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Abstract: The bacterial stringent response refers to the adaptive reaction that bacteria exhibit when
faced with adverse environmental conditions, altering their metabolism and reducing the growth
rate to enhance survival and adaptability. The rapid accumulation of guanosine tetraphosphate
(ppGpp) and guanosine pentaphosphate (pppGpp), collectively referred to as (p)ppGpp in this
article, mediates the stringent response, playing a crucial role in microbial adaptation to
environmental changes. The levels of (p)ppGpp within bacteria are regulated by RelA/SpoT
homologue (RSH) proteins, which include small alarmone synthetases (SASs), small alarmone
hydrolases (SAHs), and bifunctional proteins such as Rel. Furthermore, recent studies have
identified a new bacterial alarmone, adenosine tetraphosphate (ppApp) and adenosine
pentaphosphate (pppApp), collectively referred to as (p)ppApp, which is involved in the regulation
of various biological processes in bacteria. The enzymes involved in (p)ppGpp metabolism vary
among different bacterial species. This study systematically classifies and reviews the structural
and biochemical characteristics of the known RSH proteins and summarizes their biochemical
functions, aiming to promote further exploration and development in this field.

Keywords: (p)ppGpp; bacterial stringent response; (p)ppApp; RelA/SpoT homologue proteins;
nucleotide metabolism
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Figure 2 Domain structure of the RSHs in bacteria. SYN: Synthetase domain; HD: Hydrolase domain; TGS:
TGS domain (Threonyl-tRNA synthetase-GTPase-SpoT); Helical: a-helical domain; ZFD: Putative zinc finger
domain; ACT: Acetolactate synthetase-chorismate mutase-tyrR domains.
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Figure 3 Metabolism of (p)ppGpp in bacteria. The synthetase domain (SYN, grey) of RSH enzymes facilitates

the transfer of a pyrophosphate group from ATP to the ribose portion of GTP, GDP or GMP, creating pppGpp,

ppGpp or pGpp, respectively. This reaction also results in the production of an AMP molecule. The hydrolase

domain (HD, yellow) is accountable for reforming GTP, GDP or GMP by removing the pyrophosphate group

(PPi). The metabolism of (pp)pGpp also involves enzymes beyond the RSH superfamily. GppA (pink) hydrolyzes

pprpGpp to ppGpp, while Nudix (blue) hydrolyzes pppGpp/ppGpp to pGpp.
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Figure 4 Crystal structure of representative long RSH and small alarmone synthetase. A: Bifunctional SeRel

(Streptococcus dysgalactiae subsp. equisimilis Rel) containing the hydrolase and synthetase domains bound to
GPX and GDP, respectively (PDB: 1VJ7 chain B)!'); B: Synthetase domain of BsRelQ (Bacillus subtilis RelQ,
PDB: 5DEC)!'". HD1-HD6 motifs are shown in purple; Syn1-Syn5 are shown in orange. Figures were generated

with PyMOL.
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Table 1 Small alarmone synthetases in bacteria

Bacteria SAS type Biochemical function Other
references
Staphylococcus aureus RelP (tetramer) Substrates: GMP, GDP, GTP, IDP, ITP [22-25]

Prefers: GDP>GTP>GMP™"!
Stronger (pp)pGpp-synthesis activity than RelQP”
Activated by Zn*?!]

RelQ (tetramer) Substrates: GMP, GDP, GTP, IDP, ITP
Prefers: GDP>GTP>GMP?"
(pp)pGpp allosterically regulates

Streptococcus mutans RelP Substrates: GMP, GDP, GTP [28-32]
Prefers: GTP>GDP>GMP***‘!
Weakly synthesize pGpp/2*->®!
Stronger (pp)pGpp-synthesis activity than RelQP**"
RelQ Substrates: GMP, GDP, GTP
Prefers: GTP>GDP>GMP™!
Weakly synthesize pGpp>*>®!
(pp)pGpp allosterically regulates
Bacillus subtilis RelP (tetramer) Substrates: GMP, GDP, GTP, ADP, ATP [17,33-34]
Synthesize of (pp)pGpp, ppApp and AppppALl*!
RelQ (tetramer) Substrates: GMP, GDP, GTP
Prefers: GDP>GTP!!”
pppGpp allosterically regulates
Enterococcus faecalis RelQ (tetramer) Substrates: GMP, GDP, GTP, IDP, ITP [8,26,35-36]
Synthesize pGpp!2®*
Prefers: GDP>GMP>GTP?*
(pp)pGpp allosterically regulates
Negative allosteric regulation by ssRNAP

[20]

[20]

[17]

[20]

Streptococcus pneumoniae RelQ Substrates: GDP, GTPP*"! [37]
Mycolicibacterium (Mycobacterium) ActRel (RelZ)  Substrates: GMP, GDP, GTP [41]
smegmatis Synthesize pGppt”!

Prefers: GMP>GDP>GTP!

64.5 kDa protein with RNase HII domain

Bifunctional protein with (p)ppGpp synthetase and RNase
HII activity™’!

sSRNA inhibits pGpp synthesis
[42]

[39]

Corynebacterium glutamicum RelP No activity

ActRel (RelS)  Substrates: GMP, GDP, GTP
Prefers: GDP>GTP>GMP*!
39.8 kDa longer than representative SAS

Most active at neutral pH conditions and at low
[42]

temperatures

Clostridioides (Clostridium) difficile  RelQ Substrates: GMP, GDP, GTP [44]
Utilize GMP, GDP and GTP form pGpp™**!

Vibrio cholerae Substrates: GDP, GTP [10,45-46]

259 aa (minimal activity length is 189 aa)

http://journals.im.ac.cn/actamicrocn
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Figure 5

(p)ppGpp levels from long RSH proteins are regulated by uncharged tRNA and ACP. A: Under

conditions of amino acid starvation, ribosome-bound RelA detects uncharged tRNA leading to (p)ppGpp

accumulation; B: Under conditions of fatty acid starvation, TGS domain within SpoT interacts with ACP,

enhancing the activity of (p)ppGpp synthesis and inhibiting (p)ppGpp hydrolysis.
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Figure 6 The role of G-Loop in RelP and RelQ activity. A-B: Crystal structures of Staphylococcus aureus RelP
in the apo- and AMPCPP-bound states (PDB: 6FGJ and 6FGX) show an ordered G-Loop (purple color)!*'); C-D:
Crystal structures of Bacillus subtilis RelQ in the apo- and AMPCPP-bound states (PDB: SDEC and 5SDED) show
a disordered (dashed line) and ordered G-Loop (purple color)!'”. Figures were generated with PyMOL.
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2). RelV [(p)ppGpp A Il BT P T hi il
Sty 5 AR E R IEIRARIE . K107, D129,
R132, L150 A1 E188M"Y, iF — b fF oy Hak#h 5
EPEZBIMCR, KIMLERF RelV G T 1 i
INFIIRIE DSy 189 MR FEMR, HA 4L 94 4
GETR I WL A BB A R B, X — R BRI,
B T #0 A AL, RelV H R SEX A BLZ,
51 O B S5 4 7E AR5 (p)ppGipp 5 B 1% 1 P
L 2 e E AR,
1.3.4 ToxSAS

ToxSAS 2T & B 4 fith T8 R -PLdE R
(toxin-antitoxin, TA) # 2L F ' 1Y) SAS & H
(ToxSAS). X4t TA Y75 Z P4l R P Fh
i AAER, CHIAE T TA RGN SAS FALHE
Mi BOZE fi K B B9 PhRel2, AT W B
(Coprobacillus sp.)i) FaRel2 . 73 FiHTH & Wi B A
(Mycobacterium phage) ] PhRel . 7 £T 4 5. jd 7
(Cellulomonas marina) ] FaRel FN%5 ¥ 43 BT B
(Mycobacterium tuberculosis) (%) CapRel®™!, ToxSAS
BRG] DG 2 A NS (1) AHARIY
P R E I H S ToxSAS 5 Z 45 & IF i H 2k
W, BT I RER-SIERARS, it Ee-
BEY A EEWS; (2) ToxSAS (15t ] L
i EA K A B YRS SAH 8 1 R E2E R, JD
BB R M (p)ppGpp, FRELT IV BIRER-HT
BEREM,
1.3.5 pGpp K&K

5 &8, B% ppGpp 1 pppGpp b, i HL
1% 12 (guanosine monophosphate, GMP) 1, 1] 1
SAS HH MKW, HTE M 3 MRz —
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pGpp. X—A Y B TAMEZEWMEZIFIE, N
JE e 2 #[(p)ppGpp, BRI pppGpp Al ppGpp]
nE T 3 #[(pp)pGpp, LHE pppGpp. ppGpp LA
Ko 2 BE) pGppl. WF5E R, pGpp 7ELIHE
5 pppGpp F1 ppGpp 25181, {HA 7] REEL A HHRR 1)
YR I RERSST ) HETE SRS, Al 2R AT
W, A . FERETE . RERIR
(Clostridioides difficile). 4 &t 8] % 2K & A1 AL 57
Bl ER A S AN TR A9 SAS 5 HBENS A GMP 1E R
MK A ¥ pGpp (H B RSH 25 14 i pGpp 1)
eI RS T3 ). SR, UGS AL pGpp MIRK
W MK T 45 W ppGpp Al pppGpp K %K
22642085657 - AR E AR SAS EH T, HAHE
Y I A R /INFF TR 0 RelZ K30 X GMP 1 3%
15T GDP 5 GTPP, HAFIRAYE, IRAME
¥ B Y RSH 7K H (Cdi-RSH F1 Cdi-RelQ)fiE %
i/ GDP #1 GTP 1E A Y& M pGpp. X F L))
e Hofh A= Wy iR dm it i RSH i b il A 3= 0L
JEATE R AL ATP (IR 544 2 GDP 1§
GTP LU pGpp, TMiE2E S ppGpp 5% pppGpp-

B2, pGpp WA BN T EZER R R4
MM, HEFTCT pGpp HARA Y- ken)
R TR B B o AR FE4 B T )
AR = 2 M DR 2= 5, IR AN pGpp
B ELARAVE ML, ST e AN TR 40 B e 8 o0 A
FIAE R P AR 3 B A e S

2 (p)ppGpp XA

2.1 (p)ppGpp 7KFEEGLEF IR
(p)ppGpp HJ R fif O Bt AE F DR B 38 40 1)
3/ E RSB IL A, T B B T (Mn®)
125 LA B 45 6 0T 08 4 0 SOz (] 3)
IK it Tl 25 R I P A B 6 S R ST Y A AL L
(HD1-HD6), i $65E 5 Hh i) 4 e 24 5 1R 5k
LR T R %) IE A HES 5 i P O i A AU AL .
i, HD2. HD3 il HD5 F ()42 S i 1t Bkl
Mn® K Ea E Y B0, 1 HD1 Hl HD6

PR T RS A L RS B . BkAh, HD4 R
G R Bk 6 T 5 B 1 K i A0 9RO o AN W] /b
(RTS8 DU R B 60 ELA R K S R A5
AR R B4

2.2 1< RSH /K% [long RSH hydrolases
(Rel/SpoT)]

K RSH /K i fifi (Rel/SpoT, A{U4E RelA)fE
% 5 pppGpp. ppGpp. pGpp /K it} GTP.
GDP. GMP. Hiij, C4xik A LR ALY M
Rel/SpoT & [ 1 /K fif B &5 A 3Rt 47 T S5 4 etk
AR BF R, AL B W I T (Thermus
thermophilus). i 5 ZFMOFTF R . G5 4% 0 BOFF 1A
Ko AT B A= 2 B 3R TR L FF S (Streptococcus
dysgalactiae subsp. equisimilis) ZE-16300 5 s
AN S & A %5 6 A <7 i1k 3L 7
(HD1-HD6) 1) /K fiff g2 A 48, IZ &5 I 10 4>
o-MEHER 2 4 BB, B M— U Mn®*
AN RIE ML, O T R K E T BE
KHE,

ERFTE T, Rsd FE B E N SpoT 1Y
HEMWHAT, B TGS g5 EER,
7% SpoT /K fitBiF 1% MY, Rsd 2[4 T BE 5 15
SpoT A i il 17 4 1) 1k 5 2% 14 25 11 (ACP) (/&1 5B)
FETESE R G R, B AT AR PR K AL & W i v]
PERCEPIRAS, SEEEPEHbfm & SpoT MK fift i ok
ARG, HAh, CgtA (—Fh 5 RIGFF 20
PRAROC A CHE GTP i) n] LA%5 & GDP, GTP B}
ppGpp, JFAE R W W2 1k 5+ A 80 a% , 85
SpoT 7K fiff g6 4, DA T 98 4% 4 B8 Y (p)ppGpp
1y K SEO AR S 2T 40 B (Rhodobacter
capsulatus) ™, I fE Rel Bff (Re-Rel) 1] LLZ5 &
YHEEEIEFR(BCAA), 4 BCAA R R, X
Fh 15 1 BE 9% 17 1 (p)ppGpp TE M PN 1ot B FH 2164
X FEHLE R T (p)ppGpp 7K fif B LE A [7] 40
A Z AR RS 2, A B T e 3 e A
P AT ZEAS [ BRI 25 e AT
2.3 (NERFKFES(SAH)

SAH [F] 54738 # H1 24 200 2 KR 21 1
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T RSH /K f#BE, SAH A & B SF i K
BTG RO, HERZ RS . R4 SAH
Bt Z R A Tz AR, AR LR U A AL
Ml A T X B SRRV T BE AT,
B A 3 P R IE A9 SAH B Y &b 1R 25 #4 1% i
Br, 43 B SE SAH | 7R & iR AT
B SAH 442 e (R J& (Leptospira) SAH®

SAH BELERINEAE T LL MnZ 851 il T 24
fk(pp)pGpp MUK, T4 ZIREFT 1Y SAH i
) ¢ B pH A5 M 19 (pp)pGpp 7K fift 45 171
HAERZRIE, MEN SAH LI R HIE R L%
AL TE M, HASRI PR Z 8 0 R QA7
225, XA RE o R B P AL L R RS
a3 A R AR

DAA Z R PEFT IR SAH A1), %85 1/ HD1
H HD6 K& 171 3¢ U o7 TG ML rhoC 1 IS )

A

(p)ppGpp MY IR EL, 1 HD2, HD3 il HDS
B R E LR IR I N 2 5 Mn™ B T P
P 7)o BFREI, XAZFREEFFE SAH i
Y SEHEA L PEAT 275 (40 HD1 ) R24Q. HDA4
Y E62N/D63N A1 HD6 1 N126D/N126L)%>
S BUOREIE e R0, AL, SRR SE AL
T AE—E FREE LM% T SAH MYTE k. WFoR &
B, £ 50 pmol/L (p)ppGpp 7 1EHT, (p)ppGpp
K TG P2 2 B s JF BLBEE 7 Pk 2 1Y)
Han, KRG 2 sz 2, Horh GTP By
HilfE I Lt GDP BB, SR, 7 480 i SR e 1A
SAH ™I oK & B0 PR 25 1 4100 ] 2500 A7 7R I 2 2%
SO0 ik e B kit — AL B SAH BEAY T BE
il M HAE A W A Bk B R R T
2%,

B
T T
) o
y,
$ (ﬁ‘;l{ﬂ-«)
HD1 HD2 HD3 HD4 HD5 HD6
C

E7 BRERETESAHR R FEAMKEEBEEASHDERF
Figure 7 Crystal structures and HD motifs in Corynebacterium glutamicum SAH. A: Crystal structure of the

Corynebacterium glutamicum SAH dimer, with a single monomer colored in pink and yellow, respectively (PDB:

7QOD)®); B: The Mn?* ion in the active site is represented as a purple sphere and the coordinating residues are

illustrated as sticks (H34, H58, D59, D122 shown in red, purple, green, and blue, respectively); C: The closer

view highlights the position of 6 HD motifs. Figures were generated with PyMOL.

P4 actamicro@im.ac.cn, & 010-64807516



ER& 5| BUEYSANR, 2025, 65(5)

1969

3 (p)ppGpp Kt

(P)ppGpp M9 N FP AL o F2, FEZEW K
pppGpp. ppGpp 1 pGpp Z 0]l i 7F 5'-8% 3'-
67 B VAN TN RS o Wl T 5 A S A B e e . X
WX 3 FAS[EIE 2 (p)ppGpp 7641 A 19 4=
PSR E T . CAMRERNE, MET
pppGpp, ppGpp 7E 41 i 4= K # &£ . RNA/DNA
FLf . BB RNA G LA K B i ke 6 45 7 1T 1Y)
PP RN B E D) H, (p)ppGpp AT
A Xl A 4 I K A T g s Ny B AR
L ATXEY Wi

FATE M2 5 (p)ppGpp N AR Y H
B 7 RSH HIGEHEHZSAh, 4245 GPPA, Nudix
F1 ApaH Z A 51 (18] 3). RSH S5 A 11 32 %2
1 5¢ (p)ppGpp A M5 FEf#, 1 GPPA. Nudix
F1 ApaH 2% )38 1+ 45 S5 1 b R 1 (p)ppGpp 1Y
AFPES, FEXTH T X AR, 25 T%
WEWE AR . X E SR 0 45U
W T (p)ppGpp TE 1A 9 28 3 2 vh 9 A% 0 HL AT,
RN T A A pGpp. ppGpp. pppGpp 1
Ak B AR A R SR

4 (p)ppApp W PRt

4.1 (p)ppApp BIE R
WAL NERS - H AR T S A .

#+2 fE{(pp)AppE RLHIER
Table 2 Enzymes catalyzing (pp)App-synthesis

CAMRE RN, fE& R AW TRk
(p)ppApp FIHEE U, I HL7E ZE J AT s A7 4 1
TE R A, AR T RO AR AR 11 5 7K
(p)ppApp FLE ) T8, KIHF B RNA R4l
45 4 ppApp &b R 25 M B R T f b, il
(o)ppApp ZE T )iz K, el R,
ppApp &5 & F— IR AL 0, AL S AL TR
ALY 2 DS (p)ppGpp G A i 2o, 5
()ppGpp A, (p)ppApp 7EHFRE JH 3 T AL BERE
PE PR 5%, T DksA (DnaK il A7 A, —Fil
RNA A fg45 & 8 D) WX —20w .  Har,
YA N (p)ppApp A FEZEH 2 NMEAREGS
5. RSH #HHM Tasl FHH(E 2).

TES ST M (p)ppApp B9 RSH EHH ', #7
& THRE-WHZE(TA) RS T ToxSAS WP,
SR, WAANET TA R4H RSH HHH B
4 18(p)ppApp BIRE ST, (9l AnNAEFLHE HY S L0 AT 14
(Methylorubrum extorquens) ' & Bl RSH #&
FY, AR T A B2 E AT B VR i 2 B
(Treponema denticola) ¥ & I SAS £ H L H4%
& 15(p)ppApp HIRE S,

I, FEHSRBCA R PAL4 BRP A B T —
FloET RS VI B0 RGN &, 44 Tasl
(PA14_01140), H 454 5 RSH i K & 1y
(o)ppGpp A A& B 25 I, (0 & IF N & AL
(p)ppGppo #HIL, Tasl REMEHG ATP Y FEM IR 3L

Bacteria/Phage host SAS type Biochemical function References
Methylorubrum (Methylobacterium) extorquens Rel Synthesize pppApp and (p)ppGpp [73]
Pseudomonas aeruginosa PA14 Tasl Synthesize pppApp, ppApp, and pApp [13]
Bacillus subtilis RelP Synthesize ppApp, AppppA, and (pp)pGpp [33]
Treponema denticola SAS Synthesize pppApp, ppApp, and pApp [74]
Bacillus subtilis lala PhRel2 Toxin SAS [9]
Coprobacillus sp. D7 FaRel2 Synthesize (p)ppGpp and ppApp

Mycobacterium phage Phrann PhRel

Cellulomonas marina FaRel

Mpycobacterium tuberculosis AB308 CapRel

http://journals.im.ac.cn/actamicrocn
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H%5 %% 51 ADP Hl ATP 19 3'-OH JL [ I, 435
4 W ppApp F1 pppApp. VI #4332 4 45 Bh 4fl
PR BB RS L 10 AR A P LR 82 R o Tasl 1
H—FhATE R, HAE S (p)ppApp R IE
W, BB RT AL GE 180 000 431 pApp .
ppApp Fl pppApp, FI'FELH FRANE P ATP
HIHAE, T2 s, RASHHE
A FET . [HAY, Tasl B & AYRCR o] DL 1o
AH B (9 328 2 11 Tis1 (PA14_01130)3K A1, Tisl
HZ5 Tasl (TGOS E, BHIEHEEMHEEM .
LA, SAH il AT i sk K % (p)ppApp A i T4
P43 FUH SAH R 21 1R 5] Y o 4 -ty T
B B AR 3 R BN T %
(p)ppApp WA AN IRERTIN, bR T4l
R AR EAE B L
4.2 (p)ppApp HIPEHR

PEIESE SAH X (p)ppApp HAT i 2 A /K fit
T o 2 MR B R R 1A B 2 e AR R ) SAH
9T R T i Se g L) M2 K 7 =X, dEE&—
P b 7K % (p)ppGpp 1 (p)ppApp!® . i, 1
S VP S VR BRI TR T Y S5 B0 A8 Bl (Xanthomonas
campestris pv. campestris) . &I H W (Drosophila
melanogaster) f1 N2 (Homo sapiens)H , )% B
T oy — B R IS ) SAH L fig UK i
(p)ppGpp A1 ppApp 7. BL AN, TA R 48
FaRel (ToxSAS)I#1 5 % ATFaRel (J& T SAH X
)t BE K% 72 (p)ppGpp 1 ppApp, LABi IE FaRel
A REREPELL FR, A SAH # k3
1K f# (p)ppApp, 1M ¥t (p)ppGpp JC /K fiff 15 1k |
U ANHLFE F LA i P B SAHYPL, SR, i
Y 5341 S X (p)ppApp 76 B H 4 S 1 G 4 1 3k
filt, AR5

T, —FETTE X (p)ppApp Y 1 R K fifk
My ¥ & B JF 4w 4 A Aphl (adenosine
3'-pyrophosphohydrolase 1), %K H & Jc7EZE4
FF & (Bacteroides caccae) P #E X B, FAEA[RY)
Fhrb 2B ORSFPE, W] Aphl 7E (SRR T2
At 2 AUFTHE Aphl (BACCAC 01146)1 5

>4 actamicro@im.ac.cn, 7 010-64807516

PREEF FNTE PS> M R T H 5 HoAth (p)ppGpp 7K
fifg g 2z o] ELAT 2 X)), Aphl #t = (p)ppGpp
(&8 A 7 A, R I UK f# (p)ppApp, H. Aphl
JKf# (p)ppApp M AL I iy T HoAth 8 %1 19 SAH
HEH

Aphl fii T — 44 % MuF (protein F of
temperate phage Mu)ﬁ? Apk2 MFENZEF, J5
T8 i AR 8 (p)ppApp K I R R A Y AR A .
Kk, Aphl J&—FHREHS h AT Apk2 5 R U0 1)
HEEH ., WAL, Aphl 52T T 5 —Fhk
fifg B e e 2 Tis1 PhEIVERT, L[R5
RIWsgm . —H MR BN, aph JEH WA 5
1H0LE Apk2 [FlEYI ZAEEARDCIE, X8R T
I Bl 28 fo i A I TEXT B EE R 1Y B PR BB AEAE
Uige 2 5. L5 Lprik, X8k BN T xf
(p)ppApp I TH 2 48 i 3L, o o k2
BT RSP TR

5 RESRZE

(p)ppGpp 1E S 1 A Wy v 18— T B 245 5 0
1, Z5ZMAmIBENIEE, REAEERK
A RNA/DNA H#R | A RNA G, 5%
SRR, JFRENE BN M N AR RN E
BN ANFAAFIE . RSH (RelA/SpoT homologues)
FIEEAEME T ZAFTE, R (p)ppGpp &K
S EEPATE , KT AR N (p)ppGpp
B A 2 O E 2. fl DA b SR B1 e & 21
RSH X &2 Er, H&TREA M
TR 25 A0 2 B R AR PR, X SRR T BE R 4N
PR N R B . AT AR AR S T R PR O
YER, FF M HEFR A Y D pe et T8
Fei

(p)ppGpp MY EAR 7 F-HLE, FEHEE 4]
e VR 9 240 L PN 1) 25 RS B, AROR R — A
T R AR, YR 2 4£ 5 14
BOUM LAY/ (ARG AT IR . AR 2R AT ),
XFF (p)ppGpp 75 A [l 15 A b 255 i) Jir Joe 3 1 1
FH 22 5 B A 5 W R AL AR A A 2
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FHlEEM R, B SRR FREE . B
ERPUEFIR B, X Heny AL
Tl A e ik — 20 B o Rk B985 A O¢
AR A Y MBOR R, DR T 2 a0 eE
B

(p)ppGpp AUAE RS 5, i85
HABFE A S5 F W cAMP, c-di-GMP %5)Z
AR R TAEH . X252 B AR FHAE AR
FAI IR AR . AR YR BLAE T 1 R
HEEETEH . RARMIFNIRALRT (p)ppGpp
HHAMAGS 5 FZEMHEEAERN, #rHAER
AV M g B EEALE . #lan, (p)ppGpp AT
AEi G PR FE S I F DksA, 520 RNA B4 i
IS ME, SR SEN RA RINE, B el hE
55 HAEE AR 5> B IRIAE AT, 2[R 7 40
A AR R

TR A% (p)ppGpp TETE F - AR B AR Y
HARDgE, XTI A EPIRT R A A HEER
S, WEFEEBT, (p)ppGpp S M ik [ T 1Y 25
Ji, oA RE AR fE R0 R BE RN . i dn
(p)ppGpp I FL R AT BE P B4 A E A FF A DS
(persister cells), X LEF A AN H X (E G PTER
HAW M2, SBUSERGL . 1Ak,
(p)ppGpp & AT REH o P8 45 240 1 AL i 12, &2
M 1 = A SR TR R SE O v o PRI, ARy
WFFE I 2R (p)ppGpp £ - I (A ELA o
M EARTIRE, a7 H G0 a] 52 i e e ) 2 )
15 F WG RN, T AT BT T v A
WA

Y5 T (p)ppGpp £ 4 T A B A5 B A2 rp (1)
HEAEH, WRAMIY RSH %84 H 251 M 4k
FREME, IF I &S X 28 8 1 B (p)ppGpp & X
1913 Ty B oA DA N e e 10 1 B | T I = DO
BRI e PR BT R SR U, BRI, AR BB
SE A LA RIS I (1) #Hil (p)ppGpp
HL: JFRBERSEHINT RSH KIEHE A GTP 454
7 1 B R SRR S A AL O N T 25
DL T4 (p)ppGpp WG GRS . Filhn, Betshxt

RelA 8 SpoT 1 GTP 45407 s B i,
BH1E (p)ppGpp FIA= B, AT 1) 555 41 B A4 ™ 5 I
MAAEALERE T o (2) FE 3 (p)ppGpp B . XTTRE
fig35m RSH FKHE H BEFAR L5 IS R/ Ny T
B T ALK IR (p)ppGpp 7K fifk i i A T 1
DI (p)ppGpp HY AR . 30K A Bl TV 2 4
EHBREEIRAS i H oA R AT 254 .
3) BEAIRIT M B LRV 250 5 HoAb
AR BBUR RS B, DA = A U R R4
T B A A4 X e A e R g o B an 3 a0
(p)ppGpp FIA Bl (e o FLRe AR, AT DA A 20 B
(N 251, I el B R EEH .
B2, (p)ppGpp 1k 40 B 7™ 5 S5 07 1) 56 ik
P, HEFSRAUE B T8 R i A 4 1 5
AW R, IR AL R 2 AR T
B SR RN 1) o AR R 5 4k S 4 Bl ik —
AU PR, R T L2 B G & BRI F

16 STk = ¥

TR BT | e RABNR; WRLE:
WICHRE BN B e . SCHOICER Fig SR
T A% SRS AE R VP RSO
R A

1E& A 5 ¢ RATE 7 A

VR 75 WA AEAT ] R E 23 52 i AR SCHT iR
TR E MZT A el AR R

S5 3
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