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Legionella pneumophila, the causative agent of Legionnaires’ disease, is able to survive intracellularly in
eukaryotic cells such as monocytes, macrophages, and protozoan organisms. The Mip (macrophage infectivity
potentiator) protein represents a factor of L. pneumophila necessary for optimal intracellular survival. Inter-
estingly, Mip belongs to the substance class of FK 506-binding proteins and exhibits peptidyl-prolyl cis/trans
isomerase (PPIase) activity that can be inhibited by the immunosuppressant FK 506. In order to identify amino
acids most likely to be involved in the enzymatic activity of Mip, site-directed mutagenized Mip proteins were
constructed and characterized. It was shown that an Asp-142 to Leu-142 mutation and a Tyr-185 to Ala-185
substitution resulted in strongly reduced PPIase activity of the recombinant Mip proteins (5.3 and 0.6% of the
activity of the wild-type Mip, respectively). Genes coding for the wild-type and for site-directed-mutagenized
Mip proteins were used to complement three different Mip-negative mutants of the L. pneumophila Corby,
Philadelphia I, and Wadsworth. While Mip protein expression could be restored in the corresponding comple-
mentants, significant Mip-specific PPIase activity could be detected only in Mip mutants complemented with
wild-type mip genes. To investigate the influence of the PPIase activity of Mip on intracellular survival of L.
pneumophila, invasion assays were performed using the macrophage-like cell line U937, human blood mono-
cytes, and Acanthamoeba castellanii. The Mip-negative mutants were approximately 50- to 100-fold less infective
for A. castellanii and for human mononuclear phagocytes in vitro compared with their isogenic Mip-positive
parental strains. The wild-type invasion rate could be restored by introducing an intact copy of the mip gene
into Mip-negative strains. In addition, no differences in intracellular survival were observed between the
wild-type isolates and the Legionella strains exhibiting strongly reduced PPlase activity. These data indicated

that the enzymatic activity of Mip does not contribute to intracellular survival of L. pneumophila.

Legionella pneumophila, an environmental pathogen, is able
to cause severe pneumonia in humans termed Legionnaires’
disease (36, 57). Members of the genus Legionella are wide-
spread in natural aquatic habitats and in manmade water sys-
tems like cooling towers, air conditioners, and fountains (43).
In the environment, the bacteria are able to replicate intracel-
lularly in protozoan organisms such as Acanthamoeba castella-
nii, Hartmannella vermiformis, and other protozoan species (4,
15, 42, 52). Legionella infection occurs after inhalation of aero-
solized bacteria. The bacteria enter the human lungs, where
they are capable of invading and proliferating in alveolar mac-
rophages and blood monocytes. Legionellae are taken up by
alveolar macrophages via complement receptors and coiling
phagocytosis. Once inside the eukaryotic cell the bacteria are
able to inhibit phagosome-lysosome fusion as well as phago-
some acidification and multiply in a membrane-bound, ribo-
some-studded phagosome (reviewed in reference 295).

Only a few factors have been determined and characterized
that contribute to survival of the bacteria in eukaryotic cells. By
transcomplementation analysis of L. pneumophila mutants
which are impaired in their ability to multiply in macrophages,
two genetic loci designated dot (defect in organelle trafficking)
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(5, 6) and icm (intracellular multiplication) (7, 35) could be
identified as contributing to intracellular survival of the bacte-
ria. In addition, the Mip (macrophage infectivity potentiator)
protein, a 24-kDa surface-exposed protein, is described as a
factor that contributes to intracellular survival of L. pneumo-
phila (14). Invasion experiments using isogenic L. pneumophila
strains with and without an intact mip gene revealed that the
mip gene product is required for early survival processes of
L. pneumophila Wadsworth in protozoan cells, in the macroph-
age-like cell line U937, and in human alveolar macrophages
(10, 11). In addition, Mip-negative mutants exhibit attenuated
virulence in guinea pigs following intratracheal infection (9).
Recently, we were able to demonstrate that Mip exhibits the
enzymatic property of a peptidyl-prolyl cis/trans isomerase
(PPIase), catalyzing the slow cis/trans interconversion of prolyl
peptide bonds in oligopeptides (18, 31). The enzymatic activity
of Mip is blocked by the potent immunosuppressive drug FK
506. Proteins exhibiting PPIase activity are expressed in vari-
ous eukaryotic and prokaryotic organisms and are partly des-
ignated as immunophilins because they are able to bind im-
munosuppressive compounds (reviewed in reference 22). Two
protein superfamilies, the cyclophilins and the FK 506-binding
proteins (FKBPs), constitute the substance class of the immu-
nophilins. The cyclophilins are capable of binding the cyclic
undecapeptide cyclosporin A, while FKBPs form complexes
with the immunosuppressive macrolide FK 506. Recently, a
third class of PPlases, termed parvulins, has been described
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TABLE 1. Recombinant DNAs used in this study

Plasmid Vector Characteristics Source or
reference

pEWM 101 pBluescript 1T KS mip on 1.8-kb Xbal-Sacl DNA fragment (Ap" Mip™) This study

pEWM 102 pBluescript II KS mip on 1.8-kb Sacl DNA fragment (Ap* Mip*) This study

pPEWMG 101.1 pKNG 101 Amip::km on 3.3-kb Xbal-Sacl DNA fragment (Sm" Km" Mip ™) This study

pEWMS 101.2 pMSS 704-1 Amip:sacB::km on 5.3-kb Xbal-Sacl DNA fragment (Cm" Km" Mip™) This study

pBLL 100 pBluescript IT KS mip on 1-kb Sacl-BamHI DNA fragment (Ap" Mip™") This study

pBLL 142-L pBluescript II KS Site-directed-mutagenized mip on 1-kb SacI-BamHI DNA fragment (Ap* Mip* 31
[Asp-142 to Leu-142])

pBLL 185-A pBluescript IT KS Site-directed-mutagenized mip on 1-kb Sacl-BamHI DNA fragment (Ap" Mip* This study
[Tyr-185 to Ala-185])

pEWM 103 pBC KS+ mip on 1.8-kb Sacl-BamHI DNA fragment (Cm" Mip™) This study

pEWM 142-L pBC KS+ Site-directed-mutagenized mip on 1.8-kb SacI-BamHI DNA fragment (Cm" Mip* This study
[Asp-142 to Leu-142])

pEWM 185-A pBC KS+ Site-directed-mutagenized mip on 1.8-kb Sacl-BamHI DNA fragment (Cm" Mip™ This study
[Tyr-185 to Ala-185])

pEWMS 102 pMSS 704-1 mip on 1.8-kb Sacl DNA fragment (Cm" Mip*) This study

pPEWMS 142-L pMSS 704-1 Site-directed-mutagenized mip on 1.8-kb SacI DNA fragment (Cm" Mip™ [Asp- This study
142 to Leu-142])

pEWMS 185-A pMSS 704-1 Site-directed-mutagenized mip on 1.8-kb SacI DNA fragment (Cm" Mip™* [Tyr- This study

185 to Ala-185])

(39, 40, 44). FKBPs as well as cyclophilins seem to assist the
cellular folding and maturation of proteins, as shown for rho-
dopsin in the Drosophila eye, for transferrin and collagen in the
mammalian endoplasmic reticulum, and for the translocation
of mitochondrial precursor proteins (2, 41, 53). In T cells
FKBP-FK 506 as well as cyclophilin-cyclosporin A complexes
interact with the protein phosphatase calcineurin, thereby in-
hibiting the nuclear transport of the transcriptional factor NF-
AT, a critical step in T-cell activation (50). However, the for-
mation of an immunophilin-immunosuppressant complex
seems not to be a prerequisite for calcineurin binding since it
was recently shown that immunophilins like FKBP 12 and
cyclophilin A, although to a lower extent, interact with cal-
cineurin in the absence of their exogenous ligands FK 506 and
cyclosporin A, respectively (8). Interestingly, cytosolic T-cell
cyclophilin represents also the target protein of Pr55% of
human immunodeficiency virus type 1 (HIV-1) in infected T
cells (20, 30).

The classical FKBPs, proteins of 12 to 13 kDa, are located
intracellularly. In addition, bacteria are able to produce FKBPs
of 22 to 26 kDa that are located on the bacterial surface. Mip
and Mip-like proteins which are produced by a number of
pathogenic bacteria such as L. pneumophila, Chlamydia tracho-
matis, and various rickettsiae belong to this particular group of
FKBPs (12, 18, 33). Recently, it was demonstrated that non-
pathogenic bacteria also have the capacity to produce Mip-like
proteins (17, 24). The observation that most bacterial FKBPs
including Mip and Mip-like proteins exhibit PPIase activity
(reviewed in reference 22) gave rise to the question whether
full enzymatic activity is required for intracellular survival of
bacteria such as L. pneumophila. In this study we demonstrated
that site specifically altered Mip proteins with strongly reduced
PPIase activity in L. pneumophila are still able to support the
intracellular survival of the bacteria.

MATERIALS AND METHODS

Bacterial strains and plasmids. L. pneumophila Wadsworth NU 201, repre-
senting a spontaneous streptomycin-resistant derivative of the clinical isolate
130b, and the isogenic Mip-negative strain NU 203 were recently described (11).
Mip-negative mutants were constructed from L. pneumophila Philadelphia I JR
32 (45), a restriction-deficient, streptomycin-resistant derivative of strain Phila-
delphia I, and from L. pneumophila Corby (Rif), which is a spontaneous ri-

fampin-resistant isolate of L. pneumophila Corby (26). Escherichia coli K-12
strain SM10M\pir served as a donor strain in bacterial mating (54). The E. coli
K-12 strain DH5a (23) was used for transformation and propagation of recom-
binant plasmids derived from the vectors pBluescript II KS and pBC KS+
(Stratagene, La Jolla, Calif.). For the generation of L. pneumophila Mip-negative
mutants by homologous recombination, inactivated mip genes were ligated into
the pir-dependent R6K plasmids pKNG 101 (27) and pMSS 704-1. Vector pMSS
704-1 represents a derivative of pGP 704 (34) carrying an additional chloram-
phenicol resistance marker gene derived from Tn7725 (55). Recombinant plas-
mids used in this study are listed in Table 1.

Media and growth conditions. E. coli strains were cultivated at 37°C in YT
broth or on YT agar plates (47). Legionella strains were grown on BCYE agar
plates supplemented with 0.0025% ferric PP; and 0.04% L-cysteine (Oxoid, We-
sel, Germany) at 37°C in 5% humidified CO, for 24 to 48 h. Antibiotics were
used at the following concentrations when necessary: ampicillin, 100 pg ml™;
streptomycin, 100 pg ml~!; rifampin, 50 to 100 wg ml~'; kanamycin, 12.5 to 25
wg ml™!; chloramphenicol, 25 g ml™'.

DNA manipulations and sequence determination. Standard methods were
used for restriction endonuclease digestion of DNA and other DNA manipula-
tions (47). Transformation of Legionella cells was performed by electroporation
(35) and by mating procedures (58). DNA sequence determination was carried
out as described by the manufacturer with the T7 polymerase sequencing kit
from Pharmacia, Freiburg, Germany.

Construction of Mip-negative L. p P strains. In order to construct a
Mip~ mutant of L. pneumophila Corby, the mip gene located on a 1.8-kb DNA
fragment was amplified by PCR and cloned between the Xbal-Sacl site of the
vector pBluescript II KS, resulting in recombinant plasmid pEWM 101 (Table 1).
The insertion of the kanamycin resistance gene derived from Tn5 (4a) between
the EcoRI-HindIII restriction site of the mip gene resulted in inactivation of the
mip gene. Cloning the 3.3-kb mip::km DNA fragment into the pir-dependent
suicide vector pKNG 101 resulted in recombinant plasmid pPEWMG 101.1 (Table
1). pPEWMG 101.1 was transferred into L. pneumophila Corby (Rif) by mating
procedures to generate the isogenic Mip-negative mutant L. preumophila
Corby-1 by homologous recombination using E. coli SM10\pir as the donor
strain. To construct a Mip~ mutant of L. pneumophila JR32, the sacB gene of
Bacillus subtilis was amplified by PCR from the vector pKNG 101 (27). Cloning
of the 5.3-kb mip::sacB::km DNA fragment into the suicide vector pMSS 704-1
resulted in pPEWMS 101.2 (Table 1). The recombinant plasmid pEWMS 101.2
was transferred into the L. pneumophila wild-type strain JR 32 as described
above to generate the Mip-negative mutant L. pneumophila Philadelphia I
JR32-2 (Table 2). The Mip~ mutant NU 203, derived from the wild-type L.
pneumophila strain Wadsworth NU 201, was kindly provided by N. P. Cianciotto,
Northwestern University, Chicago, Ill. The Mip-negative L. pneumophila strains
Philadelphia T JR 32-2 and Corby-1 grew on BCYE agar plates as well as did
their wild-type parent strain, indicating that the mip mutations do not influence
the extracellular growth behavior of the L. pneumophila strains.

PCR. PCRs were carried out according to the method of Saiki et al. (46) using
a Thermocycler 60 apparatus from Biomed, Theres, Germany. The 1.8-kb DNA
fragment of pPEWM 101 (Table 1) containing the wild-type mip gene was ampli-
fied from the chromosome of L. pneumophila Philadelphia I. Primer sequences
were as follows: 5’GAATTCCTCTAGAAATTTCTGCTG3' and 5'CTAAACT
TAGAGCTCCCGTCGC3'. To facilitate cloning, an Xbal restriction site was
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TABLE 2. E. coli K-12 and L. pneumophila strains
used in this study

Strain Mip protein® PPlase activity”

E. coli K-12
DHS5a(pBLL 100) Mip™ (wild type) 1.01 X 10° (100%)
DHS5a(pBLL 185-A) Mip* (Tyr-185—Ala-185) 6.1 X 10° (0.6%)
DH5a(pBLL 142-L) Mip* (Asp-142—Leu-142) 5.4 x 10* (5.3%)°
DHS5a(pBluescript 1T KS) Mip~ 0

L. pneumophila

Corby Mip* (wild type) 155
Corby-1 Mip~ 0
Corby-1(pEWM 103) Mip* (wild type) 170
Corby-1(pEWM 185-A) Mip™ (Tyr-185—Ala-185) 0
Corby-1(pEWM 142-L) Mip* (Asp-142—Leu-142) 0
Philadelphia I JR 32 Mip™ (wild type) 226
Philadelphia I JR 32-2  Mip~ 0
Philadelphia I JR 32-2.1 Mip™ (wild type) 315
Philadelphia I JR 32-2.2 Mip™ (Tyr-185—Ala-185) 0
Philadelphia I JR 32-2.3 Mip* (Asp-142—Leu-142) 0
Wadsworth NU 201 Mip™ (wild type) 286
Wadsworth NU 203 Mip~ 0
Wadsworth NU 203.1 Mip* (wild type) 117
Wadsworth NU 203.2 Mip* (Tyr-185—Ala-185) 0
Wadsworth NU 203.3 Mip* (Asp-142—Leu-142) 0

“ As determined by Western blot analysis using polyclonal anti-Mip-specific
antiserum.

b PPIase activity was measured using Suc-Ala-Pro-Phe-4-nitroanilide as a sub-
strate. For the Mip proteins expressed in recombinant E. coli strains the specific
constants k., /Ky, (mM~" s™') of the purified proteins are indicated. The per-
centage of the observed PPIase activity is given in parentheses. The activity of the
recombinant wild-type Mip protein was set at 100%. For the Mip proteins
expressed in the Legionella strains, arbitrary units per milligram of protein, as
recently described (40), are indicated. Arbitrary units are within the margin of
error of the experiment. 0, the arbitrary units per milligram of protein is below
the limit of detection (see also Materials and Methods).

¢ Previously determined (31).

introduced into the 5" end and a Sacl restriction site was introduced into the 3’
end of the amplified sequence. The 1.8-kb DNA fragment of recombinant plas-
mid pEWM 102 (Table 1) was amplified by using the primers 5'CCTTTATG
AGCTCCTGCTGT3' and 5'CTAAACTTAGAGCTCCCGTCGC3', introduc-
ing a Sacl restriction site into the 5’ and 3’ ends of the amplified sequence. To
amplify the 1-kb DNA fragment of pBLL 100 (Table 1), primer 5'GTATGA
GCTCTTAAGTGTAAGACTAZ3' containing a Sacl site and primer S’TAAGG
ATCCCGTCGCAAGCACTGA3' containing a BamHI site were used. The sacB
gene of B. subtilis was amplified from the vector pKNG 101 by using the primers
5'TACCTGCGGATCCCTATTATTTAG3' and 5'CATATGGGATCCACCTT
TATGTTG3'. DNA amplification conditions were as follows: after an initial
denaturation step of 2 min at 94°C, 30 cycles, each at 94°C for 45 s, 55°C for 1
min, and 72°C for 90 s, were completed, with a final elongation step at 72°C for
3 min.

Construction of site-directed-mutagenized mip genes. The DNA sequence of
the mip gene of L. pneumophila Philadelphia I and its corresponding amino acid
sequence as recently determined (31) are given in Fig. 1. Site-specific mutagen-
esis of the mip gene was performed by PCR as previously described (31) using
mutation-directing primer (Tyr-185 to Ala-185, 5 TTGCAGCCGGCCCACGT
AGCGT3'). Recombinant plasmid pBLL 100 (Table 1) was used as template
DNA. The obtained 1-kb amplification product lacking the promoter region of
the mip gene was cloned between the Sacl-BamHI site of pBluescript IT KS
adjacent to the T7 promoter resulting in plasmid pBLL 185-A (Table 1). Plasmid
pBLL142-L carrying the Asp-142 to Leu-142 mutation (Fig. 1) was constructed
as described previously (31). All site specifically mutagenized mip genes were
sequenced to confirm that only the site-directed mutations were present. The
1-kb DNA fragments of pBLL 100, pBLL 142-L, and pBLL 185-A were further
subcloned into the SacIl-BamHI site of pBC KS+ following elongation with a
1-kb SacI-Sphl DNA fragment of pPEWM 102 carrying the promoter region of
the mip gene (Table 1). This cloning procedure resulted in plasmids pEWM 103,
pEWM 142-L, and pPEWM 185-A (Table 1).

Complementation of L. pneumophila Mip~ strains with genes encoding the
wild-type and mutagenized Mip proteins. Plasmids pEWM 103, pPEWM 185-A,
and pEWM 142-L were used to complement L. pneumophila Corby-1 by elec-
troporation, resulting in L. pneumophila Corby-1(pEWM 103), L. pneumophila
Corby-1(pEWM 142-L), and L. pneumophila Corby-1(pEWM 185-A), respec-
tively (Table 2). For complementation of the Mip-negative L. pneumophila
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FIG. 1. Nucleotide and deduced amino acid sequences of the mip gene of L.
pneumophila Philadelphia I. The N-terminal signal sequence of the Mip protein
is underlined. Site specifically mutagenized amino acids are indicated by stippled
boxes. Relevant restriction sites of the DNA sequence of the mip gene are boxed.

strains JR 32-2 and NU 203, the wild-type and the site-directed-mutagenized mip
genes were cloned into pMSS 704-1, resulting in plasmids pPEWMS 102, pEWMS
142-L, and pEWMS 185-A (Table 1). These plasmids, containing the pir-depen-
dent origin of replication R6K, were transferred from E. coli K-12 strain
SM10Npir into L. pneumophila JR 32-2 and L. pneumophila NU 203 by bacterial
mating and integrated into the chromosomes of the recipients. These experi-
ments resulted in L. pneumophila JR 32-2.1 and NU 203-1, expressing the
wild-type Mip protein; JR 32-2.2 and NU 203-2, expressing the Tyr-185 to
Ala-185 mutated Mip protein; and JR 32-2.3 and NU 203-3, expressing the
Asp-142 to Leu-142 mutated Mip protein (see Fig. 2). The transcomplementants
are listed in Table 2.

Isolation of Mip proteins and determination of PPIase activity. The wild-type
and site specifically altered recombinant Mip proteins were purified to homoge-
neity as previously described (18, 31). PPIase activities of the purified Mip
proteins were determined by a protease-coupled assay as described previously
(18), using the synthetic peptide Suc-Ala-Phe-Pro-Phe-4-nitroanilide as a sub-
strate. Mip-specific PPlase activity of the L. pneumophila strains listed in Table
2 was analyzed in Mip-specific fractions after gel filtration of crude bacterial cell
extracts. Legionella cells were disrupted by sonication using a Sonoplus HD 70
sonifier from Bandelin, Berlin, Germany, and centrifuged for 30 min at 11,000 X
g. One milliliter of the resulting supernatant containing about 10 mg of total
protein was loaded onto a Superdex 75 (Hiload 16/60) gel filtration column
(Pharmacia, Uppsala, Sweden) equilibrated with 10 mM HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid), pH 7.8, containing 150 mM KClI, 1.5
mM MgCl,, and 0.5 mM dithiothreitol. Mip-containing fractions were pooled at
retention times according to the size of Mip dimers (49), and their PPIase
activities were determined. Because of the low PPIase activity of the site specif-
ically mutagenized Mip proteins (specific activities of 0.6 and 5.3% of that of the
wild-type Mip protein), the expected acceleration of the uncatalyzed cis/trans
isomerisation of the substrate calculated from the values measured for wild-type
Mip proteins after gel filtration is below the limit of detection in the standard
assay; nevertheless the proteins could be detected in Western immunoblot anal-
ysis in a concentration comparable to those observed in the Legionella wild-type
strains.

Preparation of Mip-specific antiserum. Polyclonal Mip-specific antiserum was
prepared following intravenous injection of purified, native Mip protein of
L. pneumophila Philadelphia I into New Zealand white rabbits. The antiserum
was diluted 1:500 when used in Western blot analysis.

SDS-PAGE and Western immunoblots. Protein extracts were prepared from
recombinant E. coli clones and Legionella strains as previously described (32) and
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12%)
(29). Western blotting was performed by semidry electroblotting in a graphite
chamber according to the method of Kyhse-Anderson (28).

Infection of U937 cells and A. llanii with L. p phila. Invasion exper-
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iments using the macrophage-like cell line U937 and A. castellanii cells were
carried out as described previously (52, 58). Briefly, 5 X 10° differentiated
macrophage-like U937 cells and 10° A. castellanii cells were infected with 10°
legionellae, resulting in a multiplicity of infection of 2 or 10, respectively. After
an incubation of 2 h at 37°C, remaining extracellular bacteria were killed by
gentamicin (80 wg ml~!) treatment. After 1 h of incubation, the medium was
replaced with antibiotic-free medium. This was defined as the zero hour value.
Following another 3, 24, and 48 h of incubation, cells were resuspended vigor-
ously in culture supernatants and the number of CFU was determined by plating
aliquots on BCYE agar plates.

Isolation and infection of human blood monocytes with L. pneumophila. Blood
mononuclear cells were isolated from blood of normal adult donors not known
to ever have contracted Legionnaires’ disease. The blood mononuclear cell
fraction was obtained by centrifugation over a double polysucrose sodium dia-
trizoate gradient (Histopaque 1119 and 1077) according to the manufacturer’s
instructions (Sigma, Deisenhofen, Germany). Human monocytes were grown at
37°C in RPMI 1640 medium (Gibco/BRL, Eggenstein, Germany) supplemented
with 20% inactivated fetal calf serum, 1 mM sodium PP;, 2 mM L-glutamine, 1X
minimal essential medium nonessential amino acids, and 100 U/100 pg of pen-
icillin/streptomycin ml~'. Mononuclear cells were allowed to adhere and to
mature for 4 days before they were infected with L. pneumophila. Infection
experiments were carried out as described above.

RESULTS

Characterization of L. pneumophila strains with site specif-
ically mutagenized Mip proteins. In order to identify amino
acid residues involved in PPIase activity of Mip, site-directed
mutagenesis of particular amino acid residues located in the C
terminus of the recombinant wild-type Mip protein was per-
formed (31, 48). As indicated in Fig. 1, an aspartyl residue at
position 142 of the amino acid sequence of the native Mip
protein and a tyrosyl residue at position 185 were converted to
a leucyl and an alanyl residue, respectively. The amino acid
residues chosen for mutagenesis were highly conserved in the
known amino acid sequences of all FKBPs and are thought to
be involved in the interaction of human FKBP and FK 506
(reviewed in references 21 and 22). The mutagenized Mip
proteins of the recombinant E. coli K-12 clones were purified
to homogeneity and analyzed for enzymatic activity. As sum-
marized in Table 2 both mutagenized Mip proteins displayed
dramatically lower PPlase catalytic efficiency compared with
the recombinant wild-type Mip protein. The conversion of
Asp-142 to Leu-142 reduced PPlase activity to 5.3% of the
wild-type Mip activity (31). The Tyr-185 to Ala-185 substitu-
tion had an even more pronounced effect; the activity was
decreased to 0.6% of the wild-type enzymatic activity.

Plasmids coding for the wild-type and the site-directed-mu-
tagenized Mip proteins were used to complement the Mip-
negative L. pneumophila strains Philadelphia I JR 32-2,
Corby-1, and Wadsworth NU 203. The complemented L. pneu-
mophila strains are given in Table 2. Western blot analysis of
the corresponding L. pneumophila strains using a polyclonal
anti-Mip-specific antiserum revealed that Mip expression was
restored in all Legionella Mip mutants upon introduction of the
wild-type and the mutagenized mip genes (Fig. 2). In addition,
significant Mip-specific isomerase activity could be detected
only in cell extracts from L. pneumophila Mip-negative mu-
tants complemented with the wild-type mip gene (Table 2).

Intracellular survival of L. pneumophila strains in U937
cells. The wild-type L. pneumophila strains Philadelphia I JR
32, Corby (Rif), and Wadsworth NU 203, the isogenic Mip-
negative derivatives, and the complemented strains expressing
the site specifically mutagenized Mip proteins were tested for
their ability to initiate infection and to multiply in the phorbol
myristate acetate-treated macrophage-like cell line U937. As
shown in Fig. 3, all L. pneumophila wild-type strains exhibited
very similar growth kinetics during infection of differentiated
U937 cells. For intracellular multiplication of L. pneumophila
Philadelphia I JR 32 and Corby (Rif), 5 X 10* bacteria could
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FIG. 2. Western blot analysis of cell extracts of different L. pneumophila
strains using a polyclonal anti-Mip-specific antiserum. Lanes: al, Corby (Rif); a2,
Corby-1; a3, Corby(pEWM 103); a4, Corby(pEWM 185-A); a5, Corby(pEWM
142-L); b1, JR 32; b2, JR 32-2; b3, JR 32-2.1; b4, JR 32-2.2, b5, JR 32-2.3; c1, NU
201; ¢2, NU 203; ¢3, NU 203.1; c4, NU 203.2; c¢5, NU 203.3.

be detected intracellularly at time point zero and at 3 h postin-
fection, increasing to 5 X 10° to 10° bacteria at 48 h postin-
fection (Fig. 3A and B). The observed CFU values represent a
doubling time of 6 h. Monolayers infected with strain Wad-
sworth NU 203 yielded approximately 10-fold more intracel-
lular bacteria at 0, 3, and 24 h post infection (Fig. 3C). Only
minor differences in the recovery of intracellular bacteria were
observed from infected monolayers of U937 cells with wild-
type strains and Mip-negative mutants. However, the Mip™
strain JR 32-2 compared with the Mip™ strain JR 32 exhibited
a 10-fold decrease in recovery from the macrophage-like cells
24 and 48 h postinfection (Fig. 3A). In addition, no significant
differences were observed for intracellular growth of the wild-
type and the Legionella strains complemented with genes cod-
ing for site specifically mutagenized Mip proteins exhibiting
reduced PPlase activity.

Intracellular survival of Legionella strains in human blood
monocytes. The intracellular survival of the L. pneumophila
strains listed in Table 2 was also investigated with human blood
monocytes. The results of the invasion assays are shown in
Fig. 4. L. pneumophila wild-type strains were approximately
10-fold less infective for human monocytes 48 h post infection
compared with U937 cells. A significant difference (1 to 2 log
units) in intracellular growth of Mip* and Mip~ strains of
L. pneumophila Philadelphia I JR 32 and Wadsworth could be
detected in human blood monocytes 24 and 48 h postinfection
(Fig. 4A and C), while Legionella strain Corby and its corre-
sponding Mip mutant exhibited only minor differences (Fig.
4B). The infectivity of Mip-negative mutants for human mono-
nuclear phagocytes could be increased following complemen-
tation with genes coding for the wild-type and the site specif-
ically mutagenized Mip proteins. These data suggest that full
enzymatic activity of Mip is not a prerequisite for intracellular
survival of L. pneumophila in human mononuclear phagocytes,
at least under the conditions of the assay systems used in these
studies.

Intracellular survival of L. pneumophila strains in A. castel-
lanii. To determine if the PPIase activity of Mip contributes to
intracellular survival of legionellae in protozoa, the same in-
fection experiments as described for U937 cells and monocytes
were repeated using A. castellanii as host cells. The results are
shown in Fig. 5. The growth kinetics of L. pneumophila wild-
type strains within Acanthamoeba cells were very similar to
those observed within U937 macrophage-like cells and human
monocytes. In contrast, 10-fold less bacteria were recovered
from A. castellanii infected with Mip-negative strains at time
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FIG. 3. Intracellular survival of L. pneumophila strains in U937-derived macrophage-like cells. Monolayers were infected with L. pneumophila strains (Table 2),
resulting in a multiplicity of infection of 5. After various incubation periods, the formation of CFU of intracellular bacteria was determined in duplicate for three
independent experiments. The standard deviation was below 0.5 log unit. Shown are recombinant strains of L. pneumophila Philadelphia I JR 32 (A), Corby (B), and
Wadsworth (C). mm | wild-type strain; 1, Mip-negative mutant; B, Mip-negative mutant complemented with the wild-type mip gene; BB, Mip-negative mutant
complemented with the Tyr-185—Ala-185 mutated mip gene; S, Mip-negative mutant complemented with the Asp-142—Leu-142 mutagenized mip gene.

points 0 and 3 h postinfection compared with those recovered
from A. castellanii infected with an equivalent number of Mip-
positive strains. The number of intracellular Mip ™~ Legionella
cells increased at a slower rate than the wild-type, resulting in
a 2-log-unit difference in recovery between Mip* and Mip~
strains 24 and 48 h postinfection. The Legionella wild-type
phenotype for intracellular survival could be restored in Mip-
negative mutants complemented with the wild-type mip gene.
Similar results were obtained after infection of A. castellanii
with Legionella strains expressing Mip proteins that exhibit re-
duced PPlase activity. These results indicated that the PPlase
activity of the Mip protein does not contribute to intracellular
survival of legionellae in A. castellanii.

DISCUSSION

Classical FKBPs, cytoplasmic proteins of 12 to 13 kDa, are
widely distributed among prokaryotic and eukaryotic organ-
isms (reviewed in references 16 and 21). In addition, many
bacteria are able to produce FKBPs of 22 to 26 kDa that are
located at the cell surface (reviewed in reference 22). These
proteins, termed “Mip” (macrophage infectivity potentiators)
or “Mip-like” proteins, were first described for pathogenic
bacteria, especially for species which are able to survive intra-

cellularly in eukaryotic cells such as L. pneumophila (10), Le-
gionella micdadei (3), C. trachomatis (33), and members of the
rickettsia group (12). Recently, however, Mip-like proteins and
mip-like genes were also detected in nonpathogenic bacteria,
including E. coli K-12 (17, 24), supporting the general occur-
rence of these proteins among prokaryotes. Nevertheless,
there is evidence that null mutations in mip genes of L. pneu-
mophila strongly reduce intracellular survival of the bacteria in
eukaryotic cells (10, 11) and also lead to impaired in vivo
virulence following intratracheal injection of strains into
guinea pigs (9).

In our study we confirmed and extended these observations.
Mutations were introduced into mip genes of three different
L. pneumophila strains, Philadelphia I, Corby, and Wadsworth,
thereby reducing the intracellular survival of recombinant
Mip-negative L. pneumophila strains following infection of
U937 cells (Fig. 3), human monocytes (Fig. 4), and A. castel-
lanii (Fig. 5). Differences, however, exist in the level of reduc-
tion of intracellular survival due to the mip mutations and
depend on the eukaryotic cell type used for the assay. While
only minor differences in intracellular survival exist between
Mip-positive and Mip-negative strains following uptake by
U937 cells, the numbers of intracellular Mip-negative bacteria
in monocytes and in A. castellanii are reduced by a factor of 50

log CFU/ml log CFU/ml
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FIG. 4. Intracellular survival of L. pneumophila strains in human blood monocytes. Monocytes were infected with L. pneumophila strains (Table 2), resulting in a
multiplicity of infection of 10. After various incubation periods, the formation of CFU of intracellular bacteria was determined in duplicate for three independent
experiments. The standard deviation was below 0.5 log unit. Shown are recombinant strains of L. pneumophila Philadelphia I JR 32 (A), Corby (B), and Wadsworth
(C). mm | wild-type strain; 1, Mip-negative mutant; B8, Mip-negative mutant complemented with the wild-type mip gene; EEEH, Mip-negative mutant comple-
mented with the Tyr-185—Ala-185 mutated mip gene; S, Mip-negative mutant complemented with the Asp-142—Leu-142 mutagenized mip gene.
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FIG. 5. Intracellular survival of L. pneumophila strains in A. castellanii. A. castellanii cells were infected with L. pneumophila strains (Table 2), resulting in a
multiplicity of infection of 10. After various incubation periods, the formation of CFU of intracellular bacteria was determined in duplicate for three independent
experiments. The standard deviation was below 0.5 log unit. Shown are recombinant strains of L. pneumophila Philadelphia I JR 32 (A), Corby (B), and Wadsworth
(C). mm | wild-type strain; 1, Mip-negative mutant; B&&, Mip-negative mutant complemented with the wild-type mip gene; BB, Mip-negative mutant comple-
mented with the Tyr-185—Ala-185 mutated mip gene; S, Mip-negative mutant complemented with the Asp-142—Leu-142 mutagenized mip gene.

to 100 compared with Mip-positive controls. These host cell
type-dependent differences may be caused by the mechanisms
of uptake and different kinetics in the establishment of infec-
tion. However, our results are not completely comparable to
those of Cianciotto and coworkers (10), who observed a more
pronounced effect of Mip on intracellular survival of L. pneu-
mophila in U937 cells in a different assay system. Nevertheless,
our data, as well as those of other groups, clearly demonstrated
a contribution of Mip to intracellular survival of L. pneumo-
phila in eukaryotic cells. In this study, it is demonstrated for the
first time that Mip also contributes to the survival of L. pneu-
mophila in human blood monocytes, a cell type frequently used
to study the interaction between intracellular parasites and
host cells.

FKBPs, as well as cyclophilins, belong to the substance class
of immunophilins, possessing the enzymatic activity of PPlases
(reviewed in reference 16). Recently, it was shown that Mip
also exhibits PPIase activity (18, 31). One aim of our study was
to determine whether PPIase activity is necessary for the con-
tribution of Mip to intracellular survival of legionellae. In
order to address this question, site-specific mutations were
introduced into the mip gene. As demonstrated recently (re-
viewed in references 21 and 22) the amino acid sequence of the
C-terminal part of Mip, comprising amino acid residues 107 to
213 of the mature protein (Fig. 1), is similar to the sequences
of various FKBPs of other organisms, including those pro-
duced by human cells. Crystallographic and nuclear magnetic
resonance studies have shown that human FKBP12 contains a
central domain of five B-sheets that is interrupted by a small
a-helix (37, 38, 56). Ten amino acid residues are thought to be
involved in the interaction of the human FKBP and FKS506.
These structural elements and 8 of the 10 amino acids involved
in the interaction of FKBPs and FK506 are conserved among
the Mip proteins (22). Consequently, we changed site specifi-
cally distinct amino acid residues of the C-terminal part of Mip
that are conserved among various FKBPs. These amino acid
residues include Ser-115, Glu-130, Tyr-131, Phe-141, Asp-142,
Thr-144, Trp-162, Trp-175, Tyr-185, and Phe-202 (31, 48).
While some of the amino acid exchanges (e.g., Ser-115 and
Glu-130; see references 31 and 48) had no influence on the
PPIase activity of Mip, an exchange of Asp at position 142 into
Leu and of Tyr at position 185 into Ala reduced PPIase activity
in recombinant Mip-positive E. coli strains to 5.3 and 0.6%,
respectively, compared with that of the wild-type Mip, indicat-
ing a strong influence of these amino acids on PPIase activity

(Fig. 1; Table 2). Therefore, these mutations, Asp-142 to Leu-
142 and Tyr-185 to Ala-185 were introduced into the genomes
of the three L. pneumophila strains, Philadelphia I, Corby, and
Wadsworth. The resulting recombinant L. pneumophila clones
were tested for intracellular survival in three assay systems:
U937 cells, human blood monocytes, and A. castellanii. As dem-
onstrated in Fig. 3 to 5, the site-directed mutations in the Mip
protein did not influence the ability of the Legionella strains to
survive in eukaryotic cells; Mip-positive clones with strongly
reduced PPIase activity exhibited an identical or similar capa-
bility for intracellular survival compared with the PPlase-pos-
itive wild-type strains and complemented derivatives. The fact
that we used three different L. pneumophila isolates in three
different assay systems demonstrates the general importance of
our data.

How may these findings be explained? First, the mutations
introduced into the amino acid sequence of Mip strongly re-
duced the Mip-specific enzymatic activity of the Legionella
strains but did not completely abolish PPIase activity. We can-
not exclude the possibility that the remaining activity of the site
specifically altered Mip proteins (5.3% in case of the Asp-142
to Leu-142 exchange and 0.6% in case of the Tyr-185 to Ala-
185 mutation) is still sufficient to induce functional effects in
eukaryotic cells. Second, PPIase activity of the wild-type and
the site specifically mutagenized Mip proteins was measured
using a synthetic peptide as a substrate. It cannot be ruled out
that the observed enzymatic activities measured with oligopep-
tides do not necessarily reflect the efficiency the enzymes ex-
hibit towards natural substrates. Third, L. pneumophila is able
to produce at least one more enzyme exhibiting PPIase activity,
a cyclophilin of 18 kDa (22, 48). Despite the fact that the
Legionella-specific cyclophilin (Lcy) exhibits a subsite specific-
ity quite different from that of Mip, the loss of Mip-specific
PPIase activity in the recombinant Legionella strains might be
substituted for by the cyclophilin. Fourth, data for human
FKBPs have shown that FKBP12 is able to bind to calcineurin
in the presence of, and with low affinity in the absence of,
FK506 (8, 51). Calcineurin is a protein exhibiting phosphatase
activity and contributes to the nuclear transport of one subunit
of the transcription factor NF-AT that is involved in T-cell
activation (19). We do not have any information about the
ligand of Mip in eukaryotic cells. However, it has been shown
that certain mutations in FKBP12 strongly influence the PPI
ase activity but do not necessarily reduce the capacity of
FKBP12 to bind calcineurin and vice versa (1). Therefore, it
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seems conceivable that the PPlase activity of Mip may not be
associated with the Mip-dependent survival of legionellae in
eukaryotes. Fifth, Mip is a cationic protein with a pI of 9.8.
Cationic polypeptides are known to induce phagocytosis and
may also contribute to the inhibition of the phagosome-lyso-
some fusion (13), which could be a function of Mip without any
involvement of PPlase activity.

The construction of further variants of the Mip protein as
well as the analysis of cyclophilin-negative mutants will be
one approach to address some of the questions with respect to
the contribution of Mip proteins to intracellular survival of
L. pneumophila in eukaryotic host cells.
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