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recent study provides evidence that
NA polymerase uses 2- to ~4-nt
RNAs, species termed “nanoRNAs,”
to prime transcription initiation in
Escherichia coli. Priming of transcription
initiation with nanoRNAs represents a
previously undocumented component of
transcription start site selection and gene
expression.

Identification of Growth Phase-
Dependent NanoRNA-Mediated
Priming in E. coli

Working in collaboration with the lab of
Simon Dove we identified growth phase-
dependent nanoRNA-mediated priming
in E. coli by analyzing the effect of decreas-
ing the concentration of nanoRNAs on
transcription start site selection.! This
strategy was based upon prior evidence
indicating that priming of transcription
initiation with 2- to 4-nt RNAs can alter
the position of transcription initiation to
template positions upstream of the start
site observed during initiation with nucle-
oside triphosphates (NTPs) only, i.e., de
novo initiation. In particular, studies with
bacterial RNA polymerase (RNAP) indi-
cate that 2- to 4-nt RNAs can effectively
compete with NTPs for use as primers
during transcription initiation in vitro
provided the 5" end of the RNA is comple-
mentary to sequences between positions
-3 and +1 and the 3" end is complementary
to position +1, +2 or +3, where position +1
is the site of de novo initiation.** Thus,
we developed a strategy that would enable
the identification of promoters where
nanoRNA-mediated priming resulted in
the production of transcripts initiating at
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template positions upstream of the start
site observed during de novo initiation.
Specifically, we reasoned that such pro-
moters could be identified on the basis that
they possessed transcription start sites that
were shifted to downstream template posi-
tions when the concentrations of nanoR-
NAs were decreased via overproduction of
an exonuclease that degrades nanoRNAs.
We found that decreasing the concen-
tration of nanoRNAs had no effect on
transcription start site selection during
the exponential phase of growth. In con-
trast, we identified seven promoters with
start sites that shifted to downstream tem-
plate positions when the concentrations
of nanoRNAs were decreased during the
stationary phase of growth. The transcrip-
tion start sites associated with each of
these seven promoters exhibited similar
characteristics (Fig. 1A). In particular,
transcription initiation at these promoters
during stationary phase occurred at two
consecutive template positions: a T (des-
ignated position -1) and an A (designated
position +1). In contrast, transcription
initiation during exponential phase only
occurred at +1 A. Furthermore, decreas-
ing the concentrations of nanoRNAs
during stationary phase eliminated tran-
scription initiation from -1 T, resulting
in initiation only from +1 A, as observed
during exponential phase. We also found
that the transcripts initiating from -1 T
observed during stationary phase carry
a 5' hydroxyl while the transcripts ini-
tiating from position +1 A carry a 5' tri-
phosphate. Thus, we concluded that the
transcripts initiating from position -1 T
were produced by priming of transcrip-
tion initiation with nanoRNAs carrying
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Figure 1. NanoRNA-mediated priming alters transcription start site selection in Escherichia coli. (A) Transcription start sites observed at promoters
targeted by nanoRNA-mediated priming. (B) Model to account for the differential susceptibility of -1/+1 TA promoters to nanoRNA-mediated priming.
Depicted is the competition between NTPs (purple) and the dinucleotide UA (red) for use by RNAP during initiation at a —=1/+1 TA promoter. The abun-
dance of transcripts generated by de novo initiation is greater than the abundance of transcripts that are generated by priming with UA. The steady-
state levels of transcripts reflect the relative stability of those transcripts generated by nanoRNA-mediated priming compared with those generated
by de novo initiation. At the majority of -1/+1 TA promoters (non-targeted) the stability of transcripts generated by nanoRNA-mediated priming is
less than or equal to the stability of transcripts generated by de novo initiation. At the targeted promoters the stability of transcripts generated by
nanoRNA-mediated priming is significantly greater than the stability of transcripts generated by de novo initiation.

a 5' hydroxyl while transcripts initiating
from position +1 A were produced by de
novo initiation. These studies reveal that
nanoRNA-mediated priming occurs in
E. coli and leads to growth phase-depen-
dent alterations in both transcription start
site selection (shifting the transcription
start site from position +1 A to position
-1T) and in the phosphorylation status of
the transcript 5' ends (shifting them from
a 5" triphosphate to a 5" hydroxyl).

NanoRNA-mediated Priming:
A Means of Circumventing
the “Rules” Governing De Novo
Transcription Initiation

In vitro and in vivo analysis have estab-
lished a general set of rules governing how
transcription start site selection occurs
with bacterial RNAP during de novo tran-
scription initiation. In particular, RNAP
initiates transcription at template posi-
tions located within a 5 base pair window
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centered 7 base pairs downstream of the
promoter -10 element (i.e., positions +5
to +9 with respect to the last base pair of
the -10 element).”" Within this window,
RNAP prefers to initiate transcription
at position +7 using a purine nucleotide
(A or G). If the sequence of the template
strand is such that a purine nucleotide can-
not be incorporated at position +7, RNAP
will initiate transcription at the template
position nearest to +7 where it can incor-
porate a purine nucleotide. However, if a
purine nucleotide cannot be incorporated
at template positions located within the +5
to +9 window, RNAP will initiate tran-
scription at position +7 using a pyrimidine
nucleotide (U or C). It is important to note
that the precise position at which RNAP
initiates de novo RNA synthesis is strongly
influenced by the concentrations of N'TPs.

Our findings reveal that nanoRNA-
mediated priming can lead to apparent
deviations from the “rules” governing
de novo transcription start site selection.

Transcription

For example, at several of the promoters
targeted by nanoRNA-mediated prim-
ing, RNAP initiates transcription using
a pyrimidine nucleotide (U) at template
position +6 instead of using a purine nucle-
otide (A) corresponding to position +7.
NanoRNA-mediated priming also leads
to the incorporation of a hydroxyl group
onto the 5" end of RNA transcripts during
transcription initiation. Incorporation of
5" hydroxyl is highly disfavored during de
novo initiation because the affinity of an
NTP for an initiation complex is signifi-
cantly greater than the affinity of a nucleo-
side for an initiation complex.” In contrast,
incorporation of a hydroxyl group onto the
5" end of an RNA transcript is not disfa-
vored during nanoRNA-mediated priming
because the affinity of a nanoRNA carry-
ing a 5" hydroxyl for an initiation complex
can be significantly greater than the affin-
ity of an N'TP for an initiation complex.”!°
Thus, nanoRNA-mediated priming serves
as a mechanism to circumvent the “rules”
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imposed by de novo transcription ini-
tiation regarding the position that RNAP
starts and the requirement that the first
nucleotide incorporated into the transcript
carry a triphosphate.

What is the Basis for the
Growth Phase-Dependence
of NanoRNA-Mediated Priming?

Our findings indicate that nanoRNA-
mediated priming is manifest during sta-
tionary phase but not during exponential
phase. Perhaps the simplest explanation
to account for why nanoRNA-mediated
priming is manifest in a growth phase-
dependent manner is that nanoRNAs
accumulate specifically during stationary
phase, possibly in response to limiting
resources and/or changes in the cell density
of the culture. Alternatively, nanoRNAs
might be present throughout all phases of
growth, but nanoRNA-mediated priming
may only be manifest during stationary
phase. For example, as nanoRNAs will
compete with NTPs for use during tran-
scription initiation, the concentrations of
nanoRNAs relative to the concentrations
of NTPs during exponential phase might
be too low to enable the detection of tran-
scripts produced by nanoRNA-mediated
priming. Accordingly, the reduction in
NTP concentrations that accompanies
the transition from exponential to sta-
tionary phase!” would increase the per-
centage of transcription initiation events
that occurred via nanoRNA-mediated
priming. Another possibility is that tran-
scripts produced by nanoRNA-mediated
priming might be highly unstable during
exponential phase but become stable (and
thus detectable) during stationary phase.
To address these various models it will
be important to define the precise point
during the transition from exponential
phase to stationary phase that nanoRNA-
mediated priming is first manifest and to
develop methods for directly detecting
and quantifying nanoRNAs in cells.

How is NanoRNA-mediated
Priming Targeted to a Specific Set
of Promoters?

Each of the seven promoters identified as

targets of nanoRNA-mediated priming
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carried a T at position -1 and an A at posi-
tion +1. Thus, the targeting of growth
phase-dependent nanoRNA-mediated
priming to specific promoters is facilitated,
in part, by the presence of the sequence
“~1/+1 TA.” In the context of these -1/+1
TA promoters, nanoRNA-mediated prim-
ing produces transcripts beginning with
the sequence “UA” that carry a 5" hydroxyl.
These transcripts could only be generated
by priming with 5' hydroxyl nanoRNAs
beginning with the sequence UA. Thus,
the simplest explanation to account for
why nanoRNA-mediated priming is tar-
geted to -1/+1 TA promoters is that 5'
hydroxyl nanoRNAs beginning with the
sequence UA preferentially accumulate in
cells.

How might nanoRNAs beginning
with the sequence UA carrying a 5'
hydroxyl preferentially accumulate? One
possibility we have proposed' is that they
are produced as terminal products of
RNA degradation. According to this pro-
posal during stationary phase full-length
RNA transcripts are degraded through a
multistep process. The first step in this
process is the endonucleolytic cleavage of
full length transcripts specifically targeted
to the phosphodiester bonds located at the
5" end of the sequence UA. This cleavage
would generate a 2', 3' cyclic phosphate
on one of the cleavage products and a
5" hydroxyl on the other. Because E. coli
does not contain any 5' to 3' exonucleases,
further processing of the initial cleavage
fragments would be performed by the four
major 3' to 5' exonucleases: polynucleo-
tide phosphorylase, RNase II, RNase R
and Oligoribonuclease. Among these
four exonucleases, Oligoribonuclease is
the only one that can efficiently degrade
RNAs less than
However,  Oligoribonuclease is not
thought to contribute to the degrada-
tion of longer RNA transcripts.””?! Thus,
processing of the cleavage fragments by
polynucleotide phosphorylase, RNase II
or RNase R would generate 5' hydroxyl-
carrying nanoRNAs beginning with UA.
These nanoRNAs would either be used to
prime transcription initiation or degraded
to nucleotides by Oligoribonuclease. We
note that none of the characterized endo-
nucleases of E. coli show a preference for
cleaving the phosphodiester bond 5' to the

~5-nt in length."
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sequence UA. Thus, if the model described
above is correct, the putative endonuclease
responsible for the initial cleavage event
awaits identification.

It is important to mention that in vitro
studies indicate that 2-nt RNAs are, in
general, more effective than longer RNAs
at competing with NTPs for use during
transcription initiation.® Therefore, we
consider it likely that the dinucleotide
UA is fully responsible for the observed
nanoRNA-mediated priming. In prin-
ciple, UA could be generated through
the proposed RNA degradation pathway
described above or, perhaps, by an enzy-
matic activity that fuses uridine with an
adenosine nucleotide.

Another unresolved aspect of how
nanoRNA-mediated priming is targeted
to specific promoters stems from the
observation that not all “~1/+1 TA” pro-
moters are targeted by nanoRNA-medi-
ated priming. In fact, only ~15% of the
“~1/+1 TA” promoters we analyzed were
significantly impacted by nanoRNA-
mediated  priming.! Thus, features
other than “-~1/+1 TA” must determine
whether or not a promoter is targeted by
nanoRNA-mediated priming. Although
several possibilities could account for the
differential susceptibility of “~1/+1 TA”
promoters to nanoRNA-mediated prim-
ing, our preferred model is as follows
(Fig. 1B): First, we propose that the con-
centrations of nanoRNAs during station-
ary phase are relatively low compared
with the concentrations of NTPs. Second,
we propose that nanoRNA-mediated
priming comprises only a small fraction
of the total number of initiation events
at all “-1/+1 TA” promoters. Thus, in
the context of the majority of “~1/+1 TA”
promoters produced by
nanoRNA-mediated priming are unde-

transcripts

tectable because they exhibit similar or
lower stability than transcripts generated
by de novo initiation. In contrast, in the
context of a few “~1/+1 TA” promoters
transcripts produced by nanoRNA-medi-
ated priming are significantly more stable
than transcripts generated by de novo
initiation. When considering the steady-
state levels of transcripts produced from
these “targeted” promoters, transcripts
produced by nanoRNA-mediated prim-
ing will account for a significant fraction.

Volume 3 Issue 6

©2012 Landes Bioscience. Do not distribute.



According to this model the transcripts
that are generated by nanoRNA-mediated
priming at the targeted promoters are
stabilized by an unknown mechanism,
perhaps involving cis-acting sequences in
the RNA transcript itself and/or the pres-
ence of a 5" hydroxyl (see below). We note
that this model, which proposes that tran-
scripts generated by nanoRNA-mediated
priming are differentially stable compared
with those produced by de novo initia-
tion, could also account for the effects
of nanoRNA-mediated priming on gene
expression as described below.

How does NanoRNA-Mediated
Priming Impact Gene Expression?

NanoRNA-mediated priming not only
serves as a mechanism to influence tran-
scription  start site selection, but also
serves as a mechanism to influence gene
expression. In particular we found that
nanoRNA-mediated priming increased
the expression of at least two genes: tomB
and bhsA. As mentioned above, we con-
sider it likely that nanoRNA-mediated
priming activates the expression of these
genes because the transcripts generated by
nanoRNA-mediated priming are signifi-
cantly more stable than transcripts gener-
ated by de novo initiation. One possibility
is that the presence of a 5" hydroxyl instead
of a 5' triphosphate on the zomB and bhsA
transcripts leads to increased transcript
stability. In support of this notion, it has
been shown that the endonuclease that
initiates the decay of most mRNAs in
E. coli, RNase E, does not work efficiently
on transcripts carrying a 5' hydroxyl.?>%
Furthermore, it has been demonstrated in
vivo that transcripts carrying a 5' hydroxyl
can be more stable than transcripts of iden-
tical sequence carrying a 5' triphosphate.”
However, as mentioned above, transcripts
that are generated by nanoRNA-mediated
priming in the context of different pro-
moters may not necessarily exhibit an
increase in stability compared with tran-
scripts generated by de novo initiation.
Thus, perhaps in certain instances the
presence of a 5' hydroxyl protects against
degradation while in other cases the pres-
ence of a 5" hydroxyl has no effect or leads
to a decrease in transcript stability (for
example see ref. 26).
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Although we have identified two
genes whose expression is impacted by
nanoRNA-mediated priming, only 225
promoters were included in our initial
analysis. Thus, the full extent of the
“nanoRNA regulon” (i.e., the complete
set of genes whose expression is directly
affected by nanoRNA-mediated prim-
ing) remains to be elucidated. In addition,
we currently do not know what impact
nanoRNA-mediated priming has on cel-
lular physiology. In this regard, the two
genes we have identified whose expres-
sion is regulated by nanoRNA-mediated
priming (tomB and bhsA) have previously
been implicated in biofilm formation and
response to stress.””? Thus, nanoRNA-
mediated priming may contribute to bio-
film formation and/or the survival of cells
that have been exposed to various stresses
(e.g., acid stress, oxidative stress, heat
shock, etc.).

Future Prospects

The most important question to address
in future studies is whether or not
nanoRNA-mediated priming impacts
gene expression in organisms other than
E. coli. The strategy employed to identify
nanoRNA-mediated priming in E. coli,
which relied upon determining the effect
of overproducing an exonuclease that
degrades nanoRNAs on transcription start
site selection, should be broadly applicable
to the study of nanoRNA-mediated prim-
ing in other organisms.
NanoRNA-mediated priming repre-
sents a previously undocumented mech-
anism by which the 5' ends of RNA
transcripts can be generated in cells.
Furthermore, as indicated by our studies
in E. coli, nanoRNA-mediated priming
provides a means of altering the phos-
phorylation status of the 5' ends of RNA
transcripts in a manner that does not
require post transcriptional modifica-
tion by an RNA decapping enzyme or an
RNA endonuclease. Therefore, the poten-
tial contribution of nanoRNA-mediated
priming should be considered when the
phosphorylation status of the 5" ends of
RNAs are used as a means of differenti-
ating those 5' ends that were generated
by transcription initiation vs. those ends
that were generated post transcriptionally.

Transcription

In this regard, recent analysis of mRNAs
isolated from  Saccharomyces cerevisiae
uncovered transcripts carrying a 5' mono-
phosphate that were associated with tran-
scription start sites and insensitive to the
presence or absence of any known decap-
ping enzymes.’® Perhaps these species of
unknown origin were generated by prim-

ing with 5" monophosphate nanoRNAs.
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