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Multi-faceted regulatory roles of EIIAN", the final phosphate receptor
of nitrogen-related phosphotransferase system
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The nitrogen-related phosphotransferase system (PTS™") is a
secondary phosphorelay cascade system present in many Gram-
negative bacteria. The primary sugar phosphotransferase (sugar-
PTS) system has various physiological functions in bacteria
based on carbon nutrients and their metabolites. Similarly,

regulatory mechanisms of the PTS™

also vary depending on
the species. Recently, several studies have reported on the
global regulation mechanism of EHHA™" (encoded by ptsN), the
final phosphate receptor of PTS™", involved in nitrogen/carbon
metabolism, K" concentration regulation, and virulence regulation.
Depending on the diversity of strains with the corresponding
systems, different phenotypes have been observed from regulation
by EIJA™". Furthermore, since some of its regulatory mechanisms
are yet to be discovered, the purpose of this review is to
organize various phenotypes through the regulation of EITAN"
based on environmental conditions across species, with updating
recent findings on its mechanism.

Keywords: EIIA™", nitrogen-related phosphotransferase system
(PTS™™), pleiotropic effect, ptsN
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4=%3FcH(Deutscher et al., 2006). -
/ﬂ-{%}?ﬂ]é enzymel (EI), histidine phosphocarrier protein
(HPr) Z12] 31 enzymell (EIl) & <-4 =] j(Deutscher ef al., 2006),
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Ell= o] 01AkS}o]| #hoisl= ENIA 9} EIIB, 12|31 & 540
Fojsh= EICRE Urof Zith G-k g A=
pyruvate (PEP) — HPr — EIIA — EIIBQ] ¥}k 0 & Q147 2
Adstn 2F% 0 & ENCe| o3 79 G2 YHE =5
EltK(Postma et al., 1993). o] 2|3t QIAPHE A o] &
3l Qo) o] AT Al g T U 52 B
B 2 ZA5}H, e|Htof o] 2512 ok Al
A2 A|3E ol &3t} Escherichia colis 3£}
Proteobacteriat= - AP A|(sugar-PTS) £Jof &
AIAPTSZ 279 7 WA QUHIEA S Bg3ich
Ze-QAbH YA = EIN, NPr, ENAN © 2 J1A %0, PEP —
EI"" —NPr — ENAN 9] Whgfo 2 sl A o] ¢lits}
cascade system< Z3f A 3E W) A 2| 84S -3 HFig. 1).
G QAPHAGAI S FATH= pisNT} pisO F-HAH= 075 &
S5}8h= rpoN 53R F U @ H 2 ol A HE E o] A
0] AL =35} 31 o] Todsls AL QAPHAY AR WL
AthPowell ef al., 1995). FA| G AR 7}A] A 2- QAR
o] 2% QAkgAo) sdsl= ENAN 2] AJe] 24 2}-gof
w2 theFet AP o] HEE|AL 9l o g WAL tha 5
2 59 7150k Wttt 2 32 prsN EHolA

A ZRR1E]= chekel ;@ o et 2ol WA E é %]
EIANT©] Q14k3} AVl 2| 329} A 32 1) 9F&] 2%
o A= FAvAkA 718k G E AL K 3HA)
FAR R 5o Rt Al W ] 24
Eli=p
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ENtr o Hpf  EIIAN¢ RapZ  NPr
t t t t t t
rppH ptsP rpoN vhbH pisN rapZ  ptsO
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Nitrogen-related phosphotransferase system (PTSN")

Fig. 1. The nitrogen-PTS of E. coli (modified from Jahn et al., 2013). The nitrogen-phosphate transport system consists of EI"" (ptsP), NPr (ptsO), and
EIIAN (ptsN). The ptsN and ptsO genes are found in the same operon with the 7poN gene encoding 6°'. PTSN" regulates various physiological activities of
cells through a series of phosphorylation cascade systems in the direction of PEP — EI™" — NPr — EIIAN",

= = ptsN S| A= Thakst §7] Aa 3ol A

AUAIRE TCA 3|2 FIHHES ¥ TF U0 & 7K A /\ﬂ

ENAV QY| OS5t 97| EIASIEIZO| AISIM XX 0] 43ato] 43| SlthPowell et ., 1995) (Table 1), 274
A ARl utel o] A Qlibde Ao g fAAR] pisN ol ek 53¢ O] ZA3F Alof| EHANO]| o]a} & 4 =35} 28

I p1sO FHAR =S OPEQO}—rpoNiJﬂ_ o & o] 27159l on, o] AR 3 ENANT O] & 4Bl A A3
7] wiZofl A Al 2H o rof e Z10 = o4 = Q1. 8 o] tj }zx% S oAb 9l oL S 2 34 o) w#
F W2 Klebsiella pneumoniae 2] plsN /}j"ot} EodAHo A7} 20 uha] 2| %] QQITh 23 prsN S8 0] 7o A branched-
A 0RO =7} a*k’] H2hE] 9] a1(Merrick and Coppard, point o}l AHOFH| E S| E2A] M A A, AHAS) 2] AaHA]
1989), o= 55 4 1174 Xﬁ} nifL, nif <t =FEH /g A GAE Heohs o] BV aiY A2 KvB 2L ilvN)
AL glna 0] AL Sl 7117t Ak 8h& FtHMerrick o] ¥hg o] F23) fhak= FAo] Birx o] EHAN o |3t
etal., 1995). ptsO EAH O Aol A = sl -1 4F2] AL 4 A 2HAGo] thA] FEIF O Lee ef al., 2005), °]=

7} TRE Q=T o] eolals} Fef o] ENAN O] nife} glnd — pisN S HoIA| & KT 4= Z710] 232 vehd dAto|r
S HAE AR AL oJvishs, A2 O & Escherichia  (Lee et al., 2007), Aa- QS AIE Wil 2 sk 1H #(<

coliel Al PTSV' 2 22 Batabgoll MM OR g mld  We] Aa §718 thak 278o] ik A2 E coli o
5 9le-2 AARI A EIANS St A2 1 ofo] et 28 Zhgof g 1 310]
Table 1. Summary of nitrogen metabolic processes controlled by PTS™"

Organism Phenotype Regulator Mechanism
Escherichia coli ptsN is required for growth on nitrogenous organic ? Unknown

ptsN is required for amino-sugar production in the EITANT EIIAN" represses GlmS activation, which is
presence of nitrogen sources critical for amino-sugar production

Nitrogen fixation is reinforced in ptsN mutants and EIANT Dephosphorylated EITAN represses nifL and nifH
Klebsiella pneumoniae inhibited in ptsO mutants transcription

Salmonella enterica

Overexpression of ptsN downregulates growth on NH*™  EIIAN"  EIIAM represses g/nd transcription

Pseudomonas aeruginosa ptsN mutants are unable to utilize nitrogenous organic ? Unknown

Azotobacter vinelandii Nitrogenase activity is repressed in ptsP mutants ? Unknown

Transcription of nifH and melanin production are

. ? Unknown
repressed in ptsN and ptsA mutants

Rhizobium etli

u A E38}35] 2] A58 A3T
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Fig. 2. Regulation of cellular amino sugar homeostasis mediated by EIIAN". In high cellular concentrations of glutamine and a-ketoglutarate, which are
nitrogenous organic molecules, EITAN" exists in a dephosphorylated state. Dephosphorylated EITAN" cannot bind to GImS and GImsS is free activated,
increasing the concentration of amino sugar GIcN6P. When the nitrogenous organic is depleted, EITAN" is phosphorylated, inactivating the GlmS after
directly binding to it, and the concentration of GIcN6P decreases. This soon activates the Lon protease activity, causing the degradation of EIIAN", and as a

result, GImS becomes active again.

w2 H(Yoo et al., 2016), Q1AHEHE EINANS ofu] =t} A
7% GlmSe} 232 0 & Af 5 2hg-sto] s a0 g4
= AR R e QUThFig. 2). A28 opn|iet 17k A]
EITAN"2 Lon protease©]] 23} &3] ==, EIIAN" o] 23+ GlmS
2/ o] -3} RapZell &3 GImS W o] 245 Bl Al32=

ENAYO Ofst EtA KA B WSIE Sf5iS0| Haf £

Azotobacter vinelandii & Pseudomonas putida©|| A & 4-
QAR A= polyhydroxyalcanoate (PHA) 9] =22 24
th= A o] H %It Velazquez et al., 2007). PHA= ¥

o2 Tl Bt fy) B 24 B8 Ak AT 2N %

oot

Table 2. Summary of carbon metabolic processes controlled by PTS™"

= B4 A% 313HE o] th(Hoffmann and Rehm, 2004). EIN"
I NPro] Zhats 5 Alat B0l 4 PHA Z2|3o] Zhaglo
U} EIHANT O] 42410 PHA A28 Z7}A| # THSegura and
Espin, 1998). T3} QlAlslrt 7153k EHAN &1 o] 7o)
A= PHA o] &2 0] T E] X] FTH(Noguez et al., 2008). ©]
|, A. vinelandiiol| A gro1415} & e ©] EIIAN"o] PHA A¥3H4
= W 7N Stz phbBAC 2.3 WA o] AR A} phbR 2] AL
£ At 2ERARE 2-8-3}9 ). Azotobacter vinelandii
2} Ralstonia eutropha 9-52] 73-9- A2 Asg ZH oA A&
U] polyhydroxybutyrate (PHB) 2] Z2]o] -3 %] ¢l+=tf|(Kaddor
and Steinbiichel, 2011; Pefia et al., 2014), ©] = EINAN 2} SpoT
7o) o At-8-5 St ppGpp A4 A= Ql3f 2yt 5o
2EG A He-9] Arlge B 1w QlcKKarstens ef al., 2014)
(Table 2).

ENANo]| 2]t gt A2; 24 o] Tl o], P. putida mt-22]

Organism Phenotype Regulator Mechanism
Aorob o Accumulation of PHAs is enhanced in ptsN mutants EIIAN"  EIAN" represses phbR and phbBAC
zotobacter vinelandii

Accumulation of PHBs is enhanced in nitrogen organic depletion state EIIAN" Unknown

Accumulation of PHAS is enhanced in ptsN mutants ? Unknown
Pseudomonas putida Ntr

P ptsN mutation relieves catabolism of toluene/xylene from CCR EIIAN" Ph(,)SP horylated EIIA™ modulates the
activity of the Pu promoter
. . . Phosphorylated EITAN" activat

Ralstonia eutropha Accumulation of PHBs is enhanced in nitrogen organic depletion state EIIAN osphory-ate activates

ppGpp synthase

Korean Journal of Microbiology, Vol. 58, No. 3
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Box 1. Pu promoter

SN, m-ALH, p-AL R, 3- 2 EFA H 1,2,4-E2| W FrilA 5
o} 5] o512, A B1 B A} AL zxﬂa B B of
83}= ¢ & }161— HE F59 a4E 43535l= P. putida mt-2 2]
117-kb TOL Z&tAn|= 9] 14 i 2 i Ef o]t Franklin ef al., 1981).
HlekZ 31eHE-S- TCA §]§4 Tﬂ-}\gﬂ 2 A3lsl= g 2 _3H8A

A Py T2 RE R 2 AT § AR} Al UVWCMABN O.2 -
AR u| 2, 183 Pm iEEEIE ZA L= vl 99| 2o 9
gk AR oo 2ol o3 et st T Al e ERAp- AU AL
AR 7L A0 R M| 23S S, o] F et 232
of oJ3] A& slE FAo] EAof Qo) 712 Es|FlthRamos ef dl.,
1997). a5 =2 HE| = ofu] = Alw} -8 ook A o] A|§tR Ao 4] ]_4_
2F A== ppGppell 9 sl St E}(Carmona et al., 2000).

Box 2. Carbon catabolite repression (CCR)

A ESHE B B0 0|8 71wl 23} s B U] 0] 87 3
T B0 TS AAloks 2 HIAUZ LR of 2] Aot 5 23S

n] AR 0] T A} 24 A| A8 0] cHGorke and Stiilke, 2008). QHFA 0 2
23}t BRI Ol go] el fio] TS SlAITHE o
AUZO R XY= =), E. coli®] 7 5- 0|3} 2§ AR = A4 A
£ o) 225 o|u), EIAZ} s o)A Zol 4 S22l ke
gret A Altell A EITA &4 5 sl 29 gytofgt o] 4
ojth A2 Y = =7t =& uf, EllA = 72 B IAISHE e
2 ZA31t) o= oy AL 118] 31 4~ (adenylate cyclase, AC) 24
3} 749} A =3k Ay(Lactose permease) 2] A 2 o] o] x| wi, A3}
4R oAWP i sl A9 e e 19 4 gk
Red 7S ), QIASHE P Q) EllA= S4 Eo] Aap o
2ACEE *ﬂ*b’ll’, ol w2 759 cAMPE A5, cAMP
+= catabolite activator protein (CAP)o]| Zgslal, ehe 2o Za
B A g Agsto] A Akl B agE 7 40] T4 wizigiT o

AFA89] oAl Al] Y8 4191 2 A 2RI Qltolu], ek chat
AR HAL 24 o] ] & theksh -4 o] G3kE v Kt Deutscher,
2008).

H= o] #-3fl«= TOL
plasmid pWWO W &] = @ 5| 29| Walof &fsf) 2derial 2
NEQITE o] 5 QU2 F St o™ 9EA Pu T2 HE|(Box
1)9] 4L vk, oy TR R EE e £7) o] Flof u}
£ CCR (Carbon Catabolite Repression) (Box 2) 42 3]
24 =0, o] et 79l -2 A dll v -2 ik sk
28 BolTch. QUSE EIAVS alg 24nbge) 574
2 283510 6™ 9EA Py Z2 W E o] IS A5ty
(Cases et al., 1999; Aranda-Olmedo et al., 2006), o] & E3
ENAN"9] 3|2E|d 217]9] 2|g E¢lo] #F3ol| 4 CCRE)
A 282 BHQIE 4= AU 2V ENA O 9]¢k Pu =2 1

274 O] A AU S 23] BrE A 4] ot

EIANO Qs M= LY K" 5= =

ALQUHARAE £ coliclA] 25§42 4oz

RIS N M

oy

&3l A A|s8d Al3%
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Fig. 3. Regulation of potassium homeostasis by EIIAN™ in E. coli.
Dephosphorylated EITAN" in the state directly binds to TrkA to regulate its
activity. At low potassium concentrations, potassium is absorbed into the
cell by the KdpFABC potassium transporter. Upon activation by EITAN",
KdpD transfers a phosphate group to KdpE and phosphorylated KdpE
binds to an upstream promoter of kdpFABC to promote the expression of
the genes. The nitrogen-related phosphotransferase system is directly
involved in the regulation of K* homeostasis in E. coli.
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AHe e sk AL 0.2 del ek Aol 2w 8
o

s Ao
e K S dusen }»gwq K* Zﬂ%’%

~

of oJaf) o] FojXIe}. Hax- LAl = Eelist ?%‘EH—J EHANLr
S TrkAo] ) A 5te] Trk o] 24 2 Whalshs Zlo] Bas)
9l th(Lee et al., 2007) (Fig. 3). ©] 27 2 ptsNEOEltﬂoVﬂ of| A
LK Z5-80] S718HAE pisO B0l A B-2 ¢1ATE17}
E7153 P e o] EIAM S W sh= S wiol] OHH% K" &
g0l stk pisN & AR O A of| A LR = obA| E 5]
T 2] Y FEA(AHAS) Q) 2 7k FARS EIIAN o] o)5t
TrkA 23 7]59] R 2 QIst A3 Y ZrE = 9] =7}
71913} A tHLee et al., 2005). Trk 4= L‘?E?g% K*o] T3k
ke o] W7 wf ol A5 = KF el A= 2hgo] o] 2
&, o] 2§k 2ol A K9] é#— W 23H] P ATPase
KdpFABCe]| &]3}| o] o] tiHaupt ef al., 2005). #]%%=2]
K" 271 8lol| 4] 3] AE|H QlAlsh 4 KdpD:= A7} Q1 4kst 1l
oAk A 42 714 KdpEZR A& AdstcHJung er
al., 1997). Q1AV3}E KdpE= kdpFABC 2 HLE| 0] A1 Ko

ol Agste] FAF AN SEske, S Felo] ENAN
2 3| AEY QlAkela A KdpDol| 22 o2 Agketo 2 i)
5 THE Bl kdpFABC ZRIE| ) TAE F71AI7)
th= Alo] ¥he F th(Liittmann et al., 2009). E3}, QAMSHE
ENAN-S A5 20] K AFgho] 4= K 3422 3444 7] 2L
(Liittmann et al., 2009) 31%5 0] K* AJ&}oj| A = K" U—’;E_
A|5tAcHLee et al., 2007). A1}2 © 2 E. coliof| A A A
AGA =K' 3HATA] & of] - A 0 &2 3o T8 A A]3

o
tHFig. 3). oAl o153 vle} Zho] EIAN S 014ks) A3

o[-)-

ke E rd
0 2 > 12
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Table 3. Summary of potassium regulation processes controlled by PTS™"

Organism

Escherichia coli

Phenotype Regulator Mechanism
- . . Elevated K* concentration inhibits AHAS I activity and
L toxic for cell growth in ptsN mutants. EIAM . Lo -
eueIne 15 foxic for cefL Srowtil In pisiy mutants synthesis. Therefore, leucine inhibits remaining AHAS 111
EITAN inhibits K™ influx at high K* concentrations EIIANT EITAN" binds low affinity K* transporter TrkA
EITAN" binds to and stimulates KdpD kinase, which
EIIAM" stimulates K* influx at low K* i EIAM . . . ’ .
stimulates K- nflux at low K. concentrations mediates high affinity K* transporter KdpFABC synthesis
dephospho-EITAM" inhibits K* limitation whereas EIIANT Dephosphorylated EITAN" inhibits YcgO K* efflux

external K* signal stimulates it

activity

sugar-PTS ©] &/gof| oJafj F7}4] 0.2 Jaf3 7] nfjof 225
o 3o ohE Qg A 9] 718 2] tiAL A], EIAN = kdpFABC
Q9] ML B2 B A0 2 Lhebst e Littmann ef
al.,2009), Wb ALZ O K 552 25} eheshie] tha) 2
A Apolofl= - A E A E w7l E & dBido] 2
g o]—/\ oh;].'

Escherichia coli®| ptsN WO d-F= R 1 4FE 5=
z710 A o] AslE= ZE v —%l‘io o} CviAR &=
e 7] e T YegOs 2 AFEY 2o A Al 22 L K*
O =2 ES B AZe Hu& 5@5]-—‘5 H|(Verkhovskaya
etal.,2001), EH—J B0 w2 YegO=ptsN s A HO| o
Fo| A K" 45 A 2”2 7|58 4= Qth(Sharma ef al.,
2016). o], YgcO 2] Z44-L- EINIAN ] ¢1Aks} %] o uja} =
g, glaksl A Q) EAN = YegO 2] 2448 A5}
™, EHAN 2] Q1AkS}E f3t3le A28 YegOE B3 KF
23 Sstole], Lo} AlsEe] A% A13he 4 slckSharma
et al., 2016) (Table 3).

¢

Hed MiZ R2i ENAY o offt £ =H

Qe UAAL AR BARAE 2UT B ohfe)
e TN 45 Aok 58S B H Y 2
O] gk gttt o) = okt Foll 244 YA o A= A
A =342 Y, SAAEH O] EH], B3t A0 W) H A
e 24 750l 24A oA o= AHEgit

Pseudomonas aeruginosa= =112 g A5}o] T of| A
O A& 7HsE ol 1HSA (et FH S Aot
AL QAP A S F3 Q4] Aol 2 o] Gl dgellA
= o] =9 el F/do] AslE=d], olet 42 EelAit
3} e o] ENIANof| 2] 3] ufj 7| Elth(Cabeen et al., 2016). 2 4

QP A S B3 2143} cascade P o] HAFE = 2179
A EHAN"2 Q1AMstE A& 945, o] 2 A X Y
c-di-GMP =Z2] A}23} 5HA| A st AE1re] 3 7}%

=
SHA| gk vk elAke} g e o) ENA™M o o3 w7 =

FlF
o,

Box 3. Salmonella pathogenicity island (SPI)

Salmonella®] 9/ W& S| T4 Q47 == A7 Aol &
A 7}A] F 1770 2] SPI7F H11%] 31 Q) thRiquelme ef al., 2016). SPI-1
+= bacteria-mediated endocytosis (BME)2} A AFs| A3 Z]Qlofl Q.
THITE FH] AARN(T3SS)S 33T}, T3SS = Allaf Al 322 o] A
ST AR 548 7 A Y] Aol g ol 5 A2 75
HBFAIZITE TISS = 5t AL % 0242 WAl 0 2 gl g e
Q|(translocation) A] 7] = 58 wj o ‘Bx} vl 2% A3 A it
(Cornelis, 2006). T3SS= “,";“;‘; gk Alae.g. Salmonella, Yersinia,
Shigella, E. coli, Pseudomonas)o| A= B A E T} SPI-2+= tjA1A|E
o] A} A4l a9 ghglol B4A Q1 T3SSE 2 3letet. SifA,
SifB, Ssel, SopD2, PipB, ¥ PipB2& £33t SPI-2 A T](tra.nslocatlon)
Tl 2] .0 ul 3742 0] 3 H o] 225}, endosomal tubulation £-2 1} 31
£ W3l of] Z-8-3FcHUchiya et al., 1999). SPI-4 9] -7 A= SIiC,
SiiD 9 SiiF= SHEES HH]8l= 13 SH] A AH O] L4 @ A2 0F5 35}
aieh. SPI4 QrEsh Bl A )2 oelA 9l sretout
SPI-4+= At ol A 17ed 5 22gof] 7] ofsfar 4w A
2lo] Hzlol| = & Q slrhar ¥ %] Q) © m(Kiss et al., 2007), SPI-29} 2+
o] th &AM Z U] 22 JS- v R thal B 11 E It De Keersmaecker
et al., 2005).

=9 B A WAUSS B AR 3tk

Salmonella enterica®] A A G-HAAH RNA G744 £ 2
3}, ptsN S A H o] 7ol A= v|ebel By, T4, 1,2-propanediol
(1,2-PDL) 2! propionate tA}o]] /A3 -5 41]-.4 HH3o] ZFA
A TH Yoo et al., 2017). 1,2-PDLY} propionate = A4
2 7| A propionyl-CoA 2 A=, o]+= Salmonella ¥-LA
23-1 (SPI-1) (Box 3)©] HAF 282}ol HIlD O] QP4 AL 7ha
Al71+=4), propionyl-CoA+= HilD 9] 2-8-2- 2} A|5}o] SPI-12]
WS A7, A3 © 2 Salmonella®] < A 22 W 3
Q]2 A 8l|& 4= QI Hung ef al., 2013). ENAN"= 1,2-PDL 3}
propionyl-CoA 2] tA}el] Fhofal, 2742 7ol whgtel
Salmonella®] <& A2 U] 219 o] 2S5 % A3} 1,2-PDLI}
propionate©| =53t A 3174 of| A 41S}=Salmonella 7-F =
sjoi A= B Bl ol M A4 2918 et
Hhal o 2 225 4= Qlrhal A= It Yoo et al., 2017).

Salmonella enterica 2] SsrA/ SsrB% L3 A 3E ] of| A AR

Wekto] Y BAS st o 28|k SeB7}

Korean Journal of Microbiology, Vol. 58, No. 3
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o Andel A 7304 A 2(SPI-2) Wofl A o2
FARLY] AAS Z2GFCH Walthers et al., 2007). SstB 24
SRR O] WS prsh BRIMO] RO Bl G AH O 5

7FA] 9k, EHAN S I3 5= F500) A= HAgic) EHAN
£ SsrBe} A A 07 AF 5 A-g-5ho] SsrB T A 3t 1A
o 2 E] o] AT #3519 tHChoi et al., 2010). T=3FEITAN
2 Salmonella®] PhoP9} ¥4 L2 HE Q] A2 A HA o
& J3fjste] PhoP 23} F-AA12] Wel-S 2451l chFig.
4). Salmonella+= T A A 3 Yof| A I} 114 Qrof| A F-24] 81 &
ol WlAYEE 1)) AY=3l=t|(Foster and Hall, 1990),
Salmonella2] PhoP/PhoQ ¥4 24 A|A=L | 21A 3 U
1} 31420] A1 314 ol 4] B4 3HE THProst ef al., 2007). PhoP
= 4Hd pH 24 ol A] EHAN 9] Lon vl 7 B84 2315}
o, 0| & F3| Salmonellaz} EHAN'0|| o]gt 94| Av}E 5
5
<

171 $18ll S22k 2] PhoP 7} ZAHE uff 714] PhoP 2] 273
Aoz P oAl w3t Heds -tttk Choi e
al.,2019).
EIIAY o] 9] 9] Th2 H - QAbHgA 4 948 53
A i o] it ofg] Ba17} ZAZHcK Table 4). EIN-2
A3z 7148 w5221 Legionella pneumophila©l| A 7] 2]
Q1A= g1l %] ¢l th(Edelstein et al., 1999). ptsP2] S o]
T 71U ¥ 2L9] FHo| A L. pneumophila®] 54 522 4
Al #3 . H(Higa and Edelstein, 2001), Pseudomonas aeruginosa
9] ptsP &AW o5+ ESt Caenorhabditis elegans slow-

s
=
=

Ml oox L&

>

O SsrB

Phagosome

Salmonella Py
o) .
PhoQ SpiR
X b 1 b
High EITAN®

© 0 0 0~+P
© 0 0 0P

No Activation of Virulence program

Qe Qv

killing assay& 323 of 2] <524 32 Ul of| A WA o] Fa7
grol =)t Tan et al., 1999a, 1999b). T 0] P. aeruginosa
e Al Yol A AteHE] AEY A e SR
Q] 1}o] @ AJopd -2 A A=t (Mahajan-Miklos ez al., 1999),
EN"2- P. geruginosa®] o) 9 AJobd 4] 24 of TodFthXu
etal.,2005). TE3LE. coli®] NPr2 lipopolysaccharide (LPS) 2]
A g of] Tosh= LpxD o] &S =8 dh=t|(Kimer al.,
2011), LPS+= 218 S/ Allet Al i o] @ 42 JSHH-5
Tot= U EAE A8 4= Stk F7HRE. coli®] ERIAE
S} e 2 NPr&- e, ok, Z12] 3L SDS9F -2 Af| i A
Eg & f Eof 93k vhga o] itk Harrt Qlrt
(Lee et al., 2015). Pseudomonas aeruginosa ) EIN"-2 <3:9]
o] g7 Y Zo gt A/ of| ToJh=t, P. aeruginosa2]
pisP 7V A& 20 A|e & okahA)7 3L Al A5}
of| A Esh= wrojohul 2 9] pulmonary collectin SP-Aof] B2

W2 Xt Zhang et al., 2005).

M= L/ 2HHof| M2 kS =E: Foby, oMd 5= X
E 3 ppGpp d&td ==

ppGpp+= o2 F-AAFS] HE-& 24 sto] 9JF AE 20
ol W52 w7 ok 72l 2 Efo] =0tk Escherichia coli
|41 ppGpp <] g~ Rel AL} SpoT ] &g o] o} 28 &=
H|(Boutte and Crosson, 2013), RelA+= o] = Ao] A AFSH
o A ppGppE FHJ5HH, SpoT+= o] & 7hEafgict. et

g Lon protease

QD
QD

@D Lon mediated degradation

Activation of Virulence program

Fig. 4. Regulation of Salmonella virulence program expression by EIIAN". The expression of the virulence gene of Salmonella is inactivated due to the
inhibitory effect of EIIAN" in the early phagosome. After acidification of the phagosome, PhoP and SsrB activation proceed through phosphorylation by
PhoQ and SpiR. Subsequently, when the concentration of the intracellular PhoP-P reaches a certain level, the EITA™ is degraded by the Lon protease, and the
additional activity of PhoP and SsrB increases. Consequently, this mediates the expression of the virulence program.
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Table 4. Summary of virulence regulation processes controlled by PTS™

Organism Phenotype Regulator Mechanism
Reduction of virulence and resistance to host o EMN"represses expression of QscR, which in turn
defense system in p#sP mutants ’ controls pyocyanin production
Pseudomonas aeruginosa BIANG o for biofilm iibition
t t
is required for biofilm inhibition in the EITANT Unknown
absence of upstream phosphotransfer
tsP is required for virulence gene expression in
Legionella pneumophila pi q g P ? Unknown

host cells

EIIAN" negatively controls SPI-1 and SPI-4
expression and thereby regulates cellular invasion

EIIAN" controls propionate catabolism and thereby
EIIAN unstabilizes HilD, which regulates SPI-1 in a
post-translational manner

Salmonella enterica

EITAN" negatively controls SPI-2 expression and

EIIAM prevents the SstB protein from binding to its

. EIIAN
thereby regulates pathogenicity target promoter
Ntr . B
EIAN is required for delay of virulence circuit EIAN EITA™ negatively controls expression of
PhoP-regulated genes
Increased LPS in a ptsO mutant affects biofilm NPr Dephosphorylated NPr interacts specifically with
formation LpxD
Escherichia coli -
Hypersensitive phenotype of the ptsP mutant to NPr Unknown

cellular membrane stress

S = QA A 270l A SpoT+=ppGpp A4 40 &
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SpoT2T§_'— 7HA] D:](Brlgham etal.,2012), é_]!]\_ é{j AYsto]| A
SpoT2ef &J3t ppGpp &4 o] F-=H t}. Ralstonia eutropha2)
ENAN"E SpoTe} 41528510 ppGpp2] §He = dsl=
g, Q14kek A o] AN = SpoT 2] 7158 4 84S o
A5t ppGpp g H A 0] BAJS 2 E FE3th(Karstens
et al.,2014). FE4 o2 WA H ppGpp+= A3 o 4] DNA
A, RNA AL ¥ o] I of] AREA] © &2 IRk m] 2], 1}
o7} Af| 2z 5271 2] X138 o R A 4= A tHRonneau et al.,
2016).
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F7H 7= 24 = 2HgRltt
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32} (chemosensory) E-3-4| 9] 34 w3} 4F % 2851
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© = o got, X127 0] o] thew PTSV S A

oAk o] @] ThoFe Al U] Ae A g2 2 shs Ao U
AT Solut o S AY] 2% QL] S8Ale] 3

Goh= EINAN = A2 W N/C §7152) tiab 28, KY/Pi 4
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