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In a previous study, a 24-kilodalton (kDa) protein surface antigen of Legionella pneumophila was cloned into
Escherichia coli and found to be expressed on the host cell surface. Subsequently, a site-directed mutation in
this gene (designated mip) in L. pneumophila was found to impair the capacity of this bacterium to initiate
intracellular infection in human macrophages. The work presented here indicates that the antigenic gene
product is distinct from the 24- to 29-kDa major outer membrane protein of L. pneumophila. In addition, the
antigen was identified as a highly basic protein on two-dimensional nonequilibrium polyacrylamide gels and on
two-dimensional monoclonal antibody immunoblots. When the DNA fragment encoding this protein was
sequenced, a long open reading frame of 699 base pairs was identified within a region to which antigen
expression was previously mapped. mip mRNA isolated from both L. pneumophila and transformed E. coli had
the same 5’ end, as determined by primer extension analysis, indicating that the same promoter sequences are
used in both species. A likely factor-independent transcriptional terminator was found 20 residues downstream
of the stop codon, suggesting that mip is encoded on a monocistronic message. The inferred polypeptide began
with a possible 20- to 24-residue signal sequence, and, as predicted by two-dimensional electrophoresis, had a

molecular weight of 24,868 and was a potent polycation with an estimated pI of 9.8.

In previous reports we have described the identification
and molecular cloning of a major, 24,000-dalton (Da) surface
antigen of Legionella pneumophila (14, 35). This protein is
expressed from a cloned fragment on a multicopy plasmid in
Escherichia coli and is localized to the surface of the host E.
coli strain (15). Recently, we exchanged a mutated copy of
this gene for the wild-type gene in L. pneumophila to yield a
mutant strain that produced no detectable 24-kDa antigen
(8). Although this mutant replicated as well as its isogenic
parent within macrophages, it was approximately 80-fold
less infective for macrophages in vitro than its isogenic
parent because of a defect in the initiation of intracellular
infection. The gene responsible for this phenotype was
designated mip (macrophage infectivity potentiator).

In this report we present an additional biochemical char-
acterization of the 24-kDa antigen, including confirmation of
its separate identity from the previously recognized major
outer membrane protein (MOMP) with which it comigrates
(5,11, 16, 23, 35). We also present the DNA sequence of mip
and the inferred amino acid sequence of the 24-kDa antigen.
The analysis of the DNA sequence revealed transcriptional
and secretory signals that can explain the expression and
localization of the 24-kDa antigen in the E. coli host strain.
The analysis also confirmed that the site-specific mutation
described above is within the mip open reading frame.
Analysis of the inferred amino acid sequence revealed
several distinctive structural features of this protein that may
be important clues to its mechanism of potentiating macro-
phage infection.

MATERIALS AND METHODS

Bacterial strains and plasmids. The gene encoding the
24-kDa antigen was cloned from L. pneumophila serogroup
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1 (strain 130b), a clinical isolate from the Wadsworth Veter-
ans Administration Hospital (West Los Angeles, Calif.)
outbreak (20). L. pneumophila serogroup 5 strain (Dallas 1E)
and strains representing several other serogroups were ob-
tained from the Centers for Disease Control, Atlanta, Ga. L.
pneumophila was grown either on buffered charcoal-yeast
extract agar (10) or in yeast extract broth (36) as required for
particuldr experiments. »

pSMJ31.42 encodes the 24-kDa antigen on an 1,850-
base-pair (bp) fragment of L. pneumophila DNA. It was
derived from a larger plasmid in our original genomic library,
pSMJ31 (14), by stepwise deletion of restriction fragments
that did not affect 24-kDa antigen expression.

Antisera and antibodies. Antisera to L. pneumophila sero-
group 5 were prepared in New Zealand rabbits by subcuta-
neous injection with 10° to 10!° CFU of live bacteria bi-
weekly for 6 weeks. Monoclonal antibody (MAb) 12F4 was
an immunoglobulin G1 that reacted with the 24-kDa antigen.
To isolate this MAb, BALB/c mice were immunized with a
crude outer membrane preparation from serogroup 1 and
later boosted with killed, whole bacteria belonging to various
other serogroups of L. pneumophila. This immunization
schedule was used in order to miinimize the immune re-
sponse to the immunodominant, group-specific, nonprotein
antigen of L. pneumophila.

Gel electrophoresis and immunoblotting. To prepare L.
pneumophila lysates for electrophoresis, bacteria harvested
from buffered charcoal-yeast extract agar were suspended in
phosphate-buffered saline (PBS; pH 7.2) or sterile water at
an optical density at 660 nm of 1.0.

One-dimensional sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) was used to demonstrate
that the 24-kDa antigen was distinct from the comigrating
MOMP by exploiting the tendency of the latter protein to
remain insoluble in 2% SDS in the absence of a reducing



1264 ENGLEBERG ET AL.

agent. For this analysis, bacteria from 0.5 ml of the PBS
suspension were pelleted by centrifugation; suspended in 2%
SDS-67 mM Tris hydrochloride (pH 6.8), either with or
without 5% 2-mercaptoethanol (2-ME); and boiled for 5 min.
Boiled samples were centrifuged at 12,000 X g for 10 min,
and the supernatants were designated as reduced and unre-
duced lysates, respectively. 2-ME was then added to the
unreduced soluble protein sample to a final concentration of
5%, and the sample was reboiled before electrophoresis. The
pellet from the unreduced sample was washed once in PBS
and then boiled for 5 min in SDS buffer containing 5% 2-ME.
After the final centrifugation, the supernatant was saved as
the reduced pellet fraction. SDS-PAGE was conducted by
using the discontinuous buffer system described by Laemmli
(29).

Equilibrium and nonequilibrium two-dimensional gel elec-
trophoresis (2DGE) was performed by the methods of
O’Farrell and colleagues (33, 34). For both methods, the
second dimension was a discontinuous SDS-PAGE system
(4.5% stacking gel and 11.5% separating gel). Samples were
prepared for 2DGE by pelleting cells from 1 ml of the PBS
suspension and then boiling them for 4 min in 8 pl of lysing
solution (2.6% SDS, 8.6% 2-ME, 4.3% glycerol, 50 mM Tris
hydrochloride [pH 6.8]). The lysate was then diluted with
100 pl of buffer containing 9.5 M urea, 2% Nonidet P-40, 5%
2-ME, and 5% Ampholine (LKB Instruments, Inc., Rock-
ville, Md.) mixture; and samples were either used immedi-
ately or quick-frozen in dry ice-ethanol and stored at —70°C.
Gels were stained with silver by the method of Adams and
Sammons (1).

Electrophoretic transfer of proteins from gels to nitrocel-
lulose membranes was performed by the method of Towbin
et al. (40). Antigens were visualized by using an enzyme
immunoassay with a horseradish peroxidase-conjugated an-
ti-immunoglobulin as the second antibody and 1-chloro-
4-naphthol (Bio-Rad Laboratories, Richmond, Calif.) as a
colorigenic substrate. In these immunoblots, all antibody
incubations and washes were done in 50 mM Tris hydrochlo-
ride (pH 7.5) with either 500 mM NaCl (for assays with
antisera) or 150 mM NaCl (for assays with MAb 12F4).

DNA sequencing. The dideoxy chain-termination method
of sequencing was used with either E. coli DNA polymerase
I (Klenow fragment; Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.) or modified bacteriophage T7 DNA
polymerase (Sequenase; U.S. Biochemical, Cleveland,
Ohio). Initially, various restriction fragments of the
pSMIJ31.42 insert were cloned into bacteriophage M13 and
sequenced from a universal primer. Additional M13 tem-
plates were generated by limited, unidirectional exonuclease
III digestion of the inserts in the replicative form of certain,
large M13 subclones (21). For selected sequences, double-
stranded pSMJ31.42 was used as a template instead of M13,
and sequencing was performed with synthetic oligonucleo-
tide primers by the alkaline denaturation method (6).

Primer extension from total bacterial RNA. To map the 5§’
end of mip mRNA, we used synthetic oligonucleotide prim-
ers to synthesize mip cDNA from purified bacterial RNA in
the presence of a radiolabel. Total bacterial RNA was
isolated from either E. coli or L. pneumophila by a modifi-
cation of the method of Aiba et al. (2). Briefly, 100 ml of a
mid- to late-log-phase broth culture was added to an equal
volume of ice made with chloramphenicol (200 p.g/ml). After
centrifugation at 4°C, the bacteria were suspended in 3 ml of
20 mM sodium acetate (pH 5.5)-0.5% SDS-1 mM EDTA and
then gently shaken at 60°C for 5 min with an equal volume of
equilibrated phenol. The aqueous phase was separated and
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FIG. 1. Separation of the 24-kDa antigen and the MOMP by
differential solubilization of L. pneumophila proteins and analysis
by SDS-PAGE and immunoblotting. Gels were deliberately over-
loaded with samples prepared as described in the text. Lanes a and
h, reduced lysate; lanes b, e, and g, unreduced lysate; lanes c, d, and
f, reduced pellet fraction. (A) Lanes a, b, and ¢ show proteins
stained with Coomassie brilliant blue in a 15% polyacrylamide gel.
(B and C) Lanes d and e and lanes f, g, and h are immunoblots with
MADb 12F4 and serogroup S rabbit antisera, respectively.

reextracted with phenol, and then the RNA was precipitated
with 3 volumes of ethanol at —70°C for 30 min. The RNA
pellet was recovered by centrifugation (17,500 x g for 15
min) and was washed three times in 70% ethanol-10 mM
NaCl-1 mM Tris hydrochloride (pH 7.5). The final pellet was
suspended in 1 ml of sterile water, and the RNA was
quantified by UV spectroscopy.

For primer extension experiments, 30 fo 40 pg of total
RNA was hybridized with 25 ng of a specific oligonucleotide
primer in 10 pl of 100 mM KCIi-13 mM Tris hydrochloride
(pH 8.3), first at 90°C for 1 min, then at 60°C for 2 min, and
finally at 0°C for 30 min. cDNA was synthesized from
one-half of this RNA-primer hybrid mixture with 1 U of
reverse transcriptase (from avian myeloblastosis virus; Seik-
agaku America, St. Petersburg, Fla.) in a buffer of 50 mM
Tris hydrochloride (pH 8.3)40 mM KCIl-6 mM magnesium
chloride-2 mM dithiothreitol-200 uM of each deoxynucle-
otide (GTP, CTP, and TTP)-0.1 volume of [**P]dATP (>400
Ci/mmol; Amersham Corp., Arlington Heights, I11.)-0.4 U of
RNasin (Promega Biotec, Madison, Wis.) per pl. After 10
min at 42°C, dATP was added to a final concentration of 200
mM and the incubation was continued for an additional 30
min. The reaction was stopped by the addition of 10 pl of
deionized formamide, and the sample was boiled for 2 min
prior to electrophoresis.

RESULTS

Separation of the 24-kDa antigen from the MOMP. The
24-kDa antigen could be separated from the MOMP by virtue
of the solubility of the antigen in hot 2% SDS without
reducing agents (Fig. 1, lanes e and g). Although some of the
MOMP may also have been solubilized by this treatment, a
considerable proportion of this protein remained bound to
insoluble material after SDS extraction and was released
only when the pellet was reboiled in SDS with 2-ME (Fig. 1,
lane c). In contrast, none of the 24-kDa antigen was detected
in this pellet fraction with either MAb 12F4 or heterologous
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immune rabbit serum (Fig. 1, lanes d and f). The MOMP was
not detected with rabbit antiserum, and its abundance in the
reduced bacterial lysate apparently masked the reactivity of
the 24-kDa antigen (Fig. 1, lane h). Results of these experi-
ments confirm that the antigen and the MOMP that comi-
grated on SDS-polyacrylamide gels are, in fact, distinct
proteins.

Nucleotide sequence of a DNA fragment that encodes the
24-kDa antigen. Both strands of the cloned insert on
pSMJ31.42 were sequenced by the chain-termination
method (Fig. 2). Only two potential open reading frames of
greater than 200 bp in length were identified. One of these
open reading frames was translated (Fig. 2); the other began
at nucleotide (nt) 634 on the complementary strand, termi-
nated in vector sequences 23 bp beyond the cloning junction,
and encoded a polypeptide of no more than 21,803 daltons.
In vitro transcription and translation of pSMJ31.42 showed
that only one product, a single 24-kDa polypeptide, was
produced in detectable amounts (data not shown).

Small deletions were introduced separately at the HindIIl
site within the first open reading frame (nt 1390) and at the
Aval site within the second open reading frame (nt 404) by
digestion with the appropriate restriction endonuclease, lim-
ited digestion with S1 nuclease, and religation of the ends.
Deletion of the HindlIlI site resulted in the loss of 24-kDa
antigen expression from the plasmid, whereas deletion at the
Aval site had no effect on the expression of this antigen.

Characterization of a mip mutant by 2DGE. Expression of
the 24-kDa antigen in E. coli was also abrogated when an
insertion mutation was introduced at the unique HindIII site.
When this mutated sequence was exchanged with the ho-
mologous sequences on the chromosome of wild-type L.
pneumophila, the resulting recombinant strain failed to
express the 24-kDa antigen and has been found to possess a
defect in the initiation of intracellular infection in macro-
phages (8).

We compared lysates of the parent and isogenic mutant
bacteria by 2DGE and found only one obvious difference in
the pattern of silver-stained proteins. A large spot and a few
smaller adjacent spots migrated with an M, of ~24,000 at the
basic end of the nonequilibrium gel profile of the parent
strain proteins (Fig. 3B, arrow). This cluster of spots, which
was produced by minor chemical modifications affecting the
total charge of the protein, was absent from the profile of the
mutant strain proteins (Fig. 3D, arrow). No other differences
in the protein profiles of these two strains were detected by
either equilibrium or nonequilibrium 2DGE that could not be
accounted for by the expected gel-to-gel variation in migra-
tion and staining. The identity of the highly basic protein
(and presumably one of its posttranslationally modified
forms) was confirmed to be the 24-kDa antigen by immuno-
blot analysis of a nonequilibrium 2DGE of parent strain
proteins run in parallel with the gel shown in Fig. 3B by using
MAD 12F4 (Fig. 4). A comparable immunoblot of the com-
panion gel of Fig. 3D yielded no detectable reactivity (data
not shown). Based on these observations and an additional
observation presented below, we concluded that the com-
plete, long open reading frame translated in Fig. 2 is the
coding sequence of the 24-kDa antigen and that an insertion
mutation that interrupts this sequence is responsible for the
mip mutation in L. pneumophila.

Analysis of mip transcriptional signals. To identify the mip
promoter and to understand how mip is transcribed in E.
coli, we identified the 5’ ends of mip mRNA isolated from
both L. pneumophila and E. coli by synthesizing cDNA with
synthetic oligonucleotide primers. Both primers were 18-
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mers that were complementary [(—)] to the sequence shown
in Fig. 2; (—)nt 843 to 826 annealed to the putative initiation
site on mip mRNA, and (—)nt 728 to 711 annealed 129 bp
upstream of this site. Using the oligonucleotide (—)nt 843 to
826 as a primer, we observed identical cDNA bands synthe-
sized from late-log-phase RNAs of L. pneumophila and E.
coli(pSMJ31.42) (Fig. 5, lanes a and c). In contrast, no
discrete band was seen in a control reaction done with E.
coli(pBR322) (Fig. 5, lane b). By comparing these bands with
a pSMJ31.42 sequencing reaction primed with the same
oligonucleotide and loaded onto adjacent lanes on the gel,
we mapped the 5’ end of the mRNA to the guanidine residue
at nt 760. By contrast, identical experiments with primer
(—)nt 728 to 711 yielded no detectable cDNA synthesis in
any RNA sample (Fig. 5, lanes d, e, and f).

Accepting nt 760 as the transcriptional start site, the
probable —10 and —35 promoter consensus sequences were
identified and are indicated in boxes in Fig. 2. Although
these sequences have only moderate homology with known
E. coli promoters (49% homology by using the homology
scoring system of Mulligan et al. [32]), the spacing of the two
sequences is ideal with respect to one another and to the
transcriptional start.

We identified a region of dyad symmetry (indicated by the
broken underline in Fig. 2) 20 bp downstream from the mip
termination codon that had features of a factor-independent
transcriptional terminator (37). This sequence may form a
stem-loop structure with a free energy of binding of —28.2
kcal (at 25°C), which was calculated by the method of Tinoco
et al. (39). The theoretical stem-loop structure would have a
GC-rich stem of 12 residues with no mismatches or loopouts,
a hairpin loop of 5 residues (ATTTA), and a T-rich region
immediately downstream of the stem with 6 T residues in a
span of 9 bp. This region of dyad symmetry would also have
been selected as a possible terminator by the dinucleotide
frequency algorithm of Brendel and Trifonov (4).

Translational signals of mip. The longest possible open
reading frame in the region to which mip mapped began with
an ATG codon at nt 839 and ended with an ochre stop codon
at nt 1540. We infer that translation begins at the first
in-frame ATG (at nt 839), since this codon is associated with
a putative ribosomal binding site and since it satisfies criteria
for a translational start site in E. coli (38). Although there
were four other in-frame ATG codons at the 5' end of the
open reading frame (and nt 845, nt 869, nt 881, and nt 893),
none of these was situated in proximity to a possible
ribosomal binding site. They are therefore presumed to
encode methionine residues within the polypeptide se-
quence.

Codon usage within this gene was similar to that within E.
coli genes (19). There was no extensive use of any particular
tRNA species that is rare in E. coli.

Analysis of the polypeptide encoded by mip. The inferred
gene product was a polypeptide of 233 amino acids and with
a molecular weight of 24,868. There was a notable abun-
dance of lysine residues in its amino acid composition (25
residues), and the pl predicted from the primary structure
was 9.8. The molecular weight and pl inferred from the DNA
sequence correlated well with the observed migration of this
gene product by 2DGE (Fig. 3 and 4).

The first 20 to 24 residues of the inferred amino acid
sequence suggested a possible secretory signal. The se-
quence began with a short series of charged amino acids,
followed by a richly hydrophobic core and several possible
cleavage sites, based on similarities with known sites in
other secreted, bacterial proteins. Cleavage after the alanine
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FIG. 3. 2DGE of L. pneumophila AA103 and the isogenic mutant strain AA10S that lacked the 24-kDa antigen. (A and C) Silver stains of
bacterial proteins from strains AA103 (A) and AA105S (C) separated by equilibrium 2DGE. (B and D) Nonequilibrium 2DGE of strains AA103

(B) and AA105 (D). The arrows are explained in the text.

residues at positions 20 or 24 would most likely be favored
(41).

An hydropathy plot of the polypeptide is shown in Fig. 6,
along with a prediction of the secondary structure deter-
mined by the method of Garnier and co-workers (17). By
these analyses, the initial 20 to 24 residues were predicted to
be alpha-helical and strongly hydrophobic, consistent with
the notion that they may represent a signal sequence. These
analyses also suggest that the remainder of the polypeptide is
divided into two large, distinct regions. Residues 21 through
114 are predicted to be rich in alpha helix and include an
uninterrupted helical stretch of 60 residues (from residues 55
to 114). The remaining region (residues 115 through 233) is
predicted to form beta sheets and turns. In addition, the
hydropathy plot suggests that the first region is also more
hydrophilic than the second region. Indeed, within the first
region, 31% of the amino acids were charged and 24.5% were
hydrophobic, whereas within the second region only 16.8%
of the amino acids were charged and 32.8% were hydropho-
bic.

To determine whether the mip gene product might be a
conserved analog of some previously characterized bacterial
gene, we searched the Protein Sequence Database of the
National Biomedical Research Foundation (June 1987) using

the program FASTP (30). Three eucaryotic proteins and no
bacterial proteins had homology scores outside of the normal
distribution of random matching scores. We scrutinized the
sequences of several bacterial proteins with homology
scores at the upper end of the normal distribution and
determined that none were similar to mip, based on the very
limited extent and the position of the matched sequences and
based on the comparative size and composition of the
proteins relative to those of the mip gene product. We
concluded that mip is not an analog of any previously
sequenced bacterial protein.

DISCUSSION

In this study we sequenced a gene that is associated with
a functional defect in the infectivity of L. pneumophila for
human macrophages. Several lines of evidence support the
conclusion that the open reading frame that we translated
(Fig. 2) encodes mip. First, this gene was the only complete,
long open reading frame in a cloned fragment of L. pneumo-
phila DNA that expressed the 24-kDa antigen. The primer
extension experiments (Fig. 5) proved that this gene is
transcribed in vivo, and the sequence analysis suggested that
it is most likely transcribed as a monocistronic message.



1268 ENGLEBERG ET AL.

FIG. 4. Two-dimensional immunoblot of a nonequilibrium 2DGE
of L. pneumophila AA103 with an MAD against the 24-kDa antigen
(MAb 12F4). Note that the only two spots visualized are among
those that were specifically lost in the mip mutant (Fig. 3B and D).
The faint dark spots at the right margin of the blot are water spots
and do not represent antibody reactivity. The dark band at the left
margin of the blot is a standard, one-dimensional SDS-PAGE
sample of strain AA103 run in a single lane adjacent to the second
dimension of the 2DGE,; this lane was run in lieu of molecular mass
standards to identify the relative mobility of the 24-kDa antigen.

Second, a directed mutation within this gene, designed to
create a frameshift mutation by deletion of 4 bp, abrogated
the expression of the 24-kDa antigen in E. coli. Third, when
a mutated copy of this gene was transferred to L. pneumo-
phila and exchanged for the wild-type gene, loss of the
24-kDa protein antigen was demonstrated by 2DGE and
immunoblotting. Fourth, the identified gene encoded a poly-
peptide of a size and total charge that was consistent with the
migration of the antigen on two-dimensional gels.

We previously characterized the L. pneumophila 24-kDa
antigen as a surface protein that induced strong antigenic
reactivity in rabbits immunized with killed bacteria (35).
Given the observation of others that the purified MOMP is
also an important antigen (16), we inferred that these mole-
cules are one and the same. With the isolation of an MAb to
the 24-kDa protein, we were able to separate definitively
these two proteins and prove that our initial inference was
incorrect (Fig. 1). (A comparable situation was recently
reported in an evaluation of MAbs that were originally
thought to be directed at the gonococcal outer membrane
protein III [3].) In the case of the 24-kDa protein, DNA
sequencing added further confirmation to our conclusion
since the absence of cysteine residues in the inferred se-
quence was inconsistent with the observed behavior of the
MOMP under reducing conditions and with the published
amino acid analysis of the purified MOMP (5).

When the gene encoding the 24-kDa antigen was cloned in
E. coli, it was transcribed and translated and the gene
product was translocated to the cell surface, as in the native
state (13-15). The identification of a partial consensus pro-
moter sequence 86 to 119 bp upstream of the initiation codon
and a probable transcriptional stop signal 26 bp downstream
of the termination codon suggests that the 24-kDa antigen is
encoded on a monocistronic message. The 49% homology
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score for the mip promoter, which was calculated by the
method of Mulligan et al. (32), is consistent with the notion
that this promoter functions as a weak transcriptional initi-
ator in E. coli; the mapping of the 5’ end of the mRNA
isolated from an E. coli clone confirms this notion. Likewise,
the compatibility of the putative secretory signal with signal
sequences in E. coli probably explains the surface localiza-
tion of this protein in our E. coli clones (42). We have
recently performed amino acid sequencing on the Mip pro-
tein purified from E. coli(pSMJ31.42) and found that the first
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FIG. S. Primer extension mapping of the 5’ end of the mip
mRNA. Autoradiogram of a 7% polyacrylamide-urea sequencing gel
is shown with a chain-termination sequencing reaction (lanes labeled
G, A, T, and C) by using pSMJ31.42 as the template and oligonu-
cleotide (—)nt 843 to 826 as the primer. cDNA was synthesized from
total bacterial RNA in the presence of [*?P]JdATP by using either
primer (—)nt 843 to 826 (lanes a, b, and c) or primer (—)nt 728 to 711
(lanes d, e, and f). Template RN A was isolated from E. coli carrying
pSMJ31.42 (lanes a and d) or pBR322 (lanes b and e) or from L.
pneumophila AA103 (lanes c and f). The solid arrow indicates the 5’
end of the mRNA species isolated from 24-kDa protein-expressing
bacteria corresponding to nt 760 on the DNA sense strand (Fig. 2).
The smaller arrows indicate some minor incorporation of label into
a naturally occurring L. pneumophila substrate for reverse tran-
scriptase (lanes ¢ and f); since the bands comigrated, this substrate
is unrelated to the presence of the primers in the reaction but serve
as an internal control confirming that transcriptase activity was
present in both samples.
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FIG. 6. Secondary structure and hydropathy prediction from the inferred 24-kDa polypeptide. The scale at the bottom corresponds to the
polypeptide residue number. Above the scale is a hydropathy plot calculated by the method of Hopp and Woods (24) by using a window of
six residues. The axis of the plot (on the left) indicates a range of hydrophilicity values from —2 to +2, and the dotted line through the plot
indicates a value of 0. Above the hydropathy plot is a prediction of secondary structure that was made by the method of Garnier et al. (17).
Similar results were obtained when the method of Chou and Fassman (7) was used (data not shown).

10 residues of its N-terminal sequence correspond with
residues 21 to 30 of the inferred amino acid sequence shown
in Fig. 2 (unpublished data). We are presently confirming
this observation with the Mip protein purified from L.
pneumophila.

Although we have not yet proven that the function im-
paired in the mip mutant is due to the direct action of the
24-kDa antigen, there are two circumstantial reasons why
this is probably true. First, the phenomenology of intracel-
lular infection with L. pneumophila, which has been de-
scribed by Horwitz and colleagues (25-28), is different from
that of other facultative, intracellular pathogens. Moreover,
the molecular mechanisms of intracellular infection may
differ markedly, even among closely related pathogens with
similar intracellular life-styles (31). Therefore, it is reason-
able to assume that the bacterial factors that mediate the
novel phenomena seen during L. pneumophila infection may
be unique. From results of DNA hybridization studies (12),
immunoassays with monospecific antisera (13), and com-
puter searches of large data banks, we found no similarity
between the mip gene product and other known bacterial
proteins, suggesting that it may be unique to the species L.
pneumophila and associated with the production of a novel
phenotype in that species alone. Second, the biochemical
composition of the protein encoded by mip suggests a
variety of possible functions relative to macrophage infec-
tion. For example, several proteins with extended alpha
helices are known to fold into elongated structures (43). If
the prediction of a 60-residue alpha helix in the N-terminal
half of the 24-kDa protein is correct, then this protein may
also form an elongated structure projecting from the bacte-
rial surface. As a surface polycation, the protein could
theoretically serve any of a number of important functions
during infection. Polycations such as histones or polylysine
are known to induce the phagocytosis of inert particles (9).
Alternatively, following uptake of the bacterium by the
phagocyte, this protein could be acting like known cationic
lysosomotropic agents, such as ammonium chloride, to
inhibit phagosome acidification and phagosome-lysosome
fusion (18) or the protein could be interfering with lysosomal
function in other ways (22, 44). Which, if any, of these
theoretical functions is actually mediated by mip is not
known, but the construction of an isogenic mip mutant (8)
will make it possible to test each of these hypotheses in
controlled experiments.
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