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Bacterial Gre transcript cleavage factors stimulate the intrinsic
endonucleolytic activity of RNA polymerase (RNAP) to rescue
stalled transcription complexes. They bind to RNAP and extend
their coiled-coil (CC) domains to the catalytic centre through the
secondary channel. Three existing models for the Gre–RNAP
complex postulate congruent mechanisms of Gre-assisted cata-
lysis, while offering conflicting views of the Gre–RNAP inter-
actions. Here, we report the GreB structure of Escherichia coli.
The GreB monomers form a triangle with the tip of the amino-
terminal CC of one molecule trapped within the hydrophobic
cavity of the carboxy-terminal domain of a second molecule.
This arrangement suggests an analogous model for recruitment
to RNAP. Indeed, the b0-subunit CC located at the rim of the
secondary channel has conserved hydrophobic residues at its
tip. We show that substitutions of these residues and those in the
GreB C-terminal domain cavity confer defects in GreB activity
and binding to RNAP, and present a plausible model for the
RNAP–GreB complex.
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INTRODUCTION
Transcript cleavage factors assist RNA polymerase (RNAP) in
the hydrolytic removal of the 30-proximal segment of nascent

RNA (Orlova et al, 1995) in the backtracked transcription
elongation complexes (TECs). This activity might contribute to
productive initiation (Hsu et al, 1995), proofreading (Erie et al,
1993; Zenkin et al, 2006) and the rescue of arrested (Borukhov
et al, 1993) or roadblocked (Kireeva et al, 2005) TECs. In bacteria,
the transcript cleavage factor paralogues GreA and GreB are
thought to have similar two-domain architectures (Stebbins
et al, 1995; Koulich et al, 1997), but exhibit several differences.
First, GreB binds to RNAP approximately 100-fold tighter than
GreA (Koulich et al, 1997). Second, GreA-induced cleavage
yields di- and trinucleotide products, whereas GreB stimulates
the accumulation of excised products in a much wider size
range (2–18 nucleotide long RNAs; Borukhov et al, 1993;
Kulish et al, 2000). Third, unlike GreA, which is only able to
prevent arrest, GreB can also rescue the already arrested TECs
(Borukhov et al, 1993).

Substitution of the two crucial acidic residues at the tip of the
extended amino-terminal coiled-coil (CC) domain of the Gre
factor (Fig 1) resulted in a marked decrease in Gre-assisted
cleavage (Laptenko et al, 2003; Opalka et al, 2003; Sosunova
et al, 2003). This suggests a common mechanism in which the
Gre-factor reaches into the secondary channel of the RNAP with
its CC domain and donates the acidic side chains to the RNAP
active site where, together with the RNAP catalytic residues, they
coordinate the catalytic Mg2þ ions. The structural models of the
RNAP–Gre complexes proposed by these three research groups
agree in positioning the GreB CC tip near the RNAP catalytic
centre, thereby providing one common point of reference for
modelling. However, they disagree on the location of the globular
carboxy-terminal domain of GreB, which is thought to constitute
the main RNAP-binding site, and suggest three essentially distinct
GreB orientations and subsequent GreB–RNAP-binding modes. In
fact, in these models, the GreB C-domains are positioned
approximately 20–40 Å apart from each other and interact with
distinct, non-overlapping segments on the RNAP. The semi-
empirical GreB–RNAP complex model, based on low resolution
(B15 Å) experimental electron density (Opalka et al, 2003), shows
that although the GreB C-domain is located outside the secondary
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channel near the C-terminal b0-subunit CC (b0CC) it, in fact, ‘hangs
in the air’ and forms no direct interactions with the RNAP. In
the other two theoretical models, the GreB C-domains are
accommodated inside the secondary channel; however, they are

attached to distinct structural elements in the RNAP located on the
opposite sides of the secondary channel (Laptenko et al, 2003;
Sosunova et al, 2003). So far, neither of these conflicting models
has been supported by additional biochemical and/or structural
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Fig 1 | Structure of the GreB protein. (A) Overall structure. The a-helical turn at the tip of the N-domain and the two principal acidic side chains are

shown in green. (B) Structures of GreB and GreA superimposed by the C-domains. (C) Sequence alignment of the Gre factors. The principal acidic

residues and the conserved hydrophobic residues lining the C-domain cavity are highlighted in green and magenta, respectively. We included serine

and threonine, whose small polar side chains often appear in the hydrophobic cores of proteins, as residues that contribute to the hydrophobic

intermolecular interface, as observed in the GreB trimers (D). GreB residues that were altered in the present study are marked by red asterisks.

(D) Hydrophobic interface formed between two GreB molecules in the asymmetric unit. (E) Overall view of the trimer that the GreB monomers

form in the crystal. C-domain, carboxy-terminal domain; N-domain, amino-terminal domain.
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data. Thus, the Gre-binding site on the RNAP—the precise
localization of which is crucial for understanding the detailed
mechanism of action of the Gre factors and also for understanding
the general principles of transcription regulation through the
secondary channel—remains obscure.

Here, we determined the crystal structure of Escherichia coli
GreB at a resolution of 2.6 Å. The intermolecular interactions
observed in the crystal suggested that GreB binds to RNAP through a
hydrophobic cavity on its C-domain. Subsequent functional analysis
supported this model and allowed us to identify the complementary
binding site on RNAP. Together, these findings allowed us to build
a plausible structural model of the RNAP–GreB complex.

RESULTS
The GreB structure
The GreB molecule (Fig 1A) consists of two domains: the
amino-terminal a-helical CC and the globular C-domain, which
comprises a central four-stranded b-sheet flanked on one side by an
a-helix and a hairpin loop. Although each of the GreB domains
closely resembles the corresponding domain of GreA (Stebbins
et al, 1995; r.m.s.d. values are 0.83 Å and 0.87 Å for the N- and
C-domains, respectively), superimposition of the C-domains
revealed a notable difference (B14 1) in the orientations of their
CCs (Fig 1B). When superimposed by their C-domains, the six GreB
molecules present in the asymmetric unit of the crystal also showed
distinct orientations (B4–9 1) of the N-domains (supplementary
Fig S1 online). This interdomain flexibility might serve to (i) fit
surface-anchored Gre factors to the active site embedded deep in
the secondary channel, (ii) adapt to conformational changes in TEC
during catalysis, or (iii) switch the factor on and off, as was shown
for the Gre-like regulator Gfh1 (Laptenko et al, 2006).

A notable structural feature of GreB—which is also present in
GreA, but has not been commented on previously—is an open
cavity in the C-domain lined in total by 11 hydrophobic residues
(Fig 1C,D). This cavity seems to be more hydrophobic in GreB than
in GreA (both from E. coli), as it contains more hydrophobic (Phe 103
versus Tyr 105, respectively) or bulky (Trp 148 versus Phe 150, and
Met 124 versus Ile 126, respectively) exposed groups (Fig 1C).

The six GreB molecules in the asymmetric unit are arranged as
a pair of identical trimers in which the individual protomers are
related by a nearly perfect threefold rotational symmetry. In each
trimer, the elongated GreB molecules form a triangle (Fig 1E) that
is stabilized through intermolecular interfaces between several
hydrophobic side chains from the tip of the N-domain CC of one
molecule and the hydrophobic C-domain cavity of a second
molecule (Fig 1D). We speculated that a similar type of interaction
mediates Gre binding to RNAP. In support of this hypothesis, the
b0 C-terminal CC (E. coli residues 645–703), which lies at the point
of entry into the secondary channel and becomes strongly
protected against hydroxyl radical cleavage by the bound GreB
or GreA (Laptenko et al, 2003), has six conserved hydrophobic
residues at its tip (Fig 2A). It is worth noting that this hypothesis did
not emerge from the earlier structural analysis of GreA (Stebbins
et al, 1995) probably because it forms monomers in the crystals
and has a less pronounced hydrophobic cavity on its C-domain.
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Fig 2 | Functional analysis of the putative b0-subunit coiled coil–GreB

interface. (A) Sequence alignment of the tip of the b0CC. The conserved

residues that might constitute the hydrophobic intermolecular interface

with GreB are highlighted in orange. The double-substituted tip residues

are indicated by red asterisks. (B) Effects of the b0CC substitutions on

RNA cleavage in scaffold complexes (used because the deletion enzyme

was incapable of initiation at the lPR promoter). Left panel: a 15%

representative gel with the 30-end-labelled 14-mer RNA and a 2-mer

30-cleavage product indicated. TECs assembled with core enzymes were

incubated at 37 1C for the durations indicated above (in min) in the

absence or presence of 100 nM of wild-type GreB. Right panel:

quantification of the 14-mer RNA that remained uncleaved after 5 min

incubation. The assay was repeated at least twice for each enzyme

variant. (C) Gel shift assay with radiolabelled GreBs (at 8 nM) and

increasing concentrations of core RNAP (0, 40, 80, 150, 300, 500 and

1,000 nM). Positions of the wells and the Gre–RNAP complexes are

indicated. The core concentration at which approximately 50% of
32P-GreB was bound is shown; no binding was detected even at 1 mM of

the DD core (as well as the RR and deletion variants; data not shown).

(D) Effects of the selected GreB variants on RNA cleavage in halted

radiolabelled A26 TECs. The fraction of A26 RNA remaining after 10 min

incubation at 37 1C is shown below each lane. The far left lane contains

A26 RNA before 37 1C incubation. AA, double alanine substitution;

b0CC, b0-subunit coiled coil; DD, double aspartic acid substitution;

RNAP, RNA polymerase; RR, double arginine substitution; TEC,

transcription elongation complex; WT, wild-type.
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b0CC is the main GreB-binding site on the RNAP
Having tentatively identified the b0CC and C-domain hydrophobic
cavity as the respective RNAP- and GreB-derived parts of the
TEC–GreB interface, we constructed double substitutions of the
b0CC residues Leu 672 and Val 673 for alanine, aspartic acid or
arginine, as well as the deletion of one helical turn on each side of
the tip, which effectively shortens the b0CC. We then analysed
the effects on endonucleolytic transcript cleavage in A26 TECs
(Fig 2B) that are sensitive to GreB-assisted cleavage. Alanine
substitutions (designated as an AA variant in Fig 2B) resulted in an
expected reduction in GreB-dependent cleavage activity and
affinity to GreB (Fig 2C). Substitutions with either aspartic acid or
arginine at both positions (DD and RR variants, respectively)
essentially prevented GreB-dependent enhancement of cleavage,
as did the removal of the entire b0CC tip; the same was also
true for GreA (Fig 2B; data not shown). The essential loss of
activity (affinity to GreB) in the RNAP mutants with the charged
substitutions at the b0CC tip and retention of the AA variant
suggest that the RNAP–Gre binding relies largely on hydrophobic
interactions. These results alone provide strong support for the
structural prediction that the GreB C-domain hydrophobic
cavity constitutes the docking site for RNAP as the GreB C-domain
cavity is the only site on the GreB surface that complements the b0CC
hydrophobic tip, both in its shape and chemical properties
(consistent with the GreB crystal structure).

Nevertheless, we engineered a further eight amino-acid
substitutions in GreB that disrupted the presumed interface
with RNAP (Fig 2C; supplementary Fig S2 online). The effects
of these variants fell in the range between the wild-type and
the cleavage-deficient Asp41Asn variant (Laptenko et al, 2003),
with Ser122Glu showing the strongest defect. Substitutions
for alanine conferred minor defects, whereas substitutions of
the same residues (for example, Met124 and Ile118) for gluta-
mate produced much larger effects, which were particularly
evident when the rate of cleavage was assayed (supplementary
Figs S2, S3 online).

To ascertain whether the observed defects in transcript
cleavage were due to defects in binding, we used the gel mobility
shift (Loizos & Darst, 1999) and Fe-mediated cleavage (Laptenko
et al, 2003) assays. We found that defective GreB variants (for
example, Val139Asp in Fig 2C, and Ser122Glu in supplementary
Fig S4 online) showed reduced affinity to RNAP, and the
observed drops in affinity correlated with the concomitant defects
in cleavage (Fig 2C; data not shown). However, we found that
the ‘direct’ binding assay was much less sensitive to small
differences among the GreB variants when compared with the
RNA cleavage assay.

DISCUSSION
RNAP-binding determinants on GreB
Among the ten GreB residues that were subjected to alanine
scanning (Loizos & Darst, 1999), substitutions of only two—
Asp121Ala and Pro123Ala—resulted in a notable loss of affinity
for RNAP. Although three of the ten residues—Pro 123, Val 139
and Pro 142—are located in the C-domain hydrophobic cavity,
only the substitution of Pro 123 affected binding. Given the
hydrophobic nature of the proposed interface, the modest effects
of these variants might be due to the fact that alanine is also
a hydrophobic residue. Conversely, the relatively small effect of

the Asp121Ala substitution, which markedly changed both the
chemical and the structural properties of the side chain, suggests
that Asp 121 could contribute to GreB structural integrity, but
does not have a direct role in binding to RNAP. In our studies,
we combined alanine scanning with radical mutagenesis (Bryant
et al, 1996); indeed, we found that only charged substitutions at
positions 118, 122, 124 and 139 led to major functional defects
(Fig 2B; supplementary Fig S2 online). Our analysis identifies these
residues (and the adjacent Pro 123; Loizos & Darst, 1999) as a part
of the GreB–RNAP interface and highlights the fact that alanine
scanning often does not produce strong effects when applied to
hydrophobic interfaces (as opposed to the hydrophobic interior of
proteins), outside the so-called hot spots, the origins and rigorous
thermodynamic interpretation of which remain elusive. This
feature of alanine scanning could be an important impediment
in the analysis of hydrophobic intermolecular interfaces.

A model for the GreB-bound TEC
Identification of the b0CC tip as the crucial docking site for the Gre
factors provides a second reference point—in addition to the
RNAP active site—for building a high-confidence structural model
of the RNAP–Gre complex (Fig 3A), in which the b0CC tip is
inserted into the hydrophobic cavity of the GreB C-domain
(Fig 3B,C), and the crucial GreB acidic residues are positioned
close enough to the active site to coordinate the catalytic Mg2þ

ions (Fig 3D). Our model involves no alterations to the RNAP
and GreB structures, and produces no steric clashes within the
complex. The network of interactions between the GreB and b0CC
residues in the model seem to be entirely consistent with all the
data obtained in our studies and those reported previously.
Indeed, in the model, the b0CC Leu 672 and Val 673 are positioned
at the centre of the C-domain cavity, making multiple van der
Waals interactions with many surrounding GreB hydrophobic side
chains. In excellent agreement with the model and proposed
hydrophobic nature of the RNAP–GreB interface, substitutions of
Ile 118, Ser 122, Met 124 and Val 139 to acidic residues (this work)
and Thr 141 to bulky methionine (Laptenko et al, 2003) conferred
the strongest GreB and GreA defects, respectively.

Implications for transcriptional regulation
Altogether, our experimental data and modelling produces several
important implications. First, the overall similarity between the
GreA (Stebbins et al, 1995) and GreB (Fig 1B) structures, and, in
particular, the nearly identical configuration of their N-domain
tips that contain the two principal acidic side chains, suggest
the same mode of recruitment to RNAP and similar structural
mechanisms of stimulating the RNA cleavage activity. Second, the
b0CC constitutes the major and, most likely, the only Gre-binding
site on RNAP. Third, binding of the Gre factors to RNAP is
probably dominated by hydrophobic interactions. The configura-
tion of the C-domain cavity (which is apparently more hydro-
phobic in GreB; Fig 1C and see above) might account, in part, for
the higher affinity of GreB to RNAP (Koulich et al, 1997). Fourth,
in our model, the side chains that form the ‘basic patch’ (Kulish
et al, 2000), a prominent feature located on one side of the
N-domain in GreB (but largely missing in GreA), are all exposed
towards the open space in the secondary channel, which
might become occupied by nascent RNA on RNAP backtracking,
thereby supporting the idea that its large basic patch might allow
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GreB (in contrast to GreA) to recognize and mediate excision of
long extruded RNAs (Kulish et al, 2000). Finally, the secondary
channel becomes substantially occluded by bound GreB, suggest-
ing that Gre factors might prevent transcriptional arrest by
blocking RNA extrusion through the channel; this steric occlusion
might be sufficient for the observed anti-arrest activity of GreA
(Borukhov et al, 1993).

METHODS
The crystals of E. coli GreB were obtained by a sitting-drop vapour
diffusion technique followed by macro-seeding (Perederina et al,
2006). The crystals belong to the P43 space group, with unit
cell dimensions of a¼ b¼ 148.3, c¼ 116.8 Å, and have perfect

merohedral twinning with the twinning operator {h,�k,�l }. The
details of the structure determination are provided in the
supplementary Table S1 online.

Substitutions in the E. coli GreB and the b0-subunit (supple-
mentary Table S2 online) were constructed by site-directed muta-
genesis; proteins were purified as described previously (Perederina
et al, 2006; http://www.osumicrobiology.org/faculty/documents/
ExpressionvectorforE.coliRNApolymerase.htm). Halted A26 TECs
were created with linear DNA template (80 nM), E. coli holo
RNAP (100 nM), ApU (100mM), 2.5 mM ATP, GTP and UTP, and
300 nM [a32P]GTP in 20 mM Tris-acetate, 20 mM Na-acetate,
2 mM Mg-acetate, 5% glycerol, 0.1 mM EDTA and 14 mM
2-mercaptoethanol (pH 8.0), for 15 min at 37 1C, and purified
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through G50 columns. Scaffold EC13 complexes were assembled
as described by Temiakov et al (2005), and RNA was extended
with 150 nM [a32P]GTP. On the addition of GreB, the reactions
were incubated at 37 1C as indicated in Fig 2, stopped by the
addition of urea (to 5 M) and EDTA (to 25 mM), and analysed on
15% denaturing gels (19:1) as described previously (Artsimovitch
et al, 2003). GreB-RNAP gel shift assays were carried out with
radiolabelled GreB as described by Loizos & Darst (1999), except
that the samples were analysed on 2% NuSieve agarose gels in
1� TBE at 5 V/cm.
Data deposition. The coordinates and structure factors for the
crystal structure of the GreB protein have been deposited in the
Protein Data Bank under ID code 2P4V.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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