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ABSTRACT The bacterial small RNA (sRNA) SgrS has been a fruitful model for dis-
covery of novel RNA-based regulatory mechanisms and new facets of bacterial phys-
iology and metabolism. SgrS is one of only a few characterized dual-function sRNAs.
SgrS can control gene expression posttranscriptionally via SRNA-mRNA base-pairing
interactions. Its second function is coding for the small protein SgrT. Previous work
demonstrated that both functions contribute to relief of growth inhibition caused by
glucose-phosphate stress, a condition characterized by disrupted glycolytic flux and
accumulation of sugar phosphates. The base-pairing activity of SgrS has been the
subject of numerous studies, but the activity of SgrT is less well characterized. Here,
we provide evidence that SgrT acts to specifically inhibit the transport activity of the
major glucose permease PtsG. Superresolution microscopy demonstrated that SgrT
localizes to the cell membrane in a PtsG-dependent manner. Mutational analysis de-
termined that residues in the N-terminal domain of PtsG are important for confer-
ring sensitivity to SgrT-mediated inhibition of transport activity. Growth assays sup-
port a model in which SgrT-mediated inhibition of PtsG transport activity reduces
accumulation of nonmetabolizable sugar phosphates and promotes utilization of al-
ternative carbon sources by modulating carbon catabolite repression. The results of
this study expand our understanding of a basic and well-studied biological problem,
namely, how cells coordinate carbohydrate transport and metabolism. Further, this
work highlights the complex activities that can be carried out by sRNAs and small
proteins in bacteria.

IMPORTANCE Sequencing, annotation and investigation of hundreds of bacterial
genomes have identified vast numbers of small RNAs and small proteins, the major-
ity of which have no known function. In this study, we explore the function of a
small protein that acts in tandem with a well-characterized small RNA during meta-
bolic stress to help bacterial cells maintain balanced metabolism and continue
growing. Our results indicate that this protein acts on the glucose transport system,
inhibiting its activity under stress conditions in order to allow cells to utilize alterna-
tive carbon sources. This work sheds new light on a key biological problem: how
cells coordinate carbohydrate transport and metabolism. The study also expands our
understanding of the functional capacities of small proteins.

KEYWORDS Hfq, PTS, RNase E

ptake and metabolism of carbon sources are regulated by a variety of mechanisms
to ensure a steady flow of intermediates through central metabolism. Under most
circumstances, glucose is a preferred carbon source for Escherichia coli, yet under some
conditions, metabolic flux becomes suboptimal, and glucose transport and metabolism
are disfavored (1, 2). One condition of impaired glucose metabolism occurs when cells
are exposed to nonmetabolizable glucose analogs (e.g., a-methylglucoside [«MG]) that
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are taken up and phosphorylated but cannot be metabolized further. This induces the
so-called “glucose-phosphate stress response,” which allows cells to reduce sugar
phosphate accumulation and recover from stress. If the stress response is inactivated,
cells show striking growth defects (3-6) and in some cases even lysis (7, 8). Growth of
cells experiencing glucose-phosphate stress is improved by supplementation with
glycolytic intermediates downstream of metabolic bottlenecks (8) or if sugar transport
is inhibited (4, 9).

Glucose and the analog a-methylglucoside (aMG) are primarily transported into the
cell through the major glucose transporter PtsG (EIICBS!<), while another analog,
2-deoxyglucose (2DG), is taken up mainly by the mannose transporter ManXYZ
(EIIABCDMan) (10). PtsG and ManXYZ import and concomitantly phosphorylate incom-
ing sugars via the phosphoenolpyruvate phosphotransferase system (PTS) comprised of
several proteins that participate in a phosphorelay that begins with the glycolytic
intermediate phosphoenolpyruvate (PEP) as the phosphate donor (11). The glucose
PTS is especially significant since the EIIAS!c protein (which activates PtsG) has key
regulatory roles in catabolite repression, which ensures preferential glucose utili-
zation (12-15).

Our studies characterizing the glucose-phosphate stress response have demon-
strated that a small RNA (sRNA), SgrS, whose synthesis is induced by glucose-phosphate
stress, is the key regulatory effector of the response (4, 9, 16). Like many other sRNAs
in bacteria, SgrS carries out base-pairing-dependent regulation of numerous mRNAs (4,
17-21). Less typical is the second function of SgrS, namely, encoding the 43-amino-acid
protein SgrT (9, 22). Unlike any other known dual-function SRNA-small protein pair, SgrS
and SgrT act independently in the same pathway, albeit by different mechanisms (9,
22). The base-pairing activity of SgrS ameliorates glucose-phosphate stress by inhibit-
ing translation and promoting degradation of the ptsG and manXYZ mRNA transcripts,
thereby preventing synthesis of more sugar transporters during stress. In contrast, SgrT
was shown to have no effect on sugar transporter mRNA levels, but it could still reverse
growth inhibition caused by stress (9, 22). These and other results suggested that SgrT
acted by inhibiting glucose transporter activity (9). SgrT and SgrS base-pairing functions
also act at different times during glucose-phosphate stress. The base-pairing function
acts immediately, whereas SgrT is not detected until ~30 min following the onset of
stress (22). The goal of the present study was to examine the target specificity and
physiological roles of SgrT in the glucose-phosphate stress response. We found that
while the SgrS base-pairing activity serves to inhibit further synthesis of both PtsG and
ManXYZ, SgrT specifically inhibits the transport activity of PtsG. Consistent with a
mechanism of inhibition requiring physical interaction, SgrT localization to the mem-
brane is PtsG dependent. Amino acid residues in the N-terminal region of the IIC
(membrane) domain of PtsG confer sensitivity to SgrT-mediated inhibition of sugar
transport activity. SgrT-mediated interference with the catabolite repression function of
the glucose PTS allows utilization of alternative carbon sources, such as lactose, during
glucose-phosphate stress. This provides a clear benefit to cells producing this small
protein under glucose-phosphate stress conditions.

RESULTS

Ectopic production of SgrT inhibits cell growth on minimal glucose medium.
The base-pairing activity of SgrS inhibits the synthesis of both the PtsG and ManXYZ
transport proteins by inhibiting translation of the corresponding mRNAs (4, 17, 18, 23).
Our hypothesis is that SgrT inhibits activity of sugar transport proteins. To test whether
SgrT affects PtsG, ManXYZ, or other sugar transporters, strains expressing sgrT from a
plasmid were tested for growth on minimal media containing various carbon sources
(Fig. 1). Growth of cells producing SgrT showed marked inhibition on glucose com-
pared to cells carrying the vector control. In contrast, growth on all other carbon
sources tested appeared similar between vector control and sgrT-expressing cells (Fig.
1). Notably, growth on mannose was unaffected by SgrT, and as ManXYZ is the only
mannose transporter, these results suggest that SgrT affects only glucose transporters.
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FIG 1 Ectopic production of SgrT inhibits cell growth on minimal glucose medium. AsgrS::Kan® lacla* cells
(CV104) carrying a vector control (pBRCS12 [left]) or P,,~sgrT* (pBRCV7 [right]) plasmid were grown on
minimal medium with ampicillin, IPTG, and one of the following carbon sources (from the top): 0.2%
glucose, 0.2% mannose, 0.2% N-acetylglucosamine (GIcNAc), 0.2% fructose, or 0.2% trehalose.

Interestingly, the trehalose transporter TreB (EIIBC™¢) does not have a cognate EIIA and
instead relies on EIIAS!< for activation. If SgrT affected glucose transport by interfering
with EIlAG!c activity, we would expect sgrT-expressing cells to demonstrate a growth
defect on trehalose. Since cells expressing SgrT grow uninhibited on trehalose (Fig. 1),
we postulate that SgrT does not act at the level of EIIAS!c to inhibit glucose transport.

SgrT inhibits PtsG but not ManXYZ. Results of growth experiments suggested that
SgrT preferentially affects PtsG but not ManXYZ, and our previous work implicates
sugar transport as the most likely step affected by SgrT (9). To further test this, we
utilized a transcriptional P,¢lacZ fusion to monitor induction of the glucose-
phosphate stress response upon exposure of cells to aMG or 2-deoxyglucose (2DG).
These two glucose analogs are transported by different PTS proteins: «MG is primarily
transported via PtsG (EIICB®!<) (10, 18, 24), whereas 2DG is mainly transported by
ManXYZ (EIIABCDMan) (25). We therefore utilized these molecules to probe the activity
of SgrT on these two sugar transporters. When cells were exposed to aMG, the
B-galactosidase activity of the P, s-lacZ strain carrying the vector control was high (Fig.
2A), consistent with uptake of aMG and induction of the glucose-phosphate stress
response. In cells expressing SgrT, B-galactosidase activity was reduced by ~10-fold
compared with that of vector control cells (Fig. 2A), supporting the idea that SgrT
inhibits uptake of aMG. We noted that sgrT-expressing cells exposed to aMG still had
higher levels of B-galactosidase activity than untreated cells and hypothesized that
ManXYZ might be responsible for a low level of aMG uptake that was insensitive to
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FIG 2 SgrT inhibits PtsG transport activity but not ManXYZ activity. Three biological replicates of strain
CL104 (Alac malzlacla* sgrS:Tet’) or CL105 (Alac mal:lacla* sgrS:Tet” manXYZ:Kan') containing a P,
lacZ fusion and harboring either the vector control (pBRCS12) or P,,.-sgrT+ (pBRCS1) plasmid were tested

lac
for the response to aMG (A) or 2DG (B) as detected by induction of the sgrS promoter. Cells were grown
in TB overnight and then subcultured 1:200 and grown to an OD, of 0.1. IPTG (0.1 mM) was added, and
then cultures were split, with half receiving 0.1% 2DG or 0.5% aMG and the other half receiving an
equivalent volume of double-distilled water (ddH,0). Samples were taken after 120 min, and
B-galactosidase activity was measured.

SgrT. To test this hypothesis, we repeated the experiments in a manXYZ mutant strain.
Compared with the parent strain, the manXYZ mutant showed lower levels of induction
of P,,,s-lacZ when exposed to aMG and induction was completely lost when SgrT was
produced (Fig. 2A). These data suggest that both PtsG and ManXYZ contribute to
uptake of «aMG and that SgrT only inhibits the activity of PtsG. To further test whether
SgrT could affect transport through ManXYZ, we measured induction of P, s-lacZ in
response to the ManXYZ-specific substrate 2DG (10). We note that 2DG is a less potent
inducer of P, -lacZ than aMG (note the difference in scales between Fig. 2A and B).
Nonetheless, 2DG promoted a >10-fold induction of P, s-lacZ in vector control cells
and a similarly large induction in SgrT-producing cells (Fig. 2B). Together, these data
strongly suggest that SgrT specifically affects the transport activity of PtsG but not
ManXYZ.

SgrT localizes to the membrane in a PtsG-dependent manner. Because SgrT was
found to specifically affect uptake of (Fig. 2) and growth on (Fig. 1) substrates of PtsG,
we hypothesized that SgrT would interact with PtsG and localize to the cell membrane.
In wild-type (WT) or AptsG cells, previously characterized and functional SgrT-3XFLAG
proteins (9) were labeled by immunofluorescent staining using an anti-FLAG antibody
followed by Alexa Fluor 647-labeled secondary antibody and imaged using superre-
solved single-fluorophore microscopy (26) (Fig. 3). Two-dimensional (2D) projections in
the xy plane from a 3D reconstructed image within different z depths are shown in Fig.
3A (1,000 nm) and B (200 nm). Images of individual cells were aligned and projected
along the cell’s longitudinal axis to the cell cross section (Fig. 3C) to generate heat maps
of SgrT distribution, which demonstrates membrane versus cytoplasmic localization of
SgrT (Fig. 3D). The intensity of the SgrT-3XFLAG signal is plotted as a function of cell
radius (R, where the center of the cell is at 0) (Fig. 3E). In WT cells producing PtsG, SgrT
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FIG 3 SgrT localizes to the cell membrane in a PtsG-dependent manner. Images in panels A and B are
from superresolution microscopy and detection of SgrT-3XFLAG by immunofluorescence. (A) 2D pro-
jection images on the xy plane for AptsG cells (left) and WT cells (right) for the entire z range of 1,000
nm. (B) 2D projection images on the xy plane for AptsG cells (left) and WT cells (right) for the middle z
plane (200-nm range). (C) Twenty percent of each end of the poles or septum was cut for 2D projection
analysis. (D) 2D projection images on the xz plane for 76 AptsG cells (left) and 71 WT cells (right) with the
color scale bar. Each pixel is 30 by 30 nm?, and the total number of spots was determined and plotted
as heat maps. Cells are combined from two independent experiments. (E) The probability density of
finding a spot at R distance from the length axis of cells was plotted by 40-nm binning, with
renormalization keeping the peak value of each case as 1.

preferentially localized to the cell periphery, indicated by a higher probability of SgrT
localization at larger R values in WT cells than in AptsG cells (Fig. 3D and E). We note
that the observed radial distribution of SgrT in WT cells peaks at ~200 nm, which is
smaller than expected for a live E. coli cell with an average diameter of ~1 um. We think
two main factors account for this difference. First, we overexpressed SgrT for this
imaging experiment, so the cytoplasmic portion of SgrT in excess of what could be
bound by PtsG would be expected to shift the histogram toward a lower R value.
Additionally, treatment required for the imaging protocol alters cell shape and con-
tributes to a reduction in cell radius. Nevertheless, it is very apparent that deletion of
ptsG shifted localization of SgrT away from the periphery (membrane region, higher R
values) toward the cytoplasm (lower R values) (Fig. 3D and E). These data are consistent
with the model that SgrT localizes to the membrane in a PtsG-dependent manner.
The IIC domain of PtsG is required for full sensitivity to SgrT. Once we estab-
lished that SgrT inhibits PtsG specifically and its localization to the membrane is
dependent on PtsG, we took a genetic approach to assess which region of PtsG makes
it susceptible to inhibition by SgrT. PtsG is comprised of three main functional domains:
the membrane-bound IIC%'c domain, the linker region, and the soluble IIBG'< domain. A
previous study demonstrated that the 1ICé' domain of PtsG most likely confers sub-
strate specificity for glucose. In that study, a chimeric transporter composed of the PtsG
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FIG 4 Strong SgrT-mediated growth inhibition requires the IIC domain of PtsG. (A) Schematic depicting
the PtsG-NagE (EIICS' BN29) chimera. The PtsG IIC domain is fused to the NagE IIB domain at their
identical linker motif (LKTPGRED). (B) CL174 (NagE) (Alac mal:lacla* sgrS:Tet” manXYZ:cat AptsG AgalP
EIICBANag [NagE*]), CL175 (PtsG-NagE) (Alac mal:lacla+ sgrS:Tet” manXYZ:cat AgalP EIICS'e EIIBN29+), and
CL188 (PtsG) (Alac mal:lacla* sgrS:Tet” manXYZ:cat nagE:Kan" AgalP EIICB®' [PtsG*]) harboring either
the vector control (pBRCS12) or P,,-sgrT* (pBRCS1) plasmid were cultured in M63 glucose medium plus
1 mM IPTG to induce SgrT and monitored for growth inhibition in biological triplicates using a 96-well
plate reader. (C) Cultures of the strains used in panel B were grown in M63 GIcNAc medium with T mM
IPTG to induce SgrT and monitored for growth over time using a 96-well plate reader. Data are the means
from three biological replicates.

[ICS!e domain and the NagE IIBG!“NA< domain (for N-acetylglucosamine transport) was
constructed (EIICCI<IIBGINAC), and its substrate specificity was assessed (27). The fusion
junction was the LKTPGRED motif, which is located in the linker and is identical in PtsG
and NagE. It was shown previously that the chimeric EIICS'<[IBS'<NA< (PtsG-NagE) protein
could phosphorylate glucose but not GIcNAc, suggesting that the 1IC domain dictates
the specificity of PtsG for glucose (27). Since our results show that SgrT inhibits growth
on glucose but not GIcNAc (Fig. 1), we predicted that SgrT would inhibit growth on
glucose of cells expressing the EIICGI<IIBGINAC (PtsG-NagE) (Fig. 4A) chimeric protein by
targeting the IICS' domain, which dictates glucose specificity. Using cells producing
only one of the transporters chimeric PtsG-NagE (EIICG!IIBGI<NAC), wild-type PtsG
(ENICBS'), or wild-type NagE (EIICBAG!NA<), we tested for SgrT-dependent inhibition of
growth on glucose minimal medium (Fig. 4B). As expected, cells producing wild-type
PtsG grew well in this medium in the absence of SgrT (Fig. 4B, orange line), but when
SgrT was produced, these cells were strongly inhibited (Fig. 4B, light blue line).
PtsG-NagE cells also grew in glucose minimal medium (Fig. 4B, purple line), consistent
with previous data indicating that the IIC domain of PtsG is a primary determinant of
glucose specificity. When SgrT was produced in the PtsG-NagE strain, growth was
strongly inhibited for ~16 h, but then cells resumed growth (Fig. 4B, green line). This
phenotype and the timing of resumed growth were consistent for many biological
replicates. Cells producing NagE were unable to grow on minimal glucose medium,
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regardless of whether SgrT was produced (Fig. 4B, red and blue lines). Strong growth
inhibition of the strain producing the chimeric protein (with only EIIC from PtsG) by
SgrT suggests that the key determinants defining SgrT specificity for PtsG reside in the
IIC domain. However, the fact that PtsG-NagE cells can escape SgrT-mediated inhibition
after prolonged incubation implies that sequences in the IIB domain of PtsG (absent
from the chimeric transporter) may also contribute in some way to the PtsG-SgrT
interaction.

When cells were grown in GIcNAc, the PtsG strain grew similarly to the NagE strain
(Fig. 4C, orange and red lines). The robust growth provided by PtsG on GIcNAc is
somewhat surprising given that it has been reported that NagE and ManXYZ transport
this substrate (11, 28). Interestingly, a mutation in the IIC domain of PtsG has been
reported to allow the use of glucosamine by altering its regulation (29). Perhaps in our
strain background, where manXYZ and nagE are deleted, regulation of ptsG is altered
in a way that allows GIcNAc utilization. Regardless, we note that SgrT strongly inhibited
PtsG-mediated growth on GlcNAc (Fig. 4C, light blue line). This suggests that SgrT can
inhibit PtsG activity independent of the transported substrate. Given that both PtsG and
NagE promote growth on GIcNAg, it was not surprising to find that chimeric PtsG-NagE
also provides for robust growth on this sugar (Fig. 4C, purple line). Interestingly, we
found that SgrT could also transiently inhibit growth of both NagE and PtsG-NagE cells
on GIcNAc minimal medium (Fig. 4C, blue and green lines). (Note that this transient
phenotype is not apparent on plates in Fig. 1 as transient growth inhibition on GIcNAc
has already resolved by 24 h.) This result suggests that NagE and PtsG-NagE share
determinants conferring partial susceptibility to SgrT. These could be localized to the
linker region or other regions of similarity between the PtsG and NagE IIC domains
(Fig. 5).

PtsG(V12F), but not PtsG(P384R), is resistant to SgrT-mediated transport inhi-
bition. To further define the interactions between the PtsG IIC domain and SgrT, we
tested the susceptibilities of various ptsG mutants to SgrT-mediated inhibition of «aMG
transport as described above, using the P, -lacZ reporter fusion. We began by testing
mutants reported to have either increased transport of glucose or aMG or broadened
substrate specificities (30, 31). The residues in these mutants reside in the cytoplasmic
portion of PtsG. Most of these mutants (S157E, H339Y, K257N, M17T, and D343G) were
still inhibited by SgrT. The Jahreis group reported that a PtsG mutant with broadened
substrate specificity, PtsG(P384R), was not sensitive to inhibition by SgrT (32). We
constructed the same mutant and found that the strain producing PtsG(P384R) was
substantially less responsive to induction of P, s-lacZ by aMG than the strain produc-
ing wild-type PtsG (Fig. 5A). This suggests that this mutation impairs the function of
PtsG and reduces transport of aMG. In contrast with the findings of Jahreis and
colleagues (33), we found evidence that PtsG(P384R) activity could still be inhibited by
SgrT (Fig. 5A). When SgrT was produced in the PtsG(P384R) strain, the fold reduction in
P,rs-lacZ activity was comparable to that observed in the wild-type PtsG strain. Thus,
our data do not support the idea that SgrT requires this proline residue (P384) in the
PtsG linker region in order to control PtsG activity. Further evidence arguing against
this portion of the PtsG linker as a primary determinant of SgrT susceptibility is the
conservation of the proline and surrounding residues within the linker between PtsG
and NagE; the LKTPGRED motifs are identical in both proteins. If this motif were
sufficient to confer susceptibility to SgrT, we would expect ectopic production of SgrT
to inhibit NagE activity and growth on N-acetylglucosamine. Instead, SgrT does not
strongly inhibit growth on GlcNAc (Fig. 1 and 4CQ).

Residues at the N terminus of PtsG (within the IIC domain) have previously been
implicated in modulating the rate of glucose (and aMG) transport (34, 35). We tested
the activity and SgrT sensitivity of another PtsG mutant, PtsG(V12F), which was previ-
ously shown to have an enhanced rate of MG transport (30, 34). This mutant was also
tested by Jahreis and coworkers for interaction with SgrT by coimmunoprecipitation,
and their results suggested that PtsG(V12F) and SgrT could still interact (32). However,
given the discordance of our results for the P384R mutation, we proceeded to test the
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FIG 5 Identification of PtsG residues conferring resistance to SgrT-mediated transport inhibition. (A)
CL108 cells (Alac mal:lacla* P, c-lacZ [short] sgrS:Tet™ ptsG:Kan®) harboring a plasmid containing WT
ptsG (pZACL1) or ptsG(P384R) (pZACL2), as well as the vector control (pBRCS12) or P,,-sgrT* plasmid

lac

(pBRCV7), were grown in TB overnight and subcultured 1:100 in TB plus T mM IPTG and 50 ng aTc and
grown to an ODg,, of 0.5. Cultures were then split, and half received treatment with 0.05% aMG.
B-Galactoside activity was measured after 45 min. (B) The same procedure was repeated using the
ptsG(V12F) mutation (pZACL3).

V12F mutant as described above. In the absence of stress, cells with wild-type and V12F
PtsG had similar levels of P, -lacZ activity (Fig. 5B). As expected, when wild-type cells
were stressed, Py, s-lacZ activity increased substantially (Fig. 5B, compare activity in
wild-type/vector cells for without «MG versus with aMG). Ectopic production of SgrT
reduced this activity (Fig. 5B), consistent with SgrT-mediated inhibition of wild-type
PtsG activity. In the PtsG(V12F) strain, exposure to aMG also induced P, s-lacZ activity
(Fig. 5B, compare activity in V12F/vector cells without «MG versus those with aMG), but
production of SgrT had no effect on this activity. These observations suggest that the
transport activity of PtsG(V12F) is similar to that of wild-type PtsG but that this mutation
renders PtsG(V12F) insensitive to inhibition by SgrT.

SgrT strongly inhibits preexisting PtsG transporters. Our previous work indicates
that mechanistically, the base-pairing activity of SgrS only stops new synthesis of PtsG
transporters but has no effect on preexisting transporters (9, 20). In contrast, we
hypothesize that SgrT has an immediate inhibitory effect on PtsG activity. To test the
relative effects of SgrT and SgrS base pairing on PtsG transport activity, we directly
measured the uptake of ["*ClaMG by AsgrS cells carrying a vector control or ectopically
expressing sgrT alone or an sgrS allele possessing only the base-pairing region for 20
min prior to exposure of cells to ['*ClaMG. Cells carrying the vector control accumu-
lated ['*ClaMG, as evidenced by the increase in cell-associated radioactivity over time
(Fig. 6). The negative control, a AptsG mutant, failed to accumulate appreciable levels
of ["*ClaMG. Cells producing SgrT were similar to the AptsG mutant and showed very
little uptake of ['*ClaMG (Fig. 6). In contrast, cells expressing the base-pairing-only SgrS
looked very similar to the positive-control cells and accumulated ["*C]laMG at a similar
rate (Fig. 6). These results support our overall model in which the base-pairing activity
of SgrS acts only to inhibit new PtsG synthesis, but the preexisting PtsG (which is
extremely stable [20]) remains active and SgrT is required to inhibit this activity.
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FIG 6 SgrT strongly and immediately inhibits transport activity of PtsG. CL113 cells (Alac mal:lacla+
galP:Kan® sgrS:Tetr manXYZ:cat) carrying the vector control (pBRCS12), P, -sgrT* (pBRCS1), or sgrS
base-pairing-only (pLCV5) plasmid were grown in M63 glycerol medium with 0.1 mM IPTG and then

washed with M63 salts medium. Cells were exposed to ['*ClaMG and monitored for accumulation of
radioactivity over time. The results shown are the average for biological triplicates.

SgrT-mediated inhibition of PtsG prevents inducer exclusion, promoting
growth by allowing utilization of alternative carbon sources. Inducer exclusion is
one of the mechanisms that ensures preferential utilization of glucose by enteric
bacteria when glucose is present in a mixture with other carbon sources (36). Inducer
exclusion requires the dephosphorylated form of EIIAS'c, which accumulates when cells
are actively importing glucose via PtsG. Under these conditions, EIIAG'< interacts with a
variety of transport proteins and enzymes to inhibit uptake or utilization of alternative
carbon sources (36). In a previous study, we demonstrated robust inducer exclusion
when cells were grown in the presence of glucose and lactose, evidenced by very low
expression of lac genes, when SgrT was not produced. In contrast, in cells making SgrT,
inducer exclusion was relieved and lac genes were highly expressed (9). These data are
consistent with the model that SgrT-mediated inhibition of PtsG activity results in
accumulation of phospho-EIlIAS<, relieving inducer exclusion and promoting lac ex-
pression. Based on these previous results, we hypothesize that SgrT-mediated relief of
inducer exclusion may allow cells experiencing glucose-phosphate stress to utilize
alternative carbon sources (37). To test this, AsgrS cells expressing a vector control or
SgrT were grown in the presence of aMG with or without lactose and simultaneously
monitored for growth and lac expression (Fig. 7). Without lactose, cells expressing SgrT
showed growth improvement compared to vector control and reached a density of 1.0
after 400 min (Fig. 7A). In the presence of lactose, however, SgrT-expressing cells
reached the same density in only 200 min and ultimately grew to a higher density.
Vector control cell growth was also improved by lactose, but only after a prolonged lag
phase (Fig. 7B). SgrT-producing cells also showed ~2-fold increased endogenous
B-galactosidase activity compared with control cells at early time points after stress
induction (data not shown), consistent with relief of inducer exclusion in these cells.
These data demonstrate that SgrT production not only aids cells in overcoming the
stress of accumulating sugar phosphates but also promotes utilization of alternative
carbon sources, thereby markedly improving stress recovery and growth.

DISCUSSION

SgrS is a versatile sSRNA able to produce a functional protein and regulate many
targets to alleviate glucose-phosphate stress (23). Among these targets, PtsG and
ManXYZ transporters are particularly important, as they are directly responsible for
importing stress-inducing molecules (38, 39). SgrT and SgrS base pairing act indepen-
dently to tackle the problem of sugar transport under stress conditions from two
directions. The SgrS base-pairing function is critical and is used first to inhibit further
synthesis of sugar transporters (22), after which SgrT is produced to inhibit existing PtsG
transporters (22). In this study, we determined that SgrT specifically affects the activity
of only one sugar transporter, namely, PtsG (EIICBS'<) (Fig. 1, 2, and 4). This stands in
contrast to the base-pairing activity of SgrS, which impacts synthesis of both PtsG (4,
17) and another sugar transporter, ManXYZ (18). We discovered that the IIC domain of
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FIG 7 SgrT facilitates use of alternative carbon sources during stress. CS136 cells (MG1655 AsgrS::Kan")
carrying the vector control (pHDB3) or P,,-sgrT* (pBRCV7) plasmid were grown in TB medium with 0.5%
aMG plus 1.0 mM IPTG without (A) or with (B) lactose, and growth was measured by recording the optical
density at 600 nm over time.

PtsG contains determinants that make PtsG but not a highly similar transporter, NagE,
susceptible to inhibition by SgrT (Fig. 4). Preferential localization of SgrT to cell
membrane regions in ptsG* but not AptsG strains (Fig. 3) suggests that SgrT modulates
PtsG activity via physical interactions. Finally, we demonstrated that SgrT-producing
cells have a growth advantage during glucose-phosphate stress, particularly when an
alternative carbon source is provided (Fig. 7). Cumulatively, our work upholds our
model that the protein (SgrT) component of the dual-function sRNA SgrS provides a
specific mechanism for inhibiting sugar transport activity and promoting cell growth
under glucose-phosphate stress conditions (Fig. 8).

Under stress, SgrS base-pairing activity inhibits the synthesis of both the PtsG and
ManXYZ transporters responsible for importing «MG and 2DG. In contrast, SgrT solely

aMG uptake and SgrT inhibits transport to
inducer exclusion relieve inducer exclusion

o

&
. lIASle 1IAGIc P

lIAGIe P

FIG 8 Model for regulation of PtsG activity by SgrT. During active MG transport (left), PtsG and EIIAS
are dephosphorylated because phosphate is rapidly transferred to the incoming sugar. EIIAS'c binds the
lactose permease protein (among others), inhibiting its activity and enacting inducer exclusion. SgrT
binding to PtsG (right) inhibits transport, stopping the flow of phosphate so that phosphorylated EIIAS!c
accumulates. P-EIIAS'© no longer inhibits transport or utilization of alternative carbon sources, and thus
inducer exclusion is relieved. This allows utilization of other carbon sources (e.g., lactose), leading to
promotion of growth.
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targets PtsG and has no effect on 2DG transport (Fig. 2). Why might SgrT differentiate
between these transporters, and what does this tell us about the nature of glucose-
phosphate stress? Unlike ManXYZ, the proteins comprising the glucose PTS are critical
for metabolic regulation via carbon catabolite repression (CCR). During glucose trans-
port, ElIAS!c (Crr) exists largely in a dephosphorylated state due to rapid phosphate
transfer to PtsG. Dephosphorylated EIIAG'c binds and inhibits other transporters, such as
LacY, causing inducer exclusion (Fig. 8) (36). Another effect of low phospho-EIIA®!<
levels is reduced production of the small molecule cyclic AMP (cAMP), since only
phospho-EllAS!c binds to and activates the adenylate cyclase to stimulate cAMP pro-
duction (40-42). These two outcomes of CCR—inducer exclusion and reduced cAMP
production—together reduce the activity and synthesis, respectively, of transporters for
alternative carbon sources, thus favoring glucose utilization. The glucose analog «aMG
also stimulates CCR, which not only favors further transport of aMG but also prevents
uptake and metabolism of other carbon sources. The stress response enacted by SgrS
and SgrT counteracts the CCR response, and in this study, we show that this allows the
utilization of metabolizable sugars such as lactose, which helps cells thrive during stress
(Fig. 8).

The use of alternative non-PTS carbon sources may be especially beneficial for
glucose-phosphate stress recovery since the PTS-dependent transport of «MG depletes
PEP, which subsequently cannot be replenished by metabolism. In fact, the depletion
of such critical metabolic intermediates is thought to be the cause of stress as opposed
to any inherent toxicity associated with sugar phosphate accumulation, as the addition
of sugar phosphates downstream of the metabolic block allows cells to recover even
while aMG is actively transported (8). Although the exact cause of stress in natural
environments is still unknown, it is clear that conditions resulting in accumulation of
nonmetabolizable phosphorylated intermediates (or their analogs) of the early steps of
glycolysis promote rapid induction of the stress response. There is evidence that «MG
and 2DG exist in nature. Klebsiella pneumoniae can metabolize aMG as a carbon source
(43), and aMG has been found in environmental water samples (44). Saccharomyces
cerevisiae can detoxify 2DG (45). Gammaproteobacteria, mainly enteric bacteria, are the
only organisms known to possess this particular stress response (46, 47). Whether these
sugar analogs or similar compounds are present in the gut or other environmental
niches where these organisms reside is undetermined.

It is worth noting that our experiments demonstrated a clear role for the [IC domain
of PtsG in conferring susceptibility to SgrT, whereas others (32, 33) have suggested that
the linker region connecting the IIC and IIB domains is involved in SgrT binding.
Bimolecular fluorescence complementation experiments performed by the Jahreis
group (32) tested the interactions between SgrT and various lengths of PtsG by fusing
them to different domains of green fluorescent protein (GFP) and monitoring GFP
complementation by fluorescence. They showed that complementation occurred most
strongly when both the IIC domain and linker were present but found no interaction
between SgrT and the IIC domain alone (32). We note that these experiments utilized
protein fusions between PtsG fragments or SgrT and different domains of GFP. Our
experience with SgrT protein fusions has been that any but small epitopes strongly
impair SgrT function and prevent it from controlling PtsG (C. R. Lloyd and C. K.
Vanderpool, unpublished data). Thus, it is possible that bimolecular fluorescence
complementation assays with protein fusions did not fully capture relevant SgrT-PtsG
interactions. These results, along with those we present here, suggest that determi-
nants in both the linker and 1IC domain are important for SgrT interaction. Interestingly,
in a cross-linking and copurification experiment (using SgrT tagged with the small
hemagglutinin [HA] epitope), Kosfeld and Jahreis found evidence that SgrT preferen-
tially interacts with dephosphorylated PtsG (32), which would be the predominant form
present during active glucose transport as the phosphate is rapidly transferred to the
incoming sugar. This observation suggests that SgrT might only associate with PtsG
during active transport. We envision a model in which SgrT interacts with PtsG and
blocks sugar passage directly or causes a conformational change that prevents phos-
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TABLE 1 Strains and plasmids used in this study
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Strain or plasmid Description? Reference or source
Strains
CV104 AlacX74 mal:lacld AsgrS:Kan® 4
CS136 Alac AsgrS:Kan® 54
CL104 Alac mal:lacl PsgrS-lacZ (short) sgrS:Tet This study
CL105 Alac mal:lacld PsgrS-lacZ (short) sgrS:Tet” manXYZ:Kan* This study
CL108 Alac mal:lacla PsgrS-lacZ (short) sgrS:Tet" ptsG:Kan® This study
CL113 Alac mal:lacld sgrS:Tetr galP:Kan™ manXYZ:cat This study
CL143 Alac mal:lacld sgrS:Tet™ galP:FRT ptsG:Kan" manXYZ:cat This study
CL174 Alac mal:lacl sgrS:Tetr galP:FRT ptsG:FRT manXYZ:cat This study
CL175 Alac mal:lacld sgrS:Tet" galP:FRT ptsG:FRT manXYZ:cat EIICG'<NA<:E|ICCle This study
(at nagkE locus linked to Kan")
CL188 Alac mal:lacla sgrS:Tetr galP:FRT ptsG:FRT nagE:Kan" This study
Plasmids
pBRCS12 pBRPlac vector control 54
pBRCV7 pBRPlac with sgrT coding sequence under control of Plac promoter 9
pBRCS1 pBRCV7 with 3XFLAG tag inserted at C terminus of SgrT 9
pLCV5 pLCV1 with point mutation that changes 5th codon of sgrT to UAA 9
pHDB3 pBR322 derivative, vector control 55
pZA31R Vector 48
pZACL1 ptsG WT This study
pZACL2 ptsG(P384R) This study
pZACL3 ptsG(V12F) This study

9FRT, FLP recombination target.

phorylation of PtsG. This would leave the EIIAS'c protein in a phosphorylated state—
unable to bind and inhibit the lactose permease and other carbon utilization proteins,
thereby enabling use of any other available carbon sources (Fig. 8). More structure-
function studies are necessary to determine if the interaction between SgrT and EIICBS!<
is direct or requires an intermediate and to elucidate the molecular mechanism of SgrT
activity.

MATERIALS AND METHODS

Bacterial strain construction. All strains and plasmids used in this study are described in Table 1.
The pBR322 derivative plasmids harboring SgrT used in this study were previously described (9). To
create the pZA plasmid derivatives of pZA31-R (48), wild-type E. coli MG1655 ptsG was cloned into the
BamHI and Ndel sites of the plasmid, and mutants were created using QuikChange mutagenesis (Agilent
Technologies). All Alac strains are derivatives of DJ480 (D. Jin, National Cancer Institute). CL104 was
created by P1 transduction of an sgrS:Tet” mutation into a strain containing a P,s-lacZ transcriptional
fusion (CV5202). CL108 was subsequently created by transducing a ptsG:Kan" mutation from the Keio
collection (49) into CL104. Strain CL113 was constructed by P1 transduction of galP:Kan" (from the Keio
collection) and manXYZ::cat cassettes into strain CS216 (sgrS:Tet" mal:lacla*). CL174, CL175, and CL188
are all derivatives of CL113 from which kanamycin cassettes were removed using the FLP-mediated
site-specific recombination methods described in reference 50. The PtsG-NagE hybrid created in CL175
was generated by PCR amplification of the first 1,050 nucleotides of PtsG linked to the upstream
kanamycin cassette from the ycfH::Kan" mutant (Keio collection) and recombining this linear PCR product
into NM300-1 (which carries a mini-A encoding A Red functions) (51) via transformation at the nagf locus
and then P1 transducing the hybrid into CL174.

Media and growth conditions. Bacteria were cultured in Luria-Bertani (LB) medium at 37°C unless
otherwise specified in the figure legends. For experiments investigating the overexpression of SgrT on
various carbon sources, CV104 cells harboring pBRCS12 or pBRCV7 plasmids were plated on minimal M63
agar plates containing 0.2% glucose, N-acetylglucosamine (GIcNAc), fructose, trehalose, or mannose plus
ampicillin and 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) to induce SgrT. For growth experiments
in minimal media, CL174, CL175, and CL188 cells containing pBRCS12 or pBRCS1 plasmids were grown
overnight in M63 with 0.4% glycerol plus ampicillin and then subcultured 1:200 in M63 with 0.2% glucose
plus ampicillin and 1 mM IPTG to induce SgrT. For growth curves examining growth with or without
addition of lactose under glucose-phosphate stress, CS136 cells harboring pHDB3 or pBRCV7 were grown
as previously described (9). Growth curve experiments conducted past 12 h were performed in a plate
reader. Independent triplicate cultures were grown overnight in M63 glycerol (0.4%) and then subcul-
tured 1:200 in either 0.2% glucose or 0.2% GIcNAc and grown for 1 h, and then 0.2 ml was transferred
into the wells of a 96-well plate and optical density (OD) was monitored for 24 h. Experiments
investigating the sensitivity of ptsG mutants to SgrT regulation were performed using MacConkey agar
plates containing 1 mM IPTG to induce sgrT, 50 ng anhydrous tetracycline (aTc) to induce ptsG, 0.5% aMG
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to induce the stress response, 100 mg/ml ampicillin and 25 mg/ml chloramphenicol to select for the
SgrT- and PtsG-harboring plasmids, respectively, and 1% lactose.
B-Galactosidase assays. CL104 and CL105 strains harboring pBRCS12 or pBRCS1 plasmids were
grown overnight in tryptone broth (TB) with ampicillin and subcultured 1:100 into TB medium with T mM
IPTG to induce SgrT. Cells were grown to an ODy, of 0.5, split, and either stressed with 0.5% aMG or 0.2%
2DG or left unstressed. Samples were taken after 120 min, and Miller assays were performed (52). For
CL108 strains harboring the pBRCS12 or pBRCV7 and pZACL1, pZACL2, or pZACL3 plasmids, the same
protocol was used and PtsG synthesis was induced with 50 ng/ml aTc.
['4ClaMG transport assays. CL113 cells with pBRCS12 or pBRCS1 were grown overnight in 0.4%
M63 glycerol and then subcultured 1:200 in fresh M63 glycerol to an OD, of 0.2 and induced with 0.1
mM IPTG for 5 min. Cells were then pelleted on ice and prepared exactly as described in reference 8,
except for the addition of glucose-6-phosphate.
Immunostaining and superresolved single-fluorophore microscopic imaging. CL108 cells carry-
ing 3XFLAG-tagged SgrT(pBRCS1) in the presence and absence of ptsG were grown in LB overnight and
then diluted 1:100 into fresh LB and grown to ODg,, of ~0.3. Cells were then induced for SgrT and PtsG
expression by 50 uM IPTG and 50 ng/ml anhydrous tetracycline, respectively, for 30 min. Cells were
collected and fixed with 4% formaldehyde and immobilized on the Lab-Tek chambered coverglass
coated with poly-L-lysine (Sigma-Aldrich P8920) at room temperature. Then cells were washed with 1X
phosphate-buffered saline (PBS) three times and then permeabilized with 10 mg/ml lysozyme (Sigma-
Aldrich L6876) dissolved in 25 mM Tris-Cl (pH 8), 10 mM EDTA, and 50 mM glucose for 30 min at room
temperature. Cells were then washed with 1X PBS three times and were treated with 3% bovine serum
albumin (BSA) in 1X PBS for 1 h at room temperature. Then cells were incubated with the primary
anti-FLAG antibody (from mouse) in 0.3% BSA-1X PBS for 1 h at room temperature. Cells were washed
three times with 0.3% BSA in 1X PBS and then incubated with Alexa Fluor 647-labeled secondary
antibody in 0.3% BSA-1X PBS for 1 h at room temperature. Then cells were washed three additional
times with 0.3% BSA in 1X PBS. Superresolution imaging was performed as previously described (53) on
an inverted microscope excited with a 647-nm laser and a 405-nm laser. The emission was separated and
collected by a dichroic mirror and notch filters for the 647-nm laser, and data were recorded by an
EMCCD camera. A cylindrical lens was inserted in the emission path for 3D imaging. Each STORM image
was reconstructed by about 2 to ~30,000 frames with 30 or 60 ms of exposure. Samples were all imaged
in buffer with 10 mM NaCl, 50 mM Tris (pH 8), 10% glucose, pyranose oxidase (final concentration, 1.11
U/ml [Sigma-Aldrich P4234]) and catalase (final concentration, 10 KU/ml [EMD Millipore 219001]). Image
reconstruction was performed as previously described (53).
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