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Abstract

The bacterial hexameric helicase known as Rho is an archetypal sequence-specific transcription
terminator that typically halts the synthesis of a defined set of transcripts, particularly those
bearing cytosine-rich 3’ untranslated regions. However, under conditions of translational stress,
Rho can also terminate transcription at cytosine-poor sites when assisted by the transcription
factor NusG. Recent structural, biochemical, and computational studies of the RhosNusG
interaction in Escherichia coli have helped establish how NusG reprograms Rho activity. NusG is
found to be an allosteric activator of Rho that directly binds to the ATPase motor domain of the
helicase and facilitates closure of the Rho ring around non-ideal (purine-rich) target RNAs. The
manner in which NusG acts on Rho helps to explain how the transcription terminator is excluded
from acting on RNA polymerase by exogenous factors, such as the antitermination protein NusE,
the NusG paralog RfaH, and RNA polymerase-coupled ribosomes. Collectively, an understanding
of the link between NusG and Rho provides new insights into how transcriptional and translational
fidelity are maintained during gene expression in bacteria.

Introduction

The appropriate functioning of a cell depends upon the accurate and timely expression of
genetic information through the biochemical process of transcription. Transcriptional control
is exerted at multiple levels, including initiation, elongation, and termination. Transcription
termination mechanisms can be broadly grouped into two categories, known as factor-
independent and factor-dependent termination. The efficiency of factor-independent (also
known as “intrinsic”) termination is dictated by the sequence of the nascent RNA itself. By
contrast, factor-dependent termination requires the action of one or more secondary protein-
or nucleic acid-based elements.

The Rho transcription termination factor is an ATP-dependent, RecA-type hexameric
helicase that terminates the synthesis of a wide variety of genes in bacteria. In organisms
such as £. coli; Rho classically recognizes specific classes of 3’ untranslated regions in
transcripts known as Rho utilization (or ‘ruf’) sequences. Rho-dependent termination begins
with the binding of the helicase to cytosine-rich elements within a rut site (Morgan et al.,
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1985; Yu et al., 2000). The initial interaction with the transcript occurs between the RNA
and a set OB folds located within the N-terminus of each Rho subunit (Bogden et al., 1999;
Dolan et al., 1990); these RNA-binding domains are referred to as the ‘primary’ binding site
of Rho. Next, using an open-ring, or ‘lock washer,” helicase configuration that permits
nucleic-acid entry (Skordalakes and Berger, 2003; Yu et al., 2000). Rho engages the
transcript in its central pore through a set of ‘secondary’ RNA binding sites (Miwa et al.,
1995). In the presence of ATP, RNA binding to the pore triggers the isomerization of Rho
into a closed-ring and catalytically active translocase (Thomsen and Berger, 2009; Thomsen
et al., 2016). Rho then moves 5’=>3’ along the transcript, remaining tethered to its rutsite,
until it terminates transcription upon encountering RNA polymerase (Brennan et al., 1987;
Park and Roberts, 2006; Schwartz et al., 2007). Rho-dependent termination has been
extensively reviewed elsewhere (Bidnenko and Bidnenko, 2018; Mitra et al., 2017; Peters et
al., 2011; RaySoni et al., 2016).

Although Rho is an efficient terminator of transcripts bearing 3’ rut sites, Rho can also
terminate transcripts lacking a rut element with the assistance of a transcription factor called
NusG (Downing et al., 1990; Peters et al., 2012). NusG is notable for its evolutionary
kinship to the eukaryotic Spt5 family of proteins (Tomar and Artsimovitch, 2013)), which
collectively serve as adapters that bridge RNA polymerase to other, dissociable, regulatory
factors. Although it has been established that NusG acts as a flexible bridge between RNA
polymerase and Rho (interacting with these factors by its N-terminal and C-terminal
domains, respectively (Mooney et al., 2009)), the significance of these interactions for
controlling transcription termination have been unclear. NusG is required for Rho-dependent
termination of cytosine-poor, weak rutsequences (Peters et al., 2012), suggesting that the
transcription factor impacts one or more sub-steps of Rho’s catalytic cycle; however, there
has been no discernable effect of NusG on Rho activity /n vitro in the absence of RNA
polymerase despite decades of study (Burns and Richardson, 1995; Chalissery et al., 2011;
Nehrke et al., 1993; Pasman and von Hippel, 2000; Valabhoju et al., 2016).

NusG overrides Rho’s dependence on primary site ligands to promote ring

closure and termination of cytosine-poor transcripts

In considering how NusG might directly or indirectly impact Rho function, it is interesting
to note that cytosine-rich primary site ligands (such as would be present in a strong rutsite)
are potent stimulators of Rho ATPase activity (Richardson, 1982). The mechanistic basis for
this stimulation had remained unclear until the relatively recent development of a
biochemical assay that allows for the tracking of Rho ring state (i.e., open vs. closed) in
solution. Using this assay, it was discovered that RNAs capable of tightly binding to Rho’s
primary site (i.e., pyrimidine-rich sequences) markedly potentiate Rho ring closure (Lawson
et al., 2016). This observation indicates that Rho’s sequence specificity as a transcription
termination factor arises in part from RNA sequence-dependent conformational control of
the helicase (Figure 1, top left). How the primary-site occupancy is transmitted from the
RNA-bound OB folds of Rho to their associated RecA ATPase motor domains to drive ring
closure is poorly understood, but may involve the linker that connects these two functional
elements (Hu and Artsimovitch, 2017).
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Given that cytosine-rich transcripts can directly promote Rho ring closure, it is reasonable to
ask whether NusG might assist Rho’s action on cytosine- or pyrimidine-poor transcripts by
helping to overcome the ring closure defect associated with binding to such ligands
(Valabhoju et al., 2016). Using the aforementioned ring closure assay, it was found that
NusG could indeed drive the nucleotide-dependent closure of Rho around non-ideal (purine-
rich) RNAs in the absence of primary site ligands, and that the C-terminal domain (‘CTD”)
of NusG was sufficient for this activity (Lawson et al., 2018). A crystal structure of Rho in
complex with NusG CTD revealed that NusG engages three a-helices appended to the C-
terminus of Rho’s RecA domain. Using long-timescale molecular dynamics simulations to
explore internal rearrangements within Rho that occur between open- and closed-ring states,
a conserved allosteric network was discovered within the helicase that resists ring closure
and is remodeled by the binding of NusG. Mutagenesis of this allosteric network yielded
hyperactive Rho constructs capable of terminating transcription at cytosine-poor rutsites in
the absence of NusG. Collectively, these findings indicate that while Rho has evolved to
exhibit a preference for cytosine-rich transcripts, its sequence specificity is sufficiently
pliable that it can be overridden with assistance from NusG (Figure 1, top right).

At first glance, an indiscriminate terminator of transcription (as Rho would seem to
transform into upon encountering NusG) could be considered undesirable in the context of
regulating gene expression. This potential problem is likely alleviated (at least in part) by the
fact that translation is physically coupled to transcription in bacteria (Miller et al., 1970),
which conceivably could allow ribosomes to block Rho from accessing RNA to terminate
transcription (Figure 1, bottom left). For example, the dual-purpose transcription/translation
factor Nusk (also known as S10), which has been recognized to bind to the same surface of
NusG as Rho, could occlude Rho from accessing a transcribing polymerase that is
accompanied by an actively translating ribosome (Burmann et al., 2010). Alternatively, Rho
might be blocked by direct ribosomal sequestration of the nascent transcript from RNA
polymerase, as seen in the so-called “expressome” arrangement (Kohler et al., 2017). It is
intriguing to speculate that these various coupling interactions (and means of occluding Rho)
might map to different stages of translation, such as initiation or elongation; real-time
monitoring of coupling will be required to resolve this question. However, in cases of
translational stress such as amino acid starvation or non-optimal codon usage (Mitra et al.,
2017; Ruteshouser and Richardson, 1989), the rate of translation by a ribosome may not
always keep pace with transcript synthesis by RNA polymerase, presenting Rho with an
opportunity to access NusG and terminate transcription. NusG is also required for the Rho-
dependent termination of widespread antisense transcription (Peters et al., 2012; Peters et
al., 2009), which is consistent with the RhosNusG complex acting as an attenuator of
transcripts that lack translational potential.

Antitermination complexes hinder Rho-dependent termination by

preventing Rho from accessing NusG

If a Rho*NusG complex might be capable of terminating the transcription of any RNAs that
lack a closely-associated ribosome, it follows that cells would probably need a secondary
means of preventing Rho activity on certain subsets of RNAs, such as those that are never
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translated (e.g., ribosomal RNAS). To this end, bacteria deploy antitermination complexes
that block Rho from acting on specific RNAs. The mechanistic basis of this Rho inhibition
has remained poorly understood, but by comparing how NusG engages Rho with the
structure of NusG in a AN antitermination complex (Said et al., 2017), it was realized that
these antitermination factors (and more specifically, Nusk) sterically preclude Rho from
accessing NusG (Figure 1, bottom center) (Lawson et al., 2018). Thus, anti-termination
factors appear to counteract Rho function from terminating transcription at least in part by
blocking a key partner, NusG, from associating with the helicase. It is worth noting that the
field’s understanding of antitermination factors is rapidly evolving, as the Nus factors were
recently demonstrated to regulate genes other than rRNAs (Baniulyte et al., 2017), and novel
antitermination factors such as LoaP are still being discovered (Goodson et al., 2017).

The NusG paralog RfaH lacks Rho binding residues, explaining functional

specialization of these factors

In E. coli, NusG has several known paralogs that appear to participate in the regulation of
specific transcriptional events (Artsimovitch and Landick, 2002; Goodson et al., 2017). One
such paralog, RfaH, does not associate with Rho, despite a high degree of shared structural
similarity between its C-terminal domain and that of NusG (Figure 1, bottom right)
(Burmann et al., 2012). Guided by the RhosNusG structure, five residues were identified on
RfaH that, when replaced with the corresponding residues from NusG, rendered RfaH
capable of binding to Rho. Surprisingly, this chimeric RfaH construct with NusG residues
appeared to bind Rho with higher affinity than wild-type NusG, suggesting that the affinity
of NusG for Rho has been tuned by evolution to facilitate competition with other factors
such as antitermination complexes. RfaH constructs with high affinity for Rho may be useful
for stabilizing other transcription termination complexes for high-resolution structural
studies.

Conclusions and Future Directions

Far from being a simple functional transition, the formation of a closed-ring and
translocation-competent Rho assembly from an open-ring loading state can now be
appreciated as a highly-regulated event controlled by proteinaceous factors such as NusG or
cytosine-rich nucleic acids. It remains to be seen whether the allosteric network utilized by
NusG to promote Rho ring closure overlaps with, or is distinct from, the network that
communicates RNA binding to Rho’s primary sites with the helicase’s RecA domains.
Despite the focus here on ring closure around a client RNA, there are numerous other sub-
steps of Rho-dependent termination that merit further exploration as possible regulatory
points, including the recruitment of Rho to rutsites, the translocation rate and processivity of
Rho, and the interaction of Rho with RNA polymerase. It is possible that NusG may also
exert an effect on Rho beyond the promotion of ring closure, which could be addressed by
the development of assays that track discrete sub-steps of Rho-dependent termination.

Aside from NusG, there are several other intriguing factors that also affect Rho action. One
such regulator is YaeO, which may inhibit Rho by directly competing with primary site
RNAs (Gutierrez et al., 2007). Another is Hfq, a hexameric RNA chaperone that is reported
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to inhibit Rho through an unknown mechanism (Rabhi et al., 2011). The bacteriophage P4
protein Psu is third antagonist of Rho that merits further study (Pani et al., 2006) — it would
not be surprising if additional phage-derived Rho inhibitors are discovered given the central
role that Rho plays in the silencing of xenogenes (Cardinale et al., 2008). Rho-dependent
termination is also regulated by RNA sequence and secondary structure, as demonstrated by
the recent discovery of an anti-Rho RNA element termed RARE (Sevostyanova and
Groisman, 2015) and the realization that SRNAs can control rutaccessibility (Sedlyarova et
al., 2016). It will be important to determine whether Rho binds to a specific site on RNA
polymerase (Epshtein et al., 2007), or instead simply translocates until it applies a level of
force to the RNA exit channel sufficient to induce hypertranslocation and/or shearing of
RNA/DNA interactions (Park and Roberts, 2006; Ray-Soni et al., 2016); the latter
mechanism would explain how Rho can terminate the transcription of phage polymerases
that are structurally distinct from bacterial RNA polymerases (Pasman and von Hippel,
2000). Additional studies will be needed to address such questions in the future.
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Figure 1:
Regulation of Rho-dependent termination. Rho efficiently halts the synthesis of transcripts

that bear a strong rut sequence (upper left), and also at weak ruisites when assisted by NusG
(upper right). Rho-dependent termination is inhibited by coupled ribosomes (bottom left),
antitermination complexes (bottom middle), and the NusG paralog RfaH (bottom right).
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