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1  | INTRODUC TION

Bacteria thrive in everchanging environments by regulating their 
gene expression at multiple levels, including transcription, trans-
lation, RNA degradation, and protein degradation. Transcriptional 
regulation has been regarded as the primary level of regulation, 

but posttranscriptional regulation also plays an important role in 
fine- tuning gene expression. Small RNAs (sRNAs) have emerged 
as major posttranscriptional regulators that affect translation initi-
ation and/or mRNA stability both negatively and positively (Kavita 
et al., 2018; Storz et al., 2011; Wagner & Romby, 2015). In Gram- 
negative bacteria, this class of sRNAs generally acts on multiple 
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Abstract
Bacterial small RNAs regulate the expression of multiple genes through imperfect 
base- pairing with target mRNAs mediated by RNA chaperone proteins such as Hfq. 
GcvB is the master sRNA regulator of amino acid metabolism and transport in a 
wide range of Gram- negative bacteria. Recently, independent RNA- seq approaches 
identified a plethora of transcripts interacting with GcvB in Escherichia coli. In this 
study, the compilation of RIL- seq, CLASH, and MAPS data sets allowed us to identify 
GcvB targets with high accuracy. We validated 21 new GcvB targets repressed at the 
posttranscriptional level, raising the number of direct targets to >50 genes in E. coli. 
Among its multiple seed sequences, GcvB utilizes either R1 or R3 to regulate most of 
these targets. Furthermore, we demonstrated that both R1 and R3 seed sequences 
are required to fully repress the expression of gdhA, cstA, and sucC genes. In con-
trast, the ilvLXGMEDA polycistronic mRNA is targeted by GcvB through at least four 
individual binding sites in the mRNA. Finally, we revealed that GcvB is involved in 
the susceptibility of peptidase- deficient E. coli strain (Δpeps) to Ala- Gln dipeptide by 
regulating both Dpp dipeptide importer and YdeE dipeptide exporter via R1 and R3 
seed sequences, respectively.
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mRNAs in trans through imperfect base- pairing interactions with 
the help of RNA chaperones such as Hfq and ProQ (Olejniczak & 
Storz, 2017; Updegrove et al., 2016; Vogel & Luisi, 2011; Woodson 
et al., 2018). Our knowledge of the regulatory mechanisms deployed 
by sRNAs relies on studies of the model organisms Escherichia coli 
and Salmonella enterica serovar Typhimurium (hereafter referred 
to as Salmonella). E. coli and Salmonella share dozens of conserved 
sRNAs displaying both conserved and specific regulatory mecha-
nisms and targets (Hör et al., 2020).

Two decades ago, the first report identifying the sRNA GcvB 
in E. coli was published in this journal (Urbanowski et al., 2000). 
GcvB is a noncoding sRNA of ~200 nucleotides (nt) transcribed di-
vergently from the gcvA gene, which encodes the transcriptional 
activator of the gcvTHP operon in the glycine cleavage (GCV) path-
way (Stauffer, 2004). Transcription factors, GcvA and GcvR, regu-
late the transcription of gcvTHP and GcvB (Ghrist et al., 2001; Heil 
et al., 2002; Stauffer & Stauffer, 2005). GcvB is induced when the 
intracellular levels of Gly are high (Sharma et al., 2007; Urbanowski 
et al., 2000).

The steady- state level of endogenous GcvB is determined not 
only by its de novo synthesis but also by its degradation rate. GcvB is 
mainly degraded by RNase E which is triggered by base- pairing with 
SroC sRNA at two distal sites in the stem- loops (SL) 1 and 4 (Miyakoshi 
et al., 2015). SroC is a very stable sRNA processed from the 3′ un-
translated region (UTR) of gltI mRNA (Vogel et al., 2003), which is 
part of the polycistronic gltIJKL operon encoding the Glu/Asp ABC 
transporter. Comprehensive identification of RNA– RNA interactome 
by RIL- seq has revealed that during aerobic growth in a peptide- rich 
LB medium, 0.1% of GcvB sRNAs are associated with SroC during 
the exponential phase while the proportion of the GcvB- SroC hybrid 
during the stationary phase dramatically increases up to ~70% of the 
total of GcvB (Melamed et al., 2016, 2020). Consequently, the level 
of GcvB was high during the exponential phase (~140 copies/cell) but 
decreased as the cells accumulated SroC during the stationary phase 
(Lalaouna et al., 2019; Miyakoshi et al., 2015).

GcvB is conserved in a wide spectrum of Gram- negative bacte-
ria not only in Enterobacteriaceae but also in some genera of other 
families such as Actinobacillus, Pasteurella, Photorhabdus, and Vibrio 
(Gulliver et al., 2018; McArthur et al., 2006; Sharma et al., 2007; 
Silveira et al., 2010). Within E. coli and Salmonella, GcvB differs by 
10 nt but shares almost the same secondary structure and func-
tion. GcvB utilizes three conserved seed sequences, namely R1, 
R2, and R3, to regulate multiple target genes. The G/U- rich R1 
region is capable of base- pairing interactions with the majority of 
GcvB target mRNAs (Pulvermacher et al., 2008, 2009a, 2009b; 
Sharma et al., 2007, 2011; Yang et al., 2014). Although the R2 se-
quence is highly conserved, it may only be utilized to repress cycA 
mRNA in E. coli and Salmonella (Pulvermacher et al., 2009c; Sharma 
et al., 2011). The R3 seed sequence located in SL4 regulates sev-
eral mRNAs including phoP and lrp, which encode global transcrip-
tional regulators (Coornaert et al., 2013; Lalaouna et al., 2019; Lee 
& Gottesman, 2016), while it also serves as the target site for SroC 
(Miyakoshi et al., 2015).

Previous studies revealed that GcvB directly regulates more 
than 30 genes mainly encoding amino acid transporters and met-
abolic enzymes in E. coli and Salmonella (Table 1). Upon recent de-
velopments in experimental RNA- seq methodologies (Desgranges 
et al., 2020; Hör et al., 2018; Saliba et al., 2017), the discovery rate 
of sRNA targets has been refined by integrating multiple prediction 
tools and available global RNA– RNA interactome data sets (Arrieta- 
Ortiz et al., 2020; Georg et al., 2020; King et al., 2019). Taking the ad-
vantage of combining RNA- seq data sets, this study aims to explore 
the unrealized potential of GcvB regulon. To this end, we compared 
RNA– RNA interactome data sets in E. coli MG1655 and its deriv-
atives in similar growth conditions: RIL- seq (RNA interaction by li-
gation and sequencing) (Melamed et al., 2016, 2020), CLASH (UV 
cross- linking, ligation, and sequencing of hybrids) (Iosub et al., 2020), 
and MAPS (MS2- affinity purification coupled with RNA sequencing) 
(Lalaouna et al., 2019). We validated 21 new direct targets that were 
posttranscriptionally repressed by GcvB. The majority of GcvB tar-
gets are regulated via either R1 or R3 seed sequence, while GcvB 
utilizes both R1 and R3 to fully repress the expression of gdhA, cstA, 
and sucC mRNAs and to target four individual binding sites in the 
ilvLXGMEDA polycistronic mRNA. Finally, functional analysis of the 
GcvB regulon revealed that gcvB deletion restored the growth of a 
peptidase- deficient E. coli strain (Δpeps) in the presence of dipep-
tides such as Ala- Gln. GcvB regulates both the Dpp dipeptide im-
porter and the YdeE dipeptide exporter by utilizing R1 and R3 seed 
sequences, respectively, to maintain the homeostasis of intracellular 
dipeptides.

2  | RESULTS

2.1 | Identification of new GcvB targets from RNA– 
RNA interactome data sets

Because GcvB is considered as one of the most global sRNA regula-
tors in terms of both its copy number and the number of its direct 
targets in the cell, we revisited the interactants in the available RNA– 
RNA interactome data sets obtained in E. coli. Through the compila-
tion of two individual RIL- seq data sets, a total of 249 RNAs were 
shown to interact with GcvB through Hfq in E. coli cells grown in LB 
medium to exponential and stationary phases or M63 glucose mini-
mal medium (Melamed et al., 2016, 2020). The CLASH methodology 
showed a total of 262 RNAs interacting with GcvB through Hfq in 
LB- grown E. coli cells at several growth phases (Iosub et al., 2020). 
Comparing these two independent data sets revealed 54 overlap-
ping RNA interactants (Figure 1).

The MAPS approach identified transcripts that specifically inter-
acted with GcvB during growth in LB medium and facilitated the ver-
ification of genuine GcvB targets (Lalaouna et al., 2019). The MAPS 
data are quantitatively represented by the ratio of transcripts pulled 
down with the MS2- tagged GcvB relative to those pulled down with 
the unlabeled GcvB. The previous MAPS study has set a strict cutoff 
(>20) (Lalaouna et al., 2019), but the ratio is highly dependent on the 
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expression levels of the target mRNAs. For example, among the pre-
viously validated GcvB targets, ilvC exhibited the lowest ratio (2.1) 
even though GcvB forms a strong base- pairing to repress the trans-
lation of ilvC (Sharma et al., 2011). Hence, we expected many false- 
negative targets in the MAPS data set and lowered the threshold 
to 2.0 in this study. This increased the number of GcvB- interacting 
transcripts to 1,439 (Figure 1), which may conversely include many 
false positives but can be further narrowed down in combination 
with RIL- seq and CLASH data. Among the 1,439 genes, 184 and 
123 genes were also detected by RIL- seq and CLASH, respectively. 
Finally, the overlap of all the independent interactome data sets re-
vealed 47 genes as the best ranking targets for GcvB (Division A, 
Figure 1).

In E. coli and Salmonella, 19 out of the 47 interactants are previ-
ously verified GcvB targets (argT, asnB, cfa, cycA, dppA, gatY, gdhA, gltI, 
ilvC, livK, lrp, oppA, panD, serA, sstT, tcyJ, thrL, yifK, and ysgA) (Bianco 
et al., 2019; Faigenbaum- Romm et al., 2020; Lalaouna et al., 2019; 
Lee & Gottesman, 2016; Modi et al., 2011; Pulvermacher et al., 2008, 
2009a, 2009b, 2009c; Sharma et al., 2007, 2011; Yang et al., 2014) 
(Table S1). Furthermore, among the 137 genes that were present 
in the RIL- seq data sets but absent in the CLASH data set (Division 
B), we found 10 previously verified GcvB targets (argP, asnA, brnQ, 
inaA, livJ, metQ, ndk, nlpA, phoP, and tppB) (Figure 1). In contrast, we 
could not find any known GcvB targets present in the CLASH data 
set but absent in the RIL- seq data sets. This is attributable to the 
higher stringency of the purification steps of the CLASH protocol 
(Iosub et al., 2020). Moreover, RIL- seq and CLASH failed to detect 
four known targets, namely csgD (Andreassen et al., 2018; Jørgensen 
et al., 2012), ilvE (Sharma et al., 2011), rbn (Chen et al., 2019), and 
ybdH (hcxA) (Sharma et al., 2011).

2.2 | Verification of new GcvB targets by 
translational reporter assay

The identified overlapping targets in Division A represent the best 
candidates for new targets directly regulated by GcvB. Among the 
28 out of 47 overlapping genes, we selected new candidates dis-
playing abundant chimeric reads in RIL- seq data (Table S1), namely 
acs, asd, cstA, icd, kgtP, gltP, hisJ- hisQ, yggX- mltC, prmB- aroC, and 
rbsB- rbsK. Moreover, in Division B, we also selected aroP, map, purU, 
sucB- sucC, trpE, and ydeE because of their functional relevance and 
relationships with other targets. To verify whether GcvB regulates 
these candidates at the posttranscriptional level, we constructed 
translational fusions with the superfolder GFP (sfGFP) derived from 
pXG- 10sf and pXG- 30sf plasmids, which are suitable for analyzing 
the individual transcription units and the intraoperonic transcription 
units, respectively (Corcoran et al., 2012). The transcription start 
sites in the former constructs were retrieved from the EcoCyc da-
tabase (Keseler et al., 2017, 2021). Our translational fusions include 
putative GcvB target sites predicted using the IntaRNA program 
(Mann et al., 2017). These candidate genes carry partially comple-
mentary sequences to the conserved R1 region (Figure 2a) with the Cl
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exceptions of cstA, map, sucC, and ydeE, for which different interac-
tion sites for GcvB can be identified (see below).

To assess the direct effect of GcvB on the 12 candidate genes, 
we took advantage of the ΔgcvBΔsroC background for our reporter 
analysis throughout this study to exclude the sponging effect of 
SroC. Quantification of sfGFP fluorescence indicated that all trans-
lational fusions were significantly repressed by ectopically expressed 
GcvB (Figure 2b). The repression was fully or partially abrogated by 
deletion of the R1 region (GcvBΔR1). This result indicates that GcvB 
negatively regulates these candidate genes with various efficien-
cies through the R1 seed sequence at the posttranscriptional level. 
Notably, the expression of mltC was very low as previously observed 
in Salmonella (Sharma et al., 2011). For the three intraoperonic fusions 
with relatively low expression levels, the expression of both upstream 
and downstream fusions was analyzed by western blotting using anti- 
FLAG and anti- GFP antibodies, respectively. We confirmed that mltC, 
aroC, and rbsK were repressed by GcvB via the R1 region without 
affecting the expression of respective upstream genes (Figure 2c).

2.3 | GdhA is posttranscriptionally regulated by 
both R1 and R3 seeds

Previous RIL- seq analysis identified several genes that interact 
with GcvB devoid of R1, namely gdhA, cycA, gatY, cfa, yidF, panD, 
map, and ydeE (Melamed et al., 2016). Among them, the cfa and 
panD mRNAs were shown to be repressed through the R3 region 
(Bianco et al., 2019; Lalaouna et al., 2019), while the repression of 
gatY by GcvB has not been clarified in detail (Faigenbaum- Romm 
et al., 2020). The previously validated genes targeted by the R3 re-
gion, inaA, nlpA, panD, and phoP (Coornaert et al., 2013; Lalaouna 
et al., 2019), showed relatively low chimeric reads with GcvB in the 
interactome data sets (Table 1). We reasoned that R1- independent 

targets were underestimated in the presence of SroC and therefore 
looked for more R1- independent targets by using the ΔgcvBΔsroC 
background. Previous studies have identified gdhA as a target of 
GcvB both in Salmonella and E. coli, but neither the R1 nor the R2 seed 
region is sufficient to regulate gdhA (Melamed et al., 2016; Sharma 
et al., 2011). This is reminiscent of cycA, which is redundantly regu-
lated by the R1, R2, and R3 regions of GcvB (Lalaouna et al., 2019; 
Pulvermacher et al., 2009c; Sharma et al., 2011), suggesting that ad-
ditional regions are involved in the posttranscriptional regulation of 
gdhA by GcvB.

We analyzed the endogenous GdhA protein levels in E. coli 
during aerobic growth in LB medium. The expression of GdhA with 
a C- terminal 3xFLAG was significantly elevated to the same extent 
in both the ΔgcvB and the ΔgcvBΔsroC deletion mutants (data not 
shown). We then ectopically expressed a series of GcvB deletion mu-
tants (Figure 3a) and observed that the GdhA::3xFLAG levels were 
strikingly reduced by overexpression of GcvB. As expected, the re-
pression was weakened by the deletion of the R1 region, whereas 
the deletion of the R2 region alone had no effect (Figure 3b), in 
line with the previous result using the gdhA translational fusion in 
Salmonella (Sharma et al., 2011). GcvB devoid of the R3 seed region 
(GcvBΔR3) displayed a significantly reduced ability to repress GdhA 
expression to almost the same level as GcvBΔR1 and further dele-
tion of both R1 and R3 completely abolished the repression of GdhA 
(Figure 3b). Altogether, we conclude that GcvB relies solely on both 
R1 and R3 seed sequences to repress gdhA but does not require the 
R2 region. Remarkably, we noticed that the expression of GcvBΔR3 
strikingly hindered the growth of E. coli ΔgcvBΔsroC strain (data not 
shown). This phenotypic defect was relieved by further deletion of 
the R1 region, implying that the R3 region somehow affects the reg-
ulation through R1 in E. coli. Hereafter we consider the comparison 
between GcvBΔR1 and GcvBΔR1ΔR3 constructs to evaluate the 
R3- mediated regulation of target mRNAs.

F I G U R E  1   Venn diagram of GcvB- interacting RNAs in the RIL- seq, CLASH, and MAPS data sets. The cutoff ratio of interactants in the 
MAPS data set was set at 2.0. Validated GcvB targets found within the three methodologies are categorized into Division A. Validated GcvB 
targets detected by RIL- seq and MAPS but not by CLASH are categorized into Division B. Previously known targets are shown in black, and 
the new targets are highlighted in red
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F I G U R E  2   New targets posttranscriptionally repressed by GcvB. (a) Base- pairing interaction predicted by the IntaRNA program. 
Numbers above and below the nucleotide sequences indicate the nt location relative to the start codon of the mRNA and the transcription 
start site of GcvB, respectively. Start codons of mRNAs are shown in a box where displayed. (b) GFP reporter assays in Escherichia coli 
ΔgcvBΔsroC strain harboring pTP11 (vector), pPL- gcvB (GcvB) or pPL- gcvBΔR1 (GcvBΔR1). Fluorescence was measured on overnight grown 
cells. Mean fluorescence of biological replicates (n > 3) with SD are presented in percentage relative to the vector control. Statistical 
significance was calculated using one- way ANOVA comparing GcvB or GcvBΔR1 with the vector control and denoted as follows: 
***p < .001, **p < .005, *p < .05. (c) Schematic of the intraoperonic fusion construct (left). By inserting the NsiI- NheI fragment into pXG30- 
sf, the upstream and downstream ORFs (red) are fused in frame with FLAG- lacZ (yellow) and sfGFP (green), respectively. Western blot 
analysis of the indicated target genes upon co- expression of GcvB or GcvBΔR1 (right). The samples were collected at an OD600 of 1.0
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Next, we investigated the base- pairing interactions between 
GcvB and gdhA mRNA. Prediction by the IntaRNA program showed 
that the R1 and R3 regions hybridize with the 5′UTR and the trans-
lation initiation region of gdhA mRNA, respectively (Figure 3c). This 
suggests that our gdhA translational fusion construct equivalent 
to that previously used in Salmonella (Sharma et al., 2011) is suffi-
cient to recapitulate the regulation by GcvB. In line with our west-
ern blot analysis, the GFP fluorescence of GdhA fusion protein was 
significantly reduced by the ectopic expression of GcvB, and the 

repression was partially hampered by the deletion of R1 alone and 
entirely lost when both R1 and R3 regions were deleted (Figure 3d). 
To test whether the R3 region interacts with gdhA translation ini-
tiation region by base- pairing mechanism, we introduced point 
mutations in the R3 region of the GcvBΔR1 construct (Figure 3a). 
The repression was completely abrogated by the replacement of 
the 154th to 158th nt of GcvB (mutR3) (Coornaert et al., 2013) and 
also by the single C162G mutation (Figure 3d). Unexpectedly, the 
repression of GdhA::GFP fusion was not altered by G156C or G160C 

F I G U R E  3   GcvB regulates gdhA mRNA through both R1 and R3 seed regions. (a) Schematic of GcvB and its deletion mutants. The 
transcribed regions are shown in plain line, and deleted regions are represented by dashed lines. Mutations in the R3 region (G156C, G160C, 
C162G, and mutR3) are indicated by red asterisks. (b) Western and northern blot analyses of chromosomally expressed GdhA::3xFLAG 
in Escherichia coli ΔgcvBΔsroC strain harboring pTP11 (vector), the GcvB- expressing plasmid (GcvB), or its derivatives. The samples were 
collected at an OD600 of 1.0. (c) Base- pairing interactions between GcvB and gdhA mRNA predicted by the IntaRNA program. (d) GFP 
reporter assays of gdhA::sfGFP in E. coli ΔgcvBΔsroC strain harboring pTP11 (vector), pPL- gcvB (GcvB), or its derivatives. Mean fluorescence 
of biological replicates (n > 3) with SD are presented in percentage relative to the vector control. Statistical significance was calculated using 
one- way ANOVA comparing GcvB or GcvBΔR1 with the vector control and denoted as follows: ***p < .001, *p < .05
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mutation, although the 156th and 160th guanines are likely engaged 
in the base- pairing interaction. Next, we introduced a complemen-
tary mutation in the gdhA translation initiation region at the fourth 
nucleotide from the translational start site to compensate for the 
C162G mutation of GcvB. The G4C mutant of gdhA::GFP fusion was 
mildly affected by GcvBΔR1 but was significantly downregulated by 
GcvBΔR1C162G. We conclude that GcvB posttranscriptionally re-
presses the expression of gdhA via both the R1 and R3 seed regions. 
Given that the two interacting regions are twisted in the two RNA 
molecules (Figure 3c), gdhA mRNA and GcvB are likely engaged in 
a complex tertiary structure if they bind with a 1:1 stoichiometry. 
We observed that each seed sequence contributed equally to the 
repression of gdhA (Figure 3b), but an in vitro study will be required 
to reveal how base- pairing at the two sites inhibits the translation 
initiation of gdhA.

2.4 | New targets regulated by both GcvB R1 and 
R3 regions

The in silico prediction suggested that additional new targets of 
GcvB were regulated through more than one seed sequence. As cat-
egorized into Division A (Figure 1), the cstA gene encoding an APC 
superfamily transporter for pyruvate and peptides was regarded as 
a plausible GcvB target. Our reporter analysis showed that GcvB re-
pressed the expression of cstA translational fusion but the deletion 
of the R1 region alone did not significantly affect the repression of 
cstA (Figure 4a). The deletion of both R1 and R3 regions fully abro-
gated the repression by GcvB, clarifying that R3 is involved in the 
regulation of cstA. The G160C or C162G mutation in GcvBΔR1 sig-
nificantly reduced the repression, whereas either G156C or mutR3 
mutation did not affect the regulation, in agreement with the in silico 
prediction suggesting that the R3 region from 159th to 171st nt is 
engaged in the base- pairing (Figure 4a). To confirm the base- pairing 
interaction, we introduced a compensatory mutation, G- 22C, in the 
cstA translational fusion. In contrast to the wild type, the mutant 
translational fusion was significantly repressed by GcvBΔR1C162G 
but not at all by GcvBΔR1 (Figure 4a), indicating that R1 is also in-
volved in the repression of cstA.

The sucC gene encoding the succinyl- CoA synthetase β subunit 
was categorized into Division B (Figure 1). We constructed an intra-
operonic fusion of sucB- sucC into the pXG- 30sf plasmid (Corcoran 
et al., 2012). Quantification of the translational fusions revealed 
that sucC was repressed by GcvB via both the R1 and R3 regions 
(Figure 4b). While the 156th guanine is not involved in the regula-
tion of sucC, either mutR3, G160C, or C162G mutation in GcvBΔR1 
abrogated the repression (Figure 4b), suggesting that the R3 re-
gion interacts with the translation initiation region to repress sucC. 
Because the IntaRNA program predicted alternative interactions be-
tween sucC and the GcvB R3 region depending on permissible G- U 
wobble basepairs, we tested several compensatory mutations in the 
sucC translational fusion. One of the mutants, sucC C- 8G, was par-
tially repressed by GcvB, while the deletion of the R1 region alone 

abrogated this regulation. The repression of sucC C- 8G was restored 
by GcvBΔR1G160C, verifying the predicted base- pairing interaction 
(Figure 4b). These results show that the intraoperonic sucC gene 
is the direct target of GcvB through a complex interplay of base- 
pairing with the R1 and R3 regions.

2.5 | New targets regulated solely by GcvB 
R3 region

Among the R1- independent GcvB targets (Melamed et al., 2016), 
the IntaRNA program prediction suggests that the map and ydeE 
mRNAs can interact with the R3 region (Figure 4c,d). The map gene 
encodes a peptidase for the cotranslational removal of N- terminal 
Met residues from many proteins (Sandikci et al., 2013). The map 
translational fusion showed modest repression by ectopic expres-
sion of GcvB (Figure 4c). While the R1 region had no influence on 
the repression, the deletion of the R3 region abrogated the repres-
sion of map by GcvB, indicating that map is solely regulated by R3. 
The G156C mutation did not affect the repression, supporting the 
predicted base- pairing. The compensatory nucleotide exchange in 
map C- 8G and GcvB G160C restored the repression (Figure 4c). It is 
noteworthy that GcvB binds to map in the same manner as with sucC 
but the strength of repression is stronger in sucC probably due to 
additional base- pairing interactions.

The ydeE gene is located adjacent to the mgrS- mgrR locus and 
encodes a member of the drug:H+ antiporter family of major facilita-
tor superfamily transporters whose substrate has been proposed to 
be dipeptides (Hayashi et al., 2010). We found that GcvB repressed 
the expression of YdeE although the basal translation level was very 
low (Figure 4d). Deletion of the R1 region alone did not significantly 
alter the reduction in the ydeE expression, but the repression was 
abolished by deleting both R1 and R3 regions, indicating that ydeE 
is indeed regulated by the R3 region. Mutations in the R3 region, 
except for G156C, disrupted this repression.

2.6 | GcvB regulates the ilvLXGMEDA and ivbL- ilvBN 
polycistronic mRNAs at multiple sites

The genes encoding the biosynthetic enzymes for Ile/Leu/Val 
branched- chain amino acids (BCAAs) are organized into five operons, 
ilvXGMEDA, ilvBN, ilvIH, ilvYC, and leuABCD (Salmon et al., 2006). At 
the transcriptional level, ilvXGMEDA and ilvIH operons are regulated 
by Lrp, whereas ilvC is specifically regulated by IlvY. The ilvG, ilvB, and 
leuA genes are preceded by transcriptional attenuators, ilvL, ivbL, and 
leuL, respectively. It has been clarified in Salmonella that ilvC and ilvE 
are genuine targets of GcvB (Sharma et al., 2011). The GcvB target 
sequences in ilvC and ilvE are conserved in E. coli. Further inspection 
of the ilv operon members in the RNA- seq data sets revealed that ilvX, 
ilvM, and ilvD genes in the same operon were enriched in Division B 
(Figure 1). Moreover, the ilvL attenuator region was also ligated with 
GcvB specifically by the CLASH approach (Figure 1), likely due to 
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the recovery of longer chimeric RNA fragments from the optimized 
RNase digestion step compared with RIL- seq and MAPS. In the sec-
ond operon, both the 5′UTR of ivbL and the ivbL- ilvB intergenic region 
were also categorized into Division B (Figure 1). Prediction using the 
IntaRNA program showed that GcvB interacts with these two poly-
cistronic mRNAs at multiple sites (Figure 5a).

Using translational fusions, we verified that GcvB indeed re-
pressed the expression of ilvL, ilvM, ilvD, ivbL, and ilvB genes 
(Figure 5b). The repression of ivbL and ilvM was weaker than that 
of the other genes, but importantly, we did not observe any signif-
icant change in ilvX expression, which precedes the ilvG gene and 
encodes a small peptide (Hemm et al., 2008, 2010). As predicted, the 

F I G U R E  4   Additional targets repressed by GcvB through both R1 and R3 or exclusively by R3. Base- pairing interactions of (a) cstA, 
(b) sucC, (c) map, and (d) ydeE were predicted by IntaRNA program. GFP reporter assays of the translational fusions in overnight- grown 
Escherichia coli ΔgcvBΔsroC strain harboring pTP11 (vector), pPL- gcvB (GcvB), or its derivatives. Mean fluorescence of biological replicates 
(n > 3) with SD are presented in percentage relative to the vector control. Statistical significance was calculated using one- way ANOVA 
comparing GcvB and its derivatives with the vector control and denoted as follows: ***p < .001, **p < .005, *p < .05
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repression of ilvL, ilvM, ivbL, and ilvB was alleviated by deleting the 
R1 region (Figure 5b), indicating that GcvB regulates these genes via 
the R1 region. In contrast, ilvD was strongly repressed by GcvBΔR1. 

Further deletion or mutations in the R3 region reduced but did not 
completely abolish the repression (Figure 5b). GcvBΔR1G156C re-
pressed the expression of the ilvD C- 19G mutant more strongly than 

F I G U R E  5   GcvB regulates Ile/Val biosynthetic operon mRNAs at multiple sites. (a) Schematic of ilvLXGMEDA, ilvY- ilvA, and ivbL- ilvBN 
operons. The predicted base- pairing interactions within the ilv locus in this study are shown as in Figure 2a. (b) GFP reporter assays of new 
ilv candidate genes. Mean fluorescence relative to the vector control of biological replicates (n > 3) with SD are presented in percentage. 
Statistical significance was calculated using one- way ANOVA comparing GcvB and its derivatives with the vector control and denoted as 
follows: ***p < .001, **p < .005, *p < .05
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GcvBΔR1. This result suggests that GcvB represses ilvD through 
base- pairing with the R3 seed sequence while the other GcvB re-
gions are also involved in the repression. Overall, GcvB regulates the 
ilv polycistronic mRNAs by directly binding to at least four sites.

2.7 | Insights into the physiological 
significance of the GcvB regulon

Our verification of CstA and YdeE peptide transporters as GcvB tar-
gets prompted us to investigate the phenotypic importance of GcvB 
in an E. coli strain sensitive to peptides. A mutant strain derived from 
E. coli JM101 named Δpeps has deletions of multiple peptidase- 
encoding genes pepA, pepB, pepD, and pepN (Hayashi et al., 2010), 
which showed a slightly reduced growth compared with the wild- 
type strain in the M9 agar plate and exhibited strong growth inhibi-
tion when supplemented with 0.2 mM Ala- Gln (Figure 6a).

To identify the effectors and regulators involved in this toxic-
ity, we screened the Δpeps strain for suppressor mutations rescu-
ing the growth in the presence of Ala- Gln. Comparative genomic 
analysis of 10 suppressors revealed that 8 strains carried a 95- kb 
deletion encompassing the dpp locus encoding the ABC transporter 
for dipeptides, and the other two mutants acquired a point muta-
tion in dppC and dppD genes, respectively (Table S2). As expected, 

this phenotype was suppressed by the deletion of dppABCDF (Δdpp) 
(Figure 6a), indicating that the E. coli cells can restore growth in the 
presence of Ala- Gln only by disrupting the Dpp system.

We also noticed that one of the latter two mutants had a muta-
tion in the gcvB gene in addition to dppC (Table S2), suggesting that 
GcvB is involved in the sensitivity of the Δpeps strain to Ala- Gln 
independently from the dpp locus. To confirm this observation, we 
made ΔpepsΔgcvB and ΔpepsΔhfq double mutants and compared 
the growth in M9 minimal medium supplemented with 0.2 mM Ala- 
Gln. Both double mutants restored growth on the M9 plate in the 
presence of Ala- Gln (Figure 6b). Similar growth inhibition was ob-
served upon adding other dipeptides such as Gly- Gln, Gly- Tyr, or Ala- 
Tyr (Figure S1a), suggesting that this phenotype is independent of the 
amino acid composition of dipeptides. However, this result is coun-
terintuitive to the fact that GcvB negatively regulates the expression 
of the dpp operon at the posttranscriptional level via the R1 region 
(Pulvermacher et al., 2009a; Sharma et al., 2007). This implied that 
besides dipeptide import, other pathways under the control of GcvB 
are also involved in the susceptibility to Ala- Gln. The extracellular 
concentration of Ala- Gln was kept constant in the ΔpepsΔgcvB dou-
ble mutant throughout the growth (Figure S1b), excluding the possi-
bility that Ala- Gln is processed or modified in the ΔpepsΔgcvB strain.

How does the deletion of gcvB confer E. coli with Ala- Gln tol-
erance? We reasoned that if the amount of extracellular Ala- Gln 

F I G U R E  6   Growth inhibition by Ala- 
Gln dipeptide. Growth on M9 plates was 
compared among the wild- type JM101 
strain, Δpeps strain, and (a) ΔpepsΔdpp, 
(b) ΔpepsΔgcvB and ΔpepsΔhfq, and 
(c) ΔpepsΔydeE and ΔpepsΔydeE 
complemented with pSydeE. Serial 
dilutions of cells were spotted on M9 
plate (left) or M9 plate supplemented with 
0.2 mM Ala- Gln (right) and incubated at 
30℃ for 2 days
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dipeptide is constant, the ΔpepsΔgcvB double mutant was able to 
maintain a higher export level of dipeptides than the import level 
or bypass the toxic effect of dipeptide accumulation in the cell. 
We first hypothesized that Ala- Gln dipeptide accumulation impairs 
amino acid biosynthetic pathways. Remarkably, the supplemen-
tation with casamino acids or a combination of single amino acids 
Gly, Ile, Leu, Val, Arg, and Glu restored the growth of Δpeps in the 
presence of Ala- Gln (Figure S1c). This suggests that deletion of gcvB 
in the Δpeps mutant leads to the derepression of amino acid bio-
synthesis. Indeed, GcvB directly represses gdhA and several ilv bio-
synthetic genes (Figures 3 and 5) or indirectly affects the regulon of 
ArgP and Lrp transcriptional regulators in the presence of effector 
molecules Arg and Leu, respectively (Kroner et al., 2019; Nguyen Le 
Minh et al., 2018).

Given that YdeE exhibits the highest activity in dipeptide export 
(Hayashi et al., 2010) and is the only target of GcvB among the 34 
multidrug efflux transporters in E. coli, we hypothesized that deletion 
of GcvB increases the expression of YdeE to facilitate the excretion 
of dipeptides. In line with this hypothesis, the ectopic expression of 
YdeE restored growth of the Δpeps strain in the presence of Ala- Gln 
(Figure 6c). In contrast, the ΔpepsΔydeE double mutant exhibited a 
prolonged lag phase even in the M9 medium without Ala- Gln and 
easily generated revertant strains (data not shown), probably due to 
the accumulation of endogenous dipeptides during preculture in LB 
medium. Therefore, we propose that GcvB regulates both import 
and export of dipeptides by regulating dpp and ydeE using the R1 
and R3 regions, respectively, to maintain the homeostasis of intra-
cellular dipeptides.

3  | DISCUSSION

In this study, from a large number of GcvB interactants in the 
available RNA- seq data sets (Figure 1), we identified 21 new tar-
get genes of GcvB in E. coli. Hence, the GcvB regulon in E. coli is 
much larger than expected as we bring the GcvB regulon to 54 
genes regulated at either or both RNA and protein levels (Table 1). 
Moreover, the comparison of the RIL- seq, CLASH, and MAPS data 
sets reveals 29 out of 33 previously validated targets (Figure 1), 
demonstrating that the combination of independent datasets 
strikingly increases RNA– RNA interactome precision, which is ap-
plicable to other sRNA regulators.

GcvB negatively regulates the expression of several ABC trans-
porters and permeases involved in the import of various amino 
acids and their precursors (Figure 7). Among the ABC transporter 
operons, this study identified one additional target in the argT- 
hisJQMP operon. Supported by the in vivo interactome data sets, 
we demonstrate that GcvB represses the expression of hisQ through 
the R1 seed sequence (Figure 2). We also identified new GcvB tar-
gets encoding permeases, namely gltP for Glu/Asp (Schellenberg 
& Furlong, 1977), aroP for Trp/Tyr/Phe (Brown, 1970, 1971), kgtP 
for 2- oxoglutarate (Seol & Shatkin, 1991), and cstA for pyruvate 
and peptides (Gasperotti et al., 2020; Hwang et al., 2018; Schultz 

& Matin, 1991). Interestingly, the current list of GcvB regulon cov-
ers the import pathways of almost all amino acid substrates except 
Asn, Pro, and Gln (Figure 7). Regardless of the criteria adopted in this 
study, previous microarray analysis suggested that putP encoding the 
Pro symporter was regulated by GcvB via R1 in Salmonella (Sharma 
et al., 2011). Curiously, Salmonella Δhfq mutant accumulates GlnH, 
the periplasmic substrate- binding protein for Gln, as well as OppA, 
DppA, and GltI in the periplasmic fractions (Sittka et al., 2007), sug-
gesting that glnH is also regulated by Hfq- dependent sRNAs. Further 
quantitative studies are required to understand how GcvB controls 
the import of each amino acid.

We show that GcvB also regulates multiple enzymes involved 
in amino acid biosynthesis and central metabolism (Figure 7). The 
intermediates of TCA cycle, 2- oxoglutarate and oxaloacetate, serve 
as the precursors of Glu and Asp, respectively (Reitzer, 2004). 
The key enzyme for Glu synthesis, GdhA, catalyzes the NADPH- 
dependent amination of 2- oxoglutarate. Remarkably, our results 
demonstrate that GcvB uses both the R1 and R3 regions to repress 
gdhA (Figure 3), emphasizing the importance of posttranscriptional 
regulation in the balance between amino acid synthesis and central 
carbon metabolism.

In contrast, Asp is synthesized by the transamination of oxaloac-
etate from Glu and then converted to Asn, β- Ala, or the Asp family 
amino acids Thr/Met/Lys (Figure 7). The asnA, asnB, and panD genes 
are known to be regulated by GcvB (Lalaouna et al., 2019). The Asp 
family amino acids are synthesized through the common biosyn-
thetic pathway (Patte, 1996). In this pathway, thrA is repressed by 
GcvB through the thrL leader region (Fröhlich & Papenfort, 2020; 
Sharma et al., 2011). The second step in the common pathway is 
catalyzed by Asp semialdehyde dehydrogenase (Asd), which is post-
transcriptionally repressed by GcvB (Figure 2a). Remarkably, the tar-
get sites for GcvB and SgrS sRNAs are located upstream of the SD 
sequence in the asd mRNA and overlap with each other (Bobrovskyy 
& Vanderpool, 2016).

The polycistronic ilvXGMEDA mRNA encoding the enzymes for 
Ile/Leu/Val BCAA biosynthesis is redundantly regulated by GcvB 
(Figure 5). Although E. coli K12 strains contain a frameshift mutation 
in ilvG (Lawther et al., 1981), the structural genes are transcribed 
either from the ilvL attenuator region (Lawther & Hatfield, 1980) or 
from the internal promoter upstream of ilvE (Calhoun et al., 1985). 
Our reporter assay showed that GcvB differentially repressed the 
expression of the ilv operon mRNA with a major influence on the 
ilvD gene. In a genetic context where the whole operon is translated, 
it may be interesting to analyze how GcvB contributes to the post-
transcriptional regulation of each gene in the polycistronic mRNA.

The biosynthesis of aromatic amino acids Trp/Tyr/Phe is regu-
lated at the transcriptional level by the attenuators and by the tran-
scriptional regulators TrpR and TyrR (Pittard & Yang, 2008). This 
study adds a new layer of regulation to the biosynthesis of aromatic 
amino acids. At the posttranscriptional level, GcvB represses the ex-
pression of aroC, which encodes chorismate synthase, the last en-
zyme in the common biosynthetic pathway for aromatic amino acids. 
In addition, GcvB represses the expression of trpE, which encodes 



     |  173MIYAKOSHI et Al.

anthranilate synthase, the first enzyme in the Trp biosynthetic path-
way. As AroP mediates the uptake of three aromatic amino acids, 
GcvB can control the intracellular levels of aromatic amino acids 
through both biosynthetic and import pathways.

Furthermore, this study identified some additional metabolic 
genes regulated by GcvB which are interconnected with amino acid 
metabolism. GcvB modestly represses the expression of the es-
sential map gene (Ben- Bassat et al., 1987; Chang et al., 1989). Met 
aminopeptidase interacts with ribosomes to coordinate the removal 
of N- terminal Met from nascent proteins (Sandikci et al., 2013), 
which is required for the function and stability of most proteins and 
probably for the recycling of the costly amino acid Met (Hondorp 
& Matthews, 2006). In addition, GcvB may be involved in recycling 
short peptides from the peptidoglycan by regulating the mltC gene 
encoding one of the seven membrane- bound lytic transglycosylases 
in E. coli (Artola- Recolons et al., 2014).

Surprisingly, GcvB represses the expression of the rbsK gene 
within the rbsDACBK operon, which encodes the d- ribose transporter 
RbsABC, the ribose mutarotase RbsD, the ribokinase RbsK involved 
in the conversion of d- ribose to d- ribose 5- phosphate, and a ProQ- 
dependent sRNA RbsZ derived from the 3′UTR of rbsB (Melamed 
et al., 2020). The transcriptional regulator RbsR is encoded just 

downstream of rbsK and regulates several genes involved in purine 
nucleotide synthesis in addition to the rbsDACBK operon (Shimada 
et al., 2013). It is envisaged that the regulation of rbsK by GcvB coor-
dinates the de novo synthetic pathway of purine nucleotides, where 
d- ribose 5- phosphate is the starting material and Gly provides the 
C1 units through the GCV system (Jensen et al., 2008).

Our genetic study showed that GcvB is involved in the sensitivity 
to dipeptides in the peptidase- deficient E. coli strain. Through the 
Dpp ABC transporter, E. coli cells import dipeptides which are nor-
mally digested into single amino acids by multiple peptidases while 
the YdeE exporter pumps out the potentially toxic intracellular di-
peptides. The deletion of gcvB restored the growth of Δpeps strain 
in the presence of Ala- Gln (Figure 6b), suggesting that simultaneous 
regulation of both Dpp and YdeE by GcvB through different seeds 
is critical for the homeostasis of intracellular dipeptides (Figure 7). 
While dppA is a major target of GcvB (Figure S2), we observed very 
low basal level of ydeE translation, which was further repressed by 
GcvB almost to the detection limit (data not shown). From a bioengi-
neering point of view, optimization of the GcvB regulatory network 
will allow the construction of highly efficient producers of Ala- Gln, 
an important biomolecule in both health and food industries (Tabata 
& Hashimoto, 2007).

F I G U R E  7   GcvB posttranscriptionally regulates multiple amino acid transport and biosynthetic pathways. GcvB targets regulated by 
either R1, R3, or both are indicated in green, red, or purple font, respectively. In the metabolic pathway map, black arrows represent the 
reaction steps that are posttranscriptionally regulated by GcvB. Thick arrows represent the GcvB- regulated transporters for amino acids and 
dipeptides, some of which adopt multiple substrates, for example, ArgT for Arg/Lys/Orn, CycA for Gly/Ala/β- Ala/d- Ala/d- Ser/cycloserine, 
and GltI and GltP for Glu/Asp (Table 1)
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Most GcvB targets are conserved in Enterobacteriaceae, but 
Salmonella species lack the metQ- homolog gene nlpA and the pu-
tative LPS kinase gene inaA while they have acquired additional 
GcvB targets such as STM4351 encoding an Arg- binding periplas-
mic protein of an ABC transporter (Table 1). Furthermore, phoP and 
ydeE mRNAs are not regulated by GcvB in Salmonella because they 
have lost their complementary sequences to the R3 region (data not 
shown). A comparative RIL- seq study will find out more GcvB targets 
that are both conserved and specific in Salmonella (J. Vogel, personal 
communication). Hence, identification and comparison of the con-
served sRNA regulons among different organisms are valuable to 
gain more insights into the evolution of bacterial sRNA regulons.

In summary, we expanded the GcvB regulon in E. coli to 54 tar-
gets by taking advantage of available RNA- seq data sets, revealing 
GcvB as the master regulator of amino acid metabolism and related 
pathways. Considering the estimated copy number of GcvB, com-
petition between the target mRNAs may be an essential feature of 
the GcvB regulon (Bossi & Figueroa- Bossi, 2016; Figueroa- Bossi & 
Bossi, 2018). Hence, further investigation into the hierarchy of the 
GcvB regulon under variable physiological conditions will provide 
deeper insights into the sRNA regulatory circuits.

4  | E XPERIMENTAL PROCEDURES

4.1 | Bacterial strains

The strains used in this study are listed in Table S3. Bacterial cells 
were grown at 37℃ with reciprocal shaking at 180 rpm in an LB 
Miller medium (BD Biosciences) or an M9 minimal medium supple-
mented with 0.2% glucose, 10 µg/ml thiamine (Fujifilm Wako Pure 
Chemical), and 200 µg/ml proline (Fujifilm Wako Pure Chemical). 
Where required, media were supplemented with antibiotics at the 
following concentrations: 50 µg/ml ampicillin (Ap), 50 µg/ml kanamy-
cin (Km), and 12.5 µg/ml chloramphenicol (Cm).

Deletion strains were constructed using the lambda Red system 
as previously described (Datsenko & Wanner, 2000). E. coli gcvB, sroC, 
dppABCDF, and ydeE were deleted by chromosomal insertion of the 
pKD4-  or pKD13- derived PCR fragments amplified with primer pairs 
JVO- 0131/JVO- 0132, JVO- 7614/JVO- 7615, dppA- P1- R/dppA- P4- F, 
and ydeE- P1- R/ydeE- P4- F, respectively (Table S4). The 3xFLAG epi-
tope tag at the C- terminus of gdhA was amplified with the primer pair 
MMO- 0206/MMO- 0207 using pSUB11 (Uzzau et al., 2001) as a tem-
plate and was introduced into the chromosome using the lambda Red 
system (Datsenko & Wanner, 2000). The deletion or insertion in the 
chromosome was confirmed by PCR, and the mutant loci were moved 
into the appropriate strains by P1 phage- mediated transduction.

4.2 | Oligonucleotides and plasmids

The oligonucleotides and plasmids used in this study are listed in 
Tables S4 and S5, respectively. The E. coli GcvB expression plasmid 

(pPL- gcvB) was constructed by cloning the XbaI- digested PCR frag-
ment amplified with 5′- end phosphorylated JVO- 0237 and MMO- 
0086 into the pPL vector with an Ap resistance marker and a p15A ori 
to express GcvB from a constitutive promoter. Expression plasmids 
of GcvB deletion mutants were constructed via PCR amplification 
from the original GcvB expression plasmid using KOD plus ver.2 
DNA polymerase (Toyobo), DpnI digestion of the template plasmid, 
and self- ligation of purified PCR products. The plasmid- borne GcvB 
was mutated by site- directed mutagenesis via PCR amplification 
using overlapping primers (Tables S4). The purified PCR products 
were directly transformed into E. coli DH5α strain after DpnI diges-
tion of the template plasmid. The sequences of the GcvB mutants 
are shown in Table S6. Translational fusions were constructed as 
previously described (Corcoran et al., 2012; Urban & Vogel, 2007). 
The detailed characteristics of reporter plasmid constructions are 
listed in Table S7, and the inserts of all translational fusions are listed 
in Table S8. The pSydeE plasmid was constructed by PCR amplifica-
tion with pSydeE- 5′ and pSydeE- 3′, digestion with EcoRI and BamHI, 
and cloning into the pSTV28 vector (Takara Bio).

4.3 | GFP fluorescence quantification

Biological triplicates of E. coli ΔgcvBΔsroC strains were inoculated 
from single colonies harboring a combination of the sfgfp transla-
tional fusions and the GcvB expression plasmids (Table S5) in 500 µl 
LB medium containing Ap and Cm in 96 deep- well plates (Thermo 
Scientific) and were grown overnight at 37℃ with rotary shaking at 
1,200 rpm in DWMax M- BR- 032P plate shaker (Taitec). The over-
night cultures (100 µl) were dispensed into 96- well optical bottom 
black microtiter plates (Thermo Scientific) and both optical density 
at 600 nm (OD600) and fluorescence (excitation at 485 nm and emis-
sion at 535 nm with dichroic mirror of 510 nm, fixed gain value of 
50) were measured using Spark plate reader (Tecan). The relative 
fluorescence unit (RFU) was calculated by subtracting the autofluo-
rescence of bacterial cells of the same strain harboring the pPL- gcvB 
plasmid and the control plasmid pXG- 0 (Urban & Vogel, 2007).

4.4 | Northern blot

Northern blotting was performed according to a previously pub-
lished protocol (Miyakoshi et al., 2019). Briefly, total RNA was iso-
lated using the TRIzol reagent (Invitrogen), treated with TURBO 
DNase (Invitrogen), and precipitated with cold ethanol. RNA was 
quantified using NanoDrop One (Invitrogen). Total RNA (5 µg) was 
separated by gel electrophoresis on 6% polyacrylamide/7 M urea 
gels in 1 × TBE buffer for 3 hr at 250 V using Biometra Eco- Maxi 
system (Analytik- Jena). DynaMarker RNA Low II ssRNA frag-
ments (BioDynamics Laboratory) were used as a size marker. RNA 
was transferred from the gel onto Hybond- XL nylon membrane 
(GE Healthcare) by electroblotting for 1 hr at 50 V using the same 
system. The membrane was crosslinked with transferred RNA by 
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120 mJ/cm2 UV light, incubated for prehybridization in Rapid- Hyb 
buffer (Amersham) at 42℃ for 1 hr, and then incubated for hybridi-
zation with a [32P]- labeled probe JVO- 0749 and JVO- 0322 at 42℃ 
overnight to detect GcvB and 5S rRNA, respectively. The membrane 
was washed in three 15- min steps in 5× SSC/0.1% SDS, 1× SSC/0.1% 
SDS, and 0.5× SSC/0.1% SDS buffers at 42℃. Signals were visualized 
on Typhoon FLA7000 scanner (GE Healthcare) and quantified using 
Image Quant TL software (GE Healthcare).

4.5 | Western blot

Western blotting was performed following a previously published 
protocol (Miyakoshi et al., 2019). Briefly, whole- cell samples in 1× 
Laemmli sample buffer (Bio- Rad) were separated on 10% or 12% 
TGX gels (Bio- Rad). Proteins were transferred onto Hybond PVDF 
membranes (GE Healthcare), and membranes were blocked for 
10 min in Bullet Blocking One buffer (Nacalai Tesque) and were 
incubated overnight at 4℃ with monoclonal anti- FLAG (Sigma– 
Aldrich #F1804; 1:5,000), monoclonal anti- GFP (Sigma– Aldrich 
SAB2702197; 1:5,000), and polyclonal anti- GroEL (Sigma– Aldrich 
#G6532; 1:10,000) antibodies diluted in Bullet Blocking One buffer. 
Membranes were washed three times for 15 min in 1 × TBST buffer 
at RT. Then membranes were incubated for 1 hr at RT with second-
ary antimouse or antirabbit HRP- linked antibodies (Cell Signaling 
Technology #7076 or #7074; 1:5,000) diluted in Bullet Blocking 
One buffer and were washed three times for 15 min in 1 × TBST 
buffer. Chemiluminescent signals were developed using Amersham 
ECL Prime reagents (GE Healthcare), visualized on LAS4000 (GE 
Healthcare), and quantified using Image Quant TL software.

4.6 | Dipeptide resistance assay

Overnight cultures of E. coli strains in LB medium were washed 
twice with sterile saline, and the cells were serially diluted to 10−2, 
10−3, 10−4, 10−5, and 10−6. The dilutions of cells were spotted on 
M9 plates containing 1.5% agar (Kokusan Chemical) supplemented 
with 0.2 mM dipeptides, Ala- Gln, Ala- Tyr, Gly- Gln, or Gly- Tyr (Kyowa 
Hakko Bio). The plates were incubated at 30℃ for 2 days.

4.7 | Quantification of Ala- Gln

Cells were grown in M9 glucose minimal medium supplemented 
with 0.2 mM Ala- Gln. At the indicated times, cultures were centri-
fuged and the supernatant was filtrated through a 0.22 µm filter. 
After appropriate dilution, the samples were subjected to dipep-
tide analysis. Dipeptide analysis was performed using the UHPLC 
amino acid analysis system (Nexera X2, Shimadzu) equipped with a 
Shim- pack Velox C18 column (Shimadzu) and a fluorescence detec-
tor (RF- 20Axs, Shimadzu). On- line precolumn derivatization of the 
primary amino group of the dipeptide with o- phthaldialdehyde and 

3- mercaptopropionic acid was performed by coinjection function 
of the auto- sampler. Separation was performed with mobile phase 
A (17 mM KH2PO4, 3 mM K2HPO4) and mobile phase B (water:ac
etonitrile:methanol = 15:45:40) according to the manufacturer's 
instructions.
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