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ABSTRACT

We report that greA expression is driven by
two strong, overlapping P1 and P2 promoters. The
P1 promoter is ¢'°-dependent and P2 is ¢5-depen-
dent. Two-thirds of transcripts terminate within
the leader region and the remaining third
comprises greA mRNA. Termination efficiency
seems to be unaffected by growth phase. Two
collections of small 40-50 (initiating from P2) and
50-60nt (from P1) RNA chains, termed Gral,
are demonstrable in vivo and in vitro. We
document that GralL arrays arise from an intrinsic
terminator with an 11bp stem followed by an
AU;GCU, sequence. Atypical chain termination
occurs at multiple sites; the 3'-ends differ by 1nt
over a range of 10nt. Transcripts observed are
shown to be insensitive to Gre factors and physi-
cally released from RNAP-DNA complexes. The
abundance of individual chains within each cluster
displays a characteristic pattern, which can be
differentially altered by oligonucleotide probes.
Multiple termination sites are particularly sensi-
tive to changes at the bottom of the stem.
Evolutionarily conserved GralL stem structures
and fitness assays suggest a biological function
for the RNA clusters themselves. Although GralL
overexpression induces >3-fold transcriptional
changes of over 100 genes, a direct target remains
elusive.

INTRODUCTION

Transcription termination is important for gene expres-
sion. Terminators can occur in the intergenic regions as
well as within open reading frames. Prokaryotic termina-
tors are divided into two classes; intrinsic terminators can
function with just RNA polymerase (RNAP) and the
DNA template, whereas other terminators have a require-
ment for additional proteins (such as Rho, MFD). The
distinction can be somewhat artificial because intrinsic ter-
minators often can also be influenced by other protein
factors, such as AN and Nus (1). About half of the termi-
nators in the Escherichia coli genome are thought to be
rho-independent, intrinsic terminators.

Usually, an intrinsic terminator consists of a GC-rich
dyad symmetry stem followed by a U-rich tract.
Termination typically occurs 7-8 bp downstream from
the base of the stem. Many models of termination have
been proposed over the years [for review, see ref. (2)], and
refined by the availability of the structure of RNAP-DNA
complexes and the ability to manipulate elongation
complexes at different stages of termination (3-8). The
most recent advances with single-molecule studies allow
a unified view of this phenomenon (9). From this study
and others, it is apparent that distinctly different mecha-
nisms of termination (either forward translocation or
shearing of the RNA-DNA hybrid induced by the forma-
tion of the hairpin) are determined by sequences upstream
of the stem, the U-tract sequence itself, and basepairing
within the stem. For example, for terminators like t500,
forward translocation is necessary when U-tracts contain
other bases than U (6,9). For terminators like tR2 and #is,

*To whom correspondence should be addressed. Tel: +1 301 594 9842; Fax: +1 301 496 0243; Email: potrykuk@mail.nih.gov
Correspondence may also be addressed to Michael Cashel, Tel: +1 301 496 0619; Fax: +1 301-496-0243; Email: cashelm@mail.nih.gov

Present addresses:

Helen Murphy, Office of Applied Research and Safety Assessment, FDA, Laurel, MD 20708, USA.
Xiongfong Chen, ABCC, NCI/NIH, SAIC-Frederick, Frederick, MD 21702, USA.

© The Author(s) 2009. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



the pairing of the 2-3 bp at the bottom of the stem facil-
itates shearing of the RNA-DNA hybrids with a more
uniform U-rich tract (4,9). This model does not exclude
that conformational changes within the RNAP are also
important for termination. Several allosteric models have
been proposed (4,5,7,10).

Pausing of RNAP at the U-rich tract during elongation
is thought to be a prerequisite for the folding of the ter-
minator hairpin (7,9). Paused RNAP can also lead to elon-
gation arrest due to backtracking, which can be rescued by
transcription elongation factors such as GreA and GreB
(11), that are homologues of eukaryotic TFIIS factor (12).
These proteins bind to the secondary channel of RNAP
and activate its intrinsic endonucleolytic activity to restore
the proximity of the 3’-end of the nascent RNA in the
catalytic center (11-16).

A growing class of proteins shares the ability to bind to
the secondary channel of RNAP. Besides GreA and GreB,
this family includes DksA, TraR, Rnk, Gfhl (12,17-19)
which do not apparently induce RNase activity, but have
other regulatory functions.

DksA has been well studied with respect to its interac-
tion with guanosme tetraphosphate (ppGpp). Both are
implicated in positive and negative transcription regula-
tion during the bacterial stringent response through
direct interactions with RNAP (20,21). In E. coli, this
response involves curtailing ribosomal RNA and tRNA
synthesis during stress conditions, such as starvation for
amino acids, carbon, iron, or phosphate. DksA and
ppGpp regulation was shown to be in some cases
synergistic (22-24), and in others independent or
opposite (25,26).

Evidence that GreA’s effect on growth and rrnB Pl
activity can be altered by the absence of DksA led to
finding a role for GreA in the process of transcription
initiation and to a proposal that a balance of these
proteins might be needed for cell growth because of
mutual competition (27). Indeed, the relative abundance
of GreA, GreB and DksA seems to be maintained during
all phases of growth (28).

Functional consequences do result from changing
the balance of secondary channel proteins (25-28). We
are unaware of studies of promoter region elements
responsible for the expression of any of these transcrip-
tion factors although the biochemical properties of
GreA and GreB have been extensively characterized
(11,13-16).

Here, the promoter region for greA gene expression is
characterized and is found to be complex. An array of
short transcripts, that we call GraL, originates from two
overlapping upstream P1 (¢’ and P2 (c%) promoters.
We first document that two clusters of RNA are
generated by an intrinsic terminator present in the leader
region. The imprecise termination over a range of 10 nt is
very unusual. To our knowledge, a range of termination
exceeding four sites and differing by 1 nt is not reported in
prokaryotes or eukaryotes. Therefore, we attempt to char-
acterize the basis for this atypical behavior. We also
document the likelihood that Gral has a biological
function.
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MATERIALS AND METHODS
Strains and plasmids

The strains used are E. coli MG1655 derivatives and are
listed in Supplementary Table S1. Transduction was per-
formed as described in ref. (29). Single copy lysogens con-
taining lacZ fusions were made according to ref. (30). The
malT marker alleles were selected among spontaneous Avir
resistant mutants and screened as white colonies on
MacConkey-maltose plates.

Plasmids (pRS415 for transcriptional fusions) with
flanking homology to A were cut with BamHI/EcoRI
and ligated with PCR products containing appropriate
promoter regions similarly cut (Supplementary Table
S1). An analogous construction of an yhbY-lacZ fusion
was performed in pRS414 (translational fusion). The
GralL overproducing plasmid (pKP-Gral) was con-
structed by ligating the Gral containing PCR fragment
with pBR-plac, both cut with EcoRI and HindIII
(Supplementary Table S1). pKP- GraLSeramPled wag con-
structed in a similar manner, using oligos listed in
Supplementary Table S2. Induction of GraL by IPTG
was verified by northern blots to be at least 20-fold in a
lacl? background (CF15197 and CF15199); no induction
lead to 2-fold increase in Gral. When lacl? was not
present (CF14431 and CF15175), GraL was continuously
overproduced by ~20-fold even in the absence of IPTG.
pKP-rpoE19 for % overproduction was constructed as
described for pPER70 (31).

Growth on CAS plates was carried out as described in
ref. (32).

p-Galactosidase measurements

These were done basically as described in ref. (29).

Nucleotides and enzymes

RNAP holoenzyme and core were obtained from
Epicentre Technologies; ribonucleotides from GE
Healthcare; ApA and ApU dinuclotides, 3'-O-
methylcytosine-5'-triphosphate, 3'-O-methylguanosine-5'-
triphosphate,  3’-O-methyluridine-5'-triphosphate  and
3’-O-methyladenosine-5'-triphosphate  from  TriLink
Biotechnologies. ppGpp was synthesized and purified as
described (33). Oligonucleotides were purchased from
Integrated DNA Technologies and are listed in
Supplementary Table S2.

Protein purification

GreA, GreB and DksA were purified as described in ref.
(27). For o* purification, strain CF 14375 (BL21/pLysE/
pKPrpoE-19) was used. Since c* overproduction is toxic,
single colonies used to inoculate LB cultures were
premonitored for this toxicity on plates in order to
ensure wild-type o production. Purification was carried
out as described in ref. (34), but with two modifications.
First, Ni*"—agarose resin (Qiagen) was used to bind
his-c®, and second, the his-tag was removed with
Thrombin Cleavage Capture Kit (Novagen). Samples con-
taining pure o were stored at —20°C in 20mM Tris—Cl,
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pH 8.0, 50% glycerol, 0.5M NaCl, I mM EDTA, | mM
DTT.

Primer extension

The promoters in the greAd leader region were mapped
with a *’P-labeled primer annealing to lacZ gene down-
stream from the region of interest (pHMPr295). Total
RNA (50pg) isolated from cells carrying pKP-pAall
plasmid was combined with the Ilabeled primer in
170mM KCI, final. Next, the sample was denatured at
95°C for 2min, chilled on ice for 4min, and incubated
overnight at 45°C. After addition of extension buffer
(yielding 50mM Tris—Cl, pH 8.0, 10mM DTT, 10mM
MgCl,, 500 uM dNTPs) and of AMYV reverse transcriptase
(10 U/50 ul; Promega), the mixture was incubated at 42°C
for 1 h. Following RNA digestion with 0.1 pg/ul RNase H
(Promega), cDNA was precipitated in ethanol with 0.55 M
ammonium acetate. The samples were then resuspended in
loading buffer (95% formamide, 0.05% bromophenol
blue, 0.05% xylene cyanol) and resolved on an 7M urea,
8% polyacrylamide sequencing gel, run in parallel with a
sequencing reaction performed with the same labeled
primer and pKP-pAall DNA (fmol DNA Cycle
Sequencing Kit, Promega).

In vitro transcription assay

To visualize greAP1 activity, single round in vitro tran-
scription assays were performed at 37°C with 10nM
linear templates and 30nM RNAP, in the following
buffer: 50mM Tris—Cl (pH 8.0), 10mM MgCl,, 10 mM
B-mercaptoethanol, 10pg/ml bovine serum albumin,
50mM KCI, 6uM ATP, 100pM ApU, 100uM GTP,
and either 100uM CTP and 10pM UTP (10 puCi/
reaction [o-**P]JUTP, or 100puM UTP and 10pM CTP
(10 pCi/reaction [0-**P]CTP), and heparin at 100 pg/ml.
The ATP concentration used (6 uM) was found to be
optimal to prevent stuttering at the four A residues at
positions +4 to +7, relative to greAP1 start site. When
present, ppGpp was used at 250 uM; GreA, GreB and
DksA were at 300nM, and were added at the time of
open complex formation.

The template used was a PCR product spanning
the whole gre4 promoter region, amplified with the use
of HMPr368 and pBplasdw primers (Supplementary
Table S2). The pAswap template was made by annealing
primers pAswl and pAsw2. The dsDNA fragment was
gel purified and served as a template in a PCR with
pAsw2short and HMPr368 primers. The sequence of the
template was verified by sequencing with the fmol DNA
Cycle Sequencing Kit (Promega). The pAdl and pAd2
templates were constructed in a similar manner with the
use of primers pAdlup and pAdwl, and pAd2up and
pAd2dw, respectively. Templates where stem basepairs
were deleted progressively from the top of the stem (p10,
P9, p8, p7) were constructed in a similar manner with
corresponding primers listed in Supplementary Table S2.

To monitor accumulation of short transcripts over time,
RNAP-DNA open complexes were allowed to form for
10 min at 37°C and the transcription reaction was initiated
by the addition of nucleotides together with heparin.

Samples were then removed at indicated times and
added to an equal volume of stop buffer (95% formamide,
20mM EDTA, 0.05% bromphenol blue and 0.05%
xylene cyanol). Samples were analyzed on a 7M urea,
8% polyacrylamide sequencing gel and quantified by
phosphorimaging on a GE Healthcare imaging system.

To assay transcription initiating from the greAP2
promoter, the same transcri}étion template was used as
above, except that RNAP-c~ holenzyme was used, and
ApA was employed instead of ApU dinucleotide. Core
RNAP was reconstituted with ¢© at a 1:6 ratio (30 nM:
180 nM final).

Effects of oligonucleotide ‘pins’ on termination

To monitor the effect of oligonucleotide ‘pins’ (listed in
Supplementary Table S2 and depicted in Figure 4D), the
reactions were carried out basically as described above,
except that ‘pins’ (0-5uM, as indicated) were added
together with nucleotide substrates. The reactions were
carried out for 8 min and processed as described above.

Measurement of transcript release with immobilized
templates

Transcription on immobilized DNA template was used to
determine release of the short transcripts produced. This
template was prepared as described above, except that
biotinylated HMPr368 primer was used in the PCR
reaction (Integrated DNA Technologies). The protocol
was similar to that described in ref. (35). Briefly, 7.5nM
RNAP was pre-incubated with 2.5nM biotinylated
template in the transcription buffer (7.5l final volume)
for Smin at 37°C, whereupon 2.5 pl of streptavidin-coated
agarose beads (50% slurry in transcription buffer; Pierce)
were added and the incubation was continued for 10 min.
The beads were then washed with 1ml of transcription
buffer. Next, nucleotides were added, bringing the total
reaction volume to 20 ul. After 2min, the samples were
spun for ~2s, and 10 ul of the stop buffer was added
simultaneously to an equal volume of supernatant and
the remaining suspension containing beads, without
washing the beads to further remove the supernatant.
The samples were then processed as described above.

Direct RNA sequencing

Sequencing was performed as described in (36), but a
2-fold excess of 3’-O-methyl analogues were used over
all four NTP substrates. The in vitro transcription reac-
tions were as described above, except that in some
instances, inosine triphosphate was used instead of GTP.
Products were resolved on 12% polyacrylamide
sequencing gel.

Northern blot analysis

RNA was isolated from 10 ml of cells grown exponentially
in LB (A600 = 0.6). Immediately after sample removal,
an equal volume of ice-cold RNAlater reagent was
added (Ambion). RNA was isolated with Trizol reagent
(Invitrogen).



For detection of Gral, 7.5ug of total RNA was
resolved on a 15% TBE-urea gel (Invitrogen NOVEX
gels), run in 1 x TBE for 2h at 160V along with a
ladder of oligonucleotide markers with the GralL
sequences. This was followed by dry transfer with iBlot
Gel Transfer Device (Invitrogen) using a rapid procedure
we adopted from a western blot protocol. This employs
nitrocellulose transfer stacks recommended by Invitrogen
for western blotting, but with the GeneScreen Plus
membrane (Perkin Elmer). Transfer of RNA was carried
out at 20V for 3.5min. The transferred RNA was then
crosslinked by UV and membranes were baked under
vacuum for 30min (80°C). Membranes were then
blocked for 2h with Ultrah;/b OLIGO reagent
(Ambion), and incubated with “?P-labeled probe for
12-16h. Both steps were carried out at 42°C. This was
followed by two washes at 25°C with 2 x SSC, 0.5%
SDS buffer. Blots were analyzed by phosphor imaging
with the use of GE Healthcare imaging system.

The anti-GralL probe used (pAp2sRNA40) anneals
beyond the greAP2 region and is listed in Supplementary
Table S2.

Microarray analysis

Strains were grown in LB medium with ampicillin
(50 pg/ml) at 37°C. Induction of GraL was with 1mM
IPTG at Ago=0.5 and the culture (CF15197 or
CF15199 and their vector controls) was allowed to grow
for another 15min. Continuous exposure to GralL
overproduction was achieved by growth of CF14431 or
CF15175 in LB, sampling at a similar density.

Samples (five OD units) were immediately mixed with
an equal volume of ice-cold RNAlater reagent (Ambion),
and kept on ice for 20 min. Then RNA was isolated using
Trizol reagent (Invitrogen). Total RNA samples (10 pg)
were then processed as described in the Affymetrix
GeneChip® Expression Analysis Technical Manual, with
the recommended reagents and the E. coli 2.0 arrays
(Affymetrix). Three biologically independent samples
were processed for each comparison.

Data obtained was analyzed with the use of JMP
software. To qualify as being affected by Gral, our
criteria were that at least a 3-fold difference had to exist
between two strains and at least one of the signal values
had to be >300. This yielded 173 genes for the short-term
exposure experiment; if only 2-fold difference was consid-
ered, over 500 genes seemed to be affected. The P-value
was calculated either for each averaged comparison pair
separately (short GraL induction experiments), or for all
four averaged comparisons simultaneously (continuous
GraL overproduction). In all cases, P-value had to be
<0.05 to qualify. The microarray data is deposited at
the GEO website (http://www.ncbi.nlm.nih.gov/geo),
accession number GSE15406.

Western blot analysis

The following antibodies were used: Fur, rabbit
polyclonal anti-Fur antibody; RpoA, mouse anti-
alpha-CTD monoclonal antibody (Neoclone); GreA,
polyclonal IgY made to our purified GreA protein
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(US Biological). Western blot analysis was carried out
according to standard procedures.

Effects of GraL on cell fitness

To measure fitness, equal numbers of malT— cells carrying
pGraL were mixed with malT+ cells carrying vector; to
ensure the results were not biased by the malT marker, a
reciprocal mix was monitored as well. The first culture was
initiated by inoculating 10° cells of each type into 3 ml of
LB supplemented with ampicillin (50 pg/ml). The cultures
were grown overnight at 32°C, followed by inoculation of
10% cells into a fresh medium. This was carried out for five
consecutive cycles. At each cycle a few hundred cells were
plated on MacConkey-maltose plates (supplemented with
ampicillin), and red and white colonies were scored.
Separate cultures of each of the four strains were treated
in a similar manner to monitor spontaneous conversion of
malT+ into malT—, and vice versa. Similar experiments
were performed with pKP-GraLSm®d  which was
verified to be expressed to the same extent as RNA from
pGralL.

RESULTS

Effects of deleting GreA, GreB and DksA on greA-lacZ
operon fusions

Since GreA, GreB and DksA are structural homologues
known to interact with the RNA polymerase secondary
channel, with functionally competitive effects, we explored
the possibility that these proteins might influence greAd
transcription. Therefore a greAd-lacZ operon fusion was
constructed in phage lambda by fusing the 250bp
intergenic region upstream of the gred orf to lacZ.
Single copy lysogens of this phage were made in
wild-type E. coli MG1655 AlaclZ (CF7968). Deletions
of greA, greB or dskA were then transduced into this
strain background and reporter activities measured
during a cycle of growth in rich LB media. The differential
plot (Figure 1A) reveals that only deleting gred gives a
change in wild type activity, ~3-fold derepression.
Derepression of transcription by deleting gred suggests
that its expression 1is subject to autorepression.
Multicopy plasmids that increase GreA abundance (27),
decrease the reporter activity 2-3-fold, consistent with
autorepression (data not shown).

Primer extension mapping of greA promoters

Primer extension was used to identify possible promoters
upstream of greA. Four apparently equally active tran-
scripts are detected from the entire intergenic region just
described using a primer that anneals beyond the first
AUG of greA (Figure 1B). The +1 start sites of the
greA P1-4 promoters are summarized in Figure 1C with
start sites indicated in boldface capital letters. Judging
from the sequence, the Pl promoter seems to be a
c'%-dependent promoter, while P2 is o"-dependent. The
c"-dependent promoter was previously predicted from a
consensus sequence search but not experimentally verified
(37). The +1 start sites from primer extensions allow
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Figure 1. Effects of deletions of RNAP secondary channel proteins on
greA transcription and localization of the four potential gred pro-
moters. (A) A differential plot of the activities of single copy lacZ
transcriptional fusions to the entire dacB-greA intergenic region.
Activities are measured during growth in LB medium for wild-type,
AgreA, AgreB and AdksA strains. (B) Primer extension results and a
sequencing ladder. Arrows indicate transcript lengths visualized relative
to the AUG for gre4 P1-P4. (C) The sequence of the intergenic region.
The +1 start sites of the various promoters are depicted as capitals in
bold font; deduced consensus regions are shown in blue for c°
promoter (P1; consensus sequence TTGACA N;; TATAAT) and in
red for the of (P2; consensus sequence GGAACTT N;, TCNAA)
promoter. A hyphenated dyad symmetry stem (convergent arrows)
and a downstream U-rich region (dashed line) are shown.

estimates of —35 and —10 sequences for the P1 and P2
promoters from consensus sequences (colored in blue
and red, respectively, in Figure 1C). For the P3 and P4
promoters we are unable to assign consensus regions with
confidence. Therefore the bands identified by primer
extension method might be processing sites, rather than
promoter start sites (see below).

We verified that greA transcription is not affected under
our conditions by transcription of the oppositely oriented
dacB gene because parallel primer extension experiments
did not reveal any transcripts (data not shown).

Activity and regulation of individual gre4 promoters

Next, we constructed chromosomal /acZ fusions of indi-
vidual promoters in single copy for comparison with
activity of the entire region (gredA pA-all) described
above. Figure 2A diagrams the fragments present in the
P1, P3 and P4 single promoter fusions. We elected not to
construct a P2 single promoter fusion because P1 and P2
start sites are 11 bp apart. Although P1 might be silenced
by mutation of either its —10 or —35 region, we feared
these might inadvertently affect the properties of P2.
Instead we estimate P2 activity by comparing P1P2
activity with P1. Reporter activities of P1 as well as

" S
Aal [ez]
P -250 -149 438 -98 -56 -
P1 — MNEA
P1P2 — ) lacZ |
P3 — MNEA
P4 — NEA
B
1000 | —@—P1
- -O--P1+P2
o
I 1| "= P3
S 8001 "
< - pA-all
2 6001
=
B
T 400-
®
()]
ch 2001
0

0o 1 2 3 4 5
OD 600

Figure 2. Constructs of individual gre4 promoters and their activities
relative to overall transcription (gred pA-all). (A) Map of fragments
used for promoter fusions. A single P2 promoter fragment was not
constructed since the Pl and P2 promoters overlap by 11bp (see
text). (B) A differential plot of reporter activities of these promoters
during growth in LB as in Figure 1A.

P1P2 are found to be ~4-fold more active than pA-all
(Figure 2B). The activities of P1 and P1P2 are nearly
equivalent. The activities of the P3 and P4 individual pro-
moters are found to be marginally active (17 and 6 Miller
U, respectively) again suggesting they might not be active
promoters (see ‘Discussion’ section).

The different reporter activities of the individual pro-
moters are in striking contrast with the primer extension
estimates of transcript abundance (Figure 1B); this dispar-
ity will be addressed in the ‘Discussion’ section.

The greA promoter region yields an array of short
transcripts

Why does P1 or P1P2 display greater activity than pA-all?
We explore this question by transcribing a linear template
of the same promoter region (gred pA-all) using either
RNA polymerase ¢’%- or c"holoenzyme (Figure 3).
Figure 3A shows a time course of single round transcrip-
tion with RNAP-6"" holoenzyme under transcription con-
ditions optimized for P1 promoter activity, using ApU
dinucleotide for initiation (see ‘Materials and Methods’
section). As can be seen, accumulation of full-length
run-off transcripts (labeled P1 FL) is accompanied by
clusters of 50-60nt long transcripts (marked by
brackets). The time course of accumulation for the
full-length transcripts is quantitatively similar for the
short transcripts when the bracketed region activities
are pooled (Figure 3A, subpanel).
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Figure 3. In vitro transcription of gre4 pA-all templates reveals termination of P1 and P2 transcripts and release of a cluster of small RNA chains.
(A) Upper panel—gel depicts products from a single round transcription with ¢’® holoenzyme; lower panel—quantitation of full-length (P1 FL,
arrow) and small chain cluster (brackets) transcripts over time. (B) Same as (A), but with 300nM GreB present. (C) As in A, but with c®
holoenzyme to visualize transcription from the gre4 P2 promoter. The subpanels A, B and C are normalized in each case to the FL products
present. Because of this normalization it is not apparent, but FL in (B) is 2.4-fold more abundant than in (A). (D) Transcription with &°
holoenzyme on an immobilized template allowing resolution of supernatant (S) and supernatant with beads (S + B) fractions. The full-length and
small chain cluster of transcripts are as in panels A, B and C. We interpret band ‘P’ as a pause band (see text for details).

The array of short transcripts is reminiscent of paused
or arrested transcripts. Therefore the effect of adding
GreB or GreA was measured with the expectation that
these factors might eliminate pausing during transcription
elongation and abolish the short transcripts. It can be seen
from Figure 3B that GreB does alter the initial pattern of
short transcripts. The Figure 3B subpanel shows GreB
markedly reduces the time needed to reach the final
plateau value of both full-length and short-transcripts.
Compared to panel A, adding GreB increases the
amount of both short- and full-length products by
2.4-fold (the values plotted in the subpanels are relative
to 100% full-length activity).

GreA addition does not change the pattern of short
transcripts and does not appreciably alter full-length
product amount (only 1.4-fold), although the plateau is
reached at the same time as when GreB is added (data
not shown). The lack of inhibition by GreA is contrary
to expectations of auto-repression by GreA seen in vivo
(Figure 1). GreB-mediated transient changes verify that

pause bands initially do exist; their faster disappearance
shows the added GreB protein is catalytically active. The
persistence of the cluster of short transcripts argues that
the transcripts are refractory to reversal by Gre factors.

Similar results (Figure 3C) were obtained when
RNAP-c* holoenzyme is used to initiate P2 transcription
just 11bp downstream from the P1 promoter. The P2
transcripts produced are appropriately shorter, 40-50nt
long, rather than 50-60 nt for P1, but the pattern seems
to be the same, indicating the chain lengths must be due to
differences in the 3'-ends.

The cluster of short transcripts arises from termination

The failure of Gre factors to abolish the short transcripts
from the P1 or P2 promoters could be because even if
rescued, elongation complexes cannot read through the
arrest/pause site, or because the transcripts are released
from elongation complexes independently of Gre factors.
To decide, we measured transcript release in the absence
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of GreA or GreB. To do this, open complex formation is
first allowed between RNAP and biotin-labeled templates
linked to avidin-conjugated agarose beads, then NTP
substrates are added. Short incubation times ensure a
single round of transcription (see ‘Materials and
Methods’ section). Equal volumes of supernatant (S)
and supernatant containing beads (S+B fraction) are
removed, and analyzed on gels to determine the propor-
tion of short and full-length transcripts bound to the
beads. Transcripts completely arrested or paused during
elongation should not appear in the supernatant fraction.
Transcripts completely released are expected to be equally
abundant in both the S and S+ B fractions because the
beads are not further washed.

The results reveal similar amounts of short tran-
scripts in both fractions when transcription is initiated
with o'%holoenzyme (Figure 3D), as well as with
o"-holoenzyme (data not shown). One band is exceptional
(marked P in Figure 3D), as it is twice as abundant in the
bound fraction. This behavior suggests it is a paused band,
whereas the other short transcripts are completely released
(Figure 3D). Consistent with this notion is a similarly
positioned band seen in Figure 3B that is eliminated
after prolonged incubation with GreB. On the other
hand, the full-length transcript is predominantly retained
in the S + B fraction and not released. This feature of
full-length transcript association with beads has been
previously reported (35). Taken together, the appearance
of short transcripts in the supernatant is due to release,
not from pausing or arrest.

The terminator in the greA leader functions in vivo

The release of transcripts just described in the absence of
additional factors in vitro (Figure 3D) indicates the
presence of an intrinsic terminator despite the unusually
broad range of chain terminating sites. The sequence of
the region (Figure 1C) is also suggestive of an intrinsic
terminator with a dyad symmetry stem followed by a
run of U residues (Figure 4A). We constructed a lacZ
fusion bearing the greAP1P2 promoters with this region
present (PIP2+T) to compare with the previous
greAP1P2 construct lacking this terminator. Reporter
activity of the greAP1P2 fusion is lowered by the
presence of the terminator to display activities that are
similar to the original pA-all construct (Figure 4B), as if
the terminator can solely account for the lowered reporter
activity.

In order to verify that the short transcripts exist in vivo,
a northern blot was performed (Figure 4C). Two clusters
of short transcripts are detected, one centered ~55 nt, and
the other ~45nt, as if they arise from P1 and P2 promoter
start sites. Notably, the clusters are present when pA-all
and P1P2+ T are present on a plasmid (lane 1 and 3), but
nearly absent when the terminator is missing (lane 4).
When present in single copy, these short transcripts are
barely detectable by our northern blot assay (lane 5). One
could argue that the range of RNA chain lengths in each
cluster could be generated by exonuclease processing that
depends on endonuclease activity of RNase III (38).
However, an rnc mutation does not affect the pattern

(lane 2), nor does a rme mutation (data not shown)
which is well known to alter the abundance of small
noncoding RNA (sncRNA) chains that function by
pairing with mRNA targets (39).

In vitro probes of the terminator structures

The P1 and P2 promoted RNA chains begin at single sites
(Figure 3A and C) but give rise to two clusters of tran-
scripts, whose chain lengths vary over a range of 10nt
both in vitro and in vivo. Evidently termination, not initi-
ation, is imprecise.

We now explore this phenomenon with a series of
oligonucleotides. A set of 20-mer oligonucleotides
(‘pins’), completely complementary to nascent RNA, was
designed. Four members of the set (pins 1-4) anneal to
progressively decreasing portions of the upstream stem 1.
A fifth (pin 5) anneals to all of stem II (Figure 4A). We
reasoned that when each oligonucleotide is added to a
transcription reaction, its potential to impair termination
reflects its ability to disrupt or prevent pairing of a region
of nascent RNA structure that is crucial for termination,
provided the enzyme does not preclude annealing (3,10).
We expect pin 5 to be a negative control, unable to disrupt
RNA-RNA terminator structure because of inaccessibil-
ity, as well as that newly synthesized RNA of stem II
would be more likely to anneal with the adjacent
unpaired stem I RNA.

Figure 4D summarizes the effects on full-length product
formation when pins are titrated in single round transcrip-
tion assays. Since the saturation levels of pins 14 are
reached at the same concentration, it seems that binding
affinities of these pins are similar and yet produce different
effects on termination efficiencies and patterns of
terminated transcripts.

The pin that gives the least interference with termina-
tion is indeed control pin 5. Pins 3 and 4 give nearly three
times more full-length transcripts than either adding pin 5
or omitting pins altogether. Therefore pins 3 and 4 are the
most efficient inhibitors of termination. Pins 3 and 4
should not anneal to more than the first 7nt of the
upstream stem RNA. Pins 1 and 2 anneal to all, or
almost all, of the upstream RNA stem, respectively;
these alter full-length transcripts at only moderate levels.
It is important that the effects of pins on full-length tran-
scripts are accounted for by reciprocal changes of short
frayed end transcripts (Figure 5). This behavior verifies
that pin effects are terminator-specific whereas full-length
transcripts generated by run off reflect terminator
read-through.

Tracings of transcript band density reveal that pins 1-4
have differential effects on the distribution of chain lengths
as well (Figure 5B). For example, moderate overall inhi-
bition of termination by pins 1 and 2 almost completely
eliminates bands 3 and 10 but either has little effect (pin 2)
or even slightly stimulates the mid-length species (pin 1)
(bands 4-9). Pins 3 and 4 are the most efficient termination
inhibitors but pin 4 seems to inhibit longer transcripts
(bands 8-10) more severely than pin 3. As expected, pin
5 has little or no effect.
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Figure 4. Termination of P1 and P1P2 transcripts occurs in vivo and is altered by oligodeoxyribonucleotides complementary to the base of the
GC-rich stem in vitro. (A) The sequence of the intrinsic terminator beginning with the + 1 of greAP1 shows the upstream stem I and the downstream
stem II followed by AU,GCU,. Oligodeoxynucleotide 20-mer ‘pins’ complementary to various portions of the sequence are also shown. (B) The
putative terminator terminates greAP1P2 lacZ fusion in vivo. Shown are differential plots of the activities of single copy /acZ transcriptional fusions
to the entire gre4 leader region (pAall), greAP1 (P1), greAP1P2 (P1 + P2) and greAP1P2 with the terminator present (P1P2+T). (C) A sample
northern blot with probe complementary to 40nt downstream of gre4P2 region. RNA was extracted from wild-type strains with (lanes 1-4) or
without (lane 5) appropriate plasmids. Lane 2—RNA from an rnc mutant deficient in RNase III. (D) Quantitation of full-length products from a

single round transcription in the presence of ‘pins’ depicted in panel A.

Changes in the terminator sequence at the bottom of the
stem affect termination patterns and efficiencies

It is puzzling to find that pin 4 is such an efficient termi-
nation inhibitor when it could anneal only to the first four
bases of the upstream RNA stem. The puzzle is because
pins that anneal beyond these four bases are less effective,
even when they anneal to all of stem I. In contrast, an
oligo complementary to the entire stem I of tR2
completely inhibits termination (10).

This could reflect a key role for termination of these
bases in the upstream stem or the importance of the
unpaired bases upstream of the stem. Our first approach
involves construction of a template in which three bases at
the bottom of stem I were swapped with corresponding
bases in stem II (Figure 6D). This swap preserves the same
terminator structure that maintains the same content of
G:C to G:U RNA base pairs, but changes the identity of
the sequence adjacent to the U-rich region. The last base

of the stem changes from U to G in the swapped template,
creating a GAU7 from the wild-type UAU7 sequence.
Intuitively, this would be expected to interfere with termi-
nation because it makes the region less AU-rich.
Surprisingly, the swapped template markedly improves
the precision of termination since a single short transcript
now predominates (Figure 6A, lanes 1 and 2; and
Figure 6E, band 2). Overall termination is also improved
by the mutated template as judged by full-length tran-
script abundance (3.6-fold decrease). As a control,
adding pin 4 to the swapped template that no longer
allows it to anneal to its former site in stem I, does not
alter the pattern of short transcripts (Figure 6B, lanes 5
and 6; and Figure 6E). However, the full-length product
increases by ~2-fold. This implies that regions upstream
of stem I are involved in termination efficiency as well as
the stem itself. With this caveat, pin effects on termination
in Figure 5A are specific and the precision of termination
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Figure 5. Oligodeoxyribonuclotide ‘pins’ differentially affect the
pattern of short RNA chains produced during termination. (A) An
example of the gel depicting products of a single round transcription
in the absence (—) or the presence of 5uM pin 1-5. Full-length product
is marked with FL, arrow; the small RNA cluster is marked with an
arrow in the direction of scans shown in (B). In each case, the red
tracing is the scan in the presence of the pin, the black in the
absence (control). The green dashed lines align the two major bands
(3 and 8) as defined in (A). These experiments were repeated three or
more times with similar results.

is strongly dependent on the pairing at the bottom of the
stem.

We conclude that when the pairing is preserved, the
identity of the three bases at the bottom of this stem is
important. Does the identity of the three bases adjacent to
the run of U residues remain important if pairing is not
preserved? Intuitively, the importance of this sequence is
because of stem formation.

To address this, the three bases at the bottom of the
stem were altered to disrupt base pairing by changing
either the upstream (pAdl) or downstream (pAd2)
triplet sequence (Figure 6D). If pairing is important,

then it would be expected that pAdl and pAd2 would
yield more full-length transcripts than wild-type and
pAswap, respectively. Indeed, pAdl gives 2.5-fold more
full-length transcripts than wild-type, and pAd2 gives
4-fold more than pAswap (Figure 6A and C).

On the other hand, if the identity of the downstream
residues neighboring the U-rich sequence is important,
then pAd2 should terminate more efficiently than pAdl,
and be nearly as efficient as wild-type. This prediction
comes from results with the pAswap template where the
three bases preceding the U-rich region are UCG, the
same as in pAd2 (Figure 6D). Again, we find that
relative to each other, the pAd2 template gives more effi-
cient termination than pAdl (Figure 6C and E).We take
these results to indicate that both pairing and the identity
of the triplet sequence adjacent to the AU-rich region also
contribute to termination efficiency at this terminator.

Both pAdl and pAd2 disrupted templates change
the patterns of transcripts within the cluster relative to
both wild-type and pAswap template (Figure 6E). In
both cases, the longer transcripts (bands 7-10) of the
wild-type are abolished, which is consistent with the
shorter stem. Unexpectedly, the shortened stem of pAd2
shifts the predominant terminated band to a position more
equivalent to wild-type band 3, which is longer than the
corresponding product found for pAswap (band 2).

These experiments suggest that both sequence and stem
structure at the bottom of the stem are important for
imprecise termination to occur (see ‘Discussion’ section).

Deleting terminator sequences at the top of the stem
affect termination efficiencies but not the pattern

An array of termination sites could result from formation
of alternative stem-loop structures as well as steric hin-
drance of RNAP by shorter versions of a long stem. In
order to investigate this, we have examined a series of
Gral derived templates with stems progressively
shortened by a maximum of 4bp just below the loop
(Figure 7B). The transcripts of these templates reveal the
pattern of multiple termination sites persists, although
the termination is now less efficient (Figure 7A and C).
The relative termination efficiency is systematically
lowered to 4-fold, when stem length is reduced from 11
to 7 bp. This implies a key role for the bases at the bottom
of the stem as determinants for termination site precision,
as if alternative stem-loop structures do not form.
Conversely, the length of this terminator is an important
determinant of its termination efficiency.

GraL sequences are conserved among enteric bacteria

The above experiments lead us to conclude that the strong
P1 and P2 promoters and the intrinsic terminator in the
greA leader region result in the formation in vivo and
in vitro of a collection of small RNA chains in E. coli;
we call this cluster collectively GraL (for greA4-leader).
The next question is whether GralL has physiological
significance. We find that this region is generally
conserved in other enteric bacteria (Supplementary
Figure S1A). In instances where sequences are not
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Figure 6. Role of the terminator stem sequence and pairing on termination patterns. (A) An example of the gel depicting products of a single round
transcription using wild-type (wt), pAswap (pAs), pAdl (d1) and pAd2 (d2) greA templates. Full-length (FL) products and the small RNA cluster are
marked as in Figure 5. (B) An example of the gel comparing single transcription products obtained with the pAswap template in the presence (+) or
absence (—) of 5uM pin 4. (C) Quantitative comparisons of FL from panel A, obtained from at least four independent experiments. (D) Schematic
diagram highlighting differences between the four templates. Only the three basepairs at the bottom of the stem are indicated, the remaining
sequences are as depicted in Figure 5A. (E) Comparative tracings of short transcript clusters taken from lanes in panels A and B. The green

dashed lines align the two major bands (3 and 8) as defined in (A).

conserved the intrinsic terminator motif is nevertheless a
conserved structure (Supplementary Figure S1B). For the
four species considered, 17 out of 18 mutations in the stem
region preserve the structure of the stem. This is a
strong indication that there is an evolutionary pressure
for the existence of a terminator structure associated
with GraL.

We can calculate that the termination efficiency remains
constant throughout growth (see ‘Discussion’ section).
Thus the role for GraL could be regulation of greA4 expres-
sion in trans, through a variety of mechanisms. To test
this, a plasmid with IPTG-inducible Gral, but not
GreA, was constructed (pKP-gral) and its over-
production accompanying induction was verified by
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northern analysis (20-fold increase over wild-type levels).
This plasmid and its vector control were introduced into
strains with a chromosomal lacI? allele and its effect on
the activity of the gred pA-all-lacZ fusion was monitored
after GraL induction. No significant effects were found on
B-gal activity, nor GreA abundance (data not shown).
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Figure 7. Role of the terminator stem length on termination efficiency
and precision. (A) An example of the gel depicting products of a single
round transcription using wild-type (wt), pl0-7 gred templates
generated by deleting basepairs at the top of the stem. Full-length
products (FL) and the small RNA cluster are marked as in Figure 5.
(B) Schematic diagram highlighting differences between the five tem-
plates. Only the four basepairs at the top of the stem are indicated, the
remaining sequences are as depicted in Figure SA. (C) Relative termi-
nation efficiencies are calculated as a percent from the densities of short
transcripts divided by total transcripts produced (short+ full length).

Table 1. Multicopy graL improves cell fitness

Effect of GraL on cell fitness

Since gred seems not to be regulated by Gral, we
searched for experimental evidence for a biological role
of GraL. We asked if GralL overproduction affects cell
fitness during repeated cycles of overnight growth and
dilution into fresh rich (LB) media; this method provides
a sensitive indication of a variety of biological functions
(40). To initiate the test, we mixed equal numbers of
wild-type cells harboring either a plasmid that
constitutively overproduces Gral. (pKP-gral), or its
vector control. We monitored population abundance by
marking one of the pair of strains with a ma/T allele. After
each overnight growth cycle, cells were titrated on
maltose-MacConkey plates, and red mal/T+ colonies
and white mal/T mutant colonies were counted. To
ensure that the ma/T marker mutation was not the
source of fitness variation, two reciprocally marked
culture mixtures were used, along with additional
controls (Table 1). The reversion rate of malT— to
malT+ was also monitored on maltose-MacConkey
plates (data not shown). We find that the cells harboring
the GraL overexpressing plasmid take over the population
after four overnight cycles of growth reaching 92-95% of
the population. This occurs whether Gral is
overproduced in malT+ or in malT— hosts. Similar exper-
iments were performed with a vector carrying scrambled
GraL sequence (pKP-GraL3mPed) "to confirm that the
effects of GraL on fitness were sequence specific and not
due to overproduction of any small RNA. The sequence
upstream of the terminator stem was randomly mixed and
the terminator hairpin was inverted. Northern blots
verified that GraLS5e®™ed expression was equivalent to
GraL in the previous experiment (data not shown). As
illustrated in Table 1, pKP-GraL5"®™"d hag only a
weak negative effect on fitness, in contrast to the strong
positive effect of Gral. We take this to mean
overproduced Gral. does have a biological effect in that
it clearly increases cell fitness during growth in rich media.
We will discuss possible reasons below.

We also searched MGI1655 genomic sequences for
possible Gral targets using Target RNA software

1 2 3 4 5

wt/vector wt/vector wt/pgral wt/vector wt/pgral>"
Cycle malT|vector malT|pgral malT|vector malT|pgral>" malT/vector
(days) (% malT+) (% GraL) (% GraL) (% GraL5) (% GraL5)
0 55 49 48 47 48
1 59 59 64 47 43
2 69 80 74 45 35
3 67 87 81 41 37
4 72 96 90 37 34
5 63 96 94 35 32

A control for the mal/T mutant is a mal/T mutant carrying vector control mixed with a ma/T+ strain also carrying vector control (column 1).
A malT— strain carrying the pKP-GraL plasmid is mixed with a ma/T+ strain carrying a vector control and vice versa (columns 2 and 3). A malT—
strain carrying the pKP-GraL5™m*!d plasmid is mixed with a ma/T+ strain carrying a vector control and vice versa (columns 4 and 5). In addition
four unmixed controls are analyzed in parallel. These controls are wt/vector; wt/pgralL; malT|vector; malT/pgral. After five cycles of daily growth,
the control cultures gave few or no revertants as judged by colony color changes on maltose-MacConkey plates (data not shown). Cycle zero
represents the initial distribution of the cell mixtures. The data shown are representative of three independent experiments.
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Category Long Term Short Term
a. GraL up in ppGpp" only soxR acs bssS cirA cspA cspE deaD dhaH
dhaK dhalL efeB (efeO) entA entB entC
entE entH fepC fepD fes fhuA fhuC fhuD
JhuF fiu grxA nankE oxyS recX rtT
ryfA soxS xapR yebG yejG yhaM ymfD
b. GraL. DOWN in ppGpp" only basS besE besF cydA dep fin gadW
glgB glgC gpp hdeA
hdeB ( katE
mobA msyB napF oppD oppF pabB ppc
purA ryhB
yahK ycaC yfdH yfdl yfiD ygaM ygaZ yiiQ
ydc yjiT yifE
c. GraL up in ppGpp* only merC
d. ppGpp" up, GraL down, together- no change bfd exbD cheW cheY flgA flgB flgC flgD fIgE flgF
fhuA glpC 118G figH figl fig] figK figL flgM figN fiiC
nrdH ydiE JUD fliE fliF fliG fliM (fliN) fliO(fliT) fixA
mcrA motA motB (mscS) tar tsr ymgD
e. ppGpp’ down, GraL up, together- no change cemE fimF napF

napH, napA napD

ompW ydfZ
f.* ppGpp” down, GraL down further fimA fimC
2% ppGpp® up, GraL up further uhpT
h. ppGpp* down, GraL. down further ld

Gene function color code: iron carbon flagella chemotaxis

shock/stress membranes/transport/fimbriae small RNA. Two colors

mean two functions. Bold fonts: regulators (transcriptional/translational/protein binding); f*, g* exception: GraL enhances > 2.49- fold;
all other entries > 3.0-fold; in parenthesis: > 2.49- fold, but in the same operon as genes affected > 3.0-fold. “up” indicates activation,

“down” indicates inhibition.

(http://snowwhite.wellesley.edu/targetRNA) based on
sequence complementarity between GralL and putative
targets. Three candidates were elucidated: eco, yraM and
yhbY (Supplementary Figure S2). Among these, yhbY
seemed the most promising candidate as the predicted
annealing sequence involved a 25nt stretch spanning the
AUG (Supplementary Figure S2). In addition, yibY is
present on the chromosome just beyond gred, in the
opposite orientation. However, yhbY-lacZ translational
fusion failed to reveal an effect of overproducing GralL
(data not shown).

Effects of GraL overproduction revealed by
microarray experiments

GraL conservation in enteric bacteria and its ability to
enhance fitness led us to try to identify specific examples
of GraL regulated gene expression by microarray analysis.
We anticipate subtle changes would be detectable by
microarrays because it took several days of culture for
GraL overproducing strains to predominate. We chose
to study the effects of GraL overproduction with an
inducible promoter rather than deletion because

eliminating the GraL terminator (with or without Pl
and P2 promoters) would lead to changes in GreA
levels. It has been shown that deleting or overexpressing
GreA affects transcription of a large set of genes (41).

The effects of overproduced Gral were measured
during exponential growth in LB as for the fitness exper-
iments. We tested continuous exposure to elevated levels
of GraL as well as a 15min induction. We expected that
short-term induction would reveal direct targets of Gral,
whereas long-term exposure would generate many indirect
effects as well. In all cases samples were collected in expo-
nential phase of growth in LB (A600 = 0.6) (see ‘Materials
and Methods’ section for details). Since few changes were
found in a wild-type strain, similar experiments were per-
formed in a ppGpp deficient strain (ppGpp”) because the
absence of ppGpp renders cells vulnerable to a variety of
global regulators. The absence of ppGpp does not result in
a change of GreA levels (data not shown). We also find
ppGpp has no significant effects on reporter fusions
measured as in Figures 1A, 2B and 4B, nor in our
in vitro transcription assays presented in Figure 3 (data
not shown).
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Our scoring criteria with some exceptions required at
least a 3-fold change in the signal ratio, where both
signals had to be significant (P <0.05) and at least one
of the signal’s value had to be above 300 (see legend to
Table 2 and Supplementary Tables S1 and S2). Four
strains (wt/GraL, wt/vector, ppGpp’/GraL, ppGpp"/
vector) are compared four ways. First, ppGpp°
strain + GraL; second, wt strain + GraL; third ppGpp°
strain + GralL.  with  wt  strain + Gral; fourth,
ppGpp° strain with wt (Supplementary Tables S3 and
S4). Table 2 contains several categories that emerge
from these comparisons, excluding genes affected by
ppGpp only (this class of genes is beyond the focus of
this study, but the data is included in Supplementary
Tables S3 and S4).

These comparisons are surprising in several ways. For
example, although effects of GralL depend on presence or
absence of ppGpp, there is no case where GraL has the
same effect in both backgrounds. Also, it is evident that
gene expression during long-term GraL. overproduction is
less severely affected than during the short term, judging
by the number of genes (45 versus 173; or 17 versus 130
when genes exclusively affected by ppGpp are excluded).
In general, genes affected in the short-term are not a
subset of those affected in the long-term; instead the
common set is limited to: efeB, efeU, fhuA, napF, oxyS,
relA, ryhB and spoT (Table 2 and Supplementary Tables
S3 and S4), but again they don’t appear in the same
category. Of course re/lA and spoT are an exception
because they are deleted in ppGpp® strains and thus
their abundance seems to be down-regulated whether or
not GraL is present.

The most predominant functional classes of genes found
to be affected are those involved in iron uptake and
metabolism (33 genes); flagella (25 genes) and amino
acid metabolism (17 genes). All of these are reported to
be regulated by ppGpp itself (20,27), underscoring a
relation between GraL and ppGpp. It is notable that dif-
ferent iron genes are affected after short- and long-term
exposure to GraL, whereas flagella genes and amino acid
metabolism genes are only affected during short-term
exposure (see ‘Discussion’ section).

DISCUSSION

GreA itself is a transcription regulator that can interact
with RNA polymerase at two levels, relief of elongational
pausing (13,16) and promoter-specific facilitation of initi-
ation (27). These features raise the possibility that GreA
functions could be recruited to feedback regulate its own
synthesis. Indeed, reporter /acZ fusions indicate that
GreA can auto-regulate its expression; deletion of greAd
derepresses, and overproduction of GreA represses the
reporter activity 2-3-fold. However, this phenomenon
could not be reproduced with the pure in vitro transcrip-
tion system. Thus we conclude that the auto-regulation is
due to indirect effects or additional factors are necessary
to observe it in vitro. We were instead rewarded with a
different discovery. The greA leader region contains two
strong promoters and an unusual terminator that gives

rise to two clusters of small RNA chains that we call
GraL.

Despite the primer extension evidence (Figure 1A), the
existence of the P3 and P4 promoters is questionable.
First, they lack clear consensus sequences (Figure 1C).
Second, we are unable to find in vitro transcription condi-
tions that detect their activity (with RNAPc’ or ; data
not shown). Third, lacZ reporter fusions yield barely mea-
surable activities. It seems likely P3 and P4 primer exten-
sion bands are generated post-transcriptionally. Also, note
that the primer anneals to sequences downstream of the
terminator and only the P1 and P2 transcripts that read
through the terminator are detected.

The intrinsic terminator accounts for the differences in
lacZ reporter activities between greApA-all and Pl or
P1P2 (Figure 4B). Also, auto-regulation by GreA, men-
tioned above, seems to rely on the presence of this termi-
nator as the activity of the greAP1P2+T fusion is
derepressed in the absence of GreA, similar to the Pall
fusion. On the other hand, gre4AP1 as well as greAP1P2
fusion strains did not exhibit this effect (data not shown).

The extent of termination in vivo can be calculated as
66% efficient from the difference between P1, P1P2
(~750U) and P1P2 + T or pA-all (~250U). The slopes
of this differential plot seem constant over a wide range
of cellular densities. In vivo termination efficiency is
in good agreement with termination in vitro: ~60%
(Figures 3 and 7).

Termination at the greA intrinsic terminator is excep-
tionally imprecise. The GraL RNA chains comprise a
population whose ends range over ten nucleotides. The
occurrence of these frayed ends in vivo is demonstrable
by northern blots (Figure 4C). This could be explained
by post-transcriptional endonuclease attack, followed by
exonucleolytic nibbling. However, the cluster of RNA
chains is visualized in a pure in vitro transcription
system (Figure 3A and B). The purity of the in vitro
system is validated because more precise termination is
accomplished by swapping three base pairs at the base
of the stem, preserving the structure of the terminator
(Figure 6). Nevertheless, we tested the effects of rnc and
rne mutants by northern blots, and found no significant
effect (Figure 4C and data not shown).

We attempted to identify the ends of the short RNA
chains by direct RNA sequencing (using 3'deoxy-NTPs).
However, compression due to the GC-rich sequence of
stem II prevented a clear identification of the first termi-
nation site, despite substituting ITP for GTP in
sequencing reactions (data not shown). Because of this
caveat, we can pinpoint each terminated position
+2nt in the UAU,GCU, sequence.

The predicted structure with the 11 bp stem is rare; ter-
minators with such long stems comprise only 12% among
148 natural terminators surveyed (42). To our knowledge,
imprecise termination over a range of 10 sites is not
reported previously in prokaryotes or eukaryotes.
Rho-dependent termination, which is distinctly different
from intrinsic termination, is known for its imprecision
but the stop points are often spread over a 100bp of
DNA (43). Therefore, we decided the basis of this
behavior warrants further investigation.



A recent allosteric termination model proposes that
the terminator hairpin forms within RNAP and induces
extensive conformation changes across polymerase (7). In
this model, the 7-8bp lambda tR2 hairpin ultimately
clashes with the G(trigger)-loop to shorten the RNA-
DNA hybrid that leads to the collapse of the transcription
bubble and transcript release. It could be imagined that
the 11 bp GraL stem might enhance the conformational
constraints within RNAP. When the Gral hairpin is
shortened without changing the 7bp sequence at the
bottom of the stem the termination efficiency is greatly
reduced (Figure 7). This could be viewed as favoring or
disfavoring the model. On one hand it could be expected
that the GraL terminator should be very efficient while
having just a 7bp hairpin. On the other, if the base line
value for the termination efficiency is applied from the
Gral 7bp hairpin construct, it is consistent that the
longer the stem length the better termination. Without
crosslinking studies and modeling it is difficult at this
point to predict what would happen with an 11 bp stem.

It has been proposed that formation of 2-3bp at the
bottom of the stem is critical for termination through
shearing of the RNA-DNA hybrid (4,9). Because of the
space constraint, basepairing at the bottom of the stem
might be limited for longer stems. Thus it can be
imagined that the GraL hairpin does not form completely.
Yet, if pairing is disrupted at the base of the stem (pAdl),
termination efficiency is reduced (Figure 6), as if pairing of
the wild-type GraL stem is complete.

On the other hand, the 3 nt sequence just upstream of
the U-tract is also important for termination, independent
of basepairing. If this sequence is changed but basepairing
is maintained, as for pAswap, termination -efficiency
increases relative to wild-type. If the same 3 nt sequence
is present without basepairing (pAd2), the efficiency of
termination is restored to wild-type levels (Figure 6).

Still, the imprecision of the Gral terminator is yet
another issue. Because of its uniqueness it is not addressed
by current models, which are derived from studies of
precise terminators. Our evidence is that basepairing and
sequence at the bottom of the stem, not stem length, are
important determinants of precision because imprecision
persists when the stem is shortened from the top (Figure 7).

The UAU,GCU, sequence of the GraLL U-rich tract is
also unique, as the first three residues of the tract are typ-
ically UUU (41). However, the second A residue in this
region of Gral does not seem to be evolutionarily
conserved (Supplementary Figure S1), whereas the
bottom basepair GU is. The significance of this is uncer-
tain without knowing the precision of the other termina-
tors. Still, the precision is greatly improved when the GU
basepair is replaced by UG (pAswap, Figure 6).

Overall, the GraL terminator is an exception in terms of
both structure and multiple termination sites. Its study can
provide additional insights and constraints into mecha-
nisms of termination derived from models based on
typical terminators. Unusual chimeric terminators have
contributed useful information (44), and yet there are nat-
urally occuring terminators that lack dyad symmetry
stems and poly-U tracts that are unexplored (42).
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It is a puzzle why transcription from the two strong
promoters (P1 and P2) is terminated so that gre4 expres-
sion depends largely on read-through. To maintain a
constant amount of gre4 expression (28) it would seem
simpler to have a single constitutive promoter. The com-
plexity of this region may be explained by additional role
for Gral, independent of GreA.

An additional role for GraL is suggested by the conser-
vation of its sequences and/or predicted structures among
related enteric bacteria. The biological importance of
GraL is experimentally verified by the fitness experiments
described in Table 1. Cells with constitutive over-
expression of Gral. do enhance biological fitness as
judged by their 95% predominance over cells with
wild-type GraL expression during repeated cycles of over-
night growth on rich LB media. This could be due to
effects during exponential growth, stationary-phase or
outgrowth after dilution into the fresh medium. Since
overexpression of an RNA with scrambled Gral
sequence did not show similar effect, we conclude these
effects are GraL specific.

In parallel with wild-type strains, the fitness experiment
was attempted in a ppGpp® host. However, several malT
alleles themselves had effects on fitness in this background
and this prevented assessment of specific effects of GraL.
We suspect this is because so many cell processes are
affected by ppGpp (21) that the mal/T mutation is likely
to give multiple indirect effects.

Profiles of global transcription activity were performed
in search of presumably subtle changes due to GraL
overproduction. Contrary to our expectation acute GralL
induction did not produce the expected smaller subset of
genes when compared to long-term exposure. Strikingly,
short-term changes appear only in a ppGpp° background.
We attribute this to the likelihood that gene expression in
a ppGpp? strain is already imbalanced and a subtle per-
turbation caused by GralL overexpression can have more
pronounced effects.

Mang genes repressed by Fur are activated by GraL in
ppGpp~ background during short-term exposure. A
simple explanation would be that GraL affects Fur
levels, instead of regulating expression of each gene indi-
vidually. On the other hand, this does not explain why
only some, and not all Fur-dependent genes are
derepressed [specifically, the suf genes which are invariably
affected by iron starvation (45)]. Since a western blot
analysis reveals that Fur levels change by only ~2-fold
(Figure 8), perhaps there is a hierarchy of sensitivity of
Fur operators, i.e. changes in Fur levels can titrate out
operators with weak Fur binding. The mechanism by
which GraL affects Fur levels remains to be determined.

Does GraL nevertheless induce an unusual form of iron
starvation or perhaps change the cell tolerance to limiting
iron concentration? GraL activates some genes involved in
the synthesis of enterochelin (entA, B, C and E) as well as
the ent-Fe complex uptake (fepC, D) and its use (fes). The
uptake of other forms of iron involves fhu, cirA and fiu.
This reinforces the possibility that GralL overproduction
causes or mimics an iron starvation.

We pursued this with the use of CAS plates, where the
formation of orange color on blue plates is an indication
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wt  wt ppGpp’ ppGpp°
vector GraL vector GralL

1 075 152 153
— g — —  RDOA

1 1.75 295 1.2

Fur
1 232 19 0.78  Fur/RpoA
=1 -2.43
wt wt  ppGpp” ppGpp’
vector GraL  vector GraL

Figure 8. Effects of GraL overexpression on Fur levels and iron assim-
ilation phenotypes. (A) Example of a western blot with anti-Fur and
anti-RpoA (control) antibodies. The numbers above each band repre-
sent densities in arbitrary units. Numbers below the line give the ratios
of Fur/RpoA, where the vector control ratio is defined as 1. Plasmid
pKP-GraL is labeled GraL; the vector label corresponds to the plasmid
control (pBR-plac). (B) Top—image of the appropriate cell cultures
spotted on CAS plates. Bottom—Corel Draw software enhancements
of color differences of upper panel images obtained by swapping orange
for black, showing specks of black on the periphery of the ppGpp°
pGralL cells.

of excreted enterochelin and thus demonstrates the cell’s
need for iron. As evident from Figure 8B, there is no sig-
nificant difference between strains bearing the GraL
overproducing plasmid or the vector control in ppGpp +
background. However, a Gral-dependent slight color
variation is detected in ppGpp° strains that could be
enhanced by color swapping software when black is
substituted for orange (Figure 8B, lower panel). This
might indicate perturbance of iron metabolism in the
absence of ppGpp and presence of Gral.

On the other hand, GraL represses 25 genes involved in
flagella synthesis and four chemotaxis genes during
short-term exposure (Table 2). Analysis of the data from
four way comparisons (Supplementary Table S4) reveals
that these genes are actually induced in the ppGpp® strain
and GraL cancels this effect. These effects are evident for
genes in early, middle and late operons for flagella synthe-
sis, and include those regulated by ¢’® and o, and also
apply to transcription of flagellar regulators figM, flhDC
(but not flid that encodes o" itself). Exponential growth in
LB is known to involve continuous switching between
many different nutrients (46). There is also a report that
carbon source starvation generally derepresses flagella
and chemotaxis genes (47). Perhaps when GraL is
overproduced in the absence of ppGpp, either starvation
is not sensed, or there is not enough starvation to induce
flagella. In support of this hypothesis, in a ppGpp® strain,
GraL represses 17 genes involved in amino acid

metabolism, including arginine, glycine, histidine, lysine,
tryptophan and tyrosine.

Clear biological effects can be attributed to GraL. Yet,
despite regulatory effects on over 100 genes, we are unable
to identify the complementarity with target mRNAs that
is usually expected of many small RNAs (39). It is possible
that GraL does not function through basepairing, but
instead through binding of proteins, similarly to CsrA or
6S RNA (39).

It is interesting to note that in eukaryotes a chaperone
that protects RNA polymerase III transcripts from
3’ exonucleases and promotes their maturation, La
protein, binds RNA depending on the number of U
residues at the 3’ termini (48). Products of PolIll that do
not possess long enough 3'oligo U ends, undergo matura-
tion in a different pathway. Perhaps something similar is
happening in E. coli and there is a different function
associated with different members of the GraL cluster,
rather than all of the species acting similarly.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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