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Abstract

Most bacteria use the phosphoenolpyruvate (PEP):sugar phosphotransfer-
ase system (PTS) to catalyse coupled transport and phosphorylation of
sugars. The PTS consists of several sugar-specific components (enzyme
lls) and two general components: enzyme |, encoded by pts/, and HPr,
encoded by ptsH, which are common to most PTS carbohydrates. Although
both enzyme | and HPr are believed to be required to utilize these PTS
sugars, an E. coli ptsH mutant has been reported to exhibit a leaky growth
phenotype on these sugars. Here, we show that this phenomenon occurs
because the ptsH mutant undergoes adaptive mutations in the presence of
PTS sugars within a few generation times. The ptsH mutant cells once
exposed to a PTS sugar showed a growth rate similar to that of the wild-type
strain when transferred to fresh medium supplemented with the same PTS
sugar, suggesting the acquisition of additional genetic variations. Genome
sequencing revealed that the PTS sugar-adapted variants harboured loss-
of-function mutations in cra, which increased expression of the fruBKA
operon. Our results suggest that the presence of a PTS sugar can exert a

INTRODUCTION

Most organisms utilize carbohydrates as carbon and
energy sources, with most bacteria using the phospho-
enolpyruvate (PEP):sugar phosphotransferase system
(PTS) to transport carbohydrates, such as glucose
(Figure S1A) (Deutscher et al., 2006, 2014). The PTS
consists of two general components, namely, enzyme |
(El) and HPr, required to utilize most PTS sugars and
several sugar-specific components known as enzyme
lIs (Ells). Each Ell consists of two cytoplasmic domains
(EIIA and EIIB) and one or two membrane domains
(EIIC or EIID). EIl catalyses the phosphoryl transferase
reaction from the glycolytic intermediate PEP to HPr.
Subsequently, HPr transfers the phosphoryl group to the
various EllAs and then to ElIBs. Finally, PTS sugars are
transported across the membrane through EIICs (and
ElIDs) and simultaneously phosphorylated by ElIBs.
PTS components can substantially change in their
phosphorylation status depending on the exogenous
sugar source (Hogema et al., 1998). The ratio of
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strong selective pressure when a general PTS component is defective.

phosphorylated and dephosphorylated PTS compo-
nents provides signals for regulating various physiologi-
cal processes and metabolic pathways (Deutscher
et al,, 2006; Gorke & Stulke, 2008). For example in
E. coli, during glucose consumption, EIIAS" (a glucose-
specific EIIA component) is dephosphorylated and
blocks several non-PTS permeases such as lactose
permease, by direct interaction (Postma et al., 1993). In
contrast, phosphorylated EIIAS'® has a distinct physio-
logical role in facilitating the transport and metabolism
of non-PTS sugars by activating adenylyl cyclase,
which converts ATP to cyclic AMP (cAMP) (Park
et al., 2006). Dephosphorylated HPr, accumulated dur-
ing glucose transport, interacts with the mannitol
operon regulator, MtIR, and enhances its repressor
activity (Choe et al., 2017). Dephosphorylated HPr also
binds to Rsd and antagonizes both its anti-c”® activity
and stimulatory effect on SpoT (p)ppGpp hydrolase
activity (Lee et al., 2018; Park et al., 2013).

Unlike other PTS sugars, fructose is transported
through a unique transport mechanism in various
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bacterial families and species (Comas et al., 2008). In
the families Enterobacteriaceae (e.g. Escherichia coli)
and Vibrionaceae (e.g. Vibrio cholerae), FruB, a fruc-
tose PTS component, consists of three domains: EIIA,
M (central domain), and FPr (fructose-inducible HPr-
like domain). For fructose utilization, FruB, rather than
HPr and EIIA, catalyses the phosphotransferase reac-
tion between El and the EIIB domain (Figure S1B).
Notably, transposon mutagenesis studies have sug-
gested that the overexpression of FruB in E. coli and
Salmonella typhimurium can replace the phosphotrans-
ferase activity of HPr in PTS sugar transport (Geerse
et al., 1986; Monedero et al., 1998).

Various adaptive laboratory evolution models have
reported that microorganisms, including E. coli, can
undergo adaptive genomic mutations to survive under
several extreme laboratory conditions such as oxygen
restriction, phage infection, and nutrient transporter defi-
ciency (Poursat et al., 2019; Shewaramani et al., 2017;
Taylor, 1963; Warsi et al., 2018). Since the PTS is
involved in regulating various physiological mechanisms,
such as metabolic gene expression and the activity of sev-
eral sugar permeases, the inactivation of a general PTS
component in E. coli results in growth defects on various
carbon sources, including both PTS and non-PTS sugars
(Postma et al., 1993). Nevertheless, a ptsH mutant has
been shown to exhibit a leaky growth phenotype on some
sugars (Baba et al., 2006; Simoni et al., 1976). This study
investigates how rapidly the ptsH mutant of E. coli
undergoes spontaneous adaptive mutations in the pres-
ence of various sugars, thereby assessing the ability of
bacteria to actively cope with stressful environments for
survival. This adaptive molecular mechanism may shed
light on the evolutionary vestiges of the PTS.

EXPERIMENTAL PROCEDURES

Bacterial strains, plasmids, and culture
conditions

The Escherichia coli strains and plasmids used in this
study are listed in Table S2. Escherichia coli cells were
grown at 37 °C in LB medium or M9 minimal medium
containing the indicated amount of sugars in culture
flasks or 96-well plates with shaking at 200 rpm. All
plasmids in this study were constructed using standard
PCR-based cloning procedures and verified by
sequencing. In-frame deletion mutants in this study
were constructed using the pKD46 plasmid, as previ-
ously described (Datsenko & Wanner, 2000).

Genomic DNA extraction and sequencing

Stocks of E. coli strains were inoculated into 15 ml of
LB medium in a 50 ml conical tube and incubated at

37°C on a 200 rpm orbital shaker. After cells were har-
vested, and their genomic DNA (gDNA) was isolated
using a QlAamp DNA Mini Kit (Qiagen). The contami-
nation of the extracted gDNA by other genomes was
ruled out using amplification and sequencing of the
16 S rRNA gene. The purity and concentration of the
extracted gDNA were determined using a Qubit 2.0
fluorometer (Invitrogen).

Whole-genome sequencing and assembly were
performed at Macrogen Inc. (Seoul, Korea) using an
llumina HiSeq 2500 platform. To generate libraries,
400 ng of gDNA was fragmented into 550 bp using a
M220 Focused-ultrasonicator™ (Covaris), and the frag-
mented DNA was quantified using a DNA 7500 kit
(Agilent) and a Bioanalyzer 2100 instrument (Agilent).
The library was constructed using the TruSeq DNA
Library LT kit (lllumina) following the manufacturer’s
protocols. Whole-genome analysis was performed on
the lllumina Hiseq 2500 system with 2 x 300 bp paired-
end reads. The obtained sequencing data were assem-
bled with SPAdes 3.9.1 and annotated by homology
searches using USEARCH v8.1.1861 against E. coli K-
12 substr. MG1655 gDNA sequence.

RNA extraction and quantitative real-time
reverse transcription-PCR

RNA extraction and quantitative real-time reverse
transcription-PCR (qRT-PCR) were performed as previ-
ously described (Choe et al., 2017). Cells were culti-
vated at 37°C in LB medium or M9 medium
supplemented with the indicated amount of sugars and
harvested in the early exponential phase. Total RNA
was then isolated using an RNeasy Mini Kit (Qiagen),
and gDNA was removed using RNase-free DNase |
(Promega). cDNA was synthesized from the total RNA
(2500 ng) using the cDNA EcoDry™ Premix (Clontech
Laboratories, Inc.). The 30-fold diluted cDNA was sub-
jected to qRT-PCR analyses using gene-specific
primers and a FAST SYBR™ green master mix kit (Life
Technologies). The CFX96 Real-Time System (Bio-
Rad) was used to amplify and detect the qRT-PCR
product. The transcript level of rrsH was used for data
normalization.

Purification of proteins

Proteins with N-terminal His tags used in this study
were overproduced in E. coli ER2566 (New England
Biolabs)/pETDuet-1 (Novagen) by adding 1 mM isopro-
pyl p-p-thiogalactoside. Harvested cells containing
overexpressed proteins were resuspended in binding
buffer (20 mM Tris—HCI [pH 7.5], 100 mM NaCl, 0.05%
B-mercaptoethanol, 10% glycerol) and disrupted by
three passages through a French pressure cell at
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9000 psi. After centrifugation at 9300 x g and 4°C for
30 min, the supernatant was loaded onto a Poly Prep
chromatography column (8 x 40 mm; Bio-Rad) with
TALON metal-affinity resin (Takara Bio). The column
was washed three times with wash buffer (10 mM imid-
azole added to binding buffer) and the bound proteins
were eluted with elution buffer (200 mM imidazole
added to binding buffer). To remove imidazole and
increase the purity of proteins, the pool was chromato-
graphed on a HiLoad 16/60 Superdex 75 prep grade
column (GE Healthcare Life Sciences) equilibrated with
a binding buffer. The purified proteins were stored at
—80°C until use.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was per-
formed without using radioactivity as previously
described (Yoon et al., 2021). A 150-bp fruB probe con-
taining two Cra-binding sites was amplified by PCR
using the E. coli MG1655 chromosome as a template.
The probe was mixed with Cra or its variant in TGED
buffer (10 mM Tris—HCI [pH 8.0], 5% glycerol, 0.1 mM
EDTA, and 1 mM DTT), and 200 pg mi~" bovine serum
albumin as non-specific protein competitor. Each sample
was incubated at 37°C for 15 min and loaded on a 6%
polyacrylamide gel (acrylamide/bisacrylamide ratio of
29:1) in TBE (89 mM Tris, 89 mM boric acid, and 20 mM
EDTA) followed by staining with Green Star nucleic acid
staining solution (Bioneer). DNA bands were visualized
using DUALED Blue/White Transilluminator (Bioneer).

Determination of the in vivo
phosphorylation state of EIIA%'®

The phosphorylation state of EIIAS'® was determined as
previously described with some modifications (Takahashi
et al., 1998; Lee et al., 2019). Since phosphohistidine
residues are very unstable at neutral and acidic pH,
exposure of samples to pH <8.0 was minimized. E. coli
strains were cultivated in LB or M9 minimal medium con-
taining glucose or lactose. Cell cultures (0.2 ml at ODggg
of 0.2) were quenched, the phosphorylation states of
EIIAS"® were fixed, and the cells were disrupted at the
same time by mixing with 20 pl of 5 M NaOH, followed by
vortexing for 20 s. After the addition of 80 pl of 3 M
sodium acetate (pH 5.2) and 0.7 ml of ethanol, the sam-
ples were centrifuged at 10,000 x g at 4 C for 15 min.
The pellets were then suspended in 40 ul of SDS sample
buffer (2% SDS, 5% 2-mercaptoethanol, 62.5 mM Tris—
HCI [pH 8.0], 10% glycerol, 0.1% bromophenol blue),
and 30 pl of each sample was immediately analysed
using 16% SDS-polyacrylamide gel electrophoresis.
Western blotting was performed as previously described
(Park et al., 2013).

International

Determination of the intracellular cAMP
level

The intracellular cAMP level was determined as previ-
ously described with some modifications (Park
et al., 2006). E. coli strains were cultivated in M9 minimal
medium containing lactose, maltose, or glycerol. The pel-
let was suspended in a reaction volume of 50 pl Bicine
buffer (25 mM bicine [pH 8.5], 10 mM MgCl,, 1 mM ATP,
2 mM dithiothreitol, 20 MM Na,HPO,4, 200 mM NaCl)
and incubated at room temperature for 10 min. The sam-
ples were withdrawn into 50 pl of 1 M perchloric acid and
then centrifuged at 10,000 x g at 4 °C for 10 min. Their
supernatants were analysed to determine cAMP concen-
tration using the cAMP enzyme immunoassay kit
(Amersham Biosciences).

RESULTS

PTS sugar exerts strong selective
pressure on the ptsH mutant for immediate
adaptive mutations

A previous study showed that incubation of the E. coli
PB11 strain lacking both El and HPr in an M9-glucose
medium for longer than 70 h induced a loss-of-function
in galR, leading to overexpression of a galactose:H+
symporter GalP (Aguilar et al., 2012). GalP was previ-
ously shown to have a weak glucose permease activity
(Hernandez-Montalvo et al., 2003). In addition, it was
reported that several S. typhimuirum strains, lacking
both El and HPr, can regain the ability to specifically uti-
lize glucose by the constitutive synthesis of a galactose
permease (Saier et al., 1973). Although it is well known
that both El and HPr are indispensable for the growth
on various sugars (Postma et al., 1993), the ptsH
mutants, unlike pts/ mutants, of E. coli and
S. typhimuirum have been shown to exhibit leaky
growth phenotypes on various sugars (Baba
et al., 2006; Simoni et al., 1976). This led us to investi-
gate whether and how the two mutants exhibit different
growth phenotypes on PTS and non-PTS sugars
(Figures 1 and S2, respectively). Our growth tests
showed that the ptsH mutant exhibited retarded growth
on various sugars as the sole carbon source but
reached exponential growth within 2 days, whereas the
pts/ mutant did not grow. When the ptsH mutant cells
grown twice on a non-PTS sugar (lactose, maltose, or
glycerol) were transferred to the fresh medium contain-
ing the same non-PTS sugar, the growth retardation
was still observed (Figure S2). However, when the ptsH
mutant cells grown once on a PTS sugar (glucose,
mannitol, mannose, or N-acetylglucosamine [NAG])
were transferred to the fresh medium containing the
same PTS sugar, they showed similar growth patterns
to the wild-type cells and no growth retardation was
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FIGURE 1 The ptsH mutant undergoes genetic changes in the presence of PTS sugars. The ptsH deletion mutant and pts/ deletion mutant
of the E. coli K12 strain MG 1655 were incubated in an M9 minimal medium supplemented with 0.04% glucose (A), mannitol (B), mannose (C), or
N-acetylglucosamine (NAG) (D), and their growth was compared to that of the wild type in a 96-well plate by recording the absorbance at 600 nm
using a multimode microplate reader (TECAN). The ptsH mutant cells grown once on each sugar were incubated and their growth was recorded
under identical conditions. Data shown are the averages of three measurements.

observed (Figure 1). Accordingly, we assumed that
PTS sugars might have induced adaptive genetic muta-
tions in the ptsH mutant even in the absence of a muta-
gen. To verify this assumption, single colonies of wild-
type and the ptsH mutant strain were picked from LB
plates and grown overnight in LB broth. Approximately
100 colony-forming units (CFUs) of the wild type or
100,000 CFUs of the ptsH mutant were then plated on
an M9 agar medium supplemented with a PTS or non-
PTS sugar as the sole carbon source with and without
preincubation in M9 medium containing the same sugar
for 1 h (Figure 2). When incubated at 37 °C for 30 h,
the wild-type strain formed similar numbers of colonies
regardless of preincubation and carbon source, indicat-
ing that the first cell division did not take place within
1 h after the LB-to-M9 transition regardless of the car-
bon source. Interestingly, however, while the ptsH
mutant formed no conspicuous colonies on M9 agar
plates containing non-PTS sugars within 30h

regardless of preincubation, the preincubation with a
PTS sugar for 1 h increased CFUs of the ptsH mutant
more than 10-fold on an M9 agar plate containing the
same PTS sugar (Figure 2B). Based on these results,
we assumed that PTS sugars increase mutation rates
of the ptsH mutant to approximately 6 x 10~* per cell
per hour. Therefore, it is reasonable to conclude that
PTS sugars, but not non-PTS sugars, can induce
immediate adaptive genetic changes in the pitsH
mutant, resulting in its leaky growth phenotypes on a
PTS sugar.

Leaky growth phenotype of the ptsH
mutant on PTS sugars is due to immediate
loss-of-function mutations in cra

To elucidate the mechanism of genetic mutations
induced by PTS sugars in the ptsH mutant, we
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FIGURE 2 PTS sugars exert strong selective pressure on the ptsH mutant for immediate adaptive mutations. Single colonies of wild-type
(A) and the ptsH mutant (B) of the E. coli K12 strain MG1655 were picked from an LB plate and grown overnight in LB broth. Approximately
100 CFUs of the wild type or 100,000 CFUs of the ptsH mutant were then plated on an M9 agar medium supplemented with 0.2% of the
indicated carbon source with or without preincubation in M9 medium containing the same sugar for 1 h. After incubating at 37 °C for 30 h, the
number of colonies was counted. Data shown (means + SD) are from three independent experiments.

performed a whole-genome sequence analysis of the
largest colony of the ptsH mutant cells adapted to rapid
growth on glucose (ptsH GA1 strain) in comparison to
the parental ptsH mutant and the wild-type K-12 strain
MG1655. Two point mutations were detected in the
genomic DNA of ptsH GA1, one (Tyr 19 to Cys, Y19C)
in the DNA-binding domain of Cra, a repressor of the
fruBKA operon, and the other (V11D) in the signal
sequence of OmpF, a general outer membrane porin.
Therefore, we sequenced cra and ompF genes from all
visible ptsH mutant colonies (ptsH PA) from Figure 2B
(left panel). As a result, while no mutations in ompF
were detected in other ptsH PA strains, all of them with-
out exception carried various types of mutations in cra,
suggesting that the adaptation of the ptsH mutant to
PTS sugar might be due to an additional mutation in
cra (Table S1). Most additional mutations caused pre-
mature chain termination (PCT) due to nonsense or
frameshift mutation, resulting in loss of Cra function.
Exceptionally, we identified two missense mutations in
the DNA-binding domain of Cra (Y19C and L3M).
According to previous transposon mutagenesis
studies, FruB overexpression, induced by loss of Cra

function, could replace the phosphotransferase activity
of HPr in PEP-dependent transport and phosphoryla-
tion of PTS sugars (Geerse et al., 1986; Monedero
et al.,, 1998). GalR-Lacl family transcription factors,
including E. coli Cra, bind to tandem binding sites and
induce DNA looping as tetramers (Negre et al., 1996;
Ramseier, 1996). A previous study identified many
DNA-binding sites for Cra in the E. coli genome, includ-
ing two binding sites in the fruB promoter region
(Shimada et al., 2005). To verify whether the two Cra
variants (Y19C and L3M) lost DNA-binding affinity, we
performed an electrophoretic mobility shift assay
(EMSA) with a 150-bp DNA probe containing the two
binding sites in the fruB promoter region (Figure S3).
When the probe was incubated with increasing
amounts of wild-type Cra, there were two shifted bands
produced by the formation of the DNA-protein com-
plexes. However, the Cra variant (Y19C or L3M)
showed lower DNA-binding affinity compared to the
wild type. This result is consistent with a previous study
that suggested Y19 (Tyr19) and L3 (Leu3) of Cra to be
involved in its DNA contacts (Penin et al., 1997). Cra
has been reported to not only repress the fruBKA
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FIGURE 3 Loss of Cra function in ptsH GA1. Total RNA was extracted from the wild-type E. coli MG1655, ptsH mutant, ptsH GA1, cra
mutant and ptsH cra double mutant (DM) grown to early exponential phase in LB medium, and the expression levels of fruB (A), pfkA (B), and
ppsA (C) were quantified using gRT-PCR. Data shown (means + SD) are from three independent experiments. Statistical significance was
determined via Student’s t-test (**p < 0.005 and ***p < 0.0005).
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FIGURE 4 ptsH GA1 can utilize various PTS sugars. The ptsH GA1 strain was incubated in an M9 medium supplemented with 0.04%
glucose (A), mannitol (B), mannose (C), or NAG (D) and its growth was compared to those of the wild type, ptsH mutant and ptsH cra double
mutant in a 96-well plate by recording the absorbance at 600 nm using a multimode microplate reader (TECAN). Data shown are the averages of
three measurements.

operon and several glycolytic genes, such as pfkA and (Kochanowski et al., 2013; Ramseier, 1996). To deter-
pykF, but also activate the transcription of several mine how the lowered binding affinity of the Cra vari-
gluconeogenesis-related genes, such as fbp and ppsA ants affects the function of Cra in vivo, we examined
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the transcriptional levels of fruB, pfkA, and ppsA in
ptsH GA1 carrying the Y19C mutation (Figure 3). As
expected, the expression level of pfkA was increased
(~4-fold) and the expression level of ppsA was
decreased (~2-fold) in ptsH GA1 compared to that of
the wild-type strain. Moreover, the expression level of
fruB in ptsH GA1 was significantly higher (~120-fold)
than that in the wild-type strain and similar to that in the
cra deletion mutant and ptsH cra double mutant.
Therefore, we assumed that this increased level of
FruB allowed ptsH GA1 to utilize other PTS sugars,
such as mannitol, mannose, and NAG as efficiently as
glucose (Figure 4). This assumption is supported by
the observation that ptsH GA1 showed similar growth
to that of the ptsH cra double mutant and a ptsH
mutant strain adapted to rapid growth on mannitol
(ptsH MA1 strain carrying a nonsense mutation in cra,
see Table S1) could also utilize PTS sugars as effi-
ciently as the wild-type strain (Figure S4). Therefore,
we hypothesized that PTS sugars could exert a selec-
tive pressure and, consequently, cause immediate
loss-of-function mutations in cra to increase FruB
expression in the ptsH mutant.

To confirm that the leaky growth phenotype of the
ptsH mutant on PTS sugars depends on immediate
Cra mutations, we constructed the pBR322-derived
expression vector for Cra (pCra) under the control of
the cat promoter. We examined the growth of the ptsH
mutant harbouring pCra during incubation with the PTS
sugars as the sole carbon source (Figure S5). While
the ptsH mutant showed slow but detectable growth on
various PTS sugars (see also Figure 1), the ptsH
mutant harbouring pCra did not show any apparent
growth on these sugars within 30 h. In addition, the
inactivation of fruB in the ptsH mutant or ptsH GA1
strain resulted in a complete loss of its growth on PTS
sugars (Figure S6). Taken together, we concluded that
the leaky growth phenotype of the ptsH mutant on PTS
sugars is due to immediate loss-of-function mutations
in cra.

The FPr domain of FruB can replace the
phosphotransferase activity of HPr

In E. coli, FruB consists of three domains: EIIA, M, and
FPr (Figure S1B) (Reizer et al., 1994). It is a dipho-
sphoryl transfer protein, which contains two phosphory-
latable histidine residues (H62 in the EIIA domain and
H299 in the FPr domain). The FPr domain of FruB has
~37% amino acid sequence identity with HPr and the
residues near H299 are more highly conserved than
the other parts (Figure S7A,C) (Reizer et al., 1994).
Therefore, given the increased expression of FruB
(Figure 3A), we hypothesized that the FPr domain may
replace the phosphotransferase activity of HPr in the
PEP-dependent phosphorylation of PTS substrates. To
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test this hypothesis, we constructed pBR322-derived
expression vectors for two phosphorylation site mutants
of FruB (pFruB-H62A and pFruB-H299A) and the wild-
type FPr domain (pFPr) under the control of the cat pro-
moter. We then compared the growth of the pisH
mutant harbouring pFruB-H62A, pFruB-H299A or pFPr
with that of ptsH GA1 harbouring the control vector
pBR322 on PTS sugars (Figure 5). While the pFruB-
H299A could not rescue the growth defect of the ptsH
mutant on PTS sugars, the ptsH mutant harbouring
pFruB-H62A or pFPr showed similar growth to that of
ptsH GA1 carrying the control vector pBR322 and the
ptsH mutant harbouring wild-type FruB (pFruB). Taken
together, we concluded that the FPr domain of FruB
can replace the phosphotransferase activity of HPr in
ptsH PA strains.

Cra mutations can restore growth of the
ptsH mutant even on non-PTS sugars

Dephosphorylated EIIA® binds and inactivates meta-
bolic enzymes and transporters of non-PTS sugars,
such as lactose permease, maltose ATP-binding cas-
sette transporter, and glycerol kinase, by a mechanism
known as inducer exclusion (Bluschke et al., 2006;
Postma et al.,, 1993). In contrast, phosphorylated
EIIA®'® binds and activates adenylyl cyclase that con-
verts ATP to cAMP, which is required for the transcrip-
tion of several genes in the metabolism of non-PTS
sugars (Park et al., 2006). Therefore, the parental ptsH
mutant exhibited growth defects not only on PTS
sugars but also on a range of non-PTS sugar such as
lactose, maltose, or glycerol unless cAMP is added
(Figures 1 and S2) (Postma et al., 1993), since EIIA®"®
cannot be phosphorylated in the absence of a general
PTS component. Considering that ptsH PA strains
could efficiently utilize various PTS sugars (Figure 5
and Figure S4), we assumed that Ells, including
EIIA®'®, could be phosphorylated by FruB in ptsH PA
strains as efficiently as by HPr in the wild-type strain.
As expected, EIIAS'® was mostly dephosphorylated in
M9 medium supplemented with glucose, whereas it
was phosphorylated in M9 medium supplemented with
lactose and LB medium in ptsH GA1 to levels compara-
ble to the wild-type strain (Figure 6A). In agreement
with this observation, ptsH GA1 and the ptsH cra dou-
ble deletion mutant showed significantly faster growth
on non-PTS sugars such as lactose, maltose, and glyc-
erol than the parental ptsH mutant (Figure 6B-D).
Taken together, we conclude that Cra mutations can
restore growth of the ptsH mutant not only on PTS
sugars but also on non-PTS sugars, as the increased
expression of FruB can catalyse the phosphotransfer-
ase reaction between El and EIIA®, which might pro-
vide adequate intracellular levels of cAMP and
overcome inducer exclusion. As expected, similar to
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FIGURE 5 The FPrdomain of FruB can replace the phosphotransferase activity of HPr in PTS sugar transport. The ptsH deletion mutant of
the E. coli K12 strain MG1655 harbouring a pBR322-derived expression vector for a phosphorylation site mutant of FruB (pFruB-H62A or pFruB-
H299A) or the wild-type FPr domain (pFPr) was incubated in M9 medium supplemented with 0.04% glucose (A), mannitol (B), mannose (C), or
NAG (D), and its growth was compared to that of ptsH GA1 harbouring the control vector pBR322 and the ptsH deletion mutant carrying an
expression vector for wild-type FruB (pFruB) in a 96-well plate by recording the absorbance at 600 nm using a multimode microplate reader

(TECAN). Data shown are the averages of three measurements.

the wild-type strain, ptsH GA1 and the ptsH cra double
deletion mutant had significantly higher intracellular
CcAMP levels when incubated in an M9 medium supple-
mented with the non-PTS sugar than in an M9 medium
supplemented with glucose (Figure S8). It is notewor-
thy, however, that only PTS sugars, not the non-PTS
sugars, can exert a selective pressure on the ptsH
mutant (Figures 1, 2, and S2).

FruB catalyses the phosphotransferase
reaction between El and various Ells in
ptsH PA strains

Since FruB could catalyse the phosphotransferase
reaction between El and EIIA®°, we speculated that
the efficient growth of the ptsH PA strains on other PTS
sugars might depend on sugar-specific Ells. To verify
this, we generated mutants lacking ptsG, mitlA,

manXYZ, or nagE encoding Ells specific for glucose,
mannitol, mannose, or NAG, respectively, in ptsH GA1
and assessed their growth on relevant PTS sugars
(Figure 7). While ptsH GA1 AmanXYZ and ptsH GA1
AmtlA showed a complete loss of growth on mannose
and mannitol, respectively, ptsH GA1 AptsG and ptsH
GA1 AnagE showed a moderate growth on glucose
and NAG, respectively. Since ManXYZ is known to
transport several hexoses, including glucose and NAG,
as well as mannose (Plumbridge, 2009; Postma
et al, 1993), we also constructed double deletion
mutants of ptsG manXYZ and nagE manXYZ in ptsH
GA1 and assessed their growth on glucose and NAG,
respectively. As expected, both strains showed a com-
plete loss of growth on relevant PTS sugars. Taken
together, we concluded that FruB catalyses the phos-
photransferase reaction between El and various Ells to
efficiently transport PTS sugars instead of HPr in ptsH
PA strains.
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FIGURE 6 FruB can catalyse the phosphotransferase reaction between El and EIIA®. (A) The given E. coli K12 strains were incubated in
an LB medium or M9 medium supplemented with 0.04% glucose (Gic) or lactose (Lac). The phosphorylation state of EIIA®" was determined
when ODggo reached 0.2 as described in the Experimental Procedures. Purified EIIAS (3 ng) was used as a positive control. (B-D) The ptsH
cra double mutant and ptsH GA1 were incubated in M9 medium supplemented with 0.04% lactose (B), maltose (C), or glycerol (D), and their
growth was compared to those of the wild type and ptsH mutant in a 96-well plate by recording the absorbance at 600 nm using a multimode
microplate reader (TECAN). Data shown are the averages of three measurements.

Other paralogs of El and HPr cannot
replace El and HPr in E. coli

The PTS of Pseudomonas putida encompasses only
one carbohydrate (fructose)-related system and a
nitrogen-related  system  (Pfluger-Grau & de
Lorenzo, 2014). Unlike E. coli FruB, FruB in P. putida
consists of three domains: EIlIA, HPr and EI. A previous
study found that both the El and HPr domains of FruB
can functionally replace PtsP (an El paralog) and NPr
(an HPr paralog) of the nitrogen PTS branch in
P. putida, respectively (Pfluger & de Lorenzo, 2008).
Within the E. coli genome, five El and six HPr paralogs
are encoded (Figure S7) (Tchieu et al., 2001). In these
paralogs, the residues near the active site histidine resi-
due responsible for the phosphotransferase activity
tend to be more conserved than other parts. Among
these paralogs, FryA, PtsA and DhaM contain both the
El and HPr domains; the amino acid residues of FryA
and PtsA near each active site histidine residue of both
El and HPr domains appear to be more conserved than
those in other paralogs (Figure S7A,B). Since the
increased level of FruB could replace the phospho-
transferase activity of HPr, we assumed that overex-
pression of other paralogs of El and HPr might
overcome the absence of El and HPr in PTS sugar
transport, respectively. To verify this assumption, we

constructed pBR322-derived expression vectors for the
paralogs of El and HPr under the control of the cat pro-
moter, and determined whether the pts/ and ptsH
mutants harbouring these vectors could recover their
growth on PTS sugars (Figure S9). Interestingly, none
of the El paralogs could restore the growth of the pts/
mutant on PTS sugars and no other HPr paralogs than
FruB could complement the growth defect of the ptsH
mutant. These data might reflect why the pts/ mutant
does not exhibit leaky growth phenotypes, while the
ptsH mutant does, on various sugars (Baba
et al., 2006; Simoni et al., 1976) and the pts/ mutant
takes a much longer time to adapt to a medium with a
PTS sugar than does the ptsH mutant.

The El domains of FryA and PtsA have slightly
higher identities with El (39.1% and 37.7%, respec-
tively) than that between the FPr domain of FruB and
HPr (36.5%) (Figure S7C). Next, we determined the
reason behind FruB, among the paralogs of general
PTS components, being the only one that could replace
the phosphotransferase activity of HPr in PTS sugar
transport. Modern prediction tools of protein structure,
such as AlphaFold and RoseTTAFold, are based on
the co-evolutionary analysis (AlQuraishi, 2019). The
phylogenetic tree analysis of six HPr paralogs revealed
a closer evolutionary relationship of HPr with FruB than
with other HPr paralogs. Although the phylogenetic tree
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FIGURE 7 FruB catalyses the phosphotransferase reaction between El and various Ells in ptsH PA strains. The chromosomal deletion
mutants of ptsG, mt/A, manXYZ, and nagE genes encoding sugar-specific Ells in ptsH GA1 of the E. coli MG1655 were incubated in an M9
medium supplemented with 0.04% glucose (A), mannose (B), mannitol (C), or NAG (D), and their growth was compared to that of ptsH GA1 in a
96-well plate by recording the absorbance at 600 nm using a multimode microplate reader (TECAN). Data shown are the averages of three

measurements.

analysis of six El paralogs showed that PtsP has a
closer evolutionary relationship with EI than does any
other El paralogs, the El and PtsP pair has a much lon-
ger evolutionary distance than that of the HPr and FruB
pair (Figure S7D). Therefore, this evolutionary history
may explain why FruB can replace the phosphotrans-
ferase activity of HPr.

DISCUSSION

Several studies have shown that spontaneous genetic
changes can occur when bacteria are cultured for long
periods of time in a stressful environment (Poursat
et al., 2019; Shewaramani et al., 2017; Taylor, 1963;
Warsi et al., 2018). For example, in a previous study, it

took at least 70 h to isolate glucose-adapted colonies
from the E. coli PB11 strain, which lacks both general
PTS components (Aguilar et al., 2012). In this study,
we evaluated the ability of an E. coli ptsH mutant to
undergo adaptive genetic changes to utilize various
sugars. The ptsH mutant underwent adaptive genetic
changes in less than one generation time when incu-
bated with any PTS sugars, except for fructose, as the
sole carbon source. Only PTS sugars could induce
immediate Cra mutations in the ptsH mutant, resulting
in its leaky growth phenotypes on a PTS sugar
(Figures 1, 2, and S2 and Table S1). Since other stud-
ies have shown that bacteria could undergo different
genetic changes even under the same stressful envi-
ronment (Poursat et al, 2019; Shewaramani
et al., 2017; Taylor, 1963), we speculated that each of
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ptsH PA strains would carry a different type of genetic
mutations. However, all ptsH PA strains we isolated
had loss-of-function mutations in cra (Table S1). We
found that the mutations in cra resulted in constitutive
expression of the fru operon and thus the FPr domain
in FruB could replace the phosphotransferase activity
of HPr in PTS sugar transport (Figure 5). Thus, in the
case of the ptsH mutant, PTS sugar appears to act as
strong selective pressure for genetic changes so that
the resulting mutant can utilize various PTS sugars,
such as glucose, mannitol, mannose, and NAG, as effi-
ciently as the wild-type strain (Figures 4 and S4). How-
ever, although ptsH PA strains could utilize some non-
PTS sugars as efficiently as the wild-type strain
(Figure 6), none of these sugars could act as a selec-
tive pressure for genetic changes in the ptsH mutant
(Figure 1). Therefore, it would be interesting to eluci-
date the molecular mechanism by which PTS sugars
exert a strong selective pressure to induce Cra muta-
tions in the ptsH mutant.

While HPr is highly conserved in both Gram-
negative and Gram-positive bacteria (Postma
et al., 1993; Reizer et al., 1992), FruB is conserved only
in the families Enterobacteriaceae, Pasteurellaceae,
and Vibrionaceae (Comas et al., 2008). We next ques-
tioned why species in these families have evolved to
carry both HPr and FPr, which can replace the phos-
photransferase activity of HPr (Geerse et al., 1986;
Monedero et al., 1998). A previous study suggested
that the fru operon was present in the last common
ancestor of these families and FruB was modified to its
current structure before the differentiation of these line-
ages (Comas et al., 2008). In several bacterial species,
HPr plays an important role in regulating transcriptional
regulators and metabolic genes for sugar utilization.
For example, in E. coli, dephosphorylated HPr binds
Rsd and antagonizes its stimulatory effect on SpoT (p)
ppGpp hydrolase and anti-c’® activities (Lee
et al.,, 2018; Park et al., 2013). In addition, depho-
sphorylated HPr, accumulated during glucose trans-
port, interacts with the mannitol operon regulator, MtIR,
and enhances its repressor activity (Choe et al., 2017).
Therefore, HPr and FPr might have diverged for more
efficient regulation of metabolism and to meet varying
metabolic needs in some bacterial species.
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