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VACCINE COMPRISING RECOMBINANT ClpP PROTEIN OF
STREPTOCOCCUS PNEUMONIAE

TECHNICAL FIELD

This invention relates to a vaccine comprising a recombinant ClpP (Caseinolytic

prelease P) protein of Streptococcus preumoniae as an antigen.
BACKGROUND

Streptococcus prewmoniae, a gram-positive and naturally transformable organism,
causes various infections in human and animal such as bacterial pneumonia, otitis media
and meningitis (Willett, H. P. 1992. Smreprococcus pneumoniae. In Zinsser Microbiology.
Joklik, WK., Willet, H.P., Amos, D.B. and Wilfert, C.M., (eds). Prentice-Hall International,
London, pp. 432-442). It is known that appearance of multi-drug resistant bacteria makes
it difficult to treat infections caused by Streprococcus preumoniae using antibiotics. 23-
valent polysaccharide vaccines (Pneumovax 23 (Merck) and Pnu-Imune 23 (Wyeth-
Lederle)), which comprise capsular polysaccharides (CPS) as an effective antigen, are
commercially available to prevent pneumococcal infections. However, these vaccines
have disadvantages in that they were not effective due to low antibody production rate
when given to infants and young children, and in that they have no memory response. 7-
valent conjugate vaccine (Prevnar (Wyeth-Lederle)), which is made by conjugating 7 types
of CPS to a carrier protein, has been developed to solve the disadvantages of 23-valent
vaccines as mentioned above. However, this vaccine is very restrictly applied as a

vaccine to prevent pneumoccocal infections, since it is very expensive and has protcctive
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effect against only 7 types among 95 types or more of the pneumococcus. Therefore,
there have been attempts to develop a vaccine with a protein having high antigenicity to
prevent pneumococcal infections. Pneumolysin (Ply) toxoid is known as a virulence
factor of the pneumococcus that binds to cholesterol of host cell to form pore in the cell,
and thus there have been attempts to develop vaccines using an attenuated pneumolysin
(PdB). However, pneumolysin has a very high in vivo and in vitro toxicity. ~Also, the
PdB was not effective when given alone, and elicited increased survival rate against the
pneumoccocal infections only when given in combination with other virulence factors such
as Pneumococcal Surface Protein A (PspA), Choline Binding Protein (CbpA),
Pneumococcal Surface Adhesin A (PsaA), LytA (Ogumniyi, A. D. et al, 2000,
Immunization of mice with combinations of pneumococcal virulence proteins elicits
enhanced protection against challenge with Strepfococcus pneumoniae. Infect. Immun.
68:3028-3033). Thus, since candidate antigen proteins in conventional vaccines for
prevention of pneumoccocal infections have low antigenicity or have no protective effects
against all serotypes of the pneumococcus, there remains a need to develop aftenuated
vaccines as well as candidate antigen proteins which have high immunogenicity and are
conservatively present in all types of the pneumococcus.

The pneumococeus is carried in the nasopharynx of healthy individuals, and this
is a major reservoir for pneumococcal infections. Pneumococci are subject to a number
of environmental stresses in vivo. Change of environmental niche in the host, such as
penetration of pneumococei from the nasopharynx into the bloodstream, can trigger
dramatic changes in morphology as well as genc expression. For example, pneumococei
in the nasopharynx have been shown to be predominantly of a transparent colony
phenotype and tend to express less capsule and more choline binding protein A (CbpA),

whereas pneumococci in the bloodstream are predominantly of the opaque colony
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morphology and tend to produce more capsule and less CbpA (Kim, I. O. et al., 1998.
Association of infrastrain phase variation in quantity of capsular polysaccharide and
teichoic acid with the virulence of Streprococcus pneumoniae. 1. Infect. Dis. 177:368-377).
Furthermote, S. preumonice epcounters heat stress during its pathogenic course after
penciration from the nasal mucosa (30 to 34°C) (Lindemann, J. et al., 2002, Nasal mucosal
temperature during respiration. Clin. Otolaryngol. 27:135-139) into blood and/or meninges
(37°C).  This temperature shift may serve as a key trigger for a rapid, transient inctease in
synthesis of a highly conserved set of profeins referred to as heat-shock proteins (HSPs)
(Neidhardt, F. C. et al., and R. A. VanBogelen. 1987. Heat shock response, ‘p. 1334-11345,
In F. C. Neidhardt, J. L. Ingraham, K.B. Low, B. Magasanik, M. Schaechter, and H. E.
Umbarger (ed.), E. coli and Salmonella typhimurium: Cellular and molecular biology. ASM
Press, Washington, D.C). HSPs protect bacteria against such adverse effects as elevated
temperatures, exposure to ethanol, oxidative stresses, or heavy metals thus increasing their
survival rate, Therefore, a thorough understanding of the heat shock response could
provide useful information on adaptation of the pneumococcus to the hostile environment
it encounters,

HSPs can be classified into Hsp100, Hsp70, Hsp60, and small Hsp families
depending on molecular weight, and are ubiquitously present in prokaryotes and
cukaryotes. One of the HSPs, hsp100/Clp (caseinolytic protease) family, is present as a
104-kDa protein in eukaryotes, but as an 80-95-kDa protein in prokaryotes, It carties out
a chaperone function and is also involved in proteolysis thereby removing damaged and
denatured proteins. Proteolysis by Clp requires a serine-type peptidase ClpP subunit and
a regulatory ATPase subunit (Schirmer, E. C., et al, 1996. HSP100/Clp proteins: a
common mechanism explaing diverse functions. Trends Biochem. Sei. 21:289-296),

Regulatory Clp subunit proteins can be assigned, in general, to two classes: class I, which
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comprises ¢lp4, B, C, and D, contains two ATP-binding regions; class 11, which comprises
clpM, N, X, and ¥, contains only one ATP-binding region. Clps have been classified by
the size of the central spacer segment, the need for gaps in aligning the overall sequences,
and sequence similarities in the well-conserved regions, and in the N- and C-terminal
segments, the variable leader regions have very different sequences in each subfamily
(Supra, Schirmer, E. C., et al., 1996).

Although substantial progress has been made on understanding the mechanisms of
action of the Clp family in Gram-negative bacteria such as E. coli , little is known about
Clp in Gram-positive bacteria. 'The ¢lpP gene and ¢IpC operon ate negatively regulated
by CisR, which recognizes a directly repeated opcrator sequence (A/GGT CAA ANA
NA/GG TCA AA), but clpX does not have this sequence and their specific mechanisms of
action have not been determined in detail (Derre, L, et al., 2000. The CtsR regulator of
stress response is active as a dimer and specifically degraded in vivo at 37°C. Mol.
Microbiol. 38:335-347).

Since a variety of environmental signals including temperature and nutrient

availability can control the expression of virulence factors, we previously examined the

protein profiles of the heat shock response in pneumococci after exposure of the cells to
several stresses. The major proteins induced by heat shock were 62~, 72-, and 84-kDa in
size, identified subsequently as GroEL, DnakK, and ClpL, respectively. However, pulse-
labeling of proteins with [*°S]-methionine revealed that cettain conditions which are
known to induce stress responses in E. coli and B. subiilis failed to induce any high
molecular weight HSPs such as GroEL and DnaK homologues. However, a temperature
shift from 30 to 37°C in vitro, similar to that encountered by S. preumoniae after
translocation from the nasal mucosa to the lungs, triggered induction of DnaK and GroEL

(Choi, L. H., et al., 1999. Limited stress response in Streptococcus preumoniae. Microbiol.
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. Tmmunol. 43: 807-812). The mucleotide sequences of ClpL from several Gram-positive

organisms are known (L. lactis [X62333); S. aureus [AP003365, AP003137]; S. pyogenes
[AE006538, AE004092); Lactobacillus rhamnosus [AF323526]), but fonctional studies on
ClpL have been limited. Recently in S. preumoniae, the cipP” mutant was sensitive to high
temperature, H;0, and puromyein, and attenuated virulence significantly (Robertson, GT,
et al,, 2002. Global transcriptional analysis of clpP mutations of type 2 Streptocaccus
preumoniae and their effects on physiology and virulence. J. Bacteriol. 184:3508-3520).
Specific roles of other heat shock genss, ¢/pC, clpE, and clpX have not been fully
elucidated (Charpentier, E. et al, 2000. Regulation of growth inhibition at high
temperature, autolysis, transformation and adherence in Streptococcus pueumoniae by clpC.
Mol Microbiol 37:717-726.; Chastanet, A., et al, 2001. Regulation of Streptococcus
preumoniae clp genes and their role in competence development and stress survival. J.
Bacteriol. 183:7295-7307).

Accordingly, in order to develop antigen proteins which are present universely in
all types of the pneumococcus, and vaceines using the same, we investigated the effect of
heat shock on Clpl. and ClpP synthesis and evaluated the impact of cipl” and clpF”
mutation on i vitro expression of key pneumococcal virulence genes. Turthermore, the
effect of clpL” and clpP” mutation on the virulence of S. preumoniae was evaluated in a
mouse intraperitoneal challenge model. Here we demonstrate that the heat shock pracess
induced expression of pneumolysin (Ply) and modulated the expression of other virulence
factors in wild-type pneumococci. We also show that clpP” mutation resulted in an
increase in mRNA expression, but not in the activity of Ply at elevated temperatures.
Subsequently, we investigated further the underlying mechanism by which ClpP attenuates
virulence and determined whether ClpP immunization could protect the mice against the

challenge with virulent S, peumoniae, thereby we completed this invention.
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DETAILED DESCRIPTIONS OF THE INVENTION
In one aspect the present invention provides a vaccine comprising a

recombinant C1pP protein derived from S. prevmoniae as an antigen.
In another aspect the present invention provides a process for preparing a
recombinant C1pP protein of S. preumoniae for use in a vaccine.
The process for preparing a recombinant C1pP protein of S. preumoniae
comprises:
i) providing an expression vector operatively linked to DNA sequence
coding C1pP protein of S. pneumoniae;
ii) introducing the expression vector of i) into a host cell; and
iii) isolating and purifying a r2combinant C1pP protein of
S. pneumoniae from the host cell.
In another aspect the present invention provides a method for immunizing a
human or animal against pneumococcal infections, comprising by administering a
vaccine comprising a C1pP protein of S. preumoniae in an immunologically effective
amount to the human or animal.
In another aspect the present invention. provides a mutant of S. preumoniae as
a live attenuated vaccine. The vaccine may comnprise an attenuated C1pP” mutant of
S. pneumoniae.
For the above mentioned aspects, in an embodiment of this invention, we

investigated the effect of heat shock on ClpL anc. ClpP syntbesis and evaluated the impact
of ¢lpL” and clpP” mutation on in vitro expression of key pneumococcal virulence gencs.
In another embodiment of this invention, the effect of ¢/pL™ and clpP” mutation on the
virulence of S. preumoniae was evaluated in a mouse intraperitoneal challenge model, and
it was demonstrated that the heat shock process induced expression of pneumolysin (Ply)
and modulated the expression of other virulence factors in wild-type pneumococci, Ina
further embodiment of this invention, we also show that cIpP mutation resulted in an
increase in mRNA expression, but not in the activity of Ply at elevated temperatures.
Further, in another embodiment of this invention, we investigated further the underlying
mechanism by which ClpP attenuates virulence and showed that ClpP immunization could
protect the mice against the challenge with viruleat S. preumoniae.

According to our studies, after heat shock, an increase in pneumolysin mRNA
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expression was demonstrated in the ClpP” mutant, whereas the level and haemolytic
activity of pnemolysin revealed no increase. Mice challenged with ClpP” mutant showed
a significant increase in survival time and rate as compared with mice challenged with wild
type, which demonstrates an attenuation in virulence of ClpP  mutant. This suggests that
ClpP" mutant may be potentially used as an attcnuated vaccine.  Also, the biochemical
fractionation study of S. preumoniae shows that the ClpP transports from cytoplasm to cell
wall after heat shock, thus suggesting that when the pneumococcus causes a host to infect,
the stress it encounters within the host cell, can expose CIpP to the host cell. In addition,
in the experiments to determine whether CIpP can provide immunoprotection against the
pneumococcal infection, Malb/c mice were injected intraperitoneally with three doses of
10 pg of ClpP protein at 2-week intervals, then the mice were challenged intraperitoneally
with 1x10° CFU of a highly virulent S. pneumoniae D39 strain (type 2), followed by
determining the survival time of each mouse. The results show that the survival time for
mice immunized with ClpP is comprable to that for the group that received attenuated
pneumolysin (PdB), suggesting that CIpP is exposed outside of the pneumococcus by the
stress which the pneumococcus encounters in host cells, thus functions as an antigen as
well as has protective activity against the pneumococcal infection comparable to that of
attenuated pneumolysin. Thus, according to this invention, ClpP protein can be used as
an effective vaccine against the pneumococcal infection. '

ClpP protein of S. pneumoniae of this invention is serine protease having 21 kDa
of molecular weight (Genebank AE008443) which is one of heat shock proteins. In this
invention, recombinant ClpP protein can be prepared by large scale expression and
isolation in accordance with conventional genetic engineering techniques in the art.
Briefly, CIpP protein can be prepared by a method comprising by cloning ORF (open
reading frame) (base sequences 5416 to 6006, Genebank AE008443) of ClpP gene into

-9-
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expression vector such as pET30(z) (Novagen) to form plasmid pET30(a)-ClpP (Fig. 1),
introducing the plasmid into a host cell such as animal cells, plant cells, or £ coli to
express the ClpP protein, and purifying the protein. Expression vectors, hosts, culturing
conditions, gene insertion techniques etc. can be appropriately selected within ordinary
knowledge of those skilled in the art. An embodiment of this invention relates to a
preparation of recombinant ClpP proten using E. coli. ClpP protein is related to
modulating the expression of virulence factors of the Streptococcus pneumoniae such as
pneumolysin, PsaA, CbpA, PspA, at the level of mRNA and protein.

The vaccine according to this invention may be administered by various route,
including parenterally, intradermally, transdermally (by using a sustained releasc polymer),
intramuscularly, intraperitoneally, subcutaneously, orally, and intranasally. The vaceine is
administered in an immunologically effective amount. An immunologically effective
amount is dcfined as a dose suitable for inducing immune response. The dose can vary
depending on various factors such as age, body weight and physical state of animal or
human subject to be immunized, ability of immunity system in animal to produce
antibodies, and the extent of desired protection. A person skilled in the art can easily
determine the effective amount through a routine way for generating a dose-response curve.
Immunization may be achieved by administering a single dose of vaccine, or may require
the administration of several booster doses. The dose of ClpP will typically range from 1
ug to 50 pg, or more or less, if appropriate. The vaccine according to this invention may
be formulated by adding ClpP protein to an immunologically acceptable diluent or carrier
in a conventional manner. Diluents or carriers include, but are not limited to, watet, brine,
dextrose or glycerol. Also, pH stabilizers, isotonizing agents, wetting agents, or
emulsifiers may be added to the vaccine. In addition, the vaccine may further comprise

other pharmaceutically acceptable adjuvants such as aluminum hydroxide, alum, QS-21,
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monophosphoryl lipid A, and 3-O-deacylated monophosphoryl lipid A (3D-MPL). The
vaccine may be typically formulated in injectable dosage forms, in a solution or suspension
form, or in a solid form which can be solublized or suspended prior to use. Further, the
vaccine may be formulated in an intranasal or oral preparation in the conventional manner
in the art. The intranasal preparations may include excipients, which do not make an
irritation on nasal mucosa, or do not inhibit severely the mucociliary function, and diluents
such as water, brine. The intranasal preparations may include preservatives such as
chlorobutanol and benzalkonium chloride, and also include sufactants for enhancing the
absorption of protein antigen by nasal mucosa. Oral liquid pteparations may be, for
example, in the form of aqueous or oily suspension, solution, emulsion, syrup, or elixit, or
may be present in dry state such as'in the form of tablet for reconstitution with water or
other suitable diluents prior to use. Solutions may contain conventional additives such as
suspending agents, emulsifying agents, non-aqueous diluents (may include edible oils), or
preservatives. In order to make a vaccine preparation, purified CIpP protein can be

Iyophilized and stabilized.

BRIEF DESCRIPTION OF FIGURES

Fig. 1 shows a structure of pET30(a)-ClpP expression vector.

Fig. 2 shows a structure of pKHY 004 expression vector.

Fig. 3 shows a map indicating relative site of S. pneumoniae clpL locus.

Figs. 4a to 4c show an experiment result of transient induction and stability of S,
pneumoniae ClpL after heat shock.

Figs. 5a to 5b represent steady accumulation of ClpL after heat shock,

Figs. 6a to 6c show growth of D39 and its ¢lpL” and ¢clpP” mutants.

11-
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Figs. 7a to 7b show induction of ClpL in clpP” mutant of S, preumoniae CP1200.

Fig. 8 shows induction of virulence associated genes by heat shock.

Fig. 9 shows relative mRNA concentrations of cbpd, cps24, ply and psad, in D39,
clpL” and clpP” mutants before and after heat shock as determined by real-time RT-PCR.

Fig. 10 shows survival times of mice after intraperitoneal challenge.

Figs. 11a to 11c show detection of relative mRNA stabilities of ¢ps24, and ply by
real-time RT-PCR.

Figs. 12a to 12¢ show evaluation of bacteria recovery from nasopharynx of CD1
mice during 4 days after intranasal challenge with D39 and its isogenic clpP” detivative,
The values are means * standard deviations of means at each point (n=5).

Fig. 13 shows survival of the c/pP” mutant in macrophage cells.

Fig. 14 shows translocation of ClpP after heat shock.

Tigs. 152 and 15b show Western immunoblot analysis of whole-cell lysates of S.
preumoniae D39 (Fig. 15a) and of purified PdB §53 kDa), PspA fragment (43kDa) and
ClpP (21 kDa) (Fig. 15b) , showing specificity of antibody responses to the protein
antigens.

Fig. 16 shows survival times of mice challenged with virulent strain D39 after the
third immunization with ClpP and other known antigen proteins.

Figs. 17a and 17b show immunoblot results indicating anti-ClpP antibody
responses to proteins derived from other organisms (The numbers in the left of the Figure
represent molecular weights of proteins, and S. prneumoniae D39 and Spn1049 represent S,
preumoniae D39 and clinical strain 1049, respectively. Sth represents Streptococcus
therinophilus, AS549 represents human lung cancer AS549 cell line, Sce represents
Saccharomyces cerevisiae, Bsu represents Bacillus subtilis, Pae represents Pseudomonas

aeruginosa, Eco represents E. coli, Sty represents Salmonella typhi).
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Hereinafter, this invention will be described in more detail by way of the examples.
‘I'he following examples are presented only to illustrate this invention, but are not intended
to limit the scope of the invention. In additjon, the references, which are described herein,

are incorporated herein by reference.

EXAMPLE

Example 1: Effect of Heat Shoek and Mutations in ClpL and CIpP on Virulence Gene

Expression in Streptococcus pneumoniae

In Example 1, the effect of heat shock on Clpl. and ClpP synthesis was
investigated and the impact of clpL” and clpP” mutation on in vitro expression of key
pneumococeal virulence genes was evaluated. In addition, the effect of clpL” and clpP
mutation on the virulence of S. preumoniae was evaluated in a mouse intraperitoneal

challenge model.

1. MATERIALS AND METHODS

i) Bacterial strains, growth conditions, and transformation,

The bacterial strains used in this work are presented in Table 1. 8. pneumoniae
CP1200 (Supra, Choi, I. H. et al, 1999), a derivative of Rx-1 (non-pathogenic S.
preumoniae having no capsule) was used in this study and was grown at 37°C in Casitone-
Tryptone (CAT) based medium to mid-exponential-phase: 1L of CAT based medium
(Difco Luboratories, USA) contained 10g of enzymatic casein hydrolysate, 5g of
tryptophan (Difco Laboratories), 1g of yeast extract (Difco Laboratories), 5g of NaCl, Smg
of choline (Sigma, USA), 0.2% glucose (Sigma, USA), 16.6mM dipotassium phosphated

13-
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(Sigma, USA). Complete transformation medium was prepared from CAT broth by
addition of (per liter): 147 mg of CaCl, and 2 g of bovine serum albumin (fraction V;
Sjgma). Competence was controlled by appropriate addition of the competence specific
peptide and quantitated as novobiocin-resistant transformants obtained after exposure of
cells to DNA in culture medium as described previously (Havarstein, L. S., et al., 1995. An
unmodified heptadecapeptide pheromone induces competence for genetic transformation in
Streptocaccus preumoniae. Proc. Natl. Acad. Sci. U.S.A. 92:11140-11144).  Encapsulated
strain D39 (type 2) was grown in brain heart infusion broth (Difco Laboratories, USA) or
Todd Hewitt broth (Difco Laboratories, USA) and transformed as previously described
(Bricket, A. L., et al, 1999. Transformation of a type 4 encapsulated strain of
Streptococcus pnewmonige. FEMS Microbiol. Lett. 172:131-135). For selection of
pneumococcal transformants, erythromycin or novobiocin was added to growth medium at
a concentration of 2.5 pg/ml or 10 pg/ml, respectively. Escherichia coli strains
(BL21(DE3), DH50:, XL1-Blue listed in Table 1) were grown in Luria-Bertani (LB) broth
or on LB agar. Plasmids were introduced into E. coli by transformation as previously
described (Hanahan, D. et al., 1983. Studies on transformation of Escherichia coli with
plasmids. J. Mol. Biol. 166:557-580). For selection of E. coli transformants, ampicillin
(100 pg/ mi) was added to the growth medium. Plasmid vectors along with new

transformants generated in this study are listed in Table 1.
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TABLE 1. Bacterial strains and plasmids used in Example 1.

Strain ot plasmid ~ Relevant characteristics Reference or source

E. coli strains

BL21(DE3) gal (\clts857 ind] Sam7 nin5 lacUV5-T7 genel) ~ Novagen

DH5a Supkad AlacU169 (80 lacZAM15) Slupl;;l, 3Hanahan et
al, 198

XL1-Blue Reldl lac [F’ proAB lacl’Z AM15 Tnl0(Tet)] Stratagene

S pneumoniae

strains

CP1200 Nonencapsulated derivative of Rx1, malM511 stv-]1 Morzison et al.,
1983*

HYK1 CP1200, A clpL::ermB Infra, Kwon et al.,
2003

HYK2 CP1200, A clpP::ermB Infra, Kwon et al,
2003

D39 Encapsulated, type 2 Infra, Avery et al.,
1944

HYK302 D39, A clpP:ermB Infra, Kwon et al.,
2003

HYK304 D39, AclpL::ermB Infra, Kwon et al.,
2003

Plasmids

PET30 () 5.4-kb, Ap" Novagen

PBluescript 3.0-kb,Ap’ Stratagene

PGEM-T 3.0-kb, Ap', TA cloning vector Promega

pG8413 1.3-kb, cIpL PCR fragment in pBluescript Infra, Kwon et al,,

’ 2003

pKHY004 7.5-kb, Histidine tagged clpL in pET30(a) Infra, Kwon et al.,

2003

* Morrison, D. A. et al., 1983, Isalation and characterization of three new classes of
transformation-deficient mutants of Streptococeus pneumoniae that are defective in DNA

transport and genetic recombination. J. Bacteriol. 156(1):281-290.

ii) Preparation of antisera,
Production of HSP antibodies against S. preuinoniae DnaK and GroEL has been

described previously (Supra, Choi et al., 1999). To prepare antibodies against ClpL and
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ClpP, an exponential culture of S. preumoniae CP1200 was incubated at 42°C for 30 min;
the cells were sonicated and proteins were separated by sodium dodecyl sulfate 10%
polyacrylamide gel electrophoresis {SDS-PAGE) and lightly stained with Coomassie
brilliant blue. The 84- and 21-kDa protein bands were cut out and electroeluted. One
hundred micrograms of either protein per ml of saline was mixed with 1 mt of Freund's
incomplete adjuvant. This mixture was then injected intramuscularly and subcutaneously
into rabbits. Two booster doses were administered at 2 week intervals, and antiserum was
collected after 6 weeks. The preparation of sera against CbpA, pneumococcal surface
antigen A (PsaA), and Ply was essentially as described previously (Supra, Ogunniyi, A. D.,
et al., 2000).

iii) Protein-labeling and gel electrophoresis.

For protein labeling experiments, cells were grown in CAT medium to Assonm =
0.2 and then divided into 2 ml aliquots. The cells were then harvested, resuspended in
fresh pre-warmed low-methionine labeling medium and equilibrated for 10 min at 30°C.
To this was added 10 pCi of [°S]-methionine (1000 Ci /mmol, Amersham) and the culture
was then transferred to 42°C for heat shock. The cells were harvested, resuspended in 20
ul of lysis buffer (5 raM Tris [pH 8.0], 30 mM ethylenediamine tetraacetic acid [EDTA],
0.1% Triton X-100, 0.025% [w/v] phenylmethanesulfony]l fluoride [PMSF], 1 mM
dithiothreitol), and then lysed completely by sonication (on ice) as described previously
(Supra, Choi et al., 1999). SDS-PAGE (either 10 or 15% polyacrylamide gel) was carried
out as previously described (Laemmli, et al., 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227:680-685), and the proteins were
visualized with Coomassie brilliant blue staining. Polyacrylamide gels were exposed to a
radiation sensitive imaging plate for several days to obtain the images. The radiographic

imaging data were quantitated using an image analysis system (Fujix Bio-imaging
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Analyzer BAS2500, Fuji Photo Film Co.).

iv) Immunoblotting,

Proteins separated by 10% SDS-PAGE were electroblotted onto polyvinylidene
difluoride (PVDF) membrane and then reacted with either 1:100 dilutions of a rabbit
antisera raised against heat shock proteins of S. preumoniae or 1:5000 dilutions of mouse
antisera raised against virulence proteins of S. preumoniae (CbpA, PsaA, and Ply) as the
primary antibodies. The secondary antibody was a 1:2,000 dilution of goat anti-rabbit or
goat anti-mouse IgG conjugated to either hc\)fseradish peroxidase (Sigma) or alkaline
phosphatase (Bio-Rad).

v) Reverse transcription (RT)-PCR.

Total RNA was extracted using the hot acid phenol method, as described
previously (Ogunniyi, A. D. et al., 2002. The genes encoding virulence-associated proteins
and the capsule of Streptococcus pneumoniae are upregulated and differentially expressed
in vivo. Microbiol. 148:2045-2053). Levels of mRNA for ply, psad, chpA and cps24
were quantitated by one-step real-time reverse transcription (RT-PCR) using the Promega
Access RT-PCR System (Promega Biotech, Cat.# A1250). The specific primers used for
the various RT-PCR assays have been described elsewhere (Supra, Ogumniyi, et al., 2002)
and used at a final concentration of 50 oM per reaction. As an internal control, primers
specific for the 168 rRNA (forward, 5°~GGT GAG TAA CGC GTA GGT AA-3’: SEQ ID
NO. 1; reverse, 5’-ACG ATC CGA AAA CCT TCT TC: SEQ ID NO. 2, Bioneer Co.) were
employed. Separate RT-PCR reactions (differing only in the constituent primers) were set
up (on ice) from a master mix to which Sybr® Green (Molecular Probes) had been added
to a final concentration of 1:50,000. The mix was then aliquoted into tubes containing the
respective upstream and downstream primers on ice and thoroughly mixed by gentle

vortexing. Each mix was finally aliquoted into 0.1 ml reaction tubes and placed in a
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Rotor-Gene 2000 Real-Time Cycler (Corbett Research, Australia). The RT-PCR cycling
conditions comprised 1 cycle at 48°C for 39 min (for fitst strand cDNA synthesis), 1 cycle
at 94°C for 2 min (for AMV reverse transcriptase inactivation and RNA/cDNA/primer
denaturation), followed by 40 cycles of PCR amplification comprising denaturation 94°C
for 30 secs), primer annealing (60°C for 30 secs), and extension (72°C for 39 secs).
Amplification data were acquired at the extension step and analyzed with the Corbett
Research Software Version 4.4 using the comparative critical threshold (AACr) values.
Between RNA extracts, levels of target transcripts were normalized with reference to
transeript levels obtained for the internal 168 rRNA control. All experiments were
carried out in quadruplicate.

vi) Construction of clpL and cIpPl deletion mutants.

To create an insertion-deletion mutation of ¢lpL (AclpL::ermB) in S. pneumoniae,
an 860-bp ermB cassetle (Obtained from Dr. Claverys, CNRS, Toulouse, France, Vasseghi,
H, and J. P. Claverys. 1983. Amplification of a chimeric plasmid carrying an
erythromycin-resistance determinant introduced into the genome of Strepfococcus
preumoniae. Gene 21:285-292) was amplified with prs3 (3'-CCG GGC CCA AAA TTT
GTT TGA T-3": SEQ ID No. 3) and prs4 (5-AGT CGG CAG CGA CTC ATA GAA T-3:
SEQ ID No. 4) from erythromycin resistant £. coli chromosomal DNA and used to distupt
cipl. A 410-bp fragment (cipL-up) containing par.t of both ¢lpl and the 5’ end of ermB
was amplified with hip3 (5'-CGG TAC CAT GAA CAA TAA TTT TAA C-3" SEQ ID No.
5) and hlpl (5'-ATC AAA CAA ATT TTG GGC CCG GTC AGA TGT TTC TTG AAT
TTC C-3% SEQ ID No. 6) from CP1200 DNA. A 300-bp fragment (c/pL-down)
containing part of both the downstream c¢/pl sequence and the 3’ terminus of ermB was
amplified with hlp2 (5'-ATT CTA TGA GTC GCT GCC GAC TGT TCT AGA TGA TGG
TCG TTT G-3" SEQ ID No. 7) and hip4 (5°-GGC CGA GCT CTT AGA CTT TCT CAC
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GAA TAA C-3’: SEQ ID No. 8) from CP1200 DNA. The three PCR products were used
as a mixed template for PCR with hip3 and hip4 to produce a 1.6-kb fragment with a 1301-
bp deletion of ¢lpL, (Genebank AE008411, base sequences 6374-7674) that was replaced
by the ermB gene. The tripartite 1.6-kb fragment was subsequently introduced into either
S. preumonige CP1200 or D39 strains by transformation, and recipient bacteria that had
integrated the recombinant fragment into the chromosome by hamologous recombination
were selected by resistance to erythromycin, Transformants were screened for the correct
deletion by PCR and immunoblot analysis (not shown), CP1200 and D39 ¢/pL” mutants,
HYK]1 and HYK304, respectively, contained the correct deletion within clpL and were
used for further studies. ClpP” mutants in either CP1200 (HYK?2) or D39 (HYK302),
with a deletion of 95-bp (Genebank AE008443, base sequences 5621-5715), were
constructed using the same strategy except for the primers; for clpP up (234-bp), hpp3 [5’-
‘CGA ATT CAT GAT TCC TGT AGT TAT-3": SEQ ID No. 9] and hppl1 [5’-ATT CTA
TGA GTC GCT GCC GAC TCA GAA CCA CCT GGT GTA TTG A-3’: SEQ ID No. 10]
and for clpP-down (319-bp), hpp10 [5°-ATC AAA CAA ATT TTG GGC CCG GAT CGC
ATC AAG TGG AGC AAA A-3": SEQ ID No. 11] and hpp6 [5’- CGA GCT CTT AGT
TCAATG AAT TGT TG-3’: SEQ ID No. 12].

vii) Over-expression of ClpL in E. coli.

To overexpress Hisg-tagged CIpL in E. coli, the cIpl ORF was amplified with
hip3 and hlp4 from CP1200 DNA. The fragment was digested with Kpnl and Sacl and
cloned into the Kpnl and Sacl sites of pET30(a) (Novagen) to generate plasmid pKHY004
(Fig 2). Hise-tagged protein was expressed in E. coli and subjected to DEAE-Sepharose
fast flow™ chromatography (Amersham Pharmacia) eluted with a 0.1 to 0.4 M NaCl
gradient. The fractions containing ClpL were pooled and purified on a nickel-nitriloacetic

acid column according to the manufacturer’s instructions (Novagen) with minor
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modifications. Bound His¢-tagged protein was washed with 40 mM imidazole buffer,
eluted with 0.4 M imidazole buffer (pH 7.9), and dialyzed against 20 mM Tris-HCI (pH
7.8), 5 mM MgCl,. The protein was >95% pure as judged by SDS-PAGE and staining
with Coomassie brilliant blue R250 (data not shown).

viii) Determination of chaperone activity.

Chaperone activity of ClpL was determined as described previously (Kudlicki, W.
et al, 1997. Renaturation of rhodanese by translational elongation factor (EF) Tu. Protein
refolding by EF-Tu flexing. J. Biol. Chem. 272:32206-32210) with a modification as
follows. Rhodanese (Sigma, USA) (9 pM) was denatured in 200 mM potassium
phosphate buffer (pH 7.6) containing 1 mM B-mercaptoethanol and 8 M urea for 1 hour at
25°C. Spontaneous and ClpL - assisted refolding was initiated by diluting 2.5 pl of
denatured enzyme in 8 M urea to a final volume of 250 pl of a solution containing 50 mM
Tris-HCI (pH 7.8), 200 mM f-mercaptoethanol, 5 mM sodium thiosulfate, 10 mM MgCla,
10 mM KCl. The final conceniration of thodanese in the refolding reaction was 90 nM.
The refolding reaction was carried out for 30 min at 25°C.  Chaperone activity of ClpL

was measured by refolding of rhodanese into its native conformation. Enzyme activity of

.thodanese was determined as previously described (Sorbo, B. H. et al., 1953, Crystalline

thodanese. 1. Purification and physicochemical examination. Acta Chem. Seand. 7:1129-
1136).

ix) Virulence studies.

Intraperitoneal (7p.) challenge with a highly virulent capsular type 2 strain (D39)
and its isogenic clpP- and elpl- mutants (HYK302 and ITYK304, respectively) was
performed to evaluate the effect of mutating clpl or clpP on the virulence of §
Ppreumoniae.  Bacteria were cultured at 37°C overnight on brain heart infusion agar

(Difoo Laboratories, USA) containing 10% [vol/vol] horse serum, or on Todd Hewitt agar
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(Difco Laboratories, USA) (supplemented with erythromycin as required) and then grown
in serum broth {brain heart infusion agar (Difco Laboratories, USA) containing 10%
[vol/vol] horse serum, or Todd Hewitt broth (Difco Laboratories, USA)} for 3 hat 37°C to
give ca. 10° CFU/ml (Supra, Ogunniyi, A. D. et al., 2000). Each bacterial culture was
then diluted in serum broth to ca. 10° CFU/ml, and groups of 10 BALB/c mice were
infected 7p. with 0.1 ml volumes of either D39, HYK302 or HYK304. The survival of
the challenged mice was monitored four times daily for the first 5 days, twice daily for the
following 5 days, and daily until 21 days post-challenge.

X) Pneumolysin assay.

Hemolytic activity was determined as previously described (Supra, Hanahan, D.,
1983) with a minor modification. The pneumococci (D39, HYK302, HYK304) grown in
THY broth to early-mid log phase (absorbance at 600 nm = 0.05-0.1) were harvested by
centrifugation at 3900 x g for 10 min at 4°C and resuspended in phosphate buffered saline.
Sodium deoxycholate was added to a final concentration of 0.1% and then incubated at
37°C for 10 min.  After centrifugation of the samples, the supernatant was withdrawn and
serially diluted. Hemolytic activity was determined by incubation with an equal volume
of 1.5% washed human red blood cells in 96 well microtiter plates. Hemolytic titer was
determined as the reciprocal of the estimated dilution at which 50% of erythrocytes wete
lysed at 540 nm,

xi) Statistics.

Statistical analysis was performed using a paired or unpaired Student’s # test.
Data presented are mean * standard deviation of the mean for 2 to 4 independent
experiments.  Differences in median survival times between groups were analyzed by the
Mann-Whitney U test (two-tailed) and differences in overall survival rate between groups

were analyzed by the Fisher Exact test.

21-




10

15

20

25

WO 2005/063283 PCT/KR2003/002929

- 20 -

2. RESULTS

1) Characterization of ClpL.

Previously, an 84-kDa HSP was identified as ClpL by N-terminal amino acid
sequencing (Supra, Choi et al.,, 1999). Members of the Clp family contain two highly
conserved ATP-binding regions (ATP-1 and ATP-2), cach of which contains a consensus
sequence for adenine nucleotide binding (Gottesman, S. et al., 1990. Conservation of the
regulatory subunit for the Clp ATP-dependent protease in prokaryotes and eukaryotes. Proc.
Natl. Acad. Sci. U.S.A. 87:3513-3517). To confirm that putative ClpL of S. pneumoniae
is indeed a member of the Clp family, oligonucleotides from the N-terminal amino acid
sequence (5'-GAT GAA YAAYAAYTT YAAYAAYTT YAA-3": SEQ ID NO. 13) and the
second ATP-binding site for Clp members (5-GTY TTN CCN CAN CCN GYN GG-3',
where Y=T or C, N=A, C, G or T: SEQ ID NO. 14), which was the most conserved amino
acid sequence (PTGVGKT) of the cfp family, were used for PCR amplification of CP1200
chromosomal DNA. PCR vyielded a 1.37-kb DNA fragment expected from the size of L.
Iactis ClpL. This was cloned into pGEM-T (Promega) to generate plasmid pG8413.
Sequence analysis of the cloned fragment demonstrated homology to L. Jactis clpL and
bovine clp genes (data not shown). The complete clpL gene was then identified in the
TIGR S. pneumoniae (ype 4 genome using BLAST analysis. Moreover, the elpL
homologue in S. preumoniae R6 showed 98% identity with that of type 4 clpL homologue,
and CP1200 cipL revealed high sequence homology with that of R6 clpl (data not shown).
The organization of this region of the genome is shown in Fig. 3.

A detailed analysis of the sequence of clpL showed an ORF of 2103-bp encoding
a putative polypeptide of 701 amino acids with a molecular weight of 77,699 daltons and a
pl (isoeleciric point) of 4.99. Analysis of the mucleotide sequence showed that S,
prneumonige clpl has a sigma A type promoter (TTGACC-17-bp-TATATT) 240-bp
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upstream of the ATG codon. In the upstream of cfpL there is CtsR repressor binding
sequence GTC AAANAN RGT CAA A (R= A or G) (SEQ ID NO. 15), which has been
found adjacent to clp genes in several organisms. Thus, clpL may be regulated by CtsR.
A gene 619-bp upstream from ¢/pL, encodes a putative undecaprenyl-p-UDP-MurNAC-
pentapeptide transferase and is in the same orientation. The gene downstream of clpZ,
encoding LuxS, is in the opposite orientation (Fig. 3), suggesting that ¢/pL is organized as
amonocistronic transcription unit.

BLAST analysis indicated that pneumococcal ClpL has high homology to all
members of the Clp family in the two conserved ATP-binding regions (p-loops) at amino
acids 121-128 (GDAGVGKT) and 391-398 (GSTGVGKT). Eight amino acids
(MDDLFNQL) at positions 11 to 18 in the hydrophilic N-terminal region were also
absolutely conserved with the bovine Clp-like protein and L. lactis ClpL. The
pneumacoccal ClpL. ATPase shows strongest homology with a bovine Clp-like protein
(76% identity and 88% similarity) and L. lactis ClpL (59% identity and 76% similarity).
Iralso shows high homology to that of other species (data not shown).

ii) Transient induction but high stability of CIpL after heat shock.

Major HSPs, ClpL, DnakK, and GroEL, which have molecular weights of 84-, 73~,
and 65-kDa, respectively, have been identified by N-terminal amino acid sequencing of
corresponding S. preumoniae proteins after heat shock. The coordinate or independent
confrol of HSP expression has not been determined, hence we examined the kinetics of
HSP synthesis by pulse-labeling with [**S]-methionine. Cells grown at 30°C to mid-
exponential phase werc heat shocked by shifting the temperature to 42°C, and then pulse-
labeled for 10 min with [**8]-methionine. Two ml of the culture were harvested, and the
cells were lysed in lysis buffer by sonication. The cell lysates were then analyzed by

SDS-PAGE, and the protein bands were visnalized by autoradiography. The result
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revealed that the induction of HSPs peaked at 10 min after the upshift in temperature and
then rapidly diminished to bascline levels (Fig. 4a).  After incubating the cells at 42°C for
10 min, synthesis of ClpL, DnaK, and GroEL, was increased 11.3+0.8, 5.0+0.3, and
2.7+0.2 fold, respectively, relative to the control. Although the GroEL band was very close
to the nearby protein band, a higher magnitication of the autoradiogram clearly showed
that GroEL was induced (see Fig. 4b).

In addition, in order to detemine the stabilities of heat shock proteins, CP1200
cells grown at 30°C to mid-exponential phase (455=0.2) were heat stressed at 42°C for 10
min and pulse-labeled with [°S]-methionine at that time, and then the cell cultures were
returned to 30°C followed by chasing with excess nonradioactive methionine for the
indicated times. Two ml of cultures were harvested, and the cells were lysed by
sonication. The cell lysates were then analyzed by SDS-PAGE, and protein bands were
visualized by autoradiography (Fig. 4b). Synthesis of the major HSPs after the initial 10
min exposure at 42°C rapidly leveled off to 2.040.2, 2.2£0.3, and 1.240.1-fold,
respectively, relative to the non-heat-shocked control, suggesting that synthesis of HSPs
reached a new steady state level. Similar to the results presented in Fig. 4a, pulse-
labeling for 2.5 min with [**S]-methionine from 0 to 15 min showed that GroEL, DnaK,
and Clpl, were made early, and the induction of HSPs peaked at around 5 min after
temperature upshift, but fell off to the steady state after 7.5 min and resulted in net 1.5 to 2
fold increases relative to the control (data not shown). These results indicate that these
HSPs, although in different classes, have the same kinetics of induction. Also, the
increase in the rate of synthesis upon heat shock is similar to the increase in mRNA level
of ¢lpL and groEL, respectively, in the stationary growth phase of the pneumococcus
(Saizieu, A. et al., 1998. Bacterial transcript imaging by hybridization of total RNA to

olignucleotide arrays. Nature Biotechnol. 16:45-48). Since the ATPase subunit of Clp
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members forms a complex with the ClpP serine protease, CP1200 cells grown at 30°C to
mid-exponential phase (4ss=0.2) were heat shocked for 10 min at 42°C, were pulse-
labeled with [S]-methionine, and then the cell cultures were returned to 30°C followed by
chasing with excess nonradioactive methionine for the indicated times. Two ml of
cultures were harvested, and the cells were lysed by sonication. The resulting proteins
were then analyzed by SDS-PAGE, and protein bands were visualized by autoradiography
(Fig. 4¢). The result revealed induction of a 21-kDa HSP after heat shock, which was
identified as ClpP by N-terminal amino acid sequencing. In Fig. 4c, Lane C is not
stressed.  Numbers on top in Fig 4a to 4c show lapsed time (min) after return to the non-
stress condition. The heavy arrows indicate major HSPs. Molecular sizes in kDa are
indicated on the left.

HSPs are immunogenic in some pathogens (Kaufmann, 8. H. E. et al,, 1994, Heat
shock proteins as antigens in immunity against infection and self, p. 495-532. In R. L.
Morimoto, A. Tissieres, and C. Georgopoulos (ed.), Biology of Heat Shock Proteins and
Molecular Chaperones. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press),
and persistence of HSPs may help in the survival of the pathogens in the host. Therefore,
the stability of HSPs was examined. Bacteria were heat-shocked at 42°C for 10 min,
pulse-labeled at that time, returned to 30°C, and then chased with non-radioactive
methionine for various lengths of time. When we examined for HSPs after 1 to 60 min,
there was no detectable decrease in the amount of radioactive ClpL, DnaK, or GroEL, i.e.,
the HSPs produced during heat shoek persisted through the temperature downshift for 60
min (Fig. 5b). Interestingly, immunoblot analysis using HSPs of S. preumoniae revealed
that the absolute amount of the ClpL increased significantly and steadily (up to 14 fold by
60 min) during the sustained heat shock. Fig. 5a and 5b show that ClpL increasedvseadily

after heat shock. Whole cell lysates which were obtained from exponentially grown S.
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preumoniae cells exposed to 42°C, were subjected to immunoblot analysis. S
preumonige cells grown at 30°C until 4s5¢=0.3 were heat shocked at 42°C for the indicated
times, and then the culture was harvested and resuspended in lysis buffer. The cells were
lysed by sonication, and then ten pg of proteins were separated by SDS-PAGE and reacted
with antisera to ClpL, DnaK and GroEL. In case of ClpP, 30 ug of proteins were used for
SDS-PAGE followed by immunoblot analysis (Fig. 5a). Densitometric analysis of
relative levels of ClpL, ClpP, DnaK and GroEL after heat shock is shown in Fig. 5a,
Figure shows the standard deviation from two independent experiments (Fig. 5b). The
amount of DnaK and GroEL was increaseci by 2.4 and 3.4 fold, respectively, during a 60
min period (Fig. 52 and 5b), but thereafter there was a reduction in the amounts of all the
HSPs (data not shown), These results indicate that ClpL is fairly stable in S. preumoniae.

iii) Phenotype of clpL” and cipP” mutants.

To construct ¢/pl” and clpP” mutants, a DNA fragment containing either
AclpL::ermB or AclpP::ermB insertion was amplified by PCR and incorporated into the
chromosome by transformation as described in Materials and Methods. The insertion
mutation was confirmed by PCR and by immunoblot analysis to demonstrate the absence
of CIpL or ClpP, respectively. Cultures of D39 and its isogenic ¢/pL” (HYK304) and c/pP”
(HYK302) mutants were grown to an absorbance of 0.1 at 550 nm. The temperature was
then shifted from 37°C to 43°C and the cultures were incubated at the indicated times.
The results were shown in Fig. 6. The growth rate of the D39 derivative HYK304
carrying AclpL::ermB was similar to that of the parent at 30°C, but grew slower at 37°C
with a doubling time of 55 min, compared to about 40 min for the parent (Figs. 6a to 6c).
Thus, ClpL does not seem to be essential for the growth of S. preumoniae at 30°C and 37°
C. In contrast, HYK302 carrying the AclpP::ermB mutation showed severely impaired

growth at both 30°C (doubling time = 270 min) and 37°C (doubling time= 100 min)
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compared to the parent strain (100 and 40 min, respectively). At 43°C, the growth of D39
increased for the first 2 hr period, but decreased thereafter, The viability of the parent
strain was maintained over a 45 min period at 42°C; however, beyond 45 min, the viability
started to drop (data not shown). At 43°C, the growth of clpL and clpP" mutants
(HYK304 and HYK302, respectively) was impaired. Furthermore, isogenic CP1200
derivatives HYK1 and HYK?2 showed similar growth patterns as those of HYK304 and
HYK302, respectively (data not shown).

iv) Induction of ClpL in c/pP mutation.

From the results of the previous studies that ClpL and ClpP seem to be regulated
by the same CtsR, and that CIpP is involved in CtsR degradation, it is likely that ClpL
might be controlled by CIpP. To examine this possibility, we determined the amount of
ClpL and CIpP using either CP1200 or its cipL or clpP negative mutants. Exponentially
grown 8. preumoniae CP1200 (4550=0.3) and its isogenic clp/” and clpP” derivatives were
heat-shocked at 42°C for 30 min. Proteins from 3 ml of culture were subjected to
immunoblot analysis using either anti-ClpL. or ClpP polyclonal sera. In wild type
(CP1200) and the clpL” mutant (HYK1), ClpP was detected at 30°C, but after the cells
were heat shocked for 30 min, the amount of ClpP was marginally increased as shown in
Figs. 7a and 7b. Although ClpL was induced, the amount of ClpL in the uninduced
culture was greater in a c/pP” mutant (HYK?2) than in the wild type, suggesting that ClpP
represses expression of ClpL (Fig. 7a and 7b),

¥) Chaperone function of ClpL,

Since HSPs promote secretion and assist in the proper folding and translocation of
proteins (Craig, E. A. et al., 1993. Heat shock proteins: Molecular chaperones of protein
biogenesis. Microbiol. Rev. 57:402-414), chaperone activity of ClpL in S. pneumoniae was

examined. To measure chaperone activity quantitatively, refolding of 2 denatured protein
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into its native conformation is used (Mendoza, J. A. et al., 1991. Unassisted refolding of
urea unfolded rhodanese. JI. Biol. Chem. 266:13587-1359132).  Since unassisted refolding
of rhodanese occurs relatively slowly (Supra, Mendoza, J. A. et al.) and rhodanese activity
can be determined by a simple and sensitive assay. refolding of denatured rhodanese has
been used extensively to study protein folding. Histidine-tagged ClpL. (pKHY004) (Fig.
2) was overexpressed in E. coli, purified, and used for determination of refolding activity.
Under the test conditions, denatured rhodanese showed only 2.8~7.7% of the naiive
thodanese activity as shown previously (Supra, Craig, E. A. et al), indicaling that
spontaneous refolding of denatured thodanese occurs inefficiently when diluted 100-fold
from an 8 M urea solution. This activity is expressed as a percentage of the activity of
native thodanese carried through the same procedure. Inclusion of ClpL in the refolding
reaction mixture in an approximately 3 molar excess amount to denatured rhodanese
increased renaturation to almost 10% of the native rhodanese activity,. However, when a
12-fold excess of ClpL was added to denatured rhodanese, it increased activity to 30% of
the native level. Increasing the amount of ClpL added above this concentration yielded a
little further renaturation in the presence of ATP (Table 2). These results demonstrated
that ClpL could function independently as a chaperone to refold the denatured protein as

shown previously for ClpA in E. coli.

TABLE 2. ClpL-dependent in vitro refolding of denatured rhodanese.

ClpL Concentration ) Rhodanese activity (%)
B - 43+1.8

CIpL 90 Nm 0.0+ 4.2¢ -

ClpL 270 nM 9.5+3.2%

ClpL 541 nM 15.24 7.2%%

ClpL 1.08 M 30.1+14.0%% |
ClpL16M 35.7 £ 14.0%*

ClpL22 M 359+ 6.5%*
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Denatured rhodanese (90 nM final concentration) was incubated at 37°C for 1 hr alone or
together with ClpL in the prosence of 2 mM ATP. The activity of the refolded enzyme
was measured after 60 min incubation at 25°C and is expressed as percentage of the
activity of the same amount of native enzyme incubated at 25°C under the same conditions.
The mean value and standard deviation of 5 independent experiments are shown.

*; Significantly different from control (no ClpL), P <0.05.

**; Significantly different from control, P<0.001.

vi) Modulation of expression of virulence associated factors by heat shock.

Environmental stress including heat shock and starvation can affect expression of
virulence factors (Mekalanos, J. J. 1992, Environmenlal signals controlling expression of
virulence genes determinants in bacteria. J. Bacteriol. 174:1-7). Hence, the effect of heat
shock on expression of virulence agsociated factors in the encapsulated strain D39, and its
clpP” (HYK302) and clpL” (HYK304) mutants, was determined by immunoblot analysis
using antibodies against choline-binding protein A (CbpA), PsaA, pneumococcal surface
protein A (PspA), Ply, and autolysin (LytA). Exponentially grown encapsulated S.
preumoniae D39 (deoo = 0.1) and its isogenic clpP (HYK302) and elpL” (HYK304)
derivatives were heat-shocked at 42°C for 20 min. 0.6 ml of culture was centrifuged, and
the cell pellets were resuspended in lysis buffer followed by boiling for 3 min.
Subsequently, cell lysates were subjected to immunoblot analysis using a mixture of
polyclonal antisera raised against CbpA, Ply, and PsaA. The relative positions of CbpA,
Ply and PsaA are indicated in Fig. 8. Unexpectedly, Ply was induced after heat shock in
the wild type D39 as well as in the clpL” mutant. PsaA was also induced slightly in D39
after heat shock, but it was not induced in the ¢/pL” mutant. In contrast, in the clpP”
mutant, CbpA was induced but expression of Ply and PsaA was decreased (Fig. 8). PspA

and LytA levels did not change after heat shock regardless of genetic background (result
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not shown). To confirm the increase of Ply expression after heat shock, hemolytic
activity of the Ply in cell lysates was determined. ~ Although Ply activity was increased 1.8

fold in D39 after heat shock, it was not increased in the c/pP” mutant (Table 3).

TABLE 3. Effect of heat shock on hemolytic activity of pneumolysin®.

. Hemolytic unit % increase after heat shock
Strains
30°C 42°C
D39 9,331+2,347 | 16,515+4,592 177%
HYK304 (cIpL mutant) | 10,210+1,429 | 13,477£3,155 132
HYK302 (cIpP" mutant) | 13,063+2,859 | 15,41442,489 118

(*Mean = standard deviation of three independent experiments. *: P <0.05)

Hemolytic activity in cultures is equivalent to depp= 1.  Fifty pl of cell lysate was serially
diluted (1:1) into 50 pl of phosphate-buffered saline. Then 50 plofa 1.5% suspension of
human red blood cells was added to each well. The plate was then incubated for 30 min
at 37°C. The hemolytic units were calculated from the well at which 50% hemolysis had
occurred.  These results demonstrated that heat shack increased Ply expression in the wild
type and the ¢lpL” mutant, possibly contributing to a potential gain in virulence upon stress
challenge, but this did not occur in the c/pP” mutant.

Tn Yersinia enterocolitica, the ClpP protease repressed the expression of both ail
transcript level and cell surfacc-expresscd Ail protein (Pederson, K. J., 8. Carlson, and D.
E. Pierson. 1997. The ClpP protein, a subunit of the Clp protease, modulates ail gene
expression in Yersinia enterocolitica. Mol. Microbiol. 26:99-107). This prompted us to
examine the modulation of virulence gene expression at the mRNA levcl in S. preumoniae.

RNA was prepared from cultures and mRNA levels of ply, épr, psad and the capsule

'synthesis gene cps24 were determined by RT-PCR.  The results were shown in Fig. 9.

In Fig. 9, between RNA extracts, levels of individual mRNA species were corrected with
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reference o that obtained for the internal 16S tRNA control.  Data points represent means
+ standard deviations of quadruplicate samples from each RNA extract. At 30°C,
expression of chpA in the cipL” mutant was decreased relative to that of D39 (P = 0.001)
but increased in the clpP” mutant (P = 0.01). Although no significant changes n
expression of ply and psad in the wild type and ¢/pL” mutant were detected, in the clpP”
mutant, expression of ply was increased 2.5 fold (P < 0.01), but expression of psad was
decreased by half (P < 0.01).  After heat shock, chpd mRNA levels were increased 7.48-,
2.39-, and 3.48-fold (P < 0.001, P < 0.001, P = 0.001, respectively) relative to 30°C levels
in D39, ¢lpL’, and clpP" mutants, respectiv‘fsly. Similarly, mRNA levels of ply were
increased 5.27-, 6.0-, and 3.48-fold relative to 30°C levels in D39, clpL’, and c/pP” mutants,
respectively (P < 0.001 in all cases). After heat shock, expression of ¢ps24 was
significantly decreased relative to 30°C levels in both D39 and the ¢lpL” mutant (P = 0.001
in both cases). The expression of ¢ps24 in the clpP” mutant was increased after heat
shock, but the increase was not statistically significant. In cormtrast, heat shock increased
the mRNA level of psad 1.6- and 5.04-fold in D39 and the c/pP” mutant, respectively (P <
0.01, P = 0.001, respectively), but it was decreased in the clpL” mutant (P < 0.01; Fig. 9).
These results suggest that the c/pL” mutation may negatively affect the expression of psad
whereas ¢lpP” mutation may positively affect the expression of cps24 in some unknown
way. These findings provide evidence that clpL and cIpP as well as heat shock modulate
a variety of virulence associated genes to cope with new environmental challenges.

vii) Effect of c/pL and c/pP mutation on virulence.

To further investigate the effect of clpL and clpP” mutations on virulence of D39,
the survival time of mice after ip. infection with ca. 10° CFU of pneumococei was
measured. Groups of 10 BALB/c mice were infected with approximately 10° CFU of D39
or its clpP" (HYK302) or clpL” (HYK304) derivative. The results were shown in Fig. 10.
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In Fig. 10, each data point represents one mouse, horizon represents median survival time
for each group. The median survival time for mice in the groups infected with the parent
strain (D39) and the ¢/pL” mutant was 55 hr and 60 hr, respectively. This difference was
not statistically significant. However, the group of mice infected with the c/pP” mutant
became sick 2-3 days from post-infection, but most gradually recovered 4-5 days from
post-infection.  Only two mice challenged with the c/pP” mutant died after 67 and 119 hr
(Fig. 10).  The differences in median survival time and ovetall survival between the group
infected with the cjp?” mutant and the groups infected with either D39 or the ¢/pL” mutant
wete highly significant (P <<0.001 in all cases). This result indicates that ClpP function

is eritical for virulence factor expression in S. preumoniae.

3. DISCUSSION

In this study, we identified an ATP-dependent Clp protease AAK74513 in S
preumoniae as the ¢lpL homologue. ClpL, homologues have been identified in several
Gram-positive organisms (L. lactis X62333; S. aureus AP003365, AP003137; S. pyogenes
AE006538, AE004092; Lactobacillus rhamnosus AF323526) but not in Gram-negative
organisms, and so ClpL, like CIpE, seems to be specific to Gram-positive organisms (Derre,
L Et al, 1999. CIpE, a novel type of HSP100 ATPase, is part of the CtsR heat shock
regulon of Bacillus subtilis. Mol. Microbiol. 32:581-593).

Using scanning densitometry of immunoblot analysis, we found that S
preumoniae expressed high basal levels of DnaK, GroEL, and ClpP but not ClpL at 30°C.
These levels increased up to twofold upon exposure of the organism to heat shock over a
40 min period. However, pulse-labeling of proteins for 10 min with [**S]-methionine
demonstrated rapid and transient induction of all the HSPs, indicating that DnaK, GroEL

and ClpP were expressed constitutively in laige amounts at 30°C. Moreover, persisience
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of Clpl., DnaK and GroEL upon return to 30°C indicates that HSPs do not appear to be
actively degraded upon return to normal culture conditions. Since HSPs function as
chaperones and promote renaturation of unfolded proteins and are induced during infection
in a wide variety of bacterial pathogens, survival in vivo could be enhanced by the
stabilizing effect of HSPs on bacterial macromolecular complexes in hostile environments.
Therefore, persistence of the HSPs upon return to nérmal conditions and induction of
virulence proteins such as PsaA and Ply by heat shock might contribute or enhance
virulence of the pneumococcus. The major HSP, DnakK, is highly immunogenic in S.
preumoniae (Hamel, J., D. Martin, and B. B. Brodeur. 1997. Heat shock response of
Streptococcus pneumoniae: identification of immunoreactive stress proteins. Microb.
Pathog. 23:11-21) and there is substantial evidence in the literature that HSPs are immuno-
dominant antigens in infections by various pathogens (Supra, Kaufmann, S.H. et al., 1994).
Whether the pathogenic life-style of S. pneumoniae necessitates high levels of DnaK and
ClpL, and whether ClpL associates with the specific substrate and forms a complex with
ClpP for proteolysis is the subject of an ongoing study using recombinant proteins.

1t is well documented that mutation in HSP genes impacts on adherence and
virulence in many pathogens. The stress-induced ClpP serine protease contributes to
virulence in Salmonella typhimurium (Webb, C. et al., 1999, Effects of DksA and ClpP
protease on sigma S production and virulence in Salmonella typhimurium. Mol. Mictobiol.
34:112-123) and modulates adhesion invasion locus (ail) gene expression in Yersinia
enterocolitica (Pederson, K. I. et al,, 1997. The ClpP protein, a subunit of the Clp protease,
modulates ail gene expression in Yersinia enterocolitica. Mol. Microbiol. 26:99-107). In
Listeria monocytogenes, CIpP is essential for intracellular parasitism and virulence (Gaillot,
O. et al., 2000. The ClpP serine protease is essential for the intracellular parasitism and

virulence of Listeria monocytogenes. Mol. Microbiol. 35:1286-1294). Our results
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indicate that ClpP also plays an essential role in the virulence of S. preumoniae, and
supports the recent finding of Robertson ef al. (Robertson, G. T, et al., 2002. Global
transcriptional analysis of cjpP mutations of type 2 Streptococcus pneumoniae and their
effecis on physiology and virulence. J. Bacteriol. 184:3508-3520),

In this study, we have demonstrated that the mRNAs for virulence associated
genes such as chp4, ply, and psad were upregulated by heat shock. When gene
expression in wild type and the clp mutants, at 30°C, were compared, the clpL” mutant
exhibited almost the same expression pattern as that of the wild type for cbpd, ply, psad,
and ¢ps24, whereas the c/p/” mutant showed increased expression of chpd but decreased
expression of ply and psad. Thus, clpP seems to act as a negative regulator for chpAd
expression, but as a positive regulator for ply expression, Contrary to our observation,
Chastanet ef al. (Chastanet, A. et al., 2001. Regulation of Streptococcus pneumoniae clp
genes and their role in competence development and stress survival, J. Bacteriol.
183:7295-7307) reported that Ply production was not affected by cJpP mutation. This

discrepancy might be due to a difference in measurement method for Ply activity, as they

-assessed this qualitatively by observing hemolytic halos on blood agar plates, whereas we

employed a quantitative hemolysis assay. Since Ply is a proven virulence factor in
pneumococcal bacteremia, increased expression after heat shock may be a contributing
factor in pathogenesis. This is the first report of regulation of virulence genes by heat
shock in the respiratory pathogen S. preumoniae.

After heat shock, real-time RT-PCR data demonstrated an increase in ply
expression in the c/pP” mutant, whereas immunoblot analysis and Ply activity
measurements revealed no increase. This inconsistency could be attributed to instability
of ply mRNA at high temperatures in the ¢/pP” mutant. It is also conceivable that ClpP

might act in activating nascent Ply directly. Our immunoblot data also demonstrated that
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clpP” mutation resulted in high level expression of ClpL rcgardiess of heat shock,
suggesting that CIpP may negatively regulate ClpL. This result corroborates a recent
microarray study which also showed high induction of ¢lpL at 37°C in a clpP” mutant
(Robertson, G. T. et al., 2002. Global transcriptional analysis of ¢/pP mutations of type 2
Streptococcus pneumoniae and their effects on physiology and virulence. J. Bacteriol.
184:3508-3520).  Additionally, after heat shock, the level of expression of cps24, the first
gene in the capsule biosynthesis locus, was reduced in the wild type and clpl” mutant,
implying potentially lower resistance to the host immune system. In contrast, there was
no reduction in the level of expression of ¢ps24 in the clpP mutant. This result suggests
that the cipP” mutant ought to exhibit a wild type level of resistance to host macrophages
upon stress challenge, even though overall virulence was decreased. This may lead to the
establishment of chronic bacteremia, in which the bacteria are able to evade the host
immune system and survive in the host but unable to cause fulminant disease, a
phenomenon that has been previously demonstrated for a pneumolysin negative mutant of
D39,

Taken together, virulence gene regulation could be modulaied not only by heat
shock but also by ClpL and ClpP proteases. The thénnosensitivity of the clpL” mutant as
well as refolding activity of denatured rhodan:cse by the recombinant ClpL provide
evidence for a chaperone function of ClpL. Furthermore, ¢/pP was demonstrated to play

an essential role in the regulation of ply and chpd expression.

Example 2: Modulation of Virulence Gene Expression by ClpP and

Protective Immunity of ClpP in Streptococcus pneumoniae

In this Example, the underlying mechanism by which ClpP attenuates virulence

was investigated and it was evaluated whether ClpP immunization could provide protection
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against the challenge with S. preumonige.

1. MATERIALS AND METHODS

i) Bacterial strains, growth conditions, and transformation.

The bacterial strains and plasmid vectors along with new recombinants generated

in this study are presented in Table 4. S. pneumoniae CP1200, a derivative of Rx-1, was

used in this study and was grown in Casitone-Tryptone (CAT) based medium (Supra, Choi

et., 1999). S. preumoniae strain D39 (type 2) was grown in Todd Hewitt (THY) broth.

For selection of ppeumococcal transformants, erythromycin was added to growth medium

at a concentration of 0.2 pg/ml.  Escherichia coli strains (BL21(DE3), DH50,, XL1-Blue

indicated in Table 4) were grown in Luria-Bertani (LB) broth or on LB agar. Plasmids

were introduced into Z. cofi by transformation as described by Hanahan (Supra, Hanahau,

1983). For selection of E. coli transformants, kanamycin (30 pg/ ml) was added to the

growth medium.

TABLE 4. Bacterial strains and plasmids used in this study.

Strain or plasmid ~ Relevant characteristics

Reference or

source
E. coli strains
BL21(DE3)  gal (helis857 indl Sam?7 ain3 lacUV5-T7 genel) Novagen
DH50. supl44 AlacU169 (080 lacZAM15) BRL
XL1-Blue velAl lac [F’ proAB lacFZ AM15 T'n10(Tet")] Stratagene
'S.preumoniae
strains
CP1200 Nonencapsulated derivative of Rx1, malM511 str-1  Supra, Choi et al.,
1983
HYK?2 CP1200, 4 clpP::ermB Supra, Kwon et
al., 2003
D39 Encapsulated, type 2 Supra, Avery er

al., 1944
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HYK302 D39, AclpP::ermB Supra, Kwon et
al,, 2003
Plasmids
PET30 () 5.4-kb, Ap" Novagen

ii) Cell culture.
Human lung epithelial carcinoma A549 (ATCC CCL-185) and murine

macrophage RAW264.7 cells (ATCC TIB-71) were obtained from American Type Culture
Collection and cultured at 37°C and under 5% CO;. The A549 cells were culturcd in
Dulbecco modified Eagle medium (DMEM) (Gibco BRL, Gaithersburg, Md.) with 4.5
ng/L of glucose, 10% fetal bovine serum (FBS; Gibco BRL, Gaithersburg, Md.), and 100
U/ml of penicillin G and 100 pg/ml of sireptomycin, For culturing RAW264.7 cells,
RPMI 1640 medium (Gibco BRL, Gaithersburg, Md) supplemented with 10 mM HEPES,
2 mM L-glutamine, 100 U/ml of penicillin G and 100 pg/ml of streptomycin, and 0.2%
NaHCO; was used as the basic medium and FBS (Gibco BRL, Gaithersburg, Md) was
added at a concentration of 10%.

jiii) Preparation of Capsular Polysaccharide (CPS) from pnenmococci.

CPS preparations of D39 and its isogenic ClpP” mutant derivatives were made by
resuspending pneumococei (4goo = 0.5) grown on blood agar plates in 150 mM Tris-HCI,
pH 7.0; 1 mM MgS0y. This is equivalent to 5 x 10° pneumococei/ml.  An aliquot of 1
ml was pelleted at 10,000 x g. Autolysis of the bacteria was induced by the addition of
0.1% (wfv) sodium deoxycholate (Sigma, St. Louis, MD) and incubation at 37°C for 15
min. The samples were then incubated with 100 U mutanolysin (Sigma), 50 ug DNase I
(Roche Applied Science, Mannheim, Germany) and 50 pg RNaseA (Roche Applied

Science) at 37°C for 18 h. The samples were then incubated with 50 pg Proteinase K
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(Sigma) at 56°C for 4 h prior to storage at —20°C.  Subsequently, cellular materials were
subjected to immunoblot analysis using polyclonal type 2 polysaccharide specific
antiserum.

iv) Antiserum, Gel electrophoresis, and Immunoblotting.

The preparation of sera against PspA and PdB (toxoid derivatives of Ply) was
essentially as described previously (Supra, Ogunniyi AD., et al, 2000). For
immunoblotting, cells were grown in THY until Ago = 0.3, and prepared as described
previously (Kwon, H. Y. et al., 2003. Effect of Heat Shock and Mutations in ClpL and CIpP
on Virulence Gene Expression in Streptococcus pneumoniae. Submitted to Infect. Immun).
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, either 10 or 15%
polyacrylamide gel) was carried out as described by Laemmli (Laemmli, U. K. 1970.
Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature 227:680-685).  The proteins were electroblotted onto nitrocellulose membrane and
then reacted with 1:5000 dilutions of polyclonal mouse antiserur raised against PspA and
PdB. For capsule blotting, samples were electroblotted onto nylon membrane, and then
reacted with 1:5000 dilutions of ant-serotype 2 polyclonal mouse antiserum., The
sccondary antibody was a 1:2000 dilution of goat anti-mouse IgG conjugated to alkaline
phosphatase (Bio-Rad).

v) Pneumolysin Assay.

Hemolytic activity was determined as previously described (Lock, R. A. et al.,
1996. Sequence variation in the Streptococcus pneumoniae pneumolysin gene affecting
haemolytic activity and electrophoretic mobility of the toxin. Microb. Pathog. 21:71-83)
with a minor modification. Briefly, pneumococei grown in THY broth to early-mid log
phase (deoo = 0.03-0.1) were harvested by centrifugation at 3900 x g for 10 min at 4°C and

resuspended in phosphate buffered saline. Sodium deoxycholate was added to a final
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concentration of 0.1% and theﬁ incubated at 37°C for 10 min.  After centrifugation of the
samples, the supernatant was withdrawn and serially diluted. Hemolytic activity was
determined by incubation with an equal volume of 1.5% washed human red blood cells
(containing 0.001% mercaptoethano! [Merck]) in 96 well microtiter plates at 37°C for 30
min. Hemolytic titer was determined as the reciprocal of the estimated dilution at which
50% of erythrocytes were lysed at Ass.

vi) RNA techniques.

Aliquots of 1.5 ml culture suspension were collected at intervals for extraction of
total RNA. For measuring mRNA half-lives, rifampicin (100 pg/ml) was added. Total
RNA was ‘extracted using the hot acid phenol method, as described previously (Supra,
Ogunniyi AD., et al.,, 2002). Levels of mRNA for ¢ps24 and ply, were quantitated by
one-step real-time reverse transcription (RT-PCR) using the Promega Access RT-PCR
System (Promega Biotech, Cat# A1250). An internal control primers (165 rRNA)
specific for these reactions have been described elsewhere (Supra, Ogunniyi et al., 2002).
Preparation of RT-PCR reactions, cycling conditions and data analysis were substantially
the same as described previously (Supra, Kwon et al., 2003). Al reactions were carried
out in Rotor-Gene 2000 Real-Time cycler (Corbett Research, Australia), The mRNA
half-lives were analyzed by SigmaPlot curve fitter program (non-linear least squares fitting
to the sum of exponentials). Two models were proposed, a monophasic decay or a
biphasic decay. The model which fitted the data with the minimum deviation in each case
was retained as being more valid. ‘

vii) Cloning, expression and purification of ClpP in E. coli.

clpP ORF (Genebank AE008443, base sequences 5416-6006) was PCR amplified
with forward and reverse primers (5°-CGA ATT CAT GAT TCC TGT AGT TAT-3": SEQ
ID NO.9 and 5’-CGA GCT CTT AGT TCA ATG AAT TGT TG-3": SEQ ID NO.12, which
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incorporates EcoRI and Sacl sites, respectively) from CP1200 DNA. The PCR fragment
was digested with the same enzymes and cloned into the corresponding restriction sites of
pET30(a) (Novagen) to generate plasmid pET30(a)-clpP (Fig. 1). Expression was
induced with 0.1 mM IPTG (isopropyl-B-D-thiogalactopyranoside) in E. coli BL21(DE3)
for 3 howrs. Cells were collected by centrifugation at 6,000 x g for 10 min, and then
resuspended in lysis buffer (50 mM Sodium phosphate, pH 8.0; 2 M NaCl; 40 mM
imidazole) with a protease inhibitor, phenylmethyl-sulfonyl fluoride added to 1 mM of
final concentration, Then, cells were lysed in French pressure cell (SLM Aminco, Inc.) at
12,000 Ib/in?, and the lysates were centrifuged at 100,000 x g'for 1 hour. The supernatent
containing Iliss- tagged protein was loaded on a nickel-nitriloacetic acid column (Probond,
InVitrogen), and then was washed with 10 column volumes of 10 mM sodium phosphate,
20 mM imidazole and 1 M NaCl (pH 6.0). Nickel-bound Hise~ tagged protein was eluted
with 30ml of 0 to 500 mM imidazole gradient in 10 mM sodium phosphate buffer (pH 6.0),
and dialyzed against 10 mM sodium phosphate buffer (pH 7.0). The protein was >95%
pure as judged by SDS-PAGE and staining with Coomassie brilliant blue R250 (data not
shown).

viii) Isolation of subcellular fractions and localization.

Exponentially grown cells were collected by centrifugation and sucrose-induced
protoplast formation was performed as described previously (Vijayakumar, M. N. et al,
1986. Localization of competence induced proteins in Streptococcus pneumoniae. J.
Bacteriol. 165:689-695). Cells were converted to protoplasts by incubation at 30°C for 1
hr with 1 M sucrose buffer (1 M sucrose, 100 mM Tris HCI pH 7.6, 2 mM MgCl, 1 mM
PMSF). Centrifugation at 13,000 x g for 20 min separated a cell wall fraction
(supernatant) from protoplast (pellet). The protoplasts were subject to osmotic lysis by

diluting with 19 volumes of hypotonic buffer (100 mM Tris HCI, pH 7.6, | mM PMSF, 1
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mM EDTA). Lysates were centrifuged at 5,000 x g for 5 min to remove unlysed cells,
and then were separated by centrifugation at 50,000 x g for 30 min into the cytoplasmic
fraction (supernatant) and the membrane fraction (pellet).

ix) Determination of Malate Dehydrogenase Activity.

The enzymatic activity of malate dehydrogenase (MDH) was determined by
monitoring the rate of the fall of absorbance of 0.2 mM NADH at 340 nm at 25°C (4149
=6.22/mM/cm) in 0.15 M potassium phosphate (pH 7.6) containing 0.5 mM oxalacetate.
After adding the sample, the reaction mixtute was incubated at 25°C for 1 min 40 seconds,
and absorbance at 340 nm was determined.  Addition of the substrate was used to start the
reaction. Initial slope rates of the rate of oxidation of NADH from the first 1 min 40 sec
of the reaction were used to calculate MDH activities.

x) Adhesion and Invasion Assay.

Invasion of the human lung A549 cells by pneumococci was performed by a
modification of antibiotics protection assay described previously (Supra, Vijayakumar, M,
N. etal,, 1986). A549 cells were grown to confluence in 24-well tissue culture plates and
washed 3 times with phosphate buffered saline (PBS, pH 7.2), and then | ml of cell growth
medium without antibiotics was added per well. Exponential-phase culturcs of R type
CP1200 and its isogenic clpP” mutant strains (Asso = 0.3, 10° CFU/ml) were pelleted by
centrifugation, washed once with PBS, and resuspended in DMEM medium. Monolayers
were infected with 107 bacteria (bacterium-to-cell ratio, 10:1) and initial contact of the
bacteria with the cell monolayer was aided by centrifugation at 800 x g for 10 min at 4°C
followed by a 2 h incubation at 37°C.  Fresh medium containing 10 pg/ml penicillin and
200 pg/ml gentamicin was added to each well, and such treatment was confirmed to be
sufficient to kill all exposed bacteria. After 1h of further incubation, the monolayers

were rinsed 3 times with PBS, and cells were detached from the plate by treatment with
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100 pl of 0.25% trypsin-0.02% EDTA and then lysed by the addition of 400 pl of Triton X-
100 (0.025% in HyO). Appropriate dilutions were plated on blood agar to determine the
number of viable bacteria. To determine the total number of adherent and intracellular
bacteria, infected monolayers were washed as described above and then trypsinized, lysed,
and plated quantitatively without antibiotic treatment. All samples were assayed in
triplicate, and each assay was repeated at least three times.

xi) Survival in RAW264.7 cells.

Cell monolayers were infected with 10" CFU pneumococei (bacterium-to-cell
ratio, 10:1) in RPMI1640 culture medium (Sigma) without antibiotics. For bacterial
infection, the culture was incubated for 2 hr at 37°C.  After this incubation, the cells were
washed three times with PBS, and fresh medium containing 10 pg/ml penicillin and
200 pg/ml gentamicin was added to kill extracellular bacteria (time zero of the assay). To
quantify the intracellular pneumococei at different times of postinfection, the supernatants
were removed and the cells were washed three times with PBS and then Iysed with Triton
X-100 as described above. Serial dilutions of lysate from each well were plated onto
blood agar. The number of CFU was determined after 24 h incubation at 37°C. Three
independent assays (triplicate assay) were carried out for each bacterial strain.  Statistical
analysis was performed using a paired or unpaired Student’s  test.

xii) Study of Colonijzation.

This study was performed in accordance with the same procedures as described in
the recent report (Supra, Ogunninyi et al., 2003, MS in preparation). Prior to challenge,
bacteria were cultured at 37°C overnight on Todd Hewitt agar (Difco Laboratories, USA)
with 10% [volivol] horse serum added (supplemented with erythromyein where
appropriate) and then grown in THY broth for about 4h at 37°C to give ca. 4x10” CFU/ml
(460 = 0.1). Each bacterial culture was then adjusted in THY broth to ea. 10° CFU/ml,
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and 10 pI of cells (about 107 CFU) were inoculated into the nares of 5 week-old CD1-
mouse. 4 mice of each group were randomly sacrificed on day 1, 2, and 4 from post-
infection to quantify the carriage of each strain. Samples of nasopharynx, blood and lung
were appropriately diluted in sterile PBS in series, and plated in duplicate on blood agar
containing proper antibiotic. The plates were incubated under atmosphere of 95% air/5%
CO,, at 37°C for about 16 hrs, and then the colonies were counted and the means of
duplicate were obtained.

xiii) Immunization of Mice and Analysis of Sera.

Mice were immunized intraperitoneally as described previously (Supra, Ogunniyi,
A.D. et al.,, 2000). Four groups of 5-to 6-week-old female CBA/N mice (12 mice per
group) were immunized intraperitoneally with AIPO, alone, genetically modified Ply
toxoid (PdB) + AIPQ4, PspA + AIPQy, or ClpP plus AIPO,;. Each mouse received three
doses of 10 pg of each protein antigen at 12- to 14-day intervals, and sera were collected
from the mice by retro~orbital bleeding 1 week after the third immunization. The sera
were pooled on a group-by-group basis and assayed for Ply-, PspA- and ClpP-specific
antibodies by enzyme-linked immunosorbent assay (ELISA). The sera were also
subjected to Western immonoblot analyses using purified Ply, pspA, or CIpP, or whole-cell
lysates of S. pneumoniae D39 derivatives as the antigen.

xiv) Challenge.

Two weeks after the last immunization, mice were challenged intraperitoneally
with a highly virulent capsular type 2 strain (D39). Before challenge, the bacteria were
grownat 37°C overnight on blood agar and then inoculated into serum broth consisting of
10% (vol/vol) horse serum in meat extract broth (brain heart infusion broth, Difco
Laboratories, USA, or Todd Hewitt broth, Difco Laboratories, USA). Bacteria were then

grown statically for 3 h at 37°C to give approximately 10° cF U/ml, and inoculum adjusted
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to 7.5 x 105 CFU per challenge dose. Serotype-specific capsule production was
confirmed by Quellung reaction using antisera obtained from Statens Seruminstitut,
Copenhagen, Denmark. After challenge, the mice were monitored every 4 h initially for 7
days and then daily up to 21 days, and the survival time of each mouse was recorded.
Differences between the median survival times of groups were analyzed by the Mann-

Whitney U test (one-tailed).

2. RESULTS

i) ClpP~ mutant does not cause persistant infection in mice.

‘We have shown previously that the clpP~ mutant exhibited significantly attenuated
virulence. The level of expression of ¢cps24, the first gene in the capsule biosynthesis
locus, was not reduced in this strain after heat shock whereas expression of ¢ps24 in the
parent was significantly reduced after heat shock, suggesting that the c/pP™ mutant ought to
exhibit a wild type level of resistance to host macrophages upon stress challenge, even
though overall virulence was decreased. This may lead to the establishment of chronic
bacteremia, in which the bacteria are able to evade the host immune system and survive in
the host but unable to cause fulminant disease, a phenomenon that has been demonstrated
previously for a pneumolysin negative mutant of D39.

To confirm this hypothesis, 10 mice were injected with 10° cfu of the clpP” mutant
intraperitoneally and blood was taken from retro-orbitally after infection. The result
showed that pnenmococci were not detected in any mice 7, 14, and 21 days from post-
infection, indicating that the ¢c/pP™ mutation does not cause persistent infection (data not
shown).

ii) Determination of mRNA half-lives.

We recently demonstrated that in the c/pP™ mutant, there was an increase in ply
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mRNA expression with no céncornitant increase in Ply protein and Ply hemolytic activity
after heat shock. However, in the wild type, both Ply protein and hemolytic activity
levels as well as ply mRNA level were increased significantly after heat shock (Supra,
Kwon H.Y. et. al, 2003).

This inconsistency could be attributed to instability of ply mRNA at high
temperatures in the c/pP” mutant. Therefore, the ply mRNA decay kinetics after heat
shock (HS) was investigated. To compare the stability of the mRNA at 30°C, de novo
mRNA synthesis was blocked by the addition of rifampicin and the decay was monitored
by real-time RT-PCR using the cps24 and ply specific primers (Fig. 11a). To determine
mRNA half-lives at 30°C, S. preumoniae strains were first grown at 30°C, then rifampicin
was added. Aliquots for RNA extraction were withdrawn before the addition of
rifampicin (30°C) and at 10 (R10m) and 20 min (R20m) after rifampicin was added (Fig.
11a). To determine mRNA half-lives after heat shock, S. pneumoniae strains were first
grown at 30°C and then heat shocked at 42°C.  Ten minutes later at 42°C, rifampicin was
added (HS). Aliquots for RNA extraction were withdrawn before and after heat shock,
and at 10 (R-lOm) and 20 min (R-20m) after the addition of rifampicin at 42°C (Fig. 11b).
To determine effect of heat shock on mRNA half-lives, S. preumoniae strains grown at
30°C were treated with rifampicin for 10 min, and then heat shocked at 42°C. Aliquots
for RNA extraction were withdrawn before, and 10 min (R-10m) after the addition of
rifampicin at 30°C, and then at 10 (R+HS10m) and 20 min (R+HS10m) afier heat shock
(Fig. 11c). Between RNA extracts, levels of individual mRNA species were corrected
with reference to that obtained for the internal 16S rRNA control. Data points represent
means + standard deviations of quadruplicate samples from each RNA extract.
Comparison of the degradation kinetics demonstrated that at 30°C, the half-life of ply

mRNA in the wild and the clpP mutant were 2.75 and 5.8 min, respectively, indicating that
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the half-life of ply in the mutant was 2.1-fold higher than that of the wild type at 30°C
(Table 5). However, at 30°C, degradation of the cps24 mRNA in the c/pf” mutant was
only 1.31-fold higher than that of the parent (Fig. 11a and Table 5). This result suggests
that ClpP protease could be responsible for the degradation of ¢ps24 and ply mRNA at

30°C in some unknown way.

TABLE 5. Effect of heat shock on half-lives of ¢ps24 and ply mRNA".

Half-life, min
Temperatures D39 clpF
cps2A Ply Cps24 ply
30°C 3.8 2.75 5.0 5.8
42°C 2.0 1.75 41 3.75

For measuring mRNA half-lives, rifampicin (100 ug/ml) was added and aliquots of 1.5 ml
culture suspension were collected at 10 min intervals, and total RNA was extracted using
the hot acid phenol method. Subsequently, mRNA levels were determined by real-time
RT-PCR. The mRNA half-lives were analyzed by non-linear least squares fitting to the
sum of exponentials. All experiments were carried out in quadruplicate. To compare
the stabilities of the transcripts after heat shock, S. pnewmoniae cells were first grown at
30°C, then shifted to 42°C. Total RNA was prepared immediately before the addition of
rifampicin at 42°C as well as at 10 and 20 min after adding rifampicin at 42°C.  After heat
shock, the level of ply mRNA in the ¢/pP” mutant was increased 7.5-fold (Fig. 11b) but the
level of Ply protein was not increased (data not shown), corroborating our previous results.
The decay kinetic data showed that the half-lives of the ply transcripts in the parent aﬁd
clpP” mutant were 1.75 and 3.75 min, respectively, indicating that ply mRNA in the cipP”
mutant was degraded 2.1-fold slower than that of the parent after heat shock.

Furthermore, the half-lives of ¢ps2A transcripts in the parent and clpP” mutant were 2.0
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and 4.1 min, respectively, indicating that the cps24 mRNA in the ¢lpP” mutant was
degraded 2.05-fold slower than that of the parent after heat shock (Fig. 11b).

Given that after heat shock, half-lives of the ply and ¢ps24 mRNA transcripts
became shorter than those at 30°C in both the parent and ¢[pP” mutant, it is possible that
the mRNA species are either liable to faster degradation at 42°C relative to 168 rRNA or
subject to faster decay by HSPs other than ClpP. Therefore, we investigated whether heat
shock itself could affect half-life of ply mRNA.  To resolve the effect of heat shock on ply
mRNA half-life, cells c_:ultured at 30°C were treated with rifampicin, then heat shocked,
and the decay kinetics of the mRNA was determined by RT-PCR analysis. Under these
conditions, both ¢ps24 and ply transcripts were stable over 20 min in the parent and the
clpP” mutant (Fig. 11c), which was in contrast to the scenario observed at 30°C (see Fig.
11a). This result demonstrated that the transcripts are indeed stabilized by heat shock at
42°C (Fig. 11c).

iii) The hemolytic activity of Plv is not activated by ClpP.

The destabilizing function of ClpP could be responsible for the low stability of the
Ply processing product and of the ply primary transcript. Even though the ply mRNA was
stabilized by heat shock, there was no corresponding increase in the amount of Ply protein
or the level of its hemolytic activity. This discrepancy could be atiributed to the
activation of Ply directly by ClpP protease so that hemolytic activity could be increased in
the parent but not in the c/pP” mutant.

To prove this hypothesis, S. preuimoniae cells were cultured at 30°C and then heat
shocked at 42°C for 20 min. The cells were lysed with 0.1 % sodium deoxycholate by
incubation at 37°C for 10 min. Subsequently, cell lysates were incubated further at 37°C
for 20, 40, and 60 min, and the hemolytic activity of Ply was determined. The hemolytic

activities in both wild type and the cIpP” mutant decreased over the period and hemolytic
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titer at 37°C in the ¢/pP” mutant was not significantly different from that in the parent,
suggesting that ClpP protease is not required for the activation of hemolytic activity of Ply
(data not shown).

iv) Translocation of ClpP to the cell wall after heat shock.

Localization of hspl00 with immunogold labeling employing anti-hsp100
antibody showed that hspl00 was located in the cytoplasm and nucleus before and after
heat-shock in the yeast Saccharomyces cerevisiae (Fujita ef al., 1998, Hsp104 responds to
heat and oxidative siress with different intracellular localization in Saccharomyces
cerevisiae. Biochem. Biophys. Res. Commun. 248: 542-547), In B. subtilis, immunogold
labeling with antibodies revealed that ClpC and ClpX ATPases were detected at the cell
envelope as well as inside the cells (Kruger, E. et al., 2000. The clp proteases of Racillus
subtilis are directly involved in degradation of misfolded proteins. J. Bacteriol. 182: 3259-
3265) suggesting that hsp100, CIpC, and ClpX proteins are associated closely with protein
aggregates during heat-shock treatment.

To localize ClpP in S. preumoniae, fractionation of subcellular proteins was
initially attempted using encapsulated strains. However, after incubation of the cells in 1
M sucrose buffer, centrifugation did not separate the cell wall from protoplast due to the
presence of a thick capsule (data not shown). Therefore, non-encapsulated strains were
used for localization experiments. Since the fractionation method may cause partial lysis
or leakage of cytoplasmic contents during or after heat shock, MDH was used as an
internal cytoplasmic marker. MDH activity in the cell wall was < 10% of the total MDH
activity at 30°C (data not shown). In addition, MDH activity in the cell wall was not
increased even after heat shock (data not shown), suggesting that heat shock does not cause
Iysis or leakage of cell membrane.

Exponentially grown S. preumoniae CP1200 cells were exposed to 42°C, and
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cellular proteins were fractionated into cell wall, membrane, and cytoplasm by sucrose-
induced protoplast formation followed by lysis in hypotenic buffer (see Materials and
Methods). Subsequently, subcellular fractions were subjected to immunoblot analysis
using polyclonal anti-CipP antibody (obtained by subcutancously injecting a rabbit with
mix of ClpP protein and alum 3 times at 2-week interval, and then taking the serum from
the rabbit) to visualize the ClpP. ClpP was detected predominantly in the cytoplasmic
fraction but lesser amount in the cell wall fraction at 30°C. However, after heat shock,
the amount of ClpP in both the cytoplasm and cell wall was increased (Fig. 14) indicating
that CIpP is induced at normal temperature but it is further induced after heat shock. In
Fig. 14, W, M, and C mean cell wall, membrane, and cytoplasm, respectively. This result
suggests that a significant amount of ClpP may be translocated to the cell wall after heat
shock, thus ClpP might play some important role in the cell wall or perhaps be involved in
degradation of proteins.

v) Results of colonization or lung invasion of the c/pP mutant.

It was shown previously that the clpP” mutant exhibited strong attenuation of
virulence in murine septicemia model (Supra, Kwon H. Y. et al., 2003). Moreover, the
clpP” mutant failed to colonize the lungs of mice to significant levels after intratracheal
challenge and no mortality was recorded throughout the 48 hr of infection (Supra,
Robertson, G.T. et al., 2002). However, invasion and dissemination of S. preumoniae
seem to be accomplished via its natural niche, nasopharynx.

Therefore, the effect of ClpP on colonization of S, preumoniae after intranasal
challenge was assessed. Intranasal challenge with a highly virulent capsular type 2 strain
(D39) and its isogenic c/pP” mutant (HYK302) revealed that the clpP” mutant did not
colonize the nasal mucosa and lung at all throughout the 48 hr period (Figs. 12a to 12c),

suggesting a defect in adherence.
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Furthermore, ClpC of S. preumoniae has been shown to be involved in adherence
(Charpentier, E., R. Novak, and E. Tuomanen. 2000. Regulation of growth inhibition at
high temperature, autolysis, transformation and adherence in Streprococcus preumoniae by
¢lpC. Mol. Microbiol. 37:717-726), and mutations in ¢/pC (Rougquette, C., C. de Chastellier,
S. Nair, and P. Berche. 1998. The ClpC ATPase of Listeria monocytogenes is a general
stress protein required for virulence and promoting early bacterial escape from the
phagosome of macrophages. Mol. Microbiol. 27: 1235-1245), ¢lp£ (Nair, S., C. Frehel, L.
Nguyen, V. Escuyer, and P. Berche. 1999. CIpE, a novel member of the 1ISP100 family, is
involved in cell division and virulence of Listeria monocytogenes. Mol. Microbiol, 31:
185-196}, and clpP (Supra, Pederson, K. I, et al., 1997) in Listeria and Yersinia showed
decrease in adherence to host epithelial cells.

Therefore, the involvement of ClpP in adherence to host epithelial cells was
examined.  Since the presence of polysaccharide capsule significantly attenuates
adherence of pneumococcus to the surface of host cells, we employed R type strains to
determine effect of clpP” mutation on adherence and invasion. The R type cpP deletion
mutant, HYK?2, did not show any significant differences in adherence to and invasion of
A549 human lung cells compared to that of its isogenic parent (data not shown). Thus,
this result demonstrates that colonization failure was not due to the defect in adhesion nor
invasion.

vi) Reduced survival of the c/pP mutant in murine macrophage RAW264.7
cell line,

Alveolar macrophage is the primary elem?:nt in host defense against invasion by S.
prneumonige (Knapp, S. et al, 2003. Alveolar macrophages have a protective
antiinflammatory role during murine pneumococcal pneumonia. Am. J. Respir. Crit. Care

Med. 167:171-179). Since it was observed in this study that the c[pP” mutant was
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defective in colonization of the nasal mucosa compared to the parent, it was reasoned that
this quite possibly was due to rapid clearance of the pneumoccoci in addition to the slower
growth of the mutant.

Therefore, the survival of the c/pP” mutant was determined in murine macrophage
RAW264.7 cells (Fig. 13). RAW264.7 cell monolayers were infected with 10’ CFU
pueumococei (bacterium-to-cell ratio, 10:1) in RPMI1640 culture medium, and were
treated with gentamicin at different time, and then intracellular pneumococci were
quantified. Three independent assays were carried out in triplicate for each bacterial
strain. The D39 parent strain was able to survive inside the macrophages and was
maintained at a level of 160 CFU during the course of the assay (8 h), whereas the number
of recoverable clpP” mutant organisms declined steadily to zero after 8 h of infection (Fig.
13). The survival rate of C/pP” mutants in the macrophage cells was significantly
decreased at 5 hr (P<0.01), 6 hr (P<0.05), 8 hr (P<0.01) from post-infection as compared
with its parent strain (Fig. 13). The number of viable cells at 2 hr after the addition of
antibjotic would be approximately half the number present at the time the antibiotic was
added. However, the actual number of CFU was much less than what was estimated,
indicating that it is not a growth defect of the cipP” mutant but rather a result of stress-
sensitive phenotype or susceptibility of the c/pP” mutant to macrophage. This suggests
that ClpP is required for intracellular survival in the RAW264.7 cells.

vii) Level of eps in c/pP” mutant is similar to that of the wild type strain,

In clpP” mutant derivatives of Strepiococcus mutans and Psendomonas
Sluorescence, biofilm level was reduced significantly (Lemos, J. A., and R. A. Burne, 2002,
Regulation and physiological significance of ClpC and ClpP in Strepfococcus mutans. J.
Bacteriol. 184:6357-6366).  Accordingly, the amount of cps in those mutants was

considered to be lower than that of the parental type.
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To examine if this also holds true for S. pneumoniae, D39 and its isogenic clpP”
mutant derivative were used to measure the amount of ¢ps by immunoblot analysis using
polyclonal type 2 polysaccharide specific antiserum. Both cultures were adjusted to the
same optical density to exclude the possibility that any differences observed could be due
to variations in the growth capacity of the strains. In both the parent (D39) and the clpP”
mutant (HYK302), the same amount of cps was detected (data not shown) indicating that
the attenuation of virulence in the clpP™ mutant was not due to lower level of cps.

viii) Protective effect of ClpP against pneumococcal challenge in mice.

HSPs serve as antigens in some pathogens and they serve to protect against
infectious diseases. Since ClpP is translocated into the cell wall after heat shock, its
ability to elicit protection against pneumococcal challenge was evaluated.

The proteins separated by SDS-PAGE were electroblotted onto nitrocellulose
membrane. They were then reacted with sera from the groups of mice immunized with the
proteins. The results were shown in Figs. 15a and 15b. In Figs. 15a and 15b,
nitrocellulose membrane strips in Lanes 1 to 4 were reacted with sera from mice
immunized with AIPO,4 adjuvant (lane 1), PdB plus AIPO;, (lane 2), PspA plus AIPO; (lane
3), and ClpP plus AIPO, (lane 4). Mice immunized with ClpP elicited strong, specific
antibody response to the antigen; ELISA titer of pooled sera from mice immunized with
purified ClpP was 8,400 £ 2250 compared to the titer obtained from mice immunized with
purified PdB (8,000 + 600) and PspA (8,300 * 2,400). Mice immunized with alum
(AIPOy) adjuvant alone produced a titer of 100, which was the limit of detection. Western
immunoblot of the sera against whole-cell lysates of D39 also demonstrated specificity of
antibody responses to each of the antigens (Fig. 152). The sera also reacted specifically
to each of the purified proteins (Fig. 15b). However, in case of the purified CpP, some

degradation produets of the protein were observed.
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In the active immunization/challenge experiment, mice were challenged with ca. 7
x 10° CFU of D39. Groups of 2 CBA/N mice Were‘ immunized with the indicated
antigens and were challenged 2 weeks after the third immunization with approximately 7.5
x 10° CFU of capsular type 2 strain D39.  The results were shown in Fig, 16, InFig. 16,
each datum point represents one mouse, and the horizontal lines denote the median
survival time for each group. The median survival time for mice that received ClpP was
approximately 2 days (Fig. 16). This was significantly longer than that for mice that
received the alum adjuvant alone (2 < 0.01).  Similarly, the median survival time for mice
that received PspA (2 days) was significantly longer than that for mice that received the
alum adjuvant alone (P < 0.001). For mice that received PdB (the pneumolysin toxoid),
the median survival time was approximately 2.5 days and this was also significantly longer
than that for mice that received the alum adjuvant alone (P < 0.001). However, when the
median survival time for mice that received ClpP was compared to that obtained with

either PdB or PspA, no significant differences were obtained.

3. DISCUSSION

The aim of this study was to evaluate the role of CIpP, a heat shock protein, in the
pathogenesis of pneumococcal disease. We have demonstrated, after heat shock in the
clpP” mutant, an increase in ply mRNA whereas no increase of both Ply protein level and
Ply hemolytic activity. This inconsistency turned out that the ply and cps24 mRNA in the
¢lpP” mutant became stable in the clpP” mutant at both 30°C and 42°C, thus ClpP seems to
be a contributing factor for decay of the transcripts. Furthermore, after heat shock, half-
lives of both ¢ps24 and ply mRNA in the c/pP” mutant werc more than two-fold longer
than those in the wild type indicating clearly that lack of ClpP elicited increase of half-lives

of the mRNA species after heat shock. The hemolytic activity of Ply was not increased
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further by incubation of the cell lysate at 37°C, indicating that ClpP is not directly
responsible for activation of hemolytic activity of Ply. We concluded from these findings
that ¢ps24 and ply mRNA are subject to ClpP degradation at posttranscriptional level but
the specific mechanism by which this occurs is yet unclear.

In S pneumoniae, cps is a key virulence factor and provides resistance to
phagocytosis (Austrian, R. 1981. Some observations on the pneumococcus and on the
cutrent status of pneumococcal discase and its prevention. Rev. Infect. Dis. 3(Suppl.):S1-
S17). Whereas in S. mutans, clpP” mutation resulted in 80% reduction in biofilm
formation (Lemos, I. A, and R. A. Burne. 2002. Regulation and physiological significance
of ClpC and ClpP in Strepiococcus muians. J. Bacteriol. 184:6357-6366), the amount of
cps in the ¢/pP” mutant of S. preumonive is the same as that of the wild type. Therefore,
the reduced survival of the ¢/pP” mutant in macrophage and its failure to colonize the nasal
mucosa seem not to be due to the level of cps but rather due to impaired growth at both 30°
C and 37°C (Supra, Kwon H.Y. et al., 2003).  This could also be due to its stress sensitive
phenotype, resulting from the accumulation of denatured profeins that are normally
targeted to the ClpP protease. In some pathogens, HSPs are present on the surface of cells
and may mcdiate adhesion to the host cells (Marcellaro et., 1998). In S. preumonine
(Supra, Charpentier E. et al., 2000) and L. monocytogenes (Nair, S., E. Milohanic, and P,
Berche. 2000. ClpC ATPase is required for cell adhesion and invasion of Listeria
monocyfogenes. Infect. Immun. 68: 7061-7068), ClpC was required for cell adhesion and
expression of virulence factors; S. prewmoniae clpC mutant displayed deficiency in
adherence to the human type II alveolar cells and did not express pneumolysin and the
choline-binding proteins, CbpA, CbpE, CbpF, or CbpJ, suggesting that the heat shock
protein ClpC plays a pleiotropic role in adherence (Supra, Charpentier ef al., 2000). Tn

this study, we demonstrated that adherence and invasion of elpP” mutant of 5. preumoniae
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to the host cells were not affected (data not shown). This could be ascribed to a counter
action in expression of proteins such as CbpA and PsaA. After heat shock, expression of
CbpA increased whereas expression of PsaA decreased significantly at both mRNA and
protein levels (Supra, Kwon et al.) in the ¢/pP” muiant resulting in no net change in
adherence.

Molecular chaperones of the hsp70 and hspl00 family have been shown to be
associated with the translocation cpmplex, and they interact with translocation precursors
(Berry, A. M. et al., 1989. Reduced virulence of a defined pneumolysin negative mutant of
Streptococcus pneumoniae. Infect, Immun, 57:2037-2042; Supra Vijayakumar, M. N. et al.,
1986). Recently, B. subtilis ClpC and ClpX ATPases were detected at the cell envelope
and cytoplasm (Supra, Kruger, E. ef al., 2000). In those studies, translocation of the Clp
protein itself after heat shock or by other stresses was not demonstrated. However,
biochemical fractionation of S. preumoniae revealed substantial increase in the amount of
CIpP in the cell wall fraction after heat shock. Thus, ClpP is the first Clp protein shown
to be mobilized into the cell wall fraction after heat shock, where it interacts with host cells
or otherwise acts by degrading pneumococcal proteins destined for transport/translocation.

Bacterial HSP is induced during infection and mediates adhesion and invasion
besides its proper folding of intracellular proteins (Supra Charpentier et al., 2000; Supra
Nair et al., 2000; Parsons, L. M. et al., 1997. Alterations in levels of DnaK and GroEL
result in diminished survival and adherence of stressed Haemophilus ducreyi. Infect.
Immun. 65:2413-2419). In this work, we demonstrated that immunization of mice with
purified pneumococeal ClpP prior to challenge with virulent D39 elicited proteetive
immunity against systemic disease to a level comparable to that obtained with the well-
characterized pneumococcal protein vaccine candidates, PspA and Ply. The fact that

strong, antigen-specific antibody responses were generated in immunized mice prior to
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challenge suggests that the protection could at least in part, be antibody-mediated. In
conclusion, the expression of cps24 and ply could be mediated by ClpP at the
postiranseriptional level. ClpP was translocated into the cell wall after heat shock, and
immunization of mice with the purified protein prior to virulent S. pneumoniae challenge

provided protective immunity against systemic disease.

Example 3. Study of ClpP of S. preumoniae and human CIpP responses.

1) Bacterial strains and culture

S. pneumoniae CP1200 strain (R type), which has no capsular polysaccharide and
is non-pathogenic (Supra, Choi et. al., 1999), was grown in CAT based medium (Casitone
1%, Tryptone 0.5%, NaCl 0.5%, Yeast Extract 0.1%, 0.175M K,HPOQ,, and glucose 0.2%),
and pathogenic S. preumoniae strain D39 with capsular polysaccharide (type 2; Avery, O.
T., et al,, 1944. Studies on the chemical nature of the substance inducing transformation of
pneumococcal types. Induction of transformation by a desoxyribonucleic acid fraction
isolated from pneumococeus type III. J. Exp. Med. 79:137-158) and clinically isolated
strain Spn1049 (S. preumoniae isolated from patients in Samsung Medical Center, Korea,
which is sensitive to Optochin and bile acid, and shows incomplete hemolytic response on
blood-agar medium) were grown in Todd Hewitt broth with 0.5% yeast extract added.
Saccharomyces cerevisiae (ATCC 287) was grown in YNB medium (Difco Laboratories,
USA) containing 2% glucose, Streptococcus thermophilus (KCTC 3778) was grown in
MRS medium (Difco Laboratories, USA), Bacillus subtilis Marburg strain (Boylan SA,
Chun KT, Edson BA, Price CW. Early-blocked sporulation mutations alter expression of
enzymes under carbon control in Bacillus subtilis. Mol Gen Genet. 212(2):271-280(1988)),

Pseudomonas acruginosa (ATCC 15522), Salmonella typhi (ATCC 27870), and E. coli
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DH50. (Bethesda Research Labotatory) were grown in Nutrient medium (Difco
Laboratories, USA), and human lung cancer A549 cell line (ATCC CCL 185) was grown in
DMEM medium (Gibco BRL) containing 10% FBS and 2% penicillin streptomysin,

i) Immunoblot analysis

Immunoblot with anti-ClpP antibody was performed to identify the similarity of
ClpP of S. pneumoniae to other organism derived proteins. The lysates of S. pneumoniae
and different organisms were subject to 10% polyacrylamide gel electrophoresis,
transferred onto nitrocellulose membrane, then immunoblotted with anti-ClpP antibody,
and then screened with enzyme-labeled secondary antibody. In other words,
nitrocellulose membrane was treated with Tris-buffered saline (TBS) (50mM Tris, 150mM
NaCl, pH 7.2) solution containing 2% Tween 20 to block non-specific antigen-antibody
response, and then slowly shaken at room temperature for 1 hour, for reaction with rabbit
anti-ClpP anti-serum in TBS solution containing 0.05% Tween 20. A 1:1000 dilution of
HRP (Horse raddish peroxidase)-conjugated goat anti-rabbit immunoglobulin G (IgG)
antibody in TBS solution containing 0.05% Tween 20 was used as secondary antibody, and
hydrogen peroxide and 95% ethanol-solublized -N,N°,N’°,N tetramethyl benzidine were
used as a substrate and a color developer, respectively.

iii) Comparison of amino acid sequences of CIpP proteins

The genes contiguous with S. preumonige ClpP were identified and also the
similarity with other organism-derived ClpP proteins were identified by using BLAST
analysis provided by National Center of Biotechnology Information (NCBI, U.S.A.).
BLAST analysis showed that amino acid sequence deduced from base sequence of S.
pneumoniae ClpP has a high similarity to that of the other organism-derived CIpP. In
particular, S. pneumoniae ClpP showed 88% and 87% identity and 91% and 92% similarity

with CIpP proteins of Sireptococcus salivarius and Streptococcus agalactiae, respectively.
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Also, it showed 89% similarity with L. Lactis ClpP, 81% similarity with Enterococcus

uecalis CIpP, 79% similarity with Staphylococcus aureus ClpP, and 75% similatity with B,
; oLapi

subtilis. Particulary, it showed 70% similarity with Homo sapiens. A comparative
analysis of the amino acid sequence of clpP proteins showed that in overall, the ClpP
proteins have high similarities, in particular, residue parts of serine-96, histidine-121, and
aspartate-172, which are deduced as active sites of serine protease, have very high
conservation,

iv) Similarity of ClpP of S. pneumoniae to other ClpP members

It was previously reported that DnaK of S. preumoniae bas a high antigenicity
(Hamel, J, Martin D, and Brodeur BB. Heat shock response of Strepfococcus pneumoniae:
identification of immunoreactive stress proteins. Microb. Pathog. 23:11-21 (1997)), and
antibody against Dnak of S. pneumoniae does not respond to human proteins (Kim SW,
Cho IH, Kim SN, Kim YH, Pyo SN, Rhee DK. Molecular cloning, expression, and
characterization of dnaK in Streptococcus preumoniae. FEMS Microbiol Lett. 161(2):217-
224 (1998)). Thus, DnaK has been cvaluated as a vaccine candidate. Therefore, we
investigated whether ClpP has such potential as a vaccine candidate. Immunoblot with
cell lysates of other bacteria or higher organisms was performed (o identify the simularity
of ClpP protein with ClpP family of other organisms. Unexpectedly, anti-ClpP antibody
had responses to cell proteins of gram positive bacteria, Streptococcus thermophilus (Sth),
S. pneumoniae D39 (D39) and clinically isolated S. preumoniae strain (Spn1049), but had
no responses to Saccharomyces cerevisioe (Sce), B. substilis (Bsu), Pseudomonas
aeruginosa (Pae), Salmonella typhi (Sty), and human lung cancer cell line A549. These
results were shown in Figs. 17a and 17b. This suggests that similar to DnaK, ClpP

protein of S. preumoniae can be used as a vaccine candidate.
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INDUSTRIAL APPLICABILITY

Since vaccine comprising recombinant ClpP protein of S. preumoniae is an
antigen protein which has high immunogenicity and is conservatively present in all types
of S. pneumoniae, it has effective immunoprotection against pneumococcal infections
while having no disadvantages of conventiona! vaccines to prevent the pneumococcal
infection having low immunogenicity or not providing protection against all serotypes of

streptoccccus.

In the claims which follow and in the preceding description of the invention,
except where the context requires otherwise due to express language or necessary
implication, the word “comprise” or variations such as “comprises” or “comprising” is
used in an inclusive sense, i.e. to specify the presence of the stated features but not to
preclude the presence or addition of further features in various embodiments of the

invention,

It is to be understood that a reference ‘aerein to a prior art document does not
constitute an admission that the document forms part of the common general knowledge

in the art in Australia or any other country.
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Claims

1. A vaccine comprising a recombinant ClpP protein of S. preumoniae as an
antigen.
5 2. The vaccine according to claim 1, further comprising an adjuvant.

3. The vaceine according to claim 2, wherein the adjuvant is alum.

4. A method for immunizing a human or animal against pneumococcal infections,
comprising by administering a vaccine according to any of claims 1 to 3 in an
immunologically effective amount to the human or animal.

10 5, The method according to claim 4, wherein the pneumococcal infections are
bacterial pneumonia, otitis media, bacteremia and meningitis.

6. A process for preparing a recombinant ClpP protein of S. preumoniae,
comprising by:

i) providing an expression vector operatively linked to DNA sequence
15 coding ClpD® protein of S. prneumoniae; '
ii) introducing the expression vector of i) into a host cell; and
i) isolating and purifying a recombinant ClpP protein of S, pneumoniae
from the host cell.
7. The process according to claim 6, wherein the expression vector is pET30(a)-
20 clpP.

8. The process according to claim 6 or 7, wherein the host cell is E. coli.

9. A vaccine comprising a recombinat ClpP protein of S. pneumonige prepared by
the process according to claim 6 or 7 as an antigen.

10. A vaccine comprising a recombinant ClpP protein of S. preumoniae prepared

25 by the process according to claim 8 as an antigen.
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11. A vaccine comprising an attenuated ClpP” mutant of S. preumoniae.

12. The vaccine according to claim 10, wherein the CipP” mutant of S.
pneumoniage is a mutant for which 95 nucleotide sequences (nos. 206 to 300) have been
deleted.

13. The vaccine according to claim 11, wherein the ClpP” mutant is HYK2 or

HYK302.

14. A vaccine substantially as hereinbefore described with reference to
any one of the Examples.

1S. A method according to claim 4 substantially as hereinbefore described
with reference to any one of the Examples.

16. A process according to claim 6 substantially as hereinbefore described
with reference to any one of the Examples.
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VIII-5-1 |Declaration: Non-prejudicial

disclosure or exceptians to lack of

novelty . . ‘ . .

Declaration as to non-prejudicial in relation to this internatiomnal

i or Dl to lack of application

novelty (Rules 4 17(v) and

51bis.1(a)(vi)

Name (LAST. First) SUNGKYUNKWAN UNIVERSITY declares that
the subject matter claimed in this
international application was disclosed
as follows:

;{:Izi-) Kind of disclosure: publi cation
5":';‘}) Late of disclosure. 01 July 2003 (01.07.2003)
5":'2;’,) Title of disclosure’ Effect of Heat Shock and Mutations in
-1(iit
ClpL and ClpP on Virulence Gene
Expression in Streptococcus pneumoniae
5";’; Place of disclosure Journal of Infection and Immunity,
) p.3757~3765, Vol.71, No.7
Vitl- This declaration is made for the all designations
5-1{v)  [purposes of
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<110> Sungkyunkwan University

Adslaide Research & Innovation Pty Ltd (ARI)

<120>  Vaccine comprising recombinant ClpP protein of Streptococcus

pneumoniae

<130>  IPN24516.00/PCT

<160> 16

170>  Kopatentin 1.71

ie> 1
Q1> 20
212> DNA

<218>  Artificial Sequence

<220>

<223> 16S rRNA specific primer

<400> 1

ggtgagtaac gegtaggtaa : 20
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210> 2

211> 20

<212> DNA

<213>  Artificial Sequence

<220>

€223> 163 rRNA specific primer

<400> 2

acgatccgaa aaccttcttc 20
<210> 3

<211> 22

<212> DNA

<213>  Adtificial Sequence

<220>

<223> prs3 from E. coli.

<400> 3

ccgggceccaa aatttgtttg at 22
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210> 4

<211> 22

<212> DNA

<213>  Adificial Sequence

<220>

<223>

<400>

prs4 from E. Coli.

4

agicggcage gactcataga at

210>
211>
<L12>

<213>

<220>

<223>

<400>

5
25
DNA

Artificial Sequence

hip3 from Streptococcus pneumonias

5

cggtaccatg aacaataatt ttaac
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10> 6

211> 43

212> DNA

<2138> Artificial Sequence

<220>

<228>

<400>

hip1 from Streptococcus pneumoniae

8

atcaaacaaa ttttgggcce ggtcagatgt ttettgaatt tec

<210>

<211>

212>

<213>

<220>

<223>

<400>

7
43
DNA

Artificial Sequence

hip2 from Streptococcus pneumoniae
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attctatgag tcgetgccga otgttctaga tgatggteat tto 43
<210> 8

<t1> 3

212> DNA

<213> Artificial Sequence

220>

<223> hip4 from Streptococcus pneumoniae

<400> 8

ggccgagete ttagacttte tcacgaataa ¢ 31
<210> 9

211> 24

<212> DNA

<213>  Attificial Sequence

220>

<223> hpp3 from Streptococcus pneumoniae
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<400> 9

cgaattcaty aticcigtag ttat 24
<210> 10

<211> 43

<212> DNA

<218> Artificial Sequence

<220>

<223> hppi1 from Streptococcus pneumoniae

<400> 10

attctatgag tcgotgccga ctcagaacca cotggtgtat tga 43
210> 1

@it> 43

212> DNA

<213>  Artificial Sequence

<220>

<223> hpp10 from Streptococcus pneumoniae

-87-




WO 2005/063283 PCT/KR2003/002929

<400> 11

atcaaacaaa ttitgggccce ggatcgeate aagtggagea aaa 43
<210> 12

<211> 26

<212> DNA

<213> Artificial Sequence

220>

<223> hpp6 from Streptococcus pneumoniae

<400> 12

cgagctctta gttcaatgaa ttgttg 26
<210> 13

LU> 27

<212> DNA

<218>  Attificial Sequence

<220>

<223>  N'-terminal amino acid sequence of Streptococcus pneumoniae Clp
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family
<400> 13
gatgaayaay aayttyaaya ayttyaa 27
210> 14
211> 20
<212> DNA

<218>  Artificial Sequence

<220>

<223>  2nd ATP binding region for Streptococcus pneumoniae Clp family

<400> 14

gtytincenc ancengyngg 20
<210> 15

<211> 16

<212> DNA

<213> Artificial Sequence
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<220>

<223> CtsR repressor binding sequence in upstream of ClpL

<400> 15

gtcaaananr gtcaaa 16
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