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Abstract

Transcription is a discontinuous process, where each nucleotide incorporation cycle offers a 

decision between elongation, pausing, halting, or termination. Many cis-acting regulatory RNAs, 

such as riboswitches, exert their influence over transcription elongation. Through such 

mechanisms, certain RNA elements can couple physiological or environmental signals to 

transcription attenuation, a process where cis-acting regulatory RNAs directly influence formation 

of transcription termination signals. However, through another regulatory mechanism called 

processive antitermination (PA), RNA polymerase can bypass termination sites over much greater 

distances than transcription attenuation. PA mechanisms are widespread in bacteria, although only 

a few classes have been discovered overall. Also, although traditional, signal-responsive 

riboswitches have not yet been discovered to promote PA, it is increasingly clear that small RNA 

elements are still oftentimes required. In some instances, small RNA elements serve as loading 

sites for cellular factors that promote PA. In other instances, larger, more complicated RNA 

elements participate in PA in unknown ways, perhaps even acting alone to trigger PA activity. 

These discoveries suggest that what is now needed is a systematic exploration of PA in bacteria, to 

determine how broadly these transcription elongation mechanisms are utilized, to reveal the 

diversity in their molecular mechanisms, and to understand the general logic behind their cellular 

applications. This review covers the known examples of PA regulatory mechanisms and speculates 

that they may be broadly important to bacteria.

INTRODUCTION

An extraordinarily diverse range of genetic regulatory mechanisms has been discovered in 

the half century since Francois Jacob and Jacques Monod first proposed the operon model of 

gene regulation (1). Studies based on this model identified a soluble regulator, located 

distally from the targeted operon, that acts to repress transcription initiation of the lac 
operon. This discovery led to the identification and characterization of many more repressor 

proteins, each acting in modestly different ways to reduce the efficiency of transcription 

initiation. Soon followed discoveries of other types of transcriptional regulators, including 

those that activate gene expression by enhancing transcription initiation. And now, in an era 

where bacterial genome sequences can be acquired and draft-annotated in mere days and at 

low cost, it is clear that all bacteria encode for dozens or hundreds of proteins that regulate 
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transcription initiation and that this ‘layer’ of genetic regulation is both ubiquitous and 

profoundly important. However, perhaps because transcription initiation is so universally 

recognized as a key point of regulatory influence (2), later stages of transcription elongation 

have not yet been sufficiently analyzed for genetic regulation. While the molecular 

mechanisms of transcription have been, and continue to be, intensively investigated, the 

biological extent of post-initiation regulatory mechanisms has been incompletely analyzed. 

Transcription initiation is only the first stage of gene expression. The stages that follow 

include transcription elongation, transcription termination, translation and mRNA 

degradation; each of these stages can be subjected to genetic regulatory control (3).

While riboswitches, which control transcription attenuation in a signal-dependent manner, 

are widely used by bacteria, their initial discoveries have been significantly aided by the 

extensive conservation of their sequences and secondary structures (4, 5). This level of 

sequence conservation is not observed for many other types of transcription elongation 

regulatory strategies, a limitation that may have slowed discovery of the latter. How, then, 

may other transcription elongation-based regulatory strategies be systematically discovered 

if experimentalists cannot rely primarily on bioinformatics searches of highly conserved 

regulatory RNAs? And what kinds of transcription elongation regulatory mechanisms have 

not yet been found? One type of regulatory mechanism that might still be understudied, but 

yet has been identified through a variety of experimental approaches, is called processive 

antitermination (PA). These systems offer a convenient and powerful mechanism for altering 

the efficiency of transcription elongation (6–8).

In PA mechanisms, antitermination factors associate with a bacterial RNA polymerase 

(RNAP) elongation complex, leading to read-through of termination sites (6). Termination 

signals normally induce rapid dissociation of the transcription elongation complex (TEC) 

and are most often located at the ends of operons (9). However, when placed within operons, 

they can serve as key points of regulatory control (10). In bacteria, there are two known 

classes of termination signals: intrinsic and Rho-dependent terminators (9). In many bacteria 

intrinsic terminators consist of a GC-rich RNA hairpin followed by a poly-uridine tract. 

Alone (11), or enhanced by a factor such as NusA (12, 13), these RNA elements promote 

pausing of the TEC, followed by release of the nascent transcript and dissociation of 

polymerase (14). In contrast, Rho-dependent termination depends upon the adenosine 

triphosphate (ATP)-dependent translocase Rho associating with Rho-utilization (rut) sites on 

a nascent mRNA and translocating the RNA to eventually promote TEC dissociation (15, 

16). Both classes of termination sites may be specifically regulated by signal-responsive 

riboswitches (5, 17) or trans-encoded small RNAs (18, 19). However, whereas riboswitches 

exert control over a single intrinsic terminator site, or a particular entry point for Rho, PA 

systems differ in that they modify TECs to render them generally resistant to downstream 

termination sites (8). PA systems, therefore, are capable of causing read-through of multiple 

termination sites, even over long genomic distances. While only a few classes of PA 

mechanisms have been discovered in the past four decades, they vary widely in the 

molecular mechanisms they utilize and in their biological applications. Several new 

examples of PA mechanisms have been discovered more recently, which appear to be 

broadly used by bacteria for regulation of diverse sets of genes. We extrapolate from these 

discoveries that many new PA mechanisms still await discovery.
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PROCESSIVE ANTITERMINATION

Termination of transcription at any given location is rarely 100% complete, with some 

proportion of elongation complexes proceeding past the point of termination. In general, two 

types of mechanisms can control transcription elongation to affect the efficiency of 

termination: transcription attenuation and processive antitermination (PA). For the former, 

regulatory mechanisms determine the formation of either Rho-dependent or Rho-

independent termination sites (10). Importantly, transcription attenuation-based regulatory 

mechanisms exert their influence on only a single, defined terminator region. In other words, 

a regulatory RNA that promotes transcription attenuation by definition evolved in concert 

with the terminator region that it targets—it does not affect other terminator regions. 

Riboswitches, which are signal-responsive, cis-acting regulatory RNAs, oftentimes affect 

gene expression via transcription attenuation-based mechanisms (20). As discussed 

elsewhere in this book, riboswitches are widespread in bacteria and offer localized control of 

transcription termination sites throughout bacterial genomes. In many instances, these 

transcription attenuation-based regulatory elements can be considered modular, with a 

signal-responsive portion followed by a portion responsible for premature transcription 

termination (21).

In contrast, PA mechanisms do not necessarily target a specific terminator region, but instead 

manipulate elongating RNAP complexes to avoid termination signals throughout an 

individual transcript (6). These PA strategies do not take a single form and may reduce 

transcript termination through a variety of direct and indirect effects. For example, some PA 

strategies rely on direct interference with factor-mediated termination (22). Alternatively, 

they can modify recruitment of transcription elongation factors, such as NusA, to affect 

nascent RNA behavior (23, 24). Additionally, they may alter recruitment of ribosomes in a 

manner that affects termination within coding regions (25). Furthermore, some PA systems 

have evolved to utilize multiple strategies simultaneously (23, 26).

Phage Lambda Antitermination

During lytic growth, phage λ transcription temporally progresses from one large set of genes 

to another (27). In order to switch from intermediate-early gene expression to delayed-early 

gene expression, the phage utilizes a unique protein, λN, to promote antitermination, which 

enables expression of downstream genes (Figure 1A) (28). λN is a small protein that is 

intrinsically disordered alone (29) but is stabilized by protein and RNA contacts in the final, 

λN antitermination complex (Figure 2A) (23). Formation of the λN antitermination 

complex is triggered by synthesis of a nut sequence, composed of two RNA elements. The 

first, boxB, is a 15-nucleotide motif that resembles a GNRA tetraloop structure (Figure 3) 

(30, 31) and serves as the substrate for λN binding (23, 24). In addition to binding λN, 

boxB also interacts with NusA. Formation of the antitermination complex occurs in steps, 

with initial association of λN to boxB followed by binding of NusA to the λN:boxB 
complex (32). This minimal λN:boxB:NusA complex is sufficient for antitermination of 

nut-proximal terminator sequences (6), although it is generally believed that the full 

antitermination complex in vivo relies on additional elongation proteins loaded at the second 

RNA element. This second RNA element, boxA, acts as a loading site for the NusB:NusE 
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(S10) complex (33). Binding of the NusB:NusE (S10) complex to boxA promotes additional 

contacts between λN and NusA. This results in a unique complex of factors that are 

associated with RNAP near the RNA exit channel and remain together as a 

ribonucleoprotein complex (Figure 2B) (23).

Binding of λN alone to RNAP modifies transcription elongation both in vitro and in vivo, 
promoting antitermination by modulating RNA exit channel elements and by suppressing 

melting of the RNA:DNA hybrid after terminator hairpin formation or in response to Rho 

activity (23, 24, 34, 35). However, formation of the complex with the full complement of 

transcription elongation factors is thought to further stabilize the interaction of λN with 

RNAP and increase its duration of occupancy—and, therefore, overall processivity—of λN 

antitermination (36). In “standard” transcription elongation complexes, NusA binds RNA 

polymerase near the RNA exit channel where it can enhance intrinsic termination (37). 

Indeed, NusA affects transcription termination at many locations across the genome and is 

even required for formation of some NusA-dependent termination sites (13). However, λN is 

thought to counteract the direct effects of NusA on terminator hairpin folding (24). A recent 

high-resolution structural model of the λN antitermination complex revealed that the C-

terminal RNA-binding domains of NusA are repositioned such that they redirect nascent 

RNA away from the RNA exit channel (Figure 2C). This is predicted to reduce formation of 

terminator hairpins, thereby essentially reprogramming NusA into a transcription 

antitermination factor (23). Formation of the λN complex also inhibits Rho-dependent 

termination. In “standard” elongation complexes, NusG helps recruit Rho to nascent RNA 

and thereby aids in Rho termination (38, 39). In contrast, the λN antitermination complex is 

likely to restrict NusG-mediated recruitment of Rho by instead promoting association of 

factors that compete for binding to NusG (e.g., S10:NusB), and also because of restricted 

access to the nascent RNA as it is looped out of the antitermination complex (23). Therefore, 

the λN complex acts as a physical roadblock to prevent Rho translocation and helps occlude 

access to Rho utilization (rut) sites.

Phage λ also contains a second antitermination system, which relies upon another unique 

protein (λQ) to promote antitermination of late-expressed genes (6, 40). However, unlike the 

N-antitermination system, λQ protein is a DNA-binding protein that associates with RNA 

polymerase within the promoter region during transcription initiation and triggers formation 

of an antitermination complex that is different from the N complex (41).

Ribosomal RNA Operon Antitermination

Dissociation of transcription elongation complexes by Rho helicase underlies the polarity 

which occurs when nonsense mutations reduce transcript abundance of downstream genes 

(42). Rho is capable of loading onto RNA molecules via C-rich binding sequences (rut 
sites), but the presence of ribosomes during coupled transcription-translation generally 

reduces Rho loading and translocation (43). Given that ribosomal RNA operons are not 

translated and are thereby not protected by ribosomes, their transcripts must be protected 

from Rho termination by other means. This protection may be partially explained by the 

extensive secondary structure of ribosomal RNAs, which acts to reduce loading of Rho at 

potential rut sites (44, 45). However, in Escherichia coli and many other bacteria, these 
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operons are also subjected to an antitermination system that resembles closely the λN-

antitermination mechanism (44–46). For example, the 5’ leader regions of E. coli rRNA 

operons contain boxA as well as a boxB-like hairpin, although only boxA appears to be 

essential for antitermination activity (Figure 1C) (33, 47). Binding of the NusB:NusE (S10) 

complex to boxA RNA occurs in a manner similar to N-mediated antitermination, ultimately 

promoting a conformational state that strongly disfavors association of Rho (33).

In contrast to λN antitermination, which requires N protein in addition to host Nus proteins, 

rRNA antitermination requires an additional host factor, SuhB (48). The complete 

elongation complex containing NusB:NusE, NusA, NusG, and SuhB is required not only for 

full rRNA antitermination activity in vitro but for correct rRNA maturation in vivo (48). In 

addition to regulation of rRNA transcription, boxA and Nus factors directly repress suhB 
translation in enterobacteria in a manner reminiscent of λN autoregulation and have been 

implicated in regulation of additional genes (49). Therefore, the rRNA antitermination 

system relies exclusively on general transcription elongation factors and their recruitment to 

the boxA RNA element. This system serves a dual purpose in rRNA operons, promoting 

both antitermination and RNA folding, and may regulate yet additional transcripts. Together, 

these observations suggest that N-antitermination may have arisen as a modification of the 

host Nus protein antitermination system, where λN protein evolved to reconfigure and 

further manipulate host transcription elongation factors.

RNA Elements that Promote Processive Antitermination

In addition to the role that RNA elements (boxA and boxB) play in antitermination of phage 

λ and rRNA operons, a few PA systems have been discovered that involve larger and more 

complicated RNA elements. Many if not most lambdoid phages utilize PA systems related to 

both N- or Q-antitermination (6). However, phage HK022 differs in that it encodes for λQ 

yet lacks λN, despite the fact it still requires antitermination of early-expressed genes (50). 

Moreover, HK022 does not utilize nut sites for antitermination. Instead, early gene 

antitermination is mediated directly by a larger RNA motif called put, found in regions 

analogous to λ nut sites (Figure 1B) (51). HK022 put forms a two-hairpin RNA element of 

approximately 65 nucleotides in length that is critical for antitermination activity (Figure 3) 

(51, 52). This element appears to directly affect RNAP elongation activity through pause 

suppression, potentially requiring no additional elements to promote antitermination (50). 

Evolution of this mechanism is likely interrelated with the evolution of a λN-like protein, 

Nun, which is also produced by HK022 (53, 54). Nun, found in the same relative genomic 

position as λN in phage λ, instead promotes Nun-termination at nut elements by binding to 

boxB and inhibiting RNAP translocation (55, 56). HK022 put promotes antitermination of 

both Rho-dependent termination and Nun-dependent transcription arrest in the HK022 early 

transcripts (55) as well as intrinsic terminators (57). While some mechanistic details of put-
mediated antitermination are still lacking, its discovery was significant as it demonstrated 

proof-in-principle that PA could be driven primarily by RNA elements.

More recently, an even larger and more structurally complicated RNA element was 

discovered to trigger PA in bacteria. This RNA element, which is at least ~125 nucleotides in 

length and is constructed from an array of at least five helical elements and a characteristic 
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pseudoknot, was discovered to be broadly conserved in Bacillales (Figure 3) (58). Coined 

the EAR element, for eps-associated RNA, it is almost always associated with operons that 

encode for biosynthesis of biofilm or capsule exopolysaccharides (Figure 1D). Either 

mutagenesis of conserved residues or deletion of EAR resulted in incomplete transcription 

of the Bacillus subtilis eps operon. Instead, transcripts were found to be prematurely 

truncated at the site of intrinsic terminators, located in the middle region of the eps operon. 

Indeed, placement of EAR directly upstream of this terminator site resulted in nearly 

complete read-through of the terminators in vivo, whereas, conversely, mutagenesis of 

conserved EAR residues resulted in termination. Moreover, placement of EAR upstream of 

unrelated intrinsic terminators, originating from sources other than the eps operon, still 

resulted in their read-through, demonstrating that EAR promotes general PA of intrinsic 

terminators. That EAR promoted read-through of intrinsic terminators is strikingly different 

than the biological utilization of the λN and rRNA PA systems, which are believed to 

function primarily for read-through of Rho termination. However, EAR PA has not yet been 

recapitulated in vitro or in a heterologous host, indicating that at least one additional factor 

may be required for its antitermination activity, in contrast to HK022 put. Regardless, 

discovery of EAR demonstrated that structurally complicated RNAs, with the size and 

apparent complexity resembling that of riboswitches, are sometimes used to promote PA. 

Moreover, the distribution of EAR PA determinants further showcases how PA mechanisms 

can be broadly important for biologically important functions such as biofilm formation.

SPECIALIZED NUSG PARALOGS

RfaH

Although most known PA systems are found in phage genomes or are reliant on general 

transcription elongation factors, some Gammaproteobacteria encode for the specialized PA 

and translation factor RfaH (26). RfaH is a paralog of NusG. NusG is an elongation factor 

generally associated with transcription elongation complexes and is an integral component 

of the λ and rRNA PA systems (59). RfaH, encoded by an essential gene in E. coli, is 

required for the expression of a regulon of virulence-related pathways—including synthesis 

of haemolysin, lipopolysaccharide, and the F-factor sex pilus (59, 60)—as well as additional 

targets involved in the production of membrane or extracellular components (61).

As a paralog of NusG, RfaH is a small protein containing two conserved domains. In 

general, the core domains of NusG homolog proteins exhibit strongly conserved structure 

(62, 63) and interface with RNAP in a similar fashion (63–65). The first domain is an N-

terminal domain (NTD) unique to the NusG/Spt5 family of proteins (66). This domain is 

responsible for binding of RfaH to RNAP at the same site normally occupied by NusG. The 

C-terminal domain (CTD) contains a KOW (Kyprides, Ouzounis, Woese) motif found in 

several ribosomal proteins in addition to NusG (67). This characteristic CTD is shared 

among nearly all NusG homologs as well as several ribosomal proteins (67), and is believed 

to function as a tether that can interact with additional proteins (68).

While RfaH and NusG have distinct regulatory consequences, they rely on similar 

mechanisms to improve transcriptional processivity (65). The NTD of both proteins share 

highly similar sequences and structures (61, 63) and suppress pausing at many sites when 
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added to purified transcription complexes in vitro (22, 69, 70). Both proteins are believed to 

suppress pausing by binding to the β’ clamp and β pincer and stabilizing the active closed 

conformation of RNAP (63, 71). Recently, single molecule cryo-EM studies have clarified 

how stabilization of RNAP structure can promote processive elongation. Certain types of 

transcriptional pauses are affected by a swivelling of the RNAP β’ pincer elements, resulting 

in an increase in pause lifetimes (72). However, binding of NusG or RfaH to RNAP 

disfavors this “swiveled” conformation, thereby suppressing pausing (65). Additional 

mechanisms for anti-pausing activity of NusG proteins have been proposed, including 

stabilization of the elongation complex by direct binding to non-template DNA (22, 70, 73) 

as well as upstream DNA (74–77). Indeed, both NusG and RfaH interact with the upstream 

DNA fork and promote re-annealing of the upstream DNA, although the specific effects of 

this activity on RNAP activity are unclear (65, 74). These mechanisms are conserved 

between NusG and RfaH, are are likely to be shared to varying degrees with other NusG 

paralogs.

RfaH is specifically recruited to the operons that comprise its regulon by a DNA element 

called the operon polarity suppressor, or ops (Figure 4A). Deletion of this 8-bp conserved 

element reduces downstream gene expression (60); correspondingly, introduction of ops to 

other transcripts increases their expression (59). Depletion of RfaH mirrors these results, 

indicating that RfaH and ops are both required for expression of target operons (78). RfaH is 

specifically recruited to transcription elongation complexes by binding to the non-template 

DNA strand of the ops-element; this occurs during the lifetime of a programmed 

transcriptional pause (22). The ops-element forms both a consensus pause sequence as well 

as a DNA hairpin loop that makes specific, direct contacts to the RfaH NTD (79). RfaH and 

NusG are mutually exclusive, as both homologs share the same binding site on RNAP (80, 

81). Moreover, once recruited, RfaH exhibits increased affinity for RNAP relative to NusG, 

allowing for extended association of RfaH with TECs (82). This increased affinity may also 

be responsible for the more pronounced effects of RfaH NTD on RNAP as compared to 

NusG (65). In this way, RfaH exerts its regulatory effects specifically on those operons that 

include the ops element.

RfaH in solution differs from RNAP-associated RfaH. Instead of the common β-barrel fold 

found in most high-resolution structures of KOW domains, the CTD of free RfaH forms a 

dramatically different α-helical structure (80). This α-helical CTD interacts with the NTD, 

partially masking the RNAP-binding portion and thereby resulting in an autoinhibited form 

of the protein (Figure 5) (82). After a conformational change is triggered, the NTD can 

associate fully with the transcription complex, which in turn promotes re-folding of the CTD 

to the β-barrel structure found in NusG (Figure 5) (26). Because of this structural 

mechanism, RfaH adopts the classical NusG KOW domain structure only after the NTD has 

fully associated with RNA polymerase.

Though NusG and RfaH display nearly identical anti-pausing effects on transcription 

complexes in vitro, their overall regulatory outcomes are different. In some instances, NusG 

may promote pausing in vivo (83), perhaps as a result of increased affinity for certain non-

template DNA strand sequences (70). More importantly, NusG is known to directly bind 

Rho (68). This interaction is likely to broadly promote Rho-dependent termination activity, 
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possibly by increasing the rate at which Rho successfully binds RNA and forms a closed 

translocation-capable conformation (39). Ultimately, association of NusG results in Rho-

dependent termination and suppression of transcription, particularly in genomic regions that 

feature foreign DNA (25). This activity is essential in most E. coli strains primarily due to 

suppression of toxic genes in prophage DNA (25). However, in addition to its interaction 

with Rho, the NusG CTD can associate with NusE (S10), as well as NusA (84, 85). Similar 

to NusG, RfaH can associate with NusE (S10); however, in contrast to NusG, RfaH is 

incapable of binding Rho (26, 84). Because of this, RfaH strongly discourages Rho 

termination within its targeted operons (86).

Finally, the remaining mechanism by which RfaH may promote antitermination is through 

recruitment of ribosomes to nascent transcripts. NusG proteins are thought to couple 

transcription and translation by facilitating macromolecular interactions between both of 

these machines (84). RfaH in particular has been shown to exhibit much stronger polarity 

effects in vivo than its effects on transcription in vitro (82). Also, genes that are known to be 

regulated by RfaH display particularly poor ribosome binding sites, suggesting that 

translational enhancement is likely to be a key feature of RfaH regulation (86). It is possible 

that binding of NusG or RfaH to ribosomal S10 (NusE) may assist ribosome recruitment, 

thereby increasing local concentration of ribosomes and promoting translation initiation on 

nascent RNA (26, 87). This functional interaction might also affect transcription 

processivity. Indeed, recent data suggest that the leading ribosome—which conducts 

translation immediately upstream of RNAP, and that may participate in the RNAP-ribosome 

“expressome” (88, 89)—improves transcription processivity by directly blocking RNAP 

backtracking (90) and by obstructing Rho access (84, 91).

Through these aggregate mechanisms, RfaH acts as a specialized elongation factor that 

exhibits anti-pausing activity, prevents NusG-mediated Rho termination, and encourages 

ribosome recruitment, for each of the operons that display ops elements.

Other NusG Paralogs (ActX, TaA, UpxY, LoaP)

Although RfaH is the most prominent and best studied NusG paralog, other examples have 

been identified, several of which have been predicted to function in transcription 

antitermination (92–95). All of these homologs share significant sequence similarity to 

NusG and RfaH and undoubtedly share conserved structural features. Moreover, for those 

NusG paralogs where a functional role has been demonstrated, they have inevitably been 

found to affect transcription of certain targeted transcripts, suggesting that NusG paralogs 

are broadly used by bacteria as specialized transcription regulators (93–95).

ActX and TraB proteins are most phylogenetically similar to RfaH (92, 96) and are found in 

a variety of conjugative plasmids conferring antibiotic resistance in Gammaproteobacteria 

(92, 97). Though a function has not been demonstrated for these proteins, they are often 

transcribed as the first open reading frame in long pilus biosynthesis operons and are 

suspected to be involved in the transcription of conjugation genes (98).

Myxococcus xanthus, a Gram-negative soil bacterium, produces the well-studied polyketide 

antibiotic TA (also called myxovirescin) (99, 100). The first open reading frame of the TA-
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producing gene cluster is taA, which encodes for a NusG paralog (93). Disruption of the taA 
gene eliminated antibiotic production, suggesting a regulatory relationship. However, the 

specific role of TaA in expression of the TA gene cluster is unknown, although as a NusG 

paralog and relative of other known NusG specialized paralogs, it has been proposed to 

regulate transcription elongation, perhaps through PA.

More recently, a NusG paralog called UpxY has been proposed to function as a family of 

regulators for complex polysaccharide pathways in Bacteroidetes (94, 101). They are widely 

used by these microorganisms. Indeed, many Bacteroides encode between six and nine 

copies of the UpxY proteins. The genes encoding these proteins, initially described in 

Bacteroides fragilis, are each associated with a different capsular polysaccharide gene 

cluster (Figure 4C) (101). These proteins have been shown to affect transcription of their 

associated gene cluster and it has been proposed that they participate in antitermination-

based regulatory mechanisms that involve unique sequence features located within the 5’ 

leader regions of their respective operons. Additionally, while these regulators might be co-

transcribed with the operons they affect, they can also affect gene expression when moved to 

a distal location, supporting the claim that they are recruited to their targeted operons, 

perhaps via sequence elements within the transcript leader regions. Yet, despite these 

observations, little is known regarding the molecular mechanisms of UpxY proteins. Adding 

a new wrinkle to the overall family of NusG paralogous proteins, Bacteroides fragilis also 

encodes a set of unique proteins (UpxZ) alongside genes encoding UpxY proteins. The 

UpxZ proteins can act as trans-inhibitors of UpxY proteins, and have been hypothesized to 

hierarchically regulate the expression of different sets of capsular polysaccharides, although 

the underlying mechanism of this inhibition is also unknown (94).

The most recently described NusG paralog is LoaP. Genes encoding LoaP are consistently 

positioned adjacent to polyketide biosynthesis pathways in Firmicutes, or near 

polysaccharide biosynthesis gene clusters in certain Firmicutes, Actinobacteria and 

Spirochaetes (95). While proximity alone is not evidence of a functional relationship, 

Bacillus velezensis loaP was shown to affect expression of an adjacent polyketide synthesis 

gene cluster. More specifically, Bacillus velezensis loaP is situated adjacent to a gene cluster 

(dfn) that encodes for production of the polyketide antibiotic difficidin (102). Deletion of 

loaP resulted in low abundance across the dfn transcript, whereas complementation of loaP 
from an ectopic locus restored dfn expression. Moreover, these global expression 

experiments revealed that the difficidin operon is not the only region affected by LoaP. LoaP 

is also required for transcription elongation of a second polyketide gene cluster, which 

encodes for production of another antibiotic, macrolactin, indicating that LoaP controls a 

regulon of antibiotic biosynthesis operons in B. velezensis (Figure 4B).

Upon depletion of LoaP, transcript abundance dramatically decreases at intrinsic terminator 

sites located within the targeted operons, whereas induction of LoaP restored read-through 

of these terminators (95). These initial data suggest that LoaP antitermination may function 

primarily on intrinsic termination, in contrast to the suppression of Rho-dependent 

termination known for RfaH (22, 95). However, while this might be due to the preference of 

Gram-positive bacteria for Rho-independent antitermination, it is also true that Rho 

termination has been insufficiently characterized in B. velezensis and other Firmicutes (103). 
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Therefore, the relationship between LoaP proteins and Rho termination is still unknown. Nor 

have the full determinants for LoaP PA yet been described. While LoaP affects transcript 

abundance across the length of the targeted operon, it appears to require sequence elements 

located somewhere within the 5’ leader region. Indeed, when placed upstream of terminator 

signals and upstream of a reporter gene, the dfn leader region alone is sufficient for 

promoting LoaP-dependent PA activity (95). Therefore, the recruitment signals for LoaP are 

located fully within this leader region. Interestingly, a small UNCG-type hairpin was 

identified in the leader regions of both the difficidin and macrolactin operons in a sequence 

region required for antitermination, although its exact relationship to LoaP regulation has 

not yet been investigated (Figure 3) (95).

The discovery of LoaP, along with the initial description of TaA, suggests that transcription 

elongation may be a broad point of regulatory control for secondary metabolite gene clusters 

in bacteria. Therefore, it is important to study PA mechanisms in order to improve discovery 

and production of new natural products from bacteria.

Phylogenetic Overview of the NusG Family of Proteins

NusG paralogs putatively involved in antitermination have been identified in a variety of 

bacteria, including but not limited to Alpha-, Gamma- and Delta-proteobacteria, 

Bacteroidetes, and most recently Firmicutes, Actinobacteria, and Spirochaetes (86, 95). Of 

the general transcription elongation factors, only NusG is found in all three domains of life, 

suggesting its function is important in all organisms. Therefore, essentially all bacteria 

encode for a core NusG protein, while archaea and eukaryotes encode for a similar protein, 

Spt5 (80). As a result, all NusG family proteins share core conserved sequence and structure 

features (80).

Although analysis of the paralogs supports grouping them within the overall NusG family, 

each sub-grouping displays significant sequence diversity, with some subgroups displaying 

very limited overall sequence identity despite sharing remarkably conserved structural 

elements (95). In recent work, the phylogenetic analyses of the NusG family was extended 

to include as many distant homologs as are detectable by HMM-based homology modeling 

(95). This large-scale phylogenetic analysis utilized structural modeling to efficiently align 

specialized NusG paralogs with limited sequence similarity, and focused on 

comprehensively covering the diversity of paralog sequences without restriction to the 

known subgroups. The resulting phylogenetic tree (Figure 6) confirmed that each set of 

NusG paralogs forms its own distinct group, separate from core bacterial NusG and archaeal 

Spt5, while also revealing a few new candidate subgroups (82, 95). It is likely that each 

subgroup will be defined by specific sequence differences. Indeed, a number of 

characteristic differences between sequences—such as between RfaH or UpxY and core 

NusG—have been identified as being important for the distinct activities of those specialized 

paralogs (82, 101, 104).

As NusG paralogs were found in a variety of distinct genetic contexts (82), it was important 

to systematically identify associations between these genes and potential target pathways. 

Overall, they were found in diverse genomic contexts, with some positioned alone, at the 

beginning of complex polysaccharide or secondary metabolite gene clusters, at the end of 
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operons, or in unique contexts (82, 95). For example, NusG paralogous sequences from 

Betaproteobacteria and Bacteroides are located in or near large polysaccharide pathways. 

TaA and LoaP sequences are generally present in or near large polyketide biosynthesis 

pathways, which suggests they share a broad relationship to secondary metabolites (82, 95). 

Indeed, there appears to be a general association of NusG specialized paralogs with 

polysaccharide biosynthesis gene clusters, and to a lesser extent polyketide synthase gene 

clusters. In fact, of all the paralog groups, only the Gammaproteobacterial RfaH and its 

related ActX gene sequences were not frequently identified near or in these classes of gene 

clusters (95).

There also appear to be several subgroups of NusG paralogs with interesting genomic 

association and evolutionary distribution, but that have not been characterized or named. For 

example, a group of sequences closely related to RfaH and found in Alpha-, Beta-, and 

Gamma-proteobacteria is oftentimes associated with polysaccharide gene clusters. Similarly, 

at least two more uncharacterized and unnamed putative groups of sequences are 

consistently associated with polysaccharide and polyketide biosynthesis gene clusters. From 

this, it can be tentatively speculated that NusG specialized paralogs evolved as regulators of 

these long operons (polysaccharides and secondary metabolite biosynthesis genes) and 

became further specialized into RfaH in Gammaproteobacteria. Finally, an additional set of 

paralog sequences in Alphaproteobacteria was not found in a consistent genomic context, 

and remains unnamed. Ultimately, the evolutionary relationship between all these different 

NusG paralogs remains unclear, as bootstrap support for early branches after divergence 

from core NusG is low, likely due to the extensive sequence divergence in this family. 

Elucidating the true history of this family may require different approaches, integrating more 

information about the structural changes and sequence insertions and deletions during 

evolution of the NusG paralogs. However, it is already clear that the NusG family of proteins 

is widely used in bacteria as specialized transcription elongation regulatory factors, and that 

they regulate expression of fundamentally important pathways, albeit through largely 

unexplored molecular mechanisms.

OUTLOOK

The past few years have uncovered a few new examples of PA mechanisms, as well as 

remarkable new insight into the structural basis of antitermination activity. However, it is 

possible that these findings still only represent a small proportion of what remains to be 

discovered. Therefore, what is now needed is a systematic exploration of the molecular 

mechanisms used by NusG paralogs, combined with new bioinformatics searches for RNA 

elements that promote PA. From this, an accurate portrayal of the extent of PA usage in 

bacteria will emerge, which will resolve whether transcription elongation is a much broader 

point of regulatory control than has historically been perceived. Furthermore, studying new 

PA systems will help uncover the diversity of their molecular mechanisms and shed 

important light on when and why PA mechanisms are employed by bacteria.
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Figure 1: Genomic Context of Processive Antitermination Systems.
This figure schematically illustrates the transcripts regulated by the λN, put, rRNA, and 

EAR RNA-based antitermination systems. (A) Phage λ early transcripts are initiated from 

two divergently facing promoters with boxA/B nut elements found early in the transcripts. 

The λN protein is encoded by the first gene in the left early transcript. RNA polymerase 

(RNAP) complexes associated with λN bypass multiple terminators in both transcripts. 

Using a different mechanism, the λQ protein promotes antitermination of the late transcript 

by binding to DNA near the late promoter and promoting a terminator-resistant 

configuration of RNAP. (B) Phage HK022 early transcripts are similar to phage λ, although 

they include put elements early in each transcript, which trigger λN-independent 

antitermination. Additional Rho-dependent terminators are likely present in these transcripts, 

although they have not been specifically characterized and are therefore not indicated on this 

particular diagram. (C) A representative E. coli rRNA operon is shown, containing 

boxA/B/C elements immediately downstream of the P2 promoter. These elements promote 

read-through of Rho-dependent termination in the non-coding rRNA genes. (D) Several 

intrinsic terminators have been demonstrated in the Bacillus subtilis eps operon, which 

encodes for biosynthesis of biofilm exopolysaccharides. The eps-associated RNA (EAR) is 

found within the epsBC intergenic region and promotes read-through of the terminators 

within the operon. Intrinsic terminators are shown as sticks with empty circles, and Rho 

termination regions are shown as sticks with wavy lines, both in red. RNA elements involved 
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in antitermination are show in blue, and proteins and protein-coding genes involved in 

antitermination are shown in green. Elements are not shown to scale.
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Figure 2: Cryo-electron Microscopy Reveals Details of Antitermination Mechanism.
This figure contains structural models generated from cryo-EM data of transcription 

elongation complexes (PDB 5MS0, PDB 6FLQ). (A) This panel shows the λN 

antitermination complex (PDB 5MS0) comprising λN (black), NusA (magenta), NusB (red), 

S10 (orange), NusG (green), and boxA/B RNA (blue), in addition to RNA polymerase 

(gray). (B) A zoom-in on the boxA/B and λN complex shows an extended binding of the nut 
RNA sequence with multiple protein components, with boxA bound to the NusB/S10 dimer 

and the boxB hairpin bound to λN and NusA. (C) Formation of the λN antitermination 

complex shifts the position of NusA (magenta) by 40 degrees away from the RNA exit 

channel, as compared to NusA (purple) in a transcription elongation complex constructed 

with the E. coli his hairpin-mediated pause sequence (PDB 6FLQ). Nascent RNA is shown 

in green.
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Figure 3: RNA Elements Involved in Processive Antitermination.
This figure shows the sequence and secondary structure of RNA elements known or 

predicted to be utilized in processive antitermination mechanisms. Shown are the boxA and 

boxB elements forming the λN nut sequence as well as rRNA antitermination signal, the put 
RNA element from phage HK022, EAR from the B. subtilis exopolysaccharide pathway, and 

a UNCG-type hairpin implicated in LoaP antitermination.
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Figure 4: Genomic Context of NusG Paralog Antitermination Systems.
This figure illustrates the transcripts regulated by the RfaH, LoaP, and UpxY antitermination 

systems. (A) RfaH regulates multiple pathways in E. coli including the hemolysin, F pilus, 

and lipo- and exopolysaccharide operons. Each regulated transcript includes the DNA ops 
element for RfaH recruitment. RfaH promotes antitermination of Rho-dependent promoters. 

(B) LoaP regulates two polyketide antibiotic operons in B. velezensis: the dfn difficidin 

operon and the mln macrolactin operon. LoaP is found divergently oriented upstream of the 

dfn operon. Each transcript includes a required sequence region in the 5’ leader region, 

which might include a functionally important hairpin followed by an intrinsic terminator. 

Additional intrinsic terminator sites have been implicated within the dfn and mln operons, 

although they are not shown in this figure. (C) UpxY proteins regulate multiple capsular 

polysaccharide pathways in B. fragilis. Each polysaccharide operon includes both a UpxY 

and UpxZ protein involved in targeted regulation, with 5’ leader sequence required for 

antitermination. B. fragilis has eight distinct polysaccharide operons containing UpxY 

proteins. Grey rectangles represent multi-gene operons. RNA elements potentially involved 

in antitermination are show in blue, and proteins and protein-coding genes involved in 

antitermination are shown in green.
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Figure 5: RfaH-CTD Undergoes a Large Conformational Shift from an α helix to β barrel.
Full length RfaH (left) exists as an autoinhibited structure with the CTD (blue) in an α helix 

conformation bound to the NTD (red) (PDB: 2OUG). Upon binding to RNAP and the ops 
DNA, the CTD (right) is released and forms the β barrel conformation characteristic of 

NusG KOW domains (PDB: 2LCL).
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Figure 6: Phylogenetic Tree of NusG, Spt5 and Specialized NusG Paralog Groups.
Represented NusG sequences selected from the subgroups discussed in the chapter form the 

NusG family. Bacterial sequences from core NusG proteins are found in all bacteria, while a 

variety of paralogs are found in diverse bacteria phyla. Some groups of NusG paralogs are 

commonly found in or adjacent to large gene clusters encoding for production of 

polysaccharides (PS) or polyketides (PK).
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