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A7} )R] Wl QIS 1o Al&3tar gEs)
Al A&k A AES A 541 2o, tidds 2
2 WAEZ AENME st Fele] #7420 H AaAG
717e] Ag3tal ot oleldt Alsde 7L B
FolA A FRAe] HHE FAlo 2dd=
w7 23] ZE TR, 22, 29).

o3 AFEL] FHAANEL 25 AElF, 8744 g 9
3 2AE ==, Leucine-responsive Regulatory Protein
(Lipy= toll A 215 L “global ZHAPEA o 87
AR ZE g wiA e leucine &%) A8t o2
Axpe] WS Al 2Hgk(10, 30). ©]2lgh global ZE A}
g A7 g S Al AsetE 54 o RRE, vl
FRAA A 2 AT Tl o|27174A] Bl T L
ATH?22, 36, 41). Newman} Oxender= 1970 At 345} leucine
o 9t MZ FHH gle FEL LIEEC] JFS Ue RS
T3}, leucine®] tdtoll A 24 A 2A 288 4 dokal
Aokl Th(17, 33). A2l Wl #iAlo) leucineS ZH7FsHAl
HH U uEd o] IR dhal As|E gtk
olFM HAag 2 A9l A= ipell J3te] =T Lip
2 4zl g o] vizfEjo] o] oA = AR yelgar, o
o] A viA|el A Akt o leucinedl] o]3te] IF 1FE 9
S A FTk30).

Ipe P& A1) ©F 20 minol] YIAEHA] E=H] A& of
U =ake] ol JES = vk 9o FAHE AT Q). Be
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QHEES0] Lpol| oJdte] 2L leucined] I3t Tt &
7} YeR}r] il ool tigk o]&2Q1 o] o, g
7HA el 7sAdS tidToll A leucine®] H2 FE2] AT R
A W] o g Aggrhs Aotk o] 7k 2 7HA 3
H=Z JFH} ¢oE E9 LipsE WIZlZ 3§ leucined] 5] 3
Elo]=9] 28 SUIA7)ar, B2 o}u]:=2k9](serine, threonine)
o] F3lE 1719, R A5 o= itke] M-S THAA)T]
+ Aolth?25). Leucine©] ©]2gt 7I5S 98t deslo gz}
FAEET, ©o leucinee] @A FollA 71 Wol EAsh=
ofu|i=itolm thdtoll A EalE A e7] wiiEoltt.

SEANE $-2)7F &3t e AFe 2 leucine®] “guid <]
3= Yehll= Aol 19, Lip global &8 AAGNA leucines]
Ao sire oz B2 A7t Jas|ofop & FA|o|}
Lepoll #3F &= dhte] #4S LipS DNA A ehdgx =2
717F AL, geo] wHEs d714 @ EEQ] HU, IHF HNS$H
2L FRE ERshe Aotk sHAY o]5 @A ST} Lipotel
7P & AolHe Lipel B s 9 L7} A EAjol| 23}
of 2H=E ¥ HU, IHF, HNS= 1374 gth= Holoh
(10).

B FAME global 28 71H 02 ZEEY TE global £
A dde viste] @ ¢EX Lp € Lip-regulonol] tgh A8}
k4, EA-E4R0 5AS AVl o] &8 1 Eslara) g,
Lip= 197090 tigtollA] o2 A+=7] A&t o]%& Z
Ab 24 e gt el E olE AR st Ao
Aok 53], Aol G4 35 Ve waEy ) /1A
AT et o] F-HA ] Bl 11 AT, 36),
o]F7re] HlnL A Fol FEH AT (19), U TR} HE-
O FZ7} 2AE7= s th24). WEbA Lp 2 Lrp-regulon =
A AAs WAL EustE QIAste] 1A T 2dd
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I AHEE wgshs 713E ofalisrel T2 2l AlAE B At

Lrp ¥ Lrp-regulon o M5151% EXISHMEE SM  pilin®] AT FHAAES SH=UACKI3, 14) (Table 1).

CIESE T ol 7‘4___]_0‘
Lip= pl &k 93& 2be 9714 wijdolr, v 2ol & Aol me 243 T2 AsjA7H, o] 7 whid 25

7= WIZF 18.8 kDa |3l 10 M B=E o)/de] Qo= ol

A= *ZHUPE}(BI) el A Lipll jste] 2= ool

891 3400 Fefshs §aA 5ol 0) ¢
gl BeASNE W8 A &

(Table 1).

Lipe AAL 24 T A Z A leucine/Lrp regulon®. 2 &2+
oY 2F FAAES] Hds 2HsH He
of we} opmlieite] FHA(ivA, serd), oHv]=

51 one carbon THA}

2k B3l (sdaA,

Lrpe= Crpo} HIS=gH EL7]9} pl &< 2t

Table 1. Functions and characteristics of the genes regulated by Lrp

Functions/Genes Product
Amino acid biosynthesis
ilvIH Acetohydroxy acid synthase
leuABCD Enzymes involved in leucine biosynthesis
serA D-3-Phosphoglycerate dehydrogenase
ginALG Glutamine synthetase (g/nA4) and genes that regulate gInA (g/nLG)
gltBDF Glutamine synthase (g/tBD)
ghA Serine hydroxymethyltransferse
Amino acid degradation
gcv Glycine cleavage pathway
tdh, kbl Threonine dehydrogenase; 2-amino-3-ketobutyrate CoA ligase
sdaA Serine deaminase
Transport
livJ Binding protein for isoleucine, valine, and leucine transport
livKHMGF Binding protein for leucine transport (/ivK); membrane components
for branched-chain amino acid transport (livHMGF)
oppABCDF Binding protein and membrane components for oligopeptide transport
ompC Outer membrane porin C
ompF Outer membrane porin F
micF Antisense RNA; translational inhibitor of ompF
Pilin synthesis
daa F1845 pili
fae K88 pili
Jan K99 pili
Sfim Type I pili
pap P pili
sfa S pili
Stationary phase genes
adhE, fbaB Alcohol dehydrogenase, fructose bisphosphate aldolase
csiDE Genes induced by carbon starvation
dps, gadABC, hdeAB, Genes induced by acid stress
sodC, osmY,
osmCYBE Osmotic stress
treAF and otsAB Transport and metabolism of osmoprotectant
rihA Pyridine nucleotide hydrolase
talA and tktB Transaldolase and transketolase involved in pentose phosphate pathway

[Modified from references 6 and 36].
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g W Ao vFo] B W), Cprl B4SkE dAlEgel
F9% 48 s AHY L7k ol alabge] Fad
AYE B Ao FHU, EF el ofale] Wlo] 2=

Aol Sjo) AR Wk, 27). Lipte 7 A o] &
Ask= DNA 2% @& oly major nucleoid-Z23 T de o}
“34 L& opm|=4ke] (16, 25) B HE(31), S ofH] d Ao 7HFHI JukS, 39). Lpe R 7FAS] 2832 o]
=], o5 AL BES EAs7)=T 3o leucine©] 1
Sg TERE RAAE SO vl ARG, AEATAG S Tas AeaHe
o] I A Lpdll ot 2AHE Ao® dEATH10)  ATElthd, 5, 30). 2lEEC] uncharged-RNAES] =3 %]
< o "%@Q“ 28 LEF] =21 guanosine tetraphosphate
(ppGpp)’t Lip 73S ZH3HA H™(23, 41), ©o|AL Lpd] &
g, irp2] EAHo] ’go] opm|ieite] ARE HAmA| A o] Fo R FH] 7]l A
olFHE Aoz AWHETK23, 36). Lipe AT °F 10%9]
tdh), JE) =9 $=5(oppABCDF) 59l #sl= QHEE0°] A} dr e s vAE AR AL FH0H(22), HEe
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microarray 2] A7 A7 @ FHS B3t LpY AAZER
i) 71l digk G&o] 71E= ATk, 22, 36). 5 Lp st
Lip 9] 775 vwg A3 Ay} ZA7olA dd== 2009471
o FAAL F o 70% AT} Lipd] FE wh= Ao Yehdt
on, 15 JYE A9, wEke 7K 2 RS 2E
2o FAF [F-HAAE|ATH36) (Table 2). E3F Table 2 2
Fig. 1914 B nle} go] A - 7P F oz Lpo] J3s we
715402 AA7NA dAEAY A7)0 BEEE FHAE
o] gjio), Yt ~EY 2 AN FAA W] B}
= sigma factor®] RpoSol| 2J3te] ZAE = - HAE] ATH36).

Lipe] 7152 Gol tigt bp FAAR] Eolo] Ag f2
2 A7 Ax, opue W P DNASY Al Fash
Ha1, 3¢ FE2 AAF @Adstel] st dFolH, leucineol] 7
3k 7l28A] g o 5o 3 Yo w FHETN32). Lip
o] X AR ot opu)ie Wk JHolA DNA AF =
E]3ZQ] helix-turn-helix 7271 SAJ8HH 7125A] Tt g ol A
£ o2l RNA 2 DNA 2 TN Yehes of EFF=E
7} BN W, LipAE 7HEEA] Bt F99] antiparallel p-
ZT TEE 53l FFolFAE I Aoz wEHTh24).
Lip7} & F-2lol] A3 w9} Lip o|FAI7} Z42ke] F-$je0 4
o= A3 3 Bl A== A0 FegRo] ZAH=UE
g, Lip ol&A= wi$- eHdste] o918k subunit assayS 5351
M= Lp GFAZA 9] sE)E A= F fIATh).

Leucine®] Lrpdll WX &75 AEja] BHA leucine o}v|=
sto] Yoz EAE wf 252 A (23) 283 Arke As F

gPdate] Global 24 @A Lipe] B4 241

& 5= glom, o]o we} opw|it gl FEwal 943
o] At el AAF leucine L AHAZ AS 71
3L st TR opuieqbE ) B3] Bl leucineo] EA)
g Aolth(10). webA] thdtoll A leucineo] oFr]i=At )] A
T2 Agshs 7|HoRE PSS Ao AzEn, oj9f e
o] it g3t FAE AN TFe AL o 2 o=
FEETH10). F o= LH&] Agle L7t F34 HEs
2gshr]71ar, B ofw A9l JolMe AsiA7IA Ent. 7}
3 A Hese JRHe oA e 24 thide ke
(leucine)®} F 5282 3P S QWEES Z2H AN
T A=7H’ e otk

HA7FA 282 Lip/Lrp-regulondl] &J3le] B E= Qv 2
FolA TFE EAA FAAES BRI o3 2t 3A,
Lip7} ol® fxxte] @3S 43MA71 AU AjA 7<)
leucine™} AHHFE a3 2 ZH8sl= ZA9olth oS &9 Lip7t
ivIHS] Z2REZ JFE9] HAE AFA7IE leucine©] ©]
BIE AFAIZITK3S). §EAC] Lip7t opa)ieat #aljo] Befsl=
sdud T2REE FE ] TS AJ|A)|71A| == leucine ©]
QEE9] WS FEAIZIA FHH, o]AL olul% leucine®] Lrp
o] A3l 28-S skt 710 Aoz AIEHTK(10). T ¥
A A<= Lp7t B3 52 AsAE 235 vehlierl
UoIA leucine®] EF-o] BRZF 7F9-olrt. o]2fdt == Lip7t
livsok livKHMGF &el] lojA oA a3E Kol 9o
leucine®] E. 231 (17) Lrp7} fimBS} fimEol| 25t &A3}==
Type 1 pili&] 73 0](phase variations) E7}7} leucined] 2|3}

Table 2. Stationary-phase genes regulated (directly or indirectly) by Lrp [Obtained from reference 36]

Gene ORF Fold Gene Fold Gene ORF Fold
Prior association with Lrp (6 genes)
aidB b4187 33 osmC b1482 5.9 poxB b0871 8.0
csiD b2659 2.3 osmY b4376 8.9 yjbJ b4045 1.7
Association with Lrp revealed by this study (47 genes)
adhE b1241 2.9 aldB b3588 33 amy4 b1927 8.9
appY b3515 2.1 blc b4149 3.7 bolA b0435 22
cbpA b1000 3.6 cfa bl661 3.1 csiE b2535 49
dacC b0839 2.4 dps b0812 4.7 fbaB b2097 84
fic b3361 2.7 frdA b4514 2.8 gadA b3517 12.8
gadB b1493 11.2 gadC b1492 6.0 gst b3447 10.9
grxB b1064 2.3 hdeA b3510 5.7 hdeB b3509 6.1
hdeD b3511 34 katE b1732 14.5 kch b1250 2.1
ldcC b0186 2.3 mirA b2127 5.0 osmB b1283 32
osmE b1739 44 otsA b1896 104 otsB b1897 72
sip b3506 4.9 sodC b1646 3.1 taml b1519 3.6
treA b1197 6.7 treF b3519 22 wrbA b1004 15.7
yahO b0329 49 yegB b1188 13.0 yciF b1258 24
yeiG b1259 4.6 ydcS b1440 23 yeaG b1783 7.0
yegaU b2665 6.4 yhiv b3514 3.2 YigB b4269 3.0
yncC b1450 2.7 yohF b2137 3.1

Genes indicated in bold are annotated in GenBank or reported in the literature as being regulated by RpoS, others are associated with stationary
phase but not necessarily controlled by RpoS. Underlining indicates coregulation of the highlighted genes (Pearson’s correlation coefficients of >0.5).
Fold indicates the reduction of expression in the Lrp" relative to the Lrp™ strain, measured in cells grown in the absence of leucine.



242 Chan Yong Lee et al.

100

01}

Lrp7/Lrp* Without Leucine
|

F

10

oAl = = o]

0.01 PEPIIPITH ISP ST e
0.01 0.1 1 10 10

Lrp/Lrp* With Leucine

Fig. 1. (A) Cluster analysis of regulatory patterns shown under
diverse conditions by leucine-independent, Lrp-responsive genes. The
area shown corresponds to the upper right quadrant of Fig. 1B, and
the square indicates the 2-fold response limit. Spots shown in green
correspond to genes that are coregulated. In an initial correlation
analysis of 57 known genes in the Lrp regulon shown in Table 2, four
genes (osmC, osmY, fbaB, and poxB) were identified with very high
Pearson's correlation coefficients (>0.7) with respect to one another,
but not with other members of the regulon. (B) Lrp/Lrp" gene
expression ratios, in the presence (x axis) vs. the absence of leucine (y
axis). Spots corresponding to genes previously known to be Lrp
responsive are shown in blue; some are labeled. The square correponds to
a 2-fold change in transcript abundance in response to /rp mutation.
(C) Results for the aminoacyl-tRNA synthetases produced by E. coli.
Colors and square are as described in B. (D) Results for all genes as in
B, but spots shown in green correspond to genes known to be
associated with stationary phase [Modified from reference 36].
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7FssHAl "ok, 7, 8). Al MAl= Lip7t 843F 52 #4171
=9 FHglo] leucine®] LrpZ} #HE ZHolA FA3t ¢
°]th30).

3 279 Lp 22 AAE 11T W leucine®] 47 TS §
B2 t-gstAl =l iniHe] 735l A= leucine®] Lrp
9= FEIA Ha134), fimS] 750l AT leucine®] Lip
Aol Qs pape] 79l dolAe o a3t ok
(10). Leucineo] PIX&= 2] 714 gelQ] Lipolle] Gl tish
o|EE50] ANEI =T, & 71 7Fsg A2 leucine®] &
XH?:’J_” LLH-@r %—Zﬂé—]'x] s consensus sequence7]- =2t A
o, & & 7}5AL leucine©] Lrp7} o8] -9lo] Z3E =
FEA G VXA Hrhe Holth28). kA tE L&
E9] Lip A% F-9lolA Z7] e ihHo g pAE o] o= A
o AAME leucineo] FEEAE 1 o= A9l Slojrl= A
| aYE v)X= Ao g AFFHETHR6, 28). B TS AW Lipdll
oJ&le] FE)= DNA bending F50) leucineo] FZS 71X
Hoh= Ao 2(10, 30), 16712 subunit® 2 A% Lrp Thifd
o] 87 subunits® & ©]FZ Lrp-leucine A2 o}w|:=Ak
leucinedl] 9J3teq 3jE]E& S FESIATH(, 12).

Lrip= 2] =WollA Nitrogen £ (Ntr) ¥Eg-ol] #sHA &
t}. Lipe gtBDE E3IA171A] E=t] o] AL Nir Hd §Eg-o
Lrp7} 87" 0= AL u|dti(15). Lrp A alanine, serine,
83 glycine?] WAL G TASHA Hed IAELS
glutamine synthase®] feedback AS|A|S o]t} t]L-0] Nir T d
o] &Rl Nace Lipell oJste] 2793} Q€21 Serd} glitBD
£ AiAITKS, 21). TS o] SAE T ARES S8t
H, Lep2}t Ntr 58202 ompFS} oppABCDF, ydcSTUVW, 1
23 yeaGHE BA8e= A2 HAZIT(36, 40). 2.9FstH
Lrp= Ntr 53219 &&-& 24314 =W, Nir ¥H8-9] 28R+
29 Lrp T FHAES HAS =43 €t

dRYol FFMY Lpe 7I15S olslisly] flsteixe
leucineo] EAE wfo} EAeHA] &S W] Lpo] &HE 22
a5 B Fa7F Ao} Leucine©] 12 Wl Lrp= glutamate
synthase®} pyrimidine nucleotide transhydrogenase®] 3423 &4
SMAIA gl 9 VA 71E F F NE Al "ok
(20). X3} leucine®] EA3HA] 2S5 W] Lrpe serine deaminase}
alanine alanine dehydrogenaseE #3514 shozH Il av=
dEUole] Fev|=qte] 43yt hRuole] A (b A
o] B3l) B} 2A Fu} LeucineS H7FSHAl =8 glutamate
synthase2} pyrimidine nucleotide transhydrogenase®] 39S k1t
A7, opm| At B8l EAE SASAIZITH3S).

Lipe oplieit A9 d8elA d=Ryol F5=¢} ofu]igh
s 2k 3 247 AEshs ZoE Bl o] 7Md
< Irp EARO} opn| =t FI TS FTHAIKITE AE A
40yl ©J3te] AR} Lipe= kol A (Table 2, Fig. 1) AFE
ule} 7o), A2|7el| o]2eA Uehte F3Ar Hade] Az
BT Z1ok@lER) Aol HolE vislishe ASE AFEATH2L,
36). Azke] AgellM= opr|At Eafjabge] At Ao 7]

i
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ofe] ol A= opulieit AR (FEY oL T EFho] £ o
2148 Aoltk(10, 29). Tk Lrp7} opv|ieat Bajabg oz ¢k
EUole] F55 2 FA leucine®] oF)=AtF 2 g
oA indicator &S 3HA & Aot}

Lip= LysR¥} 722 & 4 @il 52 Crptd FNRI} o]
Z G 2 A= A S Bk oy, host-
factorE integration A]7]= DNA binding protein &2 histone-
like 24 SRV AAAAZ Holx| F=rh10). Lpe TH
asparagine synthaseS Y3 3= amndQ] A FHAR! asnCF
oF 25%9] opv|:=4t ME FEAS ZETh39). FAE o)8g
Lrp2] &4 Aol 2514 glucose HAB|A|oNA] Al AT Al
XE2 AIE T 9F 3,000 BA] LipE 243 Q= AR F4
Hh39). F<A leucine©] Lrpet 7} EA3stel Aol W3l 52
FEFS VE F UAES7P o] B oStA LipZt iviH
DNAY| A== AEE leucine®] HAAIA = a3} -5
Hou TAse e AR Lpd] Wt dx8HA &5
© AF%S BQA, S 32 FEXE 10~50 mMe] w9 =
2 559 leucineo] BL3IH13). § 71A] 7V AHL Lprt
leucine®] EAE wfe} EAFA XS Wl THE  consensus
sequenceS Q14)SIth= Aot O]T‘E leucine®] Lrpoll A HH o=
g8t Lipot 2H8atAY -2 554 o83 285 DNA
9= leucine®] ZE3FA] &S Aol 7HA o] A= ot
TS LipZt leucine-regulated FAAE2] T M= A A
A A Ag3ar 9o, AlEWe] B2 479 Lp w4, Lip
217} DNAZ bendA|Z F A 59 (37), 283l Al =2
2H 725 G = I E_?l 7;53}’*‘:(37) Lrp7]- SzR P
organizer= 23 ZFE 9}1:]—(14)

\:’E

b
rr
i

Lrpe leucine®} 7 tiwte] of8] o9 wdd] #os)
Al At o] AANA 7FE Zr|EE AL leucined LipZ} A5
28-S 31 Lrp-regulond] TS 23 FEE Holtl= ol
Y] o2 global 2 @ADL} vXIRAR Lipe 5oldt
ZH7to]7] W] HE e uEe] ol H3kehA] ¥l B
L2 Id -l TASIA ETKTable 1, 2).

Leucine/Lrp-regulon®] 714 2 o84 o] sh= thAl 2He-
ol A2] o]e] Aol gk YREAR] 7]o] oA 7A] o] FoiX]|
Al Fkth= Holth AlE 9179 leucineo] ¢ Bt o] thalh
AE -z Aol tigh B2 Tt o]&0] AARARE o}
ARl oo YA = e Adejoltt. of¥A T =4
o] 2o F7he ol A 2FLdle] Sme Ou|REe] uE
S ZAANZ F doH, AE9A leucine®] Lrp = WSiA]7]
o, Lpo] &l FQ3HA =i g ofBA ot JEs =
T gl Aol vz Fa3k o3-S st A= leucine
7} Lipote] s ah-gol B3t A=e A7 $EFojxoF &
Aot}

AU Al (Enteric bacteria)ol| Al frp +2AKe] R84 FAAAE

5te] Global 28 ©lAQ] Lipo] B4 243

v Zv|23-d) A4, Enterobacter aerogenes, Klebsiella
aerogenes, Salmonella typhimuriumo| X QA 164719 o=
o2 olojA LipE Wma thie) Lps} SUsAL T
A ) Brme opwlimgivte] M2 thEw, EFE 90% o]/de]
DNA 917 N9 58S RATk1s). )9} o] B AEHS
HolE AL Lyvh ti) 482 Taskedl dold g Fad

SO B AV AT Ak T Lrh Bl ol
$ =& Bol4S 7MHoZMN global A HEE Ffar 9o,
ZREE 5 O A s AR 2AE 453
A0l Zekslel o] Wi} 2ww}e BAjsle] FEAEo] B
AT FFHE o5 AT 4L 2ANAT AN
& 9l oloRE o) FFsRe Balse ARHE AN
T LS Ao AlgHT)

FHA DR 2 W s RN b F2T 2
FRAAZA o] §84) olal] fEEE AA T 87 A
30 B IRz BAE 2 Bk 4 9] 2Rl Lip
o elsled 248 Aoz AZEY EAHA AE Lipregulone]
leucinedl] &J3}e] Th2 Felo] A S HAt= Holth(o,
19, 30). °]9} 22 A- 2HS 2= Lipt leucined}e] 35
Zhgoll tigk 7118 k] 918k Askehs, BATAEE Al
A9l A7} Q4w O]-‘E global &4 7|38 gRksl A1 5
e BdS AN = S AR TdE

Zhtel 2

Fdujetn AAATHIe) A9
olell ZAR= T

o] =R 20pd= of 2J3}

ATER
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ABSTRACT : Biochemical Characteristics of Lrp (Leucine-responsive Regulatory Protein) as a Global
Regulator in Escherichia coli
Chan Yong Lee*, So-Young Kim, and Ryu-Ryun Kim (Department of Biochemistry,
Chungnam National University, Daejeon 305-764, Korea)

Leucine-responsive Regulatory Protein (Lrp) is a global regulator involved in modulating a variety of metabolic
functions, including the catabolism and anabolism of amino acids as well as pili synthesis. In addition, there is
growing evidences that Lrp may play an important role when cells make transition between rich and lean nutri-
tional conditions. In this review, the biochemical characteristics of Lrp are described to provide a good example
that shows how bacteria adapt to nutrient limitation and environmental stress.



