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could directly bind to the uhpT promoter and identified a 
putative binding site from −67 to −96-bp. Subsequently, 
we created different point mutations in the putative binding 
site and revealed that the entire 30-bp sequence is essential 
for HptR regulation. In summary, we unveiled the regula-
tory mechanism of the HptRSA system in S. aureus, HptA 
most likely functions as the G6P sensor, and HptR could 
implement its regulatory function by directly binding to 
a conserved, approximately 30-bp sequence in the uhpT 
promoter.

Keywords  Staphylococcus aureus · Three-component 
system · UhpT · HptRSA · Glucose-6-phosphate

Introduction

Carbon sources are required during the lifecycle of micro-
organisms and can be utilized to generate energy and serve 
as fundamental substrate for metabolism. Glucose is the pri-
mary and the most preferred carbon source [1]. However, in 
some special cases, this primary carbon source is seriously 
limited. For example, when pathogens intrude into the cells 
of the host tissue, the milieu usually lacks glucose and is 
not suitable for optimal survival. Therefore, in addition to 
the glucose transporter, bacteria have developed multiple 
transporters for the uptake of alternative carbon sources [2, 
3]. To avoid wasting energy, the uptake of alternative carbon 
source is often strictly controlled by a variety of regulators 
[4–6]. It has recently been reported that in the major human 
pathogen Staphylococcus aureus, the uptake of the alterna-
tive carbon source glucose-6-phosphate (G6P) can be facili-
tated by a two-component system (TCS) HptRS [7].

The TCS is a type of signal transduction system which 
has been extensively found in nearly all prokaryotes and a 

Abstract  Glucose-6-phosphate (G6P) is a common alter-
native carbon source for various bacteria, and its uptake 
usually relies on the hexose phosphate antiporter UhpT. In 
the human pathogenic bacterium Staphylococcus aureus, 
the ability to utilize different nutrients, particularly alterna-
tive carbon source uptake in glucose-limiting conditions, is 
essential for its fitness in the host environment during the 
infectious process. It has been reported that G6P uptake 
in S. aureus is regulated by the three-component system 
HptRSA. When G6P is provided as the only carbon source, 
HptRSA could sense extracellular G6P and activate uhpT 
expression to facilitate G6P utilization. However, the 
regulatory mechanism of HptRSA is still unclear. In this 
study, we further investigated the HptRSA system in S. 
aureus. First, we confirmed that HptRSA is necessary for 
the normal growth of this pathogen in chemically defined 
medium with G6P supplementation, and we discovered 
that HptRSA could exclusively sense extracellular G6P 
compared to the other organophosphates we tested. Next, 
using isothermal titration calorimetry, we found that HptA 
could bind to G6P, suggesting that it may be the G6P sen-
sor. After that experiment, using an electrophoresis mobil-
ity shift assay, we verified that the response regulator HptR 
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few eukaryotes, and it mainly functions as basic stimulus–
response mechanism that assists organisms in their response 
to various stimuli from the surrounding milieu [8]. S. aureus 
has been demonstrated to possess 16 known TCSs on the 
bacterial chromosome [9], and their functions are important 
in many pathways. These TCSs include AgrAC, which is 
responsible for autoinduced peptide (AIP) quorum sensation 
and phenol-soluble modulin expression [10, 11], LytRS, 
which is responsible for autolysis [12], and VraSR, which 
is involved in antimicrobial resistance [13]. HptRS is the 
first identified TCS which is responsible for carbon source 
metabolism in S. aureus, which expands the function of the 
TCS in this pandemic pathogen. HptS is a membrane-bound 
histidine kinase, and HptR is a cytoplasmic response regu-
lator. The modulation of G6P uptake by HptRS is depend-
ent on a hexose phosphate antiporter UhpT, which functions 
through exchanging internal inorganic phosphate for exter-
nal G6P [1]. A previous study showed that UhpT expression 
was modulated by the TCS HptRS and an additional regu-
latory protein HptA. S. aureus lacking HptRSA exhibited 
deficient growth when G6P was the only available carbon 
source [7]. However, the molecular mechanism of this sig-
nal transduction system remains elusive.

In this study, we first compared the homology between 
the Hpt operon in S. aureus and the operon of the well-
studied hexose phosphate uptake regulator Uhp in Escheri-
chia coli, and found that there is low sequence similarity 
between the proteins. Next, we discovered that the Hpt sys-
tem exclusively senses G6P compared to a series of other 
organophosphates. In addition, we found that the acces-
sory protein HptA, an extracellular protein which showed 
low homology to its counterpart UhpC in E. coli, could 
directly bind to exogenous G6P and was predicted to play 
an important role in G6P perception and signal initiation. 
Therefore, besides HptRS, HptA is also required for the 
Hpt system, and we preferred to denote Hpt as a three-com-
ponent system. We also proved that HptR could modulate 
uhpT expression by directly binding to its promoter region 
and further identified a conserved binding site which differs 
from that in E. coli. In summary, our study provides some 
insight details on the molecular mechanism of the three-
component regulatory system HptRSA and complemented 
the results from previous research.

Materials and methods

Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study 
are listed in Table  1. E. coli DH5α and BL21 cells were 
cultured in Luria-Bertani broth (LB) medium (BD Bio-
sciences, Franklin Lakes, NJ, USA) containing the 

appropriate antibiotics (100 μg/ml ampicillin sodium salt 
or 50 μg/ml kanamycin sulfate). S. aureus and its derivative 
strains were cultured in tryptic soy broth (TSB) medium 
(BD Biosciences, Franklin Lakes, NJ, USA) containing 
erythromycin (2.5 μg/ml) or chloramphenicol (15 μg/ml) 
as necessary.

Construction of the hptRSA mutant and the 
complementary strain

The hptRS mutant strain was constructed using the 
pBT2 temperature-sensitive shuttle vector, as previously 
described [14]. The ermB resistance gene was used to 
replace the hptRS gene. To create the hptRSA mutant strain, 
we used a pBTs plasmid, which is a derivative of the pBT2 
plasmid [15, 16], thus producing a marker-less mutation. 
The strains with allelic replacements of hptRS with ermB 
as well as those with the hptRSA deletion were verified by 
polymerase chain reaction (PCR) and sequencing.

For complementation of the hptRSA mutation, a 4047-
bp fragment of the hptRSA gene containing the promoter 
region was amplified and cloned into pLI50 to generate 
pLIhptRSA, which was then introduced into the ΔhptRSA 
mutant to generate the ChptRSA strain. For complemen-
tation of hptRS, a 522-bp fragment of the hptA ORF was 
deleted from pLIhptRSA to generate pLIhptRS, which was 
subsequently transferred into the ΔhptRS and ΔhptRSA 
mutants to generate ChptRS and ChptRSt, respectively. All 
of the primers used in this study are listed in Table 2.

Growth of S. aureus in chemically defined medium

To analyze the utilization of G6P as the primary carbon 
source, PN medium was used as the chemically defined 
medium, as previously described [17], with modifications. 
The original formulation is described in Table S1. For the 
medium containing G6P as the carbon source, the glucose 
in the PN medium was replaced with G6P (PN-G6P). For 
the growth analysis, the cultures that had been incubated 
overnight in TSB medium were collected, washed twice 
with PBS, and then diluted 1:100 in 100 ml of PN or PN-
G6P medium. The cultures were incubated at 37  °C with 
constant shaking (220 rpm), and the growth of the cultures 
was monitored each hour by measuring the OD600 using 
an ELx800™ Microplate Reader (Bio-tek, Winooski, VT, 
USA). Each data point represents the mean and standard 
derivation from three independent experiments. For the 
G6P-induced expression analysis, each strain was initially 
inoculated in PN medium, incubated for 6 h at 37 °C, and 
then treated with 19 mM G6P. The cells were collected just 
before G6P was added or at various time points after the 
addition of G6P (1, 5, and 30 min). The collected cells were 
used for RNA isolation and real-time RT-PCR analysis.

Author's personal copy
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Table 1   Strains and plasmids used in this study

Strain or plasmid Relevant genotype Reference or source

Strains

 S. aureus strains

  WT Wild-type, NCTC8325 NARSA

  RN4220 8325-4 r- NARSA

  WT + pLI50 NCTC8325 pLI50 This study

  ΔhptRS 8325 hptRS::ermB This study

  ΔhptRS + pLI50 8325 hptRS::ermB pLI50 This study

  ChptRS 8325 hptRS::ermB pLIhptRS This study

  ΔhptRSA 8325 hptRSA This study

  ΔhptRSA + pLI50 8325 hptRSA pLI50 This study

  ChptRSt 8325 hptRSA pLIhptRS This study

  ChptRSA 8325 hptRSA pLIhptRSA This study

  PTM ΔhptRS pOSuhpT This study

  PTR RN4220 pOSuhpT This study

  PTM1R RN4220 puhpTmp1 This study

  PTM2R RN4220 puhpTmp2 This study

  PTM3R RN4220 puhpTmp3 This study

  PTM4R RN4220 puhpTmp4 This study

  PTM5R RN4220 puhpTmp5 This study

  PTR1R RN4220 pOSuhpTr1 This study

  PTR2R RN4220 pOSuhpTr2 This study

  PTR3R RN4220 pOSuhpTr3 This study

 E. coli strains This study

  DH5α Clone host strain, supE44 ΔlacU169 (ϕ80dlacZΔM15) hsdR17 recA1 endA1gyrA96 thi-1 relA1 TransGen

  BL21(DE3) Expression strain, F−ompThsdSB (rB
− mB

−) gal dcm(DE3) TransGen

Plasmids

 pEasy blunt simple Cloning vector, Kanr Apr TransGen

 pET28a(+) Expression vector containing hexahistidine tag, Kanr Novagen

 pETuhpA pET28a(+) containing uhpA coding sequence, Kanr This study

 pEC1 pBluescript derivative, source of ermB gene, Apr [38]

 pBT2 Shuttle vector, temperature sensitive, AprCmr [38]

 pBTs Derived from pBT2 with the insertion of antisense secY, shuttle vector, temperature sensitive, 
AprCmr

[15]

 pBThptRS pBT2 containing upstream and downstream fragments of hptRS and ermB gene, for hptRS  
mutagenesis, AprCmrEmr

This study

 pBThptRSA pBTs containing upstream and downstream fragments of hptRSA gene, for hptRSA mutagenesis, 
AprCmr

This study

 pLI50 Shuttle cloning vector, AprCmr [39]

 pLIhptRS pLI50 containing hptRS ORF and the promoter region, AprCmr This study

 pLIhptRSA pLI50 containing hptRSA ORF and the promoter region, AprCmr This study

 pOS1-lacZ pOS1 containing promoter-less lacZ gene, AprCmr [19]

 pOSuhpT pOS1 containing uhpT promoter in-frame fused to the lacZ gene, AprCmr This study

 puhpTmp1 pOSuhpT containing the mutated uhpT promoter region This study

 puhpTmp2 pOSuhpT containing the mutated uhpT promoter region This study

 puhpTmp3 pOSuhpT containing the mutated uhpT promoter region This study

 puhpTmp4 pOSuhpT containing the mutated uhpT promoter region This study

 puhpTmp5 pOSuhpT containing the mutated uhpT promoter region This study

 puhpTr1 pOSuhpT containing the uhpT promoter region with nucleotide substitution This study

 puhpTr2 pOSuhpT containing the uhpT promoter region with nucleotide substitution This study

Author's personal copy
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Total RNA isolation and real‑time RT‑PCR

The S. aureus cells were collected at the indicated time 
points to isolate the total RNA. Then, the cells were treated 
with 1 ml of RNAiso Plus (TaKaRa, Kyoto, Japan) and 0.1-
mm diameter silica beads in a FastPrep-24 Automated sys-
tem (MP Biomedicals, Solon, OH, USA), and the residual 
DNA was removed using RNase-free DNase I (TaKaRa, 
Kyoto, Japan). For reverse-transcription, the cDNAs were 
synthesized using the PrimeScript first-strand cDNA syn-
thesis kit (TaKaRa, Kyoto, Japan). Real-time PCR was per-
formed using the SYBR Premix Ex Taq (TaKaRa, Kyoto, 
Japan) and the StepOne real-time PCR system (Applied 
Biosystems, Carlsbad, CA, USA). The quantity of the 
cDNA measured by real-time PCR was normalized to the 
quantity of the pta cDNA [18]. The results represent the 
means of three independent experiments.

Construction of the lacZ reporter for uhpT promoter 
activity

A 146-bp fragment of the uhpT promoter region was ampli-
fied and cloned into pOS1-lacZ [19] to generate pOSuhpT. 
The recombinant plasmid contained an in-frame fusion of 
lacZ with the uhpT promoter and its first 6 codons. For 
the 6-bp linker substitution in the promoter, site-directed 
mutagenesis was performed via PCR, as previously 
described [20], with some modifications. For example, a 
DNA fragment containing the entire length of the pOSuhpT 
plasmid, with the exception of the promoter region of uhpT 
from −128 to −107, was amplified using pOSuhpT as the 
template and mp-uhpT-1f and mp-uhpT-1r as the primers. 
The PCR product was digested with DpnI and SalI and 
ligated to generate pOSuhpTmp1, in which the uhpT pro-
moter region from −128 to −107 was substituted by a 6-bp 
SalI recognition site. Then, pOSuhpT was introduced into 
the hptRS mutant and the RN4220 strain and were desig-
nated as PTM and PTR, respectively. The pOSuhpTmp1–
pOSuhpTmp5 plasmids were introduced into the RN4220 
strain to generate PTM1R–PTM5R, respectively (Table 1). 
For the point mutation in the pOSuhpT plasmid, the entire 
plasmid was first amplified using the primers listed in 
Table  2. The PCR products were treated with DpnI for 
3 h at 37 °C to degrade the plasmid template, and then the 
recycled fragments were treated with polynucleotide kinase 

(New England Biolabs, MA, USA) for 30  min at 37  °C 
to initiate self-ligation and form puhpTr1, puhpTr2 and 
puhpTr3. Subsequently, the plasmids were transferred into 
the S. aureus RN4220 strain to generate PTR1R, PTR2R, 
and PTR3R, respectively (Table 1).

β‑Galactosidase assay

S. aureus cells containing pOSuhpT or its derivative plas-
mid were incubated in PN medium for 6  h. The differ-
ent inducers were added as indicated, and the cells were 
incubated for an additional hour. The cells were collected 
from 100 μl cultures by centrifugation and washed twice 
with PBS. Then, the cells were resuspended in 100 μl of 
ABT buffer (60 mM K2HPO4, 40 mM KH2PO4, 100 mM 
NaCl, and 0.1 % Triton X-100) [21] containing 30 μg/ml 
lysostaphin and incubated for 15 min at 37 °C. The super-
natant was treated with 100 μl each of the ABT buffer and 
substrate (4 mg/ml o-nitrophenyl-β-d-galactoside (ONPG), 
60 mM K2HPO4, 40 mM KH2PO4, and 100 mM NaCl) and 
incubated for 10 min at 37 °C. The reaction was stopped by 
adding 1 ml of 1 M Na2CO3. The colorimetric changes were 
quantified at 420  nm using a spectrophotometer (DU730, 
Beckman coulter, Brea, CA, USA). The β-galactosidase 
activity was expressed as Miller units [22]. The results rep-
resent the means of three independent experiments.

Purification of HptR and HptA in vitro

The 6-His-tagged HptR and HptA proteins were cloned and 
purified using standard procedures. Briefly, the full-length 
hptR and hptA fragments were cloned into the pET28a 
(+) expression vector (Novagen, Merck, Darmstadt, Ger-
many) and transformed into E. coli BL21 (DE3) cells. 
The transformants were incubated in LB medium until the 
cells reached an OD600 of 0.5, followed by induction with 
0.05  mM isopropyl-β-d-1-thiogalactopyranoside (IPTG) 
overnight at 16 °C. The cells were harvested and lysed via 
sonication in lysis buffer (20  mM Tris–HCl, pH 8.0, and 
200 mM NaCl). The proteins were purified using a nickel-
nitrilotriacetic acid agarose solution (QIAGEN, Valencia, 
CA, USA) according to the manufacturer’s recommen-
dations. The bound proteins were eluted using elution 
buffer (200 mM imidazole, 20 mM Tris–HCl, pH 8.0, and 
200 mM NaCl). The imidazole in the eluents was removed 

Table 1   continued

Strain or plasmid Relevant genotype Reference or source

 puhpTr3 pOSuhpT containing the uhpT promoter region with nucleotide substitution This study

NARSA, network on antimicrobial resistance in Staphylococcus aureus; Kanr, kanamycin-resistant; Apr, ampicillin-resistant; Cmr, chloramphen-
icol-resistant; Emr, erythromycin-resistant
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using a Centrifuge Biomax-5 column (Millipore, Bill-
erica, MA, USA). The HptR solution was supplemented 
with 30  % glycerol and stored at −80  °C until further 
use. For HptA, which was used for the isothermal titration 

calorimetry measurements, the collected eluent was further 
applied to size exclusion chromatography using a Superdex 
200 column (GE Healthcare, Piscataway, NJ, USA) and 
cation exchange chromatography using an SP Sepharose 

Table 2   Primers used in this study

a  The sequences in the lowercase letters refer to the restriction endonuclease recognition sites

Primer name Oligonucleotide (5′–3′)a Application

hptRS-up CGCgaattcTCGGAGCGTGGTGATG hptRS deletion

hptRS-down CGCggatccGCGTATCTATTCGGTGAC hptRS deletion

em-f CCCatcgatGAAATAGATTTAAAAATTTCGC hptRS deletion

em-r CCCaagcttGATACAAATTCCCCGTAGGC hptRS deletion

hptRSA-up-f CGCgaattcAGTTTAGAAGTTGCTTCTGT hptRSA deletion

hptRSA-up-r CTGAAACAGTCACTTTCGTTATCGGATTCAGAGTGACG hptRSA deletion

hptRSA-down-f CGTCACTCTGAATCCGATAACGAAAGTGACTGTTTCAG hptRSA deletion

hptRSA-down-r CGCgtcgacGCGTATCTATTCGGTGAC hptRSA deletion

c-hptRSA-f CGCggatccAACGCCTCCATCTGT hptRSA complementation

c-hptRSA-r AAAActgcagCCCGACTTAGGGTGA hptRSA complementation

pLIhptRS-F GTTATCCTGTATCAATCGTT hptRS complementation

pLIhptRS-R TTGACATGCTCTTGTTTTTC hptRS complementation

e-HptR-f CATGccatggTGTTTAAGGTAGTTATTTGTGATG expression of HptR

e-HptR-r CCGctcgagTTTTGCTTGCTTACAATAATCAC expression of HptR

e-HptA-f CATGccatggTGAAATCAAAAATTTATATC expression of HptA

e-HptA-r CCGctcgagTTGAATCATCTCCAAAAATT expression of HptA

RTQ-hptS-f ATTAGAGCAACAATCACAGA Real-time RT-PCR

RTQ-hptS-r GTTCGCATCGCATACG Real-time RT-PCR

RTQ-uhpT-f TTGGTTATATCGGATTAGC Real-time RT-PCR

RTQ-uhpT-r CGCAGATAAGATAAGTAAGA Real-time RT-PCR

RTQ-pta-f AAAGCGCCAGGTGCTAAATTAC Real-time RT-PCR

RTQ-pta-r CTGGACCAACTGCATCATATCC Real-time RT-PCR

p-uhpT-f AGTATGTGTTTATGTTCAG EMSA

p-uhpT-r TGTTCGGAATCTTATGG EMSA

L-uhpT-f CCGgaattcGTACATAAATATGTTTCTAA LacZ reporter

L-uhpT-r CGCggatccCCGATATCAAAAAAGTTCATC LacZ reporter

mp-uhpT-1f ACGCgtcgacAGTATGTGTTTATGTTCAG uhpT promoter mutation

mp-uhpT-1r ACGCgtcgacGAATTCCCCGGATCGTCTTTAA uhpT promoter mutation

mp-uhpT-2f ACGCgtcgacGGATAATTTAATAATTTTAAGG uhpT promoter mutation

mp-uhpT-2r ACGCgtcgacACTTAGAAACATATTTATGTAC uhpT promoter mutation

mp-uhpT-3f ACGCgtcgacGATATTAAGCGCTTACACCGAC uhpT promoter mutation

mp-uhpT-3r ACGCgtcgacAAAATACTGAACATAAACACAT uhpT promoter mutation

mp-uhpT-4f ACGCgtcgacACGTGATATATTTGGCTTAACG uhpT promoter mutation

mp-uhpT-4r ACGCgtcgacCTTAAAATTATTAAATTATCCA uhpT promoter mutation

mp-uhpT-5f ACGCgtcgacAACGAAAATGATTGAGGTGACA uhpT promoter mutation

mp-uhpT-5r ACGCgtcgacGTGTAAGCGCTTAATATCCTTA uhpT promoter mutation

puhpT-r1-f AGTGCCAAGGGCTATTAATTTAATAATT uhpT promoter nucleotide substitution

puhpT-r1-r ATAGCCCTTGGCACTATAAACACATACTTA uhpT promoter nucleotide substitution

puhpT-r2-f GCGTACTAGTACATAAAGGATATTA uhpT promoter nucleotide substitution

puhpT-r2-r TCCAAAATACTGAACATAAACACA uhpT promoter nucleotide substitution

puhpT-r3-f CGGCCCGGCGGCCCCAAGGATATTAAGC uhpT promoter nucleotide substitution

puhpT-r3-r GGGGCCGCCGGGCCGTCCAAAATACTGAAC uhpT promoter nucleotide substitution

Author's personal copy
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Fast Flow column. The purity of the proteins was analyzed 
via SDS-PAGE, and the protein concentrations were deter-
mined using the Bradford assay and bovine serum albumin 
as the standard.

For the in vitro HptR phosphorylation, we used lithium 
potassium acetyl phosphate as the phosphoryl group donor 
[23]. Briefly, 10 μM HptR was equilibrated in buffer con-
taining 50  mM Tris–HCl at pH 8.0, 50  mM KCl, 5  mM 
MgCl2, and 10 % glycerol (phosphorylation buffer). Lith-
ium potassium acetyl phosphate (Sigma-Aldrich, St. Louis, 
MO, USA) was added to a final concentration of 50 mM, 
and this mixture was incubated for 60 min at 37 °C.

Isothermal titration calorimetry

The isothermal titration calorimetry (ITC) measurements 
were performed using an ITC-200 titration calorimeter 
(MicroCal, Northampton, MA, USA). The measurements 
were performed in lysis buffer at 25  °C. Approximately 
1 mM G6P was titrated into the HptA protein (50 μM). The 
control experiments were performed under identical condi-
tions by titrating the lysis buffer into the HptA protein. The 
ITC data were subsequently analyzed using the MicroCal 
Origin 7.0 software.

Electrophoretic mobility shift assay (EMSA)

The DNA fragments containing the uhpT promoter region 
were amplified from the S. aureus NCTC8325 genomic 
DNA. The PCR products were labeled using the digoxi-
genin (DIG) gel shift kit (Roche, Indianapolis, IN, USA) 
according to the manufacturer’s instructions. The labeled 
fragment was incubated with various amounts of phos-
phorylated HptR in 10  μl of incubation buffer (10  mM 
Tris–HCl, pH 8.0, 100  mM NaCl, and 1  mM EDTA) for 
15 min at 25 °C. After incubation, the mixtures were elec-
trophoresed using a 3.5  % native polyacrylamide gel in 
0.5  ×  Tris–borate–EDTA (TBE) buffer. The band shifts 
were detected and analyzed according to the manufac-
turer’s instructions. The images were captured using an 
ImageQuant LAS 4000 mini imaging system (GE Health-
care, Piscataway, NJ, USA). The unlabeled uhpT promoter 
was added at an approximately 50-fold concentration of the 
labeled promoter as a specific competitor. The unlabeled 
fragments of the pta ORF region (50-fold amount) were 
added as non-specific competitors.

Statistical analysis

All experimental results represent the means of three inde-
pendent experiments. We utilized two-tailed unpaired t tests 
and analysis of variance to determine the statistical signifi-
cance of the data. Differences with a P value of <0.05 (one 

asterisk) were considered statistically significant, P < 0.01 
(two asterisks).

Results

Comparison of the S. aureus Hpt operon  
with the E. coli Uhp operon

In S. aureus, HptRSA is an atypical TCS. In addition to the 
gene hptS encoding the histidine kinase and the gene hptR 
encoding the response regulator, a third gene, hptA, is also 
present in the operon, and all three genes function together 
to accomplish the signal transduction process. Therefore, 
it should be called a three-component system. The gene 
located next to hptRSA encodes a transporter UhpT, which 
is highly conserved in numerous bacterial species. UhpT is 
a type of hexose phosphate antiporter and belongs to the 
major facilitator superfamily, which is the largest and most 
diverse superfamily of secondary active transporters [1]. In 
E. coli, it has been well documented that the expression of 
uhpT is strictly modulated by the hexose phosphate utili-
zation regulatory system UhpABC [24]. The UhpT trans-
porter in the S. aureus NCTC8325 strain shares relatively 
high homology with the G6P antiporter UhpT in the E. coli 
MG1655 strain (48.3  % identity and 63.8  % similarity). 
Here, we compared the Uhp operon and the Hpt operon, 
and found that uhpT and uhpABC in the MG1655 strain 
are in the same direction, while in the NCTC8325 strain, 
uhpT and hptRSA are in the opposite direction. In addition, 
the Uhp operon begins with the regulatory protein UhpA, 
while the Hpt operon begins with the additional protein 
HptA. Moreover, sequence analysis revealed that HptRSA 
exhibits low similarity to UhpABC (Fig. 1).

HptRSA system has high substrate sensing specificity

We first investigated the growth status of S. aureus in 
chemically defined PN medium and confirmed a previ-
ous result which showed that the HptRSA mutant of S. 
aureus displayed deficient growth when G6P was supplied 
as the only carbon source (Fig. S1). Next, we used a lacZ 
reporter system to monitor uhpT translation. We found 
that when G6P was added, the UhpT level in the wild-type 
strain increased significantly, while the hptRS mutant strain 
showed no obvious change upon G6P addition (Fig.  2a). 
In addition, we examined the uhpT transcriptional levels 
after G6P addition in the wild-type strain, the hptRS mutant 
strain and the complementary strain, and similar results 
were obtained (Fig. 2b). Although the uhpT level changed 
significantly, the hptS level changed very little after G6P 
addition (Fig. 2c, d), indicating that the hpt operon was not 
autoinduced.
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It has been reported that in addition to G6P, the HptRSA 
system could sense glycerol-3-phosphate as well [7]. 
Therefore, to explore whether other organophosphates 
could also activate the HptRSA system, we tested glycerol-
2-phosphate, creatine phosphate, 6-aminopurine phos-
phate, glucose-1-phosphate, fructose-1,6-diphosphate, and 
pyridoxal-5-phosphate as potential inducers, but found 
that none of them were able to activate uhpT expression 
(Fig.  3). This suggested that the Hpt system senses rela-
tively specific substrates.

HptA can directly bind to G6P in vitro

In the measurement of the bacterial growth, we found 
that when we expressed the hptRS genes in the hptRSA 
mutant strain, the ability of bacterial cells to utilize G6P 
was still not completely restored (Fig. S1F), and a previ-
ous study also showed that hptA mutant strain has defect 
in utilizing extracellular G6P [7]; therefore, HptA likely 
plays an important role in sensing G6P and activating 
the entire signal transduction pathway. To investigate the 
G6P sensing ability of HptA, we purified the full-length 
HptA protein with a C-terminal His tag (Fig. 4a). Next, 
we conducted an ITC assay to explore the interaction 
between HptA and the G6P molecule. We used 50 μM 
HptA, and G6P was dissolved in the same protein lysis 
buffer to a final concentration of 1 mM. The Kd of G6P 
for HptA was determined to be 7.58 μM, and the change 
in the binding free energy change ΔG was calculated to 
be −6.99 kcal/mol (Fig. 4b), indicating that HptA could 
bind to the G6P molecule. Therefore, based on these 
results, we concluded that HptA is responsible for sens-
ing extracellular G6P.

HptR regulates uhpT by directly binding to its 
promoter

It has been well recognized that many TCSs regulate their 
targets by directly binding to the promoter regions of their 
target genes [25–27]. As the lack of hptRS could severely 
inhibit uhpT expression, we were interested in whether the 
regulatory protein HptR could directly bind to the target 
gene uhpT. We used purified HptR containing a His tag and 
a 143-bp DNA probe containing the uhpT promoter region 
to perform an EMSA. The results clearly indicated that 
the DNA bands were shifted after phosphorylated HptR 
was incubated with the uhpT probe (Fig.  5). Moreover, 
the intensity of the shifted bands increased as the amount 
of HptR increased. After an approximately 50-fold excess 
concentration of the unlabeled uhpT probe was added, the 
shifted band disappeared. Alternatively, the addition of 
a non-specific probe did not change the intensity of the 
shifted band, indicating that HptR specifically binds to the 
uhpT promoter region.

Part of the uhpT promoter sequence (−67 to −96)  
is required for HptR binding

To identify the HptR-binding region on the uhpT promoter, 
we used a 6-bp linker substitution to delete the uhpT pro-
moter region in the lacZ reporter system. A 103-bp frag-
ment (from −25 to −128) was divided into five regions 
of approximately 20-bp each, which were individually 
replaced by the 6-bp linker sequence (“GTCGAC,” SalI 
linker) to generate different reporter plasmids. After 
the addition of G6P, only the deletion of the region from 
−106 to −128 did not significantly affect the expression 

Fig. 1   Upper panel—E. coli 
MG1655 Uhp locus; lower 
panel—S. aureus NCTC8325 
Hpt locus
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of β-galactosidase (Fig.  6a, b), and a large HptR-binding 
region still remained after the region involved in RNA pol-
ymerase binding (−10 region, −35 region) was excluded. 
To explore the HptR-binding sequence, we performed 
phylogenetic footprinting using promoter sequences from 
orthologous uhpT in staphylococci (Staphylococcus epider-
midis, Staphylococcus massilienses, Staphylococcus pseud-
intermedius, and Staphylococcus simiae) and identified 
several conserved motifs. After excluding the RNA pol-
ymerase-binding region, a 30-bp HptR-binding sequence 
(GTTCAGTATTTTGGATAATTTAATAATTTT) was iden-
tified, and this sequence is located from −67 to −96 of 
uhpT (Fig. 6c).

To further examine the nucleotides that are essential 
for HptR binding, we created a series of uhpT promoter 

variants carrying different point mutations in the 30-bp 
conserved binding sequence. We noticed that the sequence 
can be divided into two parts: one part “GTTCAG-
TATTTTGGA” with no obvious characteristics, and another 
part “TAATTTAATAATTTT” that contains the direct repeat 
“TAATTTNNTAATTT,” which frequently serves as protein-
binding site. To investigate whether the two parts are both 
necessary for HptR recognition, the two parts were each 
mutated by random substitutions of different nucleotides, 
and then the mutated sequences were cloned into pOS1 
plasmid (Fig.  7a). Regardless of the sequence that was 
mutated, the results showed that the β-galactosidase activ-
ity was significantly affected, suggesting that the two parts 
are both required for HptR binding (Fig. 7b). In addition, to 
determine whether the direct repeat structure is required for 

Fig. 2   Expression levels of uhpT and hptS upon G6P addition. a 
β-Galactosidase activity of the uhpT promoter in the PTR and PTM 
strains with or without induction with 19  mM G6P. PTR: RN4220 
strain with pOSuhpT; PTM: ΔhptRS strain with pOSuhpT. b Expres-
sion level of the uhpT transcript in the wild-type strain, the hptRS 
mutant, and the complementary strain at different time points after 

the addition of 19 mM G6P. c Expression level of the hptS transcript 
in the wild-type strain at different time points after the addition of 
19  mM G6P. d Expression level of the hptS transcript in the Chp-
tRS strain at different time points after the addition of 19 mM G6P. 
The results represented the means of three independent experiments. 
*P < 0.05, **P < 0.01, according to a two-tailed unpaired t test
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binding and not the nucleotide sequence, we substituted the 
“TAATTTNNTAATTT” repeat with another direct repeat 
“CTTCCCNNCTTCCC”; however, the β-galactosidase 
activity was still largely impaired (Fig.  7a, b). In sum-
mary, the nucleotide sequence itself and not the structure is 
required for HptR to recognize the uhpT promoter, and all 
30 nucleotides are essential for binding.

Discussion

G6P is a major alternative carbon source for the growth of 
many bacteria, such as E. coli and Salmonella typhimurium. 
Thus, UhpT, which is responsible for the utilization of 
extracellular G6P, is widely conserved among bacteria [28]. 
UhpT is shown to be regulated by the UhpABC operon, and 
this hexose phosphate utilization system is found in a wide 
range of gram-negative bacteria such as Escherichia coli 

Fig. 3   β-Galactosidase activity of the uhpT promoter in the wild-
type strain following stimulation with various inducers (G6P, glu-
cose-1-phosphate, fructose-1,6-diphosphate, glycerol-2-phosphate, 
creatine phosphate, 6-aminopurine phosphate, and pyridoxal-5-phos-
phate; all at 19 mM). The miller units are shown as mean ± SD from 
three independent experiments. **P < 0.01, according to a two-tailed 
unpaired t test

Fig. 4   Ability of HptA to bind 
G6P. a SDS-PAGE electropho-
resis of purified HptA (36.9 
KD) b The ITC titration fitting 
curve of HptA with G6P. The 
HptA concentration was 50 μM, 
and the G6P concentration was 
1 mM

Fig. 5   EMSA of the uhpT probe using phosphorylated HptR. The 
first lane corresponds to the free uhpT probe (2  nM), the second 
through fourth lanes correspond to the uhpT probe in the presence of 
increasing amounts of UhpA (0.5, 1, and 2 μM), the fifth lane con-
tains the same components as the fourth lane and a 50-fold excess of 
the unlabeled probe as a specific competitor, and the sixth lane con-
tains the same components as the fourth lane and a 50-fold excess of 
the unlabeled pta ORF region fragments as non-specific competitors
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[29, 30] and Vibrio cholerae [31]. Nevertheless, studies of 
the G6P utilization regulatory system in gram-positive bac-
teria are still rare and are not systematic. In a recent study, 
a signal transduction system called HPT (hexose phosphate 
transport) was shown to regulate G6P uptake by activating 
uhpT in the prevalent gram-positive pathogen S. aureus [7]. 
This Hpt operon does not share high homology with the 
Uhp operon and encodes three proteins: HptS, HptR and 
HptA. HptRS is classified as a standard two-component 
system and functions in signal transduction and genetic 
regulation; the additional protein HptA is also essential 
for the system. Therefore, this system should be called a 
three-component signal system, HptRSA. In addition, bio-
informatics analysis on another gram-positive bacterium, 
Clostridium botulinum, which harbors the uhpT gene and 
an adjacent putative three-component system, shows that 
the three-component system with unknown function shares 
structure homology with HptRSA in S. aureus. The find-
ings in S. aureus may provide a new model for a G6P 
uptake regulatory system in many gram-positive bacteria.

In E. coli, UhpC is recognized as an auxiliary protein 
that assists UhpB in sensing G6P [32]. Upon recognition 
of extracellular G6P, UhpC induces autophosphoryla-
tion of UhpB [33]. UhpC is a structural analog that shares 
approximately 32  % identity with UhpT and possesses 
the ability to sense and transport G6P [34, 35]. Compared 
to UhpC, the S. aureus homologous protein HptA has a 
quite different structure. The sequence structure analysis 
indicates that UhpC contains 12 transmembrane domains, 
while HptA does not contain any transmembrane domains. 

Fig. 6   Determination of the HptR-binding sites on the uhpT pro-
moter. a Schematic representation of the sequences of the uhpT pro-
moter-lacZ reporter plasmids. The blank boxes indicate the regions 
of the sequence that were replaced with the 6-bp linker, the num-
bers denote the distance from the start codon “ATG,” and the boxes 
on the right side indicate the first 6 amino acids of UhpT that were 
fused to the lacZ sequence. b β-Galactosidase activity of the uhpT 
promoter in the S. aureus RN4220 strain using the reporter plasmids 
shown in a. c The orthologous uhpT gene sequences were analyzed 

using a CLUSTAL Multiple Sequence alignment. The putative ele-
ments were underlined; the arrow shows the UhpT start codon, and 
the numbers on the top match those of the substituted region shown 
in a. PTR: RN4220 strain with pOSuhpT; PTM1R: RN4220 strain 
with puhpTmp1; PTM2R: RN4220 strain with puhpTmp2; PTM3R: 
RN4220 strain with puhpTmp3; PTM4R: RN4220 strain with 
puhpTmp4; PTM5R: RN4220 strain with puhpTmp5. The miller 
units are shown as mean ± SD from three independent experiments. 
**P < 0.01, according to a two-tailed unpaired t test

Fig. 7   Conserved 30-bp nucleotide sequence is essential for UhpA bind-
ing to uhpT. a, The 30-bp conserved sequence from the uhpT promoter 
in the pOSuhpT plasmid was mutated as follows: random nucleotide 
substitutions in the initial 15-bp to generate puhpTr1, random nucleo-
tide substitutions in the last 15-bp to generate puhpTr2, and other direct 
repeat nucleotide substitutes in the last 15-bp to generate puhpTr3. The 
underlined sequence shows the conserved HptR-binding region. The 
boxed sequences indicate the substituted nucleotides. b β-Galactosidase 
activity of the uhpT promoter in S. aureus expressing the original reporter 
plasmid and those with different nucleotide substitutions. PTR: RN4220 
strain with pOSuhpT; PTR1R: RN4220 strain with puhpTr1; PTR2R: 
RN4220 strain with puhpTr2; PTR3R: RN4220 strain with puhpTr3. The 
miller units are shown as mean ±  SD from three independent experi-
ments. **P < 0.01, according to a two-tailed unpaired t test
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The difference between these proteins may be due to the 
differences in their cell wall composition, because E. coli 
is a gram-negative bacterium that has a thin cell wall and 
large periplasmic space, while S. aureus is a gram-positive 
bacterium that has a thicker and more complex cell wall, 
and thus, evolutionary divergence may have occurred. 
Using a prediction from an online tool, an N-terminal 
signal peptide was identified in HptA, suggesting that it 
may be a membrane-anchored protein or secreted protein. 
Therefore, we inferred that HptA may not have the abil-
ity to transport G6P, unlike UhpC in E. coli. However, we 
confirmed that HptA can directly bind to G6P, indicating 
that it retains the ability to sense G6P. Moreover, we found 
that the hptA mutant strain grew better than the hptRSA 
mutant strain in chemically defined medium where G6P 
was provided as the only carbon source, and this implies 
that the membrane-bound HptS protein likely has the abil-
ity to sense G6P in the absence of HptA. We speculated 
that in the absence of HptA, the HptRS system may be less 
effective at G6P uptake, and the interaction between HptA 
and HptS would increase the ability of the Hpt system to 
sense G6P. However, these hypotheses require further 
study.

It has been reported that E. coli UhpA binds to two sites 
in the uhpT promoter, a strong-binding site and a weak-
binding site, which comprise an approximately 50-bp 
region [36]. In S. aureus, we found that HptR, the homol-
ogous protein of UhpA, binds to an approximately 30-bp 
region of the DNA in the uhpT promoter, suggesting that 
HptR possesses a binding mechanism which is different 
from that of UhpA. In addition, it has been reported that the 
HptRSA system also controls the resistance to phospho-
mycin in S. aureus [7]. Therefore, it is not clear whether 
the HptRSA system is able to modulate other genes, which 
requires additional research.

As the widespread pathogenic bacterium, S. aureus 
frequently accumulates in host cells where could protect 
it from the host defense mechanism and antibiotics [37]. 
Since G6P serves as a key component in energy and carbon 
metabolism and constitutes one of the major intermediate 
products of the glycolysis pathway, the molecule is always 
present in the cellular cytosol [34]. In the cytoplasmic 
G6P-dominant environment, Hpt system could enhance 
G6P uptake to help S. aureus maintain the carbon source 
required for cellular basal metabolism. It is reported that S. 
aureus with an hptRSA mutation showed decreased survival 

Fig. 8   Schematic diagram of the Hpt regulatory system-mediated 
G6P uptake process in S. aureus. a In the absence of glucose, G6P 
is the sole carbon source in the milieu, and the extracellular G6P is 
perceived by the sensor protein HptA. Then, an unknown mechanism 
transfers the signal to the histidine kinase HptS, and HptS itself may 
also have a reduced ability to sense G6P. Upon stimulation, HptS 

becomes autophosphorylated. b Activated HptS phosphorylates the 
response regulator HptR in a single phosphotransfer step. c Phospho-
rylated HptR binds to a conserved sequence in the uhpT promoter 
and subsequently facilitates G6P transport. d Following stimulation 
with exogenous G6P, more UhpT protein is produced, resulting in 
increased G6P uptake
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and replication rates in macrophages cell such as THP-1 
cells [7], indicating that the Hpt system plays an important 
role during the infection process.

Our results indicate that although the HptRSA system in 
S. aureus functions in a similar manner to the UhpABC sys-
tem in E. coli, the signal sensing and regulatory mechanism 
differs from each other. It seems that the putative secreted 
protein HptA in S. aureus only possesses the G6P sens-
ing ability, and the interaction mechanism between HptA 
and HptS needs to be further investigated. The activated 
regulatory protein HptR could directly bind to a conserved, 
approximately 30-bp sequence in the uhpT promoter, and 
further enhance its expression (Fig. 8). In conclusion, this 
study has revealed a distinct regulatory mechanism on hex-
ose phosphate utilization in S. aureus, which differs from 
that in E. coli.
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