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L. pneumophila is an intracellular bacterium that replicates inside a mem-
brane-bound vacuole called Legionella-containing vacuole (LCV), where it plenti-
fully liberates its HtpB chaperonin. From LCV, HtpB reaches the host cell cyto-
plasm, where it interacts with SAMDC, a cytoplasmic protein required for synthesis
of host polyamines that are important for intracellular growth of L. pneumophila.
Additionally, cytoplasmic expression of HtpB in S. cerevisiae induces pseudohyphal
growth, and in mammalian cells recruits mitochondria to LCV, and modifies actin
microfilaments organization. This led us to hypothesize here that HtpB recruits a
protein(s) from eukaryotic cells that is involved in the emergence of the aforemen-
tioned phenotypes. To identify this protein, a commercially available HeLa cDNA
library was screened using a yeast two-hybrid system. Approximately 5x10° yeast
clones carrying HeLa cDNA library plasmid were screened. Twenty-one positive
clones were identified. DNA sequence analysis revealed that all of these positive
clones encoded the mammalian small heat shock protein Hspl0. Based on the fact
that chaperonions are required to interact with co-chaperonins to function properly
in protein folding, we believe that HtpB recruits the host cell Hsp10 to appropriately
interact with SAMDC and to induce the multifunction phenotypes deemed impor-
tant in L. pneumophila pathogenesis.
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Introduction

Legionella pneumophila is a Gram-negative environmental bacterial path-
ogen that naturally replicates in freshwater amoebae within a specialized vacuole
called the Legionella-containing vacuole (LCV). Upon inhalation of L. pneu-
mophila-contaminated water aerosols by susceptible individuals, L. pneumophila
would reach the alveoli and replicates within the LCV of human alveolar mac-
rophages resulting in a severe atypical pneumonia known as Legionnaires’
disease [1, 2].

Chaperonins, 60 kDa heat shock protein 60 (Hsp60), are a family of struc-
turally and functionally conserved and essential proteins that are present in al-
most all prokaryotic and eukaryotic forms of life. The remarkable amino acid
sequence and structural conservation across chaperonins highlights their func-
tional importance [3]. The fundamental functions of chaperonins are to assist
other proteins to fold properly after translation, protect proteins from denatura-
tion, and help denatured proteins to refold after stress, all in an ATP-dependent
manner [3]. Moreover, it has been found that some chaperonins have other cel-
lular roles independent of protein folding (reviewed in [3]). For instance, see
below the accessory functions of the L. pneumphila chaperonin, HtpB. Chaper-
onins have been classified into three groups based on their structure and evolu-
tionary origin. For example, Group I chaperonins are proteins found in bacteria
(known as Cpn60, GroEL, Hsp60, or HtpB), and in eukaryotic organelles such as
chloroplasts and mitochondria (known as CCT, TRiC or c-cpn) [4]. A comparison
of the aligned amino acid sequences of the eukaryotic chaperonins and bacterial
chaperonins (including HtpB) revealed that these proteins have high degrees of
amino acid homology that sometimes exceed 70% [4—8]. To function properly in
protein folding, bacterial or eukaryotic chaperonins must work in conjunction
with a small heat shock protein (~10 kDa) known as Hspl0 or Cpn10 (also known
as GroES in bacteria and HtpA in L. pneumophila) [4, 9, 10]. The amino acid se-
quences homology of the eukaryotic and bacterial co-chaperonins is also highly
conserved among Group I chaperonins family [8, 11, 12]. Surprisingly, in vitro
protein binding assays shows that eukaryotic chaperonins Cpn60 bind to bacte-
rial, mitochondrial, and chloroplast Cpnl0 homologs with comparable affinities,
suggesting that chaperonins from bacteria can interact with co-chaperonin from
eukaryotic cells and vice versa [8].

The L. pneumophila chaperonin, HtpB, is functionally diverse and plays
protein folding-independent roles. For instance, the expression of HtpB is up-
regulated upon contact with L929 murine cells or human monocytes [2]. High
levels of HtpB expression are maintained during the course of intracellular infec-
tion [2], leading to its accumulation in the lumen of the LCV, as has been shown
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in infected HeLa cells [13]. The increased production of HtpB by L. pneumophila
in L929 cells and monocytes correlates with virulence because spontaneous
salt-tolerant, avirulent mutants of L. pneumophila, are unable to upregulate the
expression of HtpB upon contact with these cells [2]. In addition, HtpB has been
found in association with the L. pneumophila cytoplasmic membrane [14, 15],
as well as on the bacterial cell surface [9, 13], where it can mediate attachment
to and invasion of HeLa cells [16]. The mature infectious forms, thought to be the
natural transmissible forms of L. pneumophila, display increased amounts of
envelope and surface-associated HtpB, compared to agar-grown bacteria [17].
In addition, we have reported that microbeads coated with purified HtpB [but
not uncoated beads or beads coated with control proteins (E. coliGroEL or
BSA)] were sufficient to attract mitochondria and transiently modify the organi-
zation of actin microfilaments in mammalian cells. These two post-internaliza-
tion events of HtpB coated beads mimic the early trafficking events of virulent
L. pneumophila [18].

In addition to the aforementioned findings, we have recently found
other evidence that clearly demonstrate that HtpB plays multifunctional role
L. pneumphila life cycle [7]. For instance, we showed that a small portion of the
accumulated HtpB in L. pneumophila LCV was released in the cytoplasm of the
infected cells, as judged by the CyaA reporter assay [7]. To identify potential
functions of the HtpB present in the eukaryotic cytoplasm, 4tpB was ectopically
expressed in Saccharomyces cerevisiae. HtpB expression induced pseudohy-
phal growth (PHG) in yeast, suggesting it interacts with eukaryotic targets [7].
Using a yeast two-hybrid screen (Y2H), we showed that HtpB interacted
with S-adenosyl methionine decarboxylase (SAMDC), an essential conserved
enzyme required for synthesis of polyamines [7]. Over expression of the yeast
gene encoded SAMDC, SPE2, also induces PHG in S. cerevisiae. Thus, overex-
pression of either HtpB or its interacting protein, SAMDC, induces the same
phenotype in S. cerevisiae. Surprisingly, a strong correlation exists between ele-
vated polyamine levels and hyphal formation in many yeast species [19-21].
Moreover, using an in vitro binding assay, we confirmed that HtpB also interacts
with SAMDC from amoeba, and macrophages [7], confirming the importance of
this host protein in L. pneumophila pathogenesis. It turned out that host polyam-
ines are crucial for optimal intracellular growth of L. preumophila [7].

In the above study, we could not fully explain of how HtpB can interact
with SAMDC from the host cells or S. cerevesiae without the presence of the
L. pneumophila co-chaperonin HtpA. In this study, based on the facts that (i)
there is a high degree of homology between eukaryotic and bacterial co-chaper-
onins, (ii) bacterial chaperonin can interact with eukaryotic co-chaperonin [§],
we hypothesized that HtpB could recruit the host cell Hspl0 as co-chaperonin in
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order to (i) appropriately interacts with SAMDC and to (ii) mediate mitochon-
drial attraction and actin microfilaments reorganization in host cells [3, 18]. In-
deed, in this study, using yeast two-hybrid (Y2H) screen of HeLa cell cDNA li-
brary, we showed that HtpB strongly interacts with the small heat shock protein
Hspl0 of HeLa. The Hspl0-HtpB cell might be crucial for the aforementioned
HtpB-induced phenotypes.

Materials and Methods
Culture condition, strains, and plasmids

Strains and plasmids used in this study are described in Table 1. Escheri-
chia coli strain DH5a was grown at 37 °C on Luria-Bertani (LB) media contain-
ing ampicillin (100 pg/mL). DHS5a transformants harboring the plasmids of inter-
est were stored at —70 °C in nutrient broth containing 10% dimethyl sulfoxide.
S. cerevisiae strains were cultured at 30 °C on YEP-Dextrose agar or in YM-1
broth [19], containing the appropriate supplements (all at a concentration of 10
pug/mL) to compensate for strain auxotrophies. Sugars added to yeast culture me-
dia were used at 2% (w/v). Synthetic complete (SC) or synthetic defined (SD)
medium [19] was used to select and grow plasmid-carrying prototrophs. SD me-
dia containing kanamycin (40 ug/mL) and appropriate amino acid combination
was used to select and grow kanamycin-resistant auxotroph yeast transformants
[7, 20]. Yeast strains were stored at —70 °C in YM-1 broth with 15% glycerol.

Yeast transformation

Lithium acetate transformation was used to introduce yeast shuttle plas-
mids into yeast cells according to a standard protocol [21, 22]. A culture of
S. cerevisiae cells was grown overnight to a density of 2x107 cells/mL (enumer-
ated in a Coulter particle counter, ZM, Coulter Electronics, Mississauga, Ontario)
in YEP-Dextrose. Approximately 2x10% cells were harvested by centrifugation
and resuspended to 2x10° cells/mL in 100 mL pre-warmed YEP-Dextrose medi-
um and grown to a final density of 2x107 cells/mL. The freshly grown cells (~10°)
were washed with 10 mL ddH,O, resuspended in 1 mL ddH,O and transferred
to 1.5 mL microcentrifuge tube. The cells were then washed with 1 mL of fresh-
ly diluted 1X TE/lithium acetate solution [100 mM lithium acetate in 1.0X TE
(0.01 M Tris-HCIL, 0.01 M EDTA), pH 7.5] and resuspended to a cell density of
~2x10° cells/mL in 1X TE/lithium acetate. Fifty pL of the yeast cell suspension
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was mixed with 1 nug transforming DNA, 50 pg single stranded salmon sperm
DNA and 300 pL polyethylene glycol (PEG 3350) solution (50% PEG (w/v) in
10X TE/lithium acetate solution). The cells were then washed and incubated at
30 °C with agitation for 30 min. The cells were heat shocked at 42 °C for 15 min
and were then pelleted by centrifugation at 4000 x g for 5 min. The cells were
then resuspended in 1X TE and plated onto appropriate selective media.

Pseudohyphae formation and invasive growth

PHG was performed as described in [7, 22]. Briefly, yeast cells grown at
30°C with agitation (150 rpm) in YEP-Dextrose or SD medium with 2% dextrose,
including appropriate selection, were harvested in exponential phase. Cells (~107)
were washed in water, diluted to 1073, 10™, 10 and 10~ in inducing medium,
spotted in duplicate 100 puL. drops on solid inducing medium plates, and incu-
bated at 30 °C in a humid chamber. Cell elongation and unipolar budding were
scored 15 to 20 h after inoculation (while the inoculum drops were still wet) by
light microscopy using the 40% objective of a Nikon DIAPHOT-TMD inverted
microscope. To test for invasive growth, plates were incubated for five days, sur-
face-washed with a stream of ddH,0O, and observed as above. Photographs were
captured with a Nikon 2000 camera using 35-mm Fuji film, or digitally with a
Pro-series monochrome camera and Image-Pro 4.0 software (Media Cybernetics
Inc., Silver Springs, MD, USA).

Y2H screen of a HeLa cDNA library

The haploid yeast strain Y187 (Table 1) was the host strain for the MATCH-
MAKER GAL4 HeLa cDNA library (BD Bioscience, Palto Alto, CA) [20].
The HeLa cDNA library was cloned into plasmid pGADT?7 (Table I) to create
plasmids that encode Gal4-AD-HeLa cell fusion proteins. (For simplicity, the
HeLa library plasmid was named pGADT7::cDNAx.) For the Y2H assay, the
yeast strains Y187, bearing the cDNA library and strain AH109 (Table I), bearing
plasmid pGBD-Cl::htpB and were mated and diploids selected by plating on SD
medium with appropriate supplements as described in the MATCHMAKER
two-hybrid system user manual [21]. Blue colonies that grew on media lacking
leucine and tryptophan (to select for the mated AH109-Y187 diploid strains),
and lacking histidine and adenine (to select for positive interaction via activation
of HIS3 and ADE? reporter genes), and supplemented with X-a-gal (to select for
positive interaction via activation of MELI reporter gene) were considered to
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express HeLa cell proteins that interacted with HtpB. The pGADT7::cDNAXx li-
brary plasmids (Table I) were isolated and transformed into E. coli strain DH5a
for plasmid amplification. The amplified plasmids were isolated using a kit
(Qiagenminiprep) and sent for DNA sequence determination (Genome Quebec,
Canada) of the yeast library DNA fragment. The nucleotide BLAST tool (NCBI
website) was used to identify proteins encoded by the positive Y2H library frag-
ments.

Rapid plasmid isolation from yeast

Two mL of overnight broth-grown yeast cells were pelleted and resuspend-
ed in 200 pL of solution I (100 mMNacCl, 10 mMTris-HCIpH 8.0, 1 mM EDTA,
0.1% SDS, w/v). Acid-washed glass beads (0.4 mm diameter, sterilized at 160 °C
overnight) were added until just below the level of the liquid and vortexed at
maximum speed for 2 min. Two hundred pL ice cold solution II (0.2 M NaOH,
1% Triton X-100, w/v) was then added. Following a 5 min incubation on ice,
the sample was then treated with an equal volume of phenol-chloroform-isoamyl
alcohol (25:24:1, v/v). This mixture was briefly vortexed and centrifuged for 2
min. The aqueous upper phase was transferred to a clean tube then used to elec-
troporate electrocompetent DHS5a (Table I). Plasmids were isolated from DH5a
using a kit (Qiagen miniprep).

Protein electrophoresis and immunoblotting

Bacterial cell pellets from 1 mL suspensions with an OD,, of 1.0 unit, were
solubilized in 100 pL of Laemmli sample buffer, and 10 pL per lane were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in a 12% (w/v) acrylamide vertical slab mini-gel. For yeast samples, 108
pelleted cells (800 x g for 5 min) were resuspended in 200 pL of sample buffer
containing the a-yeast protease inhibitor cocktail (Sigma), and mechanically bro-
ken by adding ~100 pL of acid-washed and baked glass beads (BT-5 high impact
beads, 40—50 pum diameter, Supply America Company Inc., Norfolk, Virginia)
and vortex mixing at 4°C for 15 min. Samples were then boiled for 5 min, unbro-
ken cells and cell wall debris pelleted at 15,000 x g, and 10 pL of the supernatant
per lane subjected to SDS-PAGE. For immunoblotting [23], proteins resolved by
SDS-PAGE were transferred onto nitrocellulose membranes using a BIO-RAD
electrotransfer apparatus (Model Mini-Protean®IT). To visualize transferred pro-
teins, nitrocellulose membranes were stained with a 0.2% (w/v) solution of Pon-
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ceau-S (Allied Chemical Co., New York, NY, USA) prepared in 3% (w/v) trichlo-
roacetic acid, 3% (w/v) sulfosalicylic acid, and a reference digital image was
acquired using a computer scanner (HP Scanjet 5590). Immunostaining was done
with an appropriate primary monoclonal antibody (MAb) [GW2X4B8B2H6 (165)
for HtpB. diluted 1:1,000 in Tris buffer solution (TBS) containing 0.1% (W/v)
bovine serum albumin (BSA). Secondary antibodies were alkaline phosphatase
conjugates of either anti-mouse or anti-rabbit IgG (Cedarlane Laboratories Ltd.)
diluted 1:5,000 in TBS containing 0.1% (w/v) BSA.

Results
Expression of HtpB in a form of fusion protein GAL4DBD-HtpB

Before performing a Y2H screen using the bait plasmid pGBD-C::htpB
(Table I), we wanted to test whether the GAL4DBD-HtpB fusion chimera pro-
tein, which is encoded by pGBD-C::htpB is expressed in the Y2H strain Y187,
and the expression of this fusion protein does not inhibit yeast growth. It should
be noted that the expression of the GAL4DBD-HtpB fusion protein by this Y2H
plasmid is controlled by a modified alcohol dehydrogenase promoter (P, ),
which is constitutively expressed in a non-overwhelming quantity throughout the
yeast growth cycle when it grows in non-inducing glucose medium [7, 24]. Ec-
topic expression of the GAL4DBD-HtpB (80 kDa) from the pGBD-C::AtpB in
yeast cells grown in medium containing glucose was confirmed by immunoblot
(Fig. 1). No significant growth differences were noticed between two the HtpB-
expressing clones pGAD-C::htpBand the empty plasmid control pGAD-CI that
grown in glucose-containing medium (data not shown). These results suggest
that GAL4DBD-HtpB fusion protein is expressed in a quantity that seems ap-
propriate to perform a Y2H screen.

pGBD-Cl::htpB is an ideal bait plasmid to be used in Y2H screen

Next, we wanted to confirm that the expression of the HtpB in the context
of GAL4DBD-HtpB fusion protein does not affect the functionality of HtpB, and
that pGBD-Cl::/tpB can be used as a bait to conduct a Y2H screen. We have re-
ported previously [7] that ectopic expression of HtpB in the yeast cells strain
W303 grown in inducing medium from a high-copy plasmid pEMBLyex4::htpB
or pPP389::htpB (in which HtpB expression is controlled by a galactose-inducible
hybrid promoter GAL1-CYC1) strongly induces PHG. Based on this finding, we
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Figure 1. Expression of the Gal4BD-HtpB chimera detected by immunoblotting.
Y187 carrying the indicated vectors were grown in SD-glucose medium without tryptophan.
Whole cell lysates from these yeast strains were separated by SDS-PAGE, transferred
to a nitrocellulose membrane, and immunostained with monoclonal antibody specific for HtpB.
The sizes (kDa) and position of protein standards are marked at the left side of the blot.
The presence of more than one band under pGBD-C:htpB resulted from degradation products
of the GAL4DBD-HtpB (~ 78 kDa)

Figure 2. The Gal4DBD-HtpB chimera induces PHG on glucose-replete medium. S. cerevisiae strain
W303-1b within microcolonies was grown on non-inducing SD-glucose solid medium for 5 days
(@) and (b). This strain carrying either pPGBD-Cl::4£pB for expression of HtpB (a),
or the empty vector pGBD-C1 (b) as a negative control. The filamentous colony shown in (a) had
penetrated the agar. Size bars represent 20 pm

hypothesized that if the fusion of GALDBD to the N-terminal end of the HtpB
does not affect HtpB functionality, then the expression of GAL4DBD-HtpB fu-
sion protein should also be able to induce PHG. As shown in Figure 2, we found
that GAL4DBD-HtpB expression from the pGBD-Cl::ApBis also able to induce
the yeast strain W303-1b to form pseudohyphae after 15-20 h inoculation on
synthetic define (SD) solid medium with glucose. The PHG is characterized by
elongation and budding in a unipolar direction, and after 5 days at 30 °C, they
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produced some agar-invasive filamentous colonies (Fig. 2). W303-1b yeast cells
carrying the empty vector pGBD-C1 stayed ovoid when grown on the same me-
dium and were not agar-invasive (Fig. 2). Collectively, with the immunoblot re-
sults, these findings strongly suggest that our Y2H plasmid bait pGBD-Cl::AtpB
should be ideal to perform a Y2H screen.

The eukaryotic small heat shock protein (Hspl0) interacts
with HtpB in HeLa cells

We hypothesized that there is a specific interaction between HtpB and
a mammalian protein(s) that involve in the interaction of HtpB with SAMDC
and the multiphenotype induction in mammalian cells. To test this hypothe-
sis, we conducted a Y2H screen using, as bait, the Gal4dDBD-HtpB chimera
to test for HeLa cell proteins (Gal4AD-HeLa proteins) that interacts with
HtpB. Approximately 5x10° yeast clones carrying HeLa cDNA library plasmid
(pGADT7:cDNAx) were screened, and 21 positive clones were identified
(Fig. 3). DNA sequence determination revealed that all of the 21 positive clones
(named pGADT7::HSP10) encoded the mammalian small heat shock protein
Hsp10. Hspl0 is the co-chaperonin that together with the mitochondrial chaper-
onin (Hsp60p), mediates protein folding in the mitochondrial matrix [4].
The eukaryotic Hsp10 and Hsp60 proteins are synthesized in the cytoplasm and
imported through the mitochondrial membranes into the mitochondrial lumen.
Additionally, Hspl0 has been detected on the surface of mitochondria [25].
Therefore, the HtpB-Hspl0 interaction could be relevant to the recruitment of
mitochondria to the LCV.

Discussion

We previously reported using two different protein—protein interaction
assays that HtpB interacts with a eukaryotic partner protein SAMDC from yeast,
amoeba, L929 mouse fibroblasts, and U937 macrophages [7, 22]. In this study,
using a Y2H screen we showed that HtpB interacts with the Hsp10 of host cells.
In a previous study, we have shown a strong association between SAMDC and
HtpB in human cells using two different protein binding assays [7]. However,
in this study, it was unexpected that in spite of screening ~5x10° yeast clones of
the HeLa cDNA library by Y2H, SAMDC was not identified as a partner protein
for HtpB. In theory, this HeLLa Y2H screen should be sufficient to cover 250% the
estimated 2x10* protein-encoding mRNAs present in the human genome. There-
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Figure 3. The HeLa cell Hspl0 interacts with HtpB. Yeast strain AH109 transformed
with pGBD-Cl::htpB was mated with yeast strain Y187 transformed (1) with one of the 21 isolated
HeLa cDNA positive clones that interact with HtpB (pGADT7::HSP10), or (2) Y187 transformed with
empty vector pPGADT?7 (serves as negative control), or (3) AH109 transformed with pSE1111 (Table I)
was mated with Y187 transformed with pSE1112 (serves as positive control).

All of these clones grew on media lacking leucine and tryptophan and supplemented with X-a-gal
(indicator for activation of MELLI reporter gene). Negative Y2H interactions (AH109 contains
pGBD-Cl:htpBplasmid mated with Y187 contains pGAD-C1::cDNAX in which cDNA encode HeLa
cell protein that does not interact with HtpB) looks as in (2). Positive Y2H interacting library clones
were originally grown on SD plates lacking leucine and tryptophan (to select for mating) and histedine
and adenine (to select for positive interaction via activation of 1S3 and ADE?2 reporter genes).
Negative interacting clone did not grow on this media

fore, it can be concluded that despite the many advantages of the Y2H system,
it also has limitations (reviewed in [26, 27]). The failure in identifying SAMDC
as prey for HtpB could be due to one of the following reasons: (i) the fusion pro-
teins in the Y2H system must be targeted to the nucleus to activate the Gal4
transcription factor in order to activate the expression of reporter genes. The
complex of mammalian SAMDC fused to Gal4AD and HtpB fused to Gal4BD
may not be able to enter the nucleus to activate the reporter genes. (ii)) SAMDC
is expressed as proenzyme and undergoes post-translational modification to be-
come an active enzyme. The SAMDC-HtpB interaction may thus depend upon
post-translational modifications of the human SAMDC that do not occur in yeast.
(iii) The mammalian SAMDC fused to Gal4AD is unable to interact with HtpB
fused to Gal4BD. (iv) SAMDC cDNA is not represented in the MATCHMAKER
HeLa cDNA library.

The interaction of HtpB with the mitochondrial co-chaperonin Hspl0
could have potential implications for the already identified effects of HtpB on
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Figure 4. Model illustrating the potential consequences of the interaction of Hspl0-HtpB with
SAMDC. We propose that Hsp10-HtpB interaction induces PHG through enhancing SAMDC activity.
SAMDC is synthesized as an inactive proenzyme (1) that undergoes intramolecular cleavage
to form the active enzyme (2). The interaction of SAMDC with HtpB could have a number
of consequences. Because of its protein folding activity, HtpB could simply enhance the proper folding
of SAMDC proenzyme which in turn could accelerate its rate of cleavage into active SAMDC.
Alternatively, the interaction of active SAMDC with HtpB could extend its half-life by preventing its
degradation. Finally, HtpB could increase the enzymatic activity of active SAMDC.

This model assumes that the Hsp10-HtpB-bound SAMDC is still capable of interacting with its
substrate. These potential scenarios would lead to an increase in the level of intracellular polyamines
that are important for induction of PHG in S. cerevisiae, optimal intracellular growth
of L. pneumophila, and other HtpB-induced phenotypes

mammalian cells. The HtpB-Hspl0 interaction could be relevant to mitochon-
drial recruitment because Hsp10 has been detected on the surface of mitochon-
dria, as well as in other extra-mitochondrial locations where Hspl0 moonlights
as the early pregnancy factor [25]. Finding Hspl0 in extra-mitochondrial loca-
tions is not entirely surprising because HsplO is a mitochondrial protein whose
encoding gene resides in the cell nucleus, and it is synthesized in the eukaryotic
cytosol, from where Hspl0O needs to be imported into the mitochondria. While
the import of proteins into mitochondria is mostly co-translational, it is possible
that some Hspl0 molecules could stay on the mitochondrial surface (bound to the
import apparatus) after translation [3].

To explain the mechanism by which HtpB induces PHG in yeast, we pro-
posed the following model (illustrated in Fig. 4). SAMDC is a rate-limiting en-
zyme essential in the polyamines biosynthesis, which is strongly regulated in
eukaryotic cells [28]. Like other rate-limiting enzymes, SAMDC has a short half-
life, its basal activity is low, and it is rapidly induced by different stimuli [28-30].
Additionally, SAMDC is synthesized as an inactive proenzyme that in response
to different stimuli undergoes an intramolecular cleavage reaction to form the
active enzyme [28, 31, 32]. Thus, having said that HtpB is essentially a chaper-
onin that is important in protecting proteins from denaturation, it is possible that
one or more of the processes that influence the function of SAMDC could be
enhanced upon interaction with HtpB. Yet, HtpB needs a co-chaperonin to func-
tion properly in protein folding. Therefore, base one the high degree of homology
between co-chaperonin, we believe here that Hsp10 of the host cells can comple-
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ment the function of the L. pnumophila HtpA. Consequently, the interaction of
Hspl0-HtpB with the SAMDC should in theory protect SAMDC from early deg-
radation leading to increase activity of SAMDC. This in turn results in an in-
crease in the amount of intracellular polyamines that are required for triggering
PHG, optimal intracellular growth of L. pneumophila [7, 33] and perhaps other
HtpB-induced phenotypes. Finally, this study constitutes a good example of how
the yeast functional model has enabled us to uncover unique functions of HtpB
and a novel aspect of chaperonin biology.

Acknowledgements

The author would like to deeply acknowledge Dr. Rafael A. Garduno as
most of this work was conducted in his lab and under his supervision. We ac-
knowledge the following individuals for providing plasmids and (or) strains
needed for our work: Dr. Angela Riveroll and Gerald Johnston for generously
providing plasmids pGBD-Cl::HtpBand pGBD-C1, respectively, and Dr. Paul
Hoffman for antibodies. We thank the reviewers of our manuscript for the many
valuable comments that helped to improve it. Finally, this work was funded
by independent grants from the Natural Sciences and Engineering Research
Council of Canada (NSERC) to RAG and start up grant given to GKN from
Qatar University (QU).

Conflict of Interest

The authors declare that they have no competing interest.

References

1. Fernandez-Moreira, E., Helbig, J.H., Swanson, M.S.: Membrane vesicles shed by Legionella
pneumophila inhibit fusion of phagosomes with lysosomes. Infect Immun 74, 3285-3295
(2006).

2. Fernandez, R.C., Logan, S.M., Lee, S.H., Hoffman, P.S.: Elevated levels of Legionella
pneumophila stress protein Hsp60 early in infection of human monocytes and 1929 cells
correlate with virulence. Infect Immun 64, 1968—1976 (1996).

3. Garduno, R.A., Chong, A., Nasrallah, G.K., Allan, D.S.: The Legionella pneumophila
Chaperonin — An Unusual Multifunctional Protein in Unusual Locations. Front Microbiol
2, 122 (2011).

4. Gupta, R.S.: Evolution of the chaperonin families (Hsp60, Hsp10 and Tcp-1) of proteins
and the origin of eukaryotic cells. Mol Microbiol 15, 1-11 (1995).

Acta Microbiologica et Immunologica Hungarica 62, 2015



134 NASRALLAH

5. Zeilstra-Ryalls, J., Fayet, O., Georgopoulos, C.: The universally conserved GroE (Hsp60)
chaperonins. Annu Rev Microbiol 45, 301-325 (1991).

6. Nasrallah, G.K., Gagnon, E., Orton, D.J., Garduno, R.A.: The htpAB operon of Le-
gionella pneumophila cannot be deleted in the presence of the groE chaperonin operon of
Escherichia coli. Can J Microbiol 57, 943-952 (2011).

7. Nasrallah, G.K., Riveroll, A.L., Chong, A., Murray, L.E., Lewis, P.J., Garduno, R.A.:
Legionella pneumophila requires polyamines for optimal intracellular growth. J Bacteriol
193, 4346-4360 (2011).

8. Bonshtien, A.L., Parnas, A., Sharkia, R., Niv, A., Mizrahi, Azem A, Weiss, C.: Differen-
tial effects of co-chaperonin homologs on cpn60 oligomers. Cell Stress Chaperones 14,
509-519 (2009).

9. Hoffman, P.S., Houston, L., Butler, C.A.: Legionella pneumophila htpAB heat shock op-
eron: nucleotide sequence and expression of the 60-kilodalton antigen in L. pneumophila-
infected HeLa cells. Infect Immun 58, 3380-3387 (1990).

10. Hoffman, P.S., Seyer, J.H., Butler, C.A.: Molecular characterization of the 28- and
31-kilodalton subunits of the Legionella pneumophila major outer membrane protein.
J Bacteriol 174, 908-913 (1992).

11. Czarnecka, A.M., Campanella, C., Zummo, G., Cappello, F.: Heat shock protein 10 and
signal transduction: a “capsulaeburnea” of carcinogenesis? Cell Stress Chaperones 11,
287-294 (2006).

12. Hartman, D.J., Hoogenraad, N.J., Condron, R., Hoj, P.B.: Identification of a mammalian
10-kDa heat shock protein, a mitochondrial chaperonin 10 homologue essential for as-
sisted folding of trimeric ornithine transcarbamoylase in vitro. Proc Natl Acad Sci USA
89, 3394-3398 (1992).

13. Garduno, R.A., Faulkner, G., Trevors, M.A., Vats, N., Hoffman, P.S.: Immunolocalization
of Hsp60 in Legionella pneumophila. J Bacteriol 180, 505-513 (1998).

14. Blander, S.J., Horwitz, M.A.: Major cytoplasmic membrane protein of Legionella pneu-
mophila, a genus common antigen and member of the Hsp 60 family of heat shock pro-
teins, induces protective immunity in a guinea pig model of Legionnaires’ disease. J Clin
Invest 91, 717-723 (1993).

15. Gabay, J.E, Horwitz, M.A.: Isolation and characterization of the cytoplasmic and outer
membranes of the Legionnaires’ disease bacterium (Legionella pneumophila). ] Exp Med
161, 409—-422 (1985).

16. Garduno, R.A., Garduno, E., Hoffman, P.S.: Surface-associated Hsp60 chaperonin of Le-
gionella pneumophila mediates invasion in a HeLa cell model. Infect Immun 66, 4602—
4610 (1998).

17. Garduno, R.A., Garduno, E., Hiltz, M., Hoffman, P.S.: Intracellular growth of Legionella
pneumophila gives rise to a differentiated form dissimilar to stationary-phase forms. In-
fect Immun 70, 6273-6283 (2002).

18. Chong, A., Lima, C.A., Allan, D.S., Nasrallah, G.K., Garduno, R.A.: The purified and
recombinant Legionella pneumophila chaperonin alters mitochondrial trafficking and
microfilament organization. Infect Immun 77, 4724—4739 (2009).

19. Guthrie, C., Fink, G.R.: Guide to yeast genetics and molecular biology. Methods Enzymol
194, 1-863 (1991).

20. Clontech, L.I.: Matchmaker GAL4 two-hybrid system 3 & libraries user manual. 38
(1999).

Acta Microbiologica et Immunologica Hungarica 62, 2015



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

LEGIONELLA CHAPERONIN Hsp60 INTERACTS WITH THE EUKARYOTIC CO-CHAPERONIN Hspl0 135

Gietz, D., St, J.LA., Woods, R.A., Schiestl, R.H.: Improved method for high efficiency
transformation of intact yeast cells. Nucleic Acids Res 20, 1425 (1992).

Nasrallah, G.K.: Potential roles of the chaperonin (HtpB), polyamines, and the polyamine
binding protein (PotD) in Legionella pneumophila pathogenesis. Ph.D Thesis. 2011. Pub-
lished online (Dal space). Dalhousie University, Nova Scotia, Canada.

Towbin, H., Staechelin, T., Gordon, J.: Electrophoretic transfer of proteins from poly-
acrylamide gels to nitrocellulose sheets: procedure and some applications. Biotechnology
24, 145-149 (1979).

Riveroll, A.: The Legionella pneumophila chaperonin — An investigation of virulence-
related roles in a yeast model. Ph.D thesis. 2005. Dalhousie University, NS, Canada.
Sadacharan, S.K., Cavanagh, A.C., Gupta, R.S.: Immunoelectron microscopy provides
evidence for the presence of mitochondrial heat shock 10-kDa protein (chaperonin 10) in
red blood cells and a variety of secretory granules. Histochem Cell Biol 116, 507-517
(2001).

Fields, S.: High-throughput two-hybrid analysis. The promise and the peril. FEBS 272,
5391-5399 (2005).

Fields, S.: Interactive learning: lessons from two hybrids over two decades. Proteomics 9,
5209-5213 (2009).

Pegg, A.E., Xiong, H., Feith, D.J., Shantz, L.M.: S-adenosylmethionine decarboxylase:
structure, function and regulation by polyamines. Biochem Soc Trans 26, 580—586 (1998).
Pegg, A.E.: S-Adenosylmethionine decarboxylase. Essays Biochem 46, 25—45 (2009).
Pegg, A.E.: Recent advances in the biochemistry of polyamines in eukaryotes. Biochem
234,249-262 (1986).

Kashiwagi, K., Taneja, S.K., Liu, T.Y., Tabor, C.W., Tabor, H.: Spermidine biosynthesis in
Saccharomyces cerevisiae. Biosynthesis and processing of a proenzyme form of S-aden-
osylmethionine decarboxylase. J Biol Chem 265, 22321-22328 (1990).

Pegg, A.E., Kameji, T., Shirahata, A., Stanley, B., Madhubala, R., Pajunen, A.: Regulation
of mammalian S-adenosylmethionine decarboxylase. Adv Enzyme Regul 27, 43-55
(1988).

Nasrallah, G.K., Abdelhady, H., Tompkins N.P., Carson, K.R., Gardufio, R.A.: Deletion of
potD, encoding a putative spermidine-binding protein, results in a complex phenotype
in Legionella pneumophila. Int ] Med Microbiol 304, 703714 (2014).

Acta Microbiologica et Immunologica Hungarica 62, 2015



