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Supporting Methods

T7A1 Promoter Templates for in Vitro Transcription. Templates for
promoter-specific transcription initiation (Table S3) were ob-
tained by PCR using ssDNA templates and primers, the se-
quences of which are summarized in Table S2. Template (0.15
uM), 2 uM of each primer, and 1 mM dNTPs were combined in
100 wL of 1X ThermoPol buffer (New England Biolabs), heated
to 95 °C for 5 min, and 2 units of Vent DNA polymerase (New
England Biolabs) was added to the reaction. PCR proceeded for
15 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C. The
product DNA was purified with a Qiagen PCR purification kit.

Promoter-Specific Initiation of Transcription. Transcription initia-
tion was performed essentially as described (1, 2) with minor
modifications. The open complex at bacteriophage T7Al pro-
moter was obtained by 5-min incubation of 5 pmol of E. coli
RNAP holoenzyme with 5 pmol of template DNA in 5 uL of
transcription buffer [TB; 20 mM Tris'HCI (pH 7.9), 40 mM KCl,
5 mM MgCl,) at 37 °C, followed by addition of 5 uL of primer
and substrate mixture containing 250 uM ATP, 250 uM GTP,
and 1.25 mM ApUpC RNA primer prewarmed at 37 °C. After
5-min incubation with the primer, ATP, and GTP, the resulting
TECI11 was immobilized on Ni-NTA agarose (Qiagen) by addi-
tion of 30 uL of 50% suspension of Ni-NTA agarose, which was
pretreated with 0.3 mg/mL acetylated BSA and prewashed with
TB. After 10-min incubation with Ni-NTA agarose [the incuba-
tion was done with shaking at 1,000 rpm in Thermomixer
(Eppendorf)], the TEC was washed twice with 1 mL of TB,
incubated with 1 mL of TB containing 1 M KCl for 5-10 min, and
again washed twice with 1 mL of TB. The TEC was walked along
the template by 3- to 5-min incubation with 5 uM NTP subsets
followed by washing the TEC 6 times with 1 mL of TB.

TEC Assembly from RNA and DNA Oligonucleotides. Promoter-
independent assembly of the TECs from DNA and RNA oligo-
nucleotides allows for a direct comparison of transcription
elongation properties of E. coli RNAP and S. cerevisiae Pol 11
(2-4). Assembly was performed essentially as described (3, 4)
with minor modifications. E. coli RNAP or S. cerevisiae Pol 11
core enzyme (5 pmol) was immobilized by 10- to 15-min incu-
bation with 50 uL of 50% Ni-NTA agarose in TB. Ni-NTA
agarose was pretreated with 0.3 mg/mL of acetylated BSA. RNA
primer RNA9 (1.5 uM) was annealed to 1.5 uM template DNA
(TDS76 or TDS85; Table S2) in TB exactly as described (4).
RNA-DNA hybrid [15 pmol (10 pL)] was added to the immo-
bilized polymerase and incubated for 10 min. Next, 50 pmol of
the nontemplate DNA strand was added for 10 min. The
resulting TEC9 was washed as described for the promoter-
derived TEC11. Note that assembly of the TEC from E. coli
RNAP holoenzyme and core enzyme produced identical results.

TEC Manipulations and RNA Labeling. To obtain TEC12 labeled at
C12 position, the immobilized washed TEC11 was incubated
with 0.3 uM [«-P3?] CTP (3,000 Ci/mmol; Perkin Elmer) for 5
min and washed with TB. To obtain TEC20 labeled at C12, C14,
and C17 positions, 0.3 uM [a-P32] CTP was added to TEC11
together with Ni-NTA agarose suspension, and labeling was
performed concurrent with TEC immobilization. TEC18 labeled
at 17 position was obtained by walking TEC11 to C14 and 5-min
incubation with 5 uM GTP and 0.3 uM [a-P3?] CTP. To obtain
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labeled TECY (Fig. S1D), we used the approach described in ref.
2. TEC11 formed on D111 template was walked to G23 and
incubated with 5 uM ATP, 5 uM UTP, and 0.3 uM of [«a-P3?]
CTP. The resulting TEC39 was treated with 2 units/uL of RNase
T1 (100 units/uL; Roche Molecular Biochemicals, produced in
April 2001) for 20 min, cleaving the RNA between G23 and C24.
The RNase was removed by washing the immobilized TEC 10
times with 1 mL of TB, and the RNA in the TEC was degraded
from the 3’ end to 9 nt by 30-min incubation with 2 mM
pyrophosphate. Pyrophosphate was removed by washing the
TEC 10 times with 1 mL of TB.

TECs used for time-course analyses and Exo III footprinting
analyses were removed from Ni-NTA agarose beads to ensure
rapid mixing of the components and even distribution of the
material between the time points. To this end, 0.1 mg/mL
acetylated BSA was added to 50% suspension of Ni-NTA
agarose containing the immobilized TEC, and the TECs were
eluted by addition of 1/10th volume of 1 M imidazole (pH 7.9).
After 5- to 10-min incubation, the beads were removed from the
solubilized TEC by passing of the suspension through a 0.45-uM
PVDF Ultrafree-MC centrifugal filter device (Millipore). The
filter was washed with 4-5 volumes of TB containing 0.1 mg/mL
BSA, and the 2 filtrates were combined. Thus, the final concen-
tration of imidazole in the TEC solution was brought <20 mM.

Transcription Time-Course Analyses. Transcription was initiated by
addition of 4 NTPs or a subset of NTPs to the TEC. For
incubation times of 5 s and longer, 1/4th reaction volume of 5X
NTPs stock solution was mixed with the starting TEC, and the
reaction was stopped at different time points manually, by
withdrawing 5-uL aliquots and mixing them with 10 uL of
gel-loading buffer (10 M urea, 50 mM EDTA, 0.001% bromo-
phenol blue and xylene cyanol). For incubation times <5 s, equal
volumes (15 pL) of the TEC and 2X NTPs stock were mixed in
a rapid quench flow instrument RQF-3 (KinTek), and the
reaction was quenched with 1 M HCI at preset time intervals.
The acid in the samples was neutralized by addition of 2 M
TrissHCl, pH 9, and the samples were precipitated with ethanol,
and dissolved in the gel-loading buffer. The RNA products were
resolved in 20% polyacrylamide gel containing 7 M urea (Pro-
mega) and 1X TBE. The acrylamide to methylene-bis-
acrylamide ratio in all gels was 19:1.

The quantification of the radiolabeled RNA products was
done with ImageQuant software (Amersham Biosciences), and
the data were analyzed with OriginPro75 (OriginLab). Single
exponential fits were performed by usingy = yo + 4e~**; double
exponential fits were performed by using y = yo + A %¥ +
Aze™* where x is time, and y is the amount of the RNA species,
in percentage of the total radioactivity in the lane. yo corresponds
to the amount of the RNA that fails to be extended in the time
course of the experiment (usually this number is <10%); A4 is the
fraction size, and k is the rate of the next NTP incorporation.

Exonuclease Il Footprinting. Rear-end Exo III footprinting was
performed by using the TECs assembled on the 5’ end-labeled
(2) TDS76 template DNA strand and unlabeled NDS79 non-
template DNA strand (Table S2). This template carries a 3-nt 3’
end overhang at the downstream end. The overhang prevents
digestion of the nontemplate DNA strand by Exo III. The
template DNA strand is susceptible to Exo III degradation,
which allows for determination of the position of the upstream
boundary of RNAP (5, 6). The RNA in TEC20 and TEC27 was
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end-labeled. The RNA in TEC36 and TEC37 was not labeled,
because the RNA and Exo III degradation products in these
TECs have similar size and are not well-resolved in the poly-
acrylamide gel. For the footprinting analyses, 15 uL of the TEC
solution was mixed with 15 L of TB containing 100 units of
Exonuclease IIT (100 units/uL; New England Biolabs). Seven-
microliter aliquots were withdrawn at the indicated time points
(30-90 s) and mixed with 10 uL of gel-loading buffer. The
reaction products were resolved in 20% polyacrylamide gel
containing 7 M urea (Promega).

Front-end Exo III footprinting was performed on TECs
formed by promoter-specific initiation. First, the DNA in the
immobilized and washed TEC11 was end-labeled by 10-min
incubation with 3.3 uM [y-P¥?] ATP (7,000 Ci/mmol; MP
Biomedicals) and 0.3 units/uL T4 polynucleotide kinase (New
England Biolabs) at 37 °C. The labeled ATP and the kinase were
removed by repeated washing of the immobilized TEC with TB,
the template DNA was digested by 15-min incubation with 1
unit/uL of EcoRV restriction endonuclease (Kanzyme Labs),
and the TEC11 was again washed 6 times with TB. Digestion with
EcoRV removed the label from the template DNA strand by
cleaving off 9 bp from the downstream end of the template DNA.
EcoRYV produces a blunt end, which is a good substrate for Exo
III digestion. The RNA in the TECs used in front-end Exo III

1. Komissarova N, Kashlev M (1997) Transcriptional arrest: Escherichia coli RNA polymer-
ase translocates backward, leaving the 3’ end of the RNA intact and extruded. Proc Nat/
Acad Sci USA 94:1755-1760.

2. Komissarova N, et al. (2003) Engineering of elongation complexes of bacterial and
yeast RNA polymerases. Methods Enzymol 371:233-251.

3. Kireeva ML, Komissarova N, Waugh DS, Kashlev M (2000) The 8-nucleotide-long
RNA:DNA hybrid is a primary stability determinant of the RNA polymerase Il elongation
complex. J Biol Chem 275:6530-6536.
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footprinting experiments was labeled at C12, C14, and C17
positions. The upstream DNA in these TECs is much longer than
the downstream DNA (137 and 28 bp, respectively, from the
active site of the RNAP); therefore, degradation of the upstream
DNA by Exo III took >1 min and did not affect the front-end
footprint, which was detected after 10-30 s of incubation with
Exo III. Otherwise, the front-end footprinting was performed as
described for the rear-end footprinting reactions. The samples
were analyzed in 12% denaturing polyacrylamide gels to resolve
the DNA fragments and in 20% polyacrylamide gels to resolve
the RNA products.

Transcription by T. thermophilus RNAP. Transcription initiation for
T. thermophilus RNAP was performed in the same conditions as
for E. coli RNAP, but at 55 °C. Instead immobilization, 10 pL of
T. thermophilus TEC11 in TB containing 125 uM each ATP in
GTP was combined with 30 pL of 0.4 uM [a-P3?] CTP and
incubated at 55 °C for 5 min. The resulting TEC20 was purified
by a 10-min centrifugation at 6,000 rpm in a YM-100 Microcon
centrifugal filter device (Millipore), followed by the addition of
300 wL of TB containing 0.1 mg/mL BSA and repeated centrif-
ugation. The resulting TEC was diluted with TB to 200 uL. The
time courses of transcription were analyzed with 10 and 200 uM
NTPs at 37 °C and 55 °C.

4. Sidorenkov I, Komissarova N, Kashlev M (1998) Crucial role of the RNA:DNA hybrid in
the processivity of transcription. Mol Cell 2:55-64.

5. Kireeva ML, et al. (2008) Transient reversal of RNA polymerase Il active site closing
controls fidelity of transcription elongation. Mo/ Cell 30:557-566.

6. Toulokhonov |, Zhang J, Palangat M, Landick R (2007) A central role of the RNA
polymerase trigger loop in active-site rearrangement during transcriptional pausing.
Mol Cell 27:406-419.
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Supporting Discussion

Pausing of prokaryotic and eukaryotic RNA polymerases rep-
resents a well-established phenomenon observed in bulk bio-
chemical and single-molecule experiments and confirmed in vivo
(reviewed in ref. 1). Thermodynamic models used to explain
transcriptional pausing, purposely disregard a specialized class of
hairpin-stabilized pausing of bacterial RNAP, considering it a
bacteria-specific regulatory mechanism, distinct from ubiquitous
pausing (2-4). Nevertheless, the properties of hairpin-stabilized
pauses, which include regulatory pausing signals in trp and his
operons, have been linked to the mechanisms of ubiquitous
pausing. Removal of the his pause RNA hairpin decreases
pausing, but does not eliminate it (5), indicating that a precursor
of hairpin-stabilized pauses, or elemental pause, is formed
independently of the RNA hairpin, and it might be structurally
similar to the intermediate of ubiquitous pause sites (1, 6).
Indeed, the mechanistic similarity between the hairpin-stabilized
and ubiquitous pauses has been proposed based on the results of
single-molecule analyses of transcription elongation (7). It is
necessary to emphasize that the latter observation provides only
circumstantial evidence that the hairpin-stabilized and hairpin-
independent sequence-specific pausing are initiated by common
mechanism. The common mechanism of the hairpin-stabilized
and hairpin-independent sequence-specific pausing could be
proven by a direct comparison of translocation properties,
substrate NTP binding, and sequence determinants of a hairpin-
less derivative of a hairpin-stabilized pause with the hairpin-
independent sequence specific pauses described in this work.
This direct comparison was beyond the scope of this work.
Based on biochemical analyses of hairpin-stabilized pauses
and their hairpin-less derivatives Landick (1) concluded that
elemental pausing represent a specific conformation of the
RNAP active site, which might prevent efficient translocation.
Landick and colleagues’ most recent findings (8) suggest that
pausing is not limited to the translocation block. The paused
conformation might persist through translocation and substrate
binding steps, slowing down phosphodiester bond formation step
(supplemental materials in ref. 8). This conclusion is largely
based on kinetic modeling of the activity of the paused TEC at
different concentrations of the incoming NTP, and it awaits
biochemical confirmation. The potential existence of the paused
conformation of the posttranslocated TEC containing the bound
incoming NTP at hairpin-stabilized pause sites is in agreement
with our results. However, the major pauses of E. coli RNAP on
the D111 template, characterized in this work, are not caused by
stabilization of the pretranslocated state of the TEC, because the

. Landick R (2006) The regulatory roles and mechanism of transcriptional pausing.
Biochem Soc Trans 34:1062-1066.

2. Bai L, Shundrovsky A, Wang MD (2004) Sequence-dependent kinetic model for tran-
scription elongation by RNA polymerase. J Mol Biol 344:335-349.

3. Bai L, Fulbright RM, Wang MD (2007) Mechanochemical kinetics of transcription
elongation. Phys Rev Lett 98:068103.

4. Tadigotla VR, et al. (2006) Thermodynamic and kinetic modeling of transcriptional
pausing. Proc Natl Acad Sci USA 103:4439-4444.

5. Wang D, et al. (1995) Discontinuous movements of DNA and RNA in RNA polymerase

accompany formation of a paused transcription complex. Cell 81:341-350.
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equilibrium of the pretranslocated and posttranslocated bound-
aries of paused A32 and C37 TECs is not shifted toward the
pretranslocated state more than the equilibrium in active A36
and G37 TECs. Moreover, unlike the hairpin-stabilized pause,
the paused C37 TEC is stabilized in the posttranslocated state by
complementary incoming NTP as efficiently as the active G37
TEC, indicating efficient loading of the next templated NTP to
the paused TECs.

The nature of the 3’ NMP of the nascent RNA is as crucial for
hairpin-stabilized pausing (6) as for the ubiquitous pausing
described in our work. Structural (cross-linking) analyses of a
hairpin-stabilized pause establish that the paused TEC has an
incorrectly positioned (frayed) 3’-end NMP (8). We observed
that substitution of the 3'CMP with GMP eliminates the pausing
at position 37 on the D111 template. Available methods do not
allow us to determine whether the 3'NMP is frayed in the paused
C37 complex, as it is in the TECs paused by the hairpin-stabilized
mechanism. Therefore, equilibrium between different confor-
mations of the 3’ NMP residue, which could shift the TEC from
the pause-prone configuration to the active pathway (Fig. 5)
requires extensive kinetic modeling based on the detailed prest-
eady state analysis of bond formation. It is also not clear if this
putative misaligned conformation is shared by the sequence-
specific and hairpin-stabilized pauses. Our demonstration that 7.
thermophilis RNAP efficiently recognizes the same ubiquitous
pauses of E. coli RNAP suggests that crystallization of the TEC
formed by T. thermophilis RNAP at a ubiquitous pause site might
help to establish the conformation of the paused intermediate.

Analyses of the effects of mutations in the catalytic subunit of
E. coli RNAP on hairpin-stabilized pausing, taken together with
the cross-linking data (8), suggested that hairpin-stabilized
pauses are associated with a specific conformation of the trigger
loop (8), a mobile element of the B’ subunit, which is crucial for
positioning of the incoming NTP for catalysis (9). The involve-
ment of the trigger loop in hairpin-stabilized pausing suggests
that the incoming NTP might participate in formation of the
paused intermediate, which is in good agreement with our
present observation of the crucial role of the incoming NTP in
ubiquitous pausing. However, to our best knowledge, the effects
of the incoming NTP substitutions on the hairpin-stabilized
pausing have not been reported. Characterization of sequence-
specific pausing by E. coli RNAP variants carrying mutations
affecting the mobility of the trigger loop would provide a link
between the mechanism of elemental pauses proposed by Land-
ick and colleagues (1, 8) and the mechanism of sequence-specific
hairpin-independent pauses proposed here.

6. Chan CL, Landick R (1993) Dissection of the his leader pause site by base substitution
reveals a multipartite signal that includes a pause RNA hairpin. J Mol Biol 233:25-42.

7. Herbert KM, et al. (2006) Sequence-resolved detection of pausing by single RNA
polymerase molecules. Cell 125:1083-1094.

8. Toulokhonov |, Zhang J, Palangat M, Landick R (2007) A central role of the RNA
polymerase trigger loop in active-site rearrangement during transcriptional pausing.
Mol Cell 27:406-419.

9. Vassylyev DG, et al. (2007) Structural basis for substrate loading in bacterial RNA
polymerase. Nature 448:163-168.
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Fig.S1. Quantitative characterization of C37 pause. (A-C) To determine the rate of RNAP escape from the pause, the polymerase was brought to position A36,
1-bp upstream from the pausing site, and transcription was restarted by addition of 10 uM (A and C) or 200 M (B) ATP and CTP. The amount of 37-nt RNA has
been plotted against the incubation time, and the escape rate was determined by fitting the data with a single exponential equation. (D) To obtain C14 (37)
TEC, the RNAP was walked to position C39, and the TEC was treated with 2 units/mL of ribonuclease T1, cleaving the RNA between G23 and C24. The RNase was
removed by washing, and the RNA in the TEC was truncated from the 3’ end to 9 nt by incubation with 2 mM pyrophosphate. After washing off the
pyrophosphate, transcription from A9 was restarted by addition of 10 mM NTP. As a control, A32 TEC was obtained and chased with 10 uM NTP. The amount
of paused C14 and C37 was plotted and fit with a single exponential equation.
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Fig. S2. Pausing at U27, but not at A32, is associated with RNA polymerase backtracking. (A and B) Kinetics of escape from the stall compared to the reading
through the pause site. TECs were formed upstream from the pause site (read-through) or in the pause site (stalled), and chased with 10 uM NTP. (Cand D) Kinetics
of escape from the pause site in the presence of antisense oligonucleotides. TECs were stalled upstream from the pause site, treated with 1 mM hexanucleotide
complementary to the 5’-proximal region of the nascent transcript, and chased with 10 uM NTP. The location of hexanucleotides in respect to the 3’ end of the
nascent transcript is schematically shown for each TEC.
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Fig. 3. Escape from A32 pause is biphasic. TEC stalled at A32 was chased with 200 uM (A) or 10 uM (B and C) NTP. The data were fit with single-exponential

(broken line) or double-exponential (solid line) functions. In C, pausing half-life and efficiency were determined for the data shown in B.
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Fig. S4. Effect of transcript cleavage factors on transcription by S. cerevisiae Pol Il (A) and E. coli RNAP (B). The experiment was done as described in Figs. 6 A
and 3A, respectively, but TFIIS or GreB were added together with NTPs where indicated.
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Table S1. Catalytic properties of C37 TECs formed on 4 variants of D111 template

Lo L

Fraction
Template size, % Rate, s
C37A38 873 0.027 = 0.002
C37G38 833 0.059 = 0.005
C37C38 86 +8 0.51 =*=0.08
7+5 0.04 =*0.012
C37U38 70 =12 0.7 =0.06
’ I 21+ 1 0.06 = 0.04
" The experiment was done as described in Fig. 44, and the data were fitted with single or double exponential equations.
&

Kireeva and Kashlev www.pnas.org/cgi/content/short/0900407106] 8 of 10



http://www.pnas.org/cgi/content/short/0900407106

SINPAS

Table S2. RNA and DNA oligonucleotides

Oligonucleotide

Sequence (5’ to 3')

RNA9
NDS79

TDS76

TDS76G34

NDS82

TDS85

TDS85G37

T7A1 upstream
D111 downstream
C37A38EcoRV
C37C38EcoRV
C37G38EcoRV

C37U38EcoRV
G37A38EcoRV

AUC GAG AGG

CCT ATA GGA TAC TTA CAG CCA TCG AGA GGG ACA CGG CGA ATA GCCATCCCA
ATC CACACG TCC AAC GGG GCA AACCGTA

GGT TTG CCC CGT TGG ACG TGT GGA TTG GGA TGG CTATTC GCC GTG TCC CTC TCG
ATG GCT GTA AGT ATCCTATAG G

GGT TTG CCC CGT TGG ACG TGT GCA TTG GGA TGG CTA TTC GCC GTG TCC CTCTCG
ATG GCT GTA AGT ATCCTATAG G

CCT ATA GGA TAC TTA CAG CCA TCG AGA GGG ACA CGG CGA ATA GCCATCCCA
ATG CACACG TCC AAC GGG GCA ACCGTATGTA

TAC ATA CGG TTG CCC CGT TGG ACG TGT GGA TTG GCATGG CTATTC GCC GTG TCC
CTCTCG ATG GCT GTA AGT ATCCTATAG GTG T

TAC ATA CGG TTG CCC CGT TGG ACG TCT GGA TTG GGA TGG CTATTC GCC GTG TCC
CTCTCG ATG GCT GTA AGT ATCCTATAG GTG T

TTA TCA AAA AGA GTA TTG ACT TAA AGT CTA ACC TAT AGG ATAC

TAC ATA CGG TTG CCC

GGG TGG GAT ATC TACATA CGG TTG CCC CGT TGG ACG TGT GCATTG GG

GGG TGG GAT ATC TAC ATA CGG TTG CCC CGT TGG ACG GGT GCATTG GG

GGG TGG GAT ATC TAC ATA CGG TTG CCC CGT TGG ACG CGT GCATTG GG

GGG TGG GAT ATC TAC ATA CGG TTG CCC CGT TGG ACG AGT GCATTG GG

GGG TGG GAT ATC TAC ATA CGG TTG CCC CGT TGG ACG TCT GCATTG GG
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Table S3. Templates for promoter-dependent initiation

Lo L

Transcription template PCR template Downstream PCR primer Experiments in which the template was used
D111 TDS76 D111 downstream Bulk elongation, quantitative analyses of pausing
D111G37 TDS85G37 D111 downstream Bulk elongation, quantitative analyses of pausing
D111exolll TDS85 C37A38EcoRV Quantitative analyses of pausing, front-end Exo Ill footprinting
D111G37exolll TDS76G37 C37A38EcoRV Quantitative analyses of pausing, front-end Exo Ill footprinting
D111C37C38exolll TDS85 C37C38EcoRV Quantitative analyses of pausing, front-end Exo Il footprinting
D111C37G38exolll TDS85 C37G38EcoRV Quantitative analyses of pausing

’ I D111C37U38exolll TDS85 C37U38EcoRV Quantitative analyses of pausing

ﬂ All templates were amplified by using T7A1upstream oligonucleotide (Table S2) as an upstream PCR primer.

[ ]
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