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Manipulating Archaeal Systems to Permit Analyses of
Transcription Elongation-Termination Decisions In Vitro

Alexandra M. Gehring and Thomas J. Santangelo

Abstract

Transcription elongation by multisubunit RNA polymerases (RNAPS) is processive, but neither
uniform nor continuous. Regulatory events during elongation include pausing, backtracking,
arrest, and transcription termination, and it is critical to determine whether the absence of
continued synthesis is transient or permanent. Here we describe mechanisms to generate large
quantities of stable archaeal elongation complexes on a solid support to permit (1) single-round
transcription, (2) walking of RNAP to any defined template position, and (3) discrimination of
transcripts that are associated with RNAP from those that are released to solution. This
methodology is based on untagged proteins transcribing biotin- and digoxigenin-labeled DNA
templates in association with paramagnetic particles.
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1 Introduction

Processive transcription elongation adumbrates, and research findings support that the
decision to terminate transcript synthesis is tightly regulated [1-21]. It is therefore
imperative that methods are available to discriminate delayed synthesis (paused,
backtracked, or arrested complexes) from bona vide transcript release signaling transcription
termination. Release of an RNA transcript from a fully formed elongation complex is the
definition of transcription termination [22]. This definition discriminates true termination
from abortive initiation wherein short transcripts are often repeatedly released from
complexes transitioning from initiation to elongation [23-26]. Release of the nascent RNA
may or may not occur simultaneously with recycling of RNAP from the DNA for another
round of transcription [27].

Studies of elongation and termination often require positioning elongation complexes at
discrete template positions in vitro. By noncovalently linking template DNAs to a solid—
and often zmagnetic—support, stable transcription complexes can be generated by limiting
the NTP substrates provided to RNAP for synthesis [28, 29]. Transcription of a template
attached to a solid support permits walking RNAP to discrete positions and also provides a
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simple technique to distinguish those transcripts associated with stalled but stable elongation
complexes from true termination events.

Herein we describe methods to expand this technology to the study of archaeal RNAPSs. The
simplified transcription system employed by all archaea most closely mimics the eukaryotic
RNA polymerase Il (Pol 1) system rather than the bacterial or eukaryotic Pol I or Pol |1l
machinery [30-37]. Archaeal transcription systems necessitate that at least two additional
considerations must be addressed. First, essentially all current in vitro transcription systems
with archaeal components are derived from hyperthermophiles [38-43], and transcription at
high temperatures often requires two compatible solid-support matrixes to facilitate multiple
rounds of walking and to distinguish true termination events. Second, the archaeal
transcription apparatus is not sensitive to commonly used RNAP inhibitors (i.e., rifampicin
or a-amanitin) [44], and thus transcription of a template linked to a solid support is often
necessary to obtain a single elongation complex per DNA template to analyze single-round
transcription elongation and termination in vitro. The methods presented here detail the
promoter-directed in vitro transcription derived from Thermococcus kodakarensis and the
steps necessary to generate stalled elongation complexes and monitor transcription
termination.

2 Materials

2.1 Bacterial Cell Growth and Purification of Recombinant TBP, TFB1, and TFB2

1. LB media (10 g/L peptone, 5 g/L yeast extract, 10 g/L NaCl). 1 L autoclave
sterilized within a 4 L baffled Erlenmeyer flask.

Kanamycin.

Chloramphenicol.

Rosetta 2 (DE3) cells (Novagen) (see Note 1).
Isopropyl-p-D-1 thiogalactopyranoside (IPTG).
Sorbitol.

Lysozyme.

© N o o &~ W DN

TEN-x buffers: 20 mM Tris—HCI pH 8, 0.1 mM EDTA, x mM Nacl. Buffers are
named based on [NaCl]. For example, TEN-100 represents a solution with 100 mM
NaCl.

9. Protein storage buffer: 20 mM Tris—HCI pH 8, 0.1 mM EDTA, 100 mM NacCl, 50
% glycerol, 5 mM B-ME.

10. 6x SDS-loading buffer (0.375 M Tris pH 6.8, 12 % SDS, 60 % glycerol, 0.6 M
DTT, 0.06 % bromophenol blue).

LArchaeal and bacterial genomes use the same genetic code, but substantial differences in codon bias between the two domains
generally necessitates use of an E. coli strain wherein all rare tRNAs are overexpressed to facilitate high-level translation of archaeal
transcripts for recombinant protein production.
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11. 5x SDS-running buffer (94 g glycine, 15 g Tris-base, and 5 g sodium dodecyl
sulfate (SDS) per liter).

12. Dialysis tubing (10 kDa and 100 kDa molecular weight cut-off).

2.2 Thermococcus Cell Growth and Purification of RNAP

1. Anaerobic chamber (Coy Laboratories) (see Note 2).

2. Artificial seawater medium supplemented with 0.5 % (w/v) tryptone, 0.5 % (w/v)
yeast extract, 1x trace mineral solution, and 1x vitamin mixture. 1x artificial
seawater contains 20 g NaCl, 3 g MgCl,-6H,0, 6 g MgSO4-7H50, 1 g (NH4),SOy4,
200 mg NaHCO3, 300 mg CaCl,-2H,0, 0.5 g KCI, 420 mg KH,PO,4, 50 mg NaBr,
20 mg SrCl,-6H,0, and 10 mg Fe(NH4)2(SO4),-6H,0 per L.

3. Trace mineral solution (1,000%): 0.5 g MnSO4-H,0, 0.1 g CoCl,-6H,0, 0.1 g
ZnS04-7H50, 0.01 g CuSO4-5H,0, 0.01 g AIK(SO4)2:12H,0, 0.01 g H3BO3, 0.01
g NapM00Oy4-2H,0 per L.

4. Vitamin mixture (200x): 0.2 g niacin, 0.08 g biotin, 0.2 g p antothenate, 0.2 g lipoic
acid, 0.08 g folic acid, 0.2 g P-amionbenzoic acid, 0.2 g thiamine, 0.2 g riboflavin,
0.2 g py ridoxine, 0.2 g cobalamin per L.

5. Elemental sulfur (flowers of sulfur).

2.3 In Vitro Transcription
1. rNTPs (see Note 3).

2. 10x Transcription Buffer: 155 mM Tris—HCI pH 8.0, 27.5 mM MgCl,.

3. SA Buffer: 10 mM Tris—HCI pH 8.0, 150 mM NaCl, 0.1 mg/ml bovine serum
albumin (BSA).

4. Wash Buffer: 20 mM Tris—HCI, 0.1 mM EDTA, 250 mM KCI, 4 mM MgCl,, 20
pg/ml BSA.

5. 1.2x Stop buffer: 0.6 M Tris—HCI pH 8.0, 12 mM EDTA.
6. 1.0x Stop buffer: 0.5 M Tris—=HCI pH 8.0, 10 mM EDTA.

7. Formamide loading buffer: 95 % formamide, 1x TBE containing 0.1 %
bromophenol blue and 0.1 % xylene cyanol.

8. 1MKCI.

2T, kodakarensisis an obligate anaerobe. Facilities for anaerobic microbiology are critical for the proper passage and growth of
Thermococcus strains. We use an anaerobic chamber manufactured by Coy Laboratories, although any unit capable of maintaining an
anaerobic environment would be suitable. All media preparations should be carried out within the chamber, sealed within the
chamber, and then removed from the chamber for sterilization. Extreme caution is warranted when autoclaving sealed media bottles. 1
L of media is typically prepared in 2 L pyrex bottles with high temperature closures and anaerobic septums.

When employing subsets of NTPs to allow elongation to a specific position, it is critical that the purity of the NTPs be extremely
high. The quality and purity of NTP preparations from suppliers differs significantly. We routinely use NTPs purchased from GE
Healthcare, although any sufficiently pure NTPs will suffice. Transcription initiation with a dinucleotide is often preferable to
initiation using two NTPs, as initiation is more uniform and the dinucleotide permits radiolabeling of the dinucleotide with 32 P-y-
ATP. Use of radiolabeled dinucleotides results in transcripts with a single radiolabel and facilitates rapid quantification of RNA
products on a molar ratio.
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Streptavidin-coated magnetic beads (We use Streptavidin MagneSphere
Paramagnetic Particles from Promega).

Anti-digoxigenin magnetic beads (We use Anti-digoxigenin magnetic particles
from Roche).

25:24:1 Phenol:Chloroform:Isoamyl alcohol mixture; Tris-saturated at pH 8.0.
Dinucleotide (ApC; see Note 3).

OmniFlex 200 pl Gel-Load pipette tips (Life Science Products).

32p_y-ATP.

T4 polynulceotide kinase (We use PNK purchased from New England Biolabs).
10x T4 PNK buffer (We use the buffer supplied from New England Biolabs).

2.4 Additional Instrumentation

1
2.
3.

10.

11.

Top-heated thermocycler (see Note 4).
40 cm vertical gel electrophoresis apparatus and an appropriate power supply.
Sonicator and appropriate horn.

Large capacity high-speed centrifuge. We use an Avanti-J26 XP1 equipped with
JA25.50, JLA10.5, and J20/1 rotors; Beckman Coulter.

Liquid chromatography system equipped with fraction collector. We use an AKTA
platform; GE Healthcare.

Chromatography columns, including Hi Trap Q-FF, Superdex 200 16/60, Hi Trap
SP-FF, Mono Q, and Hi Trap Chelating. We obtain all of our columns from GE
Healthcare, although any high-quality columns with similar matrixes will suffice.

Centrifugal concentrators (10, 30, and 100 kDa molecular weight cut-off; we use
units from Ambion).

Discontinuous SDS-PAGE system. We generate all gels in-house and resolve gels
using a Minimax protein apparatus; Aquebogue Machine Shop.

Coomassie stain (1 g coomassie per liter; 50 % methanol, 10 % acetic acid, 40 %
H,0).

Magnetic separation stand (Although any magnet will suffice, we typically rely on
commercial stands from Promega).

pH and conductivity meter.

4small volume transcription reactions (<100 pl) heated to 85 °C in a traditional wet- or dry-bath suffer too great a volumetric loss due
to evaporation to control reaction conditions for reproducible results. We rely on top-heated thermocyclers to limit evaporative loss.
The reaction tubes used for the experimentation should be sized appropriately to fit into the thermocycler and allow the top of the
thermocycler to close tightly. We utilize 0.65 ml tubes with flat caps.
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Transcription using archaeal components requires only three protein complexes for accurate
promoter-initiated transcription, namely RNAP, TATA-binding protein (TBP), and
Transcription Factor B (TFB) [38, 45]. Procedures for the purification of the necessary
protein complexes are provided first, followed by details regarding the formation of
elongation complexes. Separation of intact transcription elongation complexes from RNAs
released into solution is then detailed.

3.1 Purification of Recombinant Archaeal TBP

1.

Grow Rosetta2 (DE3) cells carrying a pET30b-derived vector expressing
recombinant TBP (TK0132) from T. kodakarensisin LB supplemented with 34
pg/ml chloramphenicol and 40 pg/ml kanamycin to an Aggg of 0.4 at 37 °C. Induce
expression by addition of IPTG to a final concentration of 0.25 mM and sorbitol to
final concentration of 1 % (w/v) (see Note 5). Allow 12 h at 22 °C for induction
(see Note 6).

Harvest biomass (5,000 x g) and discard supernatant. Resuspend biomass (3 ml per
gram) in TEN-0 with 0.2 mg lysozyme/ml and lyse by repeated sonication (see
Note 7).

Clarify mixture by centrifugation (10,000 x g). Discard pelleted debris.

Load the clarified supernatant over a 5 ml Hi-Trap Q-FF column (pre-equilibrated
with TEN-100) attached to a chromatography system. Discard flowthrough.

Flush the column with minimally 20 column volumes TEN-100 (continue to flush
with TEN-100 if substantial protein elution can be detected by monitoring the UV
absorbance of the eluent). Elute bound proteins, including TBP, with a ~30 column
volume linear gradient of NaCl from TEN-100 to TEN-2000.

Collect 1-2 ml fractions during the elution. 10 ul of peak fractions (identified by
UV absorbance) are combined with 2 ul 6x SDS-loading buffer and boiled for 3
min.

Fractions containing TBP (molecular weight ~21.5 kDa) should be identified by
SDS-PAGE and coomassie staining.

Fractions containing TBP should be pooled and concentrated (at 4 °C) to <1 ml
using 10 kDa molecular-weight cut-off centrifugal concentrators following the
manufacturers recommendations.

SThe concentrations of IPTG used here have been empirically determined to maximize protein expression. Alternate expression
constructs are likely to require different conditions. The addition of sorbitol aids in expression and limits degradation of recombinant

roteins.

TBP expression peaks at 12 h post-induction and solubility is greater when cultures are shifted to 22 °C. Purification is possible from
cultures maintained at 37 °C and from cultures induced for as short as 1 h.

Sonication is typically completed with a series of 10 s pulses, on ice, with 30-40 s between pulses to limit heating the sample.
Sonication is continued until the mixture has a viscosity approximately equal to water.
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Concentrated fractions containing TBP should be loaded onto and resolved through
a Superdex 200 16/60 column equilibrated with TEN-500 at 0.5 ml/min. Collect 1-
2 ml fractions during the elution.

Fractions containing TBP should be identified by SDS-PAGE and coomassie
staining (as in Subheading 3.1, steps 6 and 7). These fractions should be pooled
and concentrated (as in Subheading 3.1, step 7).

Concentrated fractions containing TBP should be reapplied onto a 5 ml HiTrap Q-
FF column pre-equilibrated with TEN-200. The column should be washed with
TEN-200 until no changes in UV absorbance are noted in the eluent. Bound
proteins are eluted with a linear ~30 CV gradient from TEN-200 to TEN-900.

Fractions containing TBP should be identified by SDS-PAGE and coomassie
staining. These fractions should be pooled and concentrated (if necessary). Secure
samples in 10 kDa dialysis tubing and dialyze samples (twice, for at least 6 h)
against minimally 1,000-volumes protein storage buffer. Recover purified protein
from the dialysis tube and store at —80 °C.

3.2 Purification of Recombinant Archaeal TFB

T. kodakarensis encodes two isoforms of transcription factor B [(TFB); TFB1 = TK1280;
TFB2 = TK2287], both of which are fully functional in vivo and in vitro for all transcription
reactions [39]. Details are provided that are generally applicable for purification of either
TFB isoform tagged with an N-terminal Hisg-sequence.

1

Grow Rosetta2 (DE3) cells carrying a pET28a-derived vector expressing a
recombinant TFB from T. kodakarensis in LB supplemented with 34 pg/ml
chloramphenicol and 40 pg/ml kanamycin to an Aggg of 0.5 at 37 °C. Induce
expression by addition of IPTG to a final concentration of 0.25 mM and sorbitol to
final concentration of 1 % (w/v). Allow 24 h at 22 °C for induction (see Note 8).

Harvest biomass (5,000 x g) and discard supernatant. Resuspend biomass in
TEN-100 (3 ml per gram) containing 0.2 mg lysozyme/ml and lyse by repeated
sonication.

Clarify mixture by centrifugation (10,000 x g). Discard pelleted debris.

Load the clarified supernatant over a 5 ml Hi-Trap SP-FF column (pre-equilibrated
with TNE-100) attached to a chromatography system. Discard flowthrough.

Flush the column with minimally 20 CV TEN-100 (continue to flush with
TEN-100 if substantial protein elution can be detected by monitoring the UV
absorbance of the eluent). Elute the bound proteins, including TFB, with a ~30 CV
linear gradient of TEN-100 to TEN-2000.

8Expression of each TFB peaks at least 24 h after induction. Lowering the culture temperature to 22 °C aids in total yield and
solubility of each TFB isoform.
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Collect 1-2 ml fractions during the elution. 10 ul of peak fractions (identified by
UV absorbance) are combined with 2 ul 6x SDS-loading buffer and boiled for 3
min.

Fractions containing TFB (molecular weight ~34 kDa) should be identified by
SDS-PAGE and coomassie staining.

Fractions containing TFB should be pooled, and loaded directly onto a 5 ml Ni2*-

charged chelating column (see Note 9). After extensive washing with 20 ml Tris—

HCI pH 8.0 containing 500 mM NaCl and 5 mM imidazole, bound proteins should
be eluted with a linear gradient of 500 mM NaCl and 5 mM imidazole to 100 mM

NaCl and 500 mM imidazole in 20 mM Tris—HCI pH 8.0.

Fractions containing TFB should be identified by SDS-PAGE and coomassie
staining. These fractions should be pooled and concentrated (if necessary). Secure
samples in 10 kDa dialysis tubing and dialyze samples (twice, for at least 6 h)
against minimally 1,000-volumes protein storage buffer. Recover purified protein
from the dialysis tube and store at —80 °C.

3.3 Purification of Archaeal RNAP

Many archaeal RNAPs contain Fe-S centers [46, 47], however, there is no evidence for such
clusters in T. kodakarensis RNAP and the enzyme can be purified aerobically without
concern. Strains wherein a gene encoding a single subunit of RNA polymerase is modified
to encode a protein with a Hisg-tag are now routinely used for purification of RNAP [39].

1.

Prepare sterile artificial seawater media supplemented with yeast extract, tryptone,
vitamins, and trace minerals within a Coy anaerobic chamber (see Note 2). Add
sulfur to 2 g per L. Media should be inoculated with an appropriate T. kodakarensis
culture (1:100) and be placed at 85 °C until growth reaches mid-exponential phase
(Asoo ~ 0.6).

Harvest biomass (aerobically, 5,000 x g; see Note 10) and discard supernatant.
Resuspend biomass (3 ml per gram) in 25 mM Tris—HCI pH 8.0, 1 M NaCl, 10 %
(v/v) glycerol and lyse by repeated freeze-thawing employing liquid N, (see Note
11).

Clarify mixture by centrifugation (15,000 x g). Discard pelleted debris.

Load the clarified supernatant over a 5 ml Ni2*-charged Hi-Trap chelating column
(pre-equilibrated with 25 ml Tris—HCI pH 8.0 containing 1 M NaCl and 10 % (v/v)
glycerol) attached to a chromatography system. Discard flowthrough.

9Many Ni2+-af'finity matrixes are available. We routinely use prepacked chelating columns that we charge with NiSO4 prior to use.
Columns are flushed, in order, with 5 CV H20, 1 CV 0.5 M EDTA (to remove all bound metals), 5 CV H20, 1 CV 0.1 M NiSO4 (to
charge the column with Ni2+), and 5 CV H20 before each use.

The metabolism of T. kodakarensis typically uses elemental sulfur as the terminal electron acceptor, thus generating copious
amount of poisonous H2S gas and building substantial pressures within the sealed growth vessel. Extreme care should be taken to
Eroperly vent the pressurized gases prior to harvesting biomass. All spent media should be disposed within a fume hood.

1Biomass is flash frozen by immersion in liquid N2 then immediately thawed by incubation at 85 °C. Repeated rounds of freezing
and thawing effectively lyses T. kodakarensis cultures.

Methods Mol Biol. Author manuscript; available in PMC 2016 March 20.
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Flush the column with minimally 20 CV 25 ml Tris—HCI pH 8.0 containing 1 M
NaCl and 10 % (v/v) glycerol (continue to flush with 25 ml Tris—HCI pH 8.0
containing 1 M NaCl and 10 % (v/v) glycerol if substantial protein elution can be
detected by monitoring the UV absorbance of the eluent). Elute the bound proteins,
including RNAP, with a ~30 CV linear gradient from 25 ml Tris—=HCI pH 8.0
containing 1 M NaCl and 10 % (v/v) glycerol to 25 ml Tris—=HCI pH 8.0 containing
0.1 M NacCl, 10 % (v/v) glycerol, and 100 mM imidazole.

Collect 1-2 ml fractions during the elution. 10 ul of peak fractions (identified by
UV absorbance) are combined with 2 pl 6x SDS-loading buffer and boiled for 3
min.

Fractions containing RNAP (molecular weight ~380,000 kDa; 12 subunits) should
be identified by SDS-PAGE and coomassie staining. The two largest subunits of
RNAP run as an easily identifiable doublet near the top of the gel.

Fractions containing RNAP should be pooled and concentrated to <1 ml using 100
kDa molecular-weight cut-off centrifugal concentrators.

Concentrated material containing RNAP should be diluted with 25 ml Tris—HCI pH
8.0 10 % (v/v) glycerol until the conductivity of the sample is below the
conductivity of 25 mM Tris—HCI pH 8.0, 10 mM MgCly, 10 % (v/v) glycerol. The
diluted sample should be loaded onto and resolved through a 1 ml Mono Q column.
Discard flowthrough. The column should be washed with minimally 20 CV 25 mM
Tris—HCI pH 8.0, 10 mM MgCls, 10 % (v/v) glycerol containing 200 mM KCl,
then bound proteins should be eluted with a linear gradient of 200 mM to 400 mM
KCI in 25 mM Tris—HCI pH 8.0, 10 mM MgCl,, 10 % (v/v) glycerol.

Collect 1-2 ml fractions during the elution. 10 pl of peak fractions (identified by
UV absorbance) are combined with 2 pul 6x SDS-loading buffer and boiled for 3
min.

Fractions containing RNAP (molecular weight ~380,000 kDa; 12 subunits) should
be identified by SDS-PAGE and coomassie staining.

Fractions containing RNAP should be pooled and concentrated to <1 ml using 100
kDa molecular-weight cut-off centrifugal concentrators. Concentrated material
should be loaded onto and resolved through a Superdex 200 16/60 column
equilibrated with 20 mM Tris—HCI pH 8.0, 0.1 mM EDTA, 100 mM NaCl at 0.5
ml/min.

Collect 1-2 ml fractions during the elution. 10 ul of peak fractions (identified by
UV absorbance) are combined with 2 ul 6x SDS-loading buffer and boiled for 3
min.

Fractions containing RNAP (molecular weight ~380,000 kDa; 12 subunits) should
be identified by SDS-PAGE and coomassie staining. Pool appropriate fractions.

Pooled fractions containing RNAP should be reapplied to a 5 ml Ni2*-charged
HiTrap chelating column (pre-equilibrated with 25 ml Tris—-HCI pH 8.0 containing

Methods Mol Biol. Author manuscript; available in PMC 2016 March 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gehring and Santangelo

16.

17.

Page 9

1 M NaCl and 10 % (v/v) glycerol) attached to a chromatography system. Discard
flowthrough.

Flush the column with minimally 20 CV 25 ml Tris—HCI pH 8.0 containing 1 M
NaCl and 10 % (v/v) glycerol (continue to flush with 25 ml Tris—HCI pH 8.0
containing 1 M NaCl and 10 % (v/v) glycerol if substantial protein elution can be
detected by monitoring the UV absorbance of the eluent). Elute the bound proteins,
including RNAP, with a ~30 CV linear gradient from 25 ml Tris—=HCI pH 8.0
containing 1 M NaCl and 10 % (v/v) glycerol to 25 ml Tris—=HCI pH 8.0 containing
0.1 M NacCl, 10 % (v/v) glycerol, and 100 mM imidazole.

Collect 1-2 ml fractions during the elution. 10 ul of peak fractions (identified by
UV absorbance) are combined with 2 pl 6x SDS-loading buffer and boiled for 3
min.

Fractions containing RNAP should be identified by SDS-PAGE and coomassie
staining. These fractions should be pooled and concentrated (if necessary). Secure
samples in 100 kDa dialysis tubing and dialyze samples (twice, for at least 6 h)
against minimally 1,000-volumes protein storage buffer. Recover purified protein
from the dialysis tube and store at =80 °C.

3.4 Design of DNA Template

We employ DNA templates containing the modified promoter from Methanother mobacter
sp. used to initiate transcription of histone B (5'-
GCGATATATTTATATAGGGATATAGTAATAGATAATATCA-3') [48]. This short

promoter sequence (Phmg) contains both BRE (underlined) and TATA box (double
underlined) sequences to aid transcription factor binding. The transcription start site (bold) is
defined and uniform, and >70 % of template DNAs contain elongation complexes when
initiation uses equimolar RNAP and template concentrations; TBP and TFB are provided in
fourfold molar excess [39]. The sequence downstream from the transcription initiation site
can be designed to suit the particular needs of an experiment; for illustrative purposes, we
will detail elongation on a DNA template permitting elongation to +116 with the initially
transcribed sequence of +1-ACGGTAACCGG (Fig. 1).

It is important to note that the DNA templates employed in transcription assays can be any
length and can include the use of even supercoiled plasmid templates. We typically employ
templates wherein the 5’ end of the nontemplate strand of DNA is biotinylated or
digoxigenin-labeled such that elongation complexes can be captured and washed during the
experiment. For experiments requiring multiple walking steps interspersed with heating
steps, the template strand should also be labeled at the 5 end with either digoxigenin or
biotin; note that on DNA templates where both 5’ bases are modified, one strand should be
labeled with biotin and the complement with digoxigenin. For all of our DNAs used in
transcription reactions, nontemplate sequences are fully complementary to template strand
sequences. Double-stranded templates can be generated via PCR (with or without 5/-
modified primers), or each strand of the DNA can be chemically synthesized and
oligonucleotides paired to generate double-stranded templates for transcription.

Methods Mol Biol. Author manuscript; available in PMC 2016 March 20.
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3.5 Labeling Dinucleotide Primers with32p

1. For each transcription reaction, combine 1.5 umole ApC dinucleotide with ~50
HCi32P-y-ATP, in a 5 pl reaction containing 1x T4 PNK buffer and 10 U T4 PNK.

2. Incubate the reaction at 37 °C for 1 h.

3. Incubate the reaction at 85 °C for 10 min to inactivate T4 PNK.

3.6 Transcription Initiation with Subsets of NTPs Permits Walking of RNAP

1. Combine a double-stranded DNA template (10 nM final) with 40 nM RNAP, 80
nM TFB, 80 nM TBP, in 1x Transcription buffer supplemented with 250 mM KClI,
5mM DTT, and 5 mM MgCl,. Add the entirety of the reaction wherein the
dinucleotide was labeled (from Subheading 3.4). Reactions are typically prepared
in sterile, 0.6 ml plastic tubes with flat caps that can be fitted into a thermocycler
block equipped with a heated lid. This mixture is heated to 85 °C for 5 min to allow
formation of promoter-bound, open complex (see Note 12).

2. Add asubset of NTPs (each NTP to [200 uM] final, dissolved in 1x transcription
buffer, 250 mM KCI, 5 mM MgCl,, 5 mM DTT) that allows for elongation to a
discrete, predetermined position in the sequence to the reaction. As one example,
addition of GTP alone to a reaction employing a DNA substrate with the
nontemplate sequence (+1-ACGGTAACC) permits elongation to generate an RNA
that is +4 nucleotides in length. Addition of just ATP, GTP, and UTP would permit
elongation to +7, but transcription elongation complexes (TECs) containing 8 or
fewer nucleotides are generally not stable and typically do not survive washing
steps. Formation of a promoter-proximal stalled complex sterically inhibits the
formation of a second TEC on the same template, thus limiting transcription
initiation to a single round. Washing the complexes (see below) removes excess
RNAP, TBP, and TFB, eliminating any future TEC formation.

3. The reaction is placed on ice and transferred to pre-equilibrated dry streptavidin-
coated paramagnetic particles (see Note 13). The streptavidin-coated paramagnetic
particles and the TECs formed on the biotinylated DNA substrates are allowed to
incubate on ice for 10 min.

4. Using the Magnetic Separation Stand, the magnetic particles and the bound TECs
are washed three times using 100 pl of wash buffer. These washes remove

127These procedures have been optimized at the normal growth temperature of Thermococcus kodakarensis. Transcription initiation
and elongation are possible at lower temperatures. Note that sequences that direct intrinsic termination at physiological temperature
only function to direct RNAP to pause at reduced temperatures [6], and thus it is critical to evaluate elongation-termination decisions
at the physiological temperature.

Streptavidin MagneSphere Paramagnetic Particles must be equilibrated prior to use. The particles are equilibrated by washing 10 pl
of particles (1 mg/ml) with 100 pl of SA buffer three times. To separate the particles from the buffer, a MagneSphere Technology
Magnetic Separation Stand (Promega) is used. The buffer is removed from the particles prior to the reaction being added to the
particles. For each reaction that particles will be used; 10 pl of particles must be equilibrated.

The streptavidin molecules denature at temperatures above 55 °C, and thus we cool complexes only to ensure capture to the solid
support. Complexes must be returned to physiological temperatures before elongation-termination decisions can be properly
monitored following NTP addition.

DNAs containing digoxigenin moieties can be employed when coupled with solid supports facilitating capture of digoxigenin-labeled
DNAs. We often employ templates with separate digoxigenin and biotin moieties at the 5" ends of the substrates.
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essentially all unincorporated NTPs. The particles are then resuspended in 1x
transcription buffer, supplemented with 5 mM DTT, and 250 mM KCI.

A new subset of NTPs can be added to allow walking to a different position and
this process can be repeated until all desired walking steps are performed (see Note
14). To continue the example from above, TECs containing seven nucleotide RNAs
can be supplemented with CTP to permit continued elongation to +9, or all NTPs to
generate TECs with RNAs that are +116 nucleotides long.

3.7 Stopping of Reaction and Preparation of Samples

1.

Samples are typically removed in 20 pl volumes and added to 100 pl 1.2x stop
buffer or 120 pl of 1.0% stop buffer if TECs bound to particles are not resuspended
after washing. Additionally, 8 pg of carrier tRNA is added to each sample.

A volume of phenol:chloroform:isoamyl alcohol equal to the total volume of the
stopped reaction is added, and each reaction is mixed extensively.

The extracted samples are centrifuged (3 min, 14,000 x g) to separate the aqueous
and organic phases. The aqueous layer is removed to a clean tube containing 2.6
volumes of 100 % ethanol. The reactions are vigorously mixed, quickly centrifuged
to collect material from the side of the tubes, then placed at —20 °C for minimally 1
h (see Note 15).

The cold samples are centrifuged in a refrigerated benchtop centrifuge (4 °C,
14,000 x g) for 30 min. A small visible pellet should be seen at the end of the
centrifugation.

The ethanol is then removed from the samples and appropriately discarded.

Each pellet is then resuspended in 4 pl formamide loading buffer. Samples are
heated to 99 °C for 3 min, then immediately transferred to ice prior to loading on
denaturing gels.

3.8 Resolving of Samples

The samples are resolved in a 40 cm polyacrylamide gel on an aluminum-backed gel
apparatus.

1

Each total sample (4 ) is transferred via OmniFlex tips into unique wells in the
gel.

The gel is then immediately resolved by applying ~1,500-2,500 V until desired
resolution is achieved. For separation of transcripts differing by a few or even a

14The temperature constraints of the archaeal transcription apparatus necessitate the addition of unheated streptavidin-coated particles
after each elongation cycle at high temperature. Elongation at room temperature is possible, but is facilitated by incubation at 85 °C.
Room temperature elongation is utilized when the physiological state of the TEC is not under study during the elongation; however
elongation at 85° permits analysis at the optimal reaction conditions.

We rely on a high concentration of Tris to aid in the precipitation of in vitro synthesized RNAs. Use of tRNA and Tris as carriers
results in samples that do not contain high concentrations of NaCl or KCI that typically lower the resolution and clarity of samples
during electrophoresis. It is critical to extract and precipitate the RNAs away from RNAP, as RNAP will nonspecifically associate
with transcripts and retard their migration during electrophoresis.
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3.9 Analysis

single nucleotide, we resolve samples until the bromophenol blue migrates at least
30 cm in <15 % denaturing gels.

When the gel is sufficiently resolved, the apparatus is broken down and the glass plates
containing the gel are separated. The specific activity of the nascent transcripts is typically
sufficient such that drying of the gels is unnecessary. The gel is covered with a single layer
of plastic wrap and is exposed to a phosphorimager screen. Use of a radiolabeled
dinucleotide ensures that all transcripts, regardless of length, have the same specific activity
permitting immediate and easy quantification of molar ratios of different transcripts present
in the reactions.
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Fig. 1.

Insigtial transcription and separation of nascent- versus released-transcripts. Denaturing
electrophoresis of 5-ApC dinucleotide radiolabeled RNAs generated from in vitro
transcription reactions with archaeal components permits identification of specific
transcripts (identified with solid arrows on the left). Two misincorporation products are
visible in reaction #3 (identified with dashed arrows on the right). Reactions were separated
into pellet (P) and supernatant (S) fractions to identify transcripts associated with the
transcription apparatus (pellet fraction) from those transcripts released to solution
(supernatant fraction). +116 nt transcripts represent run-off products. Radiolabeled ssDNA
10-bp markers (far left lane) serve as approximate size standards. Reactions resolved in
lanes 1-3 each contain 5’-32P-ApC and were supplemented with 200 uM: (1) ATP, GTP,
CTP, and UTP; (2) only ATP, GTP, and UTP; (3) only GTP
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