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Cross-reactivity and Protective Immumnity of Streptococcus pneumonieae ClpP

Hyog-Young Kwon, Sun-Suk Lee, Soon-Bok Lee, Suhk-Neung Pyo and Dong-Kwon Rhee”
College of Pharmacy, Sungkyunkwan University, Suwon 4440-746, Korea

Abstract — ClIpP is a stress-inducible protein and proteolytic subunit of the ATP-dependent Clp protease in prokaryotes
and eukaryotes. Although its physiological roles in bacterial virulence were widely studied in various organsims, including
Streptococcus prneumoniae, until now the immunological effect has not been investigated. Here, we have examined the cross
reactivity of S. pneumoniae ClpP antibody with other organisms's cell lysate proteins. Although the protein sequence of S.
pneumoniae ClpP was highly conserved among various organisms including human, the antibody rasised by S. puneumoniae
ClpP was not cross-reacted with other organism's cell lysates, which were Saccharomyces cerevisiae, human lung A549 cell,
Bacillus subtilis, Pseuomonas aeruginosa, E. coli, and Salmonella typhi. It was only reacted with S. pneumoniae and Lato-
bacillus theymophilus. Thus we examined the immunoprotective effect of ClpP by immunizing mice with the purified CIpP.
The mean survival time of mouse was significantly increased with the ClpP immunization. These results suggest that S.
pneumoniae ClpP could be used as a vaccine candidate for prevention of S. puneumoniae infection.
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| H o (Streptoccus  pneumoniae)= 73 2] H]AFH
(nasopharynx@llX] 30~50% 7} A& AlFo2A #-, 7
nhElAAd A, FE, ol 59 AddolY egA A
2 23 7} Thgf Balelle BEeha ofF 5~10%9) AAMES
JER L Aok 53] foht okt Agelis ¥ H& ANE
& Uehllo] AMAIA R viid 400703 o)de] HPOE A}
Waka olem® Ay T FAA vdel ¥ Straine] Az
HGT-d 289 AFEEo] 23% of o}21 Ut HH e
AF ATl @odrtol F-553h v|15T (nasopharynx)ollA] FF
Fo] F5g P ko g HEshAX & 3ANSE [AEY o)
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Transparent strain® % Zx)|8}9] Surface Choline’} Adhesin®]
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BEAAA wils- BRF o7 EAshy U heat
shock proteim AEzA 874 Wt opje} ) ez A
Xo| A AAIs trt Aol Fash dghs i AoE o
A Ioh? HSPY) UA3 715 w2 84 Axd
29} 2 Yy A% 27028 NIE BRIt MErt A
8 £ JEF sk Aotk o]F HSPEL AEA TAH
Az wFo] A FoA AL Mo (translocation) HxF F
3FiL, B3 proteolytic activity® ©]&316] B]AAFAQI protein
Bl A71e dge dubd HSPE =)ol wheba] hsploo,
hsp90, hsp70, hsp60, 2 small hsp family & 273} o)&
oA hspl0OO/Clp family @A L ¥ %o ths 4
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(thermotolerance), A3 72 9] £ (proteolysis) &2 4
transcription 28 5 tjeFdt 7152 g@att}3? o] familyoll
A& 1 HAo] vHARALE E. coli ClpAo]d, ClpA¥= ATP-
dependent protease®] T4 MESFA m wvitroo)A ClpP
protease®t H3H|(Ti, ClpAP)E ¥44319] caseind #3llsl= &
2 (caseinolytic protease) 2 XE #3515t ClpA, ClpB,
CIpC, ClpX, ClpY @iz g3 g7 28 AyEo] 3530
2 2AEE Gl familyo]™® ClpPs} ddtelo] 54 iz
o] Hafjol] #FTEY ClpP &5 2= peptidase 435S 1}
EpiA|et, Clp family ©h2i2a} 93tslo] 49 Clp complexs
serine protease 24 zh=1} 20

A HadAd ° 544 Sk e 25, 459, pH,
H = oAt FE5S Wsle) e stressoll JIFS
Qo MFo] macrophagee] THEW Bu)H Abslhas 9
317 stress BAE wFo| HSPE W A|17)A4 @b at
2H4 S. preumoniae] pathogenesisellr] HSPS] i&hs 19
shz & AW X7} ool wjg Fastt}. £ Ml
Protease &= Al# AL FA A4 § omzg®
Protease &/ ztx Q& ClpP ©@9lde] 7158 st
RE #Ad7e] 548 olsistAY A gkt gt olo]
£ zt3 ok @Al HPF72) DnaK 7} FAAY 3t
219 HHPF DnaK AT Q17 T whgax] gos
2w 3eaAe9 A3t A8F ojrk, 22u) ClpP T
siXe Bagnl gleug B AFors HE e ClpP &
A7t o AEAS] g} §ARE] immunoblot w44 3}
o HyTe] ClpP A7F i, i, At HUA
¥ AT s whgskA] gkt et EE)AlE ClpP
o) WAl G35 gRlste] B oz A rsAdE ElE)
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TP capsule®] = vWEYA H-ETHR type) Streptococcus
penmoniae CP1200% 73 CAT vl =|(Casitone 1%, Tryptone
0.5%, NaCl 0.5%, Yeast Extract 0.1%, 0.175M K,HPO,, %
glucose 0.2%M, thd5F capsule2 T YA w1
D39(type 2)¥2} AA oA E2] 3 Spnl049 FF+ 0.5% yeast
extractE 7%t Todd-Hewitt broth v x]ol|A] sfekslsict.
Saccharomyces cerevisiagetr= glucose”} 2% X3 YNB wjj=] ]|
A, Lactobacillus thermophiluss= MRS XA, Bacillus
subtilis, Pseudomonas aeruginosa, Samonella typhi, E. coli~=
Nutrient B} X o)A, A549= 10% FBS$} 2% penicillin strep-
tomysin $F+¥ DMEM #i=|ol|A vlekalsict,

HiEP ClpP) CHEMIE

Hgoll= N ddol histidine ©] 4% ClpPE tiskdasiod
£2 JAE st ot ClpP Aol 3 histidine tag® ClpP
Atole] AAF-LY7t BT AGE BVl UFE A
ClpPx= C 2elo) histidineo] EX¥ ClpPE #2] AAsle] A}
£33t} 94 N @il histidineo] A9 ClpPg tiaolA
e dhd A7) 7] YA 591 bpol clpP RS EcoRl AH)E
231$t forward primer(5-CGA ATT CAT GAT TCC TGT
AGT TAT-3) % Sacl A& 2<% reverse primer(5-CGA
GCT CTT AGT TCA ATG AAT TGT TG-3)% o]&3lo] &
A3 DNAE PCRZE SEAIZ] & Kpnl 9 Saclo 2 Atsl
pET32(a) (Novagen)oll 4+%18t%d recombinant plasmid pClpP
(pKHY202)E 2Md3lsitt. C @adol| histidine ©] ¥4]¥ ClpP&
el A o= 2l 717] AlA= Ndel #HElE A9l st
forward primer(5-CCG GCA TAT GAT TCC TGT AGT
TAT TGA AC-3) ¥ Xnol Ar2lE& 23 reverse primer(5'-
CCG GCT CGA GGT TCA ATG AAT TGT CC-3)E o]&
3o} GAAl DNAS PCRE $FA)Z) & Ndel @ XholoZ A
¥ pET30(a) (Novagen)©ll 4¢13+e] recombinant plasmid
pClpP(PBCY202)% ZA3HAh. o1& plasmids ohz ¥
7171 Sl ikt BL2ZI(DE3YXl FAMEAIA & ZF8E 550
nm2] 3Fgelx] FFE7E 0.60 B2 W7k wiekslil 100 mM
9] isopropyl-B-D-galactoside(IPTG)E H7}8le] X80
IPTGE ¥ wds Aty A8 w& ddwalst
o] 2SR sle] FaAI7) F A 23 A Novagen)d A AT
2 nickel column chromatographyE AAlsH] ClpPS £a]st
it

ClpP THYZIo| EI&| Mt

23 ZAAE ClpPE 2mi2] Freund's complete adjuvant
(Sigma)9} 2 315t & E7]9] Fol 0.5 mk o] ujsh AL
Soick 25 Fof BUS W Z IYE Rl Ft HE
313 45 F A F7F AEFE AN E7]9 Aol A
Agste] 3 Fels v immunoblot2: AAJste] 34874
AFE HESISI o, titer7} 7P 2 67 Foll AAolA ot
o HAE AFHFIIL A2ollA] WRB Sl T s
o] g3& #2739 Enzyme Linked Immunosorbant Assay
(ELISA) *H& olg3ale] &9 titer & A3

Immuno blot analysis

HE 9 ClpP/t 1 S Sidzte] fAM38 #ls)
7] 918l anti-ClpP antibody$} immunoblot 2A)elc}. #H
T ol AEA gal-S 10% polyacrylamide gelef4]
2 7]9 %35} 3L nitrocellulose membraneo] # o] A7) & anti-
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Fig. 1 - Physical map of the S. preumoniae clpP locus.

ClpP antibody$} immunoblot3t & &A% ZEX ¥ 23 &4
(secondary antibody)Z ARE-51] AAEISItt. & nitrocellulose
Z 2%2 Tween 202 S8 Tris-buffered saline(TBS;
50 mM Tris, 150 mM NaCl [pH 7.2]) 402 Hz|slo] H|S
o]Z 9l -3 blocking A1 F 0.05% Tween 20
& 5-3t= TBS €9 A rabbit anti-ClpP &3 1 22
o A] 1A17F Ft A3 E50 FHA] HHEAIZATh Horse
radish peroxidase-conjugated goat anti-rabbit immunoglobulin
G(IgG) antibodyE 22} H|(secondary antibody)Z ©]-&3}
©} 0.05% Tween 20+ $Hi3h= TBS &<fllA 1:1000°%
3j4jato] whg-Al 7)1 #HALE 49 95% ethanolol] €31
N'N',N',N'-tetramethyl benzidineS Z}z} 7|du} wraiA|2 g8
AT,

ClpP CHHZEIS O|E8H MF ol THosiel 8Y B4

ClpP @28 o]-83t A< sk o]n] wxy Wi
2% ANsIAc). 5~6532) ¢ CBAN AA@Z 12¢ke)3
FEoE o] AIPO, @, A2 0= ¢k58A 2] pneumolysin
(PdB)9} AIPO,, ClpPg} AIPOZE 77t E7FAKete] Hejgl A
7k, AR A ZHzte] wilE &kl 10 ugs 12~149 (HH0 R
33] FARIoH A WA FAF 17 Fof] A EHE
Aot Z}zte) S AR RolA 7zt e uist
ELISAE 2A8F9 on] 3t HH 7+ £899° % immunoblot
2 s,

S £X

Zzte] g ghelo 2 HslA|Tl AFolA YR type2
starin(D39)8 TAAIZTE ZAA7E v o2 dEsia)7]
LpA] 25 Fof] ZAlEiT) A7 R Ab s N
Z wiR|ellA] 37°CellA 12~16A17F BleFs & 10%(vol/vol) 238
& 33l meat extract broth ol 458t M7 EoF 37°C
oA wjekst & 87 vl 7.5x10° CFUZ A3k 2
FF AE 7 B W3 HEeE FRIBlew 2197z
uj] glste] A3 AEAIZNS 71ESIAT 7 Tkl F3t
AEATE 2ol t-testE HAISIGATE
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National Center of Biotechnology Information(NCBI,
U.S.) oA Al&sk= BLAST searchZ o|-&3} clpPe} Q1%sh
FAAE gQElon £ o AEA ClpP @A} &
AME &5 thFig. 134 2). clpP +724+2] Open reading
frame 2ol o HENS) promoter 7} ALY LM TEE class
Il heat shock protein regulator$! CtsRe] ZA@st Ae
(A/GGTCAAANANA/GGTCAAA)7} promoter A12] ¢} 53 =
o] SISt o)A R Kol HEHTH2] cpP A= positive
regulator & & 24 & WO} negative regulatorZ CtsR
of oeff AAlEE Aoz FYHrt. BLAST search 3t31&
W cpP2) F7IMLRRE F5FE ofvlieit HES HE A
E319 ClpP member®} &2 F-AMIE UERUSTH 53]
Streptococcus salivarius®} Streptococcus agalactiae®] ClpP T
WA= 242t 88% 2 87% UAI5H S = (identity) 91% 2
92% 2| AV (similarity)y& YERNITHFIG. 2). B8 L. lactis
ClpP2} 89%, Enterococcus faecalis ClpP$} 81%, Staphylococcus
aureus ClpPS} 79%, B. subtilis ClpP$} 75%2] FAMdS Lt
el 58] Homo sapiensh= 70% 2| +AH9-& YERY
A,

ClpP &2 ofu| At B vl 23 HAFeE
L FF FAMES el o (Fig. 2) 53] serine protease
9 BAR-YE 4= = serine-96, histidine-121, aspartate-
172 77] FEo] ml§ H& 529 BEAE YR

HETH ClpPe| CHEHs 3 =2

BT cdpP FERE A3 el IPTGE 3718l o
2ol ClpPS f %% E(Fig. 3) nickel column chromatography
AAr1sto] 250 mM2] imidazole® $HASH= 8.9 F elution
13i& W CipP wle] 2% rh(Fig. 3).
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BC MSYSGERD 8
Hs MWPGILVGGARVASCRYPALGPRLAAHFPAQRPPQRTLANGLALGRCLHA 50
Mm  MWPRVLLGEARVAVDGCRALLSRLAVHFS. . . .PPWTAVSCSPLRRSLHG 50
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L0 L 00 0 & O/ 013 O]

Sp 193
Li 196
Sa 195
Lm 1 195
gs K AL THT 195
Co ) LIV (ERK 196
St ) SELTHR 200
Ec SB_THR 200
Hs  MELKKO : VLVHP 200
' ; VLVHP 200
So B ... ... 196

o WK 199

Sa TK......oo 197

(m BOLKG. ... ... ... . 200

Bs EDKK.......... ...l 199

O

St N 201

N 201

Hs PQDGEDEPTLVQKEPVEAAPAAEPVPAST 229
Mm PQDGEDEPELVQKETA.TAPTDPPAPTST 229

Fig. 2 - Sequence alignments of S. pueumoniae ClpP (Sp), S.
pyogenes ClpP (Spy), L. lactis ClpL (LD), S. aureus ClpP (Sa),
Listeria moncytogenes ClpP (Lm), B. subtilis ClpP (Bs), C.
perfringens ClpP (Cp), S. typhimurium ClpP (St), E. coli
ClpP (Ec), Homo sapiens ClpP (Hs), and Mus musculus
ClpP (Mm). The one letter symbol is used. Characters that
are shaded in gray indicate the conserved sequence.
* indicates the highly conserved catalytic triad of serine
protease.
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Fig. 3 — Overexpression of the S. pneumoniae ClpL in Escherichia
coli BL21 (DE3). Proteins were analyzed by SDS-PAGE on
a 10% PAGE gel and Coomassie blue-stained. Lane 1, total
cellular proteins from IPTG-induced cells; Lane 2, cell
lysates applied to the His-bind resin and washed with
60 mM imidazole; Lane 3, 35-kDa fusion protein eluted
with 250 mM imidazole.

A7} AZr Az} NhgElx] gighom WAl TR EAe Br}
=3 g7190? ClpPell thaiA = o) 7FsAd e AT 4
CipP @¥izlo] th& AJEA ] ClpP familyt FAREA] ER1517]
A& o At i 15 AEAY AR £3197 immunoblot
& AAEIAY Ao R Gram-dH<] Latobacillus thermo-
philust HHTT D39 H el x Feld HH 7 (Spnl049)
= wkesld oy, E coli, Saccharomyces cerevisiae, B.
subtilis, Psuedomonas aeruginosa, Salmonella typhi 2 17+ 9
AT A5499) MRk 8] yhgskA] olotrh(Fig. 4).
old¥= HAH S ClpP ©¥zo] DnaKe} Zo) A SR E
A72A9) 7FsAE AAEkL ot

HEPo Clpbe| WA 55

@7 ClpP FA7F A7 2 oyt DA vhg-akA] o
we=g Clpbe] WA aHE 5733ith Pneumolysing -3
o= ok=slsl PdBe= @Al o] wialadpt Qlotal Bl H
71e? iz o2 PdB whlde AMgslict. HE7#e] ClpP
9} PdB whiA-g H7)o 2 Hoslst AARRE QrfES A
A3ty o)l Wit &l AP wF T AlEawAn
immunoblotE AAJste] ERIBIGITE AIPOE 718t &4 dixdt
o] BANA el D AFTFe] AEga A 7
& ye-akA] 9k=Zlol n|al(Fig. 5, lane 1), ClpP2l PdB whild

J. Pharm. Soc. Korea



#HF7+ ClpP 51

175 —
82 —
62 —
48 —

33 —

25 —
17 —

B)

o
® \)@rb N
Mw LS &

175 —
82 —

62 —
48 —

g O Q
T & e &

33 —|
25 —
17 —

Fig. 4 — Immunological cross-reactivity of anti-pneumococcal ClpP with other organism's cell lysates. Western blot of heat-shocked cell 1ysates
separated by SDS-PAGE was probed with polyclonal antibody to pneumococcal ClpP. The pneumococcal ClpP used to raise polyclonal
antibody was cloned in pET32a which has histidine and thioredoxin tag (A) and in pET30a which has only histidine tag (B). S.
pmeumoniae D39 (SpnD39); clnical isolate of S. preumoniae (Spn1049); human lung A549 (Human); Lactobacillus thermophilus (Lth);
Saccharomyces cerevisiae (Sce); B. subtilis (Bsw); P aeruginosa (Pae); E. coli (Eco); S. typhi (Sty).

1 23

<+ PdB

<«ClpP

Fig. 5 — Western immunoblot analysis of whole-cell lysates of S.
prewmoniae D39, showing specificity of antibody responses
to the protein antigens. The proteins were separated by
SDS-PAGE and then electroblotted onto nitrocellulose.
They were then reacted with sera from the groups of mice
immunized with the proteins. Lanes 1 to 3, nitrocellulose
membrane strips reacted with sera from mice immunized
with AIPO, adjuvant (lane 1), PdB plus AIPO, (lane 2), and
ClpP plus AIPO, (lane 4).

& oz Fie el 2] fiale| dgshe kel @
o band® ¥Heohz A& GRS (Fig. 5, lane 29} 3). ¥
Koz zpzre) vhilalel thdl FA7F A4S immunoblot® &
3t ¥, A 3 wljd 7.5X10° CFUY #HiH 7S B340
Fofatolnt. ClpPgE Foist AAES F7t EA7Hmedian

S
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Fig. 6 — Survival times for mice after ip. challenge. Groups of 12
CBA/N mice were immunized with the indicated antigens
and challenged 2 weeks after the third immunization with
approximately 7.5x10° CFU of capsular type 2 strain D39.
Each datum point represents one mouse.

Alum

survival time}> 114.3A3EC2A o] adjuvant(AIPO )& T
Fofgh T (66713 2ot @AskA dUthp<0.05, Fig. 6). PdB
& Ttk A= S ABE Alzle] 63.547E0. 2 A adjuvant
@GEFoidt TR 2E TSI o R4l Afo]
& Holx| YSiti(Fig. 6).
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Al HSP 100/Clp protein®] A7& T892 E. colill
A 71 Eds] B Hojrjar glow, -l = Bacillus
subtilis, Lactococcus lactis®} Listeria monocytogenes 5ol A1+
EoiR| 1 Th15%) Brlohz} oj2)7}x] eukaryotic cellollA]
HSP 100/Clp protein®} homologyS Zt:= proteinSof thsh <l
F7} A3 Zo]th 29 Hep100/Clp familys= sht = 719
nucleotide binding domaing 7FA 2 AT Z+2e} domainoll:=
ATP binding?} hydrolysisE $13t Walker A, B motif & X35}
3 glt}, o]9) 7ke- BAJe] HSP100/Clp familys AAAT(ATPase
associated with a variety of cellular activities) family= 22]%]
2t} o]5 Hspl00 familys= ClpP} A3lslo] WAE ey
S o7 YA HEHF= chaperone 7]5-& SV A
HAE chila]g Balighs R A4 (serine protease) & %
431013 widitolld Clp familyell ¥t 7= F2 ClpC, ClpE
Z13]a CipLell chslir] A7t HEg=| ot ob2l7kx] Clppst 5
g YAske G disiMe ezt gla vhet ClpL
olL} ClpX/t o1d 48L& 7hsel irka FHIUL ¥
ojc}h®

HSP f-4718] g4drlolz B2 WA 479 %5 727
Ao & &g njzY, AE# A 3 FEEE= ClpP
serine protease”} Salmonella enterica serovar Typhimurium
o] WXl FaS X313 Yersinia enterocolitical A=
adhesion invasion locus(ail) F2AH] LS 2%ty B
Hok3Y 283 Listeria monocytogenesell1= ClpP7} A 34
71485 H Ao f5Aolgtn BuEgct? B ATdx #Y
7 cpP ] Aol 2 HAAo] AA3] Fisiion th
2 AR Bl 4 vHvks A& B sIich®

B Aol #HF 72 CipP7t o A&A2] ClpPe) o}n)
A Y B HEGS VERARE o] 27 e Il
23y ok AEAe) duAy wxkb-g 4] o AE g
18} TH(Fig. 29} 4). =3+ ClpPE W33t B oA #HH 7
o gt o}t AA3E Rlstglom (Fig. 6), ol A2
AHZTe] ClpPr} vAlsH E4% o] g8 s 7Hs4E Al
A}, HE T ClpLe) WA g ol 3t Bt »ul?
olglell Clp familyel] &ah= iAol x Wil gatel thgt 5
a5 A9 AT Adeoirt. 1 A3l #lET+ 3,700 colony
forming unitg 57 o] o = diZdH ClpLg: Fo
o Aol AEAIZES o)zt gl ot HH A 37,000
colony forming unitE 57 ol FolR& uff Hg=A|gto]

22 3554 7k0| A7t ClpL& Foieh A3arelxe 39+

5A7Ee 2 okt W) a7t QlQlout FAdE Aol §igl
th1? o)} vhd #HE 77 7.5%10° CFUS 87 ol R3S
uii= ClpPZ AY3elr] g2 dZre) 3 AEA TR 564
ZolAet ClpPR Wkl APTdMe 1143402 |t
Wolgaprt glgler ClpLa} Blasi s #A3 WAl g3} Q)
=& YER{THFig. 6).

AFG 77 PFgo R ok 5~10% AAFES Uehya glorng
HG 7 AE odsl) dairle 2F Wale] o
o} ey A4 AREE = 237} TER 8l Gfolof A
= A Z3) o9 o HI ARE7] A= 77) conjugate
HIALS- 947}%] o)) serotype % 771 type ol disliAqt 1
ol&37} Qla 7o) vhg- 171l B Zkw Qlrk, webA o
Ay g etk BE Yy 35808 EA8)
T o e o] g3 WAl o] Q7 olHH B
w HadAo] 953 ClpPe}l 22 dulalg WA og sfdtsh=
728 AE T A8 ol A 7loiE F UYL AoR Al

2

)

s
=

ZtAel

o] =22 20021 Auddey 2] el 20033 % 5
Y Sk 21ARI#AE Y, ol s, ol Bl Q3 X AHAS.

A
o

1) Abu Kwaik, Y, Eisenstein, B. I. and Engleberg, N. C. :
Phenotypic modulation by Legionella pneumophila upon
infection of macrophages. Infect. Immun. 61, 1320 (1993).

2) AlonsoDeVelasco, E., Verheul, A. E, Verhoef, J. and Snippe, H. :
Streptococcus pneumoniae: virulence factors, pathogenesis, and
vacciness. Microbiol. Rev. 59, 591 (1990).

3) Avery, O. T, MacLeod, C. M. and McCarty, M. : Studies on the
chemical nature of the substance inducing transformation of
pneumococcal types. Induction of transformation by a
desoxyribonucleic acid fraction isolated from pneumococcus
type IIL. J. Exp. Med. 79, 137 (1944).

4) Briles, D. E., Hollingshead, S. K., Paton, J. C., Ades, E. W,
Novak, L., van Ginkel, E W and Benjamin, W, H. Jr :
Immunizations with pneumococcal surface protein A and
pneumolysin are protective against pneumonia in a murine
model of pulmonary infection with Streptococcus pneumoniae. J.
Infect. Dis. 188(3), 339 (2003).

5) Buchmeier, N. A. and Heffron, E : Induction of Salmonella
stress proteins upon infection of macrophages. Science 248,
730 (1990).

6) Chastanet, A., Prudhomme, M., Claverys, J. P and Msadek, T.

J. Pharm. Soc. Korea



s ClpP 53

: Regulation of Streptococcus pnewmoniae clp genes and their
role in competence development and stress survival. J.
Bacteriol. 183, 7295 (2001).

7) Gaillot, O., Pellegrini, E., Bregenholt, S., Nair, S. and Berche,
P : The ClpP serine protease is essential for the intracellular
parasitism and virulence of Listeria monocytogenes. Mol
Microbiol. 35, 1286 (2000).

8) Gottesman, S., Wickner, S,, Maurizi, MR. Protein quality
control: triage by chaperones and proteases. Genes Dev. 11,
815 (1997).

9) Hamel, J., Brodeur, B., Martin, D. and Rioux, C. : Streptococcal
heat shock proteins members of the HSP70 family. WO-
9640928 Al (1996).

10) Hamel, J., Martin, D. and Brodeur, B. B. : Heat shock response
of Streptococcus pneumoniae: identification of immunoreactive
stress proteins. Microb. Pathog. 23, 11 (1997).

11) Hattendorf, D. A. and Lindquist, S. L. : Cooperative kinetics of
both Hsp104 ATPase domains and interdomain communication
revealed by AAA sensor-1 mutants. EMBO J. 21, 12 (2002).

12) Hunt, C. R. and Morimoto, R. 1. : Conserved features of
eukaryotic hsp70 genes revealed by comparison with the
nucleotide sequence of human hsp70. Proc. Natl. Acad. Sci.
USA 82, 6455 (1985).

13) Joklik, W. K., Willett, H. P, Amos, D. B. and Wilfert, C. M. : In
Zinsser Microbiology, Prentice-Hall Inc., East Norwalk, CT. p.
368 (1988).

14) Kim, S. W, Choi, I. H., Kim, S. N., Kim, Y. H., Pyo, S. N. and
Rhee, D. K. : Molecular cloning, expression, and characteriza-
tion of dnaK in Streptococcus pneumoniae. FEMS Microbiol.
Lett. 161, 217 (1998).

15) Kruger, E., Zuhlke, D., Witt, E., Ludwig, H. and Hecker, M. :
Clp-mediated proteolysis in Gram-positive bacteria is auto-
regulated by the stability of a repressor. EMBO J. 20, 852
(2001).

16) Kwon, H. Y, Kim, S. W, Choi, M. H., Ogunniyi, A. D., Paton,
J. C, Park, S. H., Pyo, S. N. and Rhee, D. K. : Effect of heat
shock and mutation in ClpL and ClpP on virulence gene
expression in Streptococcus pneumoniae. Infect. Immun. 71,
3757 (2003).

17) Kwon, H. Y, Kim, Y. W, Choi, H. J., Park, Y. ], Pyo, S. N. and
Rhee, D. K. : Cloning and immunological characterization of
the 84-kDa heat shock protein, ClpL, in Streptococcus
pneumontae. J. Apppl. Pharmacol. 9, 79 (2001).

18) Lindemann, J., Leiacker, R., Rettinger, G. and Keck, T. : Nasal
mucosal temperature during respiration. Clin. Otolaryngol. 27,
135 (2002).

19) Lindquist, S. : The heat shock response. Annu. Rev. Biochem.
55, 1151 (1986).

20) Maurizi, M. R., Clark, W. P, Kim, S. H. and Gottesman, S. :

Vol. 48, No. 1, 2004

ClIpP represents a unique family of serine proteases. J. Brol.
Chem. 265, 12546 (1990).

21) Mekalanos, J. J. : Environmental signals controlling expression
of virulence genes determinants in bacteria. J. Bacteriol. 174,
1 (1992).

22) Morimoto, R. L, Tissieres, A. and Georgopoulos, C. : Stress
proteins in biology and medicine. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor Laboratory, N.Y. (1990).

23) Morrison, D. A, Lacks, S. A., Guild, W. R. and Hageman, J. M. :
Isolation and characterization of three new classes of trans-
formation deficient mutants of Strepfococcus pneumoniaethat
are defective in DNA transport and genetic recombination. J.
Bacteriol. 156, 281 (1983).

24) Mottram, P. L., Han, W. R., Purcell, L. J., McKenzie, I. E and
Hancock, W. W. : Increased expression of IL-4 and IL-10 and
decreased expression of IL-2 and interferon-gamma in long-
surviving mouse heart allografts after brief CD4-monoclonal
antibody therapy. Transplantation. 59, 559 (1995).

25) Msadek, T., Dartois, V, Kunst, E, Herbaud, M. L., Denizot, E
and Rapoport, G. : ClpP of Bacillus subtilisis required for
competence development, motility, degradative enzyme syn-
thesis, growth at high temperature and sporulation. Mol.
Microbiol. 27, 899 (1998).

26) Nair, S., Milohanic, E. and Berche, P, : ClpC ATPase is required
for cell adhesion and invasion of Listeria monocytogenes. Infect.
Immun. 68, 7061 (2000).

27) Neidhardt, E C. and VanBogelen, R. A. : Heat shock response,
In E C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M.
Schaechter, and H. E. Umbarger (eds.), E. coli and Salmonella
typhimuriwm: Cellular and molecular biology. ASM Press,
Washington, D.C., p. 1334 (1987).

28) Ogunniyi, A. D., Folland, R. L., Briles, D. E., Hollingshead, S.
K. and Paton, J. C. : Immunization of mice with combinations
of pneumococcal virulence proteins elicits enhanced protection
against challenge with Strepfococcus pnewmoniae. Infect.
Immun. 68, 3028 (2000).

29) Ogura, T. and Wilkinson, A. J. : AAA+ superfamily ATPases:
common structure-diverse function. Genes Cells. 6, 575 (2001).

30) Pallares, R., Linares, ]., Vadillo, M., Cabellos, C., Manresa, E,
Viladrich, P F, Martin, R. and Gudiol, E : Resistance to
penicillin and cephalosporin and mortality from severe
pneumococcal pneumonia in Barcelona, Spain. N. Engl. J. Med.
333(8), 474 (1995).

31) Pederson, K. J., Carlson, S. and Pierson, D. E. : The ClpP
protein, a subunit of the Clp protease, modulates ail gene
expression in Yersinia enterocolitica. Mol. Microbiol. 26, 99
(1997).

32) Schirmer, E. C,, Glover, J. R, Singer, M. A. and Lindquist, S. :
HSP100/Clp proteins: a common mechanism explains diverse



54 #HY - ol - okl - Al - o)

functions. Trends Biochem. Sci. 21, 289 (1996). 35) Webb, C., Moreno, M., Wilmes-Riesenberg, M., Curtiss III, R.
33) Siber, G. R. : Pneumococcal disease: Prospects for a new and Foster, J. W. : Effects of DksA and CIpP protease on sigma

generation of vaccines. Science 265, 1385 (1994). S production and virulence in Salmonella typhimurium. Mol.
34) Tuomanen, E. : Molecular and cellular biology of pneumococcal Micribiol. 34, 112 (1999).

infection. Curr. Opin. Microbiol. 2(1), 35 (1999).

J. Pharm. Soc. Korea



