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The pathogenesis of Legionella micdadei is dependent upon its ability to infect alveolar phagocytes. To better
understand the basis of intracellular infection by this organism, we examined the importance of its Mip surface
protein. In Legionella pneumophila, Mip promotes infection of both human macrophages and freshwater
protozoa. Southern hybridization and immunoblot analyses demonstrated thatmip sequences were present and
expressed within a panel of virulent L. micdadei strains. Using allelic exchange mutagenesis, we then con-
structed an L. micdadei strain that completely and specifically lacked Mip. Although unimpaired in its ability
to grow in bacteriologic media, this Mip mutant was defective in its capacity to infect U937 cells, a human
macrophage-like cell line. Most significantly, the Mip2 organism displayed a 24-fold reduction in survivability
immediately after its entry into the phagocyte. Similarly, the mutant was less able to parasitize Hartmannella
amoebae. Taken together, these data argue that Mip specifically potentiates intracellular growth byL. micdadei.

Legionella micdadei is the second most common cause of
Legionnaires’ disease and Pontiac fever (15, 21, 23). In addi-
tion, infection by this gram-negative organism can result in
abscess formation and cellulitis (29, 34). In contrast to Legio-
nella pneumophila, the most common agent of legionellosis, L.
micdadei infects only immunocompromised hosts (22, 48). This
observation alone suggests that L. micdadei lacks key virulence
determinants and/or has different growth characteristics. In-
deed, L. micdadei is chemotaxonomically and morphologically
fairly distinct from L. pneumophila (25, 27, 30). In fact, it has
been argued whether or not L. micdadei along with Legionella
maceachernii should be placed within a separate genus (25, 26).
However, L. micdadei, like L. pneumophila, survives within its
various environments as an intracellular parasite. Within
aquatic habitats, the organisms exist as parasites of amoeboid
and ciliated protozoa (47, 51). Similarly, following inhalation,
they invade and replicate within alveolar phagocytes (15, 27).
In vitro, the legionellae can infect a wide variety of mammalian
cells, including human neutrophils, monocytes, and macro-
phages, guinea pig macrophages, Vero cells, L cells, and HeLa
cells (36, 45, 52–54).
As one approach toward understanding L. micdadei patho-

genesis, investigators have focused on determining whether
features first associated with L. pneumophila are also manifest
by strains of L. micdadei. It is becoming clear that although
intracellular infections by L. micdadei and L. pneumophila
share significant aspects, they are not identical. Common fea-
tures of Legionella intracellular parasitism include actin-medi-
ated uptake, an inhibition of superoxide anion generation, and
a form of intraphagosomal replication which is inhibited by g
interferon (14, 15, 36, 54). However, unlike L. pneumophila, L.
micdadei does not enter monocytes by coiling phagocytosis or
complement-mediated opsonophagocytosis, does not inhibit
phagosome-lysosome fusion, and does not multiply within a
ribosome-studded phagosome (36, 44, 53). In similar fashion,
only some of the proteins or factors that may promote L.
pneumophila pathogenesis are present in L. micdadei. Com-

mon putative virulence factors include a cytotoxin, a flagellum,
an acid phosphatase, and an outer membrane porin (15, 30–
32). Factors that are absent from L. micdadei include a phos-
pholipase C, a zinc metalloprotease, a gelatinase, and a per-
oxidase (2, 5, 42, 43). Thus, given both its clinical significance
and its apparent uniqueness, L. micdadei pathogenesis war-
rants further analysis.
The 24-kDa Mip surface protein promotes the pathogenesis

of L. pneumophila (8, 9, 18, 20). Mutants specifically lacking
Mip exhibit a reduced ability to both infect alveolar macro-
phages, lung epithelia, and protozoa and cause pneumonia in
experimental animals (8–11, 33). Since these same mutants are
unaltered in their capacity to grow within extracellular media,
it has been argued that Mip, a peptidyl-prolyl cis-trans isomer-
ase, is specifically required for optimal intracellular growth (9,
16, 24, 37). Using probes derived from a cloned L. pneumo-
phila mip gene and anti-Mip antibodies, we demonstrated that
mip sequences are present and expressed in other Legionella
species, including a strain of L. micdadei (7). Sequence analysis
confirmed that L. micdadei can possess a gene that shares 71%
identity with L. pneumophila mip (3, 18). However, unlike most
LegionellaMip proteins, the L. micdadei analog migrates as an
approximately 30-kDa molecule in denaturing polyacrylamide
gels and does not react with an anti-Mip monoclonal antibody
(3, 4, 7). To better understand the molecular basis of L. mic-
dadei intracellular infection as well as to appreciate the signif-
icance of Mip in another pathogen, we constructed and char-
acterized an L. micdadei mip mutant. This mutant, which
represents the first genetic manipulation of an L. micdadei
strain, was defective in its ability to infect both human phago-
cytes and freshwater protozoa.

MATERIALS AND METHODS

Bacterial strains and media. Six clinical isolates of L. micdadei were examined
(Table 1). Prior to this study, strains X195, 31B, Camilleri, and Rivera had been
passaged three times on bacteriologic media. The plate-passage histories for
strains ATCC 33218 and Detroit, however, are unknown. The virulent L. pneu-
mophila strain 130b (Wadsworth) and its Mip2 derivative, NU203, were de-
scribed previously (10). Generally, the legionellae were grown on buffered char-
coal-yeast extract (BCYE) agar plates for 48 h at 378C (17). However, to assess
extracellular growth rates, bacteria were inoculated into screw-cap tubes con-
taining 2.5 ml of buffered yeast extract (BYE) broth and incubated at 378C on a
rotating platform. When appropriate, 3 mg of chloramphenicol per ml, 25 mg of
kanamycin per ml, or 5% (wt/vol) sucrose was added to the medium. Escherichia
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coliHB101 served as the host for recombinant plasmids (1). It was maintained on
Luria-Bertani medium containing either 30 mg of chloramphenicol per ml, 50 mg
of kanamycin per ml, or 50 mg of ampicillin per ml.
Plasmids. Recombinant plasmid pBA6004 contains the entire mip gene of L.

micdadei ATCC 33218 (3, 7). The plasmid pBOC102 contains the first 312 bp of
that mip gene (see below). The vector pNK2794, which was provided by N.
Kleckner, served as the source for a kanamycin resistance (Kmr) marker. The
high-copy-number plasmid pHXK (from K. Jones) was used as a cloning vehicle.
The ColE1 replicon pEA75, obtained from M. Albano and N. C. Engleberg, was
used in our allelic exchange mutagenesis protocol. Most importantly, this plas-
mid contains a selectable chloramphenicol resistance (Cmr) marker and the
counterselectable sacB. The sacB gene of Bacillus subtilis encodes levansucrase
and is lethal to Legionella organisms grown in the presence of sucrose (12).
Electroporation and allelic exchange mutagenesis. Plasmids were introduced

into L. micdadei strains by electroporation (10). The efficiency of electroporation
into L. micdadei was, however, significantly lower than it was for L. pneumophila,
i.e., ca. 102 versus 105 transformants per mg of DNA. The procedure for allelic
exchange with ColE1 vectors containing counterselectable markers was de-
scribed previously (12). Using this procedure, we achieved insertional inactiva-
tion of mip within an L. micdadei strain that had been passaged 10 times on
BCYE agar plates. Thus, analyses of the mip mutant and its isogenic parent
utilized bacteria that had been plate passaged between 11 and 14 times.
DNA isolation and molecular genetic techniques. Whole-cell DNA was ex-

tracted from Legionella strains as described previously (19). Plasmids were iso-
lated from E. coli by the standard alkaline lysis procedure and radiolabelled with
32P by use of a random primer labeling kit (Gibco-BRL, Gaithersburg, Md.).
Southern hybridizations were performed under high-stringency conditions which
permit 10% base pair mismatching (1).
Immunoblot analysis. To assay for the presence of Mip-like proteins, immu-

noblot analysis was performed with a rabbit polyclonal antiserum raised against
Mip purified from recombinant E. coli (7). Protein extracts of Legionella strains
were prepared as described previously and separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (12.5% acrylamide) (7). Following
transfer to filter paper, the proteins were exposed to a 1/1,000 dilution of the
anti-Mip antiserum. The immunoblot was completed with a 1/1,000 dilution of
horseradishperoxidase-conjugated secondary antibodies (Gibco-BRL)anddiami-
nobenzidine as a colorigenic substrate.
Intracellular infection of U937 cells. U937 cells are a human lymphoma cell

line, which, when treated with phorbol esters, differentiate into macrophage-like
cells (49). A number of investigators have used these cells for L. pneumophila
infectivity studies (9, 35, 41, 46). U937 cell monolayers were prepared and
infected as described previously (41). Following inoculation, the monolayers
were incubated for 2 h to permit bacterial uptake and then rigorously washed to
remove unattached, extracellular bacteria. The infected monolayers were incu-
bated at 378C in RPMI medium supplemented with 10% fetal bovine serum.
Since L. micdadei, like L. pneumophila, did not replicate extracellularly within
the tissue culture medium (data not shown), any increases in CFU were the
result of intracellular multiplication.
To assess the relative infectivity of Legionella strains for U937 cells, 50%

infective doses (ID50s) were determined after 72 h of incubation (9). To monitor
intracellular growth rates, four replicate monolayers were inoculated with ap-
proximately 106 bacteria, incubated for various times, and then lysed with 0.1%
saponin (Sigma Chemical Co., St. Louis, Mo.) (9). Tenfold serial dilutions of the
lysates were plated on BCYE agar, and the resulting CFU were used to calculate
the corresponding numbers of bacteria per monolayer. The cytopathic effect of
intracellular replication was determined by assaying, at various times, the num-

ber of viable U937 cells remaining in the monolayer (41). The vital stain tetra-
zolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Sigma) was used to distinguish live from dead macrophages.
Infection of amoebae with L. micdadei. Intracellular infection of Hartmannella

vermiformis (strain CDC-19 [ATCC 50237]) was performed as described previ-
ously for L. pneumophila (10, 35). Briefly, replicate Hartmannella cultures con-
taining 105 amoebae were infected with approximately 1,000 bacterial CFU, and
after various incubation periods at 358C, the numbers of viable legionellae within
the cocultures were determined by plating aliquots on BCYE medium. Since L.
micdadei did not multiply within the amoebal growth medium (data not shown),
any increases in CFU were the result of intracellular infection.

RESULTS

Intracellular infection by strains of L. micdadei. Previous in
vitro studies reported macrophage and monocyte infection by
the EK strain of L. micdadei (36, 53). To determine whether
intracellular infectivity is a trait conserved among strains of L.
micdadei, we examined six other clinical isolates for their abil-
ity to grow within U937 cells (Table 1). On the basis of the
numbers of bacteria required to infect 50% of inoculated
monolayers, each strain appeared quite infective for the mac-
rophage-like cell line. Indeed, the two most infective strains,
Camilleri and Rivera, exhibited ID50s that were comparable to
that of a clinical isolate of L. pneumophila. Furthermore, the
intracellular growth rate for the Rivera strain was similar to
that of L. pneumophila, i.e., the numbers of bacteria within an
infected monolayer increased approximately 1,000-fold in a
48-h time period (see below) (9, 41).
mip expression by strains of L. micdadei. Our earlier studies

had identified a functional mip gene within L. micdadei ATCC
33218 (3, 7). To assess whether mip sequences are conserved
within the L. micdadei species, genomic DNAs from the five
other infective strains were hybridized with a probe derived
from the cloned gene (Fig. 1, lanes a through f). Each strain
contained a single EcoRI fragment that hybridized with the
mip probe. Furthermore, despite restriction fragment length
polymorphisms among the strains (Table 1), the size of that
hybridizing fragment was always approximately 6.4 kb. To as-
certain whether these strains expressed Mip-like proteins, we
performed immunoblot analysis with an antiserum raised
against the Mip protein of L. pneumophila (Fig. 2, lanes a
through h). Each L. micdadei strain expressed a single, cross-
reactive protein which was approximately 30 kDa in size. The
conservation of mip within a number of clinical isolates sug-
gested that Mip might promote intracellular infection by L.
micdadei.
Construction of an L. micdadei mip mutant. To ultimately

determine whether mip promotes intracellular infection by L.
micdadei, we isolated a stable Mip2 derivative of strain Rivera.
Specifically, we introduced a DNA insertion into the mip gene
by allelic exchange; i.e., mip was replaced with a mutated,
Kmr-tagged gene from a counterselectable vector. The plasmid
used for this procedure, pBOC102, was constructed in three
stages. First, a 1.8-kb BamHI fragment containing Kmr was
introduced into the HincII site of pBA6004 to yield pBOC100.
This DNA insertion, located 44 bp into the coding region of
mip (3), abolished antigen expression in recombinant E. coli
(data not shown). Next, a 2.7-kb EcoRI fragment of pBOC100
containing the insertionally inactivated mip was ligated with
EcoRI-digested pHXK to yield pBOC101. Finally, the mutated
locus was transferred, on a NotI fragment, into the Cmr and
sacB-containing pEA75.
As the next step toward the construction of our mutant,

pBOC102 was electroporated into strain Rivera, and the trans-
formation mixture was plated onto BCYE agar containing ka-
namycin. A Kmr transformant was then replated onto BCYE
agar containing both kanamycin and sucrose. By simulta-

TABLE 1. Strains of L. micdadei used

Strain Source Restriction
groupa

ID50 for
U937 cellsb

33218 American Type Culture
Collection

I 3.98 6 0.31

Detroit Michigan Department of
Public Health

II 3.94 6 0.28

X195 California State Health
Laboratory

II 3.40 6 0.30

31B University of Pittsburgh
Hospital

I 2.94 6 0.30

Camilleri Stanford University
Medical Center

III 2.40 6 0.36

Rivera Stanford University
Medical Center

III 1.57 6 0.36

a Based upon EcoRI digestion patterns.
b The ID50 is expressed as a log value 6 the standard deviation expressed as

a log value. In these experiments, L. pneumophila 130b had a log ID50 of 2.09 6
0.32.
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neously selecting for Kmr within mip and counterselecting
against sacB on the vector, strains can be isolated in which the
plasmid is lost and the chromosomal target gene is exchanged,
via a double recombination event, for the mutated gene. To
identify a strain that had undergone allelic exchange, we per-
formed Southern hybridization analysis on a Kmr, sucrose-
resistant clone which had lost its resistance to chlorampheni-
col. To simultaneously confirm that this strain contained a Kmr

insertion while lacking other vector sequences, pBOC102 was
used as the probe (Fig. 1). As predicted by the model for allelic

exchange, this strain had simply replaced its 6.4-kb mip-con-
taining, EcoRI fragment with a 7.5-kb hybridizing fragment
(Fig. 1, compare lanes f and h). As a control for our infectivity
experiments, we also obtained the immediate Sucr Kmr Cmr

progenitor of the mip mutant, a strain which contained
pBOC102 integrated into its chromosome (lane g). This Mip1

strain contained both the Kmr-inactivated mip gene (on a
7.5-kb hybridizing fragment) and an intact mip gene (on a
1.0-kb hybridizing fragment) as well as the vector sequences
(on 4.4- and 0.8-kb hybridizing fragments). Southern analysis
of genomic DNAs that were digested with BamHI, XhoI, KpnI,
and HincII further confirmed the chromosomal structure of
the Mip2 and Mip1/2 strains (data not shown).
Immunoblot analysis demonstrated that the allelic exchange

event resulted in a complete loss of Mip expression (Fig. 2,
compare lanes h and i). Since the mip locus is monocistronic
(3), it is unlikely that the insertion mutation affects the expres-
sion of the genes located downstream of mip. On the basis of
an examination of Coomassie blue-stained SDS-polyacryl-
amide gels, the mip mutant did not display any gross alter-
ations in protein expression (data not shown). The con-
struction of this mutant demonstrates that the mutagenesis
protocols which we first developed for use with L. pneumophila
can be applied to the study of the other legionellae.
Effect of a mip mutation on the extracellular growth of L.

micdadei. Themipmutant grew on BCYE agar plates as well as
did its wild-type parent, suggesting that Mip is not critical for
extracellular growth by L. micdadei. To further explore this
notion, we monitored the growth rates of Mip1 and Mip2

strain Rivera within BYE broth (Fig. 3). On three separate
occasions, the mip mutant multiplied at a rate that was quite
comparable to its isogenic parent. While doing these experi-
ments, we also observed that the Kmr marker of the mutant
(i.e., insertion mutation) was maintained during growth in the
absence of antibiotic selection. Taken together, these data

FIG. 1. Hybridization of DNAs from L. micdadei strains with a mip probe.
Whole-cell DNAs were digested to completion with EcoRI and electrophoresed
through 0.8% agarose. A Southern blot was made, hybridized with 32P-labelled
pBOC102 under high-stringency conditions, and autoradiographed. Lanes: a,
ATCC 33218; b, Detroit; c, X195; d, 31B; e, Camilleri; f, Rivera; g, Rivera
containing an integrated pBOC102; h, Rivera containing only the 1.8-kb Kmr

insertion inmip. Since pBOC102 contains just the first 312 bp of L. micdadei mip,
there is only one hybridizing fragment in the ATCC control lane. The slight
variation in the intensities of the bands in lanes a to f is a reflection of differences
in the amount of DNA loaded into each lane. In lane g, the two faint bands which
migrated at ca. 5.2 and 1.8 kb represent partial digestion products. The migration
and sizes (in kilobases) of molecular markers are indicated.

FIG. 2. Immunoblot analysis of L. pneumophila (lanes a and b) and L. mic-
dadei (lanes c to i) strains with anti-Mip antiserum. Lanes: a, 130b; b, NU203, a
Mip2 derivative of 130b; c, ATCC 33218; d, Camilleri; e, Detroit; f, 31B; g, X195;
h, Rivera; i, Rivera containing an insertion withinmip. Although not visible here,
the lower portion of this immunoblot did not display any small or truncated
Mip-related proteins. The migration and approximate sizes (in kilodaltons) of
molecular size markers are indicated.

FIG. 3. Extracellular growth of L. micdadei strains within BYE broth. Bac-
teriologic media were inoculated with either the Mip1 Rivera strain (F) or its
Mip2 derivative (E), and at various times the extent of bacterial growth was
assessed by measuring the optical density at 660 nm (OD660). Each datum point
represents the mean optical density for four replicate cultures, and the vertical
bars denote the standard deviations. The experiment presented here is repre-
sentative of two additional experiments.
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indicate that mip expression is not required for the growth of
L. micdadei within bacteriologic media.
Effect of a mip mutation on the intracellular infectivity of L.

micdadei. To determine whether Mip promotes intracellular
infection of macrophages by L. micdadei, we assessed the rel-
ative ability of the Rivera mip mutant to infect U937 cells.
Specifically, we inoculated U937 cell monolayers with compa-
rable amounts of Mip1 and Mip2 organisms and then exam-
ined them for changes in the number of bacteria over a 72-h
period (Fig. 4). Throughout the course of the experiment, the
monolayers infected with the mutant yielded fewer bacteria
than the wild type did. At 2 h postinoculation, there was al-
ready an approximately 24-fold difference in recovery, suggest-
ing that the mutant is defective in the earliest stages of intra-
cellular infection. A similar observation was made during
studies involving L. pneumophila mip mutants (9, 33). Al-
though the reduced recovery of the L. micdadei mutant shortly
after inoculation could be due to a defect in attachment to
and/or uptake into the phagocyte, we suspect, on the basis of
earlier work with L. pneumophila, that the strain is simply less
viable after its entry into the macrophage. Despite a prolonged
lag phase, the Mip2 strain, however, increased at rates that
were often comparable to those displayed by the Mip1 strain
(Fig. 4). By the end of the experiment, the numbers of mutant
and wild-type bacteria within the infected monolayers were
rather similar (Fig. 4). Likewise, ID50 analysis done at 72 h
postinoculation did not reveal a significant difference between
the two strains (data not shown). These latter two observations
are likely due, in part, to the fact that bacterial replication
gradually destroys the macrophage monolayer (see below).
To confirm that the L. micdadei mip mutant has reduced

intracellular infectivity, we assessed its ability to induce cyto-
pathogenicity (9, 45). After inoculating U937 cells with equal

numbers of Mip1 and Mip2 bacteria, we assayed the numbers
of viable host cells in the monolayers over a 3-day time period
(Fig. 5). A reduced cytopathic effect for the mutant was ap-
parent by 42 h postinoculation. This difference in infectivity,
although maintained throughout the remainder of the experi-
ment, was most pronounced at 51 h postinoculation (Fig. 5).
Taken together, these observations suggest that mip, although
not necessary for extracellular growth, enhances the ability of
L. micdadei to infect human macrophage-like cells.
To determine whether mip also promotes the ability of L.

micdadei to infect freshwater protozoa, we assessed the rela-
tive ability of the mip mutant to infect H. vermiformis. Strains
of this amoeba have been associated with Legionella spp. in
water samples implicated in cases of Legionnaires’ disease (35,
51). L. micdadei Rivera displayed an intra-amoebal growth
pattern that was quite reminiscent of that of virulent L. pneu-
mophila 130b; i.e., following a 24-h lag phase, the numbers of
Mip1 bacteria increased 1,000-fold in a 48-h time period (Fig.
6A) (10). In contrast, the Rivera mip mutant exhibited a ca.
10-fold drop in recovery at 24 h postinoculation, supporting the
earlier notion that it is more susceptible to intracellular killing
(Fig. 6). Over the next 48 h, however, the numbers of mutant
bacteria increased at a rate that was comparable to that of the
wild type.
To confirm that the reduced intracellular infectivity of the

mutant was due to the insertional inactivation of mip and not
the mutagenesis procedure per se or the Kmr marker, we
examined the relative infectivity of a strain which contained
both intact and mutated mip genes within its chromosome (see
above) (Fig. 1). In both the amoebal assay (Fig. 6B) and the
U937 cell assays (data not shown), this Mip1/2 strain behaved
as did the wild type. In summary, these data confirm that mip
is required for optimal infection of U937 cells and amoebae by

FIG. 4. Intracellular replication of L. micdadei strains in U937 cells. Mono-
layers (n 5 4) were inoculated with either 1.8 3 106 CFU of Mip1 strain Rivera
(F) or 1.4 3 106 CFU of its Mip2 derivative (E), and after various incubation
periods, the numbers of viable intracellular bacteria were determined. Since 2 h
was allowed for bacterial attachment and entry, the first sample that was col-
lected is presented as a 2-h datum point. Each point represents the mean CFU
recovered, and the vertical bars indicate the standard deviations. The differences
in recovery of the strains were significant at all time points (P is ,0.001 for all
time points except 72 h, where P is , 0.005). The experiment presented here is
representative of two additional experiments.

FIG. 5. Cytopathic effect of L. micdadei strains on U937 cells. Monolayers (n
5 6) were inoculated with either no bacteria ({) or 2.4 3 105 CFU of Mip1 (F)
or Mip2 (E) strain Rivera. After various periods of incubation, the number of
viable U937 cells was determined by staining with MTT and measuring the
optical density at 570 nm (OD570). Each datum point is the mean optical density
at 570 nm, and the vertical bars indicate the standard deviations. At and beyond
42 h postinoculation, the differences in cytopathicity were significant (P is
,0.001, except at 72 h, where P is ,0.025). This experiment is representative of
two additional experiments.
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L. micdadei. They also highlight the similarity between macro-
phage and protozoan infections (10).

DISCUSSION

Four observations indicate that L. micdadei Mip specifically
potentiates intracellular infection. First, a mutant lacking Mip
was defective in its ability to infect a macrophage-like cell line.
Second, that mutant had altered survivability within amoebae.
Third, the Mip-negative strain displayed extracellular growth
characteristics that were equal to those of the wild type.
Fourth, mip was expressed within a panel of infective L. mic-
dadei strains. Thus, despite their structural and antigenic dif-
ferences (3, 7), the Mip proteins of L. pneumophila and L.
micdadei appear, at a gross level, to perform similar functions.
Indeed, in some ways, the L. micdadei mip mutant behaved as
did the L. pneumophila mip mutant. For example, both strains
exhibited an approximately 20-fold-reduced survivability after
entry into U937 cells (9, 33). The importance of Mip for the
infectivity of these fairly distinct Legionella species increases
the likelihood that Mip is involved in the pathogenesis of all
legionellae (7).
The reduced viability of Legionella mip mutants shortly after

uptake indicates that Mip may play a role in resistance to
immediate intracellular death. Therefore, following our anal-
ysis of the L. pneumophila mutant, we had suggested that Mip
might be linked to the inhibition of phagosome-lysosome fu-
sion (9, 18). However, since mip promotes infection by L.
micdadei, an organism that does not block phagosome-lyso-
some fusion (44), the potential targets of Mip activity must not
be limited to phagosome-lysosome fusion events. Our recent
discovery of a 25-kDa Mip-like protein in Coxiella burnetii, an
organism that grows within a phagolysosome, supports this
notion (13, 40). Two additional observations preclude a simple
hypothesis for Mip function. First, a related, 27-kDa mem-
brane protein exists in Chlamydia trachomatis (38). Second, an
L. pneumophila mip mutant was impaired in its ability to infect
lung epithelia, intimating that the target of Mip activity is not
specific to phagocytic cells (11). Although the precise function
of the secreted or membrane Mip-like proteins is unclear, the
peptidyl-prolyl isomerase activity associated with the L. pneu-

mophila, Coxiella burnetii, and Chlamydia trachomatis proteins
may be important (24, 28, 38, 40). For example, Mip may
facilitate an adaptation to intracellular environments by alter-
ing the conformation of parasite and/or host proteins, includ-
ing, perhaps, those embedded in newly formed phagosomal
membranes. The critical action of Mip might also mimic that of
its distant eukaryotic analog, the FK506 binding proteins (3,
28, 50). The FK506 binding proteins can affect the activities of
calcium channels as well as the calcium-dependent phos-
phatase calcineurin (6, 39). Our construction of an additional
mip mutant should help facilitate the elucidation of the patho-
genic activities of Mip.
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