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The intricate relationship between transcription
and translation
Michael W. Webstera,b,c,d and Albert Weixlbaumera,b,c,d,1

Two conserved processes express the genetic infor-
mation of all organisms. First, DNA is transcribed into
a messenger RNA (mRNA) by the multisubunit enzyme
RNA polymerase (RNAP). Second, the mRNA directs
protein synthesis, when the ribosome translates its
nucleotide sequence to amino acids using the genetic
code. Because these two processes are so fundamen-
tal, a multitude of regulatory processes have evolved
to regulate them. Most examples involve regulation of
either transcription or translation. In PNAS, Chatterjee
et al. (1) instead describe a complex and intricate reg-
ulatory process in which transcription and translation
are concurrently regulated by each other.

Transcription and translation are commonly viewed
as separate. In eukaryotes, their respective confinement
to the nucleus and cytoplasm enforces this. Yet, pro-
karyotes have no such barrier, and newly synthesized
mRNAs are translated while they are still being tran-
scribed. RNAP and the trailing ribosome are therefore in
close spatial proximity, allowing each to influence the
activity of the other. The possibility of a physical con-
nection that could support functional coupling was
proposed in 1964 by Marshall Nirenberg’s laboratory
based on biochemical experiments (2). They highlighted
the potential importance of regulatory processes that si-
multaneously affect both transcription and translation.
Electron micrographs of ruptured Escherichia coli cells,
commonly termed “Miller spreads,” confirmed the close
proximity between RNAP and the trailing ribosome (3).

The role and mechanism of coupling have received
renewed interest over the past 10 y. Biochemical and
structural approaches alongside new measurements
of gene expression rates in vivo have clarified several
important aspects. Early studies had demonstrated
that translation can release RNAP from regulatory
pauses (4). This mechanism, part of a process known
as attenuation, had been described in the context of
the leader sequences of specific operons. Yet more
recent evidence points to additional genome-wide

mechanisms of translation promoting transcription:
the trailing ribosome pushing RNAP forward along
the gene (5, 6). RNAP pauses regularly when it encoun-
ters specific DNA sequences and can slide backward. A
forward translocating ribosome could thus minimize the
formation and aid in the release of transcriptional
pauses. This could explain the synchronization of tran-
scription and translation rates observed in E. coli (5). It is
also essential to fitness, as translation maintains genome
stability by releasing arrested transcription complexes
that would otherwise interfere with DNA replication (7).

The molecular architecture that occurs during pause
release likely resembles recent structures of ribosome–
RNAP complexes determined with short intervening
mRNAs (8–10). This supramolecular assembly has been
termed the “expressome.” The expressome is dynamic
and adopts a distinct arrangement when the transcrip-
tion factor NusG is present (9, 10). By simultaneously
binding the ribosome and RNAP, NusG acts as a phys-
ical bridge. This minimizes the formation of mRNA sec-
ondary structures that could inhibit transcription and
translation and also sequesters a NusG domain that
promotes transcription termination. Impairment of the
NusG–ribosome interaction impacts coupling in vivo
(11). RfaH, another member of the NusG family, also
has the ability to bind both RNAP and the ribosome,
but the consequences are less-well-understood (12).

In PNAS, Chatterjee et al. (1) shed further light with
an analysis of factors that drive the establishment of
coupled translation at an early stage of transcription.
Using biochemical and single-molecule fluorescence
analyses, the interplay between ribosome recruitment
and rates of transcription and translation are examined.
Further, how each of these ismodulated by a regulatory
riboswitch is tested. Previous work has focused on the
regulation of RNAP by translation elongation, and here
a link is demonstrated between RNAP and translation
initiation: an interesting aspect of transcription–translation
coupling.
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Transcription of the mRNA studied by Chatterjee et al. (1) un-
dergoes a programmed pause after ∼100 nucleotides have been
synthesized, a common feature of E. coli transcripts (13). RNAP waits
for translation initiation to occur and coupling to be established. This
is analogous to the pause sequences upstream of attenuation sites,
where coupling controls transcription termination (14). Chatterjee
et al. reveal that recruitment of the small ribosomal subunit to the
mRNA is stimulated by the paused RNAP and further promoted by
NusG. This extends the regulatory role of NusG beyond transcrip-
tion to translation initiation. Chatterjee et al. also present evidence
that the translating ribosome then stimulates RNAP release from the
pause and increases transcription rates. This is consistent with the
notion that the transcriptional pause allows time for translation to
commence (Fig. 1) and supports observations made in vivo (5, 15).

The contribution of RNAP and NusG or RfaH relative to the
mRNA ribosome binding site is examined by Chatterjee et al. (1)
using a riboswitch. Riboswitches are structured regulatory RNA
elements involved in sensing pH, temperature, and the presence
of metabolites. Riboswitches can affect transcription and transla-
tion as a function of their ligands (16–18). The Bacillus subtilis
riboswitch used by Chatterjee et al. senses the concentration of
a nucleotide precursor preQ1. Upon preQ1-induced folding, the
riboswitch masks the ribosome binding site. This reduces transla-
tion and, in part as a consequence of the role of translation in
stimulating transcription, reduces transcription. Comparisons of
the unfolded and folded riboswitch also revealed that the role
of NusG in recruiting the small ribosomal subunit depends on
the ribosome binding site of the mRNA’s being accessible. Inter-
estingly, recruitment of the small subunit by the NusG paralog
RfaH did not depend on this. This is suggestive of an unexpected
mechanistic difference between the factors.

The results presented by Chatterjee et al. (1) add another layer
to the intricate relationship between RNAP and the ribosome. The
relationship evidently extends beyond a simple cooperative for-
ward push of the two machineries along the gene. Many exciting
questions arise. How does RNAP promote ribosome recruitment?
An interaction between RNAP and the small ribosomal subunit
was previously structurally characterized (19) and could be in-
volved. The importance of the transcription factors NusG, which
was investigated here, and others such as NusA, which was not,
remains to be elucidated. How the ribosome releases RNAP from
paused states remains an important outstanding question. Tran-
scription pausing occurs in at least three ways: inhibitory mRNA
hairpins such as those located upstream of attenuators, RNAP

back-tracking, and thermodynamically driven “consensus” pauses.
The ribosome’s ability to release RNAP from hairpin-induced and
back-tracked pauses has previously been demonstrated (4, 6). Chat-
terjee et al. now present evidence of release from a pause sequence
resembling the consensus. It remains to be tested whether the ribo-
some releases RNAP from each pause type by shared or distinct
mechanisms.

Physical coupling of RNAP to the ribosome is not the only
mechanism of functional coordination between them. For exam-
ple, reduced global translation rates direct reduced transcription
via the alarmone (p)ppGpp (20, 21). The contribution of different
types of coupling in different contexts is an important question.
The ubiquity of transcription–translation coupling across species
also remains unresolved. Concurrent transcription–translation was
observed in archaea (22), suggesting similarities across prokary-
otic domains, yet not all bacteria display physical coupling. In B.
subtilis, transcription outpaces the trailing ribosome (23).
Expressome formation in Mycoplasma pneumonia appears to
predominantly involve the transcription factor NusA and not
NusG, as it does in E. coli (24). Addressing these and further
questions will require complementary approaches. Classical
biochemistry and single-molecule studies will need to be com-
bined with high-resolution structural biology and genome-wide
approaches to study the effects of coupling and the effect of its
disruption.

A reductionist approach has proved powerful to the study of
gene expression mechanisms. Transcription and translation have
been studied in great detail for several decades in isolation.
However, many key enzymes in gene expression and beyond are
organized in multicomponent, supramolecular assemblies. Here
new functions emerge, which are not necessarily predictable from
the sum of their parts. It is exciting to see that we no longer
neglect this aspect and begin to address the next level of
structural organization to learn about the biological roles and
functional implications of these higher-order assemblies.
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