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In 6-dependent transcriptional pausing, the transcription initiation factor 6, translocat-
ing with RNA polymerase (RNAP), makes sequence-specific protein-DNA interactions
with a promoter-like sequence element in the transcribed region, inducing pausing, It
has been proposed that, in 6-dependent pausing, the RNAP active center can access off-
pathway “backtracked” states that are substrates for the transcript-cleavage factors of
the Gre family and on-pathway “scrunched” states that mediate pause escape. Here,
using site-specific protein-DNA photocrosslinking to define positions of the RNAP
trailing and leading edges and of ¢ relative to DNA at the APR’ promoter, we show
directly that 6-dependent pausing in the absence of GreB in vitro predominantly
involves a state backtracked by 2—4 bp, and 6-dependent pausing in the presence of
GreB in vitro and in vivo predominantly involves a state scrunched by 2-3 bp. Analo-
gous experiments with a library of 47 (~16,000) transcribed-region sequences show
that the state scrunched by 2—3 bp—and only that state—is associated with the consen-
sus sequence, T_3N_,Y_;G,, (where —1 corresponds to the position of the RNA 3’
end), which is identical to the consensus for pausing in initial transcription and which
is related to the consensus for pausing in transcription elongation. Experiments with
heteroduplex templates show that sequence information at position T_j resides in the
DNA nontemplate strand. A cryoelectron microscopy structure of a complex engaged
in 6-dependent pausing reveals positions of DNA scrunching on the DNA nontemplate
and template strands and suggests that position T_j3 of the consensus sequence exerts
its effects by facilitating scrunching.

RNA polymerase | sigma | transcription elongation | pausing | DNA scrunching

The RNA polymerase (RNAP) holoenzyme initiates transcription by binding double-
stranded promoter DNA, unwinding a turn of promoter DNA to yield an RNAP-
promoter open complex (RPo) containing an ~13-bp unwound “transcription bubble”
and selecting a transcription start site (1-4). In bacteria, promoter binding and pro-
moter unwinding are mediated by the transcription initiation factor 6, which, in the
context of the RNAP holoenzyme, participates in sequence-specific protein—-DNA
interactions with the promoter —35 element, recognized by ¢ region 4 (6R4), and the
promoter —10 element, recognized by 6 region 2 (6R2) (5, 6).

The first ~11 nt of an RNA product are synthesized as an RNAP-promoter initial
transcribing complex (RP;) in which RNAP remains anchored on promoter DNA
through sequence-specific interactions with ¢ (1, 3). In initial transcription, RNAP
uses a “scrunching” mechanism of RNAP-active-center translocation, in which, in each
nucleotide-addition cycle, RNAP remains stationary on DNA and unwinds one base
pair of DNA downstream of the RNAP active center, pulls the unwound single-
stranded DNA (ssDNA) into and past the RNAP active center, and accommodates the
additional unwound ssDNA as bulges in the transcription bubble (1, 7-10). Scrunch-
ing enables the capture of free energy from multiple nucleotide additions and the step-
wise storage of captured free energy in the form of stepwise increases in the amount of
DNA unwinding (RPitc,2 to RPitc,11). Thus, scrunching provides the mechanism to
capture and store the free energy required to break RNAP-promoter interactions in
subsequent promoter escape (1, 7, 9, 10).

Following synthesis of an RNA product of ~11 nt, promoter escape occurs.
Promoter escape entails 1) entry of the RNA 5 end into the RNAP RNA-exit channel;
2) displacement of ¢ from the RNAP RNA-exit channel, driven by steric clash with
the RNA 5" end (11-14); 3) disruption of protein-DNA interaction between 6 and the
promoter —35 element; and 4) rewinding of the upstream half of the transcription
bubble, from the —10 element through the transcription start site, a process termed
“unscrunching” (9, 14, 15). The product of this series of reactions is a transcription
elongation complex (TEC) containing a threshold length of ~11 nt of RNA and
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The paradigmatic example of
factor-dependent pausing in
transcription elongation is
c-dependent pausing, in which
sequence-specific 6-DNA
interaction with a — 10 element-
like sequence in a transcribed
region results in pausing of a
o-containing transcription
elongation complex. It has been
proposed that s-dependent
pausing involves DNA scrunching,
and that sequences downstream
of the —10 element-like sequence
modulate DNA scrunching. Here,
using site-specific protein-DNA
photocrosslinking, high-
throughput sequencing, and
cryoelectron microscopy structure
determination, we show directly
that c-dependent pausing involves
DNA scrunching, we define a
consensus sequence for
formation of a stable scrunched
paused complex that is identical
to the consensus sequence for
pausing in initial transcription, and
we identify positions of DNA
scrunching on DNA nontemplate
and template strands. Our results
illuminate the structural and
mechanistic basis of c-dependent
transcriptional pausing.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

C.P. and V.M. contributed equally to this work.

2To whom correspondence may be addressed. Email:
ebright@waksman.rutgers.edu or bnickels@waksman.
rutgers.edu.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2201301119/-/DCSupplemental.

Published June 2, 2022.

10f 10


https://orcid.org/0000-0002-8919-2189
https://orcid.org/0000-0002-6344-7382
https://orcid.org/0000-0002-2045-0549
https://orcid.org/0000-0002-1730-0398
https://orcid.org/0000-0002-0561-906X
https://orcid.org/0000-0003-1897-3778
https://orcid.org/0000-0001-8915-7140
https://orcid.org/0000-0001-7449-8831
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ebright@waksman.rutgers.edu
mailto:bnickels@waksman.rutgers.edu
mailto:bnickels@waksman.rutgers.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201301119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201301119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2201301119&domain=pdf&date_stamp=2022-06-02

Downloaded from https://www.pnas.org by COLD SPRING HARBOR LABORATORY MAIN LIBRARY on June 8, 2022 from | P address 143.48.6.155.

having an altered RNAP-G interface in which a subset of the
interactions previously made between RNAP and ¢ are lost
(16-19). Because of the partial loss of RNAP ¢ interactions,
the affinity of RNAP for 6 is decreased, and ¢ typically dissoci-
ates in a time-dependent fashion (16, 17, 20-28).

In contrast to initial transcription, which proceeds through a
scrunching mechanism, transcription elongation proceeds
through a “stepping” mechanism, in which RNAP steps for-
ward by 1 bp relative to DNA for each nucleotide added to the
RNA product (29). Each nucleotide-addition cycle of transcrip-
tion requires translocation of the RNAP active center relative to
DNA and RNA, starting from a “pre-translocated” state and
yielding a “post-translocated” state. Translocation of the RNAP
active center repositions the RNA 3’ end from the RNAP addi-
tion site (A site) to the RNAP product site (P site), rendering
the A site available to bind the next extending nucleoside tri-
phosphate (NTP) (30-33).

The rate of RNA synthesis is not uniform across the DNA
template. At certain template positions, transcription is inter-
rupted by “pausing”—i.e., nucleotide-addition cycles that occur
on the second or longer timescale (3, 30, 32, 34). Pausing can
often involve entry of the transcription complex into an off path-
way, backtracked state where the RNAP active center has reverse
translocated relative to DNA and RNA, rendering the active cen-
ter unable to add NTPs (35-38). Pausing can impact gene
expression by reducing the rate of RNA synthesis, facilitating
engagement of regulatory factors with RNAP, modulating for-
mation of RNA secondary structures, or enabling synchroniza-
tion of transcription and translation (39). RNAP can be induced
to pause by DNA sequences (sequence-dependent pausing) or by
interacting proteins (factor-dependent pausing) (34).

The first identified and still paradigmatic example of factor-
dependent pausing is o-dependent pausing (16, 40-43). A
o-containing TEC in a promoter-proximal transcribed region
(prior to ¢ dissociation), or, to a lesser degree, in a promoter-
distal transcribed region (following & dissociation and o reasso-
ciation), can recognize and engage, through sequence-specific
o-DNA interactions, a transcribed-region sequence that resem-
bles a promoter element (16, 21, 22, 41-48). These sequence-
specific 6-DNA interactions anchor the 6-containing TEC at
the sequence resembling a promoter element, resulting in
o-dependent transcriptional pausing. Typically, a 6-dependent
pause element (SDPE) is a sequence that resembles a consensus
promoter —10 element, often supplemented by a sequence that
resembles a consensus discriminator element. 6-Dependent paus-
ing, particularly o-dependent pausing in promoter-proximal
regions, enables coordination of the timing of transcription
elongation with the timing of other biological processes. In the
best-characterized example, o-dependent pausing 16-17 bp
downstream of the transcription start site of the bacteriophage A
PR’ promoter (\PR’; Fig. 14) coordinates transcription elonga-
tion and regulation of transcription termination by providing
time for loading of the transcription antitermination factor AQ
(40, 49-51). In other well-characterized examples, 6-dependent
pausing 18 bp and 25 bp downstream of the bacteriophage 21
and 82 PR’ promoters coordinates transcription elongation and
regulation of transcription termination in a similar manner (41,
49, 52, 53). Genome-wide analyses suggest that 6-dependent
pausing occurs in as many as 20% of transcription units in
Escherichia coli (45, 54) and is functionally linked to expression
levels of stress-related genes (54).

It has been proposed that in 6-dependent pausing, following
the initial engagement of the SDPE (“pause capture”; Fig. 1B,
line 2), the paused TEC (pTEC) can extend RNA for several
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Fig. 1. o-Dependent pausing at APR’: scrunched and backtracked states. (A)
APR" promoter. Blue, -35 element and -10 element; light blue, SDPE; brown;
elemental pause site (EPS); black rectangles, transcription start site (+1) and
pause sites (+16/+17); underlining, consensus nucleotides of sequence ele-
ments. (B) Initiation complexes and paused complexes at APR’. Four com-
plexes are shown: 1) initiation complex, RPo; 2) initial-capture s-dependent
paused complex, pTEC13 (where “pTEC" denotes paused TEC and “13"
denotes 13 nt RNA product); 3) scrunched o-dependent paused complex,
pTEC16; and 4) backtracked c-dependent paused complex, pTEC17. Gray,
RNAP core; yellow, o; red, RNA product; P and A, RNAP active-center product
and addition sites; blue, -35 element and -10 element; light blue, SDPE;
brown, EPS; black, other DNA (nontemplate-strand above template-strand).
Scrunching of DNA strands is indicated by bulges in DNA strands. (C and D)
RNA product length and Gre-factor sensitivity in pTECs. (C) RNA product dis-
tributions in vitro for transcription reactions in absence or presence of GreB
at indicated times after addition of NTPs. (D) RNA product distributions
in vivo for gre™ or gre™ cells at indicated times after addition of rifampin (Rif).
Positions of pTEC-associated RNA products (16 nt and 17 nt) and full-length
RNA product (96 nt) are indicated.

nucleotides, using a scrunching mechanism (Fig. 1B, line 3),
and the resulting pTECs with extended RNA equilibrate
between scrunched states and backtracked states (Fig. 1B, lines
3-4) (10, 41, 55-59). It further has been proposed that the
scrunched states are intermediates on the pathway to pause
escape, the backtracked states are off the pathway to pause
escape, and DNA sequences downstream of the SDPE, includ-
ing sequences related to the consensus sequence for elemental
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pausing in transcription elongation, modulate the duration of
the pause (“pause lifetime”) through effects on the relative
occupancies of scrunched and backtracked states (41, 55-59).
Evidence in support of these proposals comes from measure-
ment of RNA product lengths, DNA footprinting (40, 41, 50,
55-58), and analysis of sensitivity of complexes to transcript
cleavage factors of the Gre family (45-47, 55), which promote
transcript cleavage in backtracked states but not in other states
(Fig. 1, ref. 60). However, the evidence is not definitive.

Here, we use in vitro and in vivo site-specific protein-DNA
photocrosslinking, high-throughput sequencing, heteroduplex-
template transcription experiments, and cryoelectron microscopy
(cryo-EM) structure determination, to define the mechanistic and
structural basis of 6-dependent pausing at APR'.

Results

c-Dependent Pausing at APR’: pTEC RNA-Product Length and
Gre-Factor Sensitivity. It previously has been shown that at
APR/, in vitro, in the absence of Gre factors, the pTEC is pre-
sent both in a state with 16 nt of RNA (pTEC16) and a state
with 17 nt of RNA (pTEC17) (40, 51, 55). It also previously
has been shown that at APR/, in vitro, in the presence of Gre
factors, the pTEC is present predominantly as pTEC16 (55).
The data in Fig. 1C confirm these results, and the data in Fig.
1D show that the same pattern is obtained in vivo. Thus, in
gre  cells, the pTEC is present both as pTEC16 and as
pTEC17, whereas in gre" cells, the pTEC is present essentially
exclusively as pTEC16.

Use of Site-Specific Protein-DNA Photocrosslinking to Define
Positions of RNAP Trailing and Leading Edges and of ¢ Relative
to DNA at APR’: Approach. We used unnatural amino acid muta-
genesis (61) to incorporate the photoactivatable crosslinking
agent p-benzoyl-L-phenylalanine (Bpa) into RNAP holoenzyme

A
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at specific positions on the RNAP trailing edge (TE), the RNAP
leading edge (LE), and 6R2 (' residue 48, ' residue 1148, and
6’0 residue 448; Fig. 2). The resulting RNAP holoenzyme deriv-
atives behaved indistinguishably from unmodified wild-type
RNAP in terms of RNA-product-length distributions of paused
complexes and Gre sensitivities of paused complexes (S/
Appendix, Fig. S1). Using the resulting RNAP holoenzyme deriv-
atives, in purified form for experiments in vitro, and in situ,
inside living cells, for experiments in vivo, we performed site-
specific protein-DNA photocrosslinking (62-65) to define the
positions of the RNAP TE, the RNAP LE, and 6R2 relative to
DNA in RNAP-promoter complexes (RPo) and in RNAP-
SDPE complexes (pTEC) at APR’ (Fig. 3 and ST Appendix, Figs.
S2-84). From the observed positions of the RNAP LE relative to
DNA, we then inferred the position of the RNAP-active-center
nucleotide-addition site (A site) by subtracting 5 nt, as described
previously (65).

To assess RPo and pTEC at APR’ in vitro, we formed tran-
scription complexes in the absence and presence, respectively,
of NTPs (Fig. 34 and SI Appendix, Figs. S2-S4). To assess
RPo and pTEC at APR’ in vivo, we performed experiments in
the presence and absence, respectively, of the transcription
inhibitor rifampin, which blocks extension of RNA beyond a
length of 2-3 nt (66, 67) and thus prevents formation of TEC
(Fig. 34 and SI Appendix, Figs. S2-S4).

Use of Site-Specific Protein-DNA Photocrosslinking to Define
Positions of RNAP TE and LE and of ¢ Relative to DNA at APR":
Results. The crosslinking results for RPo at APR’ show that
the RNAP LE/TE distance is 26-27 bp, consistent with an
unscrunched transcription complex (62-64, 68), that the
RNAP active-center A site interacts with promoter position +2,
and that oR2 interacts with the promoter —10 element (pro-
moter position —10) (Fig. 3 A, Left, and B). The crosslinking
pattern for RPo at APR’ is identical for experiments performed

B
trailing-edge probe RNAP (3’-T48Bpa
|
oR2
oR4
oR2 probe RNAP ¢7°-R448Bpa
|
oR2
oR4

leading-edge probe RNAP (3’-R1148Bpa

Bpa, — —
pGleley
oR4
rpoD rpoC
—T

Fig. 2. Use of site-specific protein-DNA photocrosslinking to define positions of RNAP TEs and LEs and of ¢ relative to DNA at APR’: approach. () Two-plasmid (for
in vitro studies) or three-plasmid (for in vivo studies) merodiploid system for coproduction, in E. coli cells, of decahistidine-tagged RNAP-g' T485Pa RNAP-p/ R11488p2,
or RNAP-¢70 R448Bpa i the presence of untagged wild-type RNAP holoenzyme. First plasmid carries gene for decahistidine-tagged RNAP p/ subunit (gray rectangle)
with nonsense codon at position 48 (olive green; Top row); decahistidine-tagged ¢’° (light yellow rectangle) with nonsense codon at position 448 (orange;
Center row); or gene for decahistidine-tagged RNAP B’ subunit with nonsense codon at position 1148 (forest green; Bottom row). Second plasmid carries
genes for engineered Bpa-specific nonsense-suppressor tRNA and aminoacyl-tRNA synthetase (white rectangles). Third plasmid (shown inside dashed box),
when present, carries APR’ promoter or APR" promoter derivative. Chromosome (shown below plasmids) carries genes for wild-type RNAP g’ subunit and
6%, Black rectangles, decahistidine-tag coding sequence. (B) Bpa-modified RNAPs. Olive green circle, TE Bpa; orange circle, cR2 Bpa; forest green circle, LE
Bpa. Black rectangles, decahistidine-tag. Other colors and symbols as in Fig. 1 A and B.
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distance 2g-27 26-27 and orange for oR2), inferred positions of
(bp) RNAP-active-center A site (violet), and inferred
B RNAP-promoter complexes modal TE/LE distances. (B) Mechanistic inter-

pretation of data for RNAP-promoter com-
plexes at APR’ (A, Left). Olive green circle and
olive green vertical lines denote Bpa site at
RNAP TE and observed crosslinking sites in
DNA for Bpa at RNAP TE, forest green circle
and forest green vertical line denote Bpa site
at RNAP LE and observed crosslinking site in
DNA for Bpa at RNAP LE, and orange circle
-22-21 +2 +7 and orange vertical line denote Bpa site in
oR2 and observed crosslinking site in DNA
for Bpa in oR2. Violet vertical line denotes
inferred position of RNAP-active-center A site.
Gray, RNAP core; yellow, o; P and A, RNAP
active-center product and addition sites; black
boxes with blue fill, -35 element and -10 ele-
ment nucleotides; black boxes with light blue
fill, SDPE nucleotides; black boxes with brown
fill, EPS nucleotides; other black boxes, other

C

-10 +16 421 DNA nucleotides (nontemplate-strand nucleoti-

des above template-strand nucleotides). (C)

RNAP-SDPE complexes (-Gre) Mechanistic interpretation of data for RNAP-

pTEC16, backtracked-2 ~ gR4 SDPE complexes at APR' (pTEC;, A, Right).
(pTEC17, backtracked-3) R2 Three complexes are shown: (1) a scrunched
@ o o-dependent paused complex with 16 nt RNA

product and RNAP-active-center A-site at posi-
tion +16 (pTEC16 scrunched; Top row); (2) a
backtracked os-dependent paused complex with
16- or 17-nt RNA product and RNAP-active-
center at position +14 (pTEC16, backtracked-2
or pTEC17, backtracked-3; Center row); and (3) a
pTEC16, backtracked-3  gR4 backtracked o-dependent paused complex with

16 or 17 nt RNA product and RNAP-active-
TEC17 ktracked-4
(PTEC17, backtracked-4) oR2 center at position +13 (pTEC16, backtracked-3

or pTEC17, backtracked-4; Bottom row). Red
boxes, RNA nucleotides; pink boxes, additional
RNA nucleotide present in 17 nt RNA product.
Other colors as in B. Scrunched segments of
nontemplate and template DNA strands in
-10 +13 1 +18 pTEC16 shown as bulges.

in vitro in the absence of GreB, in vitro in the presence of  above, the pTEC is present exclusively as pTEC16 (Fig. 1 C
GreB, and in vivo in gre* cells (Fig. 3 A, Left, and B). and D)—show that the LE-TE distance is 29 bp, show that

The crosslinking results for pTEC at APR’ in vitro in the the RNAP active-center A site interacts with position +16, and
presence of GreB and in vivo in gre" cells—where, as shown show that 6R2 interacts with the SDPE (position +4) (Fig. 34,

4 0of 10 https://doi.org/10.1073/pnas.2201301119 pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201301119/-/DCSupplemental

Downloaded from https://www.pnas.org by COLD SPRING HARBOR LABORATORY MAIN LIBRARY on June 8, 2022 from | P address 143.48.6.155.

Right, columns 2 and 3). The LE-TE distance in pTEC16 in
the presence of Gre indicates that the complex contains 2-3 bp
of DNA scrunching (LE-TE distance of 29 bp for pTEC16 vs.
LE-TE distance of 26-27 bp for RPo). The crosslinking results
for the RNAP LE in pTECI16 in the presence of Gre indicate
that the RNAP active-center A site has translocated forward by
14 steps, from position +2 in RPo to position +16. The cross-
linking results for 6R2 in pTEC16 in the presence of Gre indi-
cate that 6R2 has disengaged from the promoter —10 element
and has engaged with the SDPE. Taken together, the crosslink-
ing results establish that pTEC16 in the presence of Gre is a
o-dependent paused TEC having 2-3 bp of DNA scrunching
(Fig. 3C, Top).

The crosslinking results for pTEC at APR’ in vitro in the
absence of Gre—where, as shown above, the pTEC is present as
both pTEC16 and pTEC17 (Fig. 10)—show that the LE-TE
distance is 26-27 bp, the RNAP active-center A site interacts with
positdon +13 or +14, and oR2 interacts with the SDPE (posi-
tions +4 to +6) (Fig. 34, Right, column 1). The LE-TE distances
in pTEC16 and pTEC17 in the absence of Gre indicate that the
complexes are unscrunched (LE-TE distance of 26-27 bp for
pTEC16 and pTEC17 in the absence of Gre vs. LE-TE distance
of 26-27 bp for RPo). The crosslinking results for the RNAP LE
in pTEC16 and pTEC17 in the absence of Gre together with the
16 and 17 nt lengths of the RNA products in those complexes
indicate that the RNAP active-center A site first translocated for-
ward by 14 or 15 steps, from position 42 in RPo to position +16
or +17, and then reverse translocated—backtracked by 2-4 bp.
The crosslinking results for 6R2 in pTEC16 and pTEC17 in the
absence of Gre indicate that 6R2 has disengaged from the pro-
moter —10 element and has engaged with the SDPE. Taken
together, the crosslinking results establish that pTEC16 and
pTEC17 in the absence of Gre are 6-dependent paused TECs
backtracked by 2—4 bp (Fig. 3C, Center and Bottom).

The RNAP TE position in pTEC16 in the presence of Gre is
the same as the RNAP TE positions in pTEC16 and pTEC17 in
the absence of Gre (Fig. 34, Right, columns 2-3 vs. column 1).
In contrast, the RNAP LE position in pTEC16 in the presence
of Gre differs by 2-3 bp, in a downstream direction, from the
RNAP TE positions in pTEC16 and pTEC17 in the absence of
Gre (Fig. 34, Right, columns 2-3 vs. column 1).

A defining hallmark of DNA scrunching is a change in the
position of RNAP LE relative to DNA without a corresponding
change in the position of the RNAP TE relative to DNA,
resulting in a change in LE-TE distance (7, 8, 63, 68). The
results in Fig. 3 establish that o-dependent pTECs formed
in vitro or in vivo in the presence of Gre exhibit this defining
hallmark of DNA scrunching. Thus, the RNAP LE position in
pTECI16 in the presence of Gre is different, by 2-3 bp, from
the RNAP LE position in pTECI16 in the absence of Gre (Fig.
3A, Right, columns 2-3 vs. column 1), whereas, in contrast, the
RNAP TE position in pTEC16 in the presence of Gre is iden-
tical to the RNAP TE position in pTEC16 in the absence of
Gre (Fig. 34, Right, columns 2-3 vs. column 1).

Sequence Determinants for Scrunching in ¢-Dependent Pausing.
It has been hypothesized that scrunching occurs in 6-dependent
pausing and has been further hypothesized that DNA sequences
downstream of the SDPE modulate pause lifetime through
effects on DNA scrunching (10, 55-59). The results in Fig. 3
establish that scrunching occurs in 6-dependent pausing at APR/
and provide an experimental approach—namely, crosslinking of
the RNAP LE to DNA—that enables scrunched states and
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unscrunched states in 6-dependent pausing to be distinguished
for any DNA sequence containing an SDPE.

In a next set of experiments, we applied this experimental
approach to a library of DNA sequences containing the APR’
SDPE and all ~16,000 possible 7-bp DNA sequences spanning
the APR’ pause site (\PR" positions +14 to +20; Fig. 44) to
assess whether DNA sequences downstream of the SDPE deter-
mine scrunching in 6-dependent pausing and, if so, to define
the sequence determinants (Fig. 4).

First, using procedures analogous to those of the previous
section, we transformed gre* cells producing RNAP holoen-
zyme having Bpa incorporated at the RNAP LE (f' residue
1148) with a plasmid carrying APR’ or, in parallel, plasmids
carrying sequences from the “+14 to +20 library,” and we then
ultraviolet-irradiated cells to initiate RNAP-DNA photocros-
slinking, lysed cells, isolated crosslinked material, and mapped
crosslinks by primer extension and urea-PAGE (Fig. 4B). For
APR/, the results show that the RNAP LE crosslinks predomi-
nantly at position +21, indicating that the RNAP active-center
A site interacts predominantly with positions +16, as expected,
based on the results in the preceding section, for the scrunched
o-dependent paused complex at APR’ (Figs. 3 and 4B, Lefd). In
contrast, for the +14 to +20 library, the RNAP LE crosslinks
predominantly at position 418, indicating that the RNAP
active-center A site interacts predominantly with position +13,
as expected for unscrunched complexes (such as, for example,
the backtracked o-dependent paused complexes of Fig. 30).
We conclude that positions +14 to +20 of APR’ contains
sequence information crucial for formation and/or stability of
the scrunched state during o-dependent pausing, consistent
with previous proposals (57, 58). We further conclude, from
comparison of the yield of the scrunched state for the +14 to
+20 library vs. for APR’ (~10% vs. ~50%; Fig. 4B, Center),
that only a fraction, ~1/5, of the ~16,000 possible sequences
at positions +14 to +20 support formation and/or stability of
the scrunched state during 6-dependent pausing.

Second, in order to identify sequence determinants that
influence formation and/or stability of the scrunched state dur-
ing 6-dependent pausing, we performed deep sequencing of the
primer-extension products of the preceding paragraph, following
the xlinking-of-active-center-to-template-sequencing (XACT-seq)
procedure of Winkelman et al. (65) (Fig. 4B, Bottom). Consistent
with the PAGE analysis of the preceding paragraph, the XACT-
seq analysis shows that ~10% of sequence reads corresponded to
the scrunched o-dependent paused complex (i.e., sequence reads
for which RNAP LE crosslinking occurred at position +21, indi-
cating interaction of the RNAP-active-center A site with position
+16) (Fig. 4B, Bottom). Analysis of this subset of sequence reads
showed clear sequence preferences, yielding the consensus
sequence T, 14N, 15Y,16G417, or, expressed in terms of RNAP-
active-center A-site and P-site positions, Tp_{NpYaGa41 (where
N is any nucleotide and Y is pyrimidine) (Fig. 4C, Top, and S/
Appendix, Fig. S5).

APR’ contains a perfect match to the consensus sequence
T414N415Y416Gh17 (Fig. 44). APR positions +16 and +17
have been shown to affect pause capture efficiency and pause
lifetime (58). Our results indicate that the sequence at positions
+16 and +17 affects formation and/or stability of the scrunched
state of the o-dependent paused complex at APR’, and are con-
sistent with the view that the effects of sequence on pause cap-
ture efficiency and pause lifetime are consequences of the effects
of sequence on formation and/or stability of the scrunched state.

This consensus sequence obtained in this work for formation
and/or stability of a scrunched o-dependent paused complex
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Fig. 4. Sequence determinants for scrunching in c-dependent pausing. (4) DNA templates containing wild-type APR’ or +14 to +20 library. NNNNNNN, ran-
domized nucleotides of +14 to +20 library. Other colors as in Fig. 1A. (B) Positions of RNAP LE in wild-type APR’ and +14 to +20 library in vivo. Top, PAGE
analysis of crosslinking. For each experimental condition, identified at top, figure shows gel image for primer-extension mapping of crosslinking sites,
nontemplate-strand sequence (to left of gel image; SDPE and EPS colored as in Fig. 14), and observed crosslinking sites (forest green). Center, quantitation
(mean =+ SD) of PAGE analysis of crosslinking. Bottom, quantitation (mean + SD) of XACT-seq analysis of crosslinking. In all subpanels, the observed major
crosslinking site for pTEC at APR’ (position +21) and inferred major RNAP-active-center A-site position for pTEC at APR’ (position +16) are highlighted in red.
(C) Sequence logos quantifying formation and/or stability of scrunched o-dependent paused complex (Top; this work); formation and/or stability of
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tive to RNAP-active-center A site (violet rectangle) and P-site. Red, most highly preferred DNA nucleotides. Logos were generated using Logomaker (93) as

described in S/ Appendix, Materials and Methods.

(Tp_iNpYaGat1; Fig. 4C Top) is identical to the consensus
sequence obtained in previous work for formation and/or
stability of a scrunched initial-transcription paused complex
(Tp_1NpYAGay1; Fig. 4C Middle) (65). The consensus sequence
also is similar to the downstream, most highly conserved portion
of the consensus sequence obtained in previous work for elemen-
tal pausing in transcription elongation (YAGa+1; Fig. 4C, Bor-
tom) (69-72); however, the consensus sequences for the
scrunched o-dependent paused complex and scrunched initial
transcription paused complex show a substantially stronger con-
servation of Tp_; than the consensus sequence for elemental
pausing in transcription elongation (Fig. 40).

Strand-Dependence of Sequence Determinants for Scrunching
in 6-Dependent Pausing. As described in the preceding section,
the consensus sequence for formation of a scrunched 6-dependent
paused complex contains a strongly conserved T:A base pair at
position P-1 (T on the nontemplate stand; A on the template
strand) that also is strongly conserved in the consensus sequence
for formation of a scrunched initial-transcription complex but that
is not strongly conserved in the consensus sequence for elemental
pausing in transcription elongation (Fig. 4C). To determine
whether specificity at this position resides in the nontemplate-
strand T or the template-strand A, we analyzed formation of the
scrunched state in 6-dependent pausing, in vitro, in the presence
of GreB, using heteroduplex templates in which the nontemplate-
strand T was replaced by a nonconsensus nucleotide or an abasic
site, and the template-strand A was unchanged (Fig. 5A4). The
results show that the presence of a nonconsensus nucleotide or an
abasic site on the nontemplate strand at position P-1 abrogates
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formation of the scrunched state in 6-dependent pausing (Fig.
5B). We conclude that the sequence information responsible for
the preference for T:A at position P-1 resides, at least in part, in
the DNA nontemplate strand (Fig. 5C).

Structural Basis of Scrunching in ¢-Dependent Pausing. Struc-
tures of 6-containing TECs have been reported previously (18,
19), but a structure of a scrunched, paused, o©-containing
transcription elongation complex, such as the species defined
in results in Figs. 3-5, has not been reported previously. To deter-
mine the structural basis of 6-dependent pausing, we performed
cryo-EM structure determination, analyzing a 6-dependent pTEC
prepared in solution. We incubated a synthetic nucleic-acid scaf-
fold containing the APR’ promoter, a consensus SDPE positioned
as in APR, and a 15-bp noncomplementary region corresponding
to the transcription bubble of the ¢-dependent pTEC at APR/
(Fig. 64) with E. coli RNAP 6’° holoenzyme, and we applied
samples to grids, flash-froze samples, and performed single-parti-
cle-reconstruction cryo-EM (Fig. 6 and S/ Appendix, Fig. SO).
Reconstitution of complexes from synthetic nucleic-acid scaffolds
containing a noncomplementary region corresponding to the tran-
scription bubble and a preannealed RNA oligomer corresponding
to the RNA product enables preparation of homogeneous, defined
TECs, even TECs that are formed at low abundance or that have
low stabilities or short lifetimes, when formed by promoter-
dependent transcription initiation on fully complementary DNA
(18, 19, 38, 73-79).

The cryo-EM structure of pTEC has an overall resolution of
3.8 A (SI Appendix, Fig. S6). Map quality is high, with ordered,
traceable, density for the following: RNAP, cR2, 6R3, 13 bp

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201301119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201301119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201301119/-/DCSupplemental

Downloaded from https://www.pnas.org by COLD SPRING HARBOR LABORATORY MAIN LIBRARY on June 8, 2022 from | P address 143.48.6.155.

A -35 -10 SDPE +14
+1a A [EEREETATTCRATAMAATTCG TGACTC CCETTANTICECTCGTTGTGGTA
: TAACTTATTTTAACCG CTCA CCCAATTIARGEGAGCAACACCAT
[TATTGAATAAAATTGG! ' TGACTC] GGGTTA@TCGCTCGTTGTGGTA
+14 G/A TAACTTATTTTAACCS-ACTGAG-CCCAAT‘I{EAGCGAGCAACACCAT
14 YA TATTGAATAAAATTGGG-gGACTg-GGGTTAFBI‘CGCTCGTTGTGGTA
+ TAACTTATTTTAACCC CTCA (CCCAATTRAGCGAGCAACACCAT
B +14 T:A +14 G:A
NT T NT T
A T A T
oo el I A
g Bi+16 e g
- g. <) o
c‘lx thz c G‘,E
T A, +19 A,
c G, c G
+2188 i c i
Tozz Ale T A‘Zl
+14 TA
+14 G/A
or
+14 X/A

Fig. 5. Strand-dependence of sequence determinants for scrunching in
c-dependent pausing. (A) APR’" promoter derivatives containing consensus
nucleotide T at nontemplate strand position +14 (Top row; +14 T/A), non-
consensus nucleotide G at nontemplate strand position +14 (Center row;
+14 G/A), or abasic site at nontemplate strand position +14 (Bottom row;
+14 X/A). Raised black-filled box, nonconsensus nucleotide, or abasic site.
Other colors as in Fig. 1A. (B) Positions of RNAP LE on APR’ promoter deriva-
tives of A. For each promoter derivative, figure shows gel image for primer-
extension mapping of crosslinking sites, nontemplate- and template-strand
sequences (to left and right of gel image; EPS colored as in Fig. 14), observed
crosslinking sites (forest green), and inferred RNAP-active-center A-site posi-
tion. (C) Mechanistic interpretation of data in B. Colors as in Fig. 3 B and C.

of upstream double-stranded (dsDNA), all except 4 nt of the
nontemplate strand of the transcription bubble, all except 1 nt
of the template strand of the transcription bubble, 13 bp of
downstream dsDNA, and 12 nt of RNA, corresponding to the
12-nt segment closest to the RNA 3’ end (Fig. 6 Band O).

The cryo-EM structure of pTEC shows a o-containing tran-
scription elongation complex in an RNAP posttranslocated state
(Fig. 6 Band C). oR2 interacts with the SDPE in pTEC, making
the same sequence-specific protein-DNA interactions as made by
oR2 with the —10 element in RPo and RPitc, and 6R3 interacts
with the DNA segment immediately upstream of the SDPE in
pTEC, making the same protein-DNA interactions as made by
oR3 in RPo and RPitc (Fig. 6B) (11-13, 80, 81). The
transcription-bubble length is 16 bp, corresponding to the 15-bp
noncomplementary region and one additional melted base pair
immediately downstream of the noncomplementary region (Fig. 6
Band Q). The structure of pTEC shows 3 bp of DNA scrunching
as compared to the structure of RPo (16 bp unwound vs. 13 bp
unwound) (12, 80-82) (S/ Appendix, Fig. S7A). Scrunching in
pTEC results in disorder of four nontemplate-strand nucleotides at
the downstream edge of the transcription bubble (A\PR" positions
+14 through +17; Fig. 6C and SI Appendix, Fig. S7A, Lefi).
Scrunching in pTEC also results in disorder of one template-
strand nucleotide and repositioning of three template-strand
nucleotides in the upstream part of the transcription bubble,
between upstream dsDNA and the RNA-DNA hybrid (A\PR’ posi-
tions +5 and +2 through +4) (Fig. 6C and SI Appendix, Fig.
S7A, Righ.

In RPo, oR2 having Bpa incorporated at position 448 cross-
links more strongly to the template-stand nucleotide at the
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third position of the —10 element than to the template-stand
nucleotide at the fourth position of the —10 element (Fig. 3 4
and B and SI Appendix, Fig. S3), whereas, in pTEC, 6R2 hav-
ing Bpa incorporated at position 448 crosslinks less strongly to
the template-stand nucleotide at the third position of the
SDPE than to the template-stand nucleotide at the fourth posi-
tion of the SDPE (Fig. 3 A and B). Comparison of the struc-
tures of RPo and pTEC explains this difference in 6R2-DNA
crosslinking in RPo and pTEC (SI Appendix, Fig. S7B).
Namely, in RPo, residue 448 of 6R2 is closer to the nucleotide
at the third position of the —10 element (~12 A vs. ~19 A; S/
Appendix, Fig. S7B, Lefi), whereas, as a result of DNA scrunch-
ing and repositioning of template-strand nucleotides in pTEC,
residue 448 of 6R2 is closer to the fourth position of the SDPE
(~13 A vs. ~15 A; SI Appendix, Fig. S7B, Righ).

The nontemplate strand of the nucleic-acid scaffold used to
obtain the structure of pTEC contained a perfect match to the
consensus sequence for formation of scrunched o-dependent
paused complexes and the consensus sequence for formation of
scrunched initial-transcription paused complexes (positions +14
to +17; Figs. 4C Top and Middle, and 6A). The structure of
pTEC shows that the nontemplate-strand nucleotide that is
strongly specified in the consensus sequences for scrunched
o-dependent paused complexes and scrunched initial-transcription
paused complexes (Fig. 4C, Tuop and Middle—burt that is not
strongly specified in the consensus sequence for elemental pausing
in transcription elongation (Fig. 4C, Bottom)—is the first nucleo-
tide of the 4-nt nontemplate-strand segment that is disordered
due to DNA scrunching (position +14; Fig. 6 B and C and S/
Appendix, Fig. S7TA, Lefd). The fact that this nucleotide is strongly
specified in the consensus sequences for scrunched o-dependent
paused complexes and scrunched initial-transcription paused com-
plexes (Fig. 4C, Top and Middle)—Dbut is not strongly specified in
the consensus sequence for elemental pausing in transcription
elongation, which does not involve DNA scrunching (Fig. 4C
Bottom) (75)—together with the observation that this nucleotide
is the first nucleotide in the 4-nt nontemplate-strand segment
repositioned due to DNA scrunching, suggests that specificity at
this position is associated with DNA scrunching and reflects
sequence-dependent differences in the ability to accommodate
DNA scrunching. Confirming the hypothesis that specificity at
this position reflects sequence-dependent differences in the ability
to accommodate DNA scrunching will require additional struc-
tural or biochemical information.

The structure of the o-containing pTEC shows RNAP in a
posttranslocated state (Fig. 6 B and C), rather than in the half-
translocated state that has been observed in structures of a
non—c-containing, RNA-hairpin—containing pTEC (75, 79).
The difference in observed translocational states may reflect a
real difference in the predominant translocational state for
o-dependent pausing vs. non-6-dependent pausing, or may
reflect only an apparent difference, arising from the presence of
a posttranslocation-favoring, RNA-DNA hybrid sequence in
the o-containing pTEC structure, arising from different selec-
tions among translocational states present in the equilibrium
population (34), or arising from different sensitivities of
o-containing and non—oc-containing pTECs to a noncomple-
mentary transcription-bubble region.

Discussion

Our results 1) establish, through mapping of positions of the
RNAP LEs and TEs relative to DNA, that 6-dependent paus-
ing at APR’ involves a scrunched state with 2-3 bp of DNA
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scrunching and an unscrunched, backtracked state (Fig. 3); 2)
define a consensus sequence for formation and/or stability of a
scrunched o-dependent paused complex (Tp_;NpYaGa,g) that
is identical to the consensus sequence for formation and/or sta-
bility of a scrunched initial-transcription paused complex
(Tp_1NpYaGa+1) and similar to the consensus sequence for ele-
mental pausing in transcription elongation (YaGay1) (Fig. 4);
3); show the position that is strongly specified in the consensus
sequences for the scrunched o-dependent paused complex and
the scrunched initial-transcription paused complex, but not in
the consensus sequence for elemental pausing in transcription
elongation (Tp_;), is recognized through the nontemplate
DNA strand (Fig. 5); and 4) provide an atomic structure of a
scrunched 6-dependent paused complex that suggests specificity
at position Tp_; is associated with DNA scrunching and reflects
sequence-dependent differences in the ability to accommodate
DNA scrunching (Fig. 6).
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Our results provide direct evidence for the hypothesis that,
in o-dependent pausing at APR, following pause capture, the
pTEC extends RNA by 3—4 nt using a scrunching mechanism,
and for the hypothesis that the resulting pTECs with extended
RNA can collapse to yield a backtracked state (10, 41, 55-59).

DNA scrunching has been shown to mediate translocation
of the RNAP active center relative to DNA in transcription-
start-site selection, initial transcription, and promoter escape
during transcription initiation (7-9, 63, 64, 68, 83). DNA
stepping has been thought to mediate translocation of the
RNAP active center relative to DNA during transcription elon-
gation (29). Our results establish that this distinction between
the mechanisms of RNAP-active-center translocation during
transcription initiation and transcription elongation is not abso-
lute, showing that DNA scrunching mediates translocation of
the RNAP active center under certain circumstances in pausing
and pause escape during transcription elongation. The shared
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feature of the transcription complexes that engage in DNA
scrunching during transcription initiation and the transcription
complexes shown here to engage in DNA scrunching in paus-
ing and pause escape during transcription elongation is the
presence of sequence-specific 6-DNA interactions that anchor
the TE of RNAP relative to DNA, preventing RNA extension
through a DNA stepping mechanism, and thereby necessitating
RNA extension through a DNA scrunching mechanism.

Generalizing from this observation, we propose that DNA
scrunching occurs in pausing and pause escape during tran-
scription elongation whenever sequence-specific 6-DNA inter-
action anchors the TE of RNAP relative to DNA, including,
for example, whenever a o-containing TEC encounters an
SDPE in a transcribed region (e.g., o-dependent pausing at
sequences other than APR’ SDPE) (41, 44-48, 54, 84, 85), or
whenever a sequence-specific DNA-binding protein that inter-
acts with RNAP engages a 6-containing TEC in a transcribed
region [e.g., transcription antitermination factor Q at a
Q-binding element upstream of an SDPE (57), or a transcrip-
tion activator protein, such as catabolite activator protein
(CAP), able to interact with RNAP from an appropriately posi-
tioned DNA site upstream of an SDPE].

Generalizing further, we suggest that DNA scrunching occurs
in pausing and pause escape during transcription elongation in
any circumstance in which any sequence-specific protein~-DNA
interaction anchors the TE of RNAP relative to DNA. Examples
potentially include 1) pausing induced by RfaH, which binds to
a o-free TEC and makes sequence-specific protein—-DNA inter-
actions with the transcription-bubble non—template-DNA strand
similar to the sequence-specific interactions between 6 and an
SDPE (76, 86); 2) pausing induced by other NusG/RfaH-family
transcription factors (87), such as Bacillus subtilis NusG, that
bind to a 6-free TEC and make sequence-specific protein-DNA
interactions with the transcription-bubble nontemplate-DNA
strand similar to the sequence-specific interactions between 6 and
an SDPE (88, 89); 3) pausing induced by other factors that bind
to a TEC and make sequence-specific protein—-DNA interactions
with an appropriately positioned upstream DNA site; and 4)
pausing induced by sequence-specific protein—-DNA interaction
between RNAP o subunit C-terminal domain (a-CTD) and an
appropriately positioned upstream DNA site.

We suggest that the DNA scrunching that occurs in pausing
and pause escape during transcription elongation—like the DNA
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