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GUEST COMMENTARY

Gene-Specific Regulation by a Transcript Cleavage Factor

Facilitating Promoter Escape’

Ann Hochschild*
Department of Microbiology and Molecular Genetics, Harvard Medical School, 200 Longwood Ave., Boston, Massachusetts 02115

The transcript cleavage factor GreA can play a significant
role in stimulating the escape of RNA polymerase from native
promoters in Escherichia coli.

The bacterial Gre factors associate with RNA polymerase
(RNAP) during transcription and induce cleavage of the nas-
cent transcript at the active site of the enzyme (7, 17). Analysis
with purified components in vitro has indicated that Gre fac-
tors can mediate effects at multiple stages of the transcription
cycle. During the elongation phase of transcription, Gre fac-
tors can rescue stalled elongation complexes through their
ability to stimulate endonucleolytic cleavage of the nascent
RNA (1, 2). In addition, during the early stages of transcrip-
tion, they can facilitate the process by which RNAP escapes the
promoter and makes the transition to the elongation phase of
transcription (6, 9, 28). While the Gre factors have been ex-
tensively studied in vitro, their in vivo roles are less well un-
derstood. In this issue of the Journal of Bacteriology, Boruk-
hov and colleagues (27) provide new insight into Gre factor
function by identifying in vivo targets of the E. coli cleavage
factor GreA. Their findings indicate that GreA can play a
significant role in stimulating promoter escape at native E. coli
promoters and, furthermore, that this function likely depends
on the ability of GreA to stimulate transcript cleavage.

GRE FACTOR MECHANISM OF ACTION

The Gre factors are members of a diverse family of struc-
turally related proteins that modulate the function of RNAP
through a direct binding mechanism (17). The bacterial RNAP
core enzyme (subunit structure o,Bp’w), like all multisubunit
RNAPs, adopts a conserved crab claw structure (3, 5). The
large B and B’ subunits form the pincers of the claw and
encompass the main channel of the enzyme, which accommo-
dates the template DNA and the RNA-DNA hybrid that forms
during transcription. Deep within this channel is the catalytic
center of the enzyme, which is marked by a stably bound Mg>*
ion that participates in catalysis. Another, smaller channel, the
so-called secondary channel, also links the external milieu to
the catalytic center of the enzyme and is thought to serve as the
entry port for substrate nucleotides (13). The Gre factors can
directly modify the catalytic activities of RNAP by gaining
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access to the catalytic center of the enzyme via the secondary
channel (15, 18, 23). (In eukaryotic cells, the structurally un-
related transcription factor TFIIS functions analogously to the
bacterial Gre factors, gaining access to the catalytic center of
Polll via the secondary channel [11]).

Members of the extended Gre family (including DksA [20]
and Gfhl [12, 14, 29; reviewed in reference 4]) share a con-
served two-domain structure, consisting of an elongated N-
terminal domain that forms a characteristic antiparallel coiled-
coil and a globular C-terminal domain (25). These family
members use the C-terminal domain to bind RNAP near the
opening of the secondary channel and extend the coil-coil
motif into the secondary channel such that its tip approaches
the catalytic center of the enzyme and, in the case of the Gre
factors, contributes directly to active site function (15, 18, 23).
Specifically, Gre factors stimulate an endogenous endonucleo-
lytic cleavage reaction that reactivates stalled elongation com-
plexes formed as a result of backtracking, a process associated
with transcription pausing. During backtracking, the RNAP
catalytic center slides back relative to the 3’ end of the nascent
transcript with displacement of the 3’ tail of the RNA into the
secondary channel (7). The endonucleolytic cleavage reaction
stimulated by the Gre factors creates a new RNA 3’-OH in the
active site, now correctly aligned for the addition of the next
nucleotide. This stimulatory effect of the Gre factors depends
on a conserved pair of acidic residues at the tip of the coiled-
coil motif that helps to coordinate the binding of one of two
Mg?" ions that are both required for all the catalytic activities
of RNAP, including endonucleolytic cleavage of the nascent
RNA (15, 18, 23, 24, 26).

As well as stimulating transcription elongation by reactivat-
ing backtracked transcription complexes, the Gre factors can
also influence the early stages of transcription. In particular, in
vitro analysis has revealed that Gre factors can facilitate the
process by which RNAP escapes the promoter to enter the
elongation phase of transcription (promoter escape) (6, 9, 28).
Promoter escape is preceded by a phase of transcription known
as the abortive phase, during which the initial transcribing
complex produces short (typically 2 to ~11 nucleotides in
length) abortive RNAs that are repetitively synthesized and
released while RNAP maintains its contacts with the promoter
(reviewed in reference 8). The Gre factors have been shown to
inhibit the production of abortive RNAs by increasing the
efficiency of promoter escape (6, 9, 28). Whereas it has been
clearly established that their ability to stimulate endonucleo-
lytic cleavage of the nascent RNA is critical for the rescue of
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stalled elongation complexes, whether this ability is required
for the effect of the Gre factors on promoter escape is less
clear.

ACTIVITIES OF THE GRE FACTORS IN VIVO

Compared with what is known about the in vitro activities of
the Gre factors, relatively little is known about their in vivo
functions. Nevertheless, most bacteria contain gre genes, sug-
gesting important physiological roles for the Gre proteins. E.
coli contains two gre genes, greA and greB. Although neither is
essential for viability, several phenotypes have been associated
with gre mutants, including sensitivity to divalent metal ions,
salt, and temperature (27, 28). In addition, gre4 is a member of
the oF regulon, which encodes functions involved in the extra-
cytoplasmic stress response (22), consistent with a regulatory
role for GreA in the cellular response to various forms of
stress.

In principle, Gre factors might serve primarily as general
transcription factors, rescuing stalled elongation complexes
(30). However, several lines of evidence indicate that Gre
factors can also exert gene-specific effects on transcription (9,
16, 28). Although the most well-known regulators that exert
gene-specific effects on transcription are sequence-specific
DNA-binding proteins that facilitate transcription initiation at
specific target promoters, transcription factors that are not
sequence-specific DNA-binding proteins can exert gene-spe-
cific effects based on the presence of specific kinetic barriers
that limit the expression of particular transcription units. One
member of the extended Gre family of secondary channel
regulators, DksA, provides a particularly well-characterized
example of such a mechanism (19).

Although several previous studies have provided evidence
correlating the in vitro activities of the Gre factors with in vivo
activities (9, 16, 28, 30), the study of Borukhov and colleagues
(Stepanova et al. [27]) in this issue of the Journal of Bacteri-
ology provides the most comprehensive body of data to date in
support of an important role for Gre factors in gene regulation.
For the purpose of identifying in vivo targets of the Gre fac-
tors, they performed a set of microarray experiments, initially
comparing otherwise isogenic greA™ greB mutants and greA
greB mutants (based on previous evidence suggesting that
more phenotypes are associated with gre4 mutants than with
greB mutants). Relatively few genes (19) were identified that
were more highly expressed in the presence of GreA. Hypoth-
esizing that the expression of gre4, known to be induced under
various stress conditions, might be limiting under the condi-
tions of the microarray analysis, the researchers attempted to
identify additional Gre-responsive genes by comparing the ex-
pression profiles of gre4 greB mutant cells containing a plasmid
that overproduced either a wild-type GreA or a GreA mutant
bearing a single amino acid substitution that specifically im-
pairs its transcript cleavage activity (15). In this way, the re-
searchers hoped, moreover, to identify genes whose expression
is affected specifically by the transcript cleavage activity of
GreA. This protocol resulted in the identification of 126 genes
whose expression increased specifically in the presence of wild-
type GreA (including the 19 originally identified). Further-
more, operon analysis of the identified genes suggested that
GreA exerts its effects at the early stages of transcription (e.g.,
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initiation, promoter escape, or early elongation pausing), an
observation that would not necessarily have been anticipated.

After confirming the microarray results for several randomly
chosen transcription units by primer extension analysis,
Stepanova et al. (27) examined the effect of GreA (wild-type or
mutant) on transcription from a subset of the corresponding
promoters in vitro. In general, they observed a decrease in the
amount of abortive RNAs relative to full-length (runoff) tran-
scription product specifically in the presence of wild-type
GreA. From these results, they were able to infer that the
stimulatory effect of GreA on the expression of specific tran-
scription units (at least under the conditions of the microarray
analysis) typically affects promoter escape and, moreover, that
this effect likely depends on the ability of GreA to stimulate
transcript cleavage.

Somewhat surprisingly, the microarray analysis also identi-
fied 82 genes whose expression was decreased in the presence
of either chromosomally encoded GreA or plasmid encoded
wild-type GreA. Primer extension analysis to quantify RNA
levels confirmed the inhibitory effect of overexpressed wild-
type GreA in several cases, suggesting that the observed down-
regulation also affects the early stages of transcription. How-
ever, the failure to observe corresponding effects of GreA on
the same selected promoters in vitro indicates either that these
are indirect effects or that GreA is functioning in conjunction
with other factors to mediate these effects.

MECHANISTIC IMPLICATIONS

How might GreA suppress the production of abortive RNAs
and stimulate promoter escape? In principle, this could occur
without transcript cleavage. Recent studies have established
that during the abortive phase of transcription, nucleotide ad-
dition occurs without forward translocation of the enzyme with
respect to the core promoter elements, requiring the down-
stream DNA to be reeled into the main channel of the enzyme
in a process that has been referred to as DNA scrunching (10,
21). The transcription bubble thus expands in a stepwise fash-
ion as each successive nucleotide is added. The release of an
abortive product is accompanied by bubble contraction, and
the process repeats itself. Alternatively, the bubble contraction
can be accompanied by forward translocation of the enzyme
and escape into productive elongation. Based on this model, a
factor could facilitate promoter escape by affecting the relative
probabilities of these competing events (nucleotide addition
with bubble expansion, the release of an abortive product, or
nucleotide addition with promoter escape). It is easy to imag-
ine that a factor that binds within the secondary channel of
RNAP could influence these events either by an allosteric
mechanism or by altering the chemical environment of the
active center (for an example, see reference 19).

However, it is possible that the situation is somewhat more
complicated and that scrunched complexes containing nascent
RNAs of a certain minimal length may be susceptible to back-
tracking, with partial contraction of the bubble. If this occurs
and if the release of the nascent RNA from such a complex is
rate imiting, then the action of a transcript cleavage factor
could allow for resynthesis without release of the RNA, pro-
viding the complex with another opportunity for promoter
escape (6, 9). By using a GreA mutant specifically defective for
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transcript cleavage (i.e., fully functional in RNAP binding),
Stepanova et al. (27) provide support for such a scenario.
Nevertheless, the possibility that this mutant, which bears an
amino acid substitution at the tip of the coiled-coil domain,
might differ from wild-type GreA in other relevant character-
istics cannot be excluded.

The use of the GreA cleavage-defective mutant was impor-
tant in another respect, as well. As mentioned above, the Gre
factors are members of a larger family of secondary channel
regulators, including the regulator DksA, which plays a critical
role in mediating the effects of ppGpp on gene expression from
the rRNA promoters, as well as others (19). The existence of
multiple secondary channel regulators in the cell implies com-
petition for access to the secondary channel. The intracellular
concentrations of the relevant proteins as well as their intrinsic
binding affinities will necessarily influence this competition.
Accordingly, changes in the levels of any particular factor can
be expected to produce both direct and indirect effects on
cellular physiology. By comparing cells containing excess wild-
type or mutant GreA, Stepanova et al. (27) elegantly con-
trolled for such indirect effects.

Whereas the current study uncovered genes that are upregu-
lated by GreA due to its ability to stimulate promoter escape,
this does not exclude the possibility that GreA and/or GreB
also function to regulate elongation in vivo. In one well-char-
acterized example involving the A\ late promoter, the Gre fac-
tors have been shown to influence the lifetime of an early
elongation pause both in vitro and in vivo, under circumstances
where the paused elongation complexes are known to undergo
backtracking (16). Other types of gene-specific blocks to elon-
gation may occur under particular growth conditions or in the
presence of particular forms of stress and the Gre factors may
facilitate the expression of specific genes under these circum-
stances. In addition, the Gre factors might function to rescue
stalled elongation complexes that form independently of any
gene-specific signals, due to DNA damage or other general
circumstances that can produce elongation barriers (30). Fur-
ther investigation is likely to expand the observed repertoire of
in vivo functions for this class of proteins.

ACKNOWLEDGMENTS

I am grateful to Jeff Roberts and Richard Ebright for helpful dis-
cussion and to Bryce Nickels, Sean Garrity, and Padraig Deighan for
critical reading of the manuscript.

REFERENCES

1. Borukhov, S., A. Polyakov, V. Nikiforov, and A. Goldfarb. 1992. GreA pro-
tein: a transcription elongation factor from Escherichia coli. Proc. Natl.
Acad. Sci. USA 89:8899-8902.

2. Borukhov, S., V. Sagitov, and A. Goldfarb. 1993. Transcript cleavage factor
from E. coli. Cell 72:459-466.

3. Darst, S. A. 2001. Bacterial RNA polymerase. Curr. Opin. Struct. Biol.
11:155-162.

4. Deighan, P., and A. Hochschild. 2006. Conformational toggle triggers a
modulator of RNA polymerase activity. Trends Biochem. Sci. 31:424-426.

5. Ebright, R. H. 2000. RNA polymerase: structural similarities between bac-
terial RNA polymerase and eukaryotic RNA polymerase II. J. Mol. Biol.
304:687-698.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

GUEST COMMENTARY 8771

. Feng, G. H., D. N. Lee, D. Wang, C. L. Chang, and R. Landick. 1994.

GreA-induced transcript cleavage in transcription complexes containing
Escherichia coli RNA polymerase is controlled by multiple factors, including
nascent transcript location and structure. J. Biol. Chem. 269:22282-22294.

. Fish, R. N, and C. M. Kane. 2002. Promoting elongation with transcript

cleavage stimulatory factors. Biochim. Biophys. Acta 1577:287-307.

. Hsu, L. M. 2002. Promoter clearance and escape in prokaryotes. Biochim.

Biophys. Acta 1577:191-207.

. Hsu, L. M., N. V. Vo, and M. J. Chamberlin. 1995. Escherichia coli transcript

cleavage factors GreA and GreB stimulate promoter escape and gene ex-
pression in vivo and in vitro. Proc. Natl. Acad. Sci. USA 92:11588-11592.

. Kapanidis, A. N., E. Margeat, S. O. Ho, E. Kortkhonjia, S. Weiss, and R. H.

Ebright. 2006. Initial transcription by RNA polymerase proceeds through a
DNA-scrunching mechanism. Science 314:1144-1147.

. Kettenberger, H., K.-J. Armache, and P. Cramer. 2003. Architecture of the

RNA polymerase II-TFIIS complex and implications for mRNA cleavage.
Cell 114:347-357.

Lamour, V., B. P. Hogan, D. A. Erie, and S. A. Darst. 2006. Crystal structure
of Thermus aquaticus Gfhl, a Gre-factor paralog that inhibits rather than
stimulates transcript cleavage. J. Mol. Biol. 356:179-188.

Landick, R. 2005. NTP-entry routes in multi-subunit RNA polymerases.
Trends Biochem. Sci. 30:651-654.

Laptenko, O., S. S. Kim, J. Lee, M. Starodubtseva, F. Cava, J. Berenguer,
X. P. Kong, and S. Borukhov. 2006. pH-dependent conformational switch
activates the inhibitor of transcription elongation. EMBO J. 25:2131-2141.
Laptenko, O., J. Lee, I. Lomakin, and S. Borukhov. 2003. Transcript cleavage
factors GreA and GreB act as transient catalytic components of RNA poly-
merase. EMBO J. 22:6322-6334.

Marr, M. T., and J. W. Roberts. 2000. Function of transcription cleavage
factors GreA and GreB at a regulatory pause site. Mol. Cell 6:1275-1285.
Nickels, B. N., and A. Hochschild. 2004. Regulation of RNA polymerase
through the secondary channel. Cell 118:281-284.

Opalka, N., M. Chlenov, P. Chacon, W. J. Rice, W. Wriggers, and S. A. Darst.
2003. Structure and function of the transcription elongation factor GreB
bound to bacterial RNA polymerase. Cell 114:335-345.

Paul, B. J., M. M. Barker, W. Ross, D. A. Schneider, C. Webb, J. W. Foster,
and R. L. Gourse. 2004. DksA: a critical component of the transcription
initiation machinery that potentiates the regulation of rRNA promoters by
ppGpp and the initiating NTP. Cell 118:311-322.

Perederina, A., V. Svetlov, M. N. Vassylyva, T. H. Tahirov, S. Yokoyama, 1.
Artsimovitch, and D. G. Vassylyev. 2004. Regulation through the secondary
channel—structural framework for ppGpp-DksA synergism during tran-
scription. Cell 118:297-309.

Revyakin, A., C. Liu, R. H. Ebright, and T. R. Strick. 2006. Abortive initi-
ation and production initiation by RNA polymerase involve DNA scrunch-
ing. Science 314:1139-1143.

Rhodius, V. A.,, W. C. Suh, G. Nonaka, J. West, and C. A. Gross. 2006.
Conserved and variable functions of the oE stress response in related ge-
nomes. PLoS Biol. 4:e2.

Sosunova, E., V. Sosunov, M. Kozlov, V. Nikiforov, A. Goldfarb, and A.
Mustaev. 2003. Donation of catalytic residues to RNA polymerase active
center by transcription factor Gre. Proc. Natl. Acad. Sci. USA 100:15469—
15474.

Sosunov, V., E. Sosunova, A. Mustaev, 1. Bass, V. Nikiforov, and A. Golfarb.
2003. Unified two-metal mechanism of RNA synthesis and degradation by
RNA polymerase. EMBO J. 22:2234-2244.

Stebbins, C. E., S. Borukhov, M. Orlova, A Polyakov, A. Goldfarb, and S. A.
Darst. 1995. Crystal structure of the GreA transcript cleavage factor from
Escherichia coli. Nature 373:636-640.

Steitz, T. A. 1998. A mechanism for all polymerases. Nature 391:231-232.
Stepanova, E., J. Lee, M. Ozerova, E. Semenova, K. Datsenko, B. L. Wanner,
K. Severinov, and S. Borukhov. 2007. Analysis of promoter targets for E. coli
transcription elongation factor GreA in vivo and in vitro. J. Bacteriol.
Susa, M., T. Kubori, and N. Shimamoto. 2006. A pathway branching in
transcription initiation in Escherichia coli. Mol. Microbiol. 59:1807-1817.
Symersky, J., A. Perederina, M. N. Vassylyeva, V. Svetlov, I. Artsimovitch,
and D. G. Vassylyev. 2006. Regulation through the RNA polymerase sec-
ondary channel. Structural and functional variability of the coiled-coil tran-
scription factors. J. Biol. Chem. 281:1309-1312.

Toulmé, F., C. Mosrin-Huaman, J. Sparkowski, A. Das, M. Leng, and A. R.
Rahmouni. 2000. GreA and GreB proteins revive backtracked RNA poly-
merase in vivo by promoting transcript trimming. EMBO J. 19:6853-6859.

The views expressed in this Commentary do not necessarily reflect the views of the journal or of ASM.



