
INFECTION AND IMMUNITY, Aug. 2003, p. 4389–4397 Vol. 71, No. 8
0019-9567/03/$08.00�0 DOI: 10.1128/IAI.71.8.4389–4397.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Biochemical and Functional Analyses of the Mip Protein: Influence of
the N-Terminal Half and of Peptidylprolyl Isomerase Activity on

the Virulence of Legionella pneumophila
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The virulence factor Mip (macrophage infectivity potentiator) contributes to the intracellular survival of
Legionella pneumophila, the causative agent of Legionnaires’ disease. The protein consists of two domains that
are connected via a very long �-helix (A. Riboldi-Tunnicliffe et al., Nat. Struct. Biol. 8:779-783, 2001). The fold
of the C-terminal domain (residues 100 to 213) is closely related to human FK506-binding protein (FKBP12),
and like FKBP12, Mip exhibits peptidylprolyl cis/trans isomerase (PPIase) activity. The �-helical N-terminal
domain is responsible for the formation of very stable Mip homodimers. In order to determine the importance
of the homodimeric state of Mip for its biochemical activities and for infectivity of Legionella, a truncated,
monomeric Mip variant [Mip(77-213)] was overexpressed in Escherichia coli and characterized biochemically. In
vitro isomerase activity assays revealed that the altered protein exhibits full isomerase activity towards peptide
substrates. However, the deletion resulted in a dramatic loss in the efficiency of refolding of reduced and
carboxy-methylated RNase T1. By cis complementation of the Mip-negative mutant strain L. pneumophila
JR32-2, we constructed the strain L. pneumophila JR32-2.4, which expresses an N-terminally truncated variant
of Mip. Infection studies with these strains revealed that the N-terminal part and the dimerization of Mip but
not its PPIase activity are necessary for full virulence in Acanthamoeba castellanii. Infection of guinea pigs
showed that strains with dimerization-deficient Mip (JR32-2.4) or a very low PPIase activity (JR32-2.2) were
significantly attenuated in the animal model. These results suggest a different role of the PPIase activity and
the N-terminally mediated dimeric state of Mip in monocellular systems and during the infection of guinea
pigs.

Legionella pneumophila, the etiological agent of Legion-
naires’ disease, is an environmental pathogen. In natural and
man-made aquatic habitats legionellae multiply intracellularly
within free-living protozoa (1, 2, 12). Human infection occurs
by inhalation of aerosolized bacteria. During the colonization
of the respiratory tract, Legionella enters and replicates within
human alveolar macrophages and epithelial cells (6, 12, 33). In
recent years, much progress has been made toward identifying
specific virulence factors of Legionella. In addition to surface
factors, secretion systems, iron acquisition determinants, and
other factors, the Mip (macrophage infectivity potentiator)
protein has been shown to contribute to survival of Legionella
in different cell lines and to virulence in guinea pigs (4, 5, 48,
51).

The Legionella Mip is a basic 24-kDa protein (pI 9.8). It
possesses an N-terminal signal sequence, which is cleaved off
while the protein is transported through the cytoplasmic mem-
brane (51), and finally the protein is found on the surface of
Legionella cells (17). Mip exhibits a peptidylprolyl cis/trans
isomerase (PPIase) activity and belongs to the enzyme family

of FK506-binding proteins (FKBP) (10, 11, 42). Mip-like pro-
teins or corresponding genes were also identified in other mi-
croorganisms, such as Chlamydia trachomatis (24), Chlamydia
psittaci (40), Coxiella burnetii (30), Trypanosoma cruzi (31), and
Escherichia coli (18). The addition of PPIase inhibitors such as
FK506 or rapamycin to C. trachomatis and T. cruzi resulted in
reduced infectivity of these organisms (25, 31). Mip-negative
mutants of Legionella were approximately 10- to 100-fold less
infective for Acanthamoeba castellanii and human mononu-
clear phagocytes than were their isogenic Mip-positive paren-
tal strains (51). Mip-negative mutants are also less infective for
Hartmannella vermiformis and lung epithelial cells (5, 6). Site-
specific Legionella mutants with strongly reduced PPIase activ-
ity exhibited wild-type growth rates in cell culture assays. How-
ever, it could not be determined whether the residual PPIase
activity was sufficient for the virulent phenotype of the mutants
(51).

Comparison of the primary structures showed that Mip-like
proteins consist of a C-terminal FKBP-homologous domain
and an N-terminal extension of 100 to 150 amino acid residues
(43). Cross-linking experiments with dimethyl pimelimidate
(DMP) revealed that Legionella Mip forms homodimers both
in solution and on the bacterial surface (43, 44). In this respect
the Legionella protein resembles FKBP22 and FkpA from E.
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coli, which were also shown to form dimers in solution (35, 36).
More recently, the 2.4-Å crystal structure of the Mip protein
from L. pneumophila Philadelphia 1 was determined (39). This
study revealed that the Mip monomer consists of an N-termi-
nal dimerization module, a very long connecting �-helix (�3),
and a C-terminal PPIase domain. Formation of the nonglobu-
lar, V-shaped homodimer is mediated by an unusual four-helix
bundle, involving two helices from the N-terminal domain of
each monomer.

The exact function of Legionella Mip in vivo remains to be
established. The hypothesis that the PPIase activity of Mip
contributes to virulence is still justified since the residual
PPIase activity of site-specifically altered Mip proteins may be
sufficient to induce functional effects in eukaryotic cells (51). It
has also to be considered that the enzymatic activities observed
in vitro do not reflect the activity towards the putative in vivo
substrate. Furthermore, it was recently demonstrated that spe-
cific monoclonal antibodies which block the PPIase active site
of Mip in vitro reduced the infectivity of Legionella in A.
castellanii and U937 cells (J. H. Helbig, unpublished data).

With the determination of the three-dimensional structure
of Legionella Mip, a more rational starting point for functional
analysis of this protein has been established. In this respect,
two features of Mip appear to be prominent: (i) the N-terminal
dimerization domain and (ii) the PPIase activity which is lo-
cated in the C-terminal domain. Since the role of the ho-
modimeric state of Legionella Mip is still unclear, we con-
structed and analyzed N-terminally truncated, monomeric Mip
variants and tested their enzymatic properties. In addition, we
studied the infection of A. castellanii and guinea pigs with these
variants and previously established PPIase mutants.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The E. coli K-12 strain DH5� (14)
and E. coli SY327 �pir (29) were used for transformation and propagation of
recombinant plasmids. These strains were grown in Luria broth or on Luria broth
agar plates (41). The L. pneumophila and the Mip-expressing recombinant E. coli
strains used in this study are listed in Table 1. Solid medium for growth of L.
pneumophila was ACES [N-(2-acetamido)-2-aminoethanesulfonic acid]-buffered
charcoal yeast extract medium (ABCYE) (pH 6.9), essentially as described
previously (9). For broth culture, L. pneumophila was grown in ACES-buffered
yeast extract broth (1% yeast), supplemented with 0.025% ferric pyrophosphate
and 0.04% L-cysteine, at 37°C. For selection of recombinant bacteria, antibiotics
were used at the indicated final concentrations: E. coli, 25 �g of chloramphen-
icol/ml and 50 to 100 �g of ampicillin/ml; L. pneumophila, 5 to 10 �g of chlor-
amphenicol/ml and 80 �g of gentamicin/ml.

Recombinant DNA techniques and plasmids. Standard methods were used for
recombinant DNA techniques (41). Transformation was performed by electro-
poration with a Bio-Rad Gene Pulser (Bio-Rad, Munich, Germany). E. coli cells
were pulsed with the pulse controller set at 2.0 kV, 25 mF, and 200 � of
resistance, and Legionella cells were pulsed with the pulse controller set at 2.3
kV, 25 mF, and 100 � of resistance (7).

The Legionella-specific mip promoter and the mip gene sequence were ampli-
fied in two fragments from the chromosome of L. pneumophila JR32. Standard
PCRs were carried out using a Thermocycler apparatus (Progene Techne, Cam-
bridge, United Kingdom). The mip promoter sequence including the first 3
amino acids of the mature Mip protein was amplified using the following forward
and reverse primers: mip5�(XbaI), 5� ATTTCTAGAACTCAGTTGCTG 3�, and
mip3�(BglII), 5� TGAGATCTGTTGCAGCCATTGCTG 3� (8). For deletion of
amino acid residues 4 to 79 of the mature Mip protein, the primers mip5�(BglII),
5� TTAGATCTGAAAGCGGATGAA 3�, and mip3�(SacI), 5� TTAGAGCTC
CCGTCGCAAGCACTG 3�, were used. The obtained fragments were subcloned
into pUC18 (Pharmacia, Freiburg, Germany), which resulted in the plasmids
pJF1 and pJF2, respectively. Isolation of the fragments after digestion with XbaI,
SacI, and BglII; subsequent ligation with T4 DNA ligase (GIBCO BRL, Eggen-
stein, Germany); and integration into the corresponding sites (XbaI and SacI) of
the vector pBC KS(�) (Stratagene, La Jolla, Calif.) resulted in plasmid pJFM2.
The correct reading frame of the mip fragment was confirmed by sequencing. By
using the restriction enzymes XbaI and SacI, a 1.5-kb fragment of pJFM2 was
subcloned into the pir-dependent shuttle vector pMSS704-1 (27), and the result-
ing plasmid pRK105 was used for chromosomal integration into L. pneumophila
JR32-2. The mip promoter and the entire mip gene were amplified by using the
primers Mip5� 375, 5� CTTGAGCTCATGGAGGCAGGATC 3�, and Mip3�
1540, 5� TAAGATCTTTTTTTCACTGAAATTAAGTG 3�. The obtained frag-
ment was subcloned into pGEM-Teasy (Promega, Heidelberg, Germany), which
resulted in plasmid pRK70.

In order to overproduce the truncated Mip(77-213) protein, the sequence cod-
ing for the polypeptide starting with Phe-77 was amplified by using the following
forward and reverse primers: mip5�(NcoI), 5� GCCATGGTCAATAAGAAAG
CGGATGAA 3�, and mip3�(SacI), 5� TTAGAGCTCCCGTCGCAAGCACTG
3�. The PCR product was purified using the High Pure PCR product purification
kit (Boehringer, Mannheim, Germany) and subcloned into pUC18 with the
SureClone kit (Pharmacia). The 720-bp fragment was isolated after digestion
with NcoI and SacI and cloned into the high-level expression vector pTrc99
(Pharmacia), which resulted in plasmid pJMFe991. For sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis E. coli DH5�/
pJMFe991 was grown to logarithmic phase (optical density at 600 nm of 0.5) and
induced with IPTG (isopropyl-�-D-thiogalactopyranoside; 1 mM) for 4 h.

Southern blot analysis. The correct integration of shuttle vector pRK105 into
the chromosome of the mip-negative strain L. pneumophila JR32-2 was con-
firmed by Southern blot analysis. Purification of chromosomal DNA was per-
formed according to the manufacturer’s protocol with Quick Prep columns
(Qiagen, Hilden, Germany). The chromosomal DNA was digested with BamHI
and ClaI and transferred onto nylon membranes after gel electrophoresis. Chro-
mosomal DNA of strain L. pneumophila JR32 was used as template to amplify
the mip-specific gene probe by using the PCR primers Mip2 92, 5� ATTCTAG
AAACTCAGTTGCTG 3�, and Mip3 912, 5� GTGAGATCTGTTGCAGCCAT
TGCT 3�. The resulting 800-bp probe was labeled and detected by using the
enhanced chemiluminescence detection kit (Amersham, Little Chalfont, Buck-
inghamshire, United Kingdom).

TABLE 1. Mip expression of Legionella and recombinant E. coli strains

Strain Mip expression Relative PPIase
activitya (%) Reference

L. pneumophila
Philadelphia 1 JR32 Wild-type Mip (LpFKBP25) 100 51
Philadelphia 1 JR32-2 Mip negative 0.0 51
Philadelphia 1 JR32-2.1 Mutant complemented in cis with wild-type Mip (LpFKBP25) 100 51
Philadelphia 1 JR32-2.2 Site-specifically altered Mip [FKBP25 (Y185A)] 2.0 51
Philadelphia 1 JR32-2.3 Site-specifically altered Mip [FKBP25 (D142L)] 6.2 51
Philadelphia 1 JR32-2.4 N-terminally truncated monomeric Mip [LpFKBP25(�20–3,80–213)] 100 This study

E. coli DH5�/pJMFe991 N-terminally truncated monomeric Mip [Mip(77–213)] 100 This study

a PPIase activity was determined relative to the wild-type Mip protein by the standard protease-coupled assay as described previously (11, 35) with Suc-Ala-Phe-
Pro-Phe-4NA as substrate.
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Purification and limited proteolysis of Mip. Recombinant L. pneumophila Mip
protein was purified as described previously (23). For purification of Mip(77-213),
E. coli DH5� cells carrying the plasmid pJMFe991 were cultivated, harvested,
ruptured with a French press, and centrifuged as described for the purification of
wild-type Mip. The resulting supernatant was applied to a Fractogel EMD
DEAE-650(M) column (2.5 by 20 cm), equilibrated with 5 mM Tricine buffer
(pH 8.0). The Mip(77-213) protein passed the column unbound and was applied to
a VivaSpin cell. The flowthrough of the VivaSpin cell was pooled and applied to
a Fractogel EMD SO�3 650(M) column (1 by 6 cm) equilibrated with 5 mM
Tricine buffer (pH 8.0). Fractions containing Mip(77-213) protein were obtained
by running a linear gradient from 0 to 1 M NaCl in 100 ml of 5 mM Tricine buffer
(pH 8.0). The identity of the purified protein was analyzed using electrospray
ionization mass spectrometry (VG Bio-Q; Fisons Instruments, Manchester,
United Kingdom) and automated N-terminal protein sequencing (476A se-
quencer; Applied Biosystems, Weiterstadt, Germany).

For limited proteolysis, 11 �M Mip was incubated with 30 �M �-chymotrypsin
(Merck, Darmstadt, Germany) in 35 mM HEPES–NaOH (pH 7.8) at 25°C. After
different incubation times, aliquots were removed and the proteolysis was
stopped by the addition of 1 mM phenylmethylsulfonyl fluoride. Samples were
separated on SDS–17.5% polyacrylamide gels and analyzed by Western blotting
(22). The L. pneumophila Mip-specific monoclonal antibody 22/1 (16) was used
for protein detection. Proteolysis samples were blotted onto a Selex-20 mem-
brane (Schleicher & Schuell, Dassel, Germany) (47), and the N-terminal amino
acid sequences of the fragments were determined by using an Applied Biosys-
tems 476A sequencer. The molecular masses of the proteins were determined by
using size-exclusion chromatography (Superdex 75 column; 1 by 30 cm) (Phar-
macia) and reversed-phase high-pressure liquid chromatography (33). Matrix-
assisted laser desorption ionization–time of flight mass spectrometry was per-
formed as described previously (49).

Preparation of periplasmic proteins from E. coli and L. pneumophila. E. coli
and L. pneumophila cells grown to logarithmic phase were harvested by centrif-
ugation (3,000 	 g for 10 min) and washed once with ice-cold water. After
centrifugation, the cells were resuspended in water and adjusted to an optical
density at 600 nm of 1. The cell suspension was centrifuged (8,000 	 g for 5 min)
and resuspended in 1 ml of ice-cold phosphate-buffered saline buffer. After
harvesting, the cells were resuspended in 150 �l of 10 mM Tris-HCl, pH 7.5,
containing 20% sucrose and 5 �l of a 0.5 M EDTA stock solution. The sample
was incubated on ice (10 min) and pelleted by centrifugation (20,000 	 g for 2
min). The resulting pellet was resuspended in 100 �l of a 25 mM MgCl2 solution
(10 min) and centrifuged again (20,000 	 g for 2 min). After this step, the
periplasmic proteins were present in the supernatant. The periplasmic fraction
was not contaminated with cytoplasmic proteins as confirmed by Western blot
analysis with antibodies (Pap Productions, Herbertshausen, Germany) against
cytoplasmically localized cyclophilin. The same fraction showed a positive West-
ern blot signal when an antibody to periplasmically localized cyclophilin was
used. All preparation and incubation steps were carried out on ice, and centrif-
ugations were performed at 4°C.

Analysis of the oligomeric state of Mip. In order to analyze the oligomeric
state of Mip, different concentrations of Mip(77-213) (0.5 to 40 �M) were incu-
bated with a 20 mM concentration of the cross-linking reagent DMP in 0.1 M
sodium phosphate (pH 8.0) for 1 h at 25°C (43). The reaction was stopped by the
addition of SDS sample buffer and boiling. Samples were analyzed by SDS-
PAGE and Coomassie blue staining. Wild-type Mip (3 �M) was used as control.
Gel filtration was carried out by using a Superdex-75 column (Superdex-75
column; 0.32 by 30 cm) and the SMART system (Pharmacia) with 10 mM
HEPES–NaOH, pH 7.8 (150 mM KCl, 1.5 mM MgCl2), and a flow rate of 40
�l/min. The column was calibrated using molecular mass markers in the range of
12.5 to 68 kDa (Boehringer).

Spectroscopic methods. A Hitachi F4010 fluorescence spectrometer and an
HP 8452A spectrophotometer were used for optical measurements. The concen-
tration of reduced and carboxy-methylated RNase T1 (RCM-T1) was determined
spectrophotometrically by using an absorption coefficient of ε280 
 21,060 M�1

cm�1 (13). For the Mip protein and the Mip(77-213) fragment, ε280 values of
17,780 and 16,500 M�1 cm�1 were calculated, respectively. Far-UV circular
dichroism (CD) spectra were recorded using the J-710 spectropolarimeter
(JASCO, Tokyo, Japan). The spectra were recorded 10 times. Data were ana-
lyzed by using software provided by the instrument manufacturer.

PPIase activity measurements. PPIase activity of the proteins was measured
using the protease-coupled (11, 35) or the protease-free (19) assay. Different
tetrapeptides (Bachem, Weil am Rhein, Germany) with the amino acid sequence
Suc-Ala-Xaa-Pro-Phe-4NA were used as substrates. Prior to the inhibition mea-
surements, the enzyme was coincubated with rapamycin (Sigma, Taufkirchen,
Germany) (dissolved in 50% ethanol) for 15 min. The final concentration of

ethanol was kept constant and below 1%. To obtain the inhibition constant Ki

(32), the data were analyzed according to the tight-binding model for competitive
inhibition. All measurements were performed twice. The results did not differ
more than 5%.

Protein folding experiments. In order to measure the enzyme kinetics of the
Mip protein and the Mip(77-213) fragment, RCM-T1 was used as substrate protein
(28, 47). Unfolded RCM-T1 substrate was stored in 0.1 M Tris-HCl, pH 8.0, at
�80°C. Refolding of RCM-T1 was initiated by dilution of the protein in buffer
containing high salt concentrations (0.1 M Tris-HCl [pH 8.0], 2 M NaCl) and
suitable concentrations of the Mip protein or the Mip(77-213) fragment at 15°C.
The final concentration of RCM-T1 varied from 0.1 	 10�7 M up to 3.44 	 10�7

M. The folding reaction was analyzed by the increase of fluorescence of the
protein at 320 nm after excitation at 268 nm. The small contribution of the Mip
protein to the fluorescence was subtracted from the measured values in the
individual experiments. Resulting progress curves of folding were analyzed by
using the program DYNAFIT (21). A simple Michaelis-Menten kinetic in com-
bination with a kinetic model for the uncatalyzed refolding of RCM-T1 was used
to describe the obtained data. The rate constant of the uncatalyzed folding
reaction was measured in the absence of the Mip protein. The determined value
of k0 
 0.0016 s�1 which was independent from the concentration of RCM-T1

was used as a constant during the fitting process.
Infection of A. castellanii and intratracheal infection of guinea pigs. The

infection of A. castellanii was carried out as described previously (20, 51), except
that L. pneumophila was added to the infection wells at a multiplicity of infection
of 10. After 0, 3, 24, and 48 h, intracellular growth of L. pneumophila was
examined by plating serial dilutions on ABCYE agar plates.

Guinea pigs were used as an animal model for experimental legionellosis as
described previously (26). The 3- to 6-month-old male guinea pigs (600 to 800 g)
were obtained from Charles River (Sulzfeld, Germany). Infection was initiated
by intratracheal injection of 300 �l of a physiological sodium chloride suspension
containing 107 bacteria. Forty-eight hours after infection, animals were killed and
the lungs were removed aseptically. Lung tissue was homogenized in 0.9% saline,
and aliquots of serial dilutions of the lung suspensions were plated on ABCYE
agar. For determination of recovered Legionella, CFU were counted after 72 h of
incubation. Mean values of bacterial concentrations recovered from guinea pig
lungs or 48 h after infection of amoebae were analyzed by using one-way analysis
of variance and the Minitab software. Differences of mean values from six
different strains used for infection were compared by Fisher’s multiple range test
with a confidence interval set to 95%. The given P values were obtained from a
nonpaired two-sample t test. In the case of large differences in the variance of
means, data were transformed into their logarithms before analysis of variance.
Differences were considered significant if P was �0.05.

RESULTS

Analysis of the chymotryptic digest of Mip. Limited prote-
olysis of the L. pneumophila Mip protein was one approach
used to create stable fragments and characterize their enzy-
matic and biological activities. Analysis of the chymotryptic
digest of Mip by Western blotting revealed a major fragment of
about 14 kDa which disappeared after 60 min of proteolysis
(Fig. 1A). The N-terminal sequence of this fragment was Asn-
Lys-Lys-Ala-Asp. This indicates that the cleavage occurred
after phenylalanine at position 77 of the mature Mip protein.
Matrix-assisted laser desorption ionization–time of flight mass
spectrometry confirmed the molecular mass of 14,526.8 Da,
which is in good agreement with the theoretical value of
14,502.7 Da calculated for the Mip fragment (residues 78 to
213). These data indicate that the obtained fragment com-
prises the C-terminal FKBP-homologous domain and about
half of the long �3 helix connecting the two domains. The
obtained information was used for the construction of an N-
terminal deletion variant of Mip.

Overexpression, purification, and biochemical characteriza-
tion of the Mip(77-213) fragment. In order to further character-
ize the C-terminal fragment obtained by limited proteolysis, we
expressed an N-terminal deletion variant of Mip in E. coli
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DH5�. The expressed protein Mip(77-213), which lacked amino
acid residues 1 to 76, was purified to homogeneity (Fig. 1B).
The structure of Mip(77-213) was analyzed by gel filtration,
cross-linking experiments, and far-UV CD spectroscopy. In gel
filtration experiments, the dimeric wild-type Mip exhibited a
molecular mass of 62 kDa (41). For Mip(77-213), a value of 17
kDa was obtained. This value corresponds well to the molec-
ular mass (14,650 Da) calculated from the deduced amino acid
sequence (data not shown).

As reported previously, wild-type Mip dimers can be cross-
linked by DMP (43). Comparable concentrations of Mip(77-213)

(5 �M) and DMP did not result in a dimeric protein (Fig. 2A).
This indicates that Mip(77-213) is monomeric in solution. At
higher concentrations (25 to 40 �M), Mip(77-213) was partly
cross-linked and exhibited weak bands by SDS-PAGE. This
result agrees with observations that we made in similar cross-
linking experiments with monomeric human FKBP12 (data not
shown) and suggests an unspecific interaction of the FKBP
domain at high protein concentrations.

The positive band at 192 nm and the negative bands at 206
and 222 nm in the far-UV CD spectrum of wild-type Mip

protein indicated the presence of �-helices. The contribution
of �-structures to the CD spectrum can be estimated from a
positive band in the range of 196 nm and a negative band at
218 nm (50) (Fig. 2B). The CD spectrum of Mip(77-213) was in
agreement with a secondary structure content different from
that of wild-type Mip. From the weaker intensity of the positive
band at 192 nm a reduced �-helical content of Mip(77-213) can
be deduced. The spectrum also differed significantly from that
observed for human FKBP12 (hFKBP12) (49). These data
suggest that the residues (77 to 98) remaining of the long �3
helix linking the two domains in the native Mip protein re-
tained their conformation in the fragment.

The PPIase activity of Mip(77-213) was measured using the
protease-coupled and protease-free assays. No significant dif-
ferences between wild-type Mip and Mip(77-213) were detected
(Table 1). Similarly, the determination of the inhibition con-
stants Ki for the PPIase inhibitor rapamycin exhibited only
slight differences for wild-type Mip (Ki 
 15 � 3 nM) and
Mip(77-213) (Ki 
 34 � 5 nM).

Refolding of RCM-T1 by Mip and Mip(77-213). We applied
the RCM-T1 refolding assay to elucidate whether the N-ter-

FIG. 1. (A) Limited proteolysis of L. pneumophila Mip. The chy-
motryptic digestion of Mip was stopped after different incubation
times. Western blot analysis shows bands of the intact Mip (24 kDa)
and a chymotryptic Mip fragment (14 kDa). (B) Coomassie blue-
stained SDS-PAGE of crude extracts of E. coli DH5� expressing the
Mip(77-213) fragment. Lanes 1 to 4, E. coli DH5�/pJMFe991 before
(lanes 1 and 2) and after (lanes 3 and 4) induction with IPTG; lane 5,
homogeneous Mip(77-213) fragment after the last chromatographic pu-
rification step; lane M, molecular mass markers.

FIG. 2. (A) Analysis of the oligomeric state of Mip. A 3 �M con-
centration of wild-type Mip (lane 1) and 40 (lane 2), 25 (lane 3), 5 (lane
4), and 0.5 (lane 5) �M concentrations of Mip(77-213) were cross-linked
by DMP and analyzed by SDS-PAGE and Coomassie blue staining.
(B) Far-UV CD spectra of wild-type Mip (solid line) and Mip(77-213)

(dashed line). The data are shown as mean residue ellipticities versus
wavelengths. Spectra were recorded at 20°C in 10 mM sodium phos-
phate (pH 7.5).
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minal half influences the catalytic properties of the Mip pro-
tein. By using different Mip concentrations (3.2 to 39 nM) and
0.02 �M RCM-T1, we were able to estimate a catalytic effi-
ciency kcat/Km of 0.8 	 106 M�1 s�1 for wild-type Mip. This
value is similar to the catalytic efficiency of the E. coli trigger
factor and remarkably high compared to those of other previ-
ously analyzed PPIases such as hFKBP12 or hCyp18 (52) (Fig.
3). In contrast, Mip(77-213) exhibited a low kcat/Km value of
0.028 	 106 M�1 s�1. In order to analyze the folding efficiency
of the enzyme, we determined kcat and Km separately by using
a constant Mip concentration of 13 nM and RCM-T1 concen-
trations ranging from 0.1 	 10�7 to 3.44 	 10�7 M (Fig. 4). To
dissect catalyzed and uncatalyzed folding, we also measured
the refolding in the absence of Mip. The resulting values of the
kinetic constants for the Mip-catalyzed folding, 0.095 s�1 for
kcat and 75 nM for Km, are about 10-fold lower than those for
the E. coli trigger factor (Table 2). The ratio of these two
values (1.2 	 106 M�1 s�1) is consistent with the composite
estimate for kcat/Km of 0.8 	 106 M�1 s�1. Since the substrate
binding of Mip(77-213) is very weak, it was not possible to
determine the corresponding kinetic constants. The data sum-
marized in Table 2 confirm that the kinetics of Mip-catalyzed
folding are adequately described by the Michaelis-Menten
equation.

Expression of an N-terminally truncated Mip protein in L.
pneumophila JR32-2. In order to analyze the N-terminally trun-
cated monomeric Mip in vivo, the Mip-negative strain JR32-2
was complemented with a Mip variant that lacks the amino
acid residues 4 to 79 [designated LpFKBP25(�20-3,80-213)].

pJFM2 and pRK105 were introduced into E. coli DH5� and
E coli SY327 �pir, respectively. pRK105 was used to comple-
ment the Mip-negative strain L. pneumophila JR32-2 in cis.
The proper integration of the plasmid was confirmed by South-
ern blot analysis (data not shown). The expression of the trun-
cated monomeric Mip protein in E. coli pJFM2, E. coli

pRK105, and L. pneumophila JR32-2.4 was confirmed by
Western blot analysis (Fig. 5A). The observed 15-kDa bands in
the Western blot correspond with the predicted mass of the
truncated Mip protein. E. coli carrying pRK70 (wild-type Mip),
L. pneumophila JR32 (wild-type Mip), and L. pneumophila
JR32-2 (Mip negative) were used as controls.

To confirm the correct localization of the truncated Mip
protein [LpFKBP25(�20-3,80-213)] within the bacterial cell, we
analyzed periplasmic preparations and cell lysates of the com-
plemented mutant strain L. pneumophila JR32-2.4. Western
blot analysis with the monoclonal antibody 22/1 revealed two
proteins in the whole-cell lysate (Fig. 5B). The molecular
weight of the upper band corresponds to that of the unproc-
essed truncated Mip protein which contains a signal peptide.
The lower band represents the processed truncated Mip pro-
tein. In the periplasmic preparation, only the processed trun-
cated Mip protein was present. The same expression pattern

FIG. 3. Specific activities of L. pneumophila Mip, Mip(77-213), and
other previously analyzed PPIases (52) for the protein substrate RCM-
T1. Measurements were performed in 0.1 M Tris-HCl–2 M NaCl (pH
8.0) at 15°C in the protein folding assay. All kcat/Km values were
determined directly (52).

FIG. 4. RCM-T1 refolding by Mip. The progress curves of refolding
are shown for seven different concentrations of RCM-T1, 0.1 	 10�7 M
(line 0), 0.21 	 10�7 M (line 1), 0.36 	 10�7 M (line 2), 0.43 	 10�7

M (line 3), 0.86 	 10�7 M (line 4), 1.72 	 10�7 M (line 5), and 3.44 	
10�7 M (line 6), in the presence of 13 nM L. pneumophila Mip protein.
Measurements were performed in 0.1 M Tris-HCl–2 M NaCl (pH 8.0)
at 15°C.

TABLE 2. Kinetic constants for refolding of RCM-T1 by
different PPIases

PPIase kcat (S�1) Km (nM) kcat/Km (s�1 M�1)a Reference

Mip 0.095 75 1.2 	 106 This study
Mip(77–213) NDb ND 0.028 	 106 This study
E. coli trigger factor 1.3 700 1.8 	 106 45
E. coli FkpA 0.5 300 1.6 	 106 37

a Differences from the values in Fig. 3 arise because two different methods
were used. The values for Mip, E. coli trigger factor, and E. coli FkpA were
calculated from the single constants kcat and Km whereas the values for kcat/Km
in Fig. 3 were determined directly.

b ND, not determined.
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was obtained for the expression of the truncated Mip protein in
E. coli DH5� (data not shown). This indicates that a similar
processing of the protein occurred. N-terminal automated pro-
tein sequencing from the processed and unprocessed protein
exhibited the expected amino acid sequence (data not shown).
Taken together, these results suggest that the processing and
localization of LpFKBP25 and LpFKBP25(�20-3,80-213) are ba-
sically the same.

In vivo influence of the truncated Mip protein on intracel-
lular multiplication in A. castellanii. To examine the influence
of the truncation of Mip on intracellular multiplication, cells of
the natural host A. castellanii cells were infected with the L.
pneumophila strains JR32 (wild-type Mip), JR32-2 (Mip-neg-
ative), JR32-2.1 (Mip-negative mutant complemented with
wild-type Mip), JR32-2.2 (site-specifically altered Mip with 2%
PPIase activity), JR32-2.3 (site-specifically altered Mip with
6.2% PPIase activity), and JR32-2.4 [Mip-negative mutant
complemented with LpFKBP25(�20-3,80-213)], respectively. The

results of the gentamicin infection assays (Fig. 6) revealed
similarly reduced growth rates of strain JR32-2 and JR32-2.4.
Both strains exhibited a 10-fold-lower CFU than that of the
wild-type strain L. pneumophila JR32 (P � 0.02) and strain
JR32-2.1 (P � 0.05). For JR32-2.2 and JR32-2.3, we observed
wild-type growth rates which confirmed previous results (51).
Infections of macrophage-like U937 cells additionally con-
firmed our findings (data not shown). Thus, the infection ex-
periments suggest that the N-terminal part but not the PPIase
activity is necessary for wild-type growth in monocellular host
systems.

Survival of different Legionella Mip mutant strains in the
guinea pig model. From the analysis of virulence factors of
Legionella, it is known that the results with infections of dif-
ferent model systems may vary (15). Since only infected guinea
pigs exhibit symptoms which closely resemble human disease,
we analyzed the survival of the strains JR32, JR32-2, JR32-2.1,
JR32-2.2, JR32-2.3, and JR32-2.4 in this experimental model
for legionellosis (Fig. 7). The number of bacteria which could
be recovered from lungs infected with the Mip-negative mu-
tant strain JR32-2 was more than 60-fold reduced compared to
that for the wild-type strain JR32 (P � 0.02). This indicates
that the Mip-negative phenotype has a more dramatic effect in
the animal model than in the monocellular system A. castella-
nii. The CFU determined for strain JR32-2.4 were found to be
10-fold reduced (P � 0.03). However, compared to the Mip-
negative strain JR32-2, the truncated monomeric Mip-express-
ing strain showed a sevenfold-higher recovery rate (P � 0.03).
This indicates that the N-terminal half, probably the N-termi-
nally mediated dimerization, as well as the PPIase activity of
Mip, is necessary to establish full virulence. This conclusion is
further confirmed by the fact that strain JR32-2.2 exhibited a
fivefold reduction in the animal model compared to the growth
rate of the wild-type strain JR32 (P � 0.02). The site-specific
mutant strain JR32-2.2 exhibits only a residual in vitro PPIase
activity of 2.0% (51). Interestingly, the strain JR32-2.3 with
6.2% PPIase activity (51) was able to exhibit a higher growth
than was strain JR32-2.2 (P � 0.04). Thus, the infection ex-
periments with guinea pigs reveal that Legionella strains with
N-terminally truncated Mip or very low PPIase activity were
significantly attenuated.

DISCUSSION

Pathogenic bacteria that are able to invade and multiply in
eukaryotic host cells often produce Mip-like proteins exhibit-
ing an FK506-sensitive PPIase activity. However, the exact
function of Mip proteins in vivo remains to be established. In
order to approach this question, the structure of the L. pneu-
mophila Mip dimer, both as the free enzyme and in complex
with FK506, has recently been determined by X-ray crystallog-
raphy (39). The crystal structure revealed that dimerization of
the protein is mediated by an unusual four-helix bundle
formed by two helices at the N terminus of each Mip mono-
mer. The N-terminal domain is connected to the C-terminal,
FKBP-like domain by the very long �3 helix (44 residues).
FK506 was shown to bind to a hydrophobic site in the FKBP
domain. The overall structure of FK506-bound Mip is similar
to that of the free enzyme.

In the present study it was our aim to elucidate the func-

FIG. 5. (A) Western blot analysis of E. coli and L. pneumophila
strains expressing the 24-kDa wild-type Mip (LpFKBP25) and the
15-kDa truncated Mip [LpFKBP25(�20-3,80-213)]. The expression of the
proteins from whole-cell lysate was detected by using the monoclonal
antibody 22/1. Lane 1, L. pneumophila JR32 (Mip�); lane 2, E. coli
pRK70 (Mip�); lane 3, E. coli pJFM2 (Mip monomer); lane 4, E. coli
pRK105 (Mip monomer); lane 5, L. pneumophila JR32-2.4 (Mip
monomer); lane 6, L. pneumophila JR32-2 (Mip�). (B) Western blot
analysis of whole-cell lysate (H) and the periplasmic compartment
(P) of L. pneumophila strains expressing the truncated Mip protein
[LpFKBP25(�20-3,80-213)]. The bands detected in the whole-cell lysate
correspond to the unprocessed [LpFKBP25(�20-3,80-213)] and processed
[LpFKBP25(80-213)] truncated Mip protein. Only the correctly pro-
cessed [LpFKBP25(80-213)] truncated Mip protein was detectable in the
periplasmic compartment.
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tional organization of Mip. Characterization of the stable chy-
motryptic fragment of Mip showed that the long interdomain
helix �3 of Mip had been cleaved between amino acid residues
77 and 78. CD-spectroscopic characterization of the respective
Mip(77-213) fragment as expressed in E. coli indicated that the
�-helical structure between residues 77 and 94 had been re-
tained. Furthermore, it could be shown that the loss of the
N-terminal dimerization domain resulted in a monomeric pro-
tein fragment. A similar monomeric fragment of the Mip-like
protein FkpA from E. coli was previously obtained by tryptic
digestion (3).

By using the protease-coupled and the protease-free assay, it
was demonstrated that the PPIase activity of the Mip protein
and the inhibition by rapamycin were not impaired by the
N-terminal truncation. This suggests an independent action of
the two PPIase active sites of the dimer. However, it cannot be
excluded that both catalytic centers are necessary for a putative
natural binding partner.

Differences between wild-type Mip and Mip(77-213) were ob-
served in the RCM-T1 refolding assay. The catalytic efficiency
of wild-type Mip was comparable to values obtained for the
trigger factor and the Mip-like FkpA from E. coli (Table 2) (36,
52). The kcat/Km values of these enzymes are extremely high
compared to those for other PPIases such as hCyp18 and
hFKBP12. It has been shown that the high enzymatic folding
activity of E. coli trigger factor in the RCM-T1 assay originates
from a low Michaelis constant (Km) (45, 52). Similarly, our

determination of the kinetic parameters kcat and Km revealed
a tight binding of the protein substrate to L. pneumophila
wild-type Mip.

The deletion of 76 N-terminal residues of Mip resulted in a
dramatic loss of efficiency in refolding RCM-T1. This is indi-
cated by a 28-fold-reduced kcat/Km value of Mip(77-213) com-
pared to that for the wild-type Mip. The kcat/Km of Mip(77-213)

corresponds to the value found for the hFKBP12 (kcat/Km 

1.2 	 10�4 M�1 s�1) (52), and it is likely that the reduced
folding efficiency of Mip(77-213) originates in the loss of the
dimeric state as well as of residues involved in substrate bind-
ing. In analogy, it has been shown that the high affinity of the
E. coli trigger factor for unfolded protein substrates can be
attributed to the N- and C-terminal domains which encompass
the FKBP-like domain (45, 46, 52). Another example is the
chaperone-like activity of E. coli FkpA, which requires the
PPIase active site and the full-length structure of the protein
during the refolding of the maltose-binding protein MalE31 (3,
37). We suggest that the protein binding site of L. pneumophila
Mip during the catalysis of RCM-T1 refolding extends beyond
the PPIase active site and involves much of the linker helix �3
and perhaps the N-terminal dimerization domain of the pro-
tein. In addition, the dimeric state of Mip may be necessary to
keep two substrate-binding sites at the right distance.

In order to distinguish the in vivo influence of the PPIase
activity from the dimerization of Mip, we analyzed the viru-
lence of different Legionella mutants in Acanthamoeba cells

FIG. 6. Intracellular replication of L. pneumophila JR32 (wild type, Mip�), JR32-2 (Mip�), JR32-2.1 (Mip�, complementation in cis), JR32-2.2
YA (Mip�; PPIase activity, 2%), JR32-2.3 DL (Mip�; PPIase activity, 6.2%), and JR32-2.4 (truncated monomer) in A. castellanii. The cells were
infected at a multiplicity of infection of 10. CFU were determined in duplicate. Error bars indicate the standard deviations obtained from four
independent experiments.
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and guinea pigs. In earlier studies, we had demonstrated that
site-specifically altered Mip proteins with strongly reduced
PPIase activity were still able to support the intracellular sur-
vival of Legionella in monocellular systems like Acanthamoeba,
U937 cells, and blood monocytes (51). Our results presented
here clearly demonstrated that the dimeric state or certain
parts of the N-terminal half of Mip are essential for Legionella
virulence in Acanthamoeba. Although the truncated Mip pro-
tein retained its PPIase activity towards peptide substrates, we
found that the corresponding Legionella mutant JR32-2.4 ex-
hibited intracellular growth rates similar to those of the Mip-
negative strain JR32-2. This suggests either that the binding of
the natural binding partner is insufficient or that the PPIase
activity is dispensable. Since it was demonstrated recently that
Legionella Mip can effectively substitute for the monomeric
macrophage infectivity potentiator protein from T. cruzi
(TcMIP) in invasion assays (34), a detailed structural compar-
ison of the two proteins may provide clues to the identification
of a common cellular target.

In guinea pig infections, it could be demonstrated for the
first time that the PPIase activity and the full-length structure
of Mip are crucial for full virulence of Legionella. The finding
that the reduced PPIase activity of strain JR32-2.2 results in an
attenuated phenotype in guinea pig infections additionally in-
dicates the importance of the PPIase activity. Further support

for the importance of the enzymatic activity comes from amino
acid sequence comparisons. The Mip sequences from 35 Le-
gionella species were 82 to 99% conserved at the amino acid
level. A total conservation was found for amino acids which are
known to be involved in PPIase activity (38).

Taken together, this work provides evidence for a different
role of the PPIase activity of Mip in monocellular systems and
during the infection of higher organisms. Based on the data
observed in vitro and in guinea pigs, we propose that interac-
tion of Mip with its putative substrate requires both the
dimeric state of the protein and its PPIase activity. However,
the exact function of the PPIase activity and the reason for the
different outcomes in different host model systems remain a
future challenge.
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