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E. coli RNAP core enzyme

E. coli RNAP core enzyme was prepared from E. coli strain BL21 Star (DE3) (ThermoFisher)
transformed with plasmid pVS10 (29; encodes E. coli RNAP ' with C-terminal hexahistidine tag, B, .,
and o subunits), as described (30). The product (purity >95%) was stored in aliquots in RNAP storage
buffer (10 mM Tris-HCIL, pH 7.6, 100 mM NacCl, 0.1 mM EDTA, and 5 mM dithiothreitol) at -80°C.

E. coli NusA

E. coli NusA was prepared from E. coli strain BL21 Star (DE3) (ThermoFisher) transformed with plasmid
pET28a-NusA (encodes E. coli NusA with N-terminal hexahistidine tag; 31), as described (31). The
product (purity >95%) was stored in aliquots in RNAP storage buffer at -80°C.

E. coli NusG

E. coli NusG was prepared from E. coli strain BL21 Star (DE3) (ThermoFisher) transformed with plasmid
plA247 (32; K. Kuznedelov and K. Severinov; encodes E. coli NusG with C-terminal hexahistidine tag),
as described (33). The product (purity >95%) was stored in aliquots in RNAP storage buffer at -80°C.

E. coli 70S ribosome
E. coli 70S ribosomes were prepared from E. coli strain JE28 (34; grown in media containing 50 ug/ml

kanamycin to OD600 = 1.0 in a 50 L fermenter, harvested, flash frozen in liquid N,, and stored at -80°C),
as described (35-36).

Cells in 20 mM Tris-HCI, pH 7.6, 100 mM NH,CI, 10.5 mM Mg(OAc),, 0.5 mM EDTA, 4 mM
2-mercaptoethanol, and 1.5 mg/ml benzamidine HCI, and phenylmethylsulfonyl fluoride at 4°C were
lysed [EmulsiFlex C3 (Avestin); 3 passages at 8,000 psi], and lysates were cleared by centrifugation (SS-
34 rotor; 2 x 30 min at 16,000 rpm at 4°C). Ribosomes were pelleted by centrifugation through a 12 ml
high-salt sucrose cushion [20 mM Tris-HCI, pH 7.5, 1.1 M sucrose, 500 mM NH,CI, 10.5 mM
Mg(OAc),, 0.5 mM EDTA, and 4 mM 2-mercaptoethanol; Type 45 Ti rotor; 20 h at 43,000 rpm at 4°C;
37]. Pelleted ribosomes were dissociated into ribosome 30S and 50S subunits by re-suspension in
dissociation buffer [20 mM Tris-HCI, pH 7.6, 200 mM NH,Cl, 1 mM Mg(OAc),, and 4 mM 2-
mercaptoethanol], and 30S and 50S subunits were separated by loading an aliquot (250 Ay units) onto a
36 ml 10-30% sucrose gradient in dissociation buffer and centrifugation (SW28 rotor; 15 h at 20,000 rpm
at 4°C). The gradient was fractionized, fractions containing 30S and 50S subunits were identified by UV
absorbance and pooled, and pooled fractions containing 30S and 50S subunits were pelleted (Type 45
rotor; 21 h at 41,000 rpm at 4°C). Purified 30S and 50S subunits were reassociated by suspension in
reassociation buffer (20 mM Tris-HCI, pH 7.5, 30 mM KCI, 20 mM Mg(OAc),, and 4 mM
2-mercaptoethanol), dilution to 200 A4 units/ml, and incubation 30 min at 40°C, and 70S ribosomes
were separated from non-reassociated 30S and 50S subunits by loading a 1 ml aliquot onto a 36 ml
10-30% sucrose gradient in reassociation buffer and centrifugation (SW28 rotor; 15 h at 18,000 rpm at
4°C). The gradient was fractionized, fractions containing 70S ribosomes were identified by UV
absorbance and pooled, and pooled fractions were pelleted (Type 45 rotor; 21 h at 41,000 rpm at 4°C).
Pelleted 70S ribosomes were re-suspended in reassociation buffer, flash frozen in liquid N,, and stored in
aliquots at -80°C.

E. coli tRNA™*!
E. coli tRNA™® was purchased (MP Biomedical), dissolved to 100 pM in 5 mM Tris-HCI, pH 7.5, and
stored in aliquots at -80°C.

Nucleic-acid scaffolds
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Oligodeoxyribonucleotides and oligoribonucleotides (sequences in Fig. 1A) were purchased (Integrated
DNA Technologies; PAGE-purified), dissolved to 1 mM in 5 mM Tris-HCI, pH 7.5, and stored in
aliquots at-80°C. Nucleic-acid scaffolds (sequences in Fig. 1A) were prepared by mixing 60 pM
nontemplate-strand oligodeoxyribonucleotide, 60 uM template-strand oligodeoxyribonucleotide, and 60
uM oligoribonucleotide in 100 ul annealing buffer (5 mM Tris-HCI, pH 7.5), heating 10 min at 95°C, and
cooling slowly (3 h) to 22°, and nucleic-acid scaffolds were stored in aliquots at -80°C.

Transcription-translation complexes (TTCs)

TTCs for structure determination in the presence of CHAPSO were prepared by mixing 10 pl 20 uM
RNAP core enzyme (in RNAP storage buffer), 0 or 30 pul 30 uM NusG (in RNAP storage buffer), 0 or 16
ul 60 uM NusA (in RNAP storage buffer), 4 ul 60 uM nucleic-acid scaffold (in 5 mM Tris-HCI, pH 7.5),
10 pl 10x reassociation buffer, and 10 pl (reactions with both NusA and NusG), 26 pl (reactions with
NusG but not NusA), or 40 pl (reactions with NusA but not NusG), or 56 pl (reactions with neither NusA
nor NusG) water; incubating 10 min at 22°C; adding 10 ul 100 pM tRNA™® (in 5 mM Tris-HCI, pH 7.5),
5 ul 40 uM 70S ribosome (in reassociation buffer), and 5 pl water; and further incubating 10 min at 22°C.
The resulting TTCs were transferred to a pre-chilled 0.5 ml Amicon Ultracel 30K concentrator (EMD
Millipore), concentrated to 35 pl by centrifugation (15 min at 20,000xg at 4°C), incubated 30 min on ice
for 30 min, supplemented with 3.8 pl of ice-cold 80 mM CHAPSO, and immediately applied to grids (see
"Cryo-EM structure determination: sample preparation").

TTCs for structure determination in the absence of CHAPSO were prepared by mixing 1 pl 20 uM RNAP
core enzyme (in RNAP storage buffer), 3 pul 30 uM NusG (in RNAP storage buffer) and 0.4 ul 60 uM
nucleic-acid scaffold (in 5 mM Tris-HCIL, pH 7.5), 1 ul 10x reassociation buffer, and 2.6 ul water;
incubating 10 min at 22°C; adding 1 pl of 100 uM tRNA™*' (in 5 mM Tris-HCI, pH 7.5), 0.5 pl 40 uM
70S ribosomes (in reassociation buffer), and 0.5 pl water; and further incubated 10 min at 22°C. The
resulting TTCs were incubated 30 min on ice, mixed with 35 ul ice-cold reassociation buffer, and
immediately applied to grids (see "Cryo-EM structure determination: sample preparation").

Cryo-EM structure determination: sample preparation

EM grids were prepared using a Vitrobot Mark IV autoplunger (FEI/ThermoFisher), with the
environmental chamber at 22°C and 100% relative humidity. Samples (3 ul) were applied to 2/1
Quantifoil Cu 300 holey-carbon grids (Quantifoil); glow-discharged 60 s using a PELCO glow-discharge
system (Ted Pella)]), grids were blotted with #595 filter paper (Ted Pella) for 7 s at 22°C, and grids were
flash-frozen by plunging in a liquid ethane cooled with liquid N,, and grids were stored in liquid N,.

Cryo-EM structure determination: data collection and data reduction (NusG-TTC-A; n=4,5, 6, or
7; with CHAPSO)

Cryo-EM data for NusG-TTC-A (n =5; with CHAPSO) were collected at the Rutgers University
Cryo-EM core Facility, using a 200 kV Talos Arctica (FEI/ThermoFisher) electron microscope equipped
with a GIF Quantum K2 direct electron detector (Gatan). Data were collected automatically in counting
mode, using EPU (FEI/ThermoFisher), a nominal magnification of 130,000x, a calibrated pixel size of
1.038 A/pixel, and a dose rate of 4.8 electrons/pixel/s. Movies were recorded at 200 ms/frame for 6 s (30
frames), resulting in a total radiation dose of 26.7 electrons/A”. Defocus range was varied between -1.25
pum and -2 um. A total of 1,027 micrographs were recorded from one grid over two days. Micrographs
were gain-normalized and defect-corrected.

Data were processed as summarized in Figs. SIA-D. Data processing was performed using a Tensor TS4
Linux GPU workstation with four GTX 1080 Ti graphic cards (NVIDIA). Dose weighting motion
correction (3x3 tiles; b-factor = 150) were performed using Motioncor2 (37). Contrast-transfer-function
(CTF) estimation was performed using CTFFIND-4.1 (38). Subsequent image processing was performed
using Relion 3.0 (39). Automatic particle picking with Laplacian-of-Gaussian filtering yielded an initial
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set of 98,720 particles. Particles were extracted into 500x500 pixel boxes and subjected to rounds of
reference-free 2D classification and removal of poorly populated classes, yielding a selected set of 27,378
particles. The selected set was 3D-classified with C1 symmetry, using a de novo 3D template created
using 3D _initial model under Relion 3.0. Of five classes obtained, four classes exhibited strong,
well-defined density assignable to the TEC and having a spatial relationship to density for the ribosome
consistent with a TTC. The 24,959 particles for these four classes were combined and 3D auto-refined
using a mask with a diameter of 450 A. The resulting 3D auto-refined particles were further refined using
a soft mask and solvent flattening and were post-processed, yielding a reconstruction at 3.7 A overall
resolution, as determined from gold-standard Fourier shell correlation (FSC; Fig. S1D; Table S1).

The initial atomic model for NusG-TTC-A (n = 5; with CHAPSO) was built by manual docking of RNAP
B', B, a', a" segments and NusG segments from a cryo-EM structure of an E. coli TEC bound to NusG-N
(PDB 6C6U; 40); DNA and RNA segments from a cryo-EM structure of an E. coli 21Q transcription
antitermination "loaded" complex (PDB 6P19; 17); ribosome 30S S2-S21 segments and 16S rRNA
segments from a cryo-EM structure of an E. coli "expressome" (PDB 5MY 1; 12); ribosome 30S S1
segments from cryo-EM structure of an E. coli ribosome complex (PDB 6H4N, 41); ribosome 50S
subunit from a cryo-EM structure of an E. coli 50S ribosomal subunit (PDB 6QDW); ribosome 50S-stalk
L7/12,L10, and L11 segments from a cryo-EM structure of an E. coli ribosome complex (PDB 610Y, 42),
and P- and E-site tRNA segments from a crystal structure of a Thermus thermophilus 70S ribosome P-
and E-site tRNA and mRNA (PDB 4V6G, 43), using UCSF Chimera (44). For the RNAP ' N and C-
termini (residues 1-15 and 1734-1407), the RNAP B flap-tip helix (residues 892-910), the RNAP o' and
o' N-termini and C-terminal domain (residues 1-5 and 234-329), and the NusG linker and NusG-C
(residues 117-182), density was absent, suggesting high segmental flexibility; these segments were not
fitted. For the RNAP o, density was absent, suggesting absence, low occupancy, or high segmental
flexibility; RNAP o was not fitted.

Refinement of the initial model was performed using real space refine under Phenix (45). The ribosome
30S and 50S subunits were rigid-body refined against the map, followed by real-space refinement with
geometry, rotamer, Ramachandran-plot, C3, non-crystallographic-symmetry, secondary-structure, and
reference-structure (initial model as reference) restraints, followed by global minimization and
local-rotamer fitting. Secondary-structure annotation was inspected and edited using UCSF Chimera.
RNAP and NusG were rigid-body refined against the map, and the RNAP B' Zn*" binding domain (ZBD;
residues 41-100), RNAP B flap (residues 835-891 and 911-937), RNAP o' (residues 61-75 and 154-173),
DNA, and mRNA segments were subjected to iterative cycles of model building and refinement in Coot
(46). The final atomic model at was deposited in the Electron Microscopy Data Bank (EMDB) and the
Protein Data Bank (PDB) with accession codes EMDB 21468 and PDB 6VYQ (Table S1).

The cryo-EM structure of NusG-TTC-A (n = 4; with CHAPSO) was determined in the same manner, but
using data collected at the National Center for CryoEM Access and Training (NCCAT), using a 300 kV
Krios Titan (FEI/ThermoFisher) electron microscope equipped with a Gatan K2 Summit direct electron
detector (Gatan), Leginon (47), a nominal magnification of 105,000x, a calibrated pixel size of 1.096
A/pixel, a dose rate of 6.33 electrons/pixel/s and 200 ms/frame for 10 s (50 frames; total radiation dose of
63.5 electrons/A%), and a defocus range of 1 um to 3 pm, and recording a total of 6,724 micrographs were
recorded from one grid over 1.5 days. The final map and atomic model had resolution of 3.8 A (EMDB
21386; PDB 6VU3; Table S1; Fig. S1F).

Cryo-EM structures of NusG-TTC-A (n = 6; with CHAPSO) and NusG-TTC-A (n = 7; with CHAPSO)
were determined in the same manner as for NusG-TTC-A (n = 5; with CHAPSO), yielding maps and
atomic models with resolutions of 3.8 A (EMDB 21469; PDB 6VYR) and 3.7 A (EMDB 21470; PDB
6VYY), respectively (Table S1; Fig S1F).
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The cryo-EM structure of TTC-A (n = 5; with CHAPSO) in the absence of NusG was determined in the
same manner as for NusG-TTC-A (n = 5; with CHAPSO), yielding a map and atomic model with
resolution of 4.1 A (EMDB 21494; PDB 6VZJ; Table S1; Fig. S2).

Cryo-EM structure determination: data collection and data reduction (NusG-TTC-A and
NusG-TTC-B; n = 8; with CHAPSO)

Cryo-EM data for NusG-TTC-A and NusG-TTC-B (n = 8; with CHAPSO) were collected at the Rutgers
University Cryo-EM core Facility, using a 200 kV Talos Arctica (FEI/ThermoFisher) electron microscope
equipped with a GIF Quantum K2 direct electron detector (Gatan). Data collection was performed as in
the preceding section. A total of 654 micrographs were recorded from one grid over one day. Micrographs
were gain-normalized and defect-corrected.

Data were processed as summarized in Figs. S3A-D. Data processing was performed using a Tensor TS4
Linux GPU workstation with four GTX 1080 Ti graphic cards (NVIDIA). Dose weighting motion
correction (3x3 tiles; b-factor = 150) were performed using Motioncor2 (37). CTF estimation was
performed using CTFFIND-4.1 (38). Subsequent image processing was performed using Relion 3.0 (39).
Automatic particle picking with Laplacian-of-Gaussian filtering yielded an initial set of 62,192 particles.
Particles were extracted into 512x512 pixel boxes and subjected to rounds of reference-free 2D
classification and removal of poorly populated classes, yielding a selected set of 10,874 particles. The
selected set was 3D-classified with C1 symmetry, using a de novo 3D template created using

3D _initial model under Relion 3.0. Classes that exhibited strong, well-defined density for the ribosome
were selected. 9,278 particles for these classes were combined and 3D auto-refined using a mask with
diameter of 450 A, yielding a reconstruction with a global resolution that reached 5.8 A, as determined
from gold-standard Fourier shell correlation. The reconstruction showed clear density for the ribosome
70S subunit and less clear density for the TEC. The volume eraser tool of UCSF Chimera (44) was used
to remove density for the 70S subunit, and a mask corresponding to the TEC was generated using
relion_mask create in Relion 3.0 with parameters --extend inimask 8 and --width_soft edge 3. The mask
and the auto-refine optimizer star file were then employed for particle subtraction using

relion_particle subtraction in Relion 3.0, and the subtracted particles were used for masked 3D
classification without image alignment. Two of five classes from masked 3D classification showed clear
density for TEC and were selected separately and re-extracted. Several runs of auto-refinement, particle
subtraction, and masked 3D classification were performed, yielding reconstructions at 6.3 A (NusG-TTC-
A) and 12.6 A (NusG-TTC-B) (Fig. S3D; Table S1).

Initial atomic model building was performed as described in the preceding section, except that, for
NusG-TTC-B, manual docking also was performed for NusG-C residues 123-181 from an NMR structure
of E. coli NusB-S10 bound to NusG-C (PDB 2KVQ); 2). Refinement of initial models was performed as
in the preceding section, except that, for NusG-TTC-B, iterative cycles of model building and refinement
also were performed for the NusG linker (residues 118-123) and NusG-C (residues 123-181).

The final atomic model of NusG-TTC-A (n = 8; with CHAPSO) was deposited in the EMDB and the
PDB with accession codes EMDB 22193 and PDB 6X1J (Table S1). The final atomic model of
NusG-TTC-B (n = 8; with CHAPSO) was deposited in the EMDB and the PDB with accession codes
EMDB 22192 and PDB 6XII (Table S1).

Cryo-EM structure determination: data collection and data reduction (NusG-TTC-B; n =9 or 10;
with CHAPSO)

Cryo-EM data for NusG-TTC-B (n = 9; with CHAPSO) were collected at the Rutgers University
Cryo-EM core Facility, using a 200 kV Talos Arctica (FEI/ThermoFisher) electron microscope equipped
with a GIF Quantum K2 direct electron detector (Gatan). Data collection was performed as in the
preceding two sections, but with image collection in SerialEM (48) accelerated by use of
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coma-compensated beam-image shift (49). A total of 3,792 micrographs were recorded from one grid
over three days. Micrographs were gain-normalized and defect-corrected.

Data were processed as summarized in Figs. S4A-D, using procedures as described in the preceding
section. Data processing yielded a reconstruction at 4.7 A resolution (Fig. S4D; Table S1).

Initial atomic model building and refinement of the initial model were performed as in the preceding
section.

The final atomic model for NusG-TTC-B (n = 9; with CHAPSO) was deposited in the EMDB and the
PDB with accession codes EMDB 22142 and PDB 6XDR (Table S1).

A cryo-EM structure of NusG-TTC-B (n = 10; with CHAPSO) was determined in the same manner as for
NusG-TTC-B (n = 9; with CHAPSO), yielding a map and atomic model with resolution of 5.1 A (EMDB
21469; PDB 6VYR; Table S1; Fig S4F).

Cryo-EM structure determination: data collection and data reduction (NusA-NusG-TTC-B; n = 8,
9, or 10; with CHAPSO)

Cryo-EM data for NusA-NusG-TTC-B (n = 8; with CHAPSO) were collected at NCCAT, using a 300 kV
Krios Titan (FEI/ThermoFisher) electron microscope equipped with a Gatan K2 Summit direct electron
detector (Gatan), Leginon (47), a nominal magnification of 105,000x, a calibrated pixel size of 0.4094
A/pixel, and a dose rate of 45.44 electrons/ A*/s. Movies were recorded at 30 ms/frame for 299 ms (50
frames), resulting in a total radiation dose of 68.15 electrons/A*. Defocus range was varied between -1.25
um and -2 um. A total of 9,966 micrographs were recorded from one grid over three days. Micrographs
were gain-normalized and defect-corrected.

Data were processed as summarized in Figs. S5A-D, using procedures as described in the preceding two
sections. Data processing yielded reconstructions at 3.2 A for NusA-NusG-TTC-B1, 3.5 A for
NusA-NusG-TTC-B2, and 3.1 A for NusA-NusG-TTC-B3 (Fig. S5D; Table S1).

Initial atomic model building was performed as described in the preceding two sections, except that
manual docking also was performed for RNAP a' C-terminal domain (aCTD"), RNAP a" C-terminal
domains (aCTD"), and NusA segments from a cryo-EM structure of an E. coli paused TEC bound to
NusA (PDB 6FLQ; 15) and an NMR structure of aCTD bound to NusA AR2 (PDB 2JZB). Refinement of
initial models was performed as in the preceding section, except that iterative cycles of model building
and refinement also were performed for aCTD', aCTD", and NusA domains N (residues 1-136), S1,
KHI1, KH2, AR1, and AR2. Identities of aCTD" and aCTD' were assigned based on location; aCTD' was
assigned as the aCTD closest to residue 233 of o' N-terminal domain, and aCTD" was assigned as the
aCTD closest to residue 233 of o' N-terminal domain.

The final atomic models were deposited in the EMDB and PDB with accession codes EMDB 22082 and
PDB 6X6T for NusA-NusG-TTC-B1 (n = 8; with CHAPSO), EMDB 22084 and PDB 6X7F for
NusA-NusG-TTC-B2 (n = 8; with CHAPSO), and EMDB 22087 and PDB 6X7K for NusA-NusG-TTC-
B3 (n=9; with CHAPSO) (Table S1).

Cryo-EM structures for NusA-NusG-TTC-B (n = 10; with CHAPSO) were determined in the same
manner, but using data collected at the Rutgers University Cryo-EM core Facility (data-collection
procedures as in the preceding section; 4,736 micrographs from one grid over two days forn=9; 2,624
micrographs from one grid over one day for n = 10), yielding maps and atomic models with resolutions of
5.9 A for n =9 NusG-TTC-B1, 4.2 A for n=9 NusG-TTC-B2, 4.8 A for n = 9 NusG-TTC-B3 (EMDB
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22107; PDB 6X9Q), 4.9 A for n = 10 NusG-TTC-B1, and 3.7 A for n = 10 NusG-TTC-B3 (EMDB
22141; PDB 6XDQ) (Table S1; Fig. S5G).

Cryo-EM data were collected and processed in the same manner for an analogous sample in the absence
of NusG (n = 8; with CHAPSO), yielding a map and atomic model of TTC-A with resolution of 3.9 A
and a map and partial atomic model of NusA-TTC-X with resolution of 9.3 A; Table S1; Fig. S8).

Cryo-EM structure determination: data collection and data reduction (NusG-TTC-A; n =5 or 6;
without CHAPSO)

Cryo-EM data for NusG-TTC-A (n = 5; without CHAPSO) were collected at the University of Michigan,
Life Sciences Institute Cryo-EM Facility, using a 200 kV Glacios (FEI/ThermoFisher) electron
microscope equipped with a K2 summit direct electron detector (Gatan). Data were collected using a
stage tilt of 40°, in order to overcome particle orientation preferences that precluded structure
determination using data collected without stage tilt (Fig. S12C). Following insertion of the grid into the
microscope, eucentric height was obtained, and the stage was tilted to 40°C by changing the stage o
parameter. Data were collected automatically in counting mode, using Leginon (47), a nominal
magnification of 45,000, a calibrated pixel size of 0.98 A/pixel, and a dose rate of 7 electrons/A/s.
Movies were recorded at 200 ms/frame for 6 s (30 frames total), resulting in a total radiation dose of 42
electrons/A”. Defocus range was varied between -1 pm and -2 pm. A total of 1,212 micrographs were
recorded from one grid over two days. Micrographs were gain-normalized and defect-corrected.

Data were processed as summarized in Figs. SI2A-E. Dose weighting, motion correction (5x5 tiles;
b-factor = 150) were performed using Motioncor2 (37). Per-particle CTF estimation was performed using
goCTF (50), in order to estimate and account for the focus gradient in each tilted micrograph. Subsequent
image processing was performed using Relion 3.0 (39). Automatic particle picking with Laplacian-of-
Gaussian filtering yielded an initial set of 93,446 particles. Particles were binned 3x, extracted into
192x192 pixel boxes, and subjected to two rounds of reference-free 2D classification and removal of
poorly populated classes, yielding a selected set of 41,868 particles. An ab initio model was generated
using the SGD-based approach in Relion 3.0. 3D auto-refinement was performed against the selected set
of particles, yielding a reconstruction with a global resolution that reached Nyquist frequency at 5.9 A as
determined from gold-standard Fourier shell correlation. Reference-free 2D classification and 3D auto-
refinement also were performed with un-binned particles; this yielded a higher-resolution reconstruction,
but did not yield clear improvement in subclass map quality. Therefore, subsequent steps were performed
using subclass maps from 2D classification and 3D auto-refinement with binned data.

In the next step of data processing, particle subtraction was conducted to remove the signal from the
ribosome 70S subunit, in order to characterize conformational states focused on the TEC. Because a mask
accounting for the full range of conformational dynamics of the TEC was essential for the analysis, and
because the segmented volume of the TEC was not reliable for generating such a mask (due to lower
occupancy and higher conformational dynamics of the TEC as compared to the ribosome, and resulting
weaker density for the TEC as compared to the ribosome in the map generated by 3D auto-refinement), a
3D volume was generated from signal-subtracted particles using the command relion_reconstruct, and
this 3D volume was low-pass filtered to 60 A resolution to generate a mask with an extended binary map
in 9 pixels and a soft-edge in 3 pixels. The same 3D volume was low-pass filtered to 40 A resolution and
also used as an initial model for subsequent data processing. Focused 3D classifications without
alignment was performed to sort different conformational states of the TEC relative to the ribosome. Of
three subclasses obtained, two subclasses exhibited strong, well-defined density assignable to TEC:
NusG-TTC-A1 (18%; identical to NusG-TTC-A of Figs. 1-2) and NusG-TTC-A2 (39%) (Fig. S12A).
Non-signal-subtracted particles associated with each well-defined subclass were used to reconstruct a 3D
volume using the command relion_reconstruct, and each volume was low-pass filtered to 30 A resolution
to generate an adaptive mask for subclass particles, with an extended binary map in 3 pixels and a
soft-edge in 3 pixels. Local focused 3D refinement for each subclass then was performed with its adaptive
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mask using command relion_refine (-sigma_ang = 3). This process yielded reconstruction at 19 A
resolution for subclass A1 and at 14 A resolution for subclass A2, as determined from gold-standard
Fourier shell correlation (FSC; Fig. S12D; Table S2). Half maps were used to generate local-resolution
maps using command relion_postprocess (-adhoc_bfac = 100) (Fig. S12E).

Initial atomic models for NusG-TTC-A1 and NusG-TTC-A2 (n = 5; without CHAPSO) were built by
manual docking of RNAP ', B, o', o segments and NusG segments from a cryo-EM structure of an E.
coli TEC bound to NusG (PDB 6C6U; 40); DNA and RNA segments from a cryo-EM structure of an E.
coli 21Q transcription antitermination "loaded" complex (PDB 6P19; 18); ribosome 30S S2-S21 segments
and 16S rRNA segments from a cryo-EM structure of an E. coli "expressome" (PDB 5MY1; 12);
ribosome 50S subunit from a cryo-EM structure of an E. coli 50S ribosomal subunit (PDB 6QDW); and
P- and E-site tRNA segments from a crystal structure of a Thermus thermophilus 70S ribosome P- and E-
site tRNA and mRNA (PDB 4V6G, 43), using UCSF Chimera (44). For the NusG linker and NusG-C
(residues 117-182), density was absent, suggesting high segmental flexibility; the NusG linker and NusG-
C segments were not fitted. RNAP SI2 (residues 936-1041) was subjected to iterative cycles of model
building and refinement in Coot (46). The final atomic model for TTC-A2 (n = 5) has been deposited in
the EMDB and PDB with accession codes EMDB 21471 and PDB 6VYT (Table S2).

Cryo-EM structures for NusG-TTC-A (n = 6; without CHAPSO) were determined in the same manner,
yielding maps and atomic models with resolutions of 15 A for NusG-TTC-A1 and 13 A for NusG-TTC-
A2 (Table S2).

Cryo-EM structure determination: data collection and data reduction (NusG-TTC-A, NusG-TTC-
C, and NusG-TTC-D; n =7; without CHAPSO)

Cryo-EM data for NusG-TTC-A, NusG-TTC-C and NusG-TTC-D (n = 7; without CHAPSO) were
collected at the University of Michigan, Life Sciences Institute Cryo-EM Facility. Data collection using a
stage tilt of 40° was performed as in the preceding section. A total of 7,297 micrographs were recorded
from one grid over five days. Micrographs were gain-normalized and defect-corrected.

Data were processed as summarized in Figs. S13A-E. Dose weighting, motion correction (5x5 tiles;
b-factor = 150) were performed using Motioncor2 (37). Per-particle CTF estimation was performed using
goCTF (50), in order to estimate and account for the focus gradient in each tilted micrograph. Subsequent
image processing was performed using Relion 3.0 (39). Automatic particle picking with Laplacian-of-
Gaussian filtering yielded an initial set of 765,225 particles. Particles were binned 3x, extracted into
192x192 pixel boxes, and subjected to two rounds of reference-free 2D classification and removal of
poorly populated classes, yielding a selected set of 445,738 particles. An ab initio model was generated
using the SGD-based approach in Relion 3.0. 3D auto-refinement was performed against the selected set
of particles, yielding a reconstruction with a global resolution that reached Nyquist frequency at 5.9 A as
determined from gold-standard Fourier shell correlation. Reference-free 2D classification and 3D
auto-refinement also were performed with un-binned particles; this yielded a higher-resolution
reconstruction, but did not yield clear improvement in subclass map quality. Therefore, subsequent steps
were performed using subclass maps from 2D classification and 3D auto-refinement with binned data.

In the next step of data processing, particle subtraction was conducted to remove the signal from the
ribosome 70S subunit, in order to characterize conformational states focused on the TEC. Because a mask
accounting for the full range of conformational dynamics of the TEC was essential for the analysis, and
because the segmented volume of the TEC was not reliable for generating such a mask (due to lower
occupancy and higher conformational dynamics of the TEC as compared to the ribosome, and resulting
weaker density for the TEC as compared to the ribosome in the map generated by 3D auto-refinement), a
3D volume was generated from signal-subtracted particles using the command relion_reconstruct, and
this 3D volume was low-pass filtered to 60 A resolution to generate a mask with an extended binary map
in 9 pixels and a soft-edge in 3 pixels. The same 3D volume was low-pass filtered to 40 A resolution and
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also used as an initial model for subsequent data processing. Focused 3D classifications without
alignment was performed to sort different conformational states of the TEC relative to the ribosome. Of
seven subclasses obtained, six subclasses exhibited strong, well-defined density assignable to the TEC:
NusG-TTC-A2 (5%), NusG-TTC-C4 (2.9%), NusG-TTC-C5 (2.8%), NusG-TTC-C6 (2.7%), NusG-TTC-
D2 (3.2%), and NusG-TTC-D3 (3.3%). The three NusG-TTC-C subclasses were grouped together and
subjected to an additional round of 3D classification into three subclasses without alignment. All well-
defined subclasses of RNAP were selected (Figs S13A), and non-signal-subtracted particles associated
with each subclass were used to reconstruct a 3D volume using the command relion_reconstruct, each
volume was low-pass filtered to 30 A resolution to generate an adaptive mask for subclass particles, with
an extended binary map in 3 pixels and a soft-edge in 3 pixels. Local focused 3D refinement for each
subclass was then performed with its adaptive mask using command relion_refine (-sigma_ang = 3). This
process yielded reconstructions at 11 A resolution for subclass A2; at 10 A resolution for subclasses C4,
CS5, and C6; and at 9 A resolution for subclasses D2 and D3, as determined from gold-standard Fourier
shell correlation (FSC; Figs S13D; Table S2). Half maps were used to generate local-resolution maps
using command relion_postprocess (-adhoc_bfac = 100) (Fig. S13E).

Atomic models for NusG-TTC-A2, NusG-TTC-C4, NusG-TTC-C5, NusG-TTC-C6, NusG-TTC-D2, and
NusG-TTC-D3 (n = 7; without CHAPSO) were built as described in the preceding section, yielding maps
and atomic models with resolutions of 14 A for NusG-TTC-A2, 9.9 A for NusG-TTC-C4 (EMDB 21475;
PDB 6VYX), 9.9 A for NusG-TTC-C5 (EMDB 21476; PDB 6VYY), 9.9 A for NusG-TTC-C6 (EMDB
21477, PDB 6VYZ), 8.9 A for NusG-TTC-D2, and 8.9 A for NusG-TTC-D3 (EMDB 21485; PDB 6VZ5)
(Table S2).

Cryo-EM structure determination: data collection and data reduction (NusG-TTC-C, and
NusG-TTC-D; n =8 or 9; without CHAPSO)

Cryo-EM data for NusG-TTC-C and NusG-TTC-D (n = 9; without CHAPSO) were collected at the
University of Michigan, Life Sciences Institute Cryo-EM Facility. Data collection using a stage tilt of 40°
was performed as in the preceding two sections. A total of 11,989 micrographs were recorded from one
grid over five days. Micrographs were gain-normalized and defect-corrected.

Data were processed as summarized in Figs. S14A-E. Dose weighting, motion correction (5x5 tiles;
b-factor = 150) were performed using Motioncor2 (37). Per-particle CTF estimation was performed using
goCTF (50), in order to estimate and account for the focus gradient in each tilted micrograph. Subsequent
image processing was performed using Relion 3.0 (39). Automatic particle picking with Laplacian-of-
Gaussian filtering yielded an initial set of 1,200,794 particles. Particles were binned 3x, extracted into
192x192 pixel boxes, and subjected to two rounds of reference-free 2D classification and removal of
poorly populated classes, yielding a selected set of 569,067 articles. An ab initio model was generated
using the SGD-based approach in Relion 3.0. 3D auto-refinement was performed against the selected set
of particles, yielding a reconstruction with a global resolution that reached Nyquist frequency at 5.9 A as
determined from gold-standard Fourier shell correlation. Reference-free 2D classification and 3D
auto-refinement also were performed with un-binned particles; this yielded a higher-resolution
reconstruction, but did not yield clear improvement in subclass map quality. Therefore, subsequent steps
were performed using subclass maps from 2D classification and 3D auto-refinement with binned data.

In the next step of data processing, particle subtraction was conducted to remove the signal from the
ribosome 70S subunit, in order to characterize conformational states focused on the TEC. Because a mask
accounting for the full range of conformational dynamics of the TEC was essential for the analysis, and
because the segmented volume of the TEC was not reliable for generating such a mask (due to lower
occupancy and higher conformational dynamics of the TEC as compared to the ribosome, and resulting
weaker density for the TEC as compared to the ribosome in the map generated by 3D auto-refinement), a
3D volume was generated from signal-subtracted particles using the command relion_reconstruct, and
this 3D volume was low-pass filtered to 60 A resolution to generate a mask with an extended binary map
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in 9 pixels and a soft-edge in 3 pixels. The same 3D volume was low-pass filtered to 40 A resolution and
also used as an initial model for subsequent data processing. Focused 3D classifications without
alignment was performed to sort different conformational states of the TEC relative to the ribosome. Of
six subclasses obtained, five subclasses exhibited strong, well-defined density assignable to the TEC:
NusG-TTC-C1 (2%), NusG-TTC-C2 (3%), NusG-TTC-C3 (6%), NusG-TTC-D1 (10%), and NusG-TTC-
D2 (12%). The three NusG-TTC-C subclasses were grouped together and subjected to an additional round
of 3D classification into three subclasses without alignment. All well-defined subclasses of RNAP were
selected (Figs S14A), and non-signal-subtracted particles associated with each subclass were used to
reconstruct a 3D volume using the command relion reconstruct, each volume was low-pass filtered to 30
A resolution to generate an adaptive mask for subclass particles, with an extended binary map in 3 pixels
and a soft-edge in 3 pixels. Local focused 3D refinement for each subclass was then performed with its
adaptive mask using command relion_refine (-sigma_ang = 3). This process yielded reconstructions at 7.6
A resolution for subclass C1, at 7.0 A resolution for subclasses C2 and C3, and at 10 A resolution for
subclasses D1 and D2, as determined from gold-standard Fourier shell correlation (FSC; Figs. S14D;
Table S2). Half maps were used to generate local-resolution maps using command relion_postprocess
(-adhoc_bfac = 100) (Fig. S14E).

Atomic models for NusG-TTC-C1, NusG-TTC-C2, NusG-TTC-C3, NusG-TTC-D1, and NusG-TTC-D2
(n = 9; without CHAPSO) were built as described in the preceding two sections. The final atomic models
for NusG-TTC-C1, NusG-TTC-C2, NusG-TTC-C3, NusG-TTC-D1, and NusG-TTC-D2 (n = 9; without
CHAPSO) have been deposited in the Electron Microscopy Data Bank (EMDB) and the PDB with
accession codes EMD 21486 and PDB 6VZ7, EMD 21472 and PDB 6VYU, EMD 21474 and
PDB6VYW, EMD-21482 and PDB 6VZ2, and EMD 21483 and PDB 6VZ3, respectively (Table S2).

Cryo-EM structures for NusG-TTC-C and NusG-TTC-D (n = 8; without CHAPSO) were determined in the
same manner, yielding maps and atomic models with resolutions of 7.0 A for NusG-TTC-C2, 7.0 A for
NusG-TTC-C3, 9.9 A for NusG-TTC-C6, 10 A for NusG-TTC-D2, 8.9 A for NusG-TTC-D3, respectively (Table
S2).
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Supplementary Figure Legends:

Fig. S1. Structure determination: NusG-TTC-A (n =4, 5, 6, or 7; with CHAPSO)

(A) Data processing scheme (Table S1).

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).

(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density map colored by local resolution. View orientation as in Figs. 1B and 2A, left.

(F) EM density maps for NusG-TTC-A obtained using nucleic-acid scaffolds withn=4, 5, 6, 7, and 8
(superimposition at left; individual EM maps and color scheme at right). View orientation as in Figs. 1A
and 2A, left.

(G-1) Representative EM density (blue mesh) and fits (ribbons) for RNAP regions that interact with
ribosome, for NusG-N, and for ribosomal proteins that interact with RNAP.

Data shown are for structure of NusG-TTC-A obtained with nucleic-acid scaffold having n = 5; similar
data are obtained for structures of NusG-TTC-A obtained with nucleic-acid scaffolds having n =4, 6, 7,
or 8 (panels D and F; Fig. S3; Table S1).

Fig. S2. Structure determination: TTC-A in absence of NusG (n = 5; with CHAPSO)

(A) Data processing scheme (Table S1).

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).

(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density map colored by local resolution. View orientation as in Figs. 1B and 2A, left.

(F) EM density and fit for NusG-TTC-A (left subpanel; overall view at top, close-up of NusG-N binding
site below), and for TTC-A in absence of NusG (right; overall view at top, close-up of NusG-N binding
site below). Blue mesh, EM density; dashed black circle, absent EM density for NusG-N in absence of
NusG; BPT, RNAP f pincer tip. Other colors as in Figs. 1B and 2A.

Fig. S3. Structure determination: NusG-TTC-A and NusG-TTC-B (n = 8; with CHAPSO)

(A) Data processing scheme (Table S1). Two classes were obtained: NusG-TTC-A (identical to
NusG-TTC-A of Fig. S1) and NusG-TTC-B.

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).

(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density maps colored by local resolution. View orientation as in Figs. 1B and 3A, left.

(F) Path of mRNA (brick red) across RNAP-ribosome interface in NusG-TTC-B. 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
mRNA as pink spheres).

(G) Left, EM density (blue mesh) and fit for NusG (red) and ribosomal protein S10 (magenta) in
NusG-TTC-B. Center, EM density at lower contour level and fit for NusG and ribosomal protein S10 in
NusG-TTC-B (colored as in left subpanel). Right, superimposition of NusG and S10 of NusG-TTC-B
(colored as in left subpanel) on NusG-C and S10 in NusG-C/S10 complex of 2 (PDB 2KVQ); gray).

Fig. S4. Structure determination: NusG-TTC-B (n =9 or 10; with CHAPSO)

(A) Data processing scheme (Table S1).

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).
(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density map colored by local resolution. View orientation as in Figs. 1B and 3A, left.
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(F) EM density maps for NusG-TTC-B obtained using nucleic-acid scaffolds withn= 28, 9, or 10
(superimposition at left; individual EM maps and color scheme at right). View orientation as in Figs. 1A
and 3A, left.

(G) Path of mRNA (brick red) across RNAP-ribosome interface in NusG-TTC-B (n = 9). Ribosomal
protein S3, orange (positively charged residues positioned to contact mRNA as orange spheres); RNAP '
zinc binding domain (ZBD, pink; Zn>" ion as black sphere; positively charged residues positioned to
contact mRNA as pink spheres).

(H) Left, EM density (blue mesh) and fit for NusG (red) and ribosomal protein S10 (magenta) in
NusG-TTC-B (n =9). Center, EM density at lower contour level and fit for NusG and ribosomal protein
S10 in NusG-TTC-B (colored as in left subpanel). Right, superimposition of NusG and S10 of NusG-
TTC-B (n =9; colored as in left subpanel) on NusG-C and S10 of NusG-C/S10 complex of 2 (PDB
2KVQ; gray).

Data shown are for structure of NusG-TTC-B obtained with nucleic-acid scaffold having n = 9; similar
data are obtained with nucleic-acid scaffold having n = 10 (panels D and F; Table S1).

Fig. S5. Structure determination: NusA-NusG-TTC-B (n =8, 9, or 10; with CHAPSO)

(A) Data processing scheme (Table S1). Three subclasses were obtained: NusA-NusG-TTC-B subclasses
B1, B2, and B3.

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).

(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density maps colored by local resolution. View orientation as in Figs. 1B and 4A, left.

(F) EM density and fit for subclasses B1, B2, and B3.

(G) EM density maps for NusA-NusG-TTC-B3 obtained using nucleic-acid scaffolds withn=28, 9, or 10
(superimposition at left; individual EM maps and color scheme at right). View orientation as in Figs. 1B
and 4A, left.

(H) EM density and fit for NusA for subclasses B1, B2, and B3 (contour level 0.8 for EM density
assigned to alCTD' of subclass B1; contour level 3 for all other EM density).

Data shown are for structures of TTC obtained with nucleic-acid scaffold having n = 8; similar data are
obtained with nucleic-acid scaffold having n =9 or 10 (panels D and G; Table S1).

Fig. S6. NusA-NusG-TTC-B subclasses B1, B2, and B3: RNAP-ribosome interface, NusG bridging,
and NusA binding

RNAP-ribosome interface, NusG bridging, and NusA binding in NusA-NusG-TTC-B subclasses B1
(top), B2 (center), and B3 (bottom). Left subpanels, RNAP ' 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, ®, and ribosome 30S not involved in interactions are
shaded pink, cyan, gray, and yellow, respectively. Right subpanels, same, showing EM density as blue
mesh.

Fig. S7. NusA-NusG-TTC-B subclasses B1, B2, and B3: structural relationship, points of flexibility,
and accommodation of pause and terminator RNA hairpins

(A) Structural relationship of NusA-NusG-TTC-B subclasses B1, B2, and B3. Superimposition of EM
maps of NusA-NusG-TTC-B subclasses B1, B2, and B3 (RNAP EM density colored by subclass;
ribosome EM density in gray for subclass B2). Orientation of RNAP relative to ribosome in subclass B1
is most similar to that in NusG-TTC-B. View orientation as in Figs. 1B and 4A, left. See Movie S2.

(B) Structural relationship of NusA-NusG-TTC-B subclasses B1, B2, and B3. Superimposition of NusA
(ribbons) and RNAP (surfaces) of subclasses B1, B2, and B3. Colors as in (A). View orientation as in Fig.
4G.
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(C) Points of conformational difference--flexibility--in NusA-NusG-TTC-B subclasses B1 (top), B2
(center), and B3 (bottom): flexible linkage in NusA structure (AR1-AR2 linker; light blue circle), three
flexible linkages between NusA and RNAP (B FTH connectors, aCTD' linker, and aCTD" linker; black
circle and black lines), flexible linkage between RNAP and ribosome (' ZBD connectors; black circle),
and flexible NusG bridging of RNAP and ribosome (NusG linker; red circle). View orientation as in Fig.
4G.

(D) Modelled accommodation of his pause and tR2 terminator RNA hairpins (hairpin stem in red; hairpin
loop as red dashed line) in NusA-NusG-TTC-B subclasses B1 (top; steric clash with his and tR2 harpins),
B2 (center; no steric clash with his and tR2 harpins), and B3 (bottom; no steric clash with his and tR2
harpins) NusG, solvent-accessible surface colored by electrostatic potential (negative potential, red;
positive potential, blue; positively charged residues, blue labels); RNAP 3 FTH, cyan ribbon (positively
charged residues, cyan spheres and labels).

Fig. S8. Structure determination: TTC-A and NusA-TTC-X (n = 8; with CHAPSO)

(A) Data processing scheme (Table S1). Two classes were obtained: TTC-A (identical to TTC-A of Fig.
S2) and NusA-TTC-X.

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).

(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density and fit for NusA-TTC-X. NusA domains N, S1, KH1, and KH2, light blue; small dashed
oval absent EM density for NusA domains AR1 and AR2; large dashed circle density assignable as, but
not fittable as, RNAP. View orientation as in Figs. 1B and 4A, left.

(F) EM density for NusA N, S1, KH1, and KH2 domains. View orientation as in Fig. S5H.

(G) NusA-ribosome interface in NusA-TTC-X. NusA (light blue) KH1 domain interacts with ribosomal
proteins S5 and S2 (brown and forest green). View orientation as in Fig. 4C.

Fig. S9. Compatibility of structures of NusG-TTC-A, NusG-TTC-B, and NusA-NusG-TTC-B with
NusG bridging

Structures shown are NusG-TTC-A (subclass Al; left), NusG-TTC-B (center), and NusA-NusG-TTC-B
(right). Black "X" indicates incompatibility with NusG bridging. NusG-N of NusG-TTC-A and NusG of
NusG-TTC-B and NusA-NusG-TTC-B, red; ribosomal protein S10 (molecular target of NusG-C),
magenta; modeled NusG-C in NusG-TTC-A, red with red dashed circle; measured length of shortest
sterically allowed connection between NusG-N residue 104 and NusG-C residue 123, red dashed line and
black distance in A. The 22-residue linker between NusG-N residue 104 and NusG-C residue 125 can
span 86 A (22 residues x 3.9 A/residue = 86 A). The distance in NusG-TTC-A is incompatible with NusG
bridging. The distances in NusG-TTC-B and NusA-NusG-TTC-B are compatible with NusG bridging.

Fig. S10. Compatibility of structures of NusG-TTC-A, NusG-TTC-B, and NusA-NusG-TTC-B with
NusA binding formation of 21 Q antitermination complex, and formation of pause and termination
RNA hairpins
Structures shown are NusG-TTC-A (subclass A1; left), NusG-TTC-B (center), and NusA-NusG-TTC-B
(right). Black "X" indicates incompatibility. NusG-N of NusG-TTC-A and NusG of NusG-TTC-B and
NusA-NusG-TTC-B, red; NusA of NusA-NusG-TTC-B, light blue; modelled NusA, 21 Q antitermination
complex, or RNA hairpin, pink.
(A) Compatibility with binding of transcription-elongation factor NusA (pink; 15). NusG-TTC-A is
incompatible with binding of NusA (severe steric clash of NusA N, S1, KH1, KH2, and AR1 with
ribosome in subclass Al; severe steric clash of NusA KH2 and AR1 with ribosome in subclass A2).
NusG-TTC-B (with very modest rotation of NusA) and, by definition, NusA-NusG-TTC-C are
compatible with binding of NusA.
(B) Compatibility with formation of bacteriophage 21 Q transcription antitermination complex (21 Q
loaded complex; pink; 17). NusG-TTC-A is incompatible with formation of 21 Q transcription
antitermination complex (severe steric clash of Q body with ribosome in subclass Al and subclass A2).
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NusG-TTC-B and NusA-NusG-TTC-B are compatible with formation of 21 Q transcription
antitermination complex.

(C-D) Compatibility with formation of His pause and tR2 terminator RNA hairpin (hairpin stem, pink;
hairpin loop, pink dotted line; 15,18-19). NusG-TTC-A is incompatible with formation of pause and
termination hairpins (collision of hairpin loop with ribosome in subclass Al). NusG-TTC-B and NusA-
NusG-TTC-B are compatible with formation of pause and termination hairpins.

Fig. S11. Compatibility of structures of NusG-TTC-A, NusG-TTC-B, and NusA-NusG-TTC-B with
30S-head swivelling

(A) NusG-TTC-A is incompatible with 30S-head swivelling, the ~21° rotation of ribosome 30S head
(brown) relative to ribosome 30S body (yellow) that occurs during ribosome translocation (severe
disruption of RNAP-ribosome interactions). Structures of unswivelled and swivelled states are from PDB
4V51 and PDB 4W29, respectively (51-52). Ribosome 50S subunit and tRNAs are omitted for clarity.
See Movie S3.

(B) NusG-TTC-B is compatible with 30S-head swivelling (complete retention of RNAP-ribosome and
NusG-ribosome interactions, provided RNAP and NusG move with 30S head (center subpanel), or
provided RNAP ' ZBD and NusG-C move with 30S head, exploiting flexible connectors between f3'
ZBD and rest of RNAP and between NusG-N and NusG-C (right subpanel; black and red circles). See
Movie S4.

(C) NusA-NusG-TTC-B is compatible with 30S-head swivelling (complete retention of RNAP-ribosome,
NusG-ribosome, and NusA-ribosome interactions, provided RNAP and NusG move with 30S head,
exploiting flexible connectors within NusA and between NusA and RNAP (NusA "coupling pantograph";
center subpanel; light blue circle, black circle, and black lines), or provided RNAP ' ZBD and NusG-C
move with 30S head, exploiting flexible connectors between ' ZBD and rest of RNAP and between
NusG-N and NusG-C (right subpanel; black and red circles). See Movie S5.

Fig. S12. Structure determination: NusG-TTC-A (n =5 or 6; without CHAPSO)

(A) Data processing scheme (Table S2). Two subclasses were obtained: Al and A2.

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).

(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density maps colored by local resolution for subclasses Al and A2. View orientation as in Figs.
1B and 2A, left.

(F) EM density and fit for subclasses Al and A2.

(G) EM density (blue mesh) and fit (green, P-site tRNA; orange, E-site tRNA) for subclasses Al and A2.
(H) Superimposition of EM density maps of subclasses Al (red) and A2 (orange). View orientations as in
(A).

(1) Absence of EM density for RNAP o subunit in subclass A2. EM density, blue mesh; atomic models
for RNAP B’ and ribosomal protein S2, pink ribbon and red-pink ribbon, respectively; location of missing
EM for @, dashed oval; @ in TEC in absence of ribosome (PDB 6P19; 19), white ribbon. Analogous data
for subclass Al are in Fig 2E.

Data shown are for structures of TTC obtained with nucleic-acid scaffold having n = 5; similar data are
obtained for structures with nucleic-acid scaffold having n = 6 (Table S2).

Fig. S13. Structure determination: NusG-TTC-A, NusG-TTC-C, and NusG-TTC-D (n = 7; without
CHAPSO)
(A) Data processing scheme (Table S2). Six subclasses were obtained: NusG-TTC-A subclass A2;
NusG-TTC-C subclasses C4, C5, and C6; and NusG-TCC-D subclasses D2 and D3.
(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).
(C) Orientation distribution.
(D) Fourier-shell-correlation (FSC) plot.
(E) EM density maps colored by local resolution. View orientation as in Figs. 1B, 2A, 3A, and 4A.
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(F) EM density and fit for subclasses A2, C4, C5, C6, D2, and D3.
(G) EM density (blue mesh) and fit (green, P-site tRNA; orange, E-site tRNA) for subclasses A2, C4, C5,
Co6, D2, and D3.

Fig. S14. Structure determination: NusG-TTC-C and NusG-TTC-D (n =8 or 9; without CHAPSO)
(A) Data processing scheme (Table S2). Five subclasses were obtained: NusG-TTC-C subclasses C1, C2,
and C3 and NusG-TTC-D subclasses D1 and D2.

(B) Representative electron micrograph and 2D class averages (50 nm scale bar in right subpanel).

(C) Orientation distribution.

(D) Fourier-shell-correlation (FSC) plot.

(E) EM density maps colored by local resolution. View orientation as in Figs. 1B, 3A, and 4A.

(F) EM density and fit for subclasses C1, C2, C3, D1, and D2.

(G) EM density (blue mesh) and fit (green and orange for P-site tRNA and E-site tRNA) for subclasses
Cl1, C2,C3, D1, and D2.

(H) EM density for BSI2 for subclasses C1, C2, C3, D1, and D2 (disordered in D2).

Data shown are for structures of TTC obtained with nucleic-acid scaffold having n = 9; similar data are
obtained with nucleic-acid scaffold having n = 8 (Table S2).

Fig. S15. Cryo-EM structure of NusG-TTC-C

(A) Structure of NusG-TTC-C (NusG-TTC-C1; 7.6 A; n = 9; Table S2). Views and colors as in Fig. 2A.
(B) Subclasses of NusG-TTC-C. Superimposition of NusG-TTC-C subclasses C1-C6 (RNAP EM density
colored by subclass; ribosome EM density in gray for subclass C1). View as in (A).

(C) RNAP-ribosome interactions and potential NusG bridging in NusG-TTC-C subclasses C1-C6. View
as in Fig. 3A-left. Ribosomal proteins S2, S3, S5, and S10 in forest green, orange, brown, and magenta.
Dark blue ribbons, SI2; dark blue dashed ovals, disordered BSI2 residues; brick-red dashed line,
modelled mRNA; red dashed circle and red dashed line, modelled NusG-C and NusG linker; distances in
A, modelled distances between NusG-N residue 104 and NusG-C residue 125. Other colors as in (A).

(D) RNAP-ribosome interface in NusG-TTC-C (NusG-TTC-C1; n =9), showing interaction between
BSI2 (dark blue) and ribosomal proteins S2, S3 and S5 (forest green, orange, and brown). Portions of
RNAP f and ribosome 30S not involved in interactions are shaded cyan and yellow, respectively.

(E) Interaction between RNAP f pincer tip (BPT; cyan) and ribosomal protein S10 (magenta) and
modelled NusG bridging, with NusG-N interacting with RNAP B’ subunit (pink shading) and RNAP BPT,
with NusG-C modelled interacting with S10 (red ribbon and dashed red circle), and modelled linker
between NusG-N residue 104 and NusG-C residue 125 as dashed red line. 30S residues not involved in
interactions are indicated with yellow shading.

Fig. S16. Cryo-EM structure of NusG-TTC-D

(A) Structure of NusG-TTC-D (NusG-TTC-D1; 10 A; n = 9; Table S2). Views and colors as in Fig. 2A.
(B) Subclasses of NusG-TTC-D. Superimposition of NusG-TTC-D subclasses D1-D3 (RNAP EM density
colored by subclass; ribosome EM density in gray for subclass D1). View as in (A).

(C) RNAP-ribosome interactions in NusG-TTC-D subclasses D1-D3. View as in (A), left. Ribosomal
proteins S2, S3, S5, and S10 in forest green, orange, brown, and magenta. Dark blue ribbons, BSI2; dark
blue dashed oval, disordered BSI2 residues; brick-red dashed line, modelled mRNA. Other colors as in
(A).

(D) RNAP-ribosome interface in NusG-TTC-D (NusG-TTC-D1; n = 9), showing interaction between
BSI2 in dark blue) and ribosomal proteins S2, S3 and S5 (forest green, orange, and brown). Portions of
RNAP B subunit and ribosome 30S subunit not involved in interactions are shaded cyan and yellow,
respectively.
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Table S1. Cryo-EM structures: NusG-TTC-A, NusG-TTC-B, and NusA-NusG-TTC-B (n =4, 5, 6,
7, 8,9, or 10; with CHAPSO)

MRNA TTC TTC cryo-EM . . EMDB PDB
spacer class subclass facility particles resolution code code
4 NusG-TTC-A TTC-A NCCAT 139.302 3.7A 21386 6VU3
5 NusG-TTC-A TTC-A Rutgers 27,378 3.7A 21468 6vVYQ
6 NusG-TTC-A TTC-A Rutgers 24,582 3.8A 21469 6VYR
7 NusG-TTC-A TTC-A Rutgers 29,704 3.7A 21470 6VYS
8 NusG-TTC-A TTC-A Rutgers 1,957 6.3A 22193 6XI1J
5 TTC-A TTC-A Rutgers 27,650 4.1 A 21494 6VZ)
8 TTC-A TTC-A Rutgers 10,379 3.9A
8 NusG-TTC-B TTC-B Rutgers 435 12.6 A 22192 6XIl
9 NusG-TTC-B TTC-B Rutgers 6,121 4.7 A 22142 6XDR
10 NusG-TTC-B TTC-B Rutgers 4,617 5.0A 22181 6XGF
8 NusA-NusG-TTC-B TTC-B1 NCCAT 38,958 3.2A 22082 6X6T
8 NusA-NusG-TTC-B TTC-B2 NCCAT 45,451 3.5A 22084 6X7F
8 NusA-NusG-TTC-B TTC-B3 NCCAT 61,683 3.1A 22087 6X7K
9 NusA-NusG-TTC-B TTC-B1 Rutgers 2,558 5.9A
9 NusA-NusG-TTC-B TTC-B2 Rutgers 21,740 4.2 A
9 NusA-NusG-TTC-B TTC-B3 Rutgers 11,509 4.8 A 22107 6X9Q
10 NusA-NusG-TTC-B TTC-B1 Rutgers 4,236 4.9 A
10 NusA-NusG-TTC-B TTC-B3 Rutgers 19,968 3.7A 22141 6XDQ

8 NusA-TTC-X TTC-X Rutgers 759 9.3A
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Table S2. Cryo-EM structures: NusG-TTC-A, NusG-TTC-C, and NusG-TTC-D (n=5, 6, 7, 8, or 9;

without CHAPSO)
MRNA TTC TTC cryo-EM . . EMDB PDB
spacer class subclass facility particles  resolution code code
5 NusG-TTC-A TTC-Al U Michigan 2,898 19 A
5 NusG-TTC-A TTC-A2 U Michigan 6,188 14 A 21471 6VYT
6 NusG-TTC-A TTC-Al U Michigan 1,943 15 A
6 NusG-TTC-A TTC-A2 U Michigan 9,631 13 A
7 NusG-TTC-A TTC-A2 U Michigan 21,801 11 A
7 NusG-TTC-C TTC-C4 U Michigan 6,233 9.9A 21475 6VYX
7 NusG-TTC-C TTC-C5 U Michigan 6,084 9.9A 21476 6VYY
7 NusG-TTC-C TTC-C6 U Michigan 5,913 9.9A 21477 6VYZ
7 NusG-TTC-D TTC-D2 U Michigan 6,237 89A
7 NusG-TTC-D TTC-D3 U Michigan 6,440 89A 21485 6VZ5
8 NusG-TTC-C TTC-C2 U Michigan 7,996 7.4 A
8 NusG-TTC-C TTC-C3 U Michigan 4,898 9.9A
8 NusG-TTC-C TTC-C6 U Michigan 6,115 9.2 A
8 NusG-TTC-D TTC-D2 U Michigan 5,622 9.7 A
8 NusG-TTC-D TTC-D3 U Michigan 2,763 12 A
9 NusG-TTC-C TTC-C1 U Michigan 5,979 7.6 A 21486 6vZz7
9 NusG-TTC-C TTC-C2 U Michigan 8,928 7.0A 21472 6VYU
9 NusG-TTC-D TTC-C3 U Michigan 18,870 7.0A 21474 6VYW
9 NusG-TTC-D TTC-D1 U Michigan 4,207 10 A 21482 6VZ2
9 NusG-TTC-D TTC-D2 U Michigan 4,960 10 A 21483 6VZ3
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