RNA polymerase mutations that impair
conversion to a termination-resistant
complex by Q antiterminator proteins
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Bacteriophage N Q-protein stably binds and modifies RNA polymerase (RNAP) to a termination-resistant form.
We describe amino acid substitutions in RNAP that disrupt Q-mediated antitermination in vivo and in vitro.
The positions of these substitutions in the modeled RNAP/DNA/RNA ternary elongation complex, and their
biochemical properties, suggest that they do not define a binding site for Q in RNAP, but instead act by
impairing interactions among core RNAP subunits and nucleic acids that are essential for Q modification. A
specific conjecture is that Q modification stabilizes interactions of RNAP with the DNA/RNA hybrid and
optimizes alignment of the nucleic acids in the catalytic site. Such changes would inhibit the activity of the
RNA hairpin of an intrinsic terminator to disrupt the 5’-terminal bases of the hybrid and remove the RNA 3’

terminus from the active site.
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Both specific and general elongation factors promote
transcription through natural barriers in chromosomes.
These include the discrete termination sites of prokary-
otes, and less well-defined transcription barriers of eu-
karyotes: promoter-proximal pause sites, 3’-processing-
linked terminators, and nucleosomes. General transcrip-
tion elongation factors include NusA and NusG of
bacteria and the highly conserved Spt4/Spt5/Spt6 pro-
teins of eukaryotic Pol II; regulon-specific factors include
the Q-protein and N-protein of the Escherichia coli bac-
teriophage \ and the TAT protein of HIV (Roberts 1988;
Greenblatt et al. 1993; Laspia et al. 1993; Roberts et al.
1998). The recent atomic resolution structures of mul-
tisubunit prokaryotic and eukaryotic RNA polymerases
(RNAP), including structures and models of elongation
complexes, provide an opportunity to describe the activ-
ity of these factors in molecular detail (Zhang et al. 1999;
Cramer et al. 2000; Ebright 2000; Korzheva et al. 2000;
Gnatt et al. 2001; Korzheva and Mustaev 2001; Mu-
rakami et al. 2002a,b; Vassylyev et al. 2002). The poly-
merases share a strikingly similar structural core, sug-
gesting that insights into regulatory regions, domains,
and even individual residues may be universal.

The phage-A-encoded Q-protein antitermination fac-
tor, and Q-proteins of related phages including ¢$21 and
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$82, are stably incorporated into RNAP during a pro-
moter-proximal ¢”°-dependent pause (Yarnell and Rob-
erts 1992, Ring et al. 1996; Roberts et al. 1998). Q-modi-
fied complexes have fundamentally altered elongation
properties, displaying increased elongation rate, dimin-
ished pausing, and resistance to all downstream intrinsic
and p-dependent termination sites; these properties can
be expressed in a defined minimal biochemical system
containing RNAP, Q-protein, and the elongation factor
NusA. Although the correlation of antipausing and an-
titermination originally suggested a kinetic basis of an-
titermination—namely, that RNAP might elongate
faster than some rate-limiting step of termination—it is
clear that Q induces a more fundamental stabilization of
the transcription complex. Thus, static Q-modified elon-
gation complexes stopped by a DNA cross-link at the
release site of an intrinsic terminator in vitro are stabi-
lized against the dissociation activity of the terminator
(T.J. Santangelo and J.W. Roberts, unpubl.). Similarly,
static Q-modified complexes are stabilized at any elon-
gation site against attack by an oligonucleotide that
simulates the activity of an intrinsic terminator (Yarnell
and Roberts 1999). Finally, Q-modified elongation com-
plexes resist the action of a strong intrinsic terminator
when they are transcribing extremely slowly because of
limiting NTP concentrations (Roberts et al. 1998).

To understand the molecular basis of Q modification,
we isolated mutations altering the core subunits of
RNAP that interfere with Q function but do not impair
the basic enzymatic activity of RNAP. We used both Q*
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and the analogously functioning Q®* from phage $82.
Although Q* and Q®? both modify RNAP at a ¢7°-depen-
dent promoter-proximal pause, they share no obvious se-
quence homology and act only on their own phage pro-
moters with specific associated sequences (Yang et al.
1989). Presumably, they nonetheless act by the same ba-
sic mechanism and may share structural homology.

To interpret the phenotypes of the mutant RNAPs, we
consider the distinctive nature of the interaction be-
tween Q and RNAP. Q can only productively bind and
functionally modify RNAP in a paused elongation com-
plex containing the initiating ¢’° subunit; Q makes di-
rect contact with a specific site in DNA, with RNAP
core subunits, and, for Q* at least, with region 4 of ¢°
(Ko et al. 1998; Nickels et al. 2002). Importantly, after
RNAP clears this pause, Q no longer can bind the un-
modified complex. Productive engagement of Q releases
RNAP from the pause site and Q becomes a firmly bound
subunit, stable (for Q%> at least) to repeated washing of
immobilized complexes in vitro; ¢’ can (and might usu-
ally) dissociate at this stage.

Because of the site-specific and irreversible nature of
this association, the only step in Q function that is plau-
sibly sensitive to Q concentration is its initial engage-
ment with RNAP at the pause site. In fact, most of the
defects exhibited by the mutant RNAPs we identified are
rescued partly or completely at increased concentrations
of Q, implying that these defects are expressed at the
pause site. Because formation of the paused complex it-
self is not impaired (data not shown), only two sorts of
mutational change are likely to be rescued by a higher
concentration of Q. First, amino acid substitutions could
damage a site where Q makes direct contact with the
enzyme. Second, a mutational change in RNAP could
disrupt other molecular interactions required for the
modification that stably incorporates Q at the pause site.
The mutational sites that we identified and describe here
form several discrete clusters in conserved and function-
ally important parts of RNAP that are largely exposed
within the nucleic acid-binding, catalytic cleft, but
likely are buried and inaccessible to an external protein
in the elongation complex. Based on these locations, and
the in vitro properties of the modified enzymes, we argue
that our mutations act primarily to disrupt molecular
interactions within the large core subunits and do not
define a discrete binding site for Q on RNAP. We further
conjecture that these loci identify molecular interac-
tions required not only to incorporate the Q polypeptide,
but also to mediate antitermination itself.

We report below in Results the locations of the amino
acid substitutions and properties of the mutationally al-
tered core RNAPs, and in the Discussion we propose
structural interpretations and implications for Q func-
tion.

Results

Mutations affecting Q activity in vivo

Substitutions in the core subunits of RNAP that disrupt
Q-mediated antitermination were isolated from muta-
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genized libraries using reporter constructs specific for
each Q-protein (see Materials and Methods). Briefly,
these reporters contained the N late promoter upstream
of two strong intrinsic terminators, followed by the Iac
operon, making B-galactosidase expression Q-dependent.
Mutagenized plasmid libraries of rpoB and rpoC (encod-
ing the B and B’ subunits, respectively) were introduced
to strains carrying the reporters and the appropriate Q
source, and mutations limiting B-galactosidase expres-
sion were isolated. To generate a positive phenotype, the
screens require that overproduced plasmid-encoded pro-
tein incorporate into and produce an active RNAP; the
wild-type genomic copy of rpoB or rpoC was still ex-
pressed. RN AP preparations from cells grown under con-
ditions used for the screens show that ~85%-90% of
RNAPs contained the plasmid-encoded His-tagged sub-
unit (data not shown).

We isolated 17 point mutations in rpoB or rpoC that
significantly diminish Q reporter activity: 11 individual
mutations, and 3 pairs for which each mutation alone
has no phenotype (Fig. 1). Seven mutants were isolated
with each Q reporter, excluding alternative changes at
the same site. Of the 17 substitutions, 16 modify the
subunit of RNAP; most mutations cluster between or
within conserved regions D, E, F, or G (Fig. 1B). The
remaining mutation maps to conserved region G of the
B’ subunit. These sites are primarily in domains struc-
turally conserved between Thermus aquaticus RNAP,
Thermus thermophilus RNAP, and Saccharomyces cer-
evisiae RNA Pol II A4/A7 (Zhang et al. 1999; Cramer et
al. 2000; Ebright 2000; Vassylyev et al. 2002), suggesting
that they affect basic elements of the general transcrip-
tion process, and could further define the role(s) of in-
dividual domains and residues for all multisubunit
RNAPs.

We tested each mutant, regardless of the reporter with
which it was originally isolated, with both reporters
(Figs. 1, 2). Each mutant decreases expression 2-10-fold
with the reporter for which it was selected, and most
reduce expression of both reporters, consistent with a
common mechanism of action of both Q-proteins. How-
ever, some mutants are defective quite specifically for
the reporter with which they were originally selected
(e.g., B H673L for Q%2). Furthermore, mutants obtained
with the Q* reporter tend to affect Q%> more strongly
than mutants obtained with the Q3> reporter affect Q*,
suggesting some differences in the specific modification
pathway of each Q-protein.

Strikingly, none of the mutations originally isolated
against the Q" reporter were found with the Q% reporter,
and vice versa, although in several cases substitutions
selected with one reporter mapped within a few residues
of substitutions selected for the other (Fig. 1). The Q%?
screen was dominated by C-terminal rpoB deletions that
inhibit Q% activity, limiting the total number of muta-
tions isolated, and therefore was not saturated (data not
shown; see Materials and Methods).

The inhibitory effect and Q-protein specificity of each
substitution was tested further by growing phage carry-
ing different Q-proteins on lawns of bacteria expressing
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Figure 1. Mutant phenotypes. (A) Compilation of RNAP mutants affecting Q activity. Substitutions shown in pairs only diminish Q
activity as pairs, and are shown twice to position each bold substitution in the correct spatial group. Mutant classes as discussed in
the text are grouped and indicated by background color. B-Gal activity is the average of percent wild-type (% WT) activity at each
arabinose concentration. Phage spotting efficiency is relative to the same strain carrying wild-type B or B’. A value of 4 indicates
growth identical to wild type; O represents no plaque growth. In vitro Q activity is indicated by two values: the ratio of Q concen-
trations (WT/mutant) required for half saturation of readthrough activity (1/25*); and the fraction of wild-type readthrough obtained
at the highest Q concentration (RT™*). (B) Maps of RpoB and RpoC with conserved segments in blue. The regions displaying
essentially identical tertiary folds between T. aquaticus RNAP and yeast Pol II are shown beneath in green (Ebright 2000). The
rifampicin-binding site is shown (Jin and Gross 1988); the active center is defined by hydroxyl radical cleavage mediated by an Fe** ion
chelated in the active site (Mustaev et al. 1997). Substitutions isolated with the Q" reporter are at top (black), and those isolated with
the Q3% reporter are below (gray); the dot color indicates the mutant class. DR, dispensable region.
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porter with substitutions isolated with the
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reporters were identical with wild-type B 100
or wild-type B’, and only one curve is
shown for simplicity. Q-protein synthesis

was induced with arabinose. Synthesis of
the mutant polymerase subunit was in-
duced with 1% lactose.
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the mutant B or B’ subunit (Figs. 1, 3). In addition to Q*
and Q®?, we tested phage carrying the Q-protein from
phage $21 (Q*!), which represents a third and distinct
specificity, and has limited or no sequence homology
with Q" or Q% (Guo et al. 1991). The strongest example
of specificity, B Q517R, almost completely blocks
growth of Q%> phage, whereas this same substitution
does not significantly affect Q* or Q*!' phage. Several
mutants, for example, B R678C, significantly inhibit
growth of all phage. Some substitutions show overlap-
ping deficiencies with Q*!; for example, B’ Q921L blocks
growth of the Q%2 and Q2! phages, but does not affect the
growth of Q" phage. The full results of the phage spotting
are compiled in Figure 1. These results are in agreement
with the specificity seen with the B-galactosidase assays,
and in most cases show comparable effects.

In vitro transcription with mutant RNAPs

We used in vitro transcription with purified mutant en-
zymes both to confirm that the defect in Q function is a
property of the modified core subunit and to characterize
the defect among the distinguishable steps of the in vitro
reaction. All of the mutant RNAPs disrupt Q-mediated
antitermination in vitro, with substantial conservation
of the Q-protein specificity seen in vivo (Figs. 1, 4, 5).
Furthermore, the magnitude of the defects seen in both
the B-galactosidase and phage-plating assays correlates
well with the magnitude of the in vitro defects. For ex-
ample, B Q517R and B’ Q921L show strong defects in
supporting Q%?>-mediated antitermination in all three as-
says (B-gal assays, phage growth, and in vitro transcrip-
tion), but mild effects on Q*-mediated antitermination,
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particularly when antitermination activity is corrected
to account for differences in basal level termination. In
contrast to the Q-specificity shown by g Q517R, both 8
R678C and B N620I/8 D814V display significant defects
supporting antitermination by both Q-proteins both in
vivo and in vitro, although the effects are greater for Q™.

The concentration dependence of Q function with mu-
tant enzymes reveals two patterns of activity: some mu-
tant RNAPs achieve wild-type levels of antitermination
but require higher concentrations (e.g., B’ Q921L),
whereas others reach only partial activity at the highest
concentrations (e.g., B Q517R and B R678C with both
Q-proteins). Thus, in Figure 1 we report both maximal
activity and the concentration of Q that gives half-maxi-
mal activity.

In general, a mutation could affect either the initial
engagement of Q at the pause site or Q antitermination
activity during downstream transcription. As argued
above, the Q-concentration-dependent rescue of antiter-
mination activity implies that the mutants affect prima-
rily the engagement step. Note in Figure 4 that chase of
the +16/+17 pause by Q is inefficient in the mutant B
R678C, as is true for all of the mutants (data not shown),
consistent with a defect at the site of modification. Al-
though the downstream antitermination activity might
be affected for mutant enzymes not rescued completely
by higher concentrations of Q, in most such cases the
activity curves are shifted to higher concentrations (e.g.,
cf. WT and B R678C in Fig. 5), which again supports the
argument for an effect at the engagement site.

We consider three ways that the engagement step
might be impaired. First, a mutation might disrupt ¢’°-
core interactions or other elements that maintain
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RNAPs in the promoter-proximal pause site required for
Q engagement. However, no substitution altered the ef-
ficiency of pausing or the half-life of this ¢”°-dependent
pause (data not shown). Second, a substitution might im-
pair the ability of the host elongation factor NusA to
stimulate Q-mediated antitermination; however, with
one exception (B S646G), the substitutions do not solely
affect NusA-stimulation of Q-mediated antitermination
(see below; Fig. 5B). Finally, a substitution might prevent
or impair the conversion of core by Q-protein to a ter-
mination-resistant form, either by altering a recognition
site or by changing the ability of core to respond to Q.
The positions of the substitutions are inconsistent with
a simple binding site for Q and we suggest therefore that
these substitutions disrupt other elements of RNAP re-
quired for its conversion to a termination-resistant form
at the pause site.

B S646G is specifically defective in allowing NusA to
stimulate antitermination at low Q concentrations,
showing little to no effect on Q activity in the absence of
NusA (Fig. 5B). Furthermore, its effect is substantially
specific to Q®2, although the deficiency is overcome
completely at higher Q concentrations. NusA acts at
least in part by stabilizing the binding of Q to the paused
complex (Yarnell and Roberts 1992), and B S646G could
impair this interaction.

There are two other phenotypes of these mutants, in-
dependent of antitermination, that could offer insight
into their mechanism. Substitutions that modify resi-
dues within the secondary channel (B 673, 675, 678; see
Discussion), and, perhaps surprisingly, residues on the
surface of B (644, 653), show a loss of 3’-end cleavage
products, which are generated from cleavage of an inter-
nal phosphodiester linkage in a backtracked complex

Q82
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Q* Q2
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Figure 3. Phage spotting with mutant RNAPs.
Tenfold serial dilutions of phage harboring differ-
ent Q-proteins were spotted onto lawns of bacte-
ria expressing the mutant RNAPs. Full results of
the phage spotting are presented in Figure 1. Ex-
perimental plates contained 1% lactose to induce
expression of the mutant RNAP subunit. Induc-
ing expression of the wild-type subunits on
pRL663 or pRL706 did not impair phage growth.
Q" phage are \* (Ieft) and the clear mutant, Ac17
(right); the Q! phage is i*Q?!; the Q% phage are
i*Q3? (left) and $82 (right).

(Fig. 4C; Orlova et al. 1995). These same substitutions
also alter the amount and maximum size of abortive
products made from the X\ late promoter (Fig. 4C). The
mechanism underlying abortive initiation is unknown,
although the process likely is akin to backtracking, in
which the RNA 3’ terminus exits the active site and
enters the secondary channel. The relevance of these
phenotypes remains to be understood.

It is noteworthy that all of the mutant RNAPs show
some change in termination efficiency in the absence of
Q, although for most RNAPs this change is modest. For
any given mutant RNAP, termination efficiency is in-
creased at some terminators but decreased at other ter-
minators (data not shown), making a simple interpreta-
tion of the underlying mechanism impossible. However,
this effect implies that the mutations influence enzy-
matic states that determine both the ability of Q-pro-
teins to mediate antitermination and the general effi-
ciency of intrinsic termination. Two mutant RNAPs (B
E1274A and B’ Q921L), which map near the active site,
display particularly strong termination anomalies in the
absence of Q (Fig. 5C), leading to dramatic increases or
decreases in termination efficiency at different termina-
tors. These termination defects can be almost com-
pletely suppressed by the addition of NusA to transcrip-
tion reactions (Fig. 5C).

Discussion

To consider how these substitutions might inhibit Q
function, we localize them in the ternary complex model
of the bacterial RNAP of Korzheva et al. (2000), with
reference also to the yeast Pol II elongation complex
crystal structure (Gnatt et al. 2001) and the T. ther-
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scription with purified mutant RNAPs. (A)
A gel image of transcription with Q" pro-
tein, at 0, 0.1, 1, 5, 10, 100, and 200 nM; all
reactions contained 150 nM NusA. The
positions of the abortive products (AP),
+16/+17 (the ¢7°-dependent pause), termi-
nated (T), and readthrough product (RT)
are shown to the Ileft. (B) Molar percent
readthrough of terminator in experiment
of A. (C) The gel image of abortive prod-
ucts (AP) and cleavage products (CP) made
by B R678C RNAP. A single-round reac-
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mophilus RNAP structure (Vassylyev et al. 2002). Figure
6 shows the modeled elongation complex, highlighting
the proposed path of the DNA template and RNA tran-
script through the enzyme. The nucleic acids bind into a
channel comprised entirely of the B and B’ subunits,
which form a claw-like structure; the active site resides
deep within the channel at the base of the claw (Fig. 7).

Our substitutions cluster into four distinct groups,
three of which are in the conserved core of RNAP and
surface-exposed within the main nucleic acid-binding
cleft, and thus effectively internal in the clamped elon-
gation complex. The substitutions change residues:
I—along the path of the DNA/RNA hybrid; IIl—within
the secondary channel; III—near the active site and the
template-primer end; and IV—in an external surface-ex-
posed patch, which we argue nevertheless may change
protein—nucleic acid interactions in the nucleic-acid-
binding channel.

Although we have no direct evidence of their mecha-
nism of action, we consider it unlikely that most of these
substitutions reflect sites of interaction between Q and
the RNAP core. Their locales suggest, instead, roles in
Q-dependent function of the core elements, as we dis-
cuss specifically for each class.

Class 1. Substitutions within the hybrid binding
region/B flap domain (B 517, B 835, B 839, and B 1058)

These substitutions, colored dark green in Figures 6A
and 7, change residues in the main channel of RNAP
immediately adjacent to the DNA/RNA hybrid, from po-
sitions -4 to -8. The elongation complex of Pol II, which
is likely to be very similar to that of E. coli, lacks pro-
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tein—nucleic acid interactions with the emerging tran-
script beyond position -4. Gnatt et al. (2001) suggest that
RNA beyond -4 is held in place solely by base-pairing to
the very tightly held template strand. The locations of
the four residues we identified suggest that they could
extend the region of intimate protein-hybrid contacts in
a reconfigured, termination-resistant complex. A spe-
cific suggestion is that Q modification of RNAP reposi-
tions B 517, B 835, B 839, and B 1058 and/or neighboring
residues to make direct contacts with the hybrid,
thereby stabilizing the ternary elongation complex (TEC)
against the dissociation by an intrinsic terminator hair-
pin; in this model, the substitutions we isolated would
impair these contacts. This proposal implies that these
residues are not involved in contacts with the hybrid in
the absence of Q modification, and it is consistent that
the mutant enzymes display no significant differences in
overall activity compared with wild-type (WT) RNAP. It
is noteworthy that Class I mutations are in or near the
binding pocket of the antibiotic rifampicin (Campbell et
al. 2001). Some mutations that confer rifampicin resis-
tance, such as the well-studied alleles rpoB2 and rpoBS,
elicit strong effects on elongation rate, pausing, and ter-
mination efficiency (Jin et al. 1988; McDowell et al.
1994; Yarnell and Roberts 1999; Campbell et al. 2001).

Classes II and III. Substitutions surrounding
the catalytic center: the secondary channel
(B 673, B 675, B 678) and active site

or bridge helix (B 814, B 815, B 1274, B’ 921)

We consider together these two sets of mutations that
cluster around the active center and that could affect
catalysis.
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The main channel is divided by an extended helical
segment, the B’ f-helix or “bridge” helix (shown in
purple in Figs. 6A, 7), forming the “secondary channel”
that may serve as the entry site of NTP substrates
(Zhang et al. (1999). The three substitutions g 673, B 675,
and B 678 (colored yellow in Figs. 6A, 7) are all surface-
exposed in the secondary channel near its junction with
the main channel and active site. They also cluster near
one end of an amphipathic a-helix (8 673-687, shown as
a blue ribbon in Figs. 6A, 7), that runs perpendicular to
the B’ f-helix and traverses the secondary and main chan-
nels, and is adjacent to sites of Class I mutations at its
other end. Direct evidence that the substitution § R678C
affects the active site is its inhibition of 3’-transcript
cleavage (Fig. 4C); the effect could be manifested through
the role of B R678 in helping chelate the second metal
ion in the active site via a water contact (Vassylyev et al.
2002). Alternatively, g R678C might inhibit extrusion of
the 3’ end of the transcript through the secondary chan-
nel, as is believed to occur to create a backtracked com-
plex. A further connection of this cluster to the active
center involves contact of B 675 with the B’ f-helix,
movements of which have been proposed to mediate
translocation (Gnatt et al. 2001; Bushnell et al. 2002;
Epshtein et al. 2002; Vassylyev et al. 2002). Another po-

The addition of NusA to transcription reactions (150
nM) eliminates much of the termination defect. Both
mutant RNAPs are defective in response to Q, although
the large backgrounds make the defect difficult to quan-
tify.

tential effect of Class I mutations results from the close
approach of the other end of the B 673-687 helix to the
Class I mutations; by subtly changing the position of this
helix, substitutions at g 673, B 675, and B 678 could
interfere with protein-RNA contacts in the hybrid, as
proposed for Class I mutations.

Class III substitutions at 3 814 and B 815 (colored red
in Figs. 6A, 7) are at the base of the secondary channel, in
direct proximity to the catalytic site. Substitution of
these residues may result in direct changes in the ar-
rangement of the active-site metals. The T. thermophi-
Ius RNAP structure shows a network of interactions co-
ordinating two Mg>* ions in the active site (Vassylyev et
al. 2002); B D814 participates in chelating a second metal
ion in the active site of RNAP, via two water contacts.
Mutation of § D814 to valine removes the charge re-
quired to help chelate this metal ion without impairing
RNAP function, implying that this contact is not strictly
required, although the substitution could well perturb
the activity of the catalytic center.

The configuration of the active site could be altered by
the other two Class III substitutions, at 3 E1274 and B’
Q921 (colored black in Figs. 6A, 7). B E1274 is directly
adjacent to the template strand at positions -1 and +1,
and participates in a network of interactions that contact
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Figure 6. Structural model of the pro-
karyotic TEC, highlighting the position of A
substitutions. (A) A model of T. aquaticus :
TEC was used to map the substitutions ‘
onto the three-dimensional structure of

RNAP (Korzheva et al. 2000). Equivalent
positions in the T. aquaticus structure are
highlighted and labeled with E. coli resi-
due numbers. The left and center panels
are equivalent except that the B subunit
has been turned to a wire frame to expose
the path of the nucleic acids through the
enzyme. RNAP in this orientation is mov-
ing from left to right. The colors are as
follows: al NTD, yellow; a2 NTD, green;
B, cyan; B’, violet; nontemplate strand,
dark gray; template strand, light gray;
RNA transcript, orange; B’ f-helix, purple;
B helix 673-687, dark blue; active-site
Mg?*, dark green. Substitutions are la-
beled, space-filled, and colored as in Figure
1. Residue 1274 is hidden in this view, as
indicated by the broken line. (B) The sur-
face patch required for efficient Q activity,
shown in two views of T. aquaticus
RNAP. The left view is essentially down
the secondary channel, and the right is as
in A.

and position the nucleic acids in the active site. Gnatt et
al. (2001) identified a specific contact between the adja-
cent residue, B M1273, and the phosphate backbone of
the template strand at —1/+1. The position and orienta-
tion of B M1273 likely is directly influenced by g E1274,
and therefore changing g E1274 to a small residue (as was
the case in all three substitutions described here) could
alter contacts with the phosphate backbone of the tem-
plate strand at this critical location. B E1274 also forms
a salt bridge with conserved residue B’ R425. Gnatt et al.
(2001) identified a specific contact between B’ R425 and
the phosphate backbone of the RNA at -1/+1; therefore,
changing B E1274 to an uncharged residue incapable of
forming a salt bridge is likely to influence the position-
ing of the 3'-RNA terminus in the active site. B’ Q921 is
somewhat removed from the active-site residues, al-
though it is near the base of the B’ f-helix and could
influence movements of this helix, such as those pro-
posed to drive the translocation of RNAP (Gnatt et al.
2001; Epshtein et al. 2002; Vassylyev et al. 2002).

In summary, both Class II and Class III substitutions
are positioned to alter the orientation of the active site
and the template-primer end. We suggest that these mu-
tations identify contacts normally made in Q-modified
complexes that act to stabilize the active configuration
of the catalytic site; in particular, contacts affected by
Class IT and III mutations could underlie the antipausing
effect of the Q modification. The screens used here re-
quire that the mutant RNAP retains catalytic activity,
thereby eliminating substitutions that grossly disrupt
the catalytic center; presumably many more residues
around the active site are critical to support Q modifi-
cation of RNAP.
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Upstream DNA
i Downstream DNA ‘

Class 1V. Substitutions that define a surface-exposed
patch on B (B 602, B 620, B 644, B 646, B 653, B 702)

Six substitutions (colored light green in Fig. 6B) are clus-
tered and largely exposed on the surface of the g subunit
in the elongation complex model, well away from the
main or secondary channel. This external patch of mu-
tations is fully 65-70 A from the specific DNA-binding
site for Q in the modeled elongation complex. These
substitutions are in regions that border strongly con-
served domains, although they are less conserved among
even bacterial RNAPs than the other classes of substi-
tutions; their positions in E. coli RNAP might not be
modeled accurately by the T. aquaticus structure. Fur-
thermore, the exact positions of these residues differ be-
tween the T. aquaticus and T. thermophilus structures,
possibly because of errors in tracing the chain in the T.
aquaticus structure (Vassylyev et al. 2002); however, in
both structures the general position of these exposed
loops on the surface of RNAP is clear. No specific func-
tions or interactions have been ascribed to this region,
although the mutationally defined surface patch is
linked to the main channel of RNAP by both genetic and
biochemical data. B S643R was isolated as a site-specific
suppressor of the termination-altering properties of
rpoB2 (B H526Y), demonstrating that substitutions
within this surface patch can alter the configuration of
the rifampicin-binding pocket, and therefore presumably
alter the contacts made between the B subunit and the
hybrid (R. Landick, unpubl.).

Our study defines three pairs of substitutions, which
display defects only as pairs, that link this surface patch
to the main channel of RNAP. 8 620/814, B 602/835, and



B 702/839 all have one residue in the main channel and
one residue in the surface-exposed patch. We also found
biochemical evidence linking substitutions in this sur-
face patch to the active site, as both B L644S and B
M653L display the same loss of cleavage products and
abortive phenotype as g R678C (Fig. 4C; data not shown).
Possibly alterations in the surface patch could be trans-
mitted to either the active site or the hybrid binding cleft
to optimize either reactive alignments or hybrid-RNAP
stability.

Mechanism of Q-mediated antitermination

Several models for the mechanism of termination have
been proposed (Landick 1997; Gusarov and Nudler 1999;
Yarnell and Roberts 1999; Toulokhonov et al. 2001;
Komissarova et al. 2002). Although their details differ,
the models commonly propose that an initial step of in-
trinsic termination is the disruption of the upstream por-
tion of the hybrid induced by hairpin formation; hairpin
formation and hybrid disruption are linked. We envision
two major, and not mutually exclusive, models to ex-
plain how Q modification of RNAP could counteract
these linked reactions. First, a Q-modified complex
might physically block hairpin formation, for example,

Action of Q on RNA polymerase

Figure 7. Substitutions within the active site and hy-
brid region of RNAP. A stereo view looking directly
into the main channel of RNAP (RNAP is moving right
to left in this view). Substitutions are colored and la-
beled equivalently to Figure 6 (none of the surface patch
substitutions are seen in this view). The top image is
essentially identical to that on the lower one, which
contains the nucleic acids modeled into the complex
with the template strand and RNA transcript shown in
ball and stick (white and orange, respectively). The non-
template strand was reduced to wire frame to clarify the
image (gray). The colors are as follows: B, cyan; B’, vio-
let; both « NTDs, gray, for clarity only; g flap, dark
blue, partially visible on extreme right side of both im-
ages; B’ f-helix and rudder, purple; B helix from 673 to
687, dark blue.

by preventing nucleation of hairpin annealing at the up-
stream end of the downstream hairpin segment. Second,
Q modification might stabilize interactions between
RNAP and the hybrid, preventing the disruption of the
upstream portion of the hybrid required for the concerted
formation of the full hairpin.

The locations and behavior of our mutations are con-
sistent with the second model. We argue that the phe-
notypes mostly are not direct defects in antitermination,
but instead reflect impaired Q incorporation into the
transcription complex at the pause site; for most mu-
tants, a higher concentration of Q overcomes the defect.
However, it seems unlikely that the mutations damage a
simple binding site for Q; Classes I, I, and III are internal
to the elongation complex, and even the external Class
IV substitutions are implausibly distant from the DNA
site to which Q binds in the elongation complex. Instead,
we conjecture that the substitutions affect internal mo-
lecular interactions required for Q to functionally
modify the complex, presumably after an initial binding
event. Furthermore, we imagine that these alterations
are also the molecular changes that define the antiter-
minating state itself. Specifically, we suggest that, in
concert with incorporation of Q into the TEC, regions
defined by our mutations undergo rearrangements to fur-
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ther clamp down on the nucleic acids within the TEC,
both strengthening interactions with the hybrid and
maintaining an optimal alignment of the active site; as
we describe, the sites are plausibly located for this role.
Such reconfiguration would inhibit termination by
countering the disruptive force of hairpin formation, and
reduce pausing by stabilizing the elongation competent
configuration of the active site. Clearly, biochemical and
structural analysis are required to test this model.

Materials and methods

Strains and plasmids

TOMI00 is a derivative of SG22182A (Aara, Alac, malP::Iacl?)
with modifications made with standard molecular biology
techniques: integration of the JG200 Q* reporter (Simons et al.
1987; Ko et al. 1998; Guo 1999) and introduction of recA~
[recA::Kan® via P1,,, transduction from NT440 p226; a gift of S.
Gottesman (Bethseda, MD)]. Single-copy integration of the re-
porter was confirmed via PCR (Powell et al. 1994). The recA-
phenotype was confirmed by increased sensitivity to UV light
(data not shown). TOM101 is like TOM100, except that it car-
ries an integrated reporter of Q%2 activity, JG205 (Guo 1999).

The JG200 reporter carries N\ sequence containing the late
promoter, A\pR’, to +49, followed by the intrinsic terminators tg,
and t, upstream of an otherwise promoterless lac operon
(IacZYA). The JG205 reporter is identical to JG200 except it
carries $82 sequence containing the $82 late promoter, p82a, to
+51 in place of ApR’.

All plasmids were made with standard molecular biology
techniques. pPBAD33-Q" places Q* under control of the arabi-
nose-dependent pBAD promoter from pBAD33 (Guzman et al.
1995). pPBAD33-Q®% is like pBAD33-Q" except that it contains
Q®. pRL663 (Wang et al. 1995) and pRL706 (Severinov et al.
1997) encode C-terminal His,-tagged versions of the rpoC and
rpoB genes, respectively, under control of a lac-repressor-regu-
lated trc promoter. The ORFs of B and B’ were divided using
flanking and internal unique restriction endonuclease sites into
three or five sections, respectively (internal Clal and BspEI sites
for rpoB; SnaBl, Sphl, Sall, and BspEI sites for rpoC). Each sec-
tion was amplified via error-prone PCR (Caldwell and Joyee
1992), ligated into the original backbone containing unmuta-
genized flanking segments, and transformed into JM109 to yield
>10* individual colonies. Plasmid DNA was prepared from the
pooled colonies without further growth to yield eight indepen-
dent PCR mutagenized libraries: five individual libraries of
rpoC and three libraries for rpoB. Random isolates of the N-
terminal rpoC library were sequenced and found to contain on
average one to two randomly distributed base substitutions. Af-
ter retransformation and replica plating to rich medium con-
taining 1 mM IPTG and 50 pg Rif/mL, the middle segment rpoB
library yielded approximately the frequency of rifampicin-resis-
tant colonies expected, assuming one to two substitutions per
plasmid and 40 possible bases that could be mutated to give
Rif-resistance (Campbell et al. 2001).

Screen for mutations that affect Q activity in vivo

TOMI100 carrying pBAD33-Q* or TOM101 carrying pBAD33-
Q% was transformed with each library of pRL663 or pRL706
individually. Transformants were grown in LB plus appropriate
antibiotics for 3 h, washed, and plated onto MacConkey indi-
cator agar with 1% lactose, appropriate antibiotics, and 0.002%
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arabinose (13 pM). White colonies were picked and rescreened
on identical plates. Total plasmid DNA was prepared from posi-
tive colonies and transformed into DH5«; Amp®, Cm® colonies
were selected. The Amp® library plasmid was purified from
DH5a and rescreened in TOM100 pBAD33-Q* or TOMI101
pBAD33-Q% on MacConkey indicator plates. The mutagenized
interval was cloned into a wild-type background, and its phe-
notype was confirmed and sequenced; multiple mutations were
separated via subcloning, or were produced individually via
Quikchange (Stratagene), until individual mutations respon-
sible for the positive phenotype could be established.

Sequence analysis of the mutagenized segments of the se-
lected B and B’ mutants showed an overall mutation frequency
of ~1 in 5000. A total of 3.5 x 10° and 1.7 x 10° colonies from the
libraries of B and B’ were screened against the Q" and Q%” re-
porters, respectively. A sufficient number of colonies were
screened against the Q" reporter to pick up most mutations
more then once (in each case, individual isolates were shown
not to be sister colonies because of additional sequence differ-
ences). Difficulties with the Q%2 screen, in which a particular
class of mutations dominated the phenotypic positives, limited
the number of mutants isolated.

A similar screen for substitutions in the remaining core sub-
unit of RNAP («, the product of rpoA) revealed several muta-
tions within the CTD of « that diminish Q activity in vivo,
which will be described elsewhere (data not shown).

B-Galactosidase assays

Late log phase cultures of TOM100 pBAD33-Q or TOM101
pBAD33-Q8? harboring the library plasmids were used to inocu-
late (1:100) LB with appropriate antibiotics, 1% lactose, and
varied concentrations of arabinose. Cultures were grown at
37°C for 3 h (reaching an ODgy, of ~0.5), and standard B-galac-
tosidase assays were performed. All values listed are the average
of three independent cultures (each done in triplicate) for each
arabinose concentration.

Phage spotting tests

TOM100, or TOM101, carrying mutant pRL663 or pRL706 was
grown in LB with appropriate antibiotics to an ODgq of 0.4.
Cultures were top-plated onto LB or LB plus 1% lactose with
appropriate antibiotics and equivalent top agar. In this, 5-uL
drops of phage stocks (10-fold serial dilutions) were spotted di-
rectly onto the top agar, and allowed to adsorb. Plates were
incubated at 37°C overnight, visually inspected, and compared
to cultures harboring wild-type pRL663 or pRL706 and to
equivalent cultures spotted on LB without lactose. Q" phage are
N (far left in Fig. 3) and the variant Ac17 as a second source of
Q% the Q*! phage is i*Q?!; the Q® phage are i*Q®? (left, Fig. 3)
and $82 (right, Fig. 3). The phage carrying imm” are essentially
isogenic except for the QSR region of each.

RNAP purification

RNAP was prepared using a combination of standard techniques
(Burgess and Jendrisak 1975), and affinity chromatography.
RNAP was purified using a Hi-trap heparin agarose column
(Pharmacia), a Sephacryl S-300 sizing column (Pharmacia), and
an Ni”>*-charged chelating column (Pharmacia). Purified RNAP
was ~50% o’%-saturated. Purified ¢7° was added to fully saturate
each RNAP preparation; ¢’® was prepared as described (Marr
and Roberts 1997). RNAP containing a His, tag on the C termi-
nus of B or B’ showed no differences in the percentage of active
RNAP, general elongation rate, response to NusA, Q*, Q%2



GreA, or GreB when compared with untagged RNAP (data not
shown).

Purification of Q-proteins

Q" was prepared as described (Marr and Roberts 2000), except
that all buffers contained 100 mM DTT. Q% was prepared as
described (Goliger and Roberts 1989)

In vitro transcription

For in vitro transcription, 20 nM RNAP holoenzyme was added
to 1-2 nM linear templates in transcription buffer (20 mM Tris-
HCI at pH 8.0; 0.1 mM EDTA; 50 mM KCl; 1 mM DTT; 100
pg/mL BSA-acetylated; 200 pM ATP, CTP, and GTP; 50 uM
UTP; 0.2-1.0 nC/pL **P-a-UTP) and allowed to form open com-
plex at 37°C for 5-10 min. When added, NusA was present at
150 nM. Single round transcription was initiated by simulta-
neous addition of MgCl, [4 mM]f"3 and rifampicin [10 pg/
mL]fral Q-protein was diluted into 10 mM Tris-HCI (pH 7.5),
500 pg/mL BSA-acetylated, 100 mM DTT, 10% glycerol, and 50
mM K-glutamate immediately before use. Q**-protein was di-
luted into 10 mM Tris-HCI (pH 8.0), 5% glycerol, 0.1 mM
EDTA, 0.1 mM DTT, and 50 mM KCI immediately before use
and added to transcription reactions 30 sec before the addition
of Mg?*/rifampicin. Reactions were stopped by addition of 5
volumes of 1.2x STOP buffer (0.6 M Tris-HCI at pH 8.0, 12.0
mM EDTA, 80 pg/mL tRNA). Equal volume phenol/chloro-
form/isoamyl alcohol (25:24:1) extractions were performed, and
the aqueous phase was precipitated by addition of 2.6 volumes
of 100% EtOH. RNA products were resolved through denatur-
ing polyacrylamide gels, exposed, and quantitated using Imag-
eQuant software (Molecular Dynamics, Storm Model 840). Per-
cent readthrough = {(moles of readthrough RNA)/[(moles of
readthrough RNA) + (moles of terminated RNA)]} x 100.
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