanitin, which traps H1085 and the TL in an unfolded state,31, 37 fails 

to stop intrinsic RNA hydrolysis, suggesting intrinsic transcript cleavage occurs without 

TL assistance in RNAPII.38 The TL also does not participate directly in factor-assisted 

transcript hydrolysis, as binding of GreA/B or TFIIS sterically excludes the TL from the 

active site.21, 34, 39 However, H936 stabilizes early backtracked states in E. coli RNAP that 

are precursors to intrinsic and factor-assisted proofreading,12 thereby potentially affecting 
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transcriptional fidelity. In yeast, substitutions of H1085 are inviable (Ala, Phe, Gly, Pro, 

Asn, Asp, Glu, Ser) or confer severe (Tyr, Arg, Lys, Trp) or modest (Gln, Leu) growth 

defects.31, 40, 41 The conserved TL His was initially proposed to act as a general acid–

base during phosphoryl transfer and RNA hydrolysis.11, 20 However, more recent evidence 

suggests that it does not participate in acid–base chemistry but instead acts as a positional 

catalyst through electrostatic and steric contacts with the NTP substrate.12, 41

The viability of the H1085L substitution is surprising given that it is the only nonpolar 

substitution for the conserved TL His that supports S. cerevisiae.41 The other viable 

substitutions, including Gln which supports efficient phosphoryl transfer catalysis when 

substituted for the conserved TL His in E. coli RNAP,12 can form hydrogen bonds 

or charge-charge interactions with the NTP phosphates. However, TL H1085L RNAPII 

remains to be characterized biochemically. Biochemical characterization is needed to verify 

its apparent catalytic efficiency since other regulators or even genetic suppressors could give 

compensatory effects in vivo. Further, in vitro analysis of H1085L RNAPII can provide an 

unambiguous test of any possible role of the TL in acid–base catalysis.

To test the role of the TL His in RNAPII, we purified H1085L RNAPII and assayed its 

ability to catalyze phosphoryl transfer and hydrolysis reactions in vitro. We determined 

kinetics of nucleotide addition, pyrophosphorolysis, and factor-independent RNA hydrolysis 

reactions catalyzed by RNAPII for both the wild-type (WT) and H1085L mutant enzymes. 

We also created an alignment of 21,161 Rpb1/β′ homologs from all domains of life to 

explore whether the TL His is completely conserved. Together, our findings support a 

refined view of the TL as a positional catalyst that functions primarily via steric effects on 

substrate alignment in the active site of eukaryotic RNAPII rather than participating directly 

in proton transfer essential for catalysis.

MATERIALS AND METHODS

Proteins

Q5 high-fidelity DNA polymerase, T4 DNA ligase, T4 polynucleotide kinase, apyrase, and 

high-fidelity StyI were obtained from New England Biolabs. E. coli RNAP was prepared 

as described previously.12, 25 For RNAPII purification, yeast strain CKY283 and plasmids 

pCK859 and pCK1748, encoding WT RPO21 and H1085L rpo21 respectively, were kindly 

provided by Craig Kaplan (U. Pittsburgh). Yeast expressing Rpb1 (UniProt ID P04050) 

from these plasmids were generated using a plasmid shuffling assay into strain CKY283 

(rpo21Δ with plasmid encoding RPO21 and URA3) as described.40, 41 The TL sequence 

was confirmed at each step by Sanger sequencing using forward primer #11529 and reverse 

primer #11530 (Table S1). WT and H1085L RNAPII were purified via the tandem-affinity 

tag on the Rpb3 subunit encoded in strain CKY283 as described.42, 43 Cells collected from 

6 L of 2X YAPDT culture were lysed using a BioSpec BeadBeater in 2X lysis buffer 

(100 mM Tris-HCl pH 7.5, 300 mM KCl, 2 mM EDTA, 10% glycerol) supplemented with 

5 mM DTT, 1 mM PMSF, 0.28 mg/L leupeptin, 1.37 mg/L pepstatin A, and 0.33 g/L 

benzamidine. The lysate was adjusted to 0.5 M ammonium sulfate (~13% of saturation) 

and separated by ultracentrifugation in a Beckman 50.2 Ti rotor (158,000 × g, 80 min, 4 

°C). The supernatant (~180 mL) was then adsorbed with 2 mL IgG Sepharose 6 resin (GE 
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Healthcare) prewashed with 1X lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM KCl, 1 mM 

EDTA, 5% glycerol) in a disposable chromatography column (Poly-Prep columns, Bio-Rad 

Laboratories). The column was washed with 40 mL 1X lysis buffer with 0.5 M ammonium 

sulfate supplemented with DTT and protease inhibitors as above, then 40 mL 1X lysis buffer 

with 5 mM ATP and 5 mM MgCl2 supplemented with DTT and protease inhibitors, and 

finally washed with 40 mL 1X lysis buffer supplemented with DTT only. RNAPII was 

eluted after overnight incubation with TEV protease, concentrated, and further purified by 

anion-exchange FPLC on a 1 mL MonoQ column (GE Healthcare). RNAPII-containing 

fractions were collected and transferred into RNAPII storage buffer (20 mM Tris-HCl, pH 

8.0, 40 mM KCl, 5 mM MgCl2, 5 mM DTT, 10% glycerol) by dilution and centrifugal 

ultrafiltration (Amicon Ultra-4 100 kDa molecular weight cutoff; MilliporeSigma) to ~0.35 

mg/mL. Aliquots were stored at −80 °C until use.

Nucleic Acids

NTPs and 32P-labeled NTPs were obtained from GE Healthcare Life Sciences and 

PerkinElmer, respectively. RNA and DNA oligonucleotides were from Integrated DNA 

Technologies and were gel-purified before use by electrophoresis through 8% (DNA) or 

15% (RNA) polyacrylamide gels (19:1 acrylamide:bisacrylamide) containing 8 M urea and 

TBE buffer (1.25 mM Na2EDTA and 44.5 mM Tris-borate, pH 8.3). Gel pieces containing 

the oligos were excised and incubated overnight in low salt oligo purification buffer (10 mM 

Tris-Cl pH 7.5, 1 mM EDTA, 100 mM NaCl). The extracted nucleic acids were then purified 

on DEAE Sepharose resin (Bio-Rad), eluted with high salt oligo purification buffer (10 mM 

Tris-Cl pH 7.5, 1 mM EDTA, 2 M NaCl), and ethanol-precipitated. For the ligated-scaffold 

nucleotide addition assay, fragments of the rpoB gene and the RPO21 gene were PCR-

amplified from plasmids pRL785 and pCK859 using forward primers #10551 and #12024, 

which encoded a StyI cleavage site, and reverse primers #10242 and #12027, respectively 

(Table S1). The fragments were purified by spermine precipitation44 and digested with StyI 

to create sticky ends suitable for ligation to the oligonucleotide scaffold. The products of the 

restriction digest were again spermine precipitated and stored in transcription buffer (TB; 20 

mM Tris-HCl, pH 8.0, 40 mM KCl, 5 mM MgCl2, 1 mM DTT) at −20 °C.

Ligated-Scaffold Nucleotide Addition Assay

Template DNA (T-DNA, #10160 or #11991, 10 μM) was annealed to RNA (#8855, 5 μM) in 

TB in a thermocycler as described previously to form scaffold 1-rpoB or scaffold 1-RPO21, 

respectively.12, 45 RNAPII (600 nM) was incubated with the template DNA–RNA hybrid 

(200 nM) at 30 °C for 15 min in TB, then nontemplate DNA (NT-DNA; #10161, 600 nM) 

was added and incubated at 30 °C for 15 min to complete the EC reconstitution. The ECs 

(150 nM) were then radiolabeled by reaction with [α-32P]GTP for 5 min at 30 °C followed 

by incubation with ATP and GTP (100 μM each) for 5 min at 30 °C to form labeled A26 

ECs. The dsDNA fragment derived from rpoB or RPO21 by PCR and restriction digestion 

(15 nM) was then ligated to the downstream end of the A26 EC–scaffold (5 nM) by 

incubation with T4 ligase (25 units/μL) and ATP (1 mM) for 1 h at 16 °C in TB. Heparin 

(100 μg/mL) was added to the ligated A26 ECs and incubated for 3 min at 30 °C before 

transcription was initiated by addition of all 4 NTPs (1 mM each final) in TB at 30 °C. 

Samples were withdrawn at 10, 20, 30, 40, 60, 300, and 600 s and mixed with an equal 
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volume of 2X stop solution (8 M urea, 30 mM Na2EDTA, 90 mM Tris-borate buffer, and 

0.05% each bromophenol blue and xylene cyanol). The time point samples were heated 

for 2 min at 95 °C and then separated by electrophoresis through an 8% polyacrylamide 

(19:1 acrylamide:bisacrylamide) gel in 8 M urea–TBE next to a radiolabeled pBR322 

DNA ladder. The gel was exposed to a PhosphorImager screen, scanned with a Typhoon 

PhosphorImager, and quantified with ImageQuant software (GE Healthcare). Densitometry 

plots were generated by converting pixels to transcript length using a four-factor polynomial 

fitting of the pBR322 DNA ladder calculated by KaleidaGraph software as a reference. 

Average transcript length was determined by summing the product of each transcript length 

with its signal intensity and dividing this sum by the total intensity.46 Elongation rates 

were estimated by dividing the average transcript length by the reaction time. Rates for 

at least three independent samples were measured to assess experimental error. Statistical 

significance was assessed using the unpaired two-sample t-test in GraphPad Prism software.

Single-Nucleotide Addition Assay

ECs were reconstituted as described for the ligated-scaffold nucleotide addition assay using 

T-DNA (#10160), RNA, (#8855) and NT-DNA (#10161), but with 100 nM template DNA–

RNA hybrid, 50 nM RNAPII, and 200 nM NT-DNA. ECs (10 nM) were then radiolabeled 

by reaction with [α-32P]GTP for 2 min at 30 °C. Extension of RNA to G19 was completed 

by reaction with unlabeled GTP (100 nM) for 3 min at 30 °C. Radiolabeled G19 ECs 

were reacted with 1 mM ATP for 2, 4, 6, 8, 12, 16, 32, 64, 128, 256, 512, and 1000 ms 

at 30 °C in a quench-flow instrument (KinTeK RQF-3). Reaction samples were quenched 

with 2 M hydrochloric acid, immediately neutralized to pH 8.0 by mixing with 3 M Tris 

base and 250 μg torula yeast RNA/mL. RNA products were then purified by extraction 

with phenol:chloroform (5:1; pH 4.3–4.7) followed by ethanol precipitation. Pellets of 

the ethanol-precipitated samples were resuspended in 1X stop buffer (4 M urea, 15 mM 

Na2EDTA, 45 mM Tris-borate buffer, and 0.05% each bromophenol blue and xylene 

cyanol) to constant 32P cpm/mL. The RNA samples were heated for 3 min at 95 °C 

and then separated by electrophoresis through a 15% polyacrylamide (19:1 acrylamide: 

bisacrylamide) gel in 8 M urea–TBE. The gel was exposed to a PhosphorImager screen, 

scanned with a Typhoon PhosphorImager, and quantified with NIH ImageJ software. The 

amount of RNA of a given length (G19, A20, and A21) at each time point was calculated 

as a fraction of all RNA species in the quenched reaction. The quench-flow data were fit 

with kinetic models using the program KinTek Explorer v6.1. To correct for incomplete 

reactivation of the halted ECs, an unreactive fraction of G19 RNA was included in the 

model. The fraction of unreactive G19 RNA and the rate of G19-A20 conversion were 

obtained first and then held constant to obtain the rate of the second step of AMP addition 

(A20 RNA extension to A21). Each quench-flow dataset was individually fit to obtain 

rate constants, and the average and error of the rate constants for three replicates were 

used to estimate experimental error. Statistical significance was assessed using the unpaired 

two-sample t-test in GraphPad Prism software.

Pyrophosphorolysis

RNA (#11001) was 5′-end radiolabeled by reaction with [γ-32P]ATP and T4 polynucleotide 

kinase. Labeled RNA (5 μM) was annealed simultaneously with T-DNA (#6355, 7.5 μM) 
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and NT-DNA (#12028, 9.4 μM) to form scaffold 2 as described previously.47 Labeled U14 

ECs were formed by incubation of each RNAPII (675 nM) with the DNA–RNA scaffold 

(225 nM) for 15 min at 30 °C in reconstitution buffer (RB, 20 mM Tris-acetate, pH 8.0, 

20 mM potassium acetate, 0.1 mM EDTA). U14 ECs were incubated with washed magnetic 

Streptavidin M-280 Dynabeads for 15 min at room temperature and then washed twice with 

RB. The pyrophosphorolysis reaction was initiated by resuspending the bead-bound U14 

ECs in RB supplemented with 5 mM magnesium acetate, 0.5 mM sodium pyrophosphate, 

and 1.5 units/mL apyrase. Samples were withdrawn at 3, 6, 10, 20, 40, 60, 90, 120, and 

150 min, mixed with an equal volume of 2X stop buffer, and separated by electrophoresis 

as described above but using a 20% polyacrylamide gel (19:1 acrylamide: bisacrylamide). 

The fraction of U14 RNA remaining was fit to a single-exponential decay model using 

Igor software to obtain rate constants. Decay kinetics were determined for at least three 

independent samples to determine experimental error. Statistical significance was assessed 

using the unpaired two-sample t-test in GraphPad Prism software.

Intrinsic Transcript Cleavage

U16 ECs (150 nM) were formed on scaffold 3 in HEPES elongation buffer (HB, 25 

mM HEPES-KOH, pH 8.0, 50 mM KCl, 5 mM MgCl2, 1 mM DTT, 25 μg acetylated 

BSA/mL, 5% glycerol) as described above for scaffold 1 in the ligated-scaffold nucleotide 

addition assay and then radiolabeled by reaction with [α-32P]CTP.12 Labeled C17 ECs 

were immobilized on washed magnetic Streptavidin M-280 Dynabeads by incubation for 

15 min at room temperature, washed twice with HB, and resuspended in 50 μL HB. The 

“C17” sample was withdrawn and quenched with an equal volume of 2X stop solution. The 

immobilized C17 ECs were then pelleted, and the supernatant was replaced with 50 μL 

HB prewarmed to 30 °C containing CTP and UTP (10 μM each) and incubated at 30 °C 

for 10 min to form C21 ECs. The beads were washed four times with wash buffer (WB; 

same as HB but without MgCl2) to remove any cleaved RNA products and unincorporated 

CTP and UTP. The washed C21 ECs were resuspended in 105 μL WB, the “C21” sample 

was withdrawn and mixed with 2X stop solution. The C21 ECs were split into two 50 μL 

portions for replicate time courses. All WB was removed and the beads were resuspended 

in cleavage buffer (CB; 25 mM Tris-HCl, pH 9.0, 50 mM KCl, 20 mM MgCl2, 1 mM 

DTT, 25 μg acetylated BSA/mL, 5% glycerol) prewarmed to 30 °C to initiate the hydrolysis 

reaction. Samples were withdrawn at 3, 6, 10, 20, 40, 60, 120, and 150 min and were 

quenched with 2X stop solution and separated by gel electrophoresis as described for the 

pyrophosphorolysis assay. A cleavage reaction using E. coli RNAP allowed to run for 

150 min was performed as described previously and used as a reference for the length 

of cleavage products.12, 48 The amount of starting C21 RNA and the reaction products 

(C17 RNA and the 5 nt cleavage product) were quantified by phosphorimaging and used 

to determine the fraction of each RNA species at each time point. The fractions were 

then plotted vs. time and fit to single-exponential models using Igor graphing software to 

obtain rate constants. Rates were calculated for at least three independent samples to obtain 

experimental error. Statistical significance was assessed using the unpaired two-sample t-test 

in GraphPad Prism software.
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Creation of β′/Rpb1 homolog MSAs

MSAs were prepared using the BlaFA method as described.33 The BlaFA source code33 

was edited to enable use of the Entrez Programming Utilities currently supported by NCBI. 

Pattern files to recognize split β′ (A in archaea) subunits found in cyanobacteria, plastids, 

and archaea and the fused β/β′ subunits found in several bacterial lineages were updated 

to ensure recognition of newly deposited sequences. All protein sequences corresponding 

to these four groups (cyanobacteria, plastid, archaea, and β/β′ fusion RNAPs) contained in 

the UniProt Knowledgebase protein family entitled the “RNA polymerase β′ chain family” 

were retrieved.49 MSAs for each group were prepared using ClustalW2 and visualized in 

Jalview to determine conserved sequence patterns.50, 51 The NCBI BLAST web server was 

then used to acquire β′/Rpb1 homolog lists as the NetBLAST tool used previously33 is no 

longer supported. The S. cerevisiae S288C Rpb1 protein sequence (UniProt ID P04050) was 

used as a query to generate the BLAST lists for all RNAP classes except for plastid RNAPs. 

The BLAST list for cyanobacteria protein sequences was generated and analyzed separately 

to capture both the β′ and β′′ subunits. BLAST lists for eukaryotic protein sequences 

from phyla containing plastids were generated and analyzed separately from phyla lacking 

plastids to enable facile separation of contaminating plastid RNAP sequences from the 

nuclear RNAPI, RNAPII, and RNAPIII MSA. The BLAST list for the plastid RNAPs was 

generated using a fused β′/β′′ sequence from the cyanobacterium Prochlorococcus marinus 
as the query sequence to search protein sequences from eukaryotic species containing 

plastids. BLAST lists were then processed using the modified BlaFA code (Table S2). The 

resulting groups of sequences were then aligned separately using ClustalW2 (SI MSA files) 

and MSAs were viewed and manually edited to remove partial and incorrect sequences in 

Jalview.50, 51 The number of sequences in the bacterial RNAP class (Table 1) is the sum 

of the number of sequences contained in the full bacteria and cyanobacteria MSAs whereas 

the number of sequences listed for the eukaryotic RNAPs class is the sum of the number of 

sequences contained in the separate MSAs for eukaryotic species with and without plastids. 

The phylogenetic tree for TL His variant sequences was created by the neighbor-joining 

method in Jalview.51

Homology modeling of the RNAPII TH

The homology model of the fully folded yeast RNAPII trigger loop was generated by 

aligning the S. cerevisiae RNAPII NTP-bound EC structure (PDB ID code 2E2H)20 with 

the T. thermophilus RNAP NTP-bound EC structure (PDB ID code 2O5J)27 using the Cα 
positions in the core double-Ψ β-barrel domains of both Rpb1–β′ and Rpb2–β and then 

replacing coordinates for S. cerevisiae Rpb1 residues 1075–1088 with the coordinates for 

the corresponding residues in the fully folded TH of T. thermophilus β′. Amino acid side 

chains that differed between S. cerevisiae RNAPII and T. thermophilus RNAP were replaced 

with the S. cerevisiae residues using the mutate function of PyMOL to select the rotamer 

that minimized steric clash. To generate the H1085L mutant structures, H1085 was mutated 

to Leu in PyMOL and the rotamer closest in position to H1085 was selected.
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RESULTS

Substitution of Leu for the TL His only slightly slows transcript elongation

To test the effects of the H1085L substitution on processive, multi-round nucleotide 

addition, we used a ligated-scaffold transcription assay developed previously.12, 52, 53 This 

transcript elongation assay is advantageous because it does not require initiation at a 

promoter. We were thus able to measure the basal rate of transcription in the absence 

of extrinsic transcription factors such as TFIIS or Spt5 under physiologically relevant 

conditions (30 °C and 1 mM NTPs; see Methods). We assembled ECs on a 73-bp 

oligonucleotide scaffold in which the template DNA strand contained a phosphorylated 5′ 
overhang designed to be complementary to the sticky end generated by StyI digestion of 

a dsDNA to be ligated to the scaffold (Figure S1A). Halted, radiolabeled A26 ECs were 

generated by incubation with [α-32P]GTP and ATP (100 μM each; Figure 2A). A fragment 

(~2 kb) of the E. coli gene rpoB was then ligated to the ECs. Transcript elongation was 

then assayed at 30 °C by quantitation of samples halted at successive times after addition 

of NTPs to 1 mM each, separated by denaturing gel electrophoresis, and visualized by 

phosphorimaging (Figure 2B and Figure S1B).

WT RNAPII elongated at an average rate of 12 ± 1 nt·s−1, in agreement with past in 
vitro rate measurements of this enzyme.13, 54 The H1085L substitution modestly slowed the 

average rate of nucleotide addition to about two-thirds the rate of WT RNAPII (P<0.0001, 

Figure 2B). We obtained similar results using a ~2-kb fragment of the S. cerevisiae gene 

RPO21 (encoding Rpb1), which is naturally transcribed by RNAPII (Figure S1C). These 

results suggest that processive transcript elongation is not greatly impaired in the H1085L 

mutant, providing a biochemical rationale for the mild effects on growth observed in vivo.

The multi-round transcript elongation assay does not distinguish effects of the TL 

substitution on different steps in the NAC; both catalysis and translocation contribute to the 

average rate of nucleotide addition on a long DNA template.13 To separate the effect of the 

H1085L substitution on these steps, we assayed the rates of single-nucleotide addition using 

a scaffold on which two successive rounds of AMP addition could be measured (Figure 

3A).12 ECs were formed on this scaffold as described above for the unligated scaffold, 

radiolabeled with [α-32P]GTP, and then extended by two nucleotides with 1 mM ATP in a 

quench-flow instrument (Figure 3). We observed incomplete reactivation of the halted ECs, 

which is a known issue when RNAPII is halted on ECs long enough to conduct quench-flow 

experiments. However, we could correct for the unreactive fraction by including it in kinetic 

modeling of the reaction pathway (see Methods). Best fit pseudo-first order rates for the 

two steps of AMP addition were similar (~30 nt s−1 for WT RNAPII and ~23 nt s−1 for 

H1085L RNAPII, Figure 3C), and the difference was not statistically significant (P=0.4942 

and P=0.1235 for A20 and A21 addition, respectively). The similarity of the rates for the 

two steps, only the second of which requires a translocation event, and the fact that these 

rates are not dramatically different than the average rates observed in the multi-round assay 

that includes pause events is consistent with prior reports that translocation makes only 

a partial contribution to overall transcription rate at saturating substrate concentrations.13 

The results also suggest that H1085L does not dramatically alter translocation and that the 
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slightly slower rates of nucleotide addition for this enzyme likely result from a modest 

reduction in the rate of phosphoryl transfer catalysis.

The rate of pyrophosphorolysis is modestly reduced by the H1085L substitution

RNAPII can shorten the nascent transcript in 1-nt increments by pyrophosphorolysis, the 

reverse of nucleotide addition. This process typically requires higher concentrations of 

pyrophosphate than NTP concentrations needed for nucleotide addition and occurs when the 

EC is pretranslocated. Pyrophosphate reacts with the ribonucleotide in the i+1 site of the 

pretranslocated EC to produce NTP, leaving the EC in the posttranslocated state. To measure 

the rate of this reverse reaction for WT and H1085L RNAPII, we assembled ECs on a short 

oligonucleotide scaffold radioactively labeled with 32P on the 5′ end of the RNA (Figure 

4A).This nucleic-acid scaffold contains 3′ GU in the RNA strand, which was previously 

shown to cause bacterial RNAP to favor the pretranslocated register.12, 47 RNAPII also was 

sensitive to pyrophosphate when bound to this scaffold, shortening the RNA by one nt in the 

presence of 0.5 mM pyrophosphate (Figure 4B). Apyrase (1.5 units/mL), which hydrolyzes 

the NTP generated by pyrophosphorolysis, was included in the reaction mixture to minimize 

the reincorporation of UTP and thus drive the pyrophosphorolysis reaction forward. H1085L 

RNAPII cleaved the RNA transcript at roughly one-third the rate of WT RNAPII (P=0.0037, 

Figure 4B and Figure S2A), confirming the modest effect of this substitution on the capacity 

of RNAPII to catalyze phosphoryl transfer (modest compared to the decreased rate of 

pyrophosphorolysis by a factor of 200 seen for an E. coli RNAP mutant defective for TL 

folding).26

The TL His is not necessary for intrinsic transcript cleavage

To characterize effects of H1085L on other catalytic activities, we examined the ability 

of H1085L RNAPII to cleave a backtracked RNA transcript hydrolytically. To probe the 

backtracked state, we used a bacterial pause sequence originally identified in a bglF 
antisense transcription unit at which E. coli RNAP was shown to backtrack by 4–6 nt 

following addition of cognate NTPs (Figure 5A).12, 48 Because backtracking is driven 

largely by the energetics of RNA and DNA base-pairing, we hypothesized that the bglF 
backtrack pause signal might function with RNAPII. To test this hypothesis, we formed 

RNAPII ECs on the same scaffold used to test E. coli RNAP12 and radiolabeled the nascent 

RNA by reaction with [α-32P]CTP to yield C17 complexes (Figure 5B). Labeled C17 ECs 

were then extended to the pause position (C21) by addition of CTP and UTP (10 μM 

each) and allowed to equilibrate among the different backtrack registers for 10 min. RNA 

hydrolysis from these various registers was initiated by adjusting the pH to 9.0 and the 

concentration of Mg2+ to 20 mM.

On this scaffold, RNAPII backtracked primarily by 3–4 nt, as evidenced by the accumulation 

of a radiolabeled 17-nt RNA product (cleavage after C17 releases an unlabeled 4 nt cleavage 

product) and a radiolabeled 5-nt cleavage product (cleavage after U16) (Figure 5C,D). Thus, 

RNAPII responds to the bglF pause signal similarly to E. coli RNAP, but is less susceptible 

to cleavage in the –5 and –6 registers that yield 6- and 7-nt cleavage products, respectively 

(Figure 5C,D).12 For both RNAPII and E. coli RNAP, the major cleavage product is a 

5-nt RNA resulting from cleavage after backtracking by 4 nt. In principle, the minor C17 

Palo et al. Page 10

Biochemistry. Author manuscript; available in PMC 2022 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RNA product that is more pronounced for RNAPII could be generated by iterative 1-nt 

cleavage events, but the lack of the appearance of intermediate products (i.e. U18, U19, and 

U20) suggests that C17 RNA was produced by a single hydrolysis event in –3 backtracked 

ECs. The H1085L substitution had no measurable effect on the rate of C21 transcript 

hydrolysis (P=0.9603) and only a slight but not statistically significant shift (P=0.5243) in 

the distribution of reaction products to the –3 backtracked register (Figure 5; Figure S3). 

This result indicates that the polar character of the TL His plays no major role in RNA 

cleavage in yeast RNAPII. Similar to bacterial RNAP, substitutions in the TL His modestly 

affect selection among backtrack registers.

The TL His is near-universally conserved

The TL His has been described as universally conserved among mRNA-synthesizing, 

cellular RNAPs based upon a multiple sequence alignment (MSA) of 1187 β′/Rpb1 

homologs.33 Taken together with its position in the active site and accumulated biochemical 

data, it has been proposed to play an essential role in transcription. However, the relatively 

mild effects of replacement with Leu in yeast RNAPII both in vivo and in vitro and even 

more modest effects of Gln substitutions in both E. coli RNAP and yeast RNAPII leave 

unanswered why the TL His is so strongly conserved. In search for an answer, we re-visited 

the MSA performed in 2010.32 The number of protein sequences of β′/Rpb1 homologs 

contained in databases has increased considerably in the decade since this previous large-

scale MSA of RNAPs. To ask whether the TL His remains invariant among available RNAP 

sequences, we aligned the amino-acid sequences of 21,161 β′/Rpb1 orthologs using the 

BLAST to FASTA file to alignment (BlaFA) method developed by Lane and Darst for the 

analysis of complex, evolutionarily diverse RNAP sequences.33

We created MSAs of five distinct classes of RNAP using BlaFA: bacterial RNAPs, archaeal 

RNAPs, eukaryotic RNAPs (including RNAPI, RNAPII, and RNAPIII), plastid RNAPs, and 

viral RNAPs, which are found in nuclear and cytoplasmic double-stranded DNA viruses 

(e.g., poxviruses and mimiviruses) and are related to eukaryotic RNAPs (Table 1). Although 

the results of the BlaFA analysis for eukaryotic RNAPs contained numerous RNAPIV 

and RNAPV large subunit sequences from plants, these RNAP IV and V sequences 

were removed from the final alignment because they do not align well with the TL 

region conserved for all other RNAP classes and appear to have much reduced catalytic 

activities.55, 56

Our MSAs reinforced the remarkable degree of sequence conservation of the TL, and in 

particular the TL His. Only 15 substitutions for the TL His were found in 21,161 sequences, 

corresponding to Lys, Arg, Gln, Asn, and Leu variants (Figure 6, Table 1). Other highly 

conserved TL residues (S. cerevisiae T1077, Q1078, and G1088) had a similar degree of 

conservation, although the region around G1088 appears to be highly divergent in large 

DNA viruses that encode their own RNAP. These MSAs also identified noteworthy features 

of RNAPs from evolutionary groups that were not contained in sequence databases at the 

time of the previous alignment. Lane and Darst identified a naturally-occurring bacterial 

β–β′ fusion protein in the Wolbachia family that had previously been described in the 

Helicobacteraceae family.33, 57 We also observed β–β′ fusion proteins in the Mycoplasma 
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family, the Candidatus Magnetobacterium family in the Nitrospirae phylum, and a number 

of unclassified bacteria species, including members of the Patescibacteria group and 

the Candidatus Desantisbacteria and Candidatus Ratteibacteria families. Additionally, we 

observed Rpb1 homologs in pandoraviruses and molliviruses,58, 59 two giant virus families 

described subsequent to the previous study.

DISCUSSION

The TL His is a steric catalyst of transcription

Our findings that H1085L only slightly impairs phosphoryl transfer catalysis strongly 

supports the positional catalyst model of TL–TH function21 and explain the viability of 

yeast in which this substitution was discovered.33 Because RNAPII lacks another ionizable 

TL residue that could contact substrate triphosphate, our results preclude an obligate, direct 

role for the TL in proton transfer during the phosphoryl transfer reaction and indicate that 

even polar interactions between the TL His and substrate are at least partially dispensable. 

Thus, the positional catalyst model of TL function explains the improved viability of yeast 

carrying the H1085L mutation relative to substitutions that preserve a capacity for proton 

transfer (Lys, Arg) or polar interactions (Ser, Asn) but not the steric volume of the amino-

acid side chain.41

We observed a modest (~2-fold) effect of H1085L on the rate of transcription over hundreds 

of bp (Figure 2) but steps in addition to phosphoryl transfer catalysis such as translocation, 

pausing, and TL folding also can contribute to the overall rate of transcription.13, 54, 60 

A quench-flow kinetic assay with ms resolution indicated kcat for H1085L was ~85% of 

WT and ~74% of WT for a second step that included translocation (Figure 3) compared 

to ~58% of WT for the overall transcription rate over hundreds of bp at saturating NTP 

concentration, even though the latter occurred by a factor of 2.5–3 more slowly for both 

the mutant and WT enzyme. These results strongly support the positional catalyst model 

of TL function and indicate that even the ~2-fold effect of H1085L on overall transcription 

rate may include effects on translocation, TL folding, or pausing rather than catalysis 

per se. This interpretation is consistent with modest effects of the substitution on the 

extent of backtracking evident in a transcript cleavage assay where the substitution had 

no effect on hydrolysis itself (Figure 5). It also may explain the larger effect of H1085L 

on pyrophosphorolysis (factor of ~3; Figure 4) since an effect on translocation state can 

change pyrophosphorolysis rates by more than an order of magnitude.47 However, we cannot 

exclude the possibility that the TL His may non-obligately aid proton abstraction during 

pyrophosphorolysis, a reaction thought to be unimportant in vivo due to rapid hydrolysis of 

PPi.

Our results with RNAPII H1085L also are important because the proposal of the positional 

catalyst model of TL function and absence of an obligate, direct role of the TL His in 

proton transfer role during catalysis11, 20 was based on studies of bacterial RNAP in which 

a TL Arg near the TL His (R933 near H936 in E. coli RNAP) might function as a back-up 

to proton-transfer by the TL His.12 A double R933Q, H936Q E. coli RNAP exhibited an 

~2-fold defect in phosphoryl transfer catalysis suggesting any role in proton transfer is 

not essential but complicating the interpretation.12 In eukaryotic RNAPIIs, the TL Arg is 
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replaced by Asn. Thus, the negligible effect of the H1085L substitution on kcat suggests 

that either direct donation of a proton to PPi by the TL during nucleotide addition is not 

necessary or that this mechanistic requirement is bypassed by H1085L RNAPII. Even in the 

latter case, our results argue that sterically driven catalysis by H1085L is nearly as efficient 

as direct TL-mediated proton transfer.

Our results also argue that even polar contacts between the TL His and substrates are not 

essential for TL function because the nonpolar side chain of Leu is capable of replacing the 

conserved His for catalysis of nucleotide addition and transcript cleavage. The effects of this 

substitution can be understood by examining the charge distribution of the TH relative to the 

bound NTP substrate (Figure 7). The fully folded TH are observed in crystal structures of 

substrate-bound transcription complexes containing an RNA 3′-OH whereas in structures of 

substrate-bound transcription complexes lacking the 3′-OH the TH are only partially formed 

(Figure 7A).20, 27, 39, 61 In the partially formed TH (observed for both yeast RNAPII and 

bacterial RNAP in complexes lacking a 3′-OH), the TL His is shifted 6.5Å away from its 

location in the fully formed TH and both the substrate γ phosphate and the associated Mg2+ 

ion are shifted away from the TL His.

To visualize the effects of the TL His-to-Leu change, we modeled the yeast RNAPII TH 

based on the fully folded T. thermophilus TH and compared the TH surface charge of the 

wild-type and mutant TH in both the fully folded and partially folded conformations. These 

non-energy-minimized models illustrate the modest effects of the TL His-to-Leu change on 

active site configurations but should be regarded as illustrative and hypothetical rather than 

as structural predictions. Upon TH formation a large water-filled cavity that connects the 

active site to solution (green cavity in Figure 7B) is closed such that the active site become 

relatively dehydrated with little free space surrounding the substrate (Figures 7C–F).64, 65 

Although the TH becomes slightly more neutral upon Leu substitution for the TL His, the 

minimal remaining volume between the TH and the substrate NTP is largely unchanged in 

either the model of the fully folded RNAPII TH (Figure 7C and D) or the incompletely 

folded TH conformation observed in the 3′-deoxy S. cerevisiae RNAPII EC (Figure 7E and 

F).20 Thus, both the steric effect of the TH on substrate NTP positioning and dehydration 

of the active site are minimally changed by the Leu substitution, consistent with a modest 

effect on catalysis. It is possible the TL Leu could even enhance the dehydration effect of 

TH formation since Leu is more hydrophobic than the TL His. This effect may explain 

its near-normal function in the positional catalyst model of TH function and the improved 

viability of yeast carrying the H1085L mutation relative to substitutions that preserve the 

capacity for proton transfer (Lys, Arg) or polar interactions (Gln, Asn) and occupy similar 

steric volumes.41, 66, 67 Strikingly, a Gln substitution, which retains the polar character 

of His, exhibited a stronger loss-of-function in S. cerevisiae than the Leu substitution.41 

Obtaining a structure of the RNAPII TH in NTP-bound ECs containing a nascent RNA 

3′-OH, possibly aided by the E1103G RNAPII mutant that biases TL conformation towards 

the folded state,68, 69 would help interpret these biochemical data.
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The TL His of RNAPII is not necessary for intrinsic transcript cleavage

The effect of H1085L on cleavage of backtracked RNA revealed several intriguing results. 

The bacterially derived pause signal sequence on which we assayed backtracking and 

cleavage resembles U-rich sequences on which RNAPII is observed to undergo backtrack-

induced transcriptional arrest upon incorporation of cognate NTPs that can be rescued by 

TFIIS.16, 70 Our results provide a second example in which a eukaryotic RNAP recognizes 

a bacterial pause signal, the first being the consensus elemental pause signal that is 

evolutionarily conserved across domains of life.71–76 In the present case, RNAPII responds 

similarly to bacterial RNAP (i.e., by backtracking), although the extent of backtracking was 

less for RNAPII (Figure 5C).12

Substitution of the TL His had no effect on the rate of RNA hydrolysis from the backtracked 

register and only modest but not statistically significant effects on the distribution of 

cleavage products. A similar lack of effect of individual substitutions in the TL was seen 

previously for E. coli RNAP, suggesting that the absence of a catalytic role for the TL His 

in transcript hydrolysis is widely conserved.21, 34, 38 We and others have noted effects of the 

TL on backtracked RNA positioning,12,35 but these effects on positioning are distinct from 

the lack of effect of the TL on hydrolytic catalysis per se. A notable difference between 

RNAPII and E. coli RNAP was evident only in which backtrack registers were preferred. 

Yeast RNAPII exhibited less tendency to occupy longer backtrack registers giving rise to 

6- and 7-nt cleavage products (Figure 5C).12 For E. coli RNAP and to a lesser extent 

yeast RNAPII, however, substitutions of the TL His affected the extent of backtracking as 

indicated by altered distributions of cleavage products. A Tyr substitution of H1085 in yeast 

RNAPII was found previously to enhance RNA hydrolysis while inhibiting elongation,31, 42 

which could reflect enhancement of backtracking but may also involve a gain-of-function 

effect on RNA hydrolysis. The varying effects of TL substitutions on backtracking in diverse 

RNAPs suggest that the TL may have evolved to play slightly differing roles in different 

organisms.12, 40, 41, 77

Conservation of the TL His

Our alignment of β′/Rpb1 orthologs from all domains of life confirmed the high degree of 

conservation of the TL His. Although certain substitutions are tolerated experimentally with 

only small effects on transcriptional activities, these deficiencies are enough to maintain a 

strong selective advantage in diverse environments and cell lineages. The small number of 

TL His variants we discovered (only 0.07% of sequences examined were not His) raises the 

possibility that these variants result from sequencing errors in deposited data.

Sequencing errors are distinctly possible for the His-to-Asn and His-to-Gln changes that 

require only a single nucleotide change. However, the recorded His-to-Arg, His-to-Lys, and 

His-to-Leu changes involve two nucleotide changes (to AGA or CGC, to AAG, or to CTA, 

respectively). Furthermore, the His-to-Lys changes were reported independently for closely 

related Actinobacteria (Mycobacteria, Actinomycetospora, and Pseudonocardia species in 

Figure 6). These His-to-Lys changes are thus likely to reflect viable substitutions, although 

of note these species all contain Arg at the position equivalent to E. coli β′933. The single 
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instance of a His-to-Leu (CTA in Zea diploperennis plastid RNAP) change is ambiguous 

since it could arise by reversal of the 2nd and 3rd codon positions).

Two TL His-to-Arg changes identified in Faustovirus strains are highly divergent in 

the surrounding TL sequences (Figure 6) relative to other β′/Rpb1 homologs including 

those containing other potential TL His variants (e.g., Noumeavirus, Melbournevirus, and 

Marseillevirus RNAPs). Even highly divergent Asfarviruses Rpb1 homolog sequences, 

which were withheld from a previous analysis for being too divergent to align with 

confidence,33 contain the TL His in our alignment despite strongly resembling the divergent 

Faustovirus sequences in flanking TL sequences (Figure 6). Resequencing of the TL region 

from species exhibiting TL His variants and possibly biochemical analysis of their RNAPs 

may give insight into the functional consequences of rare natural substitutions of the TL His.

Conclusion

Our study of the H1085L RNAPII substitution confirms the positional catalyst model of 

TL function12 for eukaryotic RNAPII and provides a biochemical basis for the observed 

phenotype of yeast bearing this substitution. The TL His functions primarily as a steric not 

acid–base catalyst of transcription. These findings leave unanswered how proton transfer 

is accomplished during phosphoryl transfer reactions catalyzed by RNAPII. Future genetic, 

biochemical, and structural studies should address this question.
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TFIIS transcription factor IIS

TH trigger helices

TL trigger loop

WT wild type
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Figure 1. The active site of RNA polymerase.
(A) The nucleotide addition cycle (NAC). Binding of NTP substrate to the i+1 site, 

catalysis of phosphodiester bond formation, pyrophosphate release, and translocation of the 

nucleic acids occur iteratively to extend the transcript. Reverse translocation (backtracking) 

can interrupt the NAC in response to misincorporation or a DNA-encoded pause signal. 

Backtracked ECs can hydrolyze the nascent RNA with or without the aid of extrinsic factors 

to resume the NAC. Template DNA is shown in blue, nontemplate DNA in black, RNA in 

red, incoming NTP in green, i and i+1 sites in grey, and magnesium ions in yellow. One 

base pair in the nontemplate and template DNA is colored in purple to indicate translocation 

throughout the events of the NAC. (B) Conformers of the yeast RNAPII TL. Nucleic acids 

and magnesium ions are colored as in panel A. The partially folded TH from S. cerevisiae 

RNAPII with 3′-deoxy RNA and GTP in the active site are shown in orange (PDB ID 

code 2E2H).20 The unfolded TL from the S. cerevisiae RNAPII EC with an incorrect dNTP 

substrate in the active site is shown in cyan (PDB ID code 2NVQ).20 An unfolded TL 

conformer from a 1-nt backtracked S. cerevisiae RNAPII EC is shown in magenta (PDB 

ID code 3GTG).21 The secondary channel through which substrates enter the active site is 

indicated with a grey arrow. For simplicity, only the nucleic-acid scaffold from 2E2H is 

depicted.
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Figure 2. Multi-round nucleotide addition by RNAPII.
(A) Experimental overview for preparation of labeled ECs on scaffold 1 and ligation to a 

2.3 kb fragment of the E. coli rpoB gene (see Figure S2A for the sequence of the nucleic 

acid scaffold). (B) Time course of transcription by WT and H1085L RNAPII. Average 

nucleotide addition rates were determined from the change in the average transcript length 

(see Methods). H1085L RNAPII elongated at about two-thirds the rate of WT RNAPII 

(unpaired two-sample t-test P<0.0001). An uncropped image of the gel is shown in Figure 

S1B.
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Figure 3. Single nucleotide addition steps by RNAPII.
(A) RNA in the halted EC was radiolabeled by incorporation of [α-32P]GMP to form G19 

RNA and then extended in the reaction with 1 mM ATP to form A20 and A21 RNAs. (B) 

The reactions were quenched at various time points from 2 to 1000 ms and RNA products 

were separated by gel electrophoresis. The discontinuity in the H1085L panel resulted from 

an air bubble in the gel and not from image editing. (C) Quantified single nucleotide 

addition data from three replicates per time points for WT (solid curve) and H1085L (dashed 

curve) RNAP closely matched. Quench-flow data from three replicates were used to obtain 

the rate constants for nucleotide addition by kinetic modeling (see Methods). Only the 

reactive portion of G19 contributes to the rate constants estimated by kinetic modeling. *, 

the rate constant of the second step of AMP addition for WT RNAP was modeled from 

duplicate data sets and reported as the mean ± the difference in the duplicate values.
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Figure 4. Phosphoryl transfer in reverse.
(A) Scaffold 2 and experimental overview of the pyrophosphorolysis assay. NT-DNA and 

T-DNA are noncomplementary in the region of the RNA-DNA hybrid. The RNA was 5′ 
end labeled in order to track the progress of the reaction. Apyrase was included to break 

down UTP released by the reaction and thus favor RNA cleavage. (B) Pyrophosphorolysis 

by WT and H1085L RNAPII. H1085L reduced the rate of U14 RNA decay by a factor of ~3 

(unpaired two-sample t-test P=0.0037). See Figure S2 for an image of the full gel and kinetic 

fits of the data.

Palo et al. Page 24

Biochemistry. Author manuscript; available in PMC 2022 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. RNA hydrolysis by backtracked ECs.
(A) Scaffold 3, encoding the E. coli bglF backtrack pause signal.12 (B) Experimental 

steps in the backtrack cleavage assay. RNA was labeled by incorporation of [α-32P]CMP 

and extended to the pause position, then allowed to equilibrate among various backtrack 

registers. Cleavage was initiated by addition of Mg2+ in pH 9.0 buffer. (C) Quantitation of 

relative amounts of cleavage products from backtracked ECs. The data for E. coli RNAP 

were published previously.12 The data for yeast RNAPII were quantified from the gel shown 

in panel D. (D) Intrinsic cleavage by WT and H1085L RNAPII. A reaction with E. coli 
RNAP was performed and allowed to run for 150 min in order to identify the species 

produced by RNAPII. The H1085L mutation did not affect the rate of cleavage from the C21 

position (unpaired two-sample t-test P=0.9603), which is shown below the gel lanes. See 

Figure S3 for kinetic fits of the data.
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Figure 6. Conservation of the TL His.
MSA of model RNAPs and sequences containing putative TL His variants occuring in 15 of 

the 21161 TL sequences examined. The names of variant sequences identified in this study 

are colored in red. The class of each sequence (Table 1) is indicated in parentheses after the 

name: A=archaeal, B=bacterial, E=eukaryotic, P=plastid, V=viral. RNAP sequences from 

model organisms in each class were included for comparison. The position corresponding to 

H1085 is highlighted with a black box. Key TL residues studied extensively in S. cerevisiae 
RNAPII are indicated at the bottom of the alignment. Sequences are clustered based on their 

similarity. The phylogenetic tree inferred from the MSA is shown on the left (horizontal 

distances are arbitrary). Amino acids are colored with aliphatic/hydrophobic residues in 

pink, aromatic residues in orange, positively charged residues in blue, negatively charged 

residues in red, hydrophilic residues in green, Gly and Pro in purple, and Cys in yellow.
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Figure 7. Effect of H1085L on contacts to substrate NTP in the RNAPII active site.
(A) Comparison of four structures of cognate NTPs bound in the active site of a multi-

subunit RNAP. In two structures, one of yeast RNAPII (PDB ID code 2E2H)20 and one of 

E. coli RNAP (PDB ID code 6RH3),39 a 3′-deoxy RNA is present in reconstituted ECs to 

block reaction with bound NTP. In these structures, the TH are incompletely formed, the 

TL His is nearest the β phosphate oxygen, and the γ phosphate and Mg2+II are shifted 

relative to their positions in structures containing an RNA 3′-OH. The 3′-OH-containing 

structures, one with T. thermophilus RNAP and bound AMPCPP to block reaction (PDB 

ID code 2O5J)27 and one with E. coli RNAP captured after nucleotide addition but before 
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PPi release (PDB ID code 5IPL),62 reveal fully formed TH with the TL His shifted 6.5 

Å toward the center of catalysis relative to the 3′-deoxy structures. In the TH position, 

the TL His helps position the triphosphate for reactive alignment necessary to achieve the 

trigonal bipyramidal transition state for phosphoryl transfer. (B) The open position of the 

TL, shown here for a complete S. cerevisiae RNAPII EC in which the TL could be resolved 

(PDB ID code 5C4X),63 positions the TL His far from the active site and creates a large 

solvent-exposed cavity that connects the active site with the surrounding solution (green 

volume) that allows NTP entry and PPi release. (C) TH charge distribution and space 

between TH and NTP in the S. cerevisiae RNAPII EC containing 3′-deoxy RNA (PDB 

ID code 2E2H).20 The inset shows the cavity between the TH and substrate NTP in which 

water may potentially reside (green volume partially behind the TH volume in this view). 

(D) TH charge distribution and space between TH and NTP in the S. cerevisiae RNAPII 

EC containing 3′-deoxy RNA and the H1085L substitution. (E) TH charge distribution and 

space between TH and NTP in a model of the S. cerevisiae RNAPII EC containing 3′-OH 

RNA and a fully folded TH based on the TH Cα positions observed the T. thermophilus EC 

(PDB ID code 2O5J).27 (F) TH charge distribution and space between TH and NTP in the 

model shown in panel E but instead containing H1085L.
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Table 1.
Number of sequences in β′/Rpb1 MSAs.

Residue numbers correspond to S. cerevisiae Rpb1. Sub-categorization of the eukaryotic RNAP MSA is 

shown in italics.

Number of variants at TL residue (identity of amino acid(s))

RNAP class Number of 
sequences

T1077 Q1078 H1085 G1088

Bacterial 10782 9 (V, M) 0 8 (K, Q, N) 0

Plastid 3550 0 0 1 (L) 0

Archaeal 881 4 (S) 1 (H) 0 0

Eukaryotic (RNAPI, RNAPII, 
RNAPIII)

5787 2 (I, S) 12 (K, S, L) 1 (Q) 4 (V, A, S)

 RNAPI 1037 1 (S) 0 0 0

 RNAPII 1294 1 (I) 5 (K, L) 0 0

 RNAPIII 1108 0 4 (S) 1 (Q) 1 (V)

 Unannotated 2348 0 3 (K) 0 3 (A, S, V)

Nuclear-cytoplasmic large 
double-stranded DNA viruses

161 1 (A) 0 5 (R) 80 (E, K, A, V, S)

Total 21161 16 (V, S, M, I, A) 13 (K, S, H, L) 15 (K, R, Q, N, L) 84 (E, K, V, A, S)
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