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Several Legionella pneumophila proteins were highly expressed in low-temperature supernatants. One of
these proteins was the peptidyl-prolyl isomerase PpiB. Mutants lacking ppiB exhibited reduced growth at 17°C.
Since PpiB lacked a signal sequence and was present in 17°C supernatants of type II and type IV secretion
mutants, this protein may be secreted by a novel mechanism.

Legionella pneumophila is the agent of Legionnaires’ disease
pneumonia (14), and infection results from inhalation of con-
taminated water droplets from aerosol-generating devices (28).
L. pneumophila occurs naturally in freshwaters (3, 15, 23, 29,
40), but it is also widespread in man-made water systems (26,
33, 45). It exists in the planktonic phase, in biofilms, and as an
intracellular parasite of protozoans (12, 24, 25, 29, 31). But the
distribution of L. pneumophila is also likely due to its capacity
to survive at 4 to 63°C (15, 23, 44, 45). Thus, there is need for
understanding L. pneumophila survival at low temperatures.
Recently, we observed that L. pneumophila Isp mutants defi-
cient in type II secretion grow normally at 30 to 37°C but their
growth at 12 to 25°C is impaired (6, 22, 41). The wild type
stimulates the growth of an Isp mutant at 25°C when they are
plated near each other (41), suggesting that secreted factors
promote low-temperature growth.

To identify secreted proteins that are newly expressed or
hyperexpressed when the wild type is grown at low tempera-
tures, strain 130b (= ATCC BAA-74) was grown to late log
phase in buffered yeast extract (BYE) broth at 37, 17, and
12°C, and then filter-sterilized culture supernatants were ex-
amined by two-dimensional polyacrylamide gel electrophore-
sis, as previously described (10). Although growth slowed with
decreasing temperature, there were many similarities between
the profiles (Fig. 1), indicating that L. pneumophila secretes
proteins while it is growing at 12 to 37°C. Low-temperature
supernatants had slightly fewer proteins rather than more pro-
teins, indicating that low-temperature incubation does not re-
sult in wholesale lysis. In addition to the similarities, there were
differences. For example, the amounts of some proteins
present at 37°C were reduced at 17 to 12°C (Fig. 1). There were
also proteins that were more pronounced in the 17 and 12°C
samples (e.g., spots 1 to 4 in Fig. 1). Thus, L. pneumophila
secretion changes when the organisms is grown at low temper-
atures. We hypothesized that proteins whose amounts are
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greater at 17 to 12°C contribute to survival at low tempera-
tures.

To identify such proteins, spots 1 and 2 were analyzed by mass
spectrometry (10), and the data were compared to a database
(http://genolist.pasteur.fr/LegioList/). The 164-amino-acid pro-
tein in spot 1 was identified as PpiB (Lcy), a peptidyl-prolyl
isomerase (PPIase) belonging to the cyclophilin family. ppiB is
either monocistronic or the last gene in a small operon, and the
preceding open reading frame encodes a tRNA ribosyltrans-
ferase. The 188-amino-acid protein in spot 2 was also anno-
tated as a cyclophilin PPIase, and in the sequenced strains
Philadelphia, Paris, and Lens the monocistronic genes that
encode it are Ipg1962, Ipp1946, and Ipl1936, respectively. Pre-
viously, PpiB was purified from cytoplasmic extracts of L. pneu-
mophila Philadelphia-1 and demonstrated to have PPlase ac-
tivity (37). In that study, however, there was no attempt to look
for protein in supernatants or in bacteria grown at tempera-
tures other than 37°C. There have been no previous studies of
the putative PPIase of spot 2; thus, we refer to this protein as
Lpg1962. Because PpiB and Lpg1962 were in wild-type super-
natants that did not show evidence of cell lysis or leakage,
these two proteins likely are secreted proteins. The fact that a
previous study had shown that PpiB was present in cell extracts
does not invalidate our findings. For example, cell-associated
PpiB might simply represent a protein on its way toward se-
cretion, or perhaps PpiB is maintained within and outside the
cell. Alternatively, this protein might exist mainly in cells at
37°C but be secreted at 17°C. Lpgl1962 has a signal sequence
(16, 27) and thus is likely a substrate for type II secretion. PpiB
lacks a typical signal sequence or a signal sequence with twin
arginines (34), suggesting that its presence in supernatants
depends on another mechanism.

To determine if PpiB and Lpgl962 promote growth at low
temperatures, we used allelic exchange to construct mutants.
First, primers were designed to amplify genes from 130b DNA;
Mas23 (5'-CGTACGGAGCTCATATTCAG) and Mas25 (5'-
TGGTAATATTTTCAATGACTACAGG) yielded a 773-bp
fragment for 1pg1962, and Mas26 (5'-TCTGCAATGAATAC
GGATGG) and Mas27 (5'-GGTACA CAAAAAGTTCT
CGC) yielded a 1,552-bp fragment containing ppiB. Fragments
containing ppiB and Ipgl1962 were ligated into pGEM-T Easy,
yielding pB24 and pR11. pB24 was digested with BamHI,
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FIG. 1. Two-dimensional polyacrylamide gel electrophoresis analysis of culture supernatants obtained from L. pneumophila grown at low
temperatures. Wild-type strain 130b was grown in BYE broth to late log phase at 37, 17, or 12°C, and then the proteins in the different cell-free
culture supernatants were separated by two-dimensional polyacrylamide gel electrophoresis and stained with Coomassie blue. Some protein spots
whose amounts were greater in the 37°C sample are indicated by letters in the left panel, whereas some of the proteins that were more prominently
expressed in the low-temperature samples are indicated by numbers in the center and right panels. Similar protein profiles were obtained on at
least two other occasions using material derived from independent cultures.

which cut 271 bp after the ppiB start codon, and was then
ligated to a Km* gene from pMB2190 (17) to obtain pB24K or
to a Gm' gene from pX1918GT (39) to produce pB24G2. Next,
NotI fragments of pB24K and pB24G2 containing the dis-
rupted genes were cloned into the Smal site of pRE112 (13) to
obtain pB24KS3 and pB24GS4. pR11 was digested with Agel,
which cut 292 bp after the Ipg1962 start, and then was ligated
to the Km" and Gm" cassettes, resulting in pR11K1 and
pR11G2. Following Notl digestion, the disrupted 1pg1962
genes were cloned into pRE112, yielding Km" pR11K1S3 and
Gm" pR11G2S3. 130b was transformed with pR11G2S3,
pR11K1S3, pB24GS4, and pB24KS3 by electroporation (7),
and mutants were selected as previously described (34). To
construct Ipg1962 ppiB double mutants, a Gm" Ipg1962 mutant
was transformed with pB24KS3, and a Km" Ipgl1962 mutant
was transformed with pB24GS4. Ultimately, six mutants were
obtained: Gm" NU340 and Km" NU341 for ppiB, Gm" NU342
and Km" NU343 for Ipgl962, and Km" Gm" NU344 and
NU345 for ppiB lpgl1962. All mutants grew normally on buff-
ered charcoal-yeast extract (BCYE) agar and in BYE broth at
37°C (Fig. 2A; data not shown), indicating that ppiB and
Ipg1962 are not required for extracellular growth under stan-
dard conditions. The fact that a ppiB mutant grows normally at
37°C was previously observed (37).

Next, we compared the growth of 130b and the growth of the
mutants on BCYE agar at 17°C (Fig. 2A). As hypothesized,
ppiB mutant NU340 displayed reduced survival at this low
temperature. Since independent ppiB mutant NU341 also
showed impaired growth (data not shown), these data indi-
cated that the defect was due to the loss of ppiB rather than
second-site mutations. When an intact ppiB gene was reintro-
duced into NU340 on pMB3, the wild type and the ppiB mu-
tant grew comparably (Fig. 2B). To create pMB3, ppiB was
amplified using Mas27 and Mas28 (5'-TGTTTTGCATGATG
TTTGTAAT) and cloned into pMMB2002 (35). In contrast to
the results for ppiB, Ipg1962 mutants NU342 and NU343 grew
like the wild type when they were plated at low temperature
(Fig. 2A; data not shown). Compatible with these results, the
ppiB 1pg1962 double mutants had reduced abilities to grow in
the same way as the ppiB mutants (Fig. 2A; data not shown).

To confirm the results obtained by plating, we compared the
growth of 130b and the growth of mutants in BYE broth at
17°C. The ppiB mutants and the double mutants exhibited
reduced growth, whereas lpg1962 mutants grew normally (Fig.
3A). After reintroduction of ppiB, the wild type and the ppiB
mutants grew comparably in broth at 17°C (Fig. 3B). These
data indicate that PpiB, but not Lpgl962, is necessary for
optimal extracellular growth at low temperatures. The ppiB
mutants were not as impaired at low temperatures as IspF
mutant NU275 (Fig. 2A and 3A) (35, 41), suggesting that
additional secreted factors promote low-temperature growth.
Indeed, a ppiB mutant was able to stimulate the growth of the
IspF mutant at a low temperature when these mutants were
plated near each other (data not shown).

Because of the newfound importance of PpiB, we further
investigated the mechanism by which this protein appears in
supernatants. As noted previously, the absence of a Sec- or
Tat-dependent signal sequence indicated that there is not type
II secretion. Compatible with this, supernatants from an IspF
mutant grown at 17°C contained PpiB (Fig. 4). But the pres-
ence of more proteins in the mutant supernatants than in
wild-type supernatants (Fig. 1), rather than many fewer pro-
teins, as observed when 37°C supernatants were compared
(10), suggests that a type II mutant undergoes a greater degree
of leakage or lysis at 17°C. L. pneumophila also possesses Lvh
type IVA and Dot/Icm type IVB secretion (42). Proteins ex-
ported via type IV secretion often do not contain typical signal
sequences (18). Thus, we examined supernatants obtained
from dotG mutant AA405 and hB9 mutant AA474 (from
Cary Engleberg, University of Michigan) grown at 17°C (Fig.
4). In both cases, PpiB was present, indicating that the PPIase
does not require one of the type IV pathways for export.
Neither type IV mutant exhibited reduced growth on BCYE
agar or in BYE broth at 17°C (data not shown). These data
suggest that PpiB is not released by one of the three known
Legionella secretion systems. Genome sequencing has sug-
gested the presence of a type I secretion system in L. prneumo-
phila, as well as the presence of type V secretion in some
strains (4, 21). However, PpiB lacks the glycine-rich repeats
often present in type I substrates (11), and the “autotransport-
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FIG. 2. Low-temperature growth of the wild type and ppiB and
Ipg1962 mutants of L. pneumophila on BCYE agar. (A) Tenfold serial
dilutions of wild-type strain 130b, ppiB mutant NU340, Ipg1962 mutant
NU342, ppiB lpg1962 double mutant NU344, and IspF mutant NU275
containing equivalent numbers of CFU (as determined at 37°C) were
spotted onto BCYE agar plates and then incubated at either 37°C (left
panel) or 17°C (right panel). Images of bacterial growth were then
obtained after 3 days for the 37°C plates and after 20 days for the 17°C
plates. The results are representative of at least three independent
experiments. (B) Tenfold serial dilutions of wild-type strain 130b and
ppiB mutant NU340 containing either the vector pMMB2002 or the
complementing plasmid pMB3 (i.e., ppiB cloned into pMMB2002)
were spotted onto BCYE agar and then incubated at 37°C (left panel)
or 17°C (right panel). Images of bacterial growth were then obtained as
described above. For unknown reasons, the vector alone slowed the
growth of both the wild type and the mutant at 17°C (compared to the
17°C cultures used for panel A). Nonetheless, the specific growth-
stimulating effect of cloned ppiB on NU340 at 17°C is still evident. The
results are representative of two independent experiments.

ers” of type V secretion generally contain Sec-dependent sig-
nal sequences (18). L. pneumophila lacks type III secretion but
does express flagella, which might provide a pathway for export
(8, 20).

Regardless of variations in the localization of PpiB or its se-
cretion mechanism, our analyses indicate that PpiB is required for
optimal growth at low temperatures. Given its PPlase activity
(37), PpiB may catalyze the isomerization of secreted proteins,
such as type II substrates, that promote survival at low tem-
peratures. Alternatively, PpiB might assist cold-adapted exoen-
zymes as a chaperone (5, 19, 36, 38). Finally, PpiB, whether as
an isomerase or as a chaperone, might promote the functioning
of a secretion apparatus. There are examples of PPIases that
are secreted and surface expressed by microbes, such as
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FIG. 3. Low-temperature growth of the wild type and ppiB and
Ipg1962 mutants of L. pneumophila in BYE broth. Log-phase bacteria
were inoculated into BYE broth at 17°C, and then the growth of the
indicated strains was monitored by recording the optical densities of
the cultures at various times. (A) Comparison of the growth of wild-
type strain 130b (@), ppiB mutant NU340 (O), Ipg1962 mutant NU342
(V), ppiB 1pg1962 double mutant NU344 (V¥), and IspF mutant NU275
(m). (B) Comparison of the growth of wild-type strain 130b (@), ppiB
mutant NU340 (O), and complemented ppiB mutant NU340 (pMB3)
(). The apparent differences in growth between either the ppiB
mutant or the ppiB Ipg1962 mutant and the wild-type strain or the
complemented ppiB mutant were statistically significant, as were the
differences in growth between the IspF mutant and the other strains
(P < 0.05, Student’s ¢ test). The slight differences in optical densities at
660 nm (OD660) between the wild type and the 1pg1962 mutant ob-
served at some time points were not seen in repeat experiments. The
data are the means and standard deviations for duplicate cultures and
are representative of at least three (A) and two (B) independent
experiments.

HPO175 of Helicobacter pylori and Mip of L. pneumophila (1, 9,
30), and there are PPIases that have ben previously linked to
low-temperature adaptation, such as cell-associated PpiB of
Bacillus subtilis, FKBP of Shewanella sp., and RotA of Erwinia
chrysanthemi (2, 32, 43). But the connection that we uncovered
between a secreted PPIase and low-temperature growth is a
novel observation.

Previously, Schmidt et al. observed that a ppiB mutant has a
reduced ability to grow in Acanthamoeba castellanii, an aquatic
protozoan that serves as an intracellular niche for L. pneumo-
phila (37). Thus, our data for the extracellular growth of ppiB
mutants at low temperature indicate that PpiB likely promotes
survival in natural habitats by at least two mechanisms. For
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FIG. 4. Two-dimensional polyacrylamide gel electrophoresis analysis of culture supernatants obtained from L. pneumophila type 11 and type IV
secretion mutants grown at low temperatures. IspF mutant NU275, dotG mutant AA405, and vhB9 mutant AA474 were grown in BYE broth to

late log phase at 17°C, and then the proteins in the cell-free culture supernatants were separated by two-dimensional polyacrylamide gel
electrophoresis and stained with Coomassie blue. The PpiB spot is indicated by an arrow.

Lpg1962, the absence of a growth defect in the Ipg1962 mutant
does not necessarily indicate irrelevance for low-temperature
growth, since it is possible that another PPIlase can replace
Lpgl1962. Combined, the present findings involving PpiB and
previous work on Lsp indicate that a variety of secretion func-
tions aid L. pneumophila, and perhaps other bacteria, in grow-
ing at low temperatures.
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