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Research progress in ppGpp-mediated antibiotic stress response

HU Xiao, SHEN Penshan, XU Jianping, YU Jiaqi, YIN Jianhua®

College of Biotechnology and Bioengineering, Zhejiang University of Technology, Hangzhou 310014, Zhejiang, China

Abstract: Antibiotics are secondary metabolites produced by microorganisms during the
stationary phase. They are widely used in the clinical treatment of bacterial infections because
of their ability to kill bacteria or inhibit bacterial growth. In the long-term evolutionary process,
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bacteria have adopted several strategies to cope with the threats of antibiotics in the
environment. In addition to the well-known antibiotic resistance, bacteria can develop tolerance
and persistence to antibiotics, which seriously affects the clinical efficacy of antibiotics.
Guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) (herein
collectively referred to as ppGpp) are the alarmone signal molecules produced by bacteria in
response to unfavorable environmental conditions such as nutritional starvation. ppGpp can
regulate transcription globally and enable bacteria to survive in unfavorable conditions. An
increasing number of studies have shown that ppGpp is closely related to antibiotic stress
response. On this basis, this review summarizes the synthesis, hydrolysis, and mechanism of
action of ppGpp in bacteria, with emphasis on the role of ppGpp in antibiotic stress response.
This review aims to provide new ideas for the development of novel antibiotics.

Keywords: ppGpp; stringent response; antibiotic resistance; antibiotic tolerance; antibiotic

persistence; stress response
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Figure 1 Synthesis and hydrolysis of ppGpp. A: Metabolism of ppGpp. B: Chemical structures of GDP, GTP,

ppGpp, and pppGpp. C: The domains of the enzymes involved in ppGpp metabolism. The ppGpp hydrolysis activity
of RelA is completely absent in the HD domain. RSH: The RelA-SpoT homologue; SASs: Small alarmone
synthetases; P;: Inorganic phosphate; PP;: Pyrophosphate; HD: ppGpp hydrolysis domain; SD: ppGpp synthesis
domain; TGS: ThrRS, GTPase, and SpoT domain; ACT: Aspartokinase, chorismate mutase, and TyrA domain.
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Figure 2 Comparison of signature motifs in ppGpp metabolic enzymes. A: Alignment of the RSH family
proteins. The HDXXED motif within the hydrolysis domain (HD) is conserved only in SpoT and Rel. Lack of
the HDXXED motif in RelA HD results in the absence of ppGpp hydrolysis activity. The synthesis domain (SD)
of RelA contains the EXDD motif, while SpoT and Rel contain RXKD motif within SD. B: Alignment of the
SAS family proteins. The GYR and EXQX motifs are conserved in the SD of all SASs. Sequence accession
number: E. coli RelA, NP_417264.1; S oneidensis RelA, AAN56448.1; V. cholerae RelA, BBE11625.1; E. coli
SpoT, NP _418107.1; S oneidensis SpoT, AAN53444.1; V. cholerae SpoT, BBE11385.1; M. tuberculosis Rel,
OHO020527.1; B. subtilis RelP, NP_389042.1; B. subtilis RelQ, KKJ81461.1; S aureus RelP, OBX95528.1; S
aureus RelQ, OBY01590.1; S oneidensis RelV, AAN56822.1; V. cholerae RelV, WP_248340448.1.
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Figure 3 Regulation of transcription by ppGpp. A: ppGpp regulation through direct binding to RNAP in most
Gram-negative bacteria. ppGpp binds RNAP at two sites. “Site 1” is at the interface between the B’ and
subunits. “site 2” is located at the B’ subunit in coordination with the regulator DksA. B: Indirect regulation of
transcription by ppGpp in Gram-positive bacteria. HPRT: Hypoxanthine phosphoribosyltransferase; XPRT:
Xanthine phosphoribosyltransferase; GMK: Uanylate kinase.
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Figure 4 ppGpp-mediated antibiotic resistance, tolerance and persistence. A: Graphical depiction of the
definitions of susceptible, resistant, tolerant, and persistent in response to antibiotics. A hypothetical

time-killing experiment is displayed. B: Role of ppGpp in
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9 AZSUE ppGpp  EIG N, BEJ5 1755 mecA Jk
I ZRIXFI4E = PBP2A Fri, 51X 2R o pk s
B- N LIS i 25422 ppGpp /- F A K 2S BT
H: 2 (microcin J25, Mccl25)fii 25 Pt S5 hr A4 K
FUA Ko Mcel25 S RIBH A il 21 A2k
B2 4 PP B AR, X0 1] R T (Salmonel la) FT ik
B EG TR (Shigella) %5 5 >4 FG BA M 2o i HA 1R 47
PIVE RO, B ERNLELE Mcecl2s 5
RNAP 254, s B 5. o 28, 4
I ppGpp FUFH B 5 Mecl25 B 24544 & 1IEAH
%, FEAYE R ppGpp/DksA &A1 5 Mccl25
T LSS RNAP, MMEZ> Mccl25 X RNAP
R A R

ppGpp i BEH i) 4 i A RAB G LA & 24
WM RN FHi A Rl 251k . filhn, fiE
IR (S enterica) ppGpp REMS IE 45 &
B IR 5L R L [H (aadA) R 235, AT B s
B R A 2R G 2 ST 2R P AE R T 24

&1 ppGpp N SFHMERMWHM
Table 1 ppGpp-mediated antibiotic resistance

PEBT 55 A R ) 6 B AN BT 1R (Acinetobacter
baumannii)ff kb, JoikA i ppGpp HI B R 259
HMHEZE ARG EE IR () 2238 B B REAIR , SR flixd RK 25
.U ER . AERAH A RIEFEZMPIAERDY
RO E RO o ST R, R B 2T A
(Bacillus subtilis)"} ppGpp /T (15 55 57T LAY
SERPUAERMIZIHF VmIR (935, BEMRR E R
EPTH R (45 pleuromutilin, lincosamides F/1 type
A streptogramin virginiamycin M 1) 259428
3.2 ppGpp SIEZEMZ M

HR G BT A 20 4 A RO A A, 7T LA
PUE S W AR W (bacteriocidal) A1 B
(bacteriostatic) i FPZS B . Hodr, REPEIARE
i OB-INBEEE | A ST R DA ST RS, B
A3 3ok BEL T4 2 00 A= 6 G R DA R A 1
A (reactive oxygen species, ROS)%EZ {5
i R S A N e B RS
#E T OO B A T PR BT A R R REAE K AH AT

Organism Method of induction ppGpp level Resistance phenotype
Saphylococcus Upregulation of mecA expression during High Increased resistance to B-lactam antibiotics!>"
aureus mupirocin treatment (SR induction)
ArelQ Low Decreased resistance to p-lactam antibiotics™?
Increased ppGpp synthase activity of  High Increased resistance to oxacillin*”
RelQ/decreased ppGpp hydrolase
activity of Rel due to point mutations
Blocking of ppGpp with MIP-NP Low Increased efficiency rates to kanamycin and
tetracycline*”
Sreptococcus Arélgy, Low Decreased resistance to mupirocin®®*
pneumoniae
Enterococcus faecalis ArelQ or ArelAArelQ Low Decreased resistance to vancomycin®>
Acinetobacter ppGpp° Low Decreased resistance to tetracycline,
baumannii erythromycin and gentamicin™®
Salmonella enterica  Small colony variants High Increased resistance to tetracycline and
spectinomycinl®”
Bacillus subtilis ppGpp° Low Decreased resistance to tiamulin and
iboxamycin(*®!
ppGppO Low Decreased resistance to tetracycline and
chloramphenicol®”
Escherichia coli Overexpression of relA High Increased resistance to penicillin/*”
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RER A RS XAV IR PR Z oA R it 52 1
(B 4A). P i 32 20 RO ) i 24
PEVEAE A —Fh e RDIRAS | R BT F i 25 P K
FRIEREE 44T

Y X P AR R AR i 2 AL B 22 2 HE
ppGpp A B H 5 L =2 — 1 K
BRI, ppGpp S¥iAE RN ZEZVIASE,
ppGpp FIFL R B H2 = 41 B W Ak 2 hud: R i it
ZHE, T ppGpp AR ) 2 R AT 240 TR 76 3K 247t
R ILETE RE S (GR 2) ppGpp M Shiik
B 52 R T A A 2 2L 0 D R R 5 e 400 R A K
JE (& 4B), AL ppGpp &5 4w A Kok
JEZ R MASE, MARKBEYS B-NHEEISE
Z R RN EPUE R AR B RCR IR A0
ppGpp il 48 B A K 5 O 20 A A 44 A FRA G

&2 ppGpp NSHMEREWZM
Table 2 ppGpp-mediated antibiotic tolerance

ROEE B YIAIE o 24 ppGpp FREH}T, DNA & il |
B SRR S5 AR A R AR DA A ILRE | 240 i RS RN A
WA S5 A I 45 0 ) 6 2 B S 3, 3
YA AR 5 SR, ppGpp LA 4L R
ﬂ‘ﬁd\[llﬁﬂo

SASs 257 ppGpp A BUBERT T A Z i 52 7
EEEEMEHE 4B). Flun, 2% [k E
TE 5 200 R L 1) 470 A 38 a0 B, 3 3 WL 43 R 4
WalKR (5 2EAIFF )R VraRS (4 8% (6 2 Bk
75T relP Fl relQ (Y 3R3k , 3 ppGpp B
AR 20 B e Z Hi A R R GERTS), &
HAERE T relP Al relQ 115 3R IB L REfE A=
VIR TE B, 1 — 25 1 5 20 R B 2E 2R T A2
PEVS SEF S E M L, AL B AN
A FLERTRXT B-Ia eSS . T B HE M D-FR 2%

Organism Method of induction ppGpp Tolerance phenotype
level
Saphylococcus Point mutation in rel High Increased tolerance to daptomycin'*
aureus ArsgA High Increased tolerance to B-lactams and vancomycin™®
ArelPArelQ or ppGpp® Low Decreased tolerance to vancomycin and ampicillin™®
Point mutation in rel High Increased tolerance to ciprofloxacin™”
ppGpp° Low Decreased biofilm-related antibiotic tolerance!*®
Mupirocin treatment High Increased tolerance to vancomycin!*”!
Enterococcus ArelArelQ or ArelQ Low Decreased tolerance to vancomycin®>
faecalis Point mutation in rel High Increased tolerance to vancomycin, linezolid, and daptomycin!®”!
Bacillus subtilis ppGpplafter chloramphenicol Low  Decreased tolerance to vancomycin”?
treatment
Escherichia coli Isoleucine deprivation/Lysine High Increased tolerance to ampicillin, penicillins, cephalosporins and
deprivation carbapenems!®' %
Amino acid starvation High Increased antibiotic tolerance in biofilms>’)
Antibiotic pretreatment High Increased tolerance to ampicillin®*
Overexpression of hipA High Increased tolerance to carbenicillin, ampicillin, ciprofloxacin,
norfloxacin, cefotaxime, ofloxacin, and mitomycin C3-59)
Vibrio cholerae AdksA or ppGpp” Low Decreased tolerance to tetracycline, erythromycin, and
chloramphenicol in stationary phase®”
Shewanella ppGpp” Low Decreased tolerance to cell wall-acting antibiotics!'”?
oneidensis
Pseudomonas Arel AAspoT (ASR) Low Decreased tolerance to ofloxacin, gentamicin, and meropenem®™">%
aeruginosa AspoT High Increased tolerance to quinolones®”
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