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ABSTRACT A protein identified as the 158-amino acid
product of the greA gene was isolated from Escherichia coli.
When added to a halted ternary transcription complex, the
GreA protein induced cleavage and removal of the 3' proximal
dinucleotide from the nascent RNA. The new 3' terminus
generated by the cleavage could be extended into longer
transcripts. GreA-mediated cleavage of a transcript appears to
permit a ternary complex to resume transcription from a state
of indefinite elongation arrest induced by a specific DNA site.
The GreA protein tended to interact with RNA polymerase
during purification and recycled between RNA polymerase
molecules in the course of the in vitro cleavage reaction. Similar
biochemical activities have been reported in eukaryotic RNA
polymerases, indicating that transcript cleavage and restart of
elongation may be a general transcriptional mechanism.

RNA polymerase is the key enzyme of gene expression and
serves as the ultimate target for a myriad of regulatory
mechanisms. The search for factors that modify and regulate
basic biochemical reactions ofRNA polymerase is central to
the study of gene regulation. The greA gene of Escherichia
coli has been implicated in some vital aspect of transcription
by virtue of its ability to suppress, at high copy number, a
temperature-sensitive mutation in the RNA polymerase f3
subunit (1, 2). It was proposed that the greA product, which
on the basis of DNA sequence should consist of 158 amino
acids, directly interacts with the RNA polymerase molecule.
We report here a serendipitous finding that GreA is in fact
responsible for the recently discovered biochemical reaction
of nascent transcript cleavage.
The transcript cleavage reaction first described for E. coli

RNA polymerase by Chamberlin and coworkers (3) leads to
cleavage and removal of a 3' terminal oligonucleotide from
the RNA component of a halted elongation complex. After
such cleavage, elongation can resume from the newly gen-
erated 3' transcript end ifNTPs are present. Similar reactions
have since been found in eukaryotic systems and depend on
the elongation factor SII (4, 5). In E. coli, the cleavage
activity was proposed to be an intrinsic property of RNA
polymerase. We demonstrate here that the cleavage reaction
is in fact induced by a transacting factor present as a
contaminant in standard preparations of E. coli RNA poly-
merase. The factor has been purified to apparent homoge-
neity from cell extracts and identified as the product of the
greA gene.

MATERIALS AND METHODS
RNA Polymerase. "Standard preparation" RNA polymer-

ase was purified from E. coli MRE600 (Grain Processing,
Muscatine, IA) according to ref. 6 with minor modifications.
"Recombinant" RNA polymerase was reconstituted from

individual subunits (7) by using slightly modified renaturation
conditions described in ref. 8.
rrnB P1 Ternary Complex. The stable ternary complex

containing hexamer transcript CpApCpCpApC (here and
elsewhere in the paper boldface letters indicate radioactive
phosphate) was prepared by using the isolated 202-base-pair
DNA fragment (endpoints of -152 and +50) carrying the
ribosomal rrnB P1 promoter (9). One and six-tenths micro-
grams (13 pmol) of the DNA fragment was incubated with 35
jug (87 pmol) ofRNA polymerase in a 30-tlI reaction mixture
containing 40 mM Tris acetate (pH 7.9), 30 mM KCl, 10 mM
MgCl2, bovine serum albumin (1 mg/ml), 1 mM CpA, 1 /xM
[a-32P]CTP (3000 Ci/mmol; 1 Ci = 37 GBq), and 10 ,uM ATP
for 10 min at 37TC. The complex was purified on G-50 Quick
Spin columns (Boehringer) in the same buffer without NTP.
RNA Chain Extension and Cleavage Reactions. The purified

CpApCpCpApC ternary complex was the starting material in
all experiments. The reactions were performed in the spin
column buffer (the reaction buffer described above but with-
out NTP) in 10-pA samples containing =0.3 pmol of the
ternary complex. The incubation at 37TC was for 10 min
unless indicated otherwise. Where indicated, combinations
of unlabeled ribonucleoside triphosphates were added to a
final concentration of 10 ,uM each, as well as the specified
amounts of GreA-containing fractions. After incubation, 10
A.l of formamide buffer was added, and the samples were
analyzed in 23% polyacrylamide/urea gels as described (10).

Purification of GreA. All procedures were at +40C. The
assay for GreA activity in the fractions was the conversion of
the heptamer CpApCpCpApCpU into the pentamer CpA-
pCpCpA by using the ternary heptamer complex as substrate,
as is illustrated for the lysate fraction in Fig. 1C (see Results).
Thirty grams ofE. coli MRE600 cells was suspended in 120 ml
of lysis buffer (0.1 M Tris-HCI, pH 7.9/0.1 M NaCI/10 mM
EDTA) containing 0.1 mM phenylmethylsulfonyl fluoride and
0.5% (wt/vol) sodium deoxycholate and disrupted by repeated
sonication. After removal of debris by centrifugation (15,000
x g for 40 min; the lysate fraction), 2 vol ofethanol was added;
the precipitate formed at -20'C was collected by centrifuga-
tion, washed with 70%o ethanol, and extracted with 120 ml of
the lysis buffer. NaCl was added to the extract (final concen-
tration of 1 M) followed by the addition of Polymin P [to 0.3%
(vol/vol)], and the precipitate formed was removed by cen-
trifugation and discarded. (NH4)2SO4 (final concentration of
1.5 M) was added to the Polymin supernatant; the solution was
cleared by centrifugation and applied to a 1.6 x 20 cm
phenyl-Toyopearl TSK 650M (Supelco) column equilibrated
with TE (0.05 M Tris HCI, pH 7.9/10 mM EDTA) containing
1.5M (NH4)2 SO4. After washing the column with 120 ml ofthe
same buffer, the material was eluted by 400 ml of a 1.5 M to
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0.0 M (NH4)2SO4 gradient in TE. The fractions containing
active material were pooled and concentrated by ultrafiltration
on an Amicon Centriprep-30 to a final volume of -1.0 ml. The
material (two 500-pl samples) was fractionated on an FPLC
Superose 12 10/30HR column in TE containing 0.5 M NaCl.
The fractions containing active material were pooled, concen-
trated as above, diluted 5-fold with TE, and applied on an
FPLC Mono Q 5/5HR column; the material was eluted by a
30-ml 0-0.6 M NaCl gradient in TE. The peak containing
active material (eluting at -0.3M NaCl) was collected, and the
material was precipitated with 2 vol of ethanol as above and
dissolved in 8 M urea in TE. The material was then applied to
a Mono Q column in TE containing 8 M urea and eluted with
30 ml of a 0-0.4 M NaCl gradient in TE containing 8 M urea.
Peak fractions containing active material (eluting at -0.12 M
NaCl) were pooled, and the urea was removed by ultrafiltra-
tion in TE in a Centricon-30 device (Amicon). The material
(total yield 100 pug) was stored at a concentration of 1 mg/ml
in TE containing 40o glycerol at -200C.

Protein Analysis. The electrophoresis in Tris/Tricine buffer
system was according to ref. 11. N-terminal sequencing ofthe
Mr 19,000 protein band eluted from the gel was performed as
described (12). Amino acid composition analysis of the final
Mr 19,000 preparation was carried out at the Columbia
University Core Protein Facility. Protein concentration was
determined using a Bio-Rad protein assay kit with bovine
serum albumin as standard. GreA molarity was calculated
from the published amino acid sequence (2).

RESULTS
RNA Cleavage and Restart in the Early Ternary Complex on

the rrn. P1 Promoter. This investigation was prompted by the
observation of Surratt et al. (3) that the heptameric transcript
present in a ternary promoter complex undergoes spontane-
ous internal cleavage followed by the loss of the 3' proximal
dinucleotide and restart of elongation from the newly gener-
ated 3' terminus of the pentameric cleavage product. These
authors used an artificially engineered variant of the E. coli
tac promoter, which, in contrast to most ofE. coli promoters,
formed unusually stable early ternary complexes, making
these amenable to structural analysis. We took advantage of
the recent observation that the ribosomal RNA promoter
rrnB P1 also leads to an unusually stable early ternary
complex (ref. 9; S.B., V. Sagitov, and A.G., unpublished
data), thus enabling us to test the conclusions of Surratt et al.
(3) in the context of a natural promoter. The initial tran-
scribed sequence of rrnB P1 is

CACCACUG A.

Our experimental system included the standard preparation
RNA polymerase purified from E. coli by conventional
techniques (see Materials and Methods) and the isolated
rrnB P1 promoter fragment. In the presence of the dinucle-
otide primer CpA, ATP, and [32P]CTP, this template directed
the formation of the RNA hexamer CpApCpCpApC, which
remained in the ternary complex after size-exclusion purifi-
cation (Fig. 1A, lane 4). The addition of UTP to such a
complex led to the transient formation of the heptamer
CpApCpCpApCpU, which was rapidly cleaved into the pen-
tamer CpApCpCpA and the dinucleotide pCpU (lane 5). The
pentamer remained in the ternary complex since it could be
converted back into the heptamer in the presence ofCTP and
UTP (lane 6) and into the octamer in the presence of CTP,
UTP, and GTP (lane 7). The pCpU dimer, however, was
released and could be removed by size-exclusion chroma-
tography (lane 7). It should be noted that in the presence of
NTP (lanes 6 and 7), the chain extension reaction completely
masked the cleavage reaction, suggesting that in normal
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FIG. 1. Cleavage of the heptameric transcript in the ternary
complex by a transacting factor. The gel autoradiogram shows RNA
oligomers whose identity was established by using differential 32p-
labeling, chain-terminating substrates, and dinucleotide standards
(S.B., V. Sagitov, and A.G., unpublished data). Asterisks indicate
radioactive phosphates. In all experiments, which were performed as
described in Materials and Methods, 0-50-purified ternary complex
carrying the hexamer CpApCpCpApC was used as the starting
material. (A) The hexamer-carrying complex made with recombinant
(lanes 1-3) or standard preparation (lanes 4-7) RNA polymerase was
analyzed directly (lanes 1 and 4) or after additional incubation with
nonradioactive UTP (lanes 2 and 5), UTP plus CTP (lanes 3 and 6),
or UTP plus CTP plus GTP (lane 7). The sample in lane 7 was
subjected to an additional round of G-50 Quick Spin column purifi-
cation in the spin column buffer in which 10MM MgCl2 was replaced
by 10 mM EDTA. (B) The hexamer ternary complex was incubated
with UTP (lane 1) or with UTP in the presence of -4 pmol of added
standard preparation RNA polymerase (RNAP; lane 2). (C) The
hexamer ternary complex was incubated with UTP (lane 1) or with
UTP and E. coli crude lysate (see Materials and Methods), which
was diluted into the reaction samples to a final dilution factor of
1:1000 (lane 2) or 1:10,000 (lane 3).

transcription the latter would be kinetically insignificant
unless the complex is stalled. The cleavage reaction was
Mg2+ dependent (data not shown). Thus, the RNA cleavage-
and-restart reaction on the rrnB P1 promoter had exactly the
same features as the one originally described by Surratt et al.
(3).
RNA Cleavage Is Caused by a Transacting Factor. The

spontaneous reaction of RNA cleavage in the ternary com-
plexes was observed with the standard preparation RNA
polymerase purified from E. coli cells. However, when the
recombinant RNA polymerase prepared in vitro by reconsti-
tution from individually overexpressed subunits was used in
the same protocol, the cleavage of the heptamer was minimal
(Fig. lA, lane 2). The addition of the standard preparation
polymerase to the ternary complexes formed by the recom-
binant enzyme enhanced the cleavage (Fig. 1B). Hence, the
standard preparation polymerase contained a transacting
cleavage factor. We were able to purify the polymerase
obtained from cells from most of the cleaving activity by
repeated chromatography on a Mono Q column (data not
shown). Thus, the failure to cleave the heptamer was not an
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FIG. 2. Scheme ofGreA purification. The final preparation of the
Mr 19,000 ("19K") protein is shown as a Coomassie-stained gel band
(-3 ,ug of protein was loaded) next to standard molecular weight
markers.

artifact of RNA polymerase reconstitution but rather re-
flected the lack of contamination of the recombinant enzyme
with the cleaving entity.
The Mr 19,000 Cleavage Factor Is the Product of the greA

Gene. The cleavage-enhancing activity could be detected in
crude cell lysates (Fig. 1C). By using as the assay the
conversion of CpApCpCpApCpU into CpApCpCpA, the
activity was purified from the lysate to apparent homogene-
ity, yielding a protein with the molecular weight of =19,000
(Fig. 2). As the final purification step, two successive runs of
the active material on a Mono Q anion-exchange column
were performed under native and denaturing conditions, a
procedure facilitating the removal of trace contaminants. Gel
staining revealed no contaminants in the final preparation,
which retained cleavage-enhancing activity at high dilution
(Fig. 3). Thus, the Mr 19,000 protein was indeed the active
entity.
That the Mr 19,000 protein was the greA gene product

followed from its N-terminal amino acid sequence (deter-

1 2 3 4 5 6 7

mined in 25 cycles ofEdman degradation), as well as from its
amino acid composition, which matched the predictions from
the published greA nucleotide sequence (1). We also obtained
CNBr cleavage fragments of the Mr 19,000 protein and
determined their N-terminal sequence (data not shown),
yielding the total of about one-third of the whole Mr 19,000
sequence determined. All of the data fit the predictions from
the greA gene sequence with -the exception that threonine
was found instead of arginine at position 85.
GreA Recycles Between RNA Polymerase Molecules. Is the

transcript-cleaving activity of GreA stoichiometric or cata-
lytic? To answer this question, we determined the kinetics of
cleavage of the heptamer in ternary complexes formed by
recombinant RNA polymerase by substoichiometric amounts
of GreA (Fig. 3). At a molar ratio of GreA to ternary complex
of 0.05:1, GreA completely cleaved the RNA heptamer after
prolonged incubation, indicating that it recycled between the
target complexes.
GreA Helps RNA Polymerase to Read Through an Elonga-

tion-Arresting Site. We next analyzed the effect of GreA on
the elongation of RNA in the early section of the rrnB P1
transcription unit by using the GreA-free recombinant RNA
polymerase (Fig. 4). In this experiment, the purified ternary
complex carrying radioactive hexanucleotide CpApCpC-
pApC (lane 1) was provided with only the next nucleotide,
UTP (lanes 2 and 3), or with all four elongation substrates
(lanes 4 and 5), in the absence (lanes 2 and 4) or in the
presence (lanes 3 and 5) ofGreA protein. The cleavage of the
heptameric product by GreA is evident in lane 3. With the
four substrates present, in the absence of GreA, about 50%
of the elongating complexes stalled at a site corresponding to
a transcript length of =12 (lane 4). This was a genuine
arrested complex, which could not be chased into the full-
length transcript but could be purified by size-exclusion
chromatography (data not shown). Clearly, the presence of
GreA protein allowed RNA polymerase to read through the
arresting site (lane 5).

DISCUSSION
These experiments describe a transcription factor from E.
coli, the GreA protein, which acts at the stage of RNA
elongation. Functionally, GreA resembles the eukaryotic
elongation factor SII, even though there is no substantial
homology between their amino acid sequences (1, 13). Thus,
the cleavage and restart of the nascent transcript appear to be
a ubiquitous biochemical activity.
The biological role of the cleavage-and-restart reaction in

the case of SII appears to be the release ofRNA polymerase
molecules that have stalled at elongation arrest sites (4, 5,
14-20). Such sites are often observed in eukaryotic in vitro
transcription systems where they trap a fraction of the RNA
polymerase molecules that pass through so that the arrested
complex can neither move on nor release RNA and dissoci-
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FIG. 3. Semiquantitative assay of purified GreA. Purified ternary complex formed by recombinant RNA polymerase and carrying the
CpApCpCpApC hexamer was incubated under standard conditions for the indicated time periods alone (lane 1) or with nonradioactive UTP
(lanes 2-19) in the absence (lanes 2-4) or in the presence (lanes 5-19) of GreA added at the molar ratios of GreA to ternary complex indicated.
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FIG. 4. Effect of GreA on the run-off transcription from the rrnB

P1 promoter. Purified ternary complex carrying the CpApCpCpApC
hexamer was incubated under standard conditions alone (lane 1),

with nonradioactive UTP (lanes 2 and 3), or with nonradioactive four

NTPs (lanes 4 and 5) in the absence (lanes 2 and 4) or in the presence

(lanes 3 and 5) of 1 molar equivalent of GreA protein.

ate. Although the molecular mechanism of this phenomenon
is not clear, it appears that, in certain sequence contexts, the

ternary complex has a certain probability of permanently

sinking" into a nonelongating configuration.
In prokaryotic systems, analogous transcriptional arrest of

normal elongating RNA polymerases has not previously been

reported. However, there have been several reports of ter-

nary elongation complexes of E. coli RNA polymerase that

cannot resume normal elongation after being halted for lack

of a normal NTP (21, 22). These dead-end complexes are

clearly analogous to eukaryotic transcription arrest com-

plexes, since they can resume transcription elongation after

transcript cleavage (22).

Using the ultrapure recombinant enzyme, we discovered a

GreA-suppressible elongation-arresting site early in the rrnB
P1 transcription unit, which traps about 50% of RNA poly-
merase molecules. This finding suggests the possibility that

some "pause sites" that have been identified forE. coliRNA

polymerase may actually lead to transcription arrested com-

plexes, but contamination of most RNA preparations by
GreA normally allows transcription to resume after cleavage
at these sites.

It is tempting to think that the biological function of GreA
is to release RNA polymerase from arrested complexes
formed during normal transcription. Such complexes may be

responsible for the lethal effect of the rpoB mutation, which

was originally used to identify the greA gene (1).

It remains to be seen how widespread the potentially
arresting sites are among prokaryotic transcription units.
This should be possible by employing the GreA-free recom-
binant RNA polymerase for in vitro transcription experi-
ments. In a more general vein, the GreA phenomenon leads
to realization that some in vitro studies of elongation, paus-
ing, termination, and antitermination (for review, see ref. 23)
could have been compromised by the presence of GreA-like
activities in RNA polymerase preparations used.
The GreA-dependent cleavage of RNA in the ternary

complex might in principle act in two different ways. The
GreA protein may itself be a ribonuclease that attacks the 3'
terminal region exposed in the complex. Alternatively, the
cleavage may be effected by RNA polymerase, perhaps by
straining the transcript in the complex (3), with GreA en-
hancing this effect. We could not detect any nucleolytic
activity in purified GreA incubated with RNA (e.g., in Fig. 4,
lane 5) or with a DNARNA hybrid (data not shown) under
the conditions where it was highly active on ternary com-
plexes. On the other hand, even the most pure reconstituted
RNA polymerase preparations contained residual cleaving
activity that was noticeable after long incubation of ternary
complexes. Thus, we cannot exclude the possibility that
transcript cleavage is an intrinsic property ofRNA polymer-
ase, which is only enhanced by GreA.
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