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The rate of transcription elongation in Escherichia coli was reduced when cells were depleted of NusG. In a
purified in vitro system, NusG accelerated the transcription elongation rate. The stimulation of the rate of
transcription elongation by NusG appears to result from the suppression of specific transcription pause sites.

The Escherichia coli nusG gene encodes an essential tran-
scription factor that has been implicated in a variety of cellular
and viral termination and antitermination processes (2, 9, 10,
21, 22). NusG is required, along with other Nus factors, for
effective antitermination by N protein of N phage in vitro (2, §,
10, 11, 15). The nusG4 mutation restores N activity in a nusA1
host, suggesting that NusG is also involved in antitermination
in vivo (22). NusG has been shown to stimulate Rho-depen-
dent termination in vivo (21).

In vitro experiments indicate that NusG binds directly and
selectively to Rho (9) and more weakly to core RNA poly-
merase (8). NusG both stimulates and changes the pattern of
Rho-dependent termination at the A tR1 and #rp ¢' terminators
(9, 14). A model has been proposed in which NusG serves as a
bridge between RNA polymerase and Rho, thus helping to
recruit Rho into the termination complex (9). Indeed, recent
evidence indicates that NusG stably associates with stalled
elongation complexes only if Rho is bound to the nascent RNA
and that the presence of NusG in the complex leads to a slower
off-rate of Rho from the transcript (13).

The participation of NusG in factor-dependent termination
and antitermination processes, both of which involve modula-
tion of transcription elongation, suggests the possibility that
NusG may directly affect the rate at which RNA polymerase
synthesizes RNA molecules. In this paper, we demonstrate
that NusG increases the rate of transcription elongation both
in vivo and in vitro. The ability of NusG to suppress transcrip-
tional pausing probably accounts for its acceleration of the
overall rate of transcription elongation.

NusG depletion slows the rate of transcription elongation.
We first asked if depletion of NusG affected the rate of tran-
scription elongation in E. coli cells. Strains SS287 and SS294
are derivatives of N99 that carry a nusG::Kn chromosomal
insertion and a nusG™ plasmid. SS287 carries the rep ts plasmid
pSS119; SS294 carries the rep ™ plasmid pSS120. Depletion of
NusG in SS287 occurs when the cells are shifted from 32 to
42°C, inducing the loss of the pSS119 plasmid (1, 21).

The rate of RNA chain growth can be estimated from the
time of appearance of B-galactosidase after IPTG (isopropyl
B-D-thiogalactosidase) induction of lacZ (5). This technique
has been used recently to demonstrate altered rates of elon-
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gation by certain RNA polymerase mutants (3). To measure
the effect of NusG depletion on the initial kinetics of 3-galac-
tosidase induction, SS287 and SS294 were grown in Luria-
Bertani medium at 32°C until early log phase and shifted to
42°C for 2.5 h. Cultures were maintained in exponential growth
by dilution into fresh media. Optical density at 650 nm did not
exceed 0.3. Thirty minutes prior to induction, 5 mM cyclic
AMP was added to both cultures to decrease the catabolite
repression of the plac promoter. After the cultures were cooled
to 25°C for 5 min, B-galactosidase was induced with 1 mM
IPTG. Duplicate 0.5-ml samples were withdrawn every 30 s
into tubes containing 0.5 ml of ice-cold chloramphenicol (0.1
mg/ml) to stop protein elongation and were immediately fro-
zen in an ethanol-dry ice bath. After sampling was performed,
the tubes were incubated for 15 min at 37°C to allow B-galac-
tosidase monomers time to assemble into active tetramers.
B-Galactosidase was measured as described previously (12).

The kinetics of B-galactosidase induction in normal and
NusG-depleted cells is shown in Fig. 1. After an initial lag, the
slopes of the curves of B-galactosidase activity in cells depleted
of NusG and in control cells were identical (Fig. 1). Thus,
NusG depletion does not reduce the rate of promoter clear-
ance, affect lacZ mRNA stability, or affect the translation of
the lacZ transcript. Under these conditions, the difference in
lag between the cultures reflects the time required for the
synthesis of the first full-size transcript; i.e., the lag is a function
of the elongation rate (3, 5).

Figure 1 shows a lag of 2.9 min before the appearance of
B-galactosidase activity after induction of SS287, compared
with a lag of 2.3 min for SS294. This difference of 0.6 min
represents an apparent decrease of ~20% in the rate of tran-
scription elongation after depletion of NusG. The residual
concentration of NusG protein, estimated by Western blot
(immunoblot) analysis, is less than 10% of the initial level after
2.5 h of depletion at 42°C, although 4 h of heating is required
for complete depletion of the protein (21). At 2.5 h, cell growth
has not yet slowed in strain SS287 (21). We were thus able to
avoid the reduction in transcription elongation that is associ-
ated with a reduced growth rate (23). It is possible that full
depletion of NusG might further decrease the rate of transcrip-
tion elongation.

NusG accelerates transcription elongation in vitro. Figure
2A shows the effects of NusG addition on the kinetics of
transcription of a N p; operon template in vitro. Reactions
were done in two steps. In the first step, transcription was
synchronized at position + 15 of the nascent transcript by omit-
ting UTP. The reaction mixture (10 wl, including E. coli RNA
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FIG. 1. Effect of NusG depletion on the initial kinetics of B-galactosidase induction. B-Galactosidase activity is plotted as (AB)"/? versus time of sampling, where
AB is B-galactosidase at (T = t) — (T = 0). The lines were obtained from a least-squares fit of the datum points. The lag time for appearance of B-galactosidase is
determined by the x-intercept of the line for B-galactosidase activity, as discussed elsewhere (17). SS287 and SS294 are nusG::Kn derivatives of the N99 strain that carry
either pSS119 or pSS120. Results of three independent repetitions of this experiment are presented to show that the relative difference in the lag time for appearance
of B-galactosidase between the two strains is reproducible. The variation in level of B-galactosidase observed among these three experiments reflects day-to-day

variations in enzyme activity.

polymerase [20 nM; Boehringer Mannheim Biochemicals],
DNA template [a 452-bp BglII-Hpal restriction fragment of A
phage DNA containing the p; promoter and 321 bp of down-
stream sequence; 20 nM], ApU [0.5 mM], ATP [2 uM], CTP [2
uM], GTP [2 pM], and [a->*P]ATP [1 p.Ci, >1,500 Ci/mmol]
in a transcription buffer containing 20 mM Tris-acetate (pH
7.9), 60 mM potassium acetate, 2 mM magnesium acetate, 0.2
mg of bovine serum albumin per ml, 1 mM dithiothreitol, and
5% glycerol) was incubated at 32°C for 15 min to allow the
formation of 15-meric ternary complexes. In the second step,
an equal volume of prewarmed mixture containing the same
buffer, 20 g of rifampin per ml, all four nucleoside triphos-
phates (NTPs) (each adjusted to a final concentration of 2
wM), and, where indicated, 100 nM purified NusG protein
were added, and the samples were incubated at 32°C for the
indicated times. Note that elongation was slowed by limiting
the NTP concentrations. The reaction was stopped by the
addition of EDTA to 50 mM, and transcription products were
analyzed by electrophoresis on a 6% polyacrylamide-8.8 M
urea gel followed by autoradiography. A series of transcription
pause sites was evident, as well as the runoff transcript, the
amount of which increased with time. The data of this exper-
iment are presented graphically in Fig. 2B through E.

The time of appearance of runoff transcript was clearly ac-
celerated by NusG. At 6 min, about 50% of the RNA poly-
merases reached the end of template in the presence of NusG,
compared with less than 5% in its absence. Thus, at least half
of the RNA polymerases respond to NusG. The presence of
NusG did not prevent pausing or change the location of the
pause sites. However, the occupancy of the three pause sites
was reduced by NusG (Fig. 2C through E). This suggests that
NusG accelerates the rate of transcription elongation by par-
tially suppressing pausing.

In addition, the data shown in Fig. 2A reveal that NusG
increased the efficiency of resuming elongation from a stalled
transcription complex. The stalled complexes formed in the
absence of UTP (Fig. 2A, time zero lane) were mobilized more
efficiently in the presence of NusG when UTP was added to
resume elongation.

We have also shown that NusG accelerated the rate of tran-
scription elongation and suppressed pausing on a A pR-tR1

template. Furthermore, the effect of NusG could be seen at
NTP concentrations of 50 uM each (data not shown).

The effects of NusG on elongation during transcription of a
template carrying the #rp ¢’ site were previously reported (14).
Although Nehrke and Platt do not draw this conclusion, their
experiments reveal that NusG also accelerates the rate of elon-
gation and suppresses pause sites on this template (Fig. 4A in
reference 14).

NusG suppresses pausing at the trpL pause site. To describe
more quantitatively the effect of NusG on pausing, we used the
artificial template developed by Landick and coworkers (7;
described in detail in reference 16). This template contains the
strong trpL pause site (Fig. 3A).

Transcription was initiated with ApU dinucleotide. Elongat-
ing RNA polymerase molecules were synchronized at position
+20 by omitting UTP from the transcription mixture. The
complexes were purified on a Sephadex G-50 column, and
aliquots containing approximately 0.1 pmol of purified stalled
complex were incubated for 5 min with or without 2 pmol of
NusG. Transcription elongation was then resumed by addition
of 50 pM each of the four NTPs. Aliquots of the reaction
mixture were removed at various times, and the transcripts
were resolved by 10% polyacrylamide-8 M urea gel electro-
phoresis (Fig. 3B). Figure 3C shows that at 30 s more than 25%
of all transcripts had not read through the #pL pause site in the
absence of NusG, compared with only 15% in the presence of
NusG. These results indicate that NusG partially suppressed
the #rpL pause. The addition of NusG reduced the pause half-
life twofold, from 30 to 15 s, but did not significantly affect the
probability with which RNA polymerase paused at the site
(Fig. 3C). Note that NusG had little or no effect on the effi-
ciency of the Rho-independent #pL attenuator (Fig. 3B).

Pausing at trpL is induced by an RNA hairpin that forms in
the paused transcription complex (6). Sequence modelling sug-
gests that the pause sites shown in Fig. 2 are likewise associated
with RNA hairpins. Whether NusG would suppress pause sites
that lack a plausible hairpin structure remains to be deter-
mined.

The ability of NusG to suppress pausing at certain sites
probably explains its stimulatory effect on the in vitro overall
elongation rate, although NusG might also affect other fea-
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FIG. 2. Effects of NusG on the kinetics of transcription elongation. (A) Time
course of transcription in the absence (—) or presence (+) of NusG. RO, runoff
transcript. The three sites at which transcription pauses were quantified are
denoted as I, II, and III. (B through E) Effects of NusG on accumulation of
runoff transcript (B) and on pausing at sites I (C), II (D), and III (E). Relative
transcript levels were measured by densitometry of the autoradiogram shown in
panel A and are presented as percentages of total RNA synthesis. The complexes
formed in the first reaction step (time zero lane of the autoradiogram) were not
homogeneously 15-meric because of minor UTP contamination in the commer-
cial NTP preparations. NusG protein was purified from the NusG-overproducing
E. coli strain BLS104. This strain contains the pSS121 plasmid, which expresses
NusG from the \ p; promoter upon temperature shift-up. An ammonium sulfate
precipitate of the cell lysate was solubilized and chromatographed on a Phar-
macia Phenyl Sepharose fast-performance liquid chromatography (FPLC) col-
umn. NusG was purified to homogeneity by an additional chromatographic step
on a Pharmacia Q Sepharose FPLC column (20a).
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FIG. 3. Effect of NusG protein on RNA polymerase pausing at the #pL pause site. (A) Transcription template used in these experiments. (B) Autoradiogram of
a gel analysis of the transcription products. Positions of the bands corresponding to transcripts ending at the #pL pause, the rpL attenuator (att.), and the #rpL
terminator (term.) are shown. (C) Percentage of transcripts paused at the #7pL pause site at a given time. (a) Pause RNA from a reaction with a T7 A1 promoter-trpL
fusion DNA template. Under the conditions of this experiment, all the transcripts reached the pause site or proceeded beyond it by the 0.5-min time point. The effect
of NusG on pausing and termination at the #rpL attenuator and the rnB terminator was not quantified in this experiment because of the more complicated kinetics
of formation of the corresponding bands. (b) Determination of paused transcription complex half-lives. The data for the paused transcript concentrations are shown
in the semilogarithmic plots used to determine the exponential rate of disappearance of the complexes from the pause. Linear regression analysis was used to obtain

the lines and the pause half-lives shown.

tures of transcription elongation as well. Though the slowing of
elongation may be a secondary effect of NusG depletion, the
correlation between the in vivo and in vitro results suggests
that NusG directly accelerates transcriptional elongation in
vivo. NusG binding to core RNA polymerase might induce a
conformational change in the ternary elongation complex, re-
sulting in the facilitated incorporation of nucleotide substrates.
Alternatively, NusG might weaken the affinity between the
nascent transcript and the RNA binding site of the polymerase.
The absence of NusG in standard transcription mixtures may
help to explain why the elongation rate is slower in vitro than
in vivo (4). We also note that the effects of NusG are the
opposite of those of NusA, another E. coli transcription elon-
gation factor. NusA binds to core RNA polymerase to slow the
overall transcription elongation rate and to enhance pausing at
certain sites (4, 18-20, 24). Whether NusG and NusA affect a
common step in RNA chain elongation is not known.
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sions. Paul Rubock provided excellent technical help.
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