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Amplification and Isolation of Escherichia coli nusA Protein and Studies of
Its Effects on in Vitro RNA Chain Elongation®

Martin C. Schmidt and Michael J. Chamberlin*

ABSTRACT: The Escherichia coli nusA gene product is an
RNA polymerase binding protein which has been implicated
in a variety of cellular and viral termination and antitermi-
nation processes. To facilitate large-scale preparation and
biochemical studies of the nusA protein, we have cloned the
nusA gene into a A P_-derived overexpression vector. E. coli
strains bearing the resulting plasmid (pMS7) produce large
amounts of nusA protein when induced, and the protein is
easily purified to homogeneity. Biochemical studies of nusA
protein reveal that it inhibits in vitro RNA chain elongation
by E. coli RNA polymerase with a variety of templates. Two
modes of inhibition are found. Inhibition of elongation with
poly[d(A-T)] template is completely competitive with nu-
cleoside triphosphates and shows an inhibitory constant (X;)
of 3 X 107 M. In contrast, inhibition of elongation with T7
DNA as template is mixed. One component of the inhibition

In 1975, Kung, Spears, and Weissbach (Kung et al., 1975)

reported the isolation of a protein (L factor) from Escherichia

coli which was required for coupled transcription—translation
of active B-galactosidase from lacZ DNA. They suggested
that L factor might act to reduce p-dependent termination of
transcription within JacZ and showed that L factor was able
to bind directly to E. coli RNA polymerase (Kung &
Weissbach, 1980). In subsequent studies, it was discovered
that L factor is the product of the E. coli nusA gene, which
is required for function of the phage A antitermination protein
N (Greenblatt & Li, 1981b). These results, linking nusA
protein with antitermination functions, led us to test whether
this factor could suppress transcriptional pausing, a phenom-
enon which accounts for slower rates of transcriptional elon-
gation in vitro compared to in vivo (Kassavetis & Chamberlin,
1981). Surprisingly, nusA protein reduces the rate of tran-
scriptional elongation about 2-fold and enhances transcriptional
pausing at specific sites (Kassavetis & Chamberlin, 1981).
This is seen with a variety of templates (Greenblatt et al., 1981;
Kingston & Chamberlin, 1981; Fisher & Yanofsky, 1983; Lau
et al., 1983) and accounts for the inhibition of overall tran-
scription reported originally by Kung et al. (1975). In fact,
nusA protein can enhance transcriptional termination at some
sequences in vitro (Greenblatt et al., 1981), and the nusAl
mutation gives some relief of polarity in vivo (Ward &
Gottesman, 1981).

Greenblatt & Li (1981a) have shown that nusA protein
binds specifically to E. coli core RNA polymerase and have
suggested that in vivo it may be generally associated with
elongating RNA polymerase molecules. The apparently
contradictory properties of nusA protein, in which it can en-
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is competitive with nucleoside triphosphate substrates and is
reversed at elevated substrate concentrations. A second in-
hibitory component remains even at saturating substrate
concentrations; this sequence-dependent mode of inhibition
shows a much lower K; of 2 X 10® M. The existence of two
different modes of inhibition might be explained if two mol-
ecules of nusA protein can bind to each RNA polymerase
complex. The interaction of nusA protein with elongating
RNA polymerase molecules is not processive but appears to
be characterized by rapid association and dissociation. Under
proper conditions, a g—nusA cycle [Greenblatt, J., & Li, J.
(1981) Cell (Cambridge, Mass.) 24, 421~428] can be dem-
onstrated in vitro in which each polymerase goes through
multiple rounds of transcription involving successive interac-
tions with ¢ and the nusA protein.

hance both termination and antitermination, together with its
possible role as a general transcription factor in E. col, have
led us to explore the isolation and biochemical properties of
this protein in more detail.

Materials and Methods

Materials

RNA polymerase holoenzyme was purified from E. coli K12
by the method of Gonzalez et al. (1977). Except where noted
otherwise, the holoenzyme preparation used in this study
contained 40% active molecules as determined by the quan-
titative RNA polymerase assay described by Chamberlin et
al. (1979). T7 D111 DNA (Thomas & Abelson, 1961),
poly[d(A-T)] (Schachman et al., 1960), and [«-*?P]CTP
(Symons, 1980) were prepared as referenced. H,*?PO, and
[@-?P]JUTP were purchased from New England Nuclear.
['*C]ATP was purchased from Schwarz/Mann. Unlabeled
nucleoside triphosphates were purchased from P-L Biochem-
icals and were used without further purification.

Methods

Protein concentrations were determined by the method of
Lowry et al. (1951) after precipitation of the samples with
trichloroacetic acid to remove interfering substances. Bovine
serum albumin was used as a protein standard. Protein con-
centrations of E. coli RNA polymerase in terms of weight of
amino acids were determined by ultraviolet absorption using
an extinction coefficient of el = 6.5. DNA concentrations
were determined by ultraviolet absorption using an extinction
coefficient of €)%, = 200.

Construction of a Plasmid for Amplification of the nusA
Protein. General procedures employed were those described
by Maniatis et al. (1982). Plasmids pGW7 and pBA2
(Plumbridge & Springer, 1983) were the generous gifts of
William Konigsberg and Jacqueline-Plumbridge, respectively
(Figure 1). Plasmid pGW7 was constructed by Geoff Wilson
and William Konigsberg at Yale University, New Haven, CT.
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FIGURE 1;: Schematic representation of plasmids pGW?7, pBA2, and
pMS7. All restriction sites shown are unique for each plasmid (E)
= EcoRI; B = BamHI; S = Sall). Transcription units are indicated
with arrows, showing the direction of transcription but not transcript
size. A promoters, Py, Pg, and P, and A genes, clgs; and N, are
indicated (Szybalski & Szybalski, 1979): (thin solid line) E. coli DNA;
(squiggly line) A DNA; (thick solid line) pBR322 DNA.

They will publish details of its construction and properties later.
Plasmid pMS7 was constructed by ligating pBA2 which had
been cleaved with EcoRI and BamHI with a 5-fold molar
excess of pGW7 which had been cleaved with EcoR1, BamHI,
and Sa/l. Ampicillin-resistant transformants were screened
for plasmid size and restriction sites as described by Holmes
& Quigley (1981). To prepare nusA protein, E. coli 294
transformed with pMS7 (294/pMS7) were grown in M9
medium (Miller, 1972) containing 1% glucose and 25 ug/mL
ampicillin at 32 °C, to an ODss, of 1 (about 5 X 108 cells/
mL). The suspension was then shifted to 42 °C, and aeration
was continued for 4 h, after which the cells were chilled to 4
°C and were harvested by centrifugation.

Purification of nusA Protein from pMS7-Containing Cells.
The procedure employed was a modification of the method
of Kung et al. (1975). All steps were performed at 4 °C. The
presence of nusA protein in different fractions was determined
by subjecting samples to sodium dodecyl sulfate (SDS)!-
polyacrylamide gel electrophoresis and following the protein
band which represents the nusA protein. Twenty-five grams
of heat-induced 294 /pMS7 cells was suspended in 80 mL of
a buffer solution (50 mM Tris-HCI, pH 7.9, 5% glycerol, 2
mM EDTA, 0.1 mM DTT, | mM B-ME, 0.3 M KCl, and 25
pug/mL PMSF) and disrupted by sonication (maximum tem-
perature of 12 °C). The extract was cleared by centrifugation
at 8000g for 20 min, and the supernatant fraction was then
centrifuged at 100000g for 3 h. The 100K supernatant fraction
(Table I) was diluted with 4 volumes of distilled water before
being loaded onto a 5 X 5 cm DEAE-cellulose column (DE-52)
equilibrated with 20 mM potassium phosphate, pH 7.5, 5%
glycerol, and 0.1 mM DTT (RB 7.5). The column was rinsed
with 200 mL of RB 7.5, followed by 500 mL of 0.25 M po-

! Abbreviations: EDTA, (ethylenedinitrilo)tetraacetic acid; DTT,
dithiothreitol; 3-ME, 3-mercaptoethanol; PMSF, phenylmethanesulfonyl
fluoride; SDS, sodium dodecyl sulfate; Tris, tris(hydroxymethyl)amino-
methane; DEAE, diethylaminoethyl.

SCHMIDT AND CHAMBERLIN

Table I: Purification of the nusA Protein?

volume protein

fraction (mL) (mg) nusA (%)
8K supernatant 112 1340 2
100K supernatant 98 906 3
DEAE I pool 220 114 30
ammonijum sulfate precipitate 30 78 40
DEAE II poot 38 24 100

@ Fractions are identified under Methods, and aliquots of each
were analyzed by SDS-polyacrylamide gel electrophoresis {Figure
2). The ammonium sulfate precipitate fraction was assayed after
dialysis. Protein concentrations were determined as described
under Methods. The nusA protein content in each fraction was
estimated from Coomassie-stained SDS-polyacrylamide gels.

tassium phosphate, pH 6.5, 5% glycerol, and 0. mM DTT.
Concentrated phosphate was removed from the column by
rinsing with a solution containing 20 mM potassium phosphate,
pH 6.5, 5% glycerol, and 0.1 mM DTT (RB 6.5) before the
nusA protein was eluted with RB 6.5 containing 0.6 M
(NH,),SO,. Fractions containing significant absorbance at
280 nm were pooled (DEAE I pool) and precipitated by the
addition of a saturated solution of (NH,),SO, (pH 6.5) to a
final concentration of 70%. The precipitate was dissolved in
20 mL of RB 7.5, was dialyzed against 2 L of RB 7.5, and
was then loaded onto a 1.5 X 25 cm DEAE-Sephadex column
previously equilibrated with RB 7.5. The column was washed
first with a solution containing 0.25 M potassium phosphate
(pH 6.5), 5% glycerol, and 0.1 mM DTT, and the nusA protein
was then eluted with a 200-mL linear gradient of RB 6.5
containing 0.25-1.0 M potassium phosphate. Fractions con-
taining nusA protein were dialyzed against storage buffer (10
mM Tris-HCI, pH 8, 0.1 mM EDTA, 0.1 mM DTT, 0.1 M
NaCl, and 50% glycerol) and were stored at ~20 °C.

Preparation of Poly|d(A-T)] Ternary Complexes. Poly-
[d(A-T)] ternary complexes (Rhodes & Chamberlin, 1974)
were prepared in a reaction containing 44 mM Tris-HCl, pH
8, 14 mM 8-ME, 14 mM MgCl,, 14 mM NaCl, 40 ug/mL
acetylated bovine serum albumin, 0.04 mM EDTA, 2% gly-
cerol, 1 mM ATP, 1 mM UTP, 0.15 mM poly[d(A-T)], and
0.16 mg/mL RNA polymerase. After incubation at 37 °C
for 1 min, one-fourth volume of glycerol was added, and the
entire reaction (200 uL) was loaded ontoa 1 X 13 cm Se-
pharose 6B column equilibrated with 20 mM Tris-HCI (pH
8), 1 mM MgCl,, 0.1 mM DTT, 0.1 mM EDTA, and 5%
glycerol at room temperature. One-milliliter fractions were
collected, and the absorbance at 260 nm was monitored.
Ternary complexes elute in the excluded volume [6.7 X 10*
poly[(A-T)] elongation units; Rhodes & Chamberlin, 1974]
and can be stored at room temperature for up to 48 h without
loss of activity.

Transcription Assays with Poly[d(A-T)] Ternary Com-
plexes. Transcription with poly[d(A-T)] ternary complexes
was carried out at 37 °C in a reaction mixture (0.25 mL)
containing 44 mM Tris-HCI (pH 8), 14 mM 3-ME, 14 mM
MgCl,, 20 mM NaCl, 2% glycerol, 40 ug/mL acetylated
bovine serum albumin, and 10 pg/mL rifampin. ATP and
[@-**P]JUTP (500 cpm/pmol) were included at 0.2 mM unless
indicated otherwise. Transcription was initiated by the ad-
dition of ternary complexes (75-150 elongation units; Rhodes
& Chamberlin, 1974) to reaction mixtures prewarmed to 37
°C. Aliquots were removed, and the RNA was precipitated
and measured as described elsewhere (Chamberlin et al.,
1979).

Quantitative Transcription Assays with T7 D111 DNA
Template. The quantitative assay follows the procedures
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FIGURE 2: SDS-polyacrylamide gel analysis of nusA protein am-
plification and purification. Protein samples were analyzed on a 10%
polyacrylamide-SDS gel as described by Laemmli (1970). (Lane
1) Molecular weight markers: E. coli core RNA polymerase [155,
150, and 36 kilodaltons (Kd)], bovine serum albumin (68 kilodaltons),
and rabbit triosephosphate isomerase (26 kilodaltons). (Lane 2)
Extract from E. coli 294 (20 ug of protein); (lane 3) extract from
E. coli 294 /pMS7 induced as described under Methods (20 pg); (lane
4) 100K supernatant fraction (18 pg); (lane 5) pool from DEAE-
cellulose column (4 ug); (lane 6) ammonium sulfate precipitate fraction
(5 ug); (lanes 7, 8, 9, and 10) fractions 64, 68, 72, 76 from the
DEAE-Sephadex column, containing 1.8, 1.4, 0.9, and 0.5 ug of total
protein, respectively.

described by Chamberlin et al. (1979) as modified by Cham-
berlin et al. (1983). Transcription reactions with T7 D111
DNA template were carried out at 30 °C in a reaction (0.2
mL) containing 40 mM Tris-HCI (pH 8), 10 mM g-ME, 4
mM MgCl,, 120 mM KCl, 4 mM spermidine, 0.81 pmol of
T7 D111 DNA molecules, and 2.0 pmol of RNA polymerase
holoenzyme (1.0 ug of total protein). Nucleoside triphosphates
were included at 2.7 mM ATP, 1.4 mM UTP, 1.1 mM GTP,
and 0.7 mM [a-*?P]CTP (25-100 cpm/pmol), unless other-
wise indicated. Reactions were initiated by warming to 30
°C, and rifampin was added to a final concentration of 10
pg/mL at 1.5 min after initiation. Aliquots were removed,
and the RNA was precipitated and measured as described
(Chamberlin et al., 1979).

Results

Cloning of the nusA Gene into an Overexpression Vector.
Although procedures have been described for the purification
of E. coli nusA protein to homogeneity (Kung et al., 1975;
Greenblatt et al., 19843); these methods yield small amounts
of protein and make extensive studies of its properties difficult.
The cloning and mapping of the E. coli genetic region bearing
the nusA gene by Plumbridge & Springer (1983) provided a
potential source of that gene for genetic manipulation. Plasmid
pMS?7 was constructed (Figure 1) to put the nusA gene under
the transcriptional control of the A P; promoter by inserting
a P;-containing segment from the overexpression vector
pGW?7, developed by Konigsberg and Wilson, into plasmid
pBA2 of Plumbridge & Springer (1983). Transcription from
P, in pGW?7 is under the control of the temperature-sens:tive
cI857 repressor gene and also the A N antitermination protein
gene, both of which are carried on the vector. At 32 °C, strains
carrying pMS7 make only normal amounts of nusA protein,
as shown by SDS—polyacrylamide gel electrophoresis of ex-
tracts (data not shown). However, after 4 h at 42 °C, a protein
of molecular weight 65 000 becomes the predominant species
(Figure 2).2 Confirmation that this is the nusA protein was

? Previous studies (Kung et al., 1975; Greenblatt & Li, 1981b) have
proposed a molecular weight for the nusA protein of 69 000, and we have
used that value for all calculations in this paper. An accurate molecular
weight for the nusA protein awaits the DNA sequence analysis of the
nusA gene.
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obtained by probing nitrocellulose blots of such gels with
antibody to authentic L factor provided by Dr. H. F. Kung
(Roche Institute, Nutley, NJ) using the method of Kane &
Linn (1981), and subsequently by purification and charac-
terization of the protein.

Purification of nusA Protein from pMS7-Containing Cells.
The nusA protein was purified from thermally induced cultures
carrying pMS7 by a procedure similar to that employed by
Kung et al. (1975). Partitioning of the nusA protein was
followed through different fractionation steps by SDS gel
electrophoresis.

The nusA protein was eluted from the first DEAE column
with ammonium sulfate instead of potassium phosphate buffer
because concentrated potassium phosphate interferes with the
subsequent ammonium sulfate precipitation step. The nusA
protein which elutes from the second DEAE column is ho-
mogeneous as judged by polyacrylamide gel electrophoresis
and can be stored in a 50% glycerol storage buffer at =20 °C
without loss of activity in transcriptional inhibition assays. The
yield from such a preparation is about 1 mg of nusA protein/g
of cells (Table 1), about 100-fold greater than the yield from
wild-type cells (Greenblatt et al., 1981).

The protein obtained with cells transformed with pMS7 is
authentic nusA protein as judged by the following criteria: (1)
the nusA gene used for constructing pMS7 complements the
nusAl mutation (Plumbridge & Springer, 1983); (2) nusA
protein from recombinant cells comigrates on SDS—poly-
acrylamide gels with nusA protein isolated from wild-type cells
by the procedure of Kung et al. (1975); (3) nusA protein from
recombinant cells reacts strongly with antisera raised against
authentic L factor by Dr. H. F. Kung when tested with the
Western blotting procedure of Kane & Linn (1981) (data not
shown); (4) the protein inhibits T7 RNA synthesis at con-
centrations comparable to those found previously with au-
thentic L factor (Kassavetis & Chamberlin, 1981).

Preparations of nusA protein obtained by this procedure
were assayed for the presence of several contaminating en-
zymatic activities that might affect transcriptional studies.
There was no detectable hydrolysis of [y-P]ATP to Norite
nonadsorbable material (Goldmark & Linn, 1972); 25 ug/mL
nusA protein hydrolyzed 5 uM ATP at a rate less than 2
nM/min. There was no detectable conversion of supercoiled
pGW7 DNA to a relaxed circular or linear form; 25 ug/mL
nusA protein cleaved 3.2 nM pGW7 DNA molecules at a rate
less than 0.8 pM/min. There was no detectable hydrolysis
of RNA in a solution containing 25 pg/mL nusA protein; T7
RNA (1.7 uM acid-insoluble [a-**P]CMP) was converted to
an acid-soluble form at a rate less than 0.02 nM /min.

Effects of nusA Protein on in Vitro RNA Chain Elongation.
(i) Transcription with Poly[d(A-T)] Template. Previous
studies of nusA protein have shown that it inhibits in vitro
transcription from 30% to 50% at concentrations in the range
of 5-10 ug/mL (Kung et al., 1975; Kassavetis & Chamberlin,
1981; Greenblatt et al., 1981). This inhibition is at the level
of RNA chain elongation (Kassavetis & Chamberlin, 1981;
Kingston & Chamberlin, 1981). However, the ability of nusA
to enhance pausing or even termination at specific sites sug-
gested that the nusA protein might act in a sequence-specific
manner. In fact, Olson et al. (1982) have identified a deca-
nucleotide sequence from studies of nut sequences in several
phages that they suggest may be generally involved in nusA
function.

For these reasons, it was unexpected to find that nusA
protein is an effective inhibitor of transcription elongation with
poly[d(A-T)] templates (Figure 3). In these experiments,
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FIGURE 3: Effect of nusA protein on poly[r(A-U)] chain elongation.
Transcription was initiated by the addition of poly[d(A-T)] ternary
complexes to reaction mixtures (0.25 mL), and 50-uL aliquots were
removed at the indicated times and assayed for poly[r(A-U)}. UTP
and ["*C]ATP (9 cpm/pmol) were present at (A) 100, (B) 50, (C)
10, or (D) 5 uM. (O) No nusA protein; (@) 45 ug/mL nusA protein.
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FIGURE 4: Analysis of the kinetics of elongation with poly[d(A-T)]
template. Ternary complexes were added at time zero, and 50-uL
aliquots were removed at various times as in Figure 3 to determine
the initial reaction velocity (v), shown on the y axis in terms of
picomoles of [a-3?P]UTP incorporated into RNA per minute. Re-
actions contained 100 uM [a-**PJUTP (500 cpm/pmol) and either
no added nusA protein (O) or 21 ug/mL nusA protein (®). The
concentration of ATP, §, was 100, 40, 20, 10, and 5 uM as indicated
on the x axis.

transcription has been restricted to the elongation phase of
synthesis by isolating ternary RNA polymerase—poly[d(A-
T)]-poly[r(A-U)] complexes by the method of Rhodes &
Chamberlin (1974) and following subsequent elongation in the
presence of 10 ug/mL rifampin to block RNA chain initiation.
The presence of the nusA protein (45 ug/mL) inhibits the
reaction markedly at 5 uM substrate concentrations (Figure
3D), but this inhibition is completely reversed as the substrate
concentrations are increased to 100 uM (Figure 3A). Thus,
the inhibition of poly[r(A-U)] synthesis appears to be com-
pletely competitive with nucleoside triphosphate substrates,
and this impression is confirmed by representing the data on
a double-reciprocal plot (Figure 4). Using the kinetic
treatment of Rhodes & Chamberlin (1974) and assuming
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FIGURE 5: Analysis of the kinetics of elongation with T7 D111 DNA
template. The rate of elongation of T7 D111 DNA template was
measured by the method of Chamberlin et al. (1979). The initial
reaction velocity, v, is shown on the y axis in terms of picomoles of
[@-32P]CTP incorporated into RNA per minute. RNA polymerase
was included at 4.8 ug/mL (10 nM). Nucleoside triphosphates were
included at the concentrations described under Methods except UTP
concentration was varied over the range of 1, 0.7, 0.5, 0.25, and 0.1
mM as indicated on the x axis. (O) Absence of nusA protein; (@)
2 ug/mL nusA protein; (A) 15 ug/mL nusA protein.

purely competitive inhibition, we can calculate the inhibitor
dissociation constant, K, by using the equation

i
ki (Ks//Ks) -1

where i is the concentration of inhibitor, K| is the substrate
dissociation constant, and K|’ is the apparent K in the presence
of the inhibitor at concentration i. The K for the nusA protein
in such an experiment is 3 X 107" M (about 20 ug/mL). It
should be noted that, as expected from the purely repeating
nucleotide sequence, transcription elongation with poly[d(A-
T)] templates is very rapid and shows no evidence of pausing
at specific sites [J. Levin and M. Chamberlin, unpublished
results; also see Axelrod et al. (1978)].

(if) Transcription with T7 DNA as Template. Bacterio-
phage T7 DNA is an ideal template for studying the effects
of various factors on RNA chain elongation, since at low molar
enzyme to DNA ratios transcription can be restricted to the
early T7 transcription unit. Since promoter binding and RNA
chain initiation are rapid with this template, it is easy to follow
the kinetics of subsequent RNA chain elongation through the
7000 base pair early region in the absence of termination or
repeated chain initiation (Chamberlin et al., 1979). Using this
assay, we have previously shown that nusA protein inhibits
RNA chain eiongation (Kassavetis & Chamberlin, 1981).
Since these experiments were carried out at 400 uM substrate
concentrations, it seemed unlikely that the inhibition by nusA
in these studies was primarily due to competitive inhibition
of substrate binding. However, the K, values for RNA chain
elongation with T7 DNA templates (100-550 uM; Kingston
& Chamberlin, 1981) are much higher than those obtained
for simple alternating templates such as poly[d(A-T)] (7-20
uM; Rhodes & Chamberlin, 1974). Hence, we studied the
kinetics of nusA protein inhibition of RNA chain elongation
with DNA from the T7 deletion D111 in more detail. As in
the case of the poly[d(A-T)] template, inhibition is reduced
as the concentration of substrates is increased, indicating a
competitive component to the nusA effect (Figure 5).
However, unlike the situation with poly[d(A-T)], nusA protein
inhibits T7 RNA chain elongation even at saturating substrate
concentrations. Thus, there appear to be two components to
the nusA effect with natural DNA templates, one of which
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is not competitive with substrates. This latter type of inhibition
is not detected with the simple alternating template; hence,
specific DNA sequences are implicated in the effect.

The K, for nusA protein inhibition for this noncompetitive
mode of inhibition can be estimated from the kinetic data
represented in Figure 5 by calculating V,,,, at several different
nusA protein concentrations and extrapolating to =K at 1/V,,
= 0. Avalueof 2 X 10* M (about 1.4 ug/mL) is obtained
which is over 1 order of magnitude lower than that found for
the competitive mode of inhibition.

Evidence that this is a true Kj and not simply a titration of
all active elongating polymerase complexes was obtained by
studying the dependence of the apparent K; on polymerase
concentration. In a separate experiment, the value of K, =
2.7 X 10 M was obtained at 12 nM RNA polymerase. At
2.4 nM RNA polymerase, a value K; = 1.7 X 107* M was
obtained. These values of the apparent K; must be reduced
by subtracting a factor '/,([E],) to give the true K; value,
where [E] is the enzyme concentration and » is the number
of moles of I bound in the complex. This is a small correction.
If nis 1, values of K; = 1.6 X 10 and 2.1 X 10® M are
obtained for the lower and higher polymerase concentrations,
respectively. If nis 2, K, is 1.5 X 10* M for both concen-
trations of enzyme.

The existence of two distinct modes of inhibition with
characteristically different K| values is consistent with the
possibility that 2 mol of nusA protein can bind per mol of
elongating RNA polymerase. However, it is also possible that
the much lower K; for inhibition of T7 transcription is simply
caused by enhanced binding of nusA protein to the polymerase
brought about by specific T7 DNA or RNA sequences and
is a K; characteristic of both noncompetitive and competitive
modes of nusA protein binding. We have not measured K
separately for the competitive binding mode with T7 DNA
because of experimental factors which make accurate mea-
surement of that parameter difficult.

(iii) nusA Protein Is Not Bound Processively during in Vitro
RNA Chain Elongation. A simple model for the ability of
nusA protein to alter the interaction of RNA polymerase with
DNA sequences or RNA structures during elongation would
involve tight binding of nusA to the polymerase to form a
complex (Greenblatt & Li, 1981a) that remains intact during
the course of synthesis of that transcript. Such a processive
model for binding is consistent with the ability of nusA to
induce long pauses, up to 30 min, during transcription elon-
gation (Kingston & Chamberlin, 1981; Fisher & Yanofsky,
1983). However, even the lower of the two K, values we obtain
(2 X 107* M) suggests a fairly weak interaction, and hence,
we set out to test this question directly. If nusA binding to
an elongating polymerase complex is essentially irreversible,
then titration of a population of elongating polymerases with
increasing amounts of nusA protein should produce two
populations. Polymerases with nusA bound will elongate
slowly; those without it will elongate quickly. In contrast, if
binding is rapidly reversible, a single population, elongating
more slowly, will be found.

Such an experiment is shown in Figure 6 in which terminally
labeled T7 RNA chains are initiated synchronously at the
strong T7 Al promoter and samples are then presented with
increasing levels of nusA protein during elongation. After 3
min of elongation, the size distribution of the growing chains
is measured by RNA gel electrophoresis. The experiment is
carried out at high levels of nucleoside triphosphates so that
only the sequence-dependent, tighter binding effect of nusA
protein will be seen. In the absence of nusA protein, elongating
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FIGURE 6: Titration of elongating RNA polymerase molecules with
nusA protein. Reaction conditions were those described under Methods
for reactions with T7 templates except that 11 pg/mL RNA polym-
crase holoenzyme was incubated at 30 °C with 0.41 mM T7 D111
DNA (nucleotide concentration) in the presence of 10 uM each of
GTP, UTP, CTP, and [y-**P]JATP (10° cpm/pmol). After 5 min of
incubation, either nusA protein or storage buffer was added along
with enough unlabeled nucleoside triphosphates to give the final
concentrations described under Methods for reactions with T7 DNA
templates. After 3 min of elongation with high concentrations of
triphosphates, reactions were stopped by the addition of a buffered
detergent solution, and RNA products were resolved on a 0.5%
agarose—2.25% acrylamide composite gel as described (Kassavetis &
Chamberlin, 1979). (Tracks 1 and 4) No nusA protein; (tracks 2
and 13) 54 pg/mL nusA protein; (track 3) an equal volume of the
reactions in tracks 1 and 2; (track 5) 0.54 ug/mL nusA protein; (track
6) 1.1 pg/mL nusA protein; (track 7) 2.2 ug/mL nusA protein; (track
8) 5.4 ug/mL nusA protein; (track 9) 11 ug/mL nusA protein; (track
10) 22 pg/mL nusA protein; (track 11) 32 ug/mL nusA protein; (track
12) 49 pg/mL nusA protein. Each track contains approximately 30
fmol of T7 RNA molecules (3000 cpm).

chains have nearly reached the T7 D111 early terminator at
5.8 kilobases (kb) in 3 min (track 4). In the presence of
saturating nusA protein, a much slower rate is seen (tracks
2 and 13). A mixture of these two latter samples after syn-
thesis clearly shows two size populations (track 3). This
mixture should be compared to track 7, the distribution of
chains formed when the nusA protein concentration is 50%
of that needed for full inhibition. Although the resolution is
not sharp, due to the wide distribution of chain lengths brought
about by in vitro pausing (Kassavetis & Chamberlin, 1981),
it is evident that track 7 does not display a bimodal distribution
and, in particular, lacks the fastest and slowest migrating RNA
chains, characteristic of fully inhibited and fully uninhibited
growing complexes. Thus, the effect of half-saturating nusA
protein is to reduce the growth rate of all chains by about half,
which is inconsistent with a fully processive mode of binding.

Operation of the o—nusA Cycle in Vitro. Greenblatt & Li
(1981a) have shown that the nusA protein can bind to core
RNA polymerase but not to holoenzyme. They have proposed
that nusA protein is a normal subunit of elongating RNA
polymerase in vivo that replaces o subunit after the early stages
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FIGURE 7: Extensive transcription of T7 D111 DNA. Optimal reaction
conditions for the extensive synthesis of T7 Al RNA have been
described by Chamberlin et al. (1983). 100-uL aliquots were removed
at the indicated times from 600-uL reactions containing 16 ug/mL
RNA polymerase holoenzyme, 80 ug/mL T7 D111 DNA, and either
no nusA protein (O) or 48 ug/mL nusA protein (@). T7 A1 RNA
was labeled with [a—3?P]CTP (0.8 cpm/pmol), and its synthesis is
plotted on the y axis as full-length transcripts per active enzyme. The
preparation of holoenzyme used in this study contained 25% active
molecules as determined by the quantitative RNA polymerase assay
described by Chamberlin et al. (1979).

of chain elongation. Such a s—nusA cycle requires efficient
replacement of the nusA protein on the core polymerase by
o after chain termination to allow reconstitution of the holo-
enzyme needed for promoter binding and chain initiation. To
test whether such a cycle could be demonstrated to occur in
vitro, we took advantage of the fact that E. coli RNA po-
lymerase will go through many transcriptional cycles in vitro.
This extensive recycling requires optimal reaction conditions
and a template which has a strong promoter such as T7 D111
DNA (Chamberlin et al., 1983). With an E. coli RNA po-
lymerase concentration of 16 ug/mL, transcription of T7 D111
DNA continues for about 20 h (Figure 7) and ultimately
converts 60% of the substrates to the T7 Al transcript as
shown by RNA gel analysis (data not shown). This involves
the production of about 40 RNA chains for each active RNA
polymerase molecule added to the reaction (only 25% of the
added protein in this preparation was active as defined by
quantitative assays; Chamberlin et al., 1979). Hence, this
extensive synthesis involves continuous and repeated cycles of
initiation, elongation, termination, and reconstitution of ho-
loenzyme. Addition of an excess of nusA protein to such a
reaction reduces the rate of RNA accumulation and also re-
duces the overall yield somewhat. However, there are still
about 25 RNA chains produced per active polymerase; hence,
the o—nusA cycle can operate effectively in vitro even at very
low concentrations of ¢ and an excess of nusA protein.
The reduced rate of RNA synthesis is easily explained by
the ability of nusA to reduce the rate of RNA chain elonga-
tion. However, the reduction in overall yield is not explained
by this effect, since a reduced rate of elongation would simply
increase the time needed to reach a limit. Instead, we suspect
that this effect of nusA is due to inhibition of the rate with
which RNA polymerase holoenzyme can be reconstituted after
it is released from the terminator and that such free RNA
polymerase molecules are inactivated at a significant rate.
Evidence for this idea comes from studies of extensive
synthesis of poly[r(A-U)] which can also continue for long
periods. At elevated triphosphate concentrations (100 uM),
this reaction involves repeated termination, reconstitution, and
reinitiation, as shown by the sharp curtailment of the reaction
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FIGURE 8: Extensive transcription of poly[d(A-T)] template. Reaction
mixtures were as described under Methods for ternary complexes
except that RNA polymerase and poly[d(A-T)] were added to 9
ug/mL and 0.1 mM, respectively, and rifampin was not present in
the initial reaction. Reactions (250 uL) were initiated by warming
to 37 °C, and 50-uL samples were removed at the indicated times.
Rifampin was added to a final concentration of 10 ug/mL at ¢ = 0.5
min (O, A) or was not added (O, ®). (O, O) No nusA protein; (@,
A) 45 pg/mL nusA protein.

brought about by the addition of rifampin (Figure 8). The
presence of the nusA protein with this template and these
substrate concentrations has no effect on chain elongation as
shown previously (see Figure 3A), but there is a significant
reduction in the rate of transcription. This result is consistent
with the idea that the nusA protein slows the recycling re-
action.

In control experiments, the nusA protein was shown to have
no direct effect on the rate of the initiation reaction carried
out by holoenzyme itself either by the assay of Nierman &
Chamberlin (1979) with T7 D111 DNA and the Al promoter
or with the /acUVS promoter following the formation of
abortive initiation products by the method of Carpousis &
Gralla (1980).

Discussion

The nusA protein appears to play an important role in
termination and antitermination processes in E. coli. Its ability
to inhibit elongating RNA polymerase molecules and to bind
to core polymerase suggests that it may serve in vivo as a
subunit of RNA polymerase specific to the elongation—ter-
mination phase of transcription (Greenblatt & Li, 1981a).
While the amount of nusA protein in normal E. coli has not
been measured carefully, even the amount recovered after
purification would give cellular concentrations of over 107" M.
This would saturate elongating RNA polymerases with nusA
protein if the K; for binding in vivo is comparable to that which
we find in vitro and if nusA protein is free to bind to polym-
erase. Thus, a model for transcription in which nusA protein
alternates with o in binding to core polymerase, creating a
“o—nusA cycle” (Greenblatt & Li, 1981a), is attractive, and
we have shown that such a cycle can continue for some time
even in vitro.

Nevertheless, there are many aspects of the nusA protein—
polymerase interaction that remain unknown or puzzling.
First, the stoichiometry of the interaction is not yet known.
The existence of two distinct modes of inhibition of tran-
scription elongation by nusA protein, each with a quite dif-
ferent K, suggests that 2 mol of nusA protein may bind sep-
arately to RNA polymerase and may have quite different
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effects. But these kinetic studies do not rule out a single
binding site, and a direct demonstration of the stoichiometry
of binding is needed.

Second, there is good evidence that nusA function in vivo
may depend on a short RNA or DNA sequence
(CGCTCTTT) termed “box A” by Friedman and his collab-
orators (Olson et al., 1982). Similar sequences are found near
all of the known strong in vitro pause sites or terminators for
which nusA function is implicated. There are several close
fits to this sequence in the early region of T7 including a
perfect fit beginning at nucleotide 812 [sequence numbering
is that of Dunn & Studier (1983)]. The T7 box A sequence
at 812 is deleted in T7 D111 (deletion from 532 to 1662), but
in vitro nusA inhibition of transcription with this template does
not differ significantly from that with wild-type T7 DNA as
template. Certainly, nusA protein binding to the polymerase
does not depend on the box A sequence since it can occur even
with poly[d(A-T)]-elongating complexes. Furthermore, nusA
protein binding is not processive in vitro but appears to involve
repeated rapid association—dissociation from the complex. This
fits well with the modest K; value (2 X 1078 M) we find which
would correspond to a nusA—polymerase complex lifetime of
a few seconds or less if a reasonable value for the association
rate constant of about 10’-108 M1 s7! is assumed. Hence,
it is hard to see how the presence of a box A sequence in a
transcript could have more than a transient effect on the
nusA—-polymerase interaction. Perhaps in the presence of a
box A sequence and some associated RNA or DNA structure,
nusA protein can bind more tightly than usual to the RNA
polymerase complex, and this brings about a pause in tran-
scription. If so, the binding of nusA protein to paused RNA
polymerase complexes at loci such as the rrnB leader region
or the E. coli trp attenuator should be quite stable.

A final and major uncertainty in in vitro studies of the
properties of the nusA protein lies in the fact that the nusA
protein may be only one of several proteins that bind to po-
lymerase in normal transcription in vivo. In the presence of
the nusA protein especially, transcription elongation in vitro
is much slower than the process in vivo; hence, additional
factors which enhance the rate of elongation are required
(Kassavetis & Chamberlin, 1981). These may substantially
change the interaction of nusA protein with polymerase or with
specific DNA or RNA sequences.
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