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ABSTRACT

In prokaryotes, RNA polymerase and ribosomes
can bind concurrently to the same RNA transcript,
leading to the functional coupling of transcription
and translation. The interactions between RNA poly-
merase and ribosomes are crucial for the coordina-
tion of transcription with translation. Here, we report
that RNA polymerase directly binds ribosomes and
isolated large and small ribosomal subunits. RNA
polymerase and ribosomes form a one-to-one com-
plex with a micromolar dissociation constant. The
formation of the complex is modulated by the con-
formational and functional states of RNA polymerase
and the ribosome. The binding interface on the large
ribosomal subunit is buried by the small subunit
during protein synthesis, whereas that on the small
subunit remains solvent-accessible. The RNA poly-
merase binding site on the ribosome includes that
of the isolated small ribosomal subunit. This direct
interaction between RNA polymerase and ribosomes
may contribute to the coupling of transcription to
translation.

INTRODUCTION

In eubacteria, transcription and translation occur in close
spatial and temporal proximity, allowing the processes to
couple. In Escherichia coli, most proteins are translated
while their genes are still being transcribed (1). The inhi-
bition of translation results in the genome-wide stalling of
transcription (2). Stalled RNA polymerases act as a bar-
rier for the DNA replication machinery, jeopardizing the

processivity of replication, and with it, the integrity of the
genome (3,4).

Functional interactions between RNA polymerase and
the ribosome have been demonstrated for polycistronic
operons (5-7). For example, a nonsense mutation in an
upstream gene attenuates the transcription of downstream
genes (8,9). Premature translation termination causes ribo-
somes to dissociate from nascent RNA (10,11). Unhindered
by ribosomes, transcription termination factor rho pro-
ceeds along the nascent RNA to RNA polymerase, where
it induces transcription termination (12-14).

The functional interaction between ribosomes and RNA
polymerase is also exploited in the regulation of gene ex-
pression, as exemplified by the regulation of the #rp operon.
During tryptophan starvation, ribosomes translating the
operon’s leader peptide stall at the two consecutive tryp-
tophan codons. This stalling prevents the nascent RNA
from forming a short stem—loop that acts as an intrinsic
transcription termination signal; without the stem-loop,
RNA polymerase transcribes the downstream genes of the
operon, which are necessary for tryptophan synthesis (5-7).

In some cases, the functional coupling of transcription
and translation is thought to be promoted by physically
connecting the ribosome to RNA polymerase via a small
protein, such as transcription factor NusG or its paralog,
RfaH (15,16). Both factors consist of two domains, the N-
and C-terminal domains. The N-terminal domain binds di-
rectly to RNA polymerase (17,18), while the C-terminal do-
main binds to ribosomal protein S10 on a surface accessible
on the ribosome (15,16). These results point to NusG and
RfaH as a physical link between RNA polymerase and ri-
bosomes (15,16).

However, biophysical considerations of NusG’s interac-
tions with RNA polymerase and ribosomes point to a sig-
nificant contribution of factor-independent interactions in
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the physical linking of RNA polymerase and ribosomes. Be-
cause the two domains of NusG are structurally indepen-
dent of each other (19), formation of the NusG-link be-
tween RNA polymerase and ribosome can be broken down
into two thermodynamically separate events: the binding of
NusG’s N-terminal domain to the RNA polymerase and
the binding of NusG’s C-terminal domain to the ribosome.
During exponential growth, the segregation of the nucleoid
from the cytoplasm (20-22) increases the local concentra-
tion of RNA polymerase and NusG in the nucleoid (1-
2 M (20,21,23)) beyond the NusG dissociation constant
for RNA polymerase (0.15 pM (24)), resulting in near-
saturation of the NusG binding to RNA polymerase. On
the other hand, the same segregation also limits the lo-
cal concentration of ribosomes in the nucleoid (2-8 pM
(22,25)) to as much as an order of magnitude below NusG’s
dissociation constant for ribosomes (50 wM (15)), imply-
ing that only a small fraction of ribosomes is engaged by
NusG. These data suggest that only a modest amount of
the ternary complex of RNA polymerase, NusG, and ri-
bosomes accumulates under conditions of transcription—
translation coupling, raising the question of whether ad-
ditional mechanisms of coupling ribosomes to RNA poly-
merase exist.

We hypothesize that direct interactions between RNA
polymerase and ribosome may contribute to the coupling
of RNA polymerase and ribosomes during transcription—
translation coupling. Early electron microscopy as well as
recent functional studies demonstrate that ribosomes can
directly contact RNA polymerase by translating all of the
nascent mRNA being synthesized (26,27). Such proximity
may be stabilized by one of several ribosomal proteins that
directly bind to RNA polymerase and moonlight as tran-
scription factors (e. g, ribosomal protein S4, which binds to
RNA polymerase and inhibits the premature termination of
ribosomal RNA transcription (28)).

The present work tests the hypothesis of direct physical
interactions between RNA polymerase and the ribosome.
By applying biophysical methods and chemical crosslink-
ing in combination with mass spectrometry, we demonstrate
that these interactions occur. We expect that these direct in-
teractions between RINA polymerase and the ribosome play
an important role in the coupling of translation to transcrip-
tion.

MATERIALS AND METHODS
Bacterial strains and plasmids

Escherichia coli MRE 600.rif was a kind gift from Dr. Knud
Nierhaus, and pVS10 (T7P-a—B—p’-Hisg—w), pIA900 (T7P-
o-B-B’-TEV-His10-0) and pIA1127 (T7P-His6-TEV-0°[1-
613]) were from Dr. Irina Artismovitch. Chemically com-
petent T7 Express and BL21(DE3) E. coli were from New
England Biolabs (Ipswich, MA, USA).

RNA polymerase and ribosome preparation

The purification of E. coli RNA polymerase and ribosomes
followed published protocols (29-32) with minor modifi-
cations that were designed to reduce the co-purification of
RNAs and other factors. Briefly, RNA polymerase captured

on a Ni?* affinity column was washed with two column vol-
umes of 1.8 M NaCl before elution (33); ribosomes from
the lysate were pelleted through a high-salt sucrose cushion
(34). To remove ribosome-bound mRNAs, ribosomes were
dissociated into subunits, and the purified subunits were re-
associated into vacant ribosomes following a published pro-
tocol (32).

RNA polymeraseeribosome complex formation

In a standard reaction, 2.5 wM RNA polymerase and 2.5
.M ribosomes were incubated for 15 min at 37°C in buffer
A (20 mM HEPES-KOH pH 7.5, 20 mM Mg(OAc), and
30 mM KCl), followed by 5 min of incubation at 4°C and a
10-min centrifugation at 19 000 x g at 4°C.

Separation of free RNA polymerase from ribosome—bound
RNA polymerase

Mixtures of RNA polymerase and ribosomes were ana-
lyzed by rate zonal centrifugation or by gel filtration. For
rate zonal centrifugation, samples were loaded on a 10—
40% sucrose or 10-40% glycerol gradient in buffer A and
centrifuged in an SW32.1 Ti rotor for 18 h at 24 000 rpm
at 4°C. After centrifugation, the gradients were collected
in 13 fractions starting from the bottom. The protein con-
tent of each fraction was precipitated with trichloroacetic
acid (TCA) and analyzed by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

For gel filtration, samples were loaded onto a Superdex
200 10/300 GL column (GE Healthcare) equilibrated in
buffer A with the KCI concentrations indicated in the text.
The collected elution fractions were TCA-precipitated and
analyzed by SDS-PAGE.

To probe the interactions between RNA polymerase
and ribosomes, complex formation was performed in
the presence of 20 wM bovine serum albumin (BSA),
a l4-nucleotide-long RNA (rGrArGrUrCrUrGrCrGrGrC
rGrArU) at a 5 uM concentration, 10 mM sodium phos-
phate pH 7.5, or additional KCI.

Separation of free ribosomes from RNA polymerase—bound
ribosomes

RNA polymerase, ribosomes and mixtures of both
were loaded onto Ni Sepharose High Performance spin
columns and washed several times with increasing con-
centrations of imidazole before step-eluting the complex.
Flowthrough, wash, and elution fractions were collected,
TCA-precipitated, and analyzed by SDS-PAGE.

Capturing ribosomes with RNA polymerase immobilized on
an affinity matrix

A Ni Sepharose High Performance column was loaded with
saturating amounts of His-tagged RNA polymerase be-
fore loading purified ribosomes. The column was washed
with increasing concentrations of imidazole before step-
eluting the complex. Fractions from all steps were TCA-
precipitated and analyzed by SDS-PAGE.



Determining the RNA polymerase-ribosome binding curves

To generate binding curves, various concentrations of ri-
bosomes and RNA polymerase were incubated in buffer A
with different concentration of KCl as indicated in the text.
The content of each sample was analyzed by sucrose gra-
dient centrifugation followed by SDS-PAGE and staining
with colloidal Coomassie (35). The stained gels were imaged
with a ChemiDoc™ Touch Gel Imaging System (Bio-Rad),
and the B/B’ bands of each digital gel image were quantified
using ImageJ 1.46 (36). The fraction of bound RNA poly-
merase was determined by subtracting the concentration-
adjusted profile of the free RNA polymerase from that of
the overall RNA polymerase profile.

The experimental data were modeled assuming that the
RNA polymerase binds to one binding site on the ribo-
some in the presence of a dimer-monomer equilibrium of
RNA polymerase. The affinities of RNA polymerase for ri-
bosomes were estimated by nonlinear least-square fitting of
the partition function

Z =[RNAP] +[70S] + Ki[RN AP}
+K>[RN AP][70S] 4+ a Ky K>[ RN APP[70S]
+ RN AP,y;01 IN[RN AP] + 70,14 In[70.S]

to the experimentally determined fraction of bound RNA
polymerase using the ‘Equilibrium Expert’ add-in for Mi-
crosoft Excel® (37). [RNAP] and [70S] are the concentra-
tions of free RNA polymerase and ribosomes, respectively;
RNAP,y;; and 708, represent the total concentrations of
RNA polymerase and ribosomes, respectively; K; and K,
are the association constants for RNA polymerase dimer
formation and RNA polymerasceribosome complex forma-
tion, respectively; and « is the cooperativity factor for the
binding of an RNA polymerase dimer to a ribosome. An av-
erage core enzymeeribosome dissociation constant and its
pooled standard deviation were calculated from the disso-
ciation constants determined at 55 and 250 mM KCI ac-
cording to (38) and yielded ~0.93 £ 0.21 wM. To calcu-
late the holoenzymeeribosome dissociation constant in the
presence of a dimer-monomer equilibrium of the holoen-
zyme, we assumed a dissociation constant of 10 wM (39,40)
and a cooperativity factor (a) of one. To calculate the com-
plex formation in the absence of RNA polymerase dimer-
ization (i.e. holoenzyme), K; was set to zero. The fraction

of bound RNA polymerase was set to fyound = —Ig;’vfjf;gwn;f for
tota

titrating the complex with increasing amounts of ribosomes

and frouna = %ﬁ"’lm‘d for titration with increasing amounts
tota
of RNA polymerase.

Preparation of NusG and sigma factor ¢’

C-terminally His¢-tagged NusG was purified by Ni** affin-
ity chromatography. Sigma factor ¢/’ was purified using
a protein construct with an N-terminal Hisg tag and TEV
protease site. After the initial capture of the protein on a Ni-
NTA column, the protein was washed with two column vol-
umes of 1 M NaCl before eluting with an imidazole gradi-
ent. The purified Hisg-tagged factor was digested with TEV
protease, and the free sigma factor was then separated from
its cleaved His-tag and the TEV protease by passing it over
a Ni-NTA column.
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Formation of functional RNA polymerase complexes

For preparation of holoenzyme, stoichiometric amounts
of ¢’ and core RNA polymerase were incubated (41).
The transcription elongation complex was prepared follow-
ing (42), in which first a 14-nucleotide oligoribonucleotide
(rGrArGrUrCrUrGrCrGrGrCrGrArU) and non-template
DNA (GCGATTCAGACAGG) are annealed to the tem-
plate DNA strand (CCTGTCTGAATCGCTATCGCCG
C) to form a DNA:RNA hybrid scaffold before incubating
with core RNA polymerase.

Formation of tRNA-bound ribosome complexes

For preparation of tRNA-bound ribosomes, vacant ribo-
somes were incubated with an mRNA containing a Shine-
Dalgarno sequence and codons for Pro and Phe (rArArArG
rGrArArArUrArArArArCrCrArUrUrC), followed by se-
quential incubation with E. coli UGG tRNAP™ isoacceptor
and yeast tRNAP" (43,44). The UGG tRNAP™ isoaccep-
tor was transcribed in vitro, purified by gel electrophoresis,
and N1 methylated at G37 with TrmD and AdoMet (45).

Chemical crosslinking of RNA polymeraseeribosome com-
plexes

The RNA polymeraseeribosome complexes from E.
coli were incubated with 5 mM 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC) and 5 mM sulfo-N-
hydroxysuccinimide (sulfo-NHS) at room temperature for
30 min before quenching the crosslinking reaction with 50
mM Tris—HCI. The protein content of the crosslinked sam-
ple was analyzed by SDS-PAGE with either a discontinuous
6-10% Tris-glycine or a 6-9% Tris-acetate gradient gel.
The compositions of the SDS gel bands that occurred only
in the presence of RNA polymerase and ribosomes were
further analyzed by western blot or excised and stored at
4°C for further analysis by liquid chromatography—tandem
mass spectrometry (LC-MS/MS).

Sample preparation for LC-MS/MS

Excised SDS-PAGE bands were washed overnight before
reducing and alkylating the captured protein with dithio-
threitol and iodoacetamide, respectively. The alkylated pro-
teins were subjected to tryptic digestion, followed by the
extraction and desalting of the peptide fragments. The
lyophilized peptides were resuspended in 0.1% formic acid
and immediately analyzed by LC-MS/MS.

LC-MS/MS for protein identification and quantification

On-line LC-MS/MS analysis was performed on an LTQ-
Orbitrap Velos mass spectrometer coupled with an EASY-
nLC II HPLC system and a nanoelectrospray ionization
source (Thermo, San Jose, CA, USA). Sample injection, en-
richment, desalting, and HPLC separation were conducted
automatically. The HPLC was equipped with an in-house-
packed ReproSil-Pur C18-AQ column. The peptides were
separated using a linear gradient of 2-40% acetonitrile in
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0.1% formic acid at a flow rate of 230 nl/min and electro-
sprayed (spray voltage: 1.8 kV) into the mass spectrome-
ter operating in the positive-ion mode. Data-dependent ac-
quisition was enabled, and the twenty most abundant ions
found in the full-scan (m/z 300-1500 at a resolution of 60
000 at m/z 400) MS exceeding a threshold of 1000 counts
were selected for collision-induced dissociation to generate
the MS/MS.

LC-MS/MS data analysis

Proteins were identified and quantified using MaxQuant
software (version 1.5.3.8) (46) to search raw LC-MS/MS
data against the E. coli database downloaded from Uniprot
(47), which contains 4306 protein entries and additional en-
tries for known contaminants. The fixed modification op-
tion was set to include cysteine carboamidomethylation,
and the maximum number of missed cleavages for trypsin
was set to two per peptide. The tolerance levels in mass ac-
curacy for MS and MS/MS were set to 4.5 ppm and 0.6
Da, respectively. The false positive rate was set to 1%. For
each protein, the spectral index (SI) was calculated as the
sum of the ion intensities of all the tryptic peptides detected
throughout the LC-MS/MS analysis of a sample (48):

pn sc

st= > [> i
k=1 \j=1 x

where j; is the ion intensity of the jth spectrum of peptide
fragment k summed over all spectra sc for all tryptic pep-
tides of the protein of interest, pn. The SI of each protein
was weighted based on the length of the amino acid se-
quence of the protein:

SI

Weighted SI = ————
clette Protein length

The weighted SI values for all identified proteins were
normalized to the highest weighed SI value within the sam-
ple (48). Proteins were only considered enriched in the
crosslink if they were present in all three biological repli-
cates of the crosslinked band. We excluded proteins as
potential RNA polymerase-ribosome interaction partners
when they were present at the same relative mobility of
the crosslinked species in either the crosslinked RNA poly-
merase or crosslinked ribosome sample and their SIs ex-
ceeded two-thirds of the SI observed for the crosslinked
RNA polymerase-ribosome sample. The SIs of the remain-
ing proteins were normalized to that of the protein with the
highest index in each replicate. The average normalized SI
values were calculated. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consor-
tium via the PRIDE17 partner repository (49) with the data
set identifier PX006717.

RESULTS

E. coli RNA polymerase and ribosomes form a complex in
vitro

Eighty percent of RNA polymerase co-migrates with ri-
bosomes when a micromolar mixture of stoichiometric

amounts of RNA polymerase (core enzyme, consisting of
a2BB’w subunits) and vacant ribosomes (lacking bound
mRNA and tRNAs) from E. coli are separated by sucrose
density gradient centrifugation (Figure 1A). The presence
of sucrose or glycerol in the density gradient does not influ-
ence the extent of complex formation (compare Figure 1A
with B). Similar levels of complex formation are detected
when the mixture is separated by size exclusion chromatog-
raphy (Figure 1C). Density gradient centrifugation and size
exclusion chromatography probe the hydrodynamic param-
eters of the complex, which are dominated by the sedimen-
tation coefficient and the size of the ribosome, preventing
the separation of free ribosomes from bound ribosomes.

To separate free ribosomes from bound ribosomes,
we captured the complex on a Ni** affinity matrix
via a C-terminal poly(His)-tag on the B’ subunit of
the RNA polymerase, either by pre-forming the RNA
polymeraseeribosome complex or by first immobilizing the
core enzyme on the matrix and then capturing vacant ri-
bosomes from solution (Figure 1D). Although only an esti-
mated 10% of the applied RNA polymerase-ribosome com-
plex is captured by the Ni** affinity matrix, none of the ri-
bosomes are captured in the absence of RNA polymerase
(compare 70S alone and RNAP + 70S in Figure 1E).

Although all employed methods exploit different molec-
ular principles, they all allude to a high yield of RNA
polymeraseeribosome complex formation at micromolar
concentrations of RNA polymerase and ribosomes, point-
ing to an apparent dissociation constant in the one to two
micromolar range.

Non-specific competitors do not significantly impair complex
formation

While RNA polymerase consists only of protein subunits,
two-thirds of the mass of the ribosome consists of RNA,
implying that protein—protein and/or RNA-protein inter-
actions may contribute to complex formation. To exclude
non-specific interactions between RNA polymerase and ri-
bosomes, we formed the complex in the presence of sev-
eral potential non-specific competitors for RNA-protein
and protein—protein interactions, such as phosphate buffer,
ashort RNA, random-sized poly(U) RNA, or BSA. The ex-
tent of complex formation is not significantly impaired by
the presence of either an 8-fold excess of BSA or by 10 mM
phosphate buffer at pH 7.4 (Figure 1F). At higher phos-
phate buffer concentrations, ribosomes dissociate into sub-
units, i.e. in the presence of 10 mM phosphate buffer, none
of the ribosomes dissociate, whereas with 100 mM phos-
phate buffer, approximately 40 % of the ribosomes disso-
ciate into subunits. The presence of poly(U) RNA or a 14-
nucleotide-long RNA reduces the extent of complex forma-
tion by approximately one-third. A fraction of RNA poly-
merase, ribosomes, and the RNA polymeraseeribosome
complex appears to bind poly(U), causing it to sediment
faster during sucrose gradient centrifugation. The nominal
effect of these non-specific competitors for binding argues
in favor of a specific interaction between the RNA poly-
merase core enzyme and the vacant ribosome. Thus, we hy-
pothesize that the interactions between RNA polymerase
and the ribosome are direct and specific.
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Figure 1. Isolating RNA polymeraseeribosome complexes using different methods: (A) Sucrose gradient centrifugation. The top panel displays the sedi-
mentation profiles of RNA polymerase alone (dashed blue line) and a stoichiometric mixture of RNA polymerase and ribosomes (solid red line) recorded
at 280 nm. The two bottom panels display the SDS-polyacrylamide gel electrophoresis (SDS-PAGE) result of each of the sucrose gradient fractions. The
top panel shows the /B’ region of the SDS-PAGE result of the gradient centrifugation of RNA polymerase (RNAP) alone, while the bottom presents
the full gel of a mixture of RNA polymerase and ribosomes (RNAP + 70S, marker lane removed for clarity). (B) Glycerol gradient centrifugation. The
panels are the same as in A. During ultracentrifugation, the complex of RNA polymerase and ribosome constantly re-equilibrates, causing the bound RNA
polymerase to trail the ribosome in A and B. (C) Size exclusion chromatography. The top panel shows the elution profiles of a mixture of RNA polymerase
and ribosomes (solid red line) and of RNA polymerase alone (dashed blue line; for comparison, the absorption is increased by 160-fold) from a 10/30
Superdex 200 column. (D and E) Capturing His-tagged RNA polymeraseeribosome complexes on a Ni-sepharose spin column. (D) SDS-PAGE results
of all fractions, i.e. flowthrough (FT), washes with 0, 10, and 40 mM imidazole, and elution with 300 mM imidazole. (E) SDS-PAGE results of the first
300 mM imidazole elution step from Ni?* affinity binding experiments. Various amounts of RNA polymerase and ribosomes are either loaded together
or sequentially—first RNA polymerase (‘1st Load’), followed by a stoichiometric amount of ribosomes (‘2nd Load’). These experiments are performed
in the presence of 30 mM KCl and 250 mM KCI. (F) RNA polymerase binding to ribosomes in the presence of 10 mM phosphate buffer (PO4), 20 puM
bovine serum albumin (BSA), a 14-nucleotide long RNA (RNA) at 5 pM, or 80 pg of poly(U)-RNA.

Stoichiometry and dissociation constants of the RNA the binding of multiple monomers, titration experiments
polymeraseeribosome complex were performed at salt concentrations that favor either the
oligomeric or monomeric state of the RNA polymerase.
The titration of the core enzyme with vacant ribosomes in
55 mM KCI saturates at a one-to-one stoichiometry, while
two equivalents of RNA polymerase bind to one equivalent
of ribosomes under saturating conditions (Figure 2A and

Specific interactions between macromolecules cause the for-
mation of defined stoichiometric complexes. Depending on
the ionic conditions, the RNA polymerase core enzyme ex-
ists in an equilibrium of multiple oligomeric states (39,50—
52). To distinguish between the binding of an oligomer and
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Figure 2. Titration of RNA polymerase with ribosomes and vice versa. (A) Binding of ribosomes to RNA polymerase. RNA polymerase (1 wM) is incubated
with increasing concentrations of ribosomes in the presence of 55 mM KCI (blue squares) or 250 mM KClI (red circles). The inset displays the proposed
binding model of complex formation. (B) Binding of RNA polymerase to ribosomes. Ribosomes (1 M) are incubated with increasing concentrations of
RNA polymerase core enzyme (blue squares) or holoenzyme (green triangles) in the presence of 55 mM KCl or 250 mM KCl (red circles, core enzyme
only). The lines connecting the data in A and B are the binding curves calculated as described in the Materials and Methods section of the text. For
the holoenzyme, the simulated binding curve in the presence of dimer-monomer equilibrium is shown. (C) Influence of the functional state of the RNA
polymerase and of the ribosome on the RNA polymeraseeribosome complex formation. The complex formation of ribosomes (70S), small subunits (30S),
large subunits (50S) and tRNA-bound ribosomes (70SetRNA,emRNA) with RNA polymerase core enzyme (core), transcription elongation complex
(TEC), holoenzyme (holo), core enzyme and transcription elongation complex in the presence of NusG (NusG + core and NusG + TEC) was analyzed

by sucrose gradient centrifugation.

B, 55 mM KClI). At 250 mM KClI, a one-to-one complex is
formed between the RNA polymerase and ribosomes at a
saturating concentration of RNA polymerase (Figure 2B,
250 mM KCl). The similar sedimentation coefficients of ri-
bosomes and of RNA polymeraseeribosome complexes in-
dicate that only one ribosome is bound in each of the ob-
served complexes. Ribosome dimers would sediment much

faster than monomers, i.e. 100 Svedbergs versus 70, respec-
tively (53-55).

We were able to model the formation of the RNA
polymeraseeribosome complex assuming the presence of
one binding site on the vacant ribosome and a dimer—
monomer equilibrium of the core enzyme (with estimated
dissociation constants of 0.02 uM and 0.2 mM for 55
and 250 mM KCI, respectively, based on (51), inset in



Figure 2A). This model yields a nearly identical RNA
polymeraseeribosome dissociation constant of 0.93 £ 0.21
wM. However, upon transitioning from 55 to 250 mM KClI,
the presence of ribosomes ceases to skew the RNA poly-
merase towards dimer formation, as reflected by a drop in
the cooperativity factor, a, from 50 to 1. The significantly
lower ratio of ribosomes to RNA polymerase captured on
the Ni-affinity matrix at 250 mM KCI compared to 30 mM
KCI supports the results from sucrose gradient centrifuga-
tion (compare experiments at 30 mM with 250 mM KCl in
Figure 1E).

The observed dissociation constant for the RNA
polymeraseeribosome complex likely constitutes an upper
limit, as the presence of a nascent RNA that connects
both interaction partners will serve to further signifi-
cantly reduce the dissociation constant. Nevertheless,
this upper limit of the dissociation constant of the RNA
polymeraseeribosome complex is well within in a physio-
logically relevant range, when compared with values for
other processes that regulate RNA polymerase or ribosome
activity (i.e. 0.9 wM for RNA polymerase binding to
ribosomes versus 0.1 wM for transcription factor NusA
binding to RNA polymerase (41) or 0.2 uM for EF-G (56)
and 0.5 uM for EF-TueGTPePhe-tRNAP (57) binding
to ribosomes).

Characterization of the interaction between RNA polymerase
and the ribosome

The RNA polymerase adopts multiple functional states in
the course of transcribing a gene. Therefore, in addition to
testing the core enzyme, we also tested RNA polymerase
with bound sigma factor ¢7° (holoenzyme) and RNA poly-
merase with a bound DNA:RNA scaffold (transcription
elongation complex, TEC) as examples of the initiation and
elongation states, respectively. The sigma factor, as well as
the radioactively labeled RNA of the DNA:RNA scaffold,
co-migrates with the RNA polymerase-ribosome complex
(Supplementary Figure S2A and B), indicating that actively
transcribing RNA polymerase may also participate in com-
plex formation. Both states display reduced affinity for the
ribosome, albeit to different extents—31% of the holoen-
zyme and 15% of the TEC bind to the ribosome versus 90%
of the core enzyme (Figure 2C).

Nonlinear regression to best fit the measured binding
of vacant ribosomes to holoenzyme results in a computed
dissociation constant of 1.4 4+ 0.2 wM; for this fit, we as-
sumed the presence of dimer-monomer equilibrium for the
holoenzyme, as predicted under our experimental condi-
tions (39,40). Assuming the presence of only monomeric
holoenzyme reduces the quality of the non-linear fit, yet
yields a dissociation constant of 1.2 4 0.2 wM, which is con-
sistent with a weaker ribosome binding of the holoenzyme
than of the core enzyme (K4 of core enzyme complex 0.9 £
0.2 pM).

Like RNA polymerase, ribosomes adopt multiple func-
tional states when translating a gene. Therefore, in addition
to testing the vacant ribosomes, we tested tRNA-bound
ribosomes. The tRNA-bound ribosomes display a weaker
affinity for the core RNA polymerase (Figure 2C). The
modulation of the dissociation constant by the functional
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states of the RNA polymerase and ribosome may indicate
that certain combinations of functional states permit tight
binding, possibly synchronizing transcription and transla-
tion during transcription—translation coupling.

The ribosome consists of a small and a large ribosomal
subunit. To identify the contribution of each subunit to the
binding of the RNA polymerase, we investigated the inter-
action of the RNA polymerase with each subunit individu-
ally. The RNA polymerase core enzyme interacts with both
subunits (Figure 2C), and the non-specific competitors have
similar effects on the complex formation as on the RNA
polymeraseeribosome complex formation (Supplementary
Figure S3). These results suggest that either each riboso-
mal subunit interacts with a different part of the RNA poly-
merase or that one RNA polymerase binding site is blocked
upon subunit association. To distinguish between these two
possibilities, we identified the RNA polymerase binding in-
terfaces on the ribosome and on each of its subunits using
chemical crosslinking.

Chemical crosslinking of RNA polymerase and ribosomes

In the presence of sulfo-NHS, the zero crosslinker 1-ethyl-
3-(3-dimethyl-aminopropyl) carbodiimide (EDC) produces
a ribosome-dependent crosslink of the core enzyme (Figure
3A, 30 mM KCl). The effect of non-specific competitors on
the crosslinking efficiency mirrors the effect of these com-
petitors on RNA polymeraseeribosome complex formation
(Supplementary Figure S4A). In addition, the crosslink-
ing efficiency correlates with the affinity of the RNA poly-
merase for the ribosome. The holoenzyme and TEC, which
have lower affinity for ribosomes, display no increase in
crosslink formation in the presence of ribosome (Supple-
mentary Figure S4A inset).

However, an LC-MS/MS analysis of the SDS-PAGE-
purified crosslink reveals a significant enrichment of the
RNA polymerase subunits a, B, and B’ in the crosslink (Fig-
ure 3A). The presence of the RNA polymerase subunits in
the crosslink was confirmed by western blot analysis (Sup-
plementary Figure S4B). Therefore, we conclude that upon
ribosome binding, the core enzyme adopts a conformation
that promotes EDC-induced crosslinking within the poly-
merase. A similar crosslink is produced with the core en-
zyme alone in the presence of 250 mM KCl (Figure 3A,
250 mM KCI). RNA polymerase can be coaxed into differ-
ent functional states by manipulating the solvent conditions
(58,59). The similarity of the two crosslinks may point to a
similar conformation of the RNA polymerase when bound
to the ribosome and in the presence of 250 mM KCl.

EDC induces a limited number of crosslinks between RNA
polymerase and the ribosome

MS analysis of the crosslink identified several riboso-
mal proteins that co-migrate with the intramolecularly
crosslinked polymerase. These ribosomal proteins are less
abundant than the «, B, or B’ subunits in the crosslinked
band (Figure 3B), implying that only a fraction expe-
rienced an additional crosslinking event to a ribosomal
protein. Except for minuscule amounts of § and B’ sub-
units, no other protein can be identified at the rela-
tive mobility of the crosslinked species in the absence of
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Figure 3. EDC crosslinking of RNA polymerase-ribosome complexes. (A) EDC crosslinking of RNA polymerase in the presence of the small ribosomal
subunit (30S), large ribosomal subunit (50S), and ribosome (70S) with 30 mM and 250 mM KCI. (B) Normalized weighted spectral index of LC-MS/MS
analysis of the Tris-glycine SDS-PAGE purified RNA polymerase-ribosome crosslink. (C) Venn diagram of crosslinked proteins after exposing a mixture
of RNA polymerase and ribosomes to EDC and isolating the unique crosslinked species by 6-10% Tris-glycine (single band) and by 6-9% Tris-acetate
SDS-PAGE (two bands). (D and E) Venn diagram of the proteins in the two species isolated from 6-9% Tris-acetate PAGE, which are specific to the EDC

crosslinking of RNA polymerase in the presence of the small and the large ribosomal subunits.




the chemical crosslinker (Supplementary Table S1). The
crosslinked species resolve into at least three bands on Tris-
acetate SDS gels (Supplementary Figure S5). LC-MS/MS
analysis of two of these bands confirms that the single
crosslinked species on our standard Tris-glycine gel indeed
contains multiple components. Common to all three ana-
lyzed crosslinks are 8, B/, S6, S9 and L7/L12 (Figure 3C; L7
is the acetylated form of L12. The ratio of L7 to L12 varies
with the cell’s growth phase (60)). The observed crosslinks
place the ribosome-bound RNA polymerase on the cytoso-
lic site of the small ribosomal subunit, covering the mRNA
exit and entry sites (Figure 4C). The restricted number of ri-
bosomal proteins in the crosslinks further hints at a defined
arrangement between the RNA polymerase and the ribo-
some, which also supports our observation of a stoichio-
metric complex between RNA polymerase and ribosomes
in solution.

Crosslinks between RNA polymerase and ribosomal subunits
overlap with those between RNA polymerase and the ribo-
some

The same crosslinked species are present on a Tris-acetate
gel when the RNA polymerase is crosslinked to the small
and to the large ribosomal subunits. LC-MS/MS analy-
sis of two crosslinked species of the small and of the large
ribosomal subunit indicates that the ribosomal proteins
have a similar abundance relative to that of the RNA poly-
merase subunit, as they do when the RNA polymerase is
crosslinked to the ribosome. Common to the two RNA
polymerase-small subunit crosslinks are the RNA poly-
merase B’ subunit and the small ribosomal subunit proteins
S1, S2, S6, S9, S11 and S7 (Figure 3D). All of the identified
ribosomal proteins cluster next to the mRNA exit site on
the small ribosomal subunit (Figure 4A).

Common to the two RNA polymerase-large ribosomal
subunit crosslinks are the B and B’ RNA polymerase sub-
units and the ribosomal proteins L1, S6, L9, L7/L12 and
L19 (Figure 3E). The proteins of the large ribosomal sub-
unit are clustered at the tRNA entry (L7/L12) and exit
sites (L1 and L9). L19 is the only ribosomal protein on
the interface between the small and large ribosomal sub-
units (Figure 4B), which, upon association of these sub-
units, is buried within the ribosome. The presence of the S6
crosslink in experiments with the 50S subunit arises from
cross-contamination of our large ribosomal subunits with a
small amount of 30S subunits (<15 mol%). The identified
crosslinks position the RNA polymerase on the ribosomal
subunit interface of the large subunit, indicating that only
the RNA polymerase interface of the small ribosomal sub-
unit contributes to RNA polymerase binding to the ribo-
some.

DISCUSSION

In E. coli, the translation rate is the same as the transcrip-
tion rate (27). The first ribosome trailing the transcrib-
ing RNA polymerase directly assists the polymerase during
elongation (27) and suppresses transcription termination
within coding regions (61-63). Recent ribosome profiling
studies show that translational elongation speed is not uni-
form (64,65). Prolonged pausing of translation decouples
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RNA synthesis from protein synthesis, causing the prema-
ture termination of transcription (66). Prolonged pausing of
transcription turns the RNA polymerase into a roadblock
for the leading ribosome. Any barrier encountered by the
translating ribosome promotes the loss of its reading frame
(67-70), which, in turn, results in the premature termination
of translation. Premature translation termination causes
premature rho-dependent and rho-independent transcrip-
tion termination (14,61,66). Consequently, the synchroniza-
tion of transcription and translation is essential for gene ex-
pression in eubacteria.

The direct interaction between the RNA polymerase and
ribosome results in stoichiometric complex formation. The
strength of the interaction is modulated by the functional
state of the RNA polymerase and the ribosome (Figure 2C),
with the vacant ribosome binding more tightly to the core
polymerase and holoenzyme than to the transcription elon-
gation complex. Although this analysis was performed with
stable functional states, the results suggest that the differ-
ent states the RNA polymerase and ribosome adopt dur-
ing transcription and translation will modulate the inter-
action between them. For instance, the binding of DNA
to the RNA polymerase restricts the number of conforma-
tions the polymerase can sample, while binding of ¢7° does
not affect the conformational dynamics of the polymerase
(71). Therefore, when bound to the ribosome, the core and
holoenzyme may adopt a conformation that is not attain-
able by the transcription elongation complex, but enables
a better interaction with the ribosome, thus explaining the
observed difference in the binding affinities.

The spatial arrangement of the polymerase and ribosome
is reflected in the proteins that are crosslinked within the
complex and allows us to triangulate the location of the
RNA polymerase on the surface of the subunits and the
ribosome. The interface between the polymerase and the
large subunit is located on the face that binds the small
subunit, which, upon association with the small subunit, is
buried within the ribosome (Figure 4B and C). Modeling
the binding of RNA polymerase on the large ribosomal sub-
unit places the RNA polymerase in close proximity to the
ribosomal protein L2, which is known to bind the o subunit
of RNA polymerase (72). The set of proteins crosslinked in
the complex with ribosomes overlaps with that of the small
ribosomal subunit complex (Figure 3C and D), clustering
around the mRNA exit site of the ribosome (Figure 4A and
C), hinting at the possible coordination between the tran-
scription and translation initiation of the nascent RNA.

During the initial phase of translation initiation, the
mRNA binds to a ‘standby’ site on the ribosome that en-
compasses the entire mRNA exit site (73). The binding of
translation initiation factors repositions the mRNA on the
small ribosomal subunit, permitting translation initiation
to progress (74). In vivo, transcription pauses near the pro-
moter (23,75). This pausing of the RNA polymerase seems
to allow the ribosome to initiate translation and catch up
with the polymerase. The ‘standby’ position of the mRNA
may interfere with the interaction of the RNA polymerase
with the mRNA exit site, thus coordinating the accommo-
dation of the nascent RNA and the subsequent initiation
of translation with the resumption of transcription. During
eukaryotic translation initiation, initiation factor elF3 also
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Figure 4. Models for RNA polymerase binding to the small ribosomal subunit, the large ribosomal subunit, and the ribosome. Ribosomal proteins
crosslinked to RNA polymerase (RNAP, in green) are indicated in orange for the small ribosomal subunit (30S, in yellow), in dark blue for the large
ribosomal subunit (50S, in light blue), and red for the whole ribosome (70S). The model of the full-length RNA polymerase is based on the cryo-EM
structure of E. coli RNA polymerase (PDB: SUPC (89)) and the NMR structure of the C-terminal domain of the a subunit (PDB: 2MAX (90)). The
models of the ribosome and its subunits are based on the cryo-EM structure of E. coli ribosomes (PDB: 4V6Q (91)). To complete the ribosome model, the
L1 stalk is modeled based on the crystal structure of the L1 stalk (PDB: 1U63 (92)), the L7/L12 stalk is based on the NMR structure of L10e(L7/L12)4
(PDB 1RQU (93)), the C-terminal residues of ribosomal protein S6 are modeled according to the full-length S6 in the cryo-EM structure of the ribosome
(PDB: 4V6P (91)), and ribosomal protein S1 is modeled based on the crystal structure of domain I in complex with ribosomal protein S2 (PDB 4TOI (94))
and the NMR structures of domains 4 and 6 (PDB 2KHI and 2KHJ (95)). The relative position of the RNA polymerase on the small ribosomal subunit
and ribosome is restrained by the identified crosslinks as well as by the assumption that the nascent RNA between the RNA polymerase and ribosome has
the shortest length during transcription—translation coupling. The shaded areas surrounding different components of the ribosome in A-D indicate spatial
flexibility. On the small ribosomal subunit the flexible region involves ribosomal protein S1; on the large ribosomal subunit it involves the L1 stalk, the L7
stalk, and of the ribosomal protein L9; and on the ribosome the L1 stalk, the L7 stalk, and the ribosomal proteins S1 and L9. (A) The small ribosomal
subunit viewed from the cytosolic site with crosslinked ribosomal proteins S6, S2, S11, S7, S9 and S1 in orange. The green boundary outlines the RNA
polymerase position on the small ribosomal subunit. (B) The large subunit viewed from the ribosomal subunit interface. In dark blue are the crosslinked
proteins L1, L9 and L19, and in blue is L2, a known binding partner of the RNA polymerase a-subunit. (C) Ribosome with identified crosslinked proteins
S6, S9 and L7 in red. (D) Model of RNA polymerase-ribosome interactions based on the chemical crosslinks identified in this study. The figures were
prepared in PyYMOL (Schrodinger, LLC) using a solvent radius of 5 A.

engages with the mRNA in the exit site while it is bound
to both the mRNA entry and exit sites, thereby coordinat-
ing mRNA accommodation with the downstream steps of
translation initiation (76,77).

Common to the identified RNA polymerase interfaces
on the ribosome and small ribosomal subunit are riboso-
mal proteins S6 and S9; additionally, S1 is present in all

but one of the identified crosslinked species (Figure 3C).
Ribosomal protein S1 binds to RNA polymerase near the
exit site of the nascent RNA (78,79) and promotes the recy-
cling of the RNA polymerase after transcription termina-
tion (80). Similar to the C-terminal domains of ribosomal
protein S1, the two to six glutamic acid residues of the C-
terminal tail of S6 extend away from the ribosome, reach-



ing into the surrounding solution. This local accumulation
of glutamic acid residues may form the same salt bridges
with the RNA polymerase as free glutamate at high cellu-
lar concentrations, when it releases the RNA polymerase
stalled at the osmY promoter DNA (81). Although ribo-
somal protein S9 is farther from the mRINA exit site, its
long C-terminal tail reaches through the head of the sub-
unit to the mRNA channel. In the mRNA channel, the tail
stabilizes the tRNA-mRNA interactions at the P-site (82),
contributing to the fidelity of translation initiation and the
maintenance of the reading frame (83) (Figure 4A and D).

The potential mechanistic implications of the observed
interaction of the RNA polymerase with the large riboso-
mal subunit are difficult to reconcile with our current under-
standing of the coupling of transcription and translation.
However, this interaction might hint at the potential co-
ordination of ribosomal RNA transcription and ribosome
assembly during ribosome biogenesis. Ribosome assembly
factors can, like RNA polymerase, bind to mature ribosome
particles in vitro and in vivo (84-87).

In summary, our binding studies suggest that during
transcription—translation coupling, the RNA polymerase
binds to the cytosolic site of the small ribosomal subunit,
extending from the mRNA exit to the mRNA entry site.
This binding allows the polymerase to monitor the trans-
lation rate of the ribosome while providing it with more
nascent RNA. The coordination of transcription and trans-
lation may be conferred via the interaction with ribosomal
protein S9.

While revising our manuscript, Cramer, Landick, and
colleagues published a 9 A cryo-EM structure of the RNA
polymeraseeribosome complex (88). Although the stoi-
chiometry and the ribosomal interface components of our
model agree well with that of the EM structure, the relative
orientation of the polymerase and ribosome are distinct.
The EM structure places the polymerase more towards the
mRNA entry site of the ribosome, with the nascent RNA
exit site of the polymerase in closer contact with the mRINA
entry site of the ribosome and the RNA polymerase rotated
more towards the cytosol. Further studies will be required
to understand the origins of these differences.

Our biochemical study, as well as the recently published
EM structure of the RNA polymeraseeribosome complex
(88), demonstrates the existence of a direct interaction be-
tween RNA polymerase and ribosomes, and points to its
functional relevance during transcription—translation cou-
pling. However, the here determined equilibrium constants
only reflect the strength of the interaction between two the
molecules, but not the time that interaction will persist in a
dynamic setting, such as during on-going transcription and
translation. Consequently, detailed kinetic studies will be
needed to fully understand the feedback between the RNA
polymerase and ribosome during transcription—translation
coupling. The mechanistic insights derived from such stud-
ies will add to this new paradigm of how gene expression is
controlled.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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