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Abstract

In bacteria, transcription and translation are coupled processes, in which movement of RNA
polymerase (RNAP) synthesizing mRNA is coordinated with movement of the first ribosome
translating mRNA. Coupling is modulated by the transcription factors NusG--which is thought to
bridge RNAP and ribosome--and NusA. Here, we report cryo-EM structures of Escherichia coli
transcription-translation complexes (TTCs) containing different-length mRNA spacers between
RNAP and the ribosome active-center P-site. Structures of TTCs containing short spacers show a
state incompatible with NusG bridging and NusA binding (TTC-A, previously termed
“expressome”). Structures of TTCs containing longer spacers reveal a new state compatible with
NusG bridging and NusA binding (TTC-B) and reveal how NusG bridges and NusA binds. We
propose that TTC-B mediates NusG- and NusA-dependent transcription-translation coupling.

One Sentence Summary:

Cryo-EM defines states that mediate NusG- and NusA-dependent transcription-translation
coupling in bacteria

Bacterial transcription and bacterial translation occur in the same cellular compartment,
occur at the same time, and are coordinated processes, in which the rate of transcription by
the RNA polymerase (RNAP) molecule synthesizing an mRNA is coordinated with the rate
of translation by the first ribosome (“lead ribosome”) translating the mRNA (1-9; see,
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however, 10). Data indicate that the coordination is mediated by transcription elongation
factors of the NusG/RfaH family, which contain an N-terminal domain (N) that interacts
with RNAP B’ and B subunits and a flexibly tethered C-terminal domain (C) that interacts
with ribosomal protein S10, and which are thought to bridge, and thereby connect, the
RNAP molecule and the lead ribosome (2, 5-9). Further data indicate that the coordination
is modulated by the transcription elongation factor NusA (11).

Cramer and co-workers recently reported a 7.6 A resolution cryo-EM structure of an
Escherichia colitranscription-translation complex (TTC) termed the “expressome,” obtained
by halting a transcription elongation complex (TEC) and allowing a translating ribosome to
collide with the halted TEC (12). However, the mRNA molecule in the structure was not
fully resolved, precluding determination of the number of mMRNA nucleotides between the
TEC and the ribosome active center in the structure (12), and the functional relevance of the
structure has been challenged, due to its genesis as a collision complex, and due to its
incompatibility with simultaneous interaction of NusG-N with RNAP and NusG-C with the
ribosome (6-9). Demo et al. recently reported a ~7 A resolution cryo-EM structure of a
complex of £. coli RNAP and a ribosome 30S subunit (13). However, the structure did not
contain mRNA, did not position RNAP close to the 30S mRNA-entrance portal, and was
incompatible with simultaneous interaction of NusG-N with RNAP and NusG-C with the
ribosome (13).

Here, we report cryo-EM structures of £. col/i TTCs containing defined-length mRNA
spacers between the TEC and the ribosome active-center product site (P site), both in the
presence of NusG and in the absence of NusG (Figs. 1, S1-S5; Tables S1-S2). We prepared
synthetic nucleic-acid scaffolds that contained (i) DNA and mRNA determinants that direct
formation of a TEC upon interaction with RNAP, (ii ) an mRNA AUG codon that enables
formation of a translation complex having the AUG codon positioned in the ribosome active-
center P site upon interaction with a ribosome and tRNA™et and (iii) an mRNA spacer
having a length, n,0f 4,5, 6, 7, 8, 9, or 10 codons (12, 15, 18, 21, 24, 27, or 30 nt) between
(i) and (ii) (Fig. 1A). We then incubated the nucleic-acid scaffolds with RNAP, with
ribosome and tRNA™Et and optionally with NusG and/or NusA, and we determined
structures by single-particle-reconstruction cryo-EM (see Supporting Information, Materials
and Methods). With nucleic-acid scaffolds having short spacers (n =4, 5, 6, 7, or 8), we
obtained structures matching the “expressome” of 22(TTC-A,; Figs. 1B-left, 2, S1-S3; Table
S1). However, with nucleic-acid scaffolds having longer mRNA spacers (n = 8, 9, or 10), we
obtained structures of a new molecular assembly with features strongly suggesting it is the
molecular assembly that functionally mediates NusG-dependent, NusA-dependent
transcription-translation coupling in cells (TTC-B; Figs. 1B-center, 1B-right, 3-4, S3-S8;
Table S1; Movies S1-S2).

TTC-A was obtained with nucleic-acid scaffolds having mRNA spacers of 4,5, 6, 7, or 8
codons--but not with longer mMRNA spacers (Figs. 1B-left, 2, S1-S3; Table S1). TTC-A was
obtained both in the absence of NusG and in the presence of NusG (Figs. S1-S3; Table S1).
EM density maps of 3.7-6.3 A resolution were obtained (~7 A and ~3.5 A local resolution
for TEC and ribosome, respectively, in best maps), enabling unambiguous rigid-body
docking of atomic structures of TEC, ribosome 30S subunit, ribosome 50S subunit with
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tRNA in active-center P site and exit site (E site), and, where present, NusG-N, followed by
manual fitting of residues in the RNAP-ribosome interface and in DNA and mRNA (Figs.
1B-left, 2, S1-S3; Table S1).

Remarkably, in TTC-A, the spatial relationship of RNAP relative to the ribosome is identical
in structures obtained with nucleic-acid scaffolds having mRNA spacer lengths of 4, 5, 6, 7,
and 8 codons (Fig. S1F). High-resolution data for TTC-A reveal that differences in mMRNA
spacer length are accommodated through differences in extents of compaction of mMRNA in
the RNAP RNA-exit channel and RNAP-ribosome interface (Fig. 2B). As mRNA spacer
length increases from 4 codons to 5 codons to 6 codons, the number of MRNA nucleotides
in the RNAP RNA-exit channel and RNAP-ribosome interface increases from 7 nt (5 nt in
exit channel; 2 nt in interface) to 10 nt (7 nt in exit channel; 3 nt in interface) to 13 nt (9 nt in
exit channel; 4 nt in interface) (Fig. 2B, subpanels 1-3). When the mRNA spacer length
increases to 7 or 8 codons, 16 or 19 nt of mMRNA are accommodated in the RNAP RNA-exit
channel and RNAP-ribosome interface, and the 16 or 19 nt of mMRNA show disorder,
indicating they adopt an ensemble of different conformations (Fig. 2B, subpanels 4-5). We
point out that the volume of the RNAP RNA-exit channel and RNAP-ribosome interface
cannot accommodate more than ~19 nt of mMRNA without changing the conformation of the
RNAP RNA-exit channel or disrupting the RNAP-ribosome interface, and we suggest that
this accounts for our observations that TTC-A is obtained at relatively low particle
populations with a nucleic-acid scaffold having an mRNA spacer length of 8 codons (18%
vs. 91% for nucleic-acid scaffold having mRNA spacer length of 4 codons; Figs. S1, S3) and
is not obtained with nucleic-acid scaffolds having mRNA spacer lengths >8 codons (Figs.
S4-S5). The mRNA spacers analyzed in this work contained only U (Fig. 1A); because U is
the RNA nucleotide having the smallest volume, the mMRNA-spacer-length cut-off of 8
codons observed in this work is likely to represent an upper bound.

In TTC-A, the RNAP-ribosome interface is extensive (3,742 AZ buried surface area) and
involves contacts of RNAP B’ zinc-binding domain (ZBD), RNAP B flap, and RNAP a!
with ribosomal proteins S4, S3, and S10, respectively (Figs. 2C-D).

In EM density maps of TTC-A, density is absent for RNAP «w subunit, indicating that RNAP
w subunit is either absent, or at a low occupancy level, or disordered (Fig. 2E). Molecular
modelling suggests that, if RNAP w were present and fully folded, the C-terminal a-helix of
 would clash with the ribosome (Fig. 2E).

In EM density maps of TTC-A obtained in the presence of NusG, EM density is present for
NusG-N (residues 1-118) at its expected binding location on the RNAP B’ clamp helices
and the RNAP p pincer tip (14; Figs. 1B-left, S1H), but is absent for the NusG linker and
NusG-C, consistent with unrestricted motion of the linker and NusG-C relative to NusG-N
(14; Fig. 1B-left). Density maps for TTC-A obtained in the absence of NusG are identical to
those obtained in the presence of NusG, except that density for NusG-N is missing (Fig. S2).
Model building indicates that the shortest sterically allowed distance between NusG-N
bound to RNAP and NusG-C modelled as bound to its molecular target on the ribosome,
ribosomal protein S10 (2, 5-9), is 160 A in TTC-A--which is 1.9 times the maximum length
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of the NusG linker--indicating that TTC-A is incompatible with NusG bridging of RNAP
and S10 (Fig. S9A).

Molecular modelling indicates that TTC-A also is incompatible with other known functional
properties of transcription elongation, pausing, and termination in £. coli. TTC-A is
sterically incompatible with binding of NusA (15; Fig. S10A), formation of a 21 Q
antitermination complex (16-17; Fig. S10B), and formation of pause and termination RNA
hairpins (15,18-19; Fig. S1I0C-D). TTC-A also appears to be incompatible with ribosome
30S-head swivelling, the 21° rotation of the ribosome 30S head relative to the ribosome 30S
body that occurs during ribosome translocation (20-22; Fig. S11A; Movie S3). The RNAP-
ribosome interface in TTC-A spans the 30S head and 30S body in the unswivelled state
(Figs. 2C, S11A-left) and is expected to be disrupted upon swivelling (loss of 1,972 A2
buried surface area; Fig. S11A-right). The finding that TTC-A--the “expressome” of 12--
lacks RNAP w subunit, is incompatible with NusG bridging, and is incompatible with
known functional properties of transcription and translation in £. co/i indicates that TTC-A
is unlikely to be functionally relevant to transcription-translation coupling under most
conditions in £. coli. We propose that TTC-A is either: (i) a specialized complex that
mediates transcription-translation coupling under specialized circumstances (e.g.,
transcription-translation coupling by RNAP deficient in w or by ribosomes inactive in
translocation), or (ii) an anomalous complex formed when the mMRNA spacer between RNAP
and ribosome is anomalously short (e.g. “collision-ome” or “crash-ome”).

TTC-B was obtained with nucleic-acid scaffolds having mRNA spacer lengths of 8, 9, or 10
codons--but not with shorter mRNA spacers (Figs. 1B, 3-4, S3-S7; Table S1). TTC-B was
obtained only when NusG was present (Figs. S3—-S8; Table S1) and was obtained both
without bound NusA and with bound NusA (Figs. S3—-S7; Table S1). TTC-B differs from
TTC-A by translation of RNAP relative to the ribosome by ~70 A and rotation of RNAP
relative to the ribosome by ~180° (Fig. 1B; Movie S1). EM density maps at 3.1-12.6 A
resolution were obtained, (~7 A and ~3 A local resolution for TEC and ribosome,
respectively, in best maps), enabling unambiguous rigid-body docking of atomic structures
of components, followed by manual fitting (Figs. 3—-4, S3-S7). TTC-B is identical to the
NusG-bridged complex reported in a preprint by Weixlbaumer and co-workers (23) and is
different from the NusA-containing complex reported in a preprint by Mahamid, Rappsilber,
and co-workers (24).

In contrast to in TTC-A, where the RNAP RNA-exit channel is coupled directly to the
ribosome mMRNA entrance portal, in TTC-B, the RNAP RNA-exit channel is separated by
~60 A from the ribosome mRNA entrance portal (Fig. 1B). In TTC-B, a~60 A, ~11 nt,
MRNA segment connects the RNAP RNA-exit channel and the ribosome mRNA entry
portal, running along the surface of the ribosome 30S head, making favorable electrostatic
interactions with positively charged residues in ribosomal protein S3 and RNAP B’ ZBD
(Figs. 3B, 4B, S3F, S4G). The requirement for this additional ~11 nt mRNA segment
accounts for the fact that TTC-B is obtained only with nucleic-acid scaffolds having mRNA
spacer lengths =8 codons.
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In TTC-B, the spatial relationship of RNAP relative to the ribosome is identical in structures
obtained with mRNA spacer lengths of 8, 9, and 10 codons (Figs. S4F, S5G). Analogously
toin TTC-A, in TTC-B, differences in mRNA spacer length are accommodated through
differences in extents of compaction of mMRNA in the RNAP RNA-exit channel (Figs. 3B,
4B). As mRNA spacer length increases from 8 to 9 to 10 codons, the number of MRNA
nucleotides in the RNAP RNA-exit channel increases from ~8 nt to ~11 nt to ~14 nt
(disordered in each case; Figs. 3B, 4B). Assuming that the volume of the RNAP RNA-exit
channel allows it to accommodate up to ~15 nt of MRNA (see above), it seems likely that
MRNA spacer lengths up to ~10 codons could be accommodated in TTC-B. Noting that the
mMRNA segments in the RNAP-ribosome interface and near ribosomal protein S3 in TTC-B
are solvent-accessible, it also seems possible that longer, possibly much longer, mMRNA
spacer lengths could be accommodated by looping of, or secondary-structure formation in,
these mRNA segments.

In TTC-B, the interaction between RNAP and ribosome is small, involving only contact
between the RNAP B’ ZBD sequence and ribosomal protein S3 (224 A2 buried surface area;
Figs. 3C-D, 4C-E).

In TTC-B, the RNAP-ribosome interaction is supplemented by bridging of RNAP and the
ribosome by NusG, involving simultaneous binding of NusG-N to RNAP and binding of
NusG-C to ribosomal protein S10 (1,409 AZ buried surface area for NusG-C and S10; Figs.
1B, 3A,C-D, 4A,C-E, S3G, S4H, S9B-C). NusG-C interacts with S10 in the manner
expected from published structures of a complex of NusG and S10 and of a complex of
NusG and a ribosome (2,9; Figs. S3G, S4H). EM density maps show unambiguous density
for NusG-N, NusG-C, and most residues of the NusG linker (Figs. 3D, 4D, S3G, S4H), and,
at lower contour levels, show density for all residues of the NusG linker (Figs. 3C, 4C).
Corresponding EM maps obtained in the absence of NusG do not show TTC-B (Fig. S8),
indicating that NusG bridging is functionally important for the formation and/or the stability
of TTC-B. The NusG bridging hypothesized in refs. 2 and 9 is unequivocally verified.

We first obtained structures of TTC-B in the presence of NusG and absence of NusA (NusG-
TTC-B; Figs. 3, S3-S4; Table S1). Molecular modelling indicated that NusG-TTC-B
potentially could accommodate binding of NusA (Fig. S10A). Therefore, we sought, and
obtained, corresponding structures of TTC-B in the presence of both NusG and NusA
(NusA-NusG-TTC-B; Figs. 4, S5; Table S1). As compared to structure determination of
TTC-B in the absence of NusA, structure determination of TTC-B in the presence of NusA
was associated with substantially higher particle populations (4% vs. 45% for n = 8, 18% vs.
28% for n = 9, and 17% vs. 40% for n = 10) and substantially higher resolutions (12.6 A vs.
31Aforn=8,47Avs. 42 Aforn=9, and 5.0 A vs. 3.7 A for n = 10), indicating that
NusA functionally stabilizes TTC-B. Three NusA-NusG-TTC-B subclasses were obtained:
TTC-B1, TTC-B2, and TTC-B3, differing by up to 15° rotation of RNAP relative to NusA
and ribosome (Figs. S5, STA-B; Movie S2).

In all NusA-NusG-TTC-B subclasses, RNAP and NusG interact with the ribosome 30S
head, with RNAP B’ ZBD contacting ribosomal protein S3 and NusG contacting ribosomal
protein S10 (Fig. 4C-E, S6), essentially as in the absence of NusA (Fig. 3C-D).
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In all NusA-NusG-TTC-B subclasses, NusA makes identical--and extensive--interactions
with the surface of the ribosome S30 body, involving contacts between NusA KH1 domain
and ribosomal proteins S2 and S5 (1,755 A2 buried surface area; Figs. 4C-E, S6). The
NusA-ribosome interactions observed here show no similarity to the putative NusA-
ribosome interactions reported in 24, the orientation of NusA relative to the ribosome differs
by ~180°, and the interactions involve a different module of the ribosome 30S subunit (body
vs. head).

NusA functions in this context as a large--70 A x 50 A--open rectangular frame that
connects RNAP to the ribosome 30S body (Figs. 4G, S7C). One side of the NusA
rectangular frame interacts with the ribosome 30S body, and three corners of the NusA
rectangular frame interact with RNAP, contacting the RNA a! C-terminal domain (aCTD'),
the RNA a!' C-terminal domain (aCTD), and the RNAP B flap-tip helix (FTH) (Figs 4F-
G, S7C). The NusA rectangular frame contains an internal flexible linkage, the AR1-AR2
linker (light blue circle in Figs. 4G, S7C), and interacts with RNAP through three flexible
linked modules: aCTD! and aCTD'!, which are connected to the rest of RNAP through
long, flexible linkers (25; lines in Figs. 4G, S7C), and B FTH, which is connected to the rest
of RNAP through flexible connectors (15-18; black circle in Figs. 4G, S7C). The internal
flexibility and flexible connections enable the NusA-RNAP subcomplex to maintain
constant contact with the ribosome 30S body, despite differences in orientation of RNAP
relative to the ribosome 30S body (Fig. S7C; Movie S2). We refer to the NusA rectangular
frame as the “coupling pantograph,” analogizing it to an electric-railway coupling
pantograph, the open rectangular frame, with internal flexibility and flexible connections,
that enables a locomotive to maintain constant contact with a power cable, despite
differences in orientation of the locomotive relative to the cable (26; Figs. S7C; Movie S2).

The separation between the RNAP RNA-exit channel and the ribosome mRNA entry portal
in TTC-B, together with the open character of the NusA rectangular frame (“coupling
pantograph”) in TTC-B, provides largely unrestricted access for transcriptional-regulatory
factors to bind, and transcriptional-regulatory RNA secondary structures to form, at and
adjacent to the mouth of the RNAP RNA-exit channel (Fig. S10). Molecular modelling
indicates that TTC-B, unlike TTC-A, can accommodate formation of the 21 Q
antitermination complex (16-17; Fig. S10B) and can accommaodate formation of pause and
termination RNA hairpins (15,18-19; Fig. SI0C-D). In NusA-NusG-TTC-B, positively
charged residues of NusA N and S1 domains are positioned to make favorable electrostatic
interactions with the hairpin loop of a pause or termination RNA hairpin, and thereby
potentially to nucleate formation of a pause or termination RNA hairpin (Fig. S7D; see 15).
The different orientations of NusA N and S1 domains in NusA-NusG-TTC-B subclasses B1,
B2, and B3 possibly enable interactions with different-length pause and termination RNA
hairpins, with B1 accommodating shorter hairpins and B2 and B3 accommodating longer
hairpins (Fig. S7D).

Molecular modelling also indicates that TTC-B, unlike TTC-A, is compatible with ribosome
30S-head swivelling, the rotation of the 30S head relative to the 30S body that occurs during
ribosome translocation (20-22; Fig. S11B-C; Movies S4-S5). In NusG-TTC-B, all RNAP-

ribosome and NusG-ribosome interactions involve the ribosome 30S head; accordingly, 30S-
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head swivelling can be accommodated by rotation of RNAP and NusG with the 30S head
(Fig S11B, center) and/or by separate rotation of flexibly connected RNAP 8’ ZBD and
flexibly connected NusG-C with the 30S head (Fig S11B, right; Movie S4). In NusA-NusG-
TTC-B, NusA-ribosome interactions involve the ribosome 30S body, and RNAP-ribosome
and NusG-ribosome interactions involve the ribosome 30S head; nevertheless --exploiting
the internal flexibility and flexible connections of the NusA-RNAP “coupling pantograph”--
30S-head swivelling can be accommodated by rotation of RNAP and NusG with the 30S
head (Fig S11B, center) and/or by separate rotation of flexibly connected RNAP B’ ZBD and
flexibly connected NusG-C with the 30S head (Fig S11B, right; Movie S5).

Based on the observation that TTC-B is compatible with NusG bridging, NusA binding,
known functional aspects of transcription, and known functional aspects of translation, we
propose that TTC-B modulates NusG-dependent, NusA-dependent transcription-translation
coupling in E. coli.

The structures presented were determined in the presence of CHAPSO, a non-ionic
detergent that has been used extensively in cryo-EM structural analysis of RNAP and RNAP
complexes to improve structural homogeneity by disrupting non-specific complexes and
weak complexes, and by improving rotational-orientation distributions of particles by
reducing interactions with the air-water interface (see 14-18). Analogous structure
determination in the absence of CHAPSO yielded low-resolution maps of TTC-A for
nucleic-acid scaffolds with mRNA spacer lengths of 4, 5, 6, and 7 codons (Figs. S12-S13;
Tables S2; Movie S6) and yielded low-resolution maps of two additional complexes, TTC-C
and TTC-D, for nucleic-acid scaffolds with mRNA spacer lengths of 7, 8, and 9 codons
(Figs. S13-S16; Table S2; Movies S7-S11). The fact that TTC-C and TTC-D are observed
only in the absence of CHAPSO suggests TTC-C and TTC-D may involve relatively weak
interactions. In TTC-C and TTC-D, interactions between RNAP and ribosome are mediated
by RNAP B sequence insert 2 (BSI2; also known as Bi9; 26-27), a 60-A long a-helical
antiparallel coiled-coil flexibly tethered to the rest of RNAP, and the main interaction is an
electrostatic interaction between the tip of BS12 and the ribosome 30 S subunit (Figs. S15-
S16). In TTC-C the orientation of RNAP relative to the ribosome is compatible with NusG
bridging (Fig S15), and in TTC-D the orientation of RNAP relative to the ribosome is
incompatible with NusG bridging (Fig S16). The structures suggest that TTC-C and TTC-D
could play roles in NusG-dependent transcription-translation coupling and in NusG-
independent transcription-translation coupling, respectively. The structural module that
mediates RNAP-ribosome interaction in TTC-C and TTC-D--BSI2--is not essential for
growth in rich media (26), but is essential for growth in minimal media (26), implying that
TTC-C and TTC-D are unlikely to be important for transcription-translation coupling in
general, but may be important for transcription-translation coupling in specific transcription
units in specific regulatory contexts (see 6). Further analysis will be needed to determine
whether, and, if so, in which contexts, TTC-C and TTC-D function in transcription-
translation coupling in E. coli. The results presented define four structural classes of TTCs--
TTC-A (the previously reported “expressome”; 12), TTC-B, TTC-C, and TTC-D--and show
that TTC-B has structural properties indicating it mediates NusG-dependent, NusA-
dependent transcription-translation coupling in £. coli.
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The results presented reframe our understanding of the structural and mechanistic basis of
transcription-translation coupling. The results provide high-resolution structures of the
previously described “expressome” (12; TTC-A) that demonstrate the incompatibility of the
previously described “expressome” with general transcription-translation coupling. In
addition, the results provide high-resolution structures of a new structural state, TTC-B, with
properties assignable to general, NusG-dependent, NusA-dependent transcription-translation
coupling, show that NusG stabilizes TTC-B by bridging RNAP and the ribosome 30S head,
show that NusA stabilizes TTC-B by bridging RNAP and the ribosome 30S body, and show
that NusA serves as a “coupling pantograph” that bridges RNAP and the ribosome 30S body
in a flexible manner that allows rotation of RNAP relative to the ribosome 30S body. Finally,
the results provide testable new hypotheses regarding the identities of the RNAP and NusA
structural modules crucial for transcription-translation coupling (RNAP B’ ZBD and NusA
KH1) and regarding the interactions made by those structural modules (interactions with
ribosomal protein S3 in the S30 head and interactions with ribosomal proteins S2 and S5 in
the S30 body).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structure determination: transcription-translation complexes (TTCs)
(A) Nucleic-acid scaffolds. Each scaffold comprises nontemplate- and template-strand

oligodeoxyribonucleotides (black) and one of seven oligoribonucleotides having spacer
length nof 4,5, 6, 7, 8, 9, or 10 codons (red), corresponding to mRNA. Dashed black box
labeled “TEC,” portion of nucleic-acid scaffold that forms TEC upon addition of RNAP (10
nt nontemplate- and template-strand ssDNA segments forming “transcription bubble,” 10 nt
of mRNA engaged with template-strand DNA as RNA-DNA “hybrid,” and 5 nt of mRNA,
on diagonal, in RNAP RNA-exit channel); dashed black lines labeled “ribosome P-site,”
mMRNA AUG codon intended to occupy ribosome active-center P site upon addition of
ribosome and tRNA™MEt: “spacer,” mRNA spacer between TEC and AUG codon in ribosome
active-center P site.

(B) Cryo-EM structures of NusG-TTC-A (obtained with spacer lengths of 4-8 codons),
NusG-TTC-B (obtained with spacer lengths of 8-10 codons), and NusA-NusG-TTC-B
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(obtained with spacer lengths of 8-10 codons). Structures shown are NusG-TTC-A (3.7 A; n
= 4; Table S1), NusG-TTC-B (4.7 A; n = 9; Table S1), and NusA-NusG-TTC-B2 (3.5 A; n=
8; Table S1). Images show EM density (gray surface) and fit (ribbons) for TEC, NusG and
NusA (at top; direction of transcription, defined by downstream dsDNA, indicated by arrow
in left panel and directly toward viewer in center and right panels) and for ribosome 30S and
50S subunits and P- and E-site tRNAs (at bottom). RNAP B’, B, a!, a!!, and w subunits are
in pink, cyan, light green, and dark green, and gray; 30S subunit, 50S subunit, P-site tRNA,
E-site tRNA are in yellow, gray, green, and orange; DNA nontemplate strand, DNA template
strand, and mRNA are in black, blue, and brick-red (brick-red dashed line where modelled).
NusG, NusA, and ribosomal protein S10 are in red, light blue, and magenta. Ribosome
L7/L12 stalk omitted for clarity in this and all subsequent images.
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Fig. 2. Cryo-EM structure of NusG-TTC-A
(A) Structure of NusG-TTC-A (3.7 A; n = 4; Table S1). Two orthogonal views. Colors as in

Fig. 1B.

(B) Accommaodation of MRNA spacer lengths of 4, 5, 6, 7 and 8 codons in NusG-TTC-A.
EM density, blue mesh; mRNA, brick-red (disordered mRNA nucleotides indicated by
dashed oval); template-strand DNA in RNA-DNA hybrid, blue; RNAP active-center
catalytic Mg2*, purple sphere; tRNA in ribosome P site, green. Upper and lower black
horizontal lines indicate edges of RNAP and ribosome.

(C) RNAP-ribosome interface in NusG-TTC-A (n = 4; identical interface forn =5, 6, 7, or
8), showing RNAP B’ zinc binding domain, (ZBD, pink; Zn2* ion as black sphere), RNAP
flap, cyan, RNAP B flap tip helix (B FTH; disordered residues indicated by cyan dashed
line), and RNAP a! (green) interacting with ribosomal proteins S4 (forest green), S3
(orange), and S10 (magenta) and with mRNA (brick red). Portions of RNAP B’ and
ribosome 30S not involved in interactions are shaded pink and yellow, respectively.

(D) RNAP-ribosome interactions involving RNAP B’ ZBD and S4 (subpanel 1), RNAP B
flap and S3 (subpanel 2; g FTH, dashed line; § and S3 residues that interact with mRNA,
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cyan and orange spheres with red outlines; mRNA, brick-red), RNAP a! and S3 (subpanel
3), and RNAP a! and S10 (subpanel 4). Other colors as in (C).

(E) Absence of EM density for RNAP w subunit. EM density, blue mesh; atomic models for
RNAP B’ and S2, pink ribbon and forest-green ribbon, respectively; location of missing EM
density for w, dashed oval; w in TEC in absence of ribosome (PDB 6P19; 17), white ribbon.
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NusG-TTC-B

Fig. 3. Cryo-EM structure of NusG-TTC-B
(A) Structure of NusG-TTC-B (4.7 A; n = 9; Table S1). Views and colors as in Fig. 2A.

(B) Accommaodation of mMRNA spacer lengths of 8, 9, and 10 codons in NusG-TTC-B. EM
density, blue mesh; mRNA, brick-red (disordered mRNA nucleotides indicated by dashed
oval); template-strand DNA in RNA-DNA hybrid, blue; RNAP active-center catalytic Mg2*,
purple sphere; tRNA in ribosome P site, green; ribosomal protein S3, orange (positively
charged residues positioned to contact mRNA as orange spheres); RNAP B’ zinc binding
domain (ZBD, pink; Zn?* ion as black sphere; positively charged residues positioned to
contact mMRNA as pink spheres). Upper and lower black diagonal lines indicate edges of
RNAP and ribosome.

(C) RNAP-ribosome interface and NusG bridging in NusG-TTC-B (n = 9; identical interface
forn =8, 9, or 10). RNAP B’ zinc binding domain, (ZBD, pink; Zn2* ion as black sphere)
interacts with ribosomal protein S3 (orange) and mRNA (brick red). NusG (red) bridges
RNAP and ribosome, with NusG-N interacting with RNAP and NusG-C interacting with
ribosomal protein S10 (magenta). Portions of RNAP B’, B, and ribosome 30S not involved in
interactions are shaded pink, cyan, and yellow, respectively.

(D) As C, showing cryo-EM density as blue mesh.
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Fig. 4. Cryo-EM structure of NusA-NusG-TTC-B
(A) Structure of NusA-NusG-TTC-B (NusA-NusG-TTC-B2; 3.5 A; n = 9; Table S1). NusA,

light blue. Views and other colors as in Figs. 2A and 3A.

(B) Accommaodation of MRNA spacer lengths of 8, 9, and 10 codons in NusA-NusG-TTC-
B. Views and colors as in Fig 3B.

(C) RNAP-ribosome interface, NusG bridging, and NusA binding in NusA-NusG-TTC-B (n
= 9; identical interface for n = 8, 9, or 10). RNAP B’ zinc binding domain, (ZBD, pink; Zn%*
ion as black sphere) interacts with ribosomal protein S3 (orange) and mRNA (brick red).
NusG (red) bridges RNAP and ribosome, with NusG-N interacting with RNAP and NusG-C
interacting with ribosomal protein S10 (magenta). NusA (light blue) KH1 domain interacts
with ribosomal proteins S5 and S2 (brown and forest green). Portions of RNAP B, B, w, and
ribosome 30S not involved in interactions are shaded pink, cyan, gray, and yellow,
respectively.

Science. Author manuscript; available in PMC 2021 March 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wang et al.

Page 18

(D) As C, showing cryo-EM density as blue mesh.

(E) RNAP-ribosome interactions involving RNAP B’ ZBD and S3 (subpanel 1) and NusG-
ribosome interactions involving NusG-C and S10 (subpanel 2).

(F) NusA-ribosome interactions involving NusA KH1 and S5 and S2 (subpanel 1) and
NusA-RNAP interactions involving NusA-N and RNAP B FTH (subpanel 2; B FTH residue
that interacts with mRNA, cyan sphere with red outline; mMRNA, brick-red), NusA AR2 and
RNAP aCTD! (subpanel 3), and NusA-N and RNAP aCTD! (subpanel 4).

(G) Points of flexibility in NusA-NusG-TTC-B (NusA “coupling pantograph”): flexible
linkage in NusA structure (AR1-AR2 linker; light blue circle), three flexible linkages
between NusA and RNAP (aCTD!' linker, aCTD!! linker, and @ FTH connectors; black lines
and black circle), flexible linkage between RNAP and ribosome (B’ ZBD connectors; black
circle), and flexible NusG bridging of RNAP and ribosome (NusG linker; red circle).
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