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After initiating synthesis of RNA at a promoter, RNA poly-
merase (RNAP) normally continues to elongate the transcript
until it reaches a termination site. Important elements of ter-
mination sites are transcribed before polymerase translocation
stops, and the resulting RNA is an active element of the ter-
mination pathway. Nascent transcripts of intrinsic sites can halt
transcription without the assistance of additional factors, and
those of Rho-dependent sites recruit the Rho termination pro-
tein to the elongation complex. In both cases, RNAP, the
transcript, and the template dissociate (reviewed in references
76 and 80).

Termination is rarely, if ever, completely efficient, and the
expression of downstream genes can be controlled by altering
the efficiency of terminator readthrough. Two distinct mecha-
nisms of elongation control have been reported for bacterial
RNA polymerases. In one, exemplified by attenuation of the
his and trp operons of Salmonella typhimurium and Escherichia
coli, respectively, a single terminator is inactivated by interac-
tion with an upstream sequence in the transcript, with a ter-
minator-specific protein, or with a translating ribosome that
follows closely behind RNAP (reviewed in references 35 and
104). In a second, whose prototype is antitermination of phage
l early transcription, polymerase is stably modified to a termi-
nator-resistant form after it leaves the promoter. In this case,
the modified enzyme not only transcribes through sequential
downstream terminators, but also it is less sensitive to the
pause sites that normally delay transcript elongation. Both
pathways are widespread in nature, but in this minireview we
consider only the second, which is known as processive anti-
termination (for previous reviews, see references 22, 23, 27,
and 32). The recent explosive growth in our understanding of
transcription elongation (reviewed in references 57, 96, and
99) make this an especially appropriate time to survey regula-
tory elements that target the transcription elongation complex.

Antitermination in l is induced by two quite distinct mech-
anisms. The first is the result of interaction between l N pro-
tein and its targets in the early phage transcripts, and the
second is the result of an interaction between the l Q protein
and its target in the late phage promoter. We describe the N
mechanism first. Lambda N, a small basic protein of the argi-
nine-rich motif (ARM) (Fig. 1) family of RNA binding pro-
teins, binds to a 15-nucleotide (nt) stem-loop called BOXB
(17) (Fig. 2). (We will capitalize the names of sites in RNA and
italicize the names of the corresponding DNA sequences; e.g.,

BOXB and boxB.) boxB is found twice in the l chromosome,
once in each of the two early operons (82, 83). It is close to the
start point of the PL operon transcript and just downstream of
the first translated gene of the PR operon. Neither the distance
between the transcription start site and boxB, nor the nature of
the promoter (at least in the case of sigma-70-dependent pro-
moters), nor the nature of the terminator is relevant to N
action. Although the boxB sequence is not well conserved in
other bacteriophages of the l family, most of these phages
encode proteins that are analogous to l N and have sequences
capable of forming BOXB-like structures in their PL and PR
operons. In some cases, it has been shown that these structures
are recognized by the cognate N analogs. It is believed that this
accounts for the phage specificity of N-mediated antitermina-
tion.

The structures of complexes between the ARMs of l N
(residues 1 to 22) and P22 N (residues 14 to 32) and their
cognate BOXBs have recently been determined by nuclear
magnetic resonance (15, 48) (Fig. 2). The two complexes, al-
though similar, show differences that account for the specificity
of N-BOXB recognition (92, 101). Upon binding, the l and
P22 ARMs adopt a bent a-helix conformation that packs
against the BOXB hairpin through hydrophobic and ionic in-
teractions. Residues in the amino-proximal segments make
multiple base, ribose, and phosphate contacts in the 59-ascend-
ing stem of BOXB without disrupting its regular A-form. The
two stem-proximal residues of both RNA loops form a sheared
G z A base pair which is contacted by R7 of l N and R19 of P22
N (note that R19 corresponds to Arg 6 of Fig. 2; see Fig. 2
legend). In the l complex, the fourth residue (G) of the
GAAGA loop is extruded and the remaining residues form a
GNRA fold similar to the base-stacked GAAA tetraloop re-
ported in a number of important RNA structures (Fig. 2). P22
N also creates a GNRA fold, but this is accomplished by
extrusion of the third residue (C) of the GACAA loop. In
contrast to the extruded G residue in BOXB-l, which is not
close to l N, the extruded C residue in BOXB-P22 makes
contacts with residues in the carboxyl-proximal segment of P22
N. The structure of the l N complex is stabilized by an impor-
tant stacking interaction between W18 and the second residue
(A) in the BOXB-l loop. This interaction is not found in the
P22 complex. Formation of the GNRA fold is essential for l N
binding, and mutations in loop residues 1, 3, and 5 that prevent
tetraloop formation block N binding (17). The structure of the
complex between the BOXB of phage 21 and its cognate N
protein must be substantially different than the complexes de-
scribed above because the BOXB-21 loop (TCTAACCG) can-
not be folded into a GNRA tetraloop. However, the HK022
Nun protein, which recognizes l BOXB (see below), probably
does so in a way that resembles that of l (18). If so, A3, R7,
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FIG. 1. (A) Alignment of phage N proteins and the HK022 Nun protein. The color groupings reflect the frequency of amino acid substitutions in evolutionarily
related protein domains: an amino acid is more likely to be replaced by one in the same color group than by one in a different color group in related proteins (34).
The amino-proximal ARM regions were aligned by eye and according to the structures of the P22 and l ARMs complexed to their cognate nut sites (see text and Fig.
2), and the remainder of the proteins was aligned by ClustalW (38). The dots indicate gaps introduced to improve the alignment. Aside from the ARM regions, the
proteins fall into three very distantly related (or unrelated) families: (i) l and phage 21; (ii) P22, phage L, and HK97; and (iii) HK022 Nun. The divergence of Nun
from the N proteins is unsurprising because of their different functions. The sequence database was searched for additional N homologs with the PSI-BLAST program
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and W18 of l N, all of which make base contacts in BOXB,
probably correspond to S27, R31, and Y42 of Nun (Fig. 1).

Promoter proximal to each of the boxB sequences is boxA,
which is also important for antitermination by l N (70) (Fig. 2).
boxA-like sequences are also found in corresponding positions
in several other lambdoid phages. Together, the two boxes
constitute a nut (for N utilization) site, which contains all of the
cis-acting elements required for N-dependent antitermination.
In the presence of N, polymerase becomes termination resis-
tant after transcription of nut (7a). Antitermination can still be
detected after polymerase has read through thousands of base
pairs and many sequential terminators. This implies that the
N-dependent modification to polymerase that occurs after
transcription of nut is stable. BOXA is the loading site for the
E. coli S10 (or NusE) and NusB proteins (62). In association
with two additional E. coli factors, NusA and NusG, an anti-
termination complex containing N and l NUT is formed with
RNAP. It is clear that N is the active factor in the complex,
since at sufficiently high concentrations, N suppresses tran-
scription termination in vitro in the absence of nut or the Nus
factors (24, 75). However, the additional components increase
the stability of the antitermination complex and reduce the
level of N that is needed (24, 54). The RNAP a subunit might
also have a specific role in N-mediated antitermination. Mu-
tations that alter the carboxyl-terminal domain of the RNAP a
subunit have been reported to enhance or inhibit N antitermi-
nation in vivo, according to the nature and location of the
mutation (68, 85). However, deletion of the carboxyl-terminal
domain of a does not affect N-dependent antitermination in
vitro, perhaps indicating that some regulatory component is
missing from the reaction (53).

The formation of the complete antitermination complex can
occur in discrete steps (56). Initially, NusA binds to an N-
BOXB complex. This binding requires extrusion of the loop
residue of BOXB. Thus, a BOXB tetraloop mutant (GAAGA
3 GAAA) binds N but does not form an N-BOXB-NusA
complex, as demonstrated by supershift experiments (17, 55).
A core complex of BOXB, N, NusA, and RNAP can read
through terminators located close to the NUT site in vitro. In
the absence of N and NUT, NusA binds to the elongation
complex near the 39-OH terminus of the nascent RNA chain
and enhances pausing and termination (53).

Processive antitermination requires the complete antitermi-
nation complex. The assembly of NusB, S10, and NusG onto
the core complex involves nt 2 to 7 of l BOXA (CGCUCUU
ACACA), as well as the carboxyl-terminal region of N, which
interacts with RNAP (56). The role of NusG in the N antiter-
mination reaction is not clear. NusG binds to termination
factor Rho and to RNAP (49, 54). It stimulates the rate of
transcription elongation and is required for the activity of
certain Rho-dependent terminators (12, 93). NusG is a com-
ponent of the complete antitermination complex and enhances
N antitermination in vitro. However, alteration of l BOXA to
a variant called BOXA consensus (CGCUCUUUAACA) al-
lows NusB and S10 to assemble in the absence of NusG (56).
Furthermore, depletion of NusG has no effect on l N antiter-

mination in vivo, and unlike nusA, nusB, and nusE, no point
mutations in nusG that block N activity have been isolated. A
NusG homolog, RfaH, enhances elongation of several tran-
scripts in E. coli and S. typhimurium (see below). The possibil-
ity that RfaH and NusG are redundant for N antitermination
has not yet been tested, although for several other functions,
the two proteins are not interchangeable.

The function of BOXA in l N-mediated antitermination is
likewise not entirely clear. Point mutations in boxA that de-
crease or increase antitermination efficiency have been isolated
(70, 73, 84). On the other hand, deletion of the boxA region
does not inhibit antitermination in vivo. Instead, antitermina-
tion no longer requires NusB (73). To account for this, it has
been proposed that BOXA is not directly required for antiter-
mination but instead is the site of interplay between inhibitory
and anti-inhibitory factors. According to this model, boxA
point mutations that reduce antitermination eliminate binding
of the anti-inhibitor but not the inhibitor. boxA deletions elim-
inate binding of the inhibitor, and therefore, the anti-inhibitor,
presumably NusB, is no longer needed. This notion is sup-
ported by an experiment in which high-level transcription of an
antitermination-defective boxA point mutant activated growth
in trans of a l phage carrying the same mutation in a nusB
mutant host, presumably by titrating the inhibitor (73). In a
similar experiment, high-level transcription of a consensus
BOXA inhibited growth of a phage carrying a wild-type boxA,
probably by titrating NusB (28). However, the role of NusB is
likely to go beyond that of an anti-inhibitor, and that of BOXA
is likely to go beyond that of a site for the interplay of inhib-
itory and anti-inhibitory factors. In vitro studies with purified
proteins show that point mutations in boxA impede the assem-
bly of the antitermination complex even in the absence of a
known inhibitor (56), and NusB stimulates processive antiter-
mination in such a system (24, 54). In addition, the role of
BOXA in antitermination of Rho-dependent terminators in
bacterial rRNA operons appears to be more central than it is
in l, raising the possibility that l BOXA contributes to anti-
termination in a way that is at least partially independent of
BOXB (32) (see below).

Surprisingly, the l nut sites are also components in a tran-
scription termination pathway. In this pathway, N is replaced
by Nun, a protein encoded by a relative of l, phage HK022 (see
below) (67, 78). Nun converts antitermination into termina-
tion. Other components of the two pathways, notably NusA,
NusB, S10, NusG, BOXA, and BOXB, are shared. The se-
quence similarity of Nun to proteins of the N family, although
weak, includes the amino-proximal ARM region (Fig. 1). This
is unsurprising because Nun, like l N, binds specifically to
BOXB and requires the same BOXB nucleotides for biological
function (8, 18). In vivo, Nun terminates transcription just
distal to the nut sites (78, 88). In vitro, Nun arrests RNAP
translocation at several positions downstream of nut (39). The
arrested elongation complexes contain the 39 ends of the nas-
cent transcripts in the polymerase active center, and this site
remains enzymatically active: the 39 nucleotide can be removed
by pyrophosphorolysis and restored by addition of the appro-

(3), using each of the listed sequences as a query, but none were found. Two N proteins were omitted from the alignment: that of phage H19b, because it differs by
only three conservative substitutions from N of HK97 (E60D, K80E, and R100K) (3), and that of lambdoid phage f80 (Phi 80), because it shows no resemblance to
any of the other N proteins, lacking even an ARM (42, 69). (B) Alignment of phage Q proteins. The alignments were generated by ClustalW, and the database was
searched for Q homologs as described above. These proteins fall into three very distantly related (or unrelated) families: (i) l and Qin; (ii) H19b, Dlp12, and phage
21; and (iii) N15 and phage 82. Qin and Dlp12 are defective lambdoid prophages of E. coli, but it is likely that their Q proteins are active (see reference 16). The Q
proteins of phages HK022 and P22 were omitted from the alignment because of their close similarity to that of l. A putative and possibly defective Q, encoded by a
sequence located upstream of Shiga-like toxin I genes in an E. coli isolate (72) and found by a BLAST search of the translated nucleotide sequence database, was
omitted from the alignment because of its close similarity to the Q of phage H19B (61).
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priate nucleoside triphosphate (40). However, forward and
backward translocation of RNAP is blocked. The Nus factors
increase the efficiency of transcription arrest but are not es-
sential if the concentration of Nun is elevated. Nun-dependent

release of arrested RNAP from the template and transcript has
not been observed in a purified transcription system, presum-
ably because a factor(s) is missing. The differences between N
and Nun that lead to their opposed biological activities are

FIG. 2. BOXA and BOXB RNAs and their interaction with the ARM of their cognate N proteins. The amino acid-nucleotide interactions are shown to the left
except for BOXB of phage 21, for which the structure of the complex is unknown. The sequences of BOXA and BOXA-BOXB spacer are shown to the right. The dots
to the left and right of the spacer sequences are for alignment. (A) l N-ARM-BOXB complex (adapted from reference 48 with permission of the publisher). Open
circles, pentagons, and rectangles represent phosphates, riboses, and bases, respectively. Watson-Crick base pairs (????) are indicated. The zigzag line denotes a sheared
G z A base pair. Open circles, open rectangles, and arrowheads depict ionic, hydrophobic, and hydrogen-bonding interactions, respectively. Guanine-11, indicated by
a bold rectangle, is extruded from the BOXB loop (see text). (B) P22 N-ARM-BOXB complex (adapted from reference 15 with permission of the publisher). Open
circles, pentagons, rectangles, and ovals represent phosphates, riboses, bases, and amino acids, respectively. The solid pentagons indicate riboses with a C29-endo pucker.
Base stacking ( ), intermolecular hydrogen bonding or electrostatic interactions (,-----), intermolecular hydrophobic or van der Waals interactions (4), intramolecular
hydrogen bonds (– – – –) and Watson-Crick base pairs (?????) are indicated. Cytosine-11 is extruded from the loop (see text). Note that the amino-terminal amino acid
residue in the complex corresponds to Asn-14 in the complete protein (Fig. 1), and the displayed amino acids are numbered accordingly. (C) NUTL site of phage 21.
The arrows indicate the inverted sequence repeats of BOXB.
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unknown. However, the amino-proximal regions, which con-
tain the ARMs, can be interchanged between the two proteins
without altering their functions (36). Therefore, the functional
differences are in the carboxyl-terminal 50 to 75% of the pro-
teins. Of particular note is the presence of three C-terminal
His residues, specific to Nun. These residues form part of a
Zn21 binding motif that is required for Nun activity (100). The
carboxyl-terminal regions of N and Nun may bind different
RNAP subunits; certain rpoC (b9) mutations block Nun but
not N activity (81).

A second phage-encoded factor, l Q protein, induces anti-
termination in the l late operon (25, 37). Lambda Q, like l N,
has functional analogs in other phages (Fig. 1). These late
antiterminators probably act by a similar mechanism, although
some are only distantly related or unrelated to l Q (30, 33,
102). Initially, Q binds to a region within the l PR9 promoter
(105). Interaction with RNAP can be detected when the tran-
scription complex pauses at 116, downstream of a site similar
to the extended 210 sequence of some sigma-70 promoters
(31, 77). The presence of the sigma-70 subunit of RNAP ho-
loenzyme is essential for pausing and for Q-mediated antiter-
mination: RNAP core enzyme that has been artificially paused
at 116 by omission of the appropriate nucleoside triphosphate
cannot be modified by Q. In addition, sigma-70 mutants that
are unable to support Q-mediated antitermination have been
isolated (43b). However, once Q has interacted with RNAP
holoenzyme, sigma-70 is no longer needed for stable associa-

tion of Q with the elongation complex. Although antitermina-
tion by Q is enhanced by NusA in vitro, it is not clear if the Q
reaction has additional requirements in vivo. How Q modifies
RNAP function is likewise unknown.

Processive antitermination can be mediated by RNA as well
as proteins. Coliphage HK022, alone among the known lamb-
doid phages, does not encode an analog to l N (66). Instead,
it promotes antitermination of early phage transcription
through the direct action of transcribed sequences called put
(for polymerase utilization) sites (Fig. 3) (20, 43). There are
two closely related put sites, one located in the PL operon and
the other located in the PR operon, roughly corresponding to
the positions of the nut sequences in l and in other l relatives.
put sites act in cis to promote readthrough of downstream
terminators in the absence of all HK022 proteins. The put
transcripts are predicted to form two stem-loops separated by
a single unpaired nucleotide. This prediction is supported by
mutational studies and the pattern of sensitivity of the two
RNAs to cleavage with single- and double-strand-specific en-
doribonucleases (7). RNA structure is critical to antitermina-
tion because mutations that prevent the formation of base
pairs in the stems reduce function, and these mutations can be
suppressed by additional mutations that restore base pairing
(43). Like l N and Q, the PUT sequences suppress polymerase
pausing and promote processive antitermination in a purified
in vitro transcription system. In contrast to l N, no phage or
auxiliary bacterial factors are required. The only mutations

FIG. 3. HK022 put sites and folded PUT RNAs. (A) Alignment of putL and putR (43). The numbers give distances from the start sites of the PL and PR promoters,
respectively, and the pairs of arrows indicate inverted sequence repeats. (B) Folded PUTL and PUTR RNAs. The structures, which were generated by energy
minimization as described (43), have been partially confirmed by genetic and biochemical studies (7, 43).
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known to block PUT-mediated antitermination change highly
conserved amino acids located in a cysteine-rich amino-proxi-
mal domain of the RNAP b9 subunit (20). Strains carrying
these mutations are unable to support lytic growth of HK022
but are normal in all other respects tested, including lytic
growth of l and other l relatives. The phage-restricted phe-
notypes conferred by these mutations suggests that they alter a
domain of RNAP-b9 that interacts specifically with nascent
PUT RNA in the transcription elongation complex, but this
idea has not been directly tested. The stability of the putative
PUT-RNAP interaction and the nature of the PUT-induced
modification to the elongation complex are unknown.

So far, factor-independent antitermination is unique to phage
HK022. Both factor-independent and -dependent modes of
antitermination are efficient, processive, and well-suited to
their tasks. Indeed, the isolation and characterization of a
hybrid phage that contains the early promoters and put sites of
phage HK022 fused to the PL and PR operons of l show that
the HK022 antitermination pathway suppresses the l termina-
tors to the extent necessary for normal lytic growth and lysogen
formation by the hybrid (66). In addition, late gene expression
in phage HK022 is activated by a Q-dependent antitermination
pathway that is very closely related to that of l (4). The relative
advantages of the PUT and N-NUT antitermination mecha-
nisms and the evolutionary reasons for their adoption by dif-
ferent closely related phages are obscure. Recent work sug-
gests that the activity of l N-dependent antitermination is
autoregulated so as to couple the lysogeny-lysis decision of
infected cells to their growth phase (21a). It is not clear if the
put-dependent antitermination activity of HK022 is regulated.
However, HK022 has devoted the resources saved by the dis-
pensability of N to the production of Nun, a protein that
prevents the growth of a potential competitor by coopting a
component of its antitermination system (see above).

Processive antitermination was first discovered in a bacte-
riophage, but examples have since been found in bacterial
operons. The E. coli rrn operons are regulated by an antiter-
mination mechanism that is dependent on sites that are closely
related to l boxA and located promoter proximal to the 16S
and 23S structural genes in each operon (1, 50, 58; reviewed in
reference 21). The sequences of the rrn BOXA sites are more
similar to the bacteriophage consensus than is that of l, and
they bind NusB-S10 more efficiently (62). Although stem-loop
structures analogous to BOXB are found promoter proximal
to the BOXA sites, they are not essential for antitermination.
An rrn BOXA sequence confers full antitermination activity
against Rho-dependent but not against intrinsic terminators (2,
9). BOXA also increases the rate of transcription elongation by
RNAP (97). Point mutations in BOXA induce premature tran-
scription termination. rrn antitermination requires NusB in
vivo, as shown by a NusB depletion experiment (89). NusA
stimulates the elongation rate of rrn RNA chains carrying
BOXA (98). A role for NusA is further suggested by the
observation that the nusA10(Cs) mutation inhibits both anti-
termination and the rate of transcription elongation in an rrn
operon (98). The role of other Nus factors in rrn regulation in
vivo is not clear. In vitro, an antitermination complex that
includes NusA, NusB, S10, and NusG forms at the BOXA
sequence of rrnG, but these components are not sufficient for
antitermination by themselves (89). An additional factor or
factors that can be supplied by a cellular extract are required,
but their identities are unknown.

A second bacterial elongation control pathway depends on
the RfaH protein, a NusG homolog (5, 6, 91). RfaH and a
cis-acting promoter-proximal sequence element, ops (for
operon polarity suppressor, also called JUMPstart), increase

the expression of several bacterial operons. The products of
these operons affect the production and transport of compo-
nents located on the outside of the inner membrane, such as
lipopolysaccharide core, exopolysaccharide, F pili, and hemo-
lysin. These operons are relatively long, with several genes and
intergenic terminators. RfaH and ops appear to function to-
gether, since mutational inactivation of both elements does not
have an additive effect on gene expression. The two elements
are thought to act by suppressing termination. First, transcrip-
tion is increased distal to the promoter but not proximal to a
terminator. Second, stimulation of gene expression is not pro-
moter specific. Third, an rfaH mutation can be suppressed by a
mutation that reduces the activity of transcription termination
factor Rho (26). Purified RfaH stimulates transcription pro-
moter distal to an intrinsic terminator when added to a crude
bacterial extract programmed with an ops-containing template.
However, it has not been shown that the increase results from
elongation of transcripts that would otherwise have been ter-
minated. Nevertheless, the requirement for a cis-acting site,
the ability of the site to act at a distance from terminators, and
the homology of RfaH and NusG suggest common elements
with the mechanisms of N-dependent antitermination.

Phage P4 has an entirely different mechanism of controlling
elongation. It encodes a protein, Psu (for polarity suppressor),
that reduces termination by E. coli Rho factor (51, 94). Unlike
l N and Q, Psu does not require cis-acting sites to antitermi-
nate and is specific for Rho-dependent terminators. Extracts of
cells that contain Psu are deficient in termination at Rho-
dependent terminators, and termination can be restored by
adding Rho to the extracts (52). Psu does not act by reducing
the level of Rho protein, but it interferes, directly or indirectly,
with Rho action. The importance of Rho inactivation in the life
cycle of P4 is unclear. Psu stimulates lytic growth of P4, but this
is likely to be the result of incorporation of Psu into the P4
capsid rather than (or in addition to) activation of transcription
of essential genes that lie downstream of Rho-dependent ter-
minators (41). The only known protein that is similar to Psu is
encoded by a P4 relative, retronphage fR73 (41).

How do terminators and antiterminators act? Do the anti-
termination pathways described here have common steps? We
cannot yet answer these questions, but a brief discussion of
what we think we know about the structure and stability of the
elongation complex should limit the possibilities and provide a
basis for speculation. The active bacterial elongation complex
consists of core RNAP, template, and RNA product. The 39
end of the RNA is engaged in the active site of the enzyme, the
following ;8 nt are hybridized to the template strand of the
DNA, and the next ;9 nt remain closely associated with
RNAP (64). About 17 nt of the nontemplate DNA strand are
separated from the template strand in the transcription bubble.
Elongation complexes can also contain NusA and/or NusG.
These proteins, which increase the stability of the N-mediated
antitermination complex (see above), have different effects on
elongation. NusA decreases and NusG increases the elonga-
tion rate, and both proteins alter termination efficiency in a
terminator-specific manner (13, 14, 86; see reference 76).

An elongation complex, unless located at a terminator, is
extraordinarily stable, even when translocation is prevented by
removal of substrates. Recent observations suggest that this
stability depends mainly on interactions between RNAP and
the RNA-DNA hybrid as well as between polymerase and the
downstream duplex DNA template (63, 87). Nascent RNA
emerging from the hybrid region and upstream duplex DNA
do not appear to be required. The strength of the RNA-DNA
hybrid is believed to assure the lateral stability of the complex.
Reducing the strength of the RNA-DNA bonds, for example
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by incorporation of nucleotide analogs, favors backsliding of
RNAP on the template, with consequent disengagement of the
39 RNA end from the active site, and concerted retreat of the
RNA-DNA hybrid region from the 39 end (65). Such a disen-
gaged complex retains its resistance to dissociation and is ca-
pable of resuming elongation if the original or a newly created
39 end reengages with the active site (10, 44, 45, 65, 71, 95).

Intrinsic terminators consist of a guanine- and cytosine-rich
RNA hairpin stem immediately followed by a short uracil-rich
segment within which termination can occur. If termination
does not occur at this point, polymerase continues to elongate
the transcript with normal processivity until it reaches the next
terminator. Neither the stem nor the uracil-rich segment is
sufficient for termination, although either can transiently slow
elongation. The weakness of base pairing between rU and dA
destabilizes the RNA-DNA hybrid in the uracil-rich segment,
and this probably contributes to termination. Formation of the
hairpin stem as nascent terminator RNA emerges from poly-
merase destabilizes the RNA-DNA hybrid and interrupts con-
tacts between the emerging nascent RNA and RNAP (62a). It
might also interfere with the stabilizing interactions between
RNAP and the hybrid or those between RNAP and the down-
stream region of the template. Cross-linking of nucleic acid to
RNAP suggests that both the downstream DNA and the nas-
cent RNA that emerges from the hybrid region, and within
which the terminator hairpin might form, are located close to
the same regions of the enzyme (64). Conversely, modifications
that render RNAP termination resistant could prevent the
terminator stem from destabilizing one or more of these tar-
gets, at least while the 39 end of the RNA is within the uracil-
rich segment of the terminator.

The l N and Q proteins and HK022 PUT RNA also sup-
press Rho-dependent terminators (43a, 79, 103) which, in con-
trast to intrinsic terminators, lack a precisely determined ter-
mination point. Rho is an RNA-dependent ATPase that binds
to cytosine-rich, unstructured regions in nascent RNA and acts
preferentially to terminate elongation complexes that are
paused at nearby downstream sites (19, 29, 46, 47, 59, 60). Rho
possesses RNA-DNA helicase activity, and this activity is di-
rectional, unwinding DNA paired to the 39 end of the RNA
molecule (11, 90). This corresponds to the location of the
hybrid and of RNAP in an active ternary elongation complex.
The ability of antiterminators to suppress Rho-dependent and
-independent terminators suggests that they prevent a step that
is common to both classes. Given the helicase activity of Rho,
a likely candidate for this step is disruption of the RNA-DNA
hybrid. However, other candidates, such as destabilization of
RNAP-template or RNAP-hybrid interactions, are also plau-
sible. Alternatively, the ability of N, Q, and PUT to suppress
RNAP pausing (31, 43, 54, 74) suggests that they prevent
Rho-dependent termination by accelerating polymerase away
from Rho bound at upstream RNA sites. This explanation
raises the problem of why NusG, which also accelerates poly-
merase, enhances rather than suppresses Rho-dependent ter-
mination (see above). Clearly, the molecular details of proces-
sive antitermination remain poorly understood despite the 30
years that have elapsed since its discovery.
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