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A non-bacterial transcription factor inhibits bacterial transcription
by a multipronged mechanism
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he process of transcription initia-

tion is the major target for regula-
tion of gene expression in bacteria and
is performed by a multi-subunit RNA
polymerase enzyme (RNAp). A complex
network of regulatory elements controls
the activity of the RNAp to fine-tune
transcriptional output. Thus, RNAp is
a nexus for controlling bacterial gene
expression at the transcription level.
Many bacteriophages, viruses that infect
bacteria, encode transcription factors
that specifically target and modulate the
activity of the host RNAp and, thereby,
facilitate the acquisition of the host bac-
teria by the phage. Here, we describe the
modus operandi of a T7 bacteriophage-
encoded small protein called Gp2 and
define Gp2 as a non-bacterial regulator
of bacterial transcription.

Introduction

Central to genetic regulation is transcrip-
tion, the first step of gene expression at
which DNA-directed synthesis of RNA
occurs. Transcription regulation is key
to developmental plasticity, homeostasis,
adaptation and, ultimately, cell viability.
The molecular machine responsible for
all cellular RNA synthesis is the DNA-
dependent RNA polymerase (RNAp).
Controlling the activity of RNAp is
central to the coordinated and tempo-
ral regulation of gene expression. Unlike
eukaryotic genomes, all bacterial genomes
encode a single multi-subunit RNAp,
which is responsible for all cellular RNA
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synthesis. There appears to be a limited
supply of RNAp in bacterial cells' and
a variety of mechanisms have evolved to
modulate the activity of RNAp to fine-
tune gene expression in response to envi-
ronmental and intracellular changes.

The regulation of transcription pre-
dominantly occurs at the transcription
initiation stage. For RNA synthesis to
begin at a bacterial promoter, the catalytic
five-subunit RNAp core (E, subunit com-
position o,B’w) must reversibly associate
with a promoter-specificity o factor sub-
unit to form an RNAp holoenzyme (Eo).
The o factor confers promoter specificity
upon the core RNAp. Most bacteria have
several different o factors, which direct
the RNAp to the transcription of specific
sets of genes and thereby help “program”
the bacterial transcription machinery to
adapt gene expression to suit a particular
need. For example, in Escherichia coli, in
which the mechanisms of transcription
regulation are best-studied, the ratio of
RNAp holoenzymes formed by the seven
o factors encoded in the genome controls
gene expression pattern changes caused by
environmental cues, such as elevated tem-
perature or nutrient deprivation."?

All bacteria contain one primary o fac-
tor that is essential for growth and is closely
related to the primary 07° of E. coli. E. coli
RNAp containing 67° (Ec”°) is responsible
for transcription of “housekeeping” genes
during exponential growth. A hallmark
feature of primary o factors is the unstruc-
tured, highly negatively charged and mul-
tifunctional N-terminal domain known
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Figure 1. Cartoon depiction of the conversion of RPc to RPo (via intermediate complexes, RPi) at a typical 07°-dependent bacterial promoter (adapted
from Haugen SP, Ross W, Gourse RL, 2008 and Murakami KS and Darst SA, 2003).54?

as region 1.1 (R1.1). In addition to the
primary o factor, alternative o factors are
responsible for transcription of genes with
functions associated with stress response,
development and auxiliary metabolism.>*
Modulation of o factor activity and
availability, accomplished, for example,
through the binding of anti-o factors,’
adds to the repertoire of mechanisms by
which bacterial transcription is regulated
and further illustrates the importance of
o factors in bacterial transcription regu-
lation. Thus, the o factor composition of
the RNAp represents the primary mecha-
nism by which bacterial transcription is
regulated.

The initial Eo’°-promoter complex,
called the “closed” promoter complex
(RPc), is transcriptionally inactive and
must undergo large-scale conformational
changes to form the transcriptionally
active “open” promoter complex (RPo). In
the RPo, the promoter DNA strands are
locally melted, which results in a “tran-
scription bubble” and the transcription
start site on the template DNA strand
is positioned at the RNAp active center
(Fig. 1).” An obligatory step for RPo for-
mation to occur and to stably maintain
the transcription bubble is the interaction
between the double-stranded DNA down-
stream of the active center (dwDNA)
with a structural feature of RNAp called
the downstream DNA-binding chan-
nel (dwDBC), a part of the main DNA-
binding channel (DBC) in the RNAp.”®
However, in Eo”°, RI1.1 occupies the
dwDBC in the RPc and, therefore, for
RPo to form R1.1, must be displaced from
the dwDBC.? In addition, during RPo for-
mation, access to the main DNA-binding
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channel and dwDBC is controlled by
large-scale movements of the B’ subunit:
thus, with respect to accessibility of the
DBC, RNAp can exist in a so-called
“closed state” (in which the width of the
DBC is insufficient to allow access of dou-
ble-stranded DNA) or in an “open state”
(in which the DBC is sufficiently wide to
allow access of double-stranded DNA).
The open state is required for RPo forma-
tion; however, once the DNA is loaded
and unwound to form the transcription
bubble, RNAp converts into the closed
state, “locking” onto DNA."

In addition to o factors, numerous
transcription factors (TF) interact with
the RNAp to ensure that the correct gene
is expressed at an appropriate time and in
the required amounts.""'* The majority of
bacterial TFs are DNA-binding proteins,
which bind to specific regulatory sites,
often located adjacent to promoters, and
either interact with RNAp to facilitate the
formation of the RPc and/or RPo or steri-
cally prevent RNAp from binding to the
promoter."'? A small subset of TFs affects
transcription initiation in the absence
of DNA binding and interacts with the
RNAp directly.’** Low-molecular weight
RNAp binding ligands® and post-transla-
tional modification® of the RNAp extend
the repertoire of regulators that control
bacterial gene expression at the transcrip-
tional level. Not surprisingly, bacterio-
phages (phages), which are viruses that
infect bacteria, encode specific TFs that
modulate host transcription to favor phage
development and/or for the transcription
of the phage genome. We refer readers
to comprehensive reviews by Nechaev
and Severinov on the subject.'®"” Some
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phage-encoded TFs are potent inhibitors
of the bacterial RNAp. Here, we discuss
our current knowledge of one such inhibi-
tor, called Gp2, which is encoded by the
E. coli phage, T7. Our emerging under-
standing of the mechanism by which Gp2
inhibits the RNAp in a o factor-dependent
manner suggests that Gp2 is not a simple
inhibitor of the bacterial RNAp but could
also help reprogram bacterial transcrip-
tion to favor T7 infection and progeny
development.

The biological role of Gp2 during
T7 phage infection of E. coli. Gp2, the
7 kDa product of T7 middle gene 2, was
first isolated in 1974 by Hesselbach and
Nakada from inactive RNAp purified
from T7-infected E. coli cells and was later
shown to be a potent inhibitor of E. coli
Eo”® in vitro using recombinant Gp2 and
RNAp purified from non-infected host
cells."®?! Charge reversal amino acid sub-
stitutions at E1158 or E1188 in 7poC (gene
encoding the catalytic B’ subunit of the
RNAp) are non-permissive for T7 devel-
opment in E. coli and define the binding
site of Gp2, in the B’ jaw domain, a struc-
turally flexible RNAp feature that contrib-
utes to the dwDBC.*

Gp2 plays an essential regulatory role
during infection of E. coli by preventing
interference between bacterial RNAp
and single-subunit T7-encoded RNAp
during transcription of the viral genome.
Following adsorption of viral particles
onto the E. coli cell, T7 phage injects only
about ~0.9 kb of its ~40 kb genome into the
cell.? Entry of the remaining part of the
genome occurs by a transcription-depen-
dent process involving first the E. coli and

then T7 RNAp.* Translocation of the
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first 7 kb of the T7 genome into the E. coli
cell is dependent upon bacterial RNAp
that “pulls in” viral DNA as it transcribes
from three strong Eo’°-dependent early
promoters (A1-3).% This region of the T7
genome contains all the early T7 genes,
including gene I, which encodes the T7
RNAp. The T7 RNAp then internalizes
the remaining 33 kb of T7 DNA as it
transcribes the middle and late T7 genes.?
Gp2, one of the first middle T7 proteins
to be synthesized, functions to inhibit the
E. coli RNAp so that it is unable to tran-
scribe the middle and late regions of the
T7 genome.”” The exact mechanism by
which the E. coli RNAp transcription of
middle and late T7 genes interferes with
productive infection is not known; how-
ever, the most plausible model by which
this could occur, proposed by Qimron et
al., suggests that continuous transcrip-
tion by the slow-moving bacterial RNAp
into regions of the T7 genome normally
transcribed by the fastemoving T7 RNAp,
causes the latter to pause inadvertently.
A paused T7 RNAp elongation complex
recruits phage DNA packaging machinery
to aberrant sites, leading to production of
less-than-unit-length phage genomes.”
Consistent with this model, when Gp2 is
rendered non-functional, either by muta-
tion in gene 2 or by alteration of the Gp2-
binding site in the B’ jaw domain, T7
infection of E. coli becomes arrested late
in infection due to formation of defective
viral particles.?

Does Gp2 regulate transcription of
E. coli genes? The effect of Gp2 on the
transcription of E. coli genes is not known.
It is conceivable that Gp2, instead of fully
abolishing all host transcription, strategi-
cally modulates the transcription of E. coli
genes in order to provide optimal condi-
tions for the acquisition of E. coli by T7.
The o factor-specific inhibition of the
E. coli RNAp by Gp2 (see below) is con-
sistent with a view that the inhibition of
E. coli RNAp by Gp2 could occur in a spe-
cific manner to benefit the phage. Plasmid-
borne recombinant Gp2 produced in
E. coli in the absence of T7 infection acts
as a bacteriostatic agent.** Microarray
analysis (using Agilent microarrays con-
sisting of 44,000 60-mer oligonucle-
otide probes that match E. coli MG1655

sequences at intervals of ~160 base pairs)
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Figure 2. (A) Bar chart displaying the number of E. coli genes which are up or downregulated at 0,
30, 60 and 120 min post-induction of Gp2 expression. (B) Venn diagram illustrating the number of
genes that are differentially expressed at 30, 60 and 120 post-induction of Gp2 expression.

of total bacterial RNA isolated at different
times post-induction of Gp2 expression
reveals that Gp2 does not fully abolish
transcription in E. coli (even though the
total number of Gp2 molecules per E. coli
cell exceeds that of the total number of
RNAp molecules by at least 2-fold under
the assay conditions®). In fact, the tran-
script abundances of a total of 292, 535
and 1,067 genes are significantly differ-
entially expressed (FDR corrected p value
< 0.05, > 2-fold difference in expression
level compared with control in which a
functionally defective mutant version of
Gp2 is expressed) at 30, 60 and 120 min,
respectively,  post-induction of Gp2
(Fig. 2A). Of the differentially expressed
genes, approximately equal numbers
are up- and downregulated at each time
point. As can be seen from a Venn dia-
gram presented in Figure 2B, 103 E. coli
genes are commonly modulated by Gp2
over all three time points tested (Fig. 2B).
It therefore seems that Gp2 is more than
a general inhibitor of E. coli transcription
and the specificity of its inhibitory action

RNA Biology

might allow T7 to successfully acquire
the bacterial cell. The gene and regulon
specificity of Gp2-mediated modulation
of transcription in E. coli in the absence of
T7 infection and its potential role during
T7 infection deserves further attention
and will be reported elsewhere. However,
the degradation of E. coli genome by T7
middle genes 3 and 6 products (which
encode an endo- and exonuclease, respec-
tively) renders Gp2-mediated regulation
of host genes doubtful or at best leaves
a very small window of opportunity for
such regulation.

Is the activity of T7 Gp2 (and
that of its homologs) regulated dur-
ing infection? Gp2 homologs are found
in several phages that belong to the
Autographivirinae subfamily (formally
known as the “T7 supergroup”), which
are similar to T7 in their genomic orga-
nization and likely share a common
strategy of infection. A recent commu-
nication by Klimuk et al. identified two
Gp2 homologs (called Gp36 and Gp25.1)

in  Pseudomonas  aeruginosa-infecting
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Figure 3. (A) Sequence alignments of putative Gp2 homologs prepared using GENEDOC software, with T7 Gp2 and LKD16 Gp25b as queries. Se-
quences are displayed using the single amino acid code. The intensity of the background corresponds to the degree of conservation and the highly
conserved R56 and R58 residues are highlighted in blue. The secondary structure features of T7 Gp2 are boxed and labeled above (see B). (B) Ribbon
representation of the Gp2-B' jaw fragment complex. Gp2 is shown in cyan and the B’ jaw fragment in green. The R56 and R58 residues of Gp2 and

the E1188 residue of the B’ jaw, which are important for binding, are colored blue and red, respectively, and shown in stick representation. The amino
acid residues of the NCS (E21, E34, D37, E38, E41, E44 and E53) in Gp2 and the extension of negatively charged residues (E1158, D1181, D1184, E1187 and
E1188) in the B’ jaw are colored red. Gp2 residues E24 and F27 are shown in stick representation.

Autographivirinae subfamily ®KMV-
like phages that have an unusual
N-terminal extension (Fig. 3A).% Unlike
T7 Gp2, recombinant forms of wild-
type Gp36 and Gp25.1 are unable to
inhibit the bacterial RNAp. However,
removal of the N-terminal extension
unmasks the ability of Gp36 and Gp25.1
to inhibit RNAp.” Klimuk et al. pro-
pose that N-terminal extensions of Gp36
and Gp25.1 could represent receiver-like
regulatory modules, which could allow
these proteins to inhibit the bacterial
RNAp at a precise time during infec-
tion. The nature of the signals that leads
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to this hypothetical regulation of Gp2
homologs Gp36 and Gp25.1 remains
unidentified. It is also possible that host
proteins can also influence the function-
ality of Gp2 during infection: Qimron
et al. reported that overexpression of
E. coli gene udk (which encodes an uri-
dine/cytidine kinase) is non-permissive
for T7 infection of E. coli.*® Shadrin et
al. recently showed that overexpression
of wudk reduces the half-life of Gp2 in
E. coli and in fact mimics the absence
of Gp2 during T7 infection.’® In sum-
mary, given the essential nature of Gp2
and its homologs in T7 and other phages
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for successful acquisition of the bacte-
rial host, it is conceivable that Gp2 and
its homologs are subjected to some level
of regulation during infection. However,
the mechanisms that govern this regula-
tion remain, as yet, elusive.

T7 Gp2: Insights from structure-
function studies. A systematic alanine
scanning mutagenesis analysis of T7 Gp2
revealed that two arginine residues, R56
and R58, are important for binding to
and inhibition of E. coli Eo7°.% Indeed,
multiple protein sequence alignments of
known Gp2 homologs (in the EBI data-
base, January 2013) shows that R56 and

Volume 10 Issue 4
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R58 are identical in 33 and 26, respec-
tively, out of 33 known Gp2 homologs
(Fig. 3A). In the solution structure of
Gp2, R56 and R58 are located on the
B3 strand and are surface-exposed.”” In
the structure of a complex of Gp2 with a
fragment of the f’ jaw domain, the pri-
mary interface region is localized to the
B3 strand of Gp2 and the two invariant
arginine residues in Gp2 are located in
the interface region in close proximity to
amino acid E1188 in the B’ jaw domain®
(recall that alanine or charge reversal
substitutions at E1188 prevents Gp2 from
binding to the E. coli RNAp), thus pro-
viding a favorable ionic interaction across
the interface (Fig. 3B). There is a con-
served contiguous strip of seven negatively
charged amino acids in Gp2, referred to
as the negatively charged strip (NCS), on
the side of the molecule opposing R56
and R58 (Fig. 3B). Analysis of the role
of the NCS by mutagenesis reveals that
the NCS is not important for the binding
of Gp2 to E. coli RNAp, but the disrup-
tion of the NCS significantly attenuates
the ability of Gp2 to inhibit RPo forma-
tion.” An examination of the surface
electrostatic properties of the Gp2-B’ jaw
domain complex reveals that the NCS
in Gp2 is extended by several negatively
charged residues of the B’ jaw domain,
thus underscoring the importance of the
negatively charged patch in the mecha-
nism by which Gp2 inhibits transcription
initiation by the E. coli RNAp.*®

As noted above, wild-type Gp2 is
unable to inhibit the £. co/i RNAp harbor-
ing the E1188K substitution. However,
T7 phage carrying a triple mutation in
gene 2 causing amino acid substitutions
E24K, F27Y and R56C is able to produc-
tively infect cells carrying the E1188K
substitution in the RNAp (’ subunit.?®
In the context of the Gp2-f’ jaw domain
structure, the E24K and F27Y substitu-
tions are located in the middle and close
to the end, respectively, of the loop con-
necting the B1 and B2 strands in Gp2,
i.e., at the opposite side to the B3 strand,
which contains the essential and invari-
ant arginine residues R56 and R58
(Fig. 3B). Shadrin et al. demonstrated
that the E24K and F27Y mutations facil-
itate the interaction between Gp2 and
E. coliRNApwhen theprimaryinteraction
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interface between Gp2 and E. coli RNAp
(i.e., B’ jaw domain) becomes compro-
mised.?® Thus, it seems that the interface
between Gp2 and the E. coli RNAp is at
least bipartite and is made up of a pri-
mary interaction with the 8’ jaw domain
and an auxiliary interaction interface
elsewhere on the RNAp. Together, these
interfaces contribute to the very high
affinity between Gp2 and the RNAp and
the mechanism of RNAp inhibition by
Gp2.

The mechanism of E. coli RNAp
inhibition by T7 Gp2—a multipronged
strategy. It has been long known that
Gp2 inhibits transcription initiation by
the E. coli RNAp and that once the tran-
scriptionally active RPo has formed, Gp2
is unable to bind to the E. coli RNAp.**
However, the precise step(s) inhibited
by Gp2 during transcription initiation
remained elusive. Several recent studies
have significantly advanced our under-
standing of the precise mechanism of
action of Gp2. Gp2 employs a mul-
tipronged strategy to inhibit Eo”® by
antagonizing several obligatory events en
route to RPo formation (see above and
Fig. 4A):10343740 (1) Gp2 sterically pre-
vents the interaction between dwDNA
and the B’ jaw domain, which is impor-
tant for the formation and maintenance
of the transcription bubble. The bind-
ing of Gp2 and dwDNA to the B jaw
domain are mutually exclusive events,
thus explaining why Gp2 cannot bind
to the E. coli RNAp once the RPo has
formed.”® In addition to steric hin-
drance, the extended negatively charged
patch formed at the Gp2-f’ jaw domain
interface may electrostatically repel the
incoming DNA from binding in the
dwDBC during RPo formation. (2) Gp2
appropriates R1.1 of 67° to increase the
efficiency of RPo formation inhibition.
We envisage a model in which Gp2 repo-
sitions R1.1 and/or stabilizes R1.1 so that
it can no longer be displaced from the
dwDBC (recall that the displacement of
R1.1 from the dwDBC is obligatory for
RPo formation). The extended negatively
charged patch of Gp2 may reposition
negatively charged R1.1 and/or mimic
the presence of R1.1 in the dwDBC. It
is not known if Gp2 directly interacts
with R1.1 and experiments are currently
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underway to address this. (3) The binding
of Gp2 to the B’ jaw domain also results
in a long-range, R1.1-dependent antago-
nistic effect on E. coli RNAp interactions
with DNA around the RNAp active
center. (4) Gp2 restricts the conforma-
tional flexibility in the E. coli RNAp
that normally accompany RPo formation
and induces RNAp to adopt a “closed
state” conformation, thereby restricting
even single-stranded DNA access to the
RNAp active site. We envisage a model
in which, when Gp2 is bound to the B’
jaw domain, the region surrounding and
including the loop interconnecting the
Bl and B2 of Gp2 interacts with the B
subunit (which is located directly across
from the B’ jaw domain on opposing
side of the DBC) and, thereby, locks the
E. coli RNAp in the “closed state” confor-
mation (Fig. 4B)."

The multiple strategies used by Gp2
to inhibit transcription are best adapted
to inhibit the RNAp associated with the
housekeeping ¢’ factor. This is not sur-
prising since a key biological role of Gp2
is to inhibit Eo’°-dependent transcrip-
tion initiation from the early A3 pro-
moter.”” Consistent with the central role
for ¢’° R1.1 in the mechanism of inhibi-
tion of Eo”’, even though Gp2 binds to
E. coli RNAp containing 0*® (Ec®®) and
0% (Eo*?) with similar affinity and speci-
ficity as to Eo”°, Eo”® and Eo”* transcrip-
tion is inhibited, respectively, poorly or
not at all by Gp2.3¥4 At ¢i-dependent
promoters, RPo formation depends upon
the ATDP-hydrolysis-dependent remod-
eling of the Eo®* RPc by a specialized
activator ATPase. Gp2 dissociates from
the Eo** RPc during the ATP-hydrolysis-
dependent conformational changes that
accompany Ec® RPo formation.”” Thus,
it seems that during RPo formation by
Eo,>* the reaction equilibrium favors the
formation of interactions between the B’
jaw domain and dwDNA when the activa-
tor ATPase drives forward RPo formation
and, thereby, compromises Gp2-B jaw
interactions that results in the dissociation
of Gp2 from Eo’.

Perspectives

Our studies on Gp2 have provided

novel and unexpected insights into how
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Figure 4. (A) Cartoon depiction (as in Fig. 1) of the multipronged strategy employed by Gp2
to inhibit transcription initiation by Ec”°. For interpretation of the numbering, refer to the main
text. (B) Cartoon illustrating how additional interactions of Gp2 with the 3 subunit lock RNAp in a

“closed conformation.”

transcription in E. coli is regulated by a
non-bacterial TF and, thereby, uncovered
new mechanisms by which the activity of
the bacterial RNAp can be controlled.
Owing to its small size, strong binding
affinity to and multipronged mechanism
of inhibition of the E. coli RNAp, it is
conceivable that Gp2 could serve as an
excellent platform for the development of
new lead antibacterial compounds. Along
similar lines, our global gene expression
studies indicate that Gp2, in the absence
of a T7 infection, functions like a bacte-
riostatic agent by strategically modulat-
ing transcription in E. coli. Therefore,
genes that are selectively inhibited by
Gp2 could potentially serve as novel anti-
bacterial targets whose disruption could
destabilize essential processes and lead to
attenuation of bacterial growth. Research
aligned to the latter two “uses” of Gp2
is currently underway in our laborato-
ries. Since phages represent an absolute
majority of all biological entities in the
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biosphere, emerging multidisciplinary
studies on how phage-encoded TFs, like
Gp2, function will continue to empower
and expand our knowledge of the mecha-
nisms that govern bacterial transcription
regulation and contribute to uncover-
ing new paradigms of genetic control in
bacteria.
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