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Transcription antitermination is a common strategy of gene ex-
pression regulation, but only a few transcription antitermination
factors have been studied in detail. Here, we dissect the transcrip-
tion antitermination mechanism of Xanthomonas oryzae virus
Xp10 protein p7, which binds host RNA polymerase (RNAP) and
regulates both transcription initiation and termination. We show
that p7 suppresses intrinsic termination by decreasing RNAP paus-
ing and increasing the transcription complex stability, in coopera-
tion with host-encoded factor NusA. Uniquely, the antitermination
activity of p7 depends on the ® subunit of the RNAP core and is
modulated by ppGpp. In contrast, the inhibition of transcription
initiation by p7 does not require ® but depends on other RNAP
sites. Our results suggest that p7, a bifunctional transcription
factor, uses distinct mechanisms to control different steps of tran-
scription. We propose that regulatory functions of the ® subunit
revealed by our analysis may extend to its homologs in eukaryo-
tic RNAPs.
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Transcription promoters and terminators are the main
“punctuation marks” that control the expression of individual
genes in the genome. In bacteria, transcription termination is an
essential regulatory step that determines the relative levels of
expression of promoter-proximal and distal genes within oper-
ons. Depending on the factors involved, transcription termina-
tion in bacteria can be classified as intrinsic (depends on RNA-
encoded signals) or factor-dependent (requires additional protein
factors such as Rho helicase). Intrinsic terminators consist
of a G/C-rich hairpin formed in the nascent RNA followed by
a downstream oligo(U) tract. During intrinsic termination, RNA
polymerase (RNAP) pauses after synthesizing an oligo(U) se-
quence, accompanied by hairpin formation, leading to subsequent
dissociation of the transcription elongation complex (TEC) (1, 2).
Despite the relatively simple overall scenario, the exact mecha-
nisms of pausing and hairpin-induced TEC destabilization remain
an issue of debate (1, 3).

Transcription antitermination is a widespread phenomenon
involved in regulation of bacterial and phage operons (2). Tran-
scription antitermination is often mediated by specialized protein
factors that target host RNAP and can suppress termination at
multiple sites in the operon. The well-studied examples of phage
antiterminators include proteins N and Q of Escherichia coli phage
M and the gp39 protein of Thermus thermophilus phage P23-45.
These factors suppress RNAP pausing, thus inhibiting the first
step of the termination pathway (4-6). The antitermination ac-
tivity of N and Q, but not gp39, is enhanced by cell-encoded
proteins, including transcription elongation factor NusA, which
by itself stimulates termination but reverses its activity to addi-
tionally stabilize the TEC in cooperation with N and Q (5, 6).
Curiously, the N, Q, gp39, and NusA proteins all target the
flexible p flap domain of RNAP (2, 4, 7-11) that forms a part of
the RNA exit channel and has been implicated in intrinsic ter-
mination and transcription pausing through direct interaction
with RNA hairpins (Fig. 1) (3, 12-14). It therefore seems that
unrelated phage-encoded antiterminators use similar strategies
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to control transcription termination through interactions with
the P flap, likely leading to changes in the TEC conformation
and stability. Another mechanism is used by RfaH, the best-
studied cell-encoded processive antiterminator, which inter-
acts with the coiled-coil motif of the p’ clamp domain and the
gate loop (Fig. 14) and encloses the RNA-DNA hybrid within
the RNAP channel, resulting in suppression of transcription
pausing and, probably, TEC stabilization (15).

The only other phage-encoded antiterminator protein that is
known to date is protein p7 of Xpl0, a lytic phage of the
Siphoviridae family that infects Xanthomonas oryzae, a prominent
plant pathogen that causes leaf blight disease in rice (16). Protein
p7 likely switches the phage gene expression during infection by
affecting several steps of transcription by X. oryzae RNAP. In
particular, p7 inhibits recognition of a subset of cellular pro-
moters (belonging to the -10/-35 class) and suppresses intrinsic
termination by the host RNAP, which likely ensures efficient
expression of early phage genes (transcribed from extended -10
promoters, which are resistant to p7) (16-18). The primary p7
binding site was localized in the N terminus of the B’ subunit,
across the RNA exit channel with respect to the p flap and close
to the p’ zinc-binding domain (ZBD) and the RNAP o subunit
(Fig. 14), suggesting that the mechanism of transcription anti-
termination by p7 may differ from those used by other phage
antiterminator proteins (17, 19). Previously, the p’ ZBD, which
together with the p flap forms the RNA exit channel, has been
implicated in transcription termination and antitermination (20),
whereas no termination-specific functions have been reported for
the o subunit. A recent study suggested that p7 can also interact
with the p flap domain, which may be important for inhibition of
transcription initiation (17). However, the structure of the
RNAP-p7 complex, the functional sites involved in p7-dependent
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Fig. 1. Structural model of the RNAP-p7 complex. (A) A model of the
RNAP-p7 complex based on the X-ray structure of the E. coli RNAP holo-
enzyme 4IGC (49) and NMR structure of a complex of p7 with the N-terminal
peptide of the X. oryzae p’ subunit (17). Mg?* ion in the RNAP active center is
shown as a red sphere. The ¢ subunit present in the original holoenzyme
structure is not shown; the position of the RNA transcript (red) is drawn
based on the T. thermophilus TEC structure (50). The  flap, p’ coiled-coil (B’
CQ), and B gate loop (BGL) elements are indicated. (B) A close-up view of the
p7-RNAP interactions. P7 is shown in blue; the §’ subunit is orange, with the
N-terminal peptide [residues 1-10 complexed with p7 (17)] shown in a darker
tone. The o subunit is gray; the p’ ZBD is black, with amino acid residues 70—
88 deleted in this work shown in yellow; and the p flap (residues 885-921)
is red. The position of ppGpp (turquoise) is superimposed from the E. coli
RNAP holoenzyme ppGpp structure (4JK1) (28). NusA is schematically shown
as a yellow oval.

antitermination, and the particular step(s) of termination targeted
by p7 remain unknown. In this work, we demonstrate that the p7
action depends on its interactions with the RNAP ® subunit, but
not the p flap and p’ ZBD, and results from both suppression of
RNAP pausing and NusA-dependent TEC stabilization.

Results

p7 Is Active on Intrinsic but Not on Rho-Dependent Terminators.
Previously, it was shown that E. coli RNAP containing a 10-aa
segment from the N terminus of the p’ subunit of X. oryzae
RNAP instead of corresponding E. coli f’ amino acids binds to
and is inhibited by p7 in transcription initiation assays in vitro
(17, 19). Because E. coli RNAP does not bind p7 it was con-
cluded that these 10 amino acids comprise the determinant of
tight p7 binding. Surprisingly, we observed that p7 did not sup-
press transcription termination by the hybrid RNAP on several
intrinsic terminators tested (Fig. S1 A and C, lanes 1-4). At the
same time, p7 acted as an efficient antiterminator of transcription
by RNAP purified from X. oryzae (Fig. S1C, lanes 5-8). Thus,
transcription antitermination by p7 likely depends on additional
elements that distinguish the E. coli and X. oryzae RNAPs and
that lie outside the primary binding site in the N terminus
of p’. All experiments described below were performed with
X. oryzae RNAP.

The paradigmatic antiterminator proteins N and Q of phage A
suppress transcription termination at both intrinsic and Rho-
dependent terminator sites (6, 21-23). We therefore tested the
effects of p7 on transcription termination at E. coli Rho-
dependent terminator #pT’. X. oryzae RNAP responded to the
Rho factor at this terminator, resulting in RNA release within
the terminator region. However, p7 did not have significant ef-
fect on termination when present either alone or together with
X. oryzae NusA (Fig. S2).

NusA Stimulates the Antitermination Activity of p7 on Intrinsic
Terminators. To reveal the details of the p7 action on intrinsic
termination we performed a series of experiments on the model
A tR2 terminator (Fig. S14). As measures of transcription ter-
mination and antitermination we used the following parameters
determined in titration experiments with p7: (i) apparent dis-
sociation constant (K4) for p7 binding to the TEC, defined as
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concentration when half of the maximal effect of p7 was ob-
served; (if) the maximal termination efficiency (7,.x), measured
under the standard reaction conditions in the absence of p7; and
(i) the minimal termination efficiency (7y,), measured at
saturating p7 concentrations (see SI Materials and Methods for
details). Titration experiments demonstrated that p7 binds the
TEC and stimulates full-length RNA synthesis with apparent K4
of ~270 nM at 37 °C and ~130 nM at 30 °C (Fig. 2, Table S1, and
Fig. S1). The termination efficiency by X. oryzae RNAP in the
absence of added factors was higher at 37 °C than at 30 °C (T =
87.6% and 52.7%, respectively). Moreover, a considerable level of
termination at 37 °C was observed even at saturating p7 concen-
trations (T, = 40.1% vs. 9.9% at 30 °C). Therefore, most
experiments were performed at 30 °C, which is a physiological
temperature for X. oryzae.

X. oryzae NusA stimulated intrinsic termination by X. oryzae
RNAP. This effect was especially visible at 30 °C, because at this
temperature termination in the absence of added factors was less
efficient (Tnax = 78.1% in comparison with 52.7% in the absence
of NusA) (Fig. 2 and Table S1). At the same time, NusA sig-
nificantly stimulated transcription antitermination by p7. In
particular, NusA (i) increased the apparent affinity of p7 to TEC
(~4.5-fold; p7 K4 of ~60 and ~30 nM at 37 °C and 30 °C, re-
spectively) and (ii) decreased the termination efficiency at sat-
urating concentrations of p7. The latter effect was especially
pronounced at 37 °C, because at this temperature the termina-
tion in the absence of the factors was more efficient (T, =
13.5% in comparison with 40.1% in the absence of NusA).

p7 Cooperates with NusA to Increase TEC Stability. The p7 protein
could antiterminate transcription by suppressing initial RNAP
pausing at the terminator site, preventing RNA hairpin forma-
tion, or counteracting hairpin-induced conformational changes
and preventing TEC dissociation. We wished to reveal which
stage of the termination mechanism is affected by p7.

To reveal possible effects of p7 on transcript release and TEC
stability we analyzed oligonucleotide-mediated termination in
synthetic TECs assembled on a tR2 terminator-based nucleic
acid scaffold (Fig. 3 and Fig. S3). In this assay, the transcription
termination in the TEC stalled at a desired template position is
induced by the addition of short antisense DNA oligonucleotides
complementary to the nascent RNA transcript, thus mimicking
the hairpin formation (4, 6). Control experiments demonstrated
that the scaffold-based system adequately mimics the properties
of a natural terminator (see SI Results and Fig. S3 for details).
We then analyzed the kinetics of oligonucleotide-mediated RNA
release in the TEC stalled at the termination point. Under the
conditions of our experiments, the amount of released RNA
increased from ~30% after 1 min to ~60% after 10 min of in-
cubation (Fig. 3). The addition of p7 did not inhibit RNA release
and even slightly increased it at the 1-min time point. Therefore,
p7 by itself does not act by stabilizing the paused termination
complexes and does not prevent the termination hairpin formation
in the stalled TEC, mimicked by the oligonucleotide annealing.

100 T 0

Termination, %

37°C

P
1000 10000 O 10 100
p7,nM

0 10 100
p7, nM

1000 10000

Fig. 2. P7-mediated transcription antitermination by X. oryzae RNAP. Ter-
mination was analyzed at the A tR2 terminator at increasing p7 concen-
trations (from 30 nM to 10 uM) either in the absence or in the presence of
NusA. The experiments were performed at 37 °C (Left) or 30 °C (Right).
Averages and SDs from three or four independent experiments are shown.
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Fig. 3. Analysis of RNA release in synthetic termination complexes. (A)
Outline of experiment. P7, NusA, and antisense oligonucleotides (asDNA)
were added to the reconstituted TEC bound to an affinity resin; addition of
UTP and ATP resulted in transcription to the end of the U-tract, followed by
RNA release into the supernatant fraction. (B) Kinetics of RNA release in TECs
stalled at the termination point. The efficiency of RNA release was calculated
as a ratio of the amount of released RNA to the sum of the amounts of resin-
bound and released RNAs (averages and SDs from three independent
experiments are shown). See Fig. S3 for further details.

NusA alone did not affect the kinetics of RNA release in the
stalled TEC but significantly slowed it down when added to-
gether with p7 (for example, only ~15% of RNA was released at
the 1-min time point; Fig. 3). Therefore, NusA can stimulate p7-
mediated transcription antitermination by additionally stabilizing
the RNA transcript in the termination complex.

p7 Suppresses Transcription Pausing at a Subset of Pause Sites. The
absence of observable effects of p7 on the dissociation of stalled
termination complexes suggested that it may affect the first step
of termination; i.e., transcription pausing. Current models of
intrinsic termination suggest that the U-tract is a primary cause
of pausing (1, 24), although the termination hairpin has also
been proposed to contribute (1, 25).

We first tested whether p7 can affect RNAP pausing at a ter-
minator-derived U-tract placed after the initially transcribed
sequence of the A Pr promoter (Fig. 4). P7 or NusA alone did not
significantly affect the pausing (compare lanes 2-5 and 6-13). At
the same time, p7 together with NusA suppressed pausing at most
U-tract positions (see Fig. S4 for more details). This effect likely
contributes to the observed stimulation of p7 antitermination by
NusA. However, pausing was also significantly affected by the
nascent transcript cleavage factor GreA (lane 1), suggesting that
an isolated U-tract promotes TEC backtracking, which differs
from the situation at terminators where hairpin formation likely
prevents it. It therefore remains to be established whether
p7 could suppress U-tract—-dependent pausing in the absence of
backtracking.

To reveal whether p7 can affect recognition of other types of
pause-inducing signals we analyzed the general effects of p7 on
RNA elongation, using a E. coli rpoB-based DNA template. P7
increased the average elongation rate, resulting in a faster ap-
pearance of full-length RNA products (Fig. S5). The stimulatory
effect of p7 was caused by suppression of some, but not all,
transcription pauses observed on this template. At least some of
the pause sites that were resistant to p7 disappeared in the
presence of GreA (Fig. SSC) and therefore corresponded to
backtracked complexes. The result thus suggests that p7 does not
act on backtracked TECs. NusA by itself decreased the elonga-
tion rate by increasing the RNAP pausing at certain template
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positions but slightly increased the overall rate of elongation
when present together with p7.

In E. coli, the most common type of pausing signals are con-
sensus pauses that likely result from stabilization of the pre-
translocated state of the TEC and are defined by several conserved
nucleotides within and downstream of the transcription bubble
(Fig. S64) (26, 27). Whereas X. oryzae RNAP responded to this
type of pausing signal, p7 not only did not suppress pausing on
such a site but actually slightly stimulated it (Fig. S6 B and C).

In conrast, p7 efficiently suppressed pausing on a hairpin-
dependent hisP pause site (Fig. 5). Whereas NusA by itself in-
creased the pausing, it stimulated the antipausing effect of p7.
We therefore propose that the ability of p7 to inhibit hairpin-
dependent pausing is related to its antiterminating activity, and
that this type of pausing might contribute to intrinsic termination
(see Discussion).

The p Flap Domain and the ' ZBD of X. oryzae RNAP Are Not Essential
for p7-Mediated Antitermination. We further asked which sites of
RNAP, in addition to the one in the N-terminal part of the p’
subunit, may be important for the p7-dependent antitermination.
To answer this question, we analyzed X. oryzae RNAP variants
with changes in the three sites that surround the primary p7-
binding site: the § flap domain, the §’ ZBD, and the ® subunit
(Fig. 1B).

We reconstituted X. oryzae RNAP with a p—flap deletion
(A918-954, corresponding to A885-921 in E. coli, Fig. 1B) from
individual subunits in vitro and analyzed its termination prop-
erties. The deletion significantly decreased the termination ef-
ficiency (Tmax = 25.5% in comparison with 52.7% for wild-type
X. oryzae RNAP) (Fig. S7), suggesting that the p flap is important
for intrinsic termination. NusA did not increase the termination
efficiency by the Aflap X. oryzae RNAP, similarly to the reported
effects of flap mutations on NusA action on E. coli RNAP (8,
13). However, p7 was still able to further decrease termination by
the Aflap RNAP to the same level as seen with the wild-type
RNAP, although the fold change in the termination efficiency
was lower because it was already impaired by the deletion. The
deletion also did not decrease the apparent affinity of p7 to
RNAP. As expected, NusA did not have any significant effect on
the p7 antitermination in the case of the Aflap RNAP (Fig. S7).
Therefore, the flap domain is essential for NusA action but is not
the primary target for the p7-mediated antitermination.

To test whether the p° ZBD is important for p7 action we
obtained a X. oryzae RNAP variant with deletion of the whole
zinc-binding motif (amino acid residues 70-88 in both E. coli and
X. oryzae RNAPs) by in vitro reconstitution (Fig. 1B). The mu-
tant AZBD RNAP revealed lower efficiency of termination than
the wild-type RNAP both in the absence and in the presence of
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Fig. 4. Effects of p7 and NusA on the U-tract-induced pausing. (A) Outline
of experiment. (B) Pausing at the U-tract in the absence or in the presence of
p7, NusA, and GreA. The sequence of the U-tract is shown on the right. See
Fig. S4 for further details.
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Fig. 5. Effect of p7 and NusA on transcription pausing at the hisP hairpin-
dependent pause signal. Positions of the paused (P) and run-off (RO) RNA
products are indicated. The plot on the right shows the efficiency of pausing
(in logarithmic scale) as a function of time. The data were fit to the single-
exponential equation.

NusA (~40 and 63%, respectively) (Fig. S8). This corresponds to
the previously reported effects of p” ZBD mutations on intrinsic
termination by E. coli RNAP (20). At the same time, p7 sup-
pressed termination by the mutant RNAP to almost the same
level as in the case of the control reconstituted wild-type
X. oryzae RNAP. Therefore, the ' ZBD likely plays only a minor
role in p7-dependent antitermination.

The Antitermination Activity of p7 Depends on the o Subunit of Core
RNAP and Can Be Modulated by Guanosine Tetraphosphate. Finally,
we tested the transcription termination properties of a RNAP
variant lacking the o subunit, which was obtained by in vitro
reconstitution. The w-less RNAP did not differ significantly from
the native wild-type X. oryzae RNAP o in termination efficiency
and was fully responsive to NusA (Tax = 52.3 and 87.1% in the
absence and in the presence of NusA, respectively) (Fig. 64 and
Table S1). At the same time, the o-less RNAP was essentially
resistant to the p7 action in termination (apparent p7 Ky >10
pM). Remarkably, the addition of purified w subunit directly
to the transcription reaction significantly stimulated the anti-
termination effect of p7 (p7 K4 ~800 nM; T, = 17.1%) (Fig. 64
and Table S1).

NusA also dramatically stimulated p7-dependent antitermi-
nation by w-less RNAP, by increasing the apparent p7 affinity
(p7 Kq ~200 nM) and decreasing the T, (11.5%) (Fig. 64 and
Table S1). The addition of purified o further decreased the
termination efficiency at saturation (7, ~3.8%). Therefore, the
o subunit and NusA likely participate in p7 antitermination by
acting on parallel pathways, rather than subsequent steps of the
same pathway.

To test whether p7 may directly interact with the @ subunit, we
performed a bacterial two-hybrid assay (Fig. 6B; see the figure
legend for experimental details). As expected, p7 strongly inter-
acted with the N terminus of the X. oryzae p’ subunit, resulting in
significant transcription activation of a reporter gene (14.4-fold

increase in the reporter activity). In contrast, p7 did not interact
with NusA in this assay. At the same time, we observed a weak but
reproducible interaction between p7 and the ® subunit (twofold
increase in the reporter activity), suggesting that p7 may indeed
directly interact with o in the TEC.

Recent structural and biochemical work indicated that the o
subunit constitutes a part of the binding site for guanosine
tetraphosphate (ppGpp), an alarmone that has been implicated
in the regulation of both transcription initiation and elongation
(Fig. 1B) (28-30). We therefore tested whether ppGpp will have
any effects on antitermination by p7. The addition of ppGpp
increased the termination efficiency by X. oryzae RNAP (from
52.7 to 62.6%) (Fig. 6C and Table S1), which is similar to its
effects on termination by E. coli RNAP (31, 32). Furthermore,
the p7 titration experiments demonstrated that ppGpp decreased
the antitermination efficiency at most p7 concentrations and
decreased the apparent affinity of p7 to the TEC (K4 ~265 nM in
comparison with ~130 nM in the absence of ppGpp). Therefore,
ppGpp and p7 may use the same pathway to control transcrip-
tion termination (see Discussion).

The p’ ZBD but Not the ® Subunit Is Important for Inhibition of
Transcription Initiation by p7. To reveal whether removal of the
o subunit has a general effect on p7 interactions with RNAP we
analyzed p7-dependent inhibition of transcription initiation by
o-less RNAP, by measuring the efficiency of abortive RNA syn-
thesis from the T7 Al promoter (a model -10/-35 class promoter)
in the presence of increasing p7 concentrations. Remarkably, the
absence of the @ subunit did not decrease the efficiency of tran-
scription inhibition by p7 (Fig. S9). This suggests that the ob-
served effect of removal of ® on transcription antitermination
cannot be explained by a simple loss of p7 binding to RNAP. In
contrast, the B’ ZBD deletion severely affected the efficiency of
transcription initiation inhibition, even at the highest p7 con-
centrations tested (Fig. S9), indicating that this domain is essen-
tial for p7 function during transcription initiation. Thus, the
studied RNAP mutations differentially affect regulation of tran-
scription initiation and termination by p7, suggesting that this
bifunctional protein uses distinct subsets of contacts with RNAP
to exert its partial functions and control different steps of the
transcription cycle.

Discussion

In this study we investigated transcription antitermination by the
p7 protein of X. oryzae phage Xp10. A two-tier mechanism of the
p7 action emerges from our analysis.

First, p7 can suppress intrinsic termination in the absence of
any cofactors, without changing TEC stability. This activity cru-
cially and uniquely depends on the RNAP core  subunit with
which p7 seems to interact but does not require the p flap and p’
ZBD. P7 also suppresses RNAP pausing at some sites, including
hairpin-dependent pause sites, but not at the U-tract or con-
sensus pause sequences, thus revealing mechanistic differences
between various types of pause-inducing signals.

Fig. 6 Roles. of the ® subunit an.d ppGpp in p7- A * o [0 -NusA B Cl-x p7-a C N —o— -ppGpp
mediated antitermination. (4) Termination at the . 80 “a o] +NusA 60 —+— +ppGpp
tR2 terminator at different p7 concentrations by recon- =~ .‘@ °\u

stituted w-less X. oryzae RNAP without ([o-], triangles)  § " o P Sa0

or with addition of purified o subunit ([o-J+, squares), 8 44 - T

either in the absence (open symbols) or in the presence £ Protein l:il‘;’:::e €.

(filled symbols) of NusA. (B) Bacterial two-hybrid anal- @ 204 5 [, j+y -NusA - y 2@

ysis of p7 interactions. P7 was fused to the « subunit of —B [-]+o +NusA p(1-85) | 144216

E. coli RNAP (interacting with a promoter, P, placed 0 -t ot 20201 0¥ rrrmr—r T
before the reporter /lacZ gene) whereas the other 0 19 190 900 40000 Hush L1202 g e Lo 1000+ 10000

interacting partner (x) was fused to the A Cl repressor

p7, nM

p7, nM

(interacting with its operator sequence, O). Relative f-galactosidase activities for various p7 partners (in comparison with control noninteracting protein pairs) are
shown in the table. (C) Effect of ppGpp on intrinsic termination and p7-dependent antitermination at the A tR2 terminator. The experiment was performed at
30 °C with native wild-type X. oryzae RNAP in the absence (open symbols) or in the presence (filled symbols) of 100 uM ppGpp.
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Second, NusA modulates p7 antitermination by several mech-
anisms. NusA increases apparent p7 affinity to the TEC, enables
it to suppress the U-tract pausing, enhances the effect of p7 on
hairpin-dependent pausing, and helps to prevent RNA release
from the termination complexes. These NusA effects do not re-
quire the o subunit but are strictly dependent on the f flap domain
of RNAP, in agreement with the proposed role of the p flap in
NusA binding. Because our two-hybrid data suggest that p7 and
NusA do not interact directly, the stimulation of p7 binding likely
results from NusA-induced conformational changes in the TEC
structure. NusA may also stimulate the antipausing and anti-
termination activities of p7 by affecting the interaction of the p
flap with the nascent RNA transcript, which has been implicated
in both transcription pausing and termination (8, 33).

The NusA-independent antitermination activity of p7 is likely
related to its ability to suppress hairpin-dependent pausing, be-
cause both types of signals depend on RNA hairpins that are
formed in the RNA exit channel of RNAP. The pausing hairpin
formation was shown to induce the p’ clamp opening that further
inhibits RNAP translocation and prevents the trigger loop
folding required for catalysis in the RNAP active site. These
effects depend on hairpin interactions with the p flap domain,
which is essential for pausing and associated conformational
changes but not for hairpin formation per se (14, 34, 35). Al-
though the contribution of hairpin-dependent pausing to termi-
nation remains controversial (reviewed in ref. 1), the termination
hairpin may induce similar changes in the TEC structure, at least
at the initial steps of its folding. The p7 action on both pausing
and termination could therefore result from its effects on the
hairpin formation and/or subsequent TEC rearrangements. P7
likely does not prevent hairpin formation because it does not
affect oligonucleotide-mediated RNA release in stalled TECs.
Furthermore, deletions in the p flap tip decrease transcription
termination (refs. 4, 12, and 14 and this work) but do not have
additive effects with p7 antitermination, which could have been
expected if p7 disrupted the hairpin folding. P7 could in principle
affect the kinetics of RNA folding, a hypothesis that can be
further tested using a recently developed technique that uses
quenching of fluorophore-labeled nascent transcript with anti-
sense RNA (34). Alternatively, p7 binding at the bottom of the p’
clamp may inhibit hairpin-induced conformational changes, in-
cluding clamp opening and associated effects on the trigger loop
folding and/or RNAP translocation, the pathway that can also be
probed with recently described cystein-pair reporters that fix
various RNAP conformations (34, 35). Based on available evi-
dence, we hypothesize that hairpin-induced pausing might play
a role in intrinsic termination and its regulation by various factors,
including antiterminators that bind in the vicinity of the RNA exit
channel (discussed below). P7-dependent antitermination may
provide a useful model to reveal the intricate details of TEC
conformational changes that occur during these processes.

The o subunit is one of the universally conserved core subunits
present in all cellular RNAPs (36), but its functions remain only
partially understood (37). We provide the first evidence, to our
knowledge, that  is involved in the regulation of transcription
elongation and termination. Recently, certain mutations in the ®
subunit were shown to affect the properties of the RNAP active
site, revealing its potential role in the regulation of RNAP ac-
tivity (38). The » subunit was also shown to participate in the
binding of ppGpp, an alarmone that plays a key role in the
stringent response in bacteria. The binding of ppGpp was dem-
onstrated to affect the active site conformation through changes
in the relative positions and mobility of the core and shelf/clamp
RNAP modules, resulting in destabilization of promoter com-
plexes and, probably, modification of the elongation properties
of RNAP (28-30). Importantly, ppGpp stimulates intrinsic
transcription termination and transcription pausing (refs. 31, 32,
and 39 and this study), likely as a result of conformational
changes in the RNAP active site [although a direct competition
with NTP substrates was also proposed to contribute to the tran-
scription effects of ppGpp (ref. 40 and references therein)].
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Furthermore, ppGpp counteracts the p7 effects on transcription
termination by X. oryzae RNAP, probably by interfering with p7-
induced conformational changes and/or p7 binding (but its in-
dependent effect on RNA elongation cannot also be excluded).
We therefore propose that p7, which binds RNAP from the op-
posite site of the o subunit with respect to ppGpp (Fig. 1B), may
use the same allosteric pathway to suppress pausing and stimulate
RNA elongation.

The eukaryotic o ortholog, the Rpb6 subunit, which is shared
by all three cellular RNAPs, was shown to genetically interact
with TFIIS, a factor that directly accesses the active site through
the secondary RNAP channel, suggesting that Rpb6 may also
allosterically regulate RNAP II activity (41). Furthermore, Rpb6
was proposed to affect the clamp opening and DNA/RNA bind-
ing, depending on its phosphorylation state, and to interact with
accessory RNAP II subunits (42). Therefore, the regulatory func-
tions of the ® subunit likely extend to its Rpb6 counterpart in
eukaryotic RNAPs.

Comparison of various classes of processive antiterminator
proteins studied to date reveals three major RNAP effector
sites involved in transcription antitermination (Fig. 14 and
Table S2): (i) the p’ coiled-coil/p gate loop, targeted by RfaH
and its paralogs (15); (if) the f flap/RNA exit channel, targeted
by N, Q and gp39 (4, 7, 9-11); and (jii) the p’ N terminus and ad-
jacent regions, involved in antitermination by p7. In addition, p7
seems to partially share its target site with an RNA-based anti-
terminator, the put hairpin encoded by phage HK022, the function
of which was shown to depend on the " ZBD (20, 43, 44). Despite
the different binding sites, all classes of factors suppress tran-
scription pausing by bacterial RNAP, which therefore is likely
a universal part of all antitermination mechanisms (Table S2).
Most of the studied factors (with a notable exclusion of RfaH and
gp39) also rely on cell-encoded proteins, primarily NusA, to
strengthen their intrinsic antipausing activity and additionally
stabilize the TEC against dissociation (refs. 5, 6, and 45 and this
work). Therefore, NusA may function as a general switch to enhance
the termination/antitermination properties of RNAP in response
to various regulatory stimuli. Overall, analysis of known phage and
cellular factors suggests that they apparently use a limited number
of strategies to control transcription termination through suppression
of the transcription pausing and prevention of the RNA hairpin-
dependent TEC dissociation. Because eukaryotic RNAPs can re-
spond to the hairpin termination signals in vitro (46, 47), one can
expect that similar termination and antitermination pathways may be
discovered in eukaryotic gene expression.

Intriguingly, the RNAP sites targeted by p7 during antitermination
seem to be different from those targeted for the inhibition of initi-
ation. In particular, the o subunit, which is critical for p7-dependent
antitermination, is not important for p7 inhibition of transcription
initiation, and the f flap and ' ZBD are not absolutely required for
antitermination but play crucial roles in the inhibition of initiation
(ref. 17 and this work). The combination of two apparently antag-
onistic activities in the same small protein beautifully illustrates the
exquisite ability of phages to manipulate the cell gene expression
apparatus by targeting key steps of the transcription cycle by compact
multifunctional proteins.

Materials and Methods

Proteins and Bacterial Two-Hybrid Assay. Native X. oryzae RNAP was purified
from X. oryzae strain XO604 as described in ref. 18. The p7 protein, X. oryzae
", and core RNAP subunits, NusA and Rho were cloned, expressed in E. coli,
and purified as described in SI Materials and Methods. Mutant Aflap, AZBD,
and w-less X. oryzae RNAPs were obtained by site-directed mutagenesis and in
vitro RNAP reconstitution from individual subunits (48). The bacterial two-
hybrid assay was performed as described in ref. 4. See S/ Materials and
Methods for details.

In Vitro Transcription Assays. Analysis of intrinsic transcription termination
was performed as previously described (4). The antitermination parameters
were calculated from the p7 titration experiments as described in S/ Mate-
rials and Methods. Rho-dependent termination was analyzed on a DNA
template containing the E. coli trp T' terminator. Analysis of the elongation
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rates was performed on a DNA template containing a 500-bp fragment of
the E. coli rpoB gene. Analysis of transcription pausing was performed on PCR
templates or scaffolds assembled from synthetic oligonucleotides. Analysis of
transcription termination in reconstituted TECs was performed essentially as
described in ref. 4. Analysis of transcription inhibition by p7 was performed on
the T7A1 promoter template. See S/ Materials and Methods and Figs. $1-S9
for further details.
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