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Legionella pneumophila, the causative agent of Legionnaires’ disease, utilizes a type IVB secretion system to
subvert its host cells and grow intracellularly. This type IV secretion system is composed of 25 icm (or dot)
genes that probably constitute parts of a secretion complex as well as more than 30 proteins that are
translocated via this system into the host cells. Three of the Icm/Dot proteins (DotD, DotC, and IcmN) contain
a lipobox motif at their N terminals and are predicted to be lipoproteins. Two of these lipoproteins (DotD and
DotC) were found to be essential for intracellular growth in both HL-60-derived human macrophages and in
the protozoan host Acanthamoeba castellanii, while the third lipoprotein (IcmN) was found to be partially
required for intracellular growth only in 4. castellanii. Mutation analysis of the lipobox cysteine residue, which
was shown previously to be indispensable for the lipobox function, indicated that both DotC and DotD are
partially functional without this conserved residue. Cysteine mutations in both DotC and DotD or in DotC
together with an icmN deletion or in DotD together with an icmN deletion were found to be additive, indicating
that each of these lipoproteins performs its function independently from the others. Analysis of the transcrip-
tional regulation of both the dotDC operon and the icmN gene revealed that both had higher levels of expression
at stationary phase which were partially dependent on the LetA regulator. Our results indicate that the
lipoproteins of the L. pneumophila icm (or dot) system are essential components of the secretion system and that

they perform their functions independently.

Legionella pneumophila, the causative agent of Legionnaires’
disease, is a facultative intracellular pathogen. In nature, this
bacterium multiplies within different protozoa, and during in-
fection in humans it multiplies inside alveolar macrophages
and monocytes. The main pathogenesis system known today in
L. pneumophila is the Icm/Dot type IVB secretion system (re-
viewed in reference [30]). This system was shown to be com-
posed of 25 icm (or dot) genes, which probably constitute part
of a secretion complex, and more than 30 effector proteins
(RalF, LidA, Lep, Sid, Wip, Vip, YIf, and others), which are
probably translocated into the host cell during infection (4, 6,
8, 22, 24, 26, 37). The 25 Iecm/Dot proteins can be divided into
two groups according to their homologies: one group consists
of 18 Icm/Dot proteins (IemT, IcmP, IcmO, IcmM, IcmL,
IemK, IcmE, IcmG, IemC, IemD, Icm]J, IcmB, IcmV, IemX,
DotA, DotB, DotC, and DotD) that were found to be homol-
ogous to proteins involved in conjugation present on Incl plas-
mids such as R64, and the other consists of 7 proteins (IcmS,
IcmR, IcmQ, IemN, IemF, IemH, and IecmW) that have no
homologous proteins in conjugation systems. Three of the pro-
teins that have homologies to conjugation-related proteins
(IcmB, IemO, and DotB) contain an ATP/GTP binding motif
similar to that of their homologue proteins in the type IVA
secretion system (VirB4, VirD4, and VirB11, respectively).
Two other proteins that belong to the first group (DotD and
DotC) contain a lipobox motif which is present in proteins that
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are anchored to the bacterial membrane. An additional li-
poprotein that belongs to the second group (IcmN) was also
shown to be part of the Icm/Dot secretion system, but an
insertion mutation in this gene was found previously to be
dispensable for intracellular growth in HL-60-derived human
macrophages and only partially required for intracellular
growth in Acanthamoeba castellanii (34).

The importance of lipoproteins as building blocks of bacte-
rial secretion systems involved in pathogenesis is well docu-
mented. In the type III secretion systems of Salmonella enterica
and Shigella flexneri, InvH and MxiJ, respectively, along with
VirB7 of the Agrobacterium tumefaciens type IVA secretion
system, were shown to be lipoproteins as well as essential
components of these systems (9, 11, 21, 28, 29).

In this report, we examined the importance of the three
Icm/Dot lipoproteins (DotD, DotC, and IcmN) for intracellu-
lar growth by analyzing the requirement of their conserved
lipobox motif for their functions in pathogenesis as well as by
examining the functional relations between them. Our results
clearly indicate that DotC and DotD are completely required
for intracellular growth but also remain partially functional
without a functional lipobox motif. However, all three lipopro-
teins were found to have additive effects on intracellular
growth when examined as double mutants, indicating that they
perform their functions independently from one another.

MATERIALS AND METHODS

Bacterial strains, plasmids, primers, and media. L. pneumophila and Esche-
richia coli strains used in this work are listed in Table 1. Plasmids and primers
used in this work are described in Table 2 and Table 3, respectively. Bacterial
media, plates, and antibiotic concentrations were used as described before (32).
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TABLE 1. Bacterial strains

. Reference
Strain Genotype and features OF SoUTCe
L. pneumophila
GS3007 JR32 icmN:Km 31
GS-RelA JR32 rel4::Km 43
GY203 JR32 dotD (in-frame nonpolar deletion) This study
GY303 JR32 dotC (in-frame nonpolar deletion) This study
GY606 JR32 dotDC (in-frame nonpolar deletion) This study
GY806 JR32 dotD and icmN::Km This study
GY1003 JR32 dotC and icmN::Km This study
JR32 Homogeneous salt-sensitive isolate of AM511 27
LM1376 JR32 rpoS::Km 15
0G2001 JR32 letA::Km 13
E. coli
MC1022 araD139 A(ara leu)7697 A(lacZ)M15 galU 5
galK strA
SY327\pir (lac pro) argE(Am) rif nalA recA56 pir 10

Plasmid construction for complementation. The plasmid pGS-BCD-01, which
contains a 12-kb BamHI fragment that covers part of the icm (or dot) region I
(dotD, dotC, and dotB), was used for the construction of four complementing
plasmids. The plasmid pGS-BCD-01 was digested with BsaBI and Pvull, and a
3,535-bp fragment that contains the dotD, dotC, and dotB genes was cloned into
the Smal site of pMMB207ab-km-14 to generate pGY-7DCB-06. The plasmid
pGY-7DCB-06 contains two EcoRI sites, one of which is located in the
polylinker site; this plasmid was partially digested with EcoRI and self-ligated
after fill-in. The resulting plasmid, pGY-7DCB-09, contains only one EcoRI site,
since the polylinker site was deleted. The plasmid pGY-7DCB-06 was digested
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with Sacl and EcoRI and self-ligated after treatment with T4 polymerase to
generate pGY-dotD-02; this plasmid contains the dotD gene without the dotC
and dotB genes. The plasmid pGY-7DCB-06 was digested with Sphl and EcoRI
and self-ligated after treatment with T4 polymerase to generate pGY-dotDC-02;
this plasmid contains the dotD and dotC genes without the dotB gene.

Construction of plasmids containing mutations in the lipobox motif. Two
plasmids were generated for use as a template for the PCR mutagenesis. The
plasmid pGY-7DCB-09 was digested with Sacl and EcoRI, and the resulting
1,347-bp fragment was cloned into the same sites in pUC-18 to generate pGY-
dotC-SE-01. The plasmid pGY-7DCB-06 was digested with Sacl and BamHI,
and the resulting 1,341-bp fragment was cloned into the same sites in pUC-18 to
generate pGY-dotC-SB-01. These two plasmids were used as a template for a
site-directed mutagenesis using the overlap extension PCR method (19). For
each mutation, two primers that contain the mutation and overlap one another
by 20 bp were designed (DotC-C19A-F and DotC-C19A-R; DotD-C19S-F and
DotD-C19S-R; Table 3). The PCR mutagenesis includes two steps. In the first
step, two PCR fragments were generated using the following primer pairs: (i) a
primer located on the vector upstream from the regulatory region and one of the
primers that contains the mutation, and (ii) a primer located on the vector and
a second primer that contains the same mutation on the complementary strand.
The resulting two fragments were gel purified and used as templates in the
second step, which includes a third PCR using the two primers located on the
vector. The resulting PCR products were digested with BamHI and Sacl and
cloned into the same sites in pGY-7DCB-09 to generate pGY-D-C19S-02, con-
taining a C-to-S mutation in the lipobox motif of DotD, and pGY-C-C19A-02,
containing a C-to-A mutation in the lipobox motif of DotC. To join the two
mutations together, the plasmid pGY-7DCB-09 was digested with Sacl and
BamHI, the plasmid pGY-D-C19S-02 was digested with BamHI and Xcml, and
the plasmid pGY-C-C19A-02 was digested with Xcml and Sacl; these three
fragments were ligated to generate pGY-DC-C19SA-01, which contains the
mutations in both dotC and dotD.

TABLE 2. Plasmids used in this study

Plasmid Features® Reference
or source

pGY-100 sacB Cm" oriR6K 44

pMMB207ab-Km-14 IncQ lacl* Cm" mobA::kan MCS 33

pUC18 ori ColE1 MCS Ap* 40

pGS-lac-02 Promoterless lacZ incQ Cm" 14

pGY-dotD-12 1kb of dotD upstream region in pUC-18 This study
pGY-dotD-34 1kb of dotD downstream region in pUC-18 This study
pGY-D-Km-01 The dotD upstream and downstream regions with the Km cassette between them in pUC-18 This study
pGY100-D-Km-01 The insert of pGY-D-Km-01 in pGY-100 This study
pGY100-D-01 pGY100-D-Km-01 without the Km cassette This study
pGY-dotC-12 1kb of dotC upstream region in pUC-18 This study
pGY-dotC-34 1kb of dotC downstream region in pUC-18 This study
pGY-C-Km-01 The dotC upstream and downstream regions with the Km cassette between them in pUC-18 This study
pGY100-C-Km-01 The insert of pGY-C-Km-01 in pGY-100 This study
pGY100-C-01 pGY100-C-Km-01 without the Km cassette This study
pGY-CD-Km-01 The dotD upstream and dotC downstream regions with the Km cassette between them in pUC-18 This study
pGY100-DC-Km-01 The insert of pGY-CD-Km-01 in pGY-100 This study
pGY100-DC-01 pGY100-DC-Km-01 without the Km cassette This study
pGS-Le-40-Km-1 icmN with the Km cassette 31

pGS-BCD-01 The dotDCB region in pUC-18 18

pGY-dotD-02 dotD in pMMB207ab-Km-14 This study
pGY-dotDC-02 dotDC in pMMB207ab-Km-14 This study
pGY-DCB-06 dotDCB in pMMB207ab-Km-14 This study
pGY-DCB-09 dotDCB in pMMB207ab-Km-14 This study
pGY-dotC-SE-01 Part of dotC and dotB in pUC-18 This study
pGY-dotDC-SB-01 dotD and part of dotC in pUC-18 This study
pGY-D-C19S-01 dotD C19S in pUC-18 This study
pGY-C-C19A-02 dotC C19A in pUC-18 This study
pGY-D-C19S-02 pGY-DCB-09 with dotD C19S This study
pGY-C-C19A-03 pGY-DCB-09 with dotC C19A This study
pGY-DC-C19SA-01 pGY-DCB-09 with dotD C19S and dotC C19A This study
pGY-dotDlac-06 122 bp upstream of dotD in pUC-18 This study
pGY-dotDlac-07 122 bp upstream of dotD in pGS-lac-02 This study
PSR-N(V)-lac 444 bp upstream of icmN in pGS-lac-02 This study

“ MCS, multiple cloning site; Ap, ampicillin.
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TABLE 3. Primers used in this study
Sequence (5'-3")

Primer name

dotD-2 .GTCGACACCAGCAAGAAGCGCTGAAA

dotD-3 .GTCGACGTCGTAGAATTGCGCTATGC

dotD-1... GAATTCTCAACCAAAAACTCCGAGGC

dotD-4.....cocoviirinns AAGCTTATCGAATACCAGATACTC
CCTT

dotC-2 GTCGACCAGGAGGGCTGATAGCAAAA

dotC-3 GCGTCGACTGGCAACCTATTATAG

CACC
GAATTCGTGGCGCGTTGGGATTTGAA
AAGCTTATCGAATACCAGATACTC

CCTT
CGAGAAGAAGCGGCTACCAGGAGGGC

TGAT
TGGTAGCCGCTTCTTCTCGTAATCATT

ACGG

DotD-C19S-F............... TGTTCCAGCAGAACCAGCAAGAAGCG
CTGAA

DotD-C19S-R .............. TTGCTGGTTCTGCTGGAACAATGAAAT
TTAA

ORF7-3.... GTCGACGCCGGTCAAGTCATTTATGG

dotDlac.... GGATCCCCAATCTTATTGTTGTTCATTC
AATG

icmN(V)lac......ccecuuee CGGGGGATCCCCAGTACGAAGTGATC
TCACCTG

icmN-F1 ..o, GCCGGAATTCAGGCTGCAGAGGAATT
AACA

GSP-dotDC.... CACGAAATCTGAAATGTGCTGCTT

RACE-DC-1.. CGCCGGATCCGCATGGAGTCACTGACT
GAAACGG

RACE-DC-2................. CGGGGGATCCTTTAATGGTCGCATCAT
CACTTGG

GSP-icmN........cceneeid TACTCTTGATCTCGCCAATGTCAA

RACE-N-1......ccceuuee. CGCCGGATCCGATCAGCAAACAGAGC
GCTAGC

RACE-N-2 CGGGGGATCCTTATTGTTGCATCGCAT
GCACC

dotB-GSP..........cuuee. AATTGTGTCGTGGCATTCGG

.TGCTCTCCAGGCTAACCCAG
GTCGCCCAATTCTGTATTGG
GATGACAGGGTCTTACGCATC
CTTAAAGCGGTTTCCTTAAGGG
AGAATTGACTGCACGTATCGC
GTCGACGCCGGTCAAGTCATTTATGG

Construction of lacZ fusions. The promoterless lacZ vector pGS-lac-02 was
used for the cloning of different fragments that originated from the regulatory
region of the dotDCB operon and the icmN gene. A 122-bp fragment containing
the dotD regulatory region was amplified by PCR using the 7-1 and dotDlac
primers (Table 3). The resulting fragment (pGY-dotDlac-06) was cloned into
pUC-18 and sequenced. pGY-dotDlac-06 was digested with BamHI and EcoRI
and cloned into the pGS-lac-02 vector to generate pGY-dotDlac-07, which was
used to determine the level of expression of the dotBCD operon. A 444-bp
fragment containing the icmN regulatory region was amplified by PCR using the
icmN(V)lac and icmN-F1 primers (Table 3). The resulting fragment was digested
with BamHI and EcoRI and cloned into pGS-lac-02 to generate pSR-N(V)-lac,
which was used to determine the level of expression of the icmN gene.

Plasmid construction for allelic exchange. To generate in-frame nonpolar
deletions, the allelic exchange vector pGY-100 was used (44). To generate
in-frame nonpolar deletions in the L. pneumophila dotD, dotC, and dotDC genes,
a 1-kb DNA fragment located on each side of the deletion planned was amplified
by PCR. Each primer was planned to contain a Sall site at the place where the
deletion will occur. Four fragments were amplified by use of the primers dotD-1,
dotD-2, dotD-3, dotD-4, dotC-1, dotC-2, dotC-3, and dotC-4 (Table 3) and
cloned into pUC-18 digested with HinclII to generate pGY-dotD-12, pYG-dotD-
34, pGY-dotC-12, and pGY-dotC-34. The inserts of all these plasmids were
sequenced to confirm that no mutations were incorporated during the PCR. The
resulting plasmids were digested with EcoRI and Sall (for plasmids that contain
the fragment located upstream of the deletion) or with HindIIT and Sall (for

INFECT. IMMUN.

plasmids that contain the fragment located downstream of the deletion). Pairs of
these fragments, including a pair that contains the dotD upstream region and the
dotC downstream region, were part of a four-way ligation that contained a
kanamycin (Km) resistance cassette (Pharmacia) digested with Sall and the
pUC-18 vector digested with EcoRI and HindIII to generate pGY-D-Km-01,
pGY-C-Km-01, and pGY-CD-Km-01. These three plasmids were digested with
Pvull (this enzyme cuts on both sides of the pUC-18 polylinker), and the result-
ing fragments were cloned into the pGY-100 vector digested with Xmnl to
generate pGY100-D-Km-01, pGY100-C-Km-01, and pGY100-DC-Km-01. These
three plasmids were digested with Sall and self-ligated to form pGY100-D-01,
pGY100-C-01, and pGY100-DC-01, which were used for the allelic exchange as
described below.

L. pneumophila allelic exchange. The plasmids pGY100-D-01, pGY100-C-01,
and pGY100-DC-01 (described above) were introduced into L. pneumophila
JR32 by electroporation, grown in ACES [N-(2-acetamido)-2-aminoethamesul-
fonic acid] yeast extract for 5 h, and plated on ABCYE (ACES-buffered charcoal
yeast extract) plates containing chloramphenicol (Cm). Transformants were
patched on ABCYE plates containing Cm and then streaked on ABCYE plates
containing 2% (wt/vol) sucrose (Suc) to select for cells that no longer contained
vector pGY-100 sequences (Cm® and Suc’). Single isolates that grow on the
Suc-containing plates were patched on ABCYE plates containing Cm and on
plain ABCYE plates. Cm® and Suc" isolates were tested by PCR to confirm that
the correct change occurred. At least six independent isolates were tested for
each allelic exchange. The plasmid pGS-Le-40-Km-1 was used to generate a Km
insertion in the icmN gene as described before (31).

Intracellular growth in A. castellanii. Intracellular growth assays were per-
formed in a way similar to that previously described (34). Amoebae (1.5 X 10°)
in peptone-yeast extract-glucose medium were added to wells of a 24-well mi-
crotiter dish, and the amoebae were incubated for 1 h at 37°C to let the amoebae
adhere. Next, the peptone-yeast extract-glucose medium was aspirated, the wells
were washed once with 0.5 ml of warm (37°C) Acanthamoeba buffer (Ac buffer),
and 0.5 ml of warm Ac buffer was added to the wells. Then, L. pneumophila in
Ac buffer was added to the wells at a multiplicity of infection of approximately
0.1. The plate was incubated for 30 min at 37°C, and then the Ac buffer was
aspirated, the wells were washed three times with 0.5 ml of warm Ac buffer, and
0.6 ml of warm Ac buffer was added to the wells. The supernatant of each well
was sampled (50 pl) at intervals of about 24 h, and CFU counts were determined
by plating samples on ABCYE plates.

Intracellular growth in HL-60-derived human macrophages. Intracellular
growth assays were performed in a way similar to that previously described (34).
Wells of a 24-well microtiter dish containing 6 X 10° differentiated HL-60-
derived macrophages were used for infection. L. pneumophila was added to the
wells at a multiplicity of infection of approximately 0.1, and the infected HL-60-
derived macrophages were incubated for 1 h at 37°C under CO, (5%). Then, the
wells were washed three times, and 0.6 ml of RPMI containing 2 mM glutamine
and 10% normal human serum was added to the wells. The supernatant of each
well was sampled (50 pl) at intervals of about 24 h, and CFU counts were
determined by plating on ABCYE plates.

Sodium sensitivity. The sodium sensitivity assay was performed essentially as
described before (42). The wild-type L. pneumophila strain JR32 and several
mutants were grown for 72 h on ABCYE plates, scraped off the plate, and
calibrated to an optical density at 600 nm of 4. Then, eight 10-fold serial dilutions
were plated on ABCYE plates containing or lacking 100 mM NaCl. Sodium
sensitivity was determined by comparing the numbers of bacteria growing on
each plate.

B-Galactosidase assays. The B-galactosidase expression levels in L. pneumo-
phila were determined as previously described (12); the substrate for B-galacto-
sidase hydrolysis was O-nitrophenyl-B-p-galactopyranoside.

RNA manipulations. RNA was prepared as described before (12). To deter-
mine the transcription start sites of the dotDCB operon and the icmN gene, the
5’ rapid amplification of cDNA ends (RACE) system was used as described by
the manufacturer (Invitrogen). The RACE-GSP primers (GSP-DC and GSP-
icmN; Table 3) were used for generating the cDNA, these primers together with
the abridged anchor primer (supplied with the kit) were used for the first PCR,
and the abridged universal amplification primer (supplied with the kit) and
specific primers (RACE-DC-1, RACE-DC-2, RACE-N-1, and RACE-N-2;
Table 3) were used for the nested PCR. The resulting fragments from the second
PCR were subsequently cloned, and about four different clones for each gene
were sequenced to determine the transcription start sites of the mRNA.

To determine if the dotD, dotC, and dotB genes are located on one transcrip-
tional unit, a reverse transcription reaction was performed with the primers
(dotB-GSP and dotC-GSP) by use of avian myeloblastosis virus reverse tran-
scriptase (Invitrogen). The cDNA product was analyzed by PCR using the prim-
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FIG. 1. The L. pneumophila dotC and dotD genes are required for intracellular growth. (A) The icm (or dot) genomic region containing the
dotDCB genes, as well as the in-frame nonpolar mutants that were constructed in these genes, is shown. Intracellular growth experiments in the
protozoan host A. castellanii (B) and in HL-60-derived human macrophages (C) were performed as described in Materials and Methods. Shown
are dotD mutant GY203 containing the vector pMMB207ab-Km-14 (solid boxes), the dotD gene (pGY-dotD-02) (open boxes), the dotC mutant
GY303 containing the vector pMMB207ab-Km-14 (solid triangles), and the dotDC genes (pGY-dotDC-02) (open triangles). Solid diamonds
represent wild-type L. pneumophila (JR32). The experiments were performed at least three times, and similar results were obtained. T,, number

of bacteria at each time point; T,,, number of bacteria at time zero.

ers B-1 and C-1 (Table 3) to determine whether the dotB and dotC genes
are located on one transcriptional unit, and the primers C-3 and D-1 (Table 3)
were used to determine whether the dotC and dotD genes are located on the
same transcriptional unit. As a negative control, the primers dotDlac and 7-1
were used (Table 3).

RESULTS

Three proteins that were reported to be part of the Icm/Dot
type IV secretion system were shown to contain a lipobox motif
and are predicted to be lipoproteins. Two of these proteins
(DotD and DotC) are homologous to proteins encoded on
conjugative plasmids, and they are encoded from genes located
in icm (or dot) region 1. The third lipoprotein (IcmN) does not
contain any homology to proteins encoded by conjugative plas-
mids, but it was found to contain homology to many bacterial
proteins, and the gene that codes for this protein is located in
the middle of icm (or dot) region II. Previously, it was shown
that icmN is dispensable for intracellular growth in HL-60-
derived human macrophages and only partially required for
intracellular growth in amoebae; however, the phenotypes of
dotC and dotD deletion mutants were not previously described.
To reveal the importance of these three lipoproteins, the role
of their lipobox motif, and the functional relation between
them in the icm (or dot) system, they were examined as de-
scribed below.

DotD and DotC are required for intracellular growth in
amoebae and macrophages. To determine the importance of
the dotD and dotC genes for intracellular growth, in-frame

nonpolar deletions were constructed within them. The result-
ing mutants (GY203 and GY303; Fig. 1A) had no changes in
their growth rates in vitro (data not shown), but they were
found to be completely defective for intracellular growth in
the protozoan host A. castellanii (Fig. 1B) as well as in HL-
60-derived human macrophages (Fig. 1C). The intracellular
growth abilities of both mutants were completely restored
when a plasmid containing the dotD gene by itself (pGY-dotD-
02) was introduced into the dotD mutant (GY203) and when a
plasmid containing the dotDC genes (pGY-dotDC-02) was in-
troduced into the dorC mutant (GY303) (Fig. 1B and C).
These results indicated that the phenotypes observed for the
dotC and dotD genes were not due to a polar effect on the
downstream dotB gene but rather due to the requirement of
both dotC and dotD mutants for pathogenesis. The results
described here place the dotD and dotC genes together with
most of the other icm (or dot) genes (icmT, icmP, icmO, icmM,
icmL, icmK, icmE, icmC, icmD, icmlJ, icmB, icmV, icmX, dotA,
and dotB), which were shown to be completely required for
intracellular growth in both HL-60-derived macrophages and
amoebae (2, 3, 32-34, 36, 39); all these genes contain homol-
ogous genes on Incl plasmids and are probably part of the
Icm/Dot secretion complex.

An additional phenotype that was shown to be connected to
the icm (or dot) system is salt resistance (27); wild-type
L. pneumophila was found to be salt sensitive, and the icm (or
dot) mutants were shown to be salt resistant. When the dotD
and dotC mutants were examined, they both were found to be
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FIG. 2. The DotD and DotC lipobox motif is partially required for intracellular growth. (A) Predicted lipobox motif in Icm/Dot proteins and
their homologous proteins. The bacteria and plasmid (Lpn, L. pneumophila; Cbr, C. burnetii; R64, the Incl plasmid R64), the proteins, and the
sequences of the predicted lipoboxes are indicated. The conserved amino acids ([LVI]-[ASTVI]-[AGS]-C; alternate amino acids for each position
are shown in brackets) are in boldface, and the conserved cysteine residues are underlined. Intracellular growth experiments in the protozoan host
A. castellanii (B) and in HL-60-derived human macrophages (C) were performed as described in Materials and Methods. Shown are the dotD
mutant GY203 containing the vector pMMB207ab-Km-14 (solid boxes), the dotDCB operon (pGY-DCB-09) (open boxes), the dotDCB operon
containing the mutated (C19S) dotD gene (pGY-D-C19S-01) (gray boxes), the dotC mutant GY303 containing the vector pMMB207ab-Km-14
(solid triangles), the dotDCB operon (pGY-DCB-09) (open triangles), and the dotDCB operon containing the mutated (C19A) dotC gene
(pGY-C-C19A-02) (gray triangles). Solid diamonds represent wild-type L. prneumophila (JR32). The experiments were performed at least three
times, and similar results were obtained. T,, number of bacteria at each time point; T,,, number of bacteria at time zero.

salt resistant to the same extent as the other icm (or dot)
mutants, a phenotype that was completely restored by intro-
ducing the complementing plasmids described above (data not
shown).

The conserved cysteine residue of the lipobox motif of DotD
and DotC is partially required for intracellular growth. Se-
quence analysis of both DotD and DotC proteins revealed that
they contain a conserved lipobox motif at their N-terminal re-
gions (Fig. 2A). The lipobox motif ([LVI]-[ASTVI]-[AGS]-C; al-
ternate amino acids for each position are shown in brackets)
(23) functions in bacterial lipoproteins as a recognition signal
for the lipid modification, which is made on the most conserved
and essential cysteine residue (25, 38). It has been shown
previously that changing this essential cysteine residue into
another amino acid blocks the ability of the mutated protein to
undergo the lipid modification (25, 38). To determine the
importance of the lipid modification for the functions of the
DotD and DotC proteins, site-directed mutagenesis was used,
and the conserved cysteine residue was changed to serine (the
amino acid that has the greatest structural similarity to cys-

teine) in each protein. When we tried to introduce the mutated
DotC protein into L. pneumophila (into the dotC mutant as
well as into the wild-type strain), no colonies were recovered.
Further analysis of this mutant protein using a controlled ex-
pression system revealed that the mutated protein was lethal to
the bacterial cells (data not shown). Due to this result, another
mutation was constructed in the DotC cysteine residue, chang-
ing it to alanine, which resulted in a protein that was not lethal
to the bacterial cells. The two mutant proteins constructed
(DotD C19S and DotC C19A) were introduced into the dotD
and dotC deletion strains, respectively, and analyzed for their
abilities to complement the mutants for intracellular growth, as
shown in Fig. 2B and C. When examined in A. castellanii, both
mutants showed similar partial intracellular growth pheno-
types (Fig. 2B). A similar result was also obtained in HL-60-
derived human macrophages, but the effects of the mutations
were less pronounced than the effects observed in the proto-
zoan host. These data fit previous results obtained with several
of the icm (or dot) insertion mutants showing more-severe
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FIG. 3. The effects of the DotD and DotC cysteine mutants are additive. Intracellular growth experiments in the protozoan host A. castellanii
(A) and in HL-60-derived human macrophages (B) were performed as described in Materials and Methods. Shown are the dotDC mutant GY606
containing the vector pMMB207ab-Km-14 (solid boxes), the dotDCB operon (pGY-DCB-09) (open boxes), the dotDCB operon with the mutated
(C19S) dotD gene (pGY-D-C19S-01) (solid triangles), the dotDCB operon with the mutated (C19A) dotC gene (pGY-D-C19S-01) (open circles),
the dotDCB operon with the mutated (C19S) dotD gene and the mutated (C19A) dotC gene (pGY-DC-C19SA-01) (gray boxes), the dotC mutant
GY303 containing the dotDCB operon with the mutated (C19A) dotC gene (pGY-C-C19A-02) (solid circles), and the dotD mutant GY203
containing the dotDCB operon with the mutated (C19S) dotD gene (pGY-D-C19S-02) (open triangles). Solid diamonds represent wild-type
L. pneumophila (JR32). The experiments were performed at least three times, and similar results were obtained. T,, number of bacteria at each

time point; T,, number of bacteria at time zero.

defects for intracellular growth in A. castellanii in comparison
to those in HL-60-derived human macrophages (34).

To determine whether the partial intracellular growth phe-
notypes observed with these mutants were not a result of a
suppression mutation that appeared during the experiment, we
used the progeny of one infection experiment for reinfection.
The results obtained were very clear; the partial intracellular
growth phenotypes of the mutants were the same as those
observed for the original mutants used for the first infection,
indicating that the partial intracellular growth phenotypes ob-
served with the mutants were not a result of spontaneous sup-
pression mutations.

In addition, when the amino acid located immediately down-
stream from the conserved cysteine residue was mutated
(DotC A20D and DotD S20D), no defect for intracellular
growth in either host was observed (data not shown), further
indicating the importance of the conserved cysteine residue for
the proper function of the protein.

The effects of the DotD and DotC cysteine mutants are
additive. When both dotD and dotC mutants were comple-
mented with plasmids containing the mutated cysteine resi-
due, they had very similar intracellular growth phenotypes
(Fig. 2B and C). A similar situation with regard to a partial
intracellular growth phenotype was described before in the icm
(or dot) system. The icmS and icmW insertion mutants had
similar partial intracellular growth phenotypes (7), as did the
icmH and icmF mutants (35, 42). In both of these cases, the
construction of a double mutant resulted in a phenotype sim-
ilar to the one obtained with each of the single mutants, indi-
cating that both gene products perform their functions to-
gether. To examine whether a similar situation also occurs in the
cases of the dotC and dotD genes, a strain containing deletions of

both of these genes (GY606) was constructed (Fig. 1A). As ex-
pected from the results for the single mutations in these genes
(Fig. 1B and C), the double mutant was unable to grow in
A. castellanii or in HL-60-derived human macrophages (Fig. 3A
and B), and it was fully complemented by a plasmid containing
the wild-type dotD and dotC genes (Fig. 3A and B). Examina-
tion of plasmids containing one wild-type gene (containing the
conserved cysteine residue) and one mutated gene (containing
no cysteine residue in its lipobox) showed phenotypes similar
to those observed for the single mutants complemented by the
mutated genes (compare Fig. 2B and C and 3B and C). How-
ever, when a plasmid containing the two mutated genes (with-
out the conserved cysteine) was introduced into the double
mutant, no intracellular growth was observed in A. castellanii
(Fig. 3A), and very poor growth was obtained in HL-60-de-
rived human macrophages (Fig. 3B). These results clearly in-
dicate that an additive effect occurs with the combined muta-
tions, as expected from proteins that perform their functions
independently. This is the first documentation of an additive
effect for components of the icm (or dot) system.

The effects of the DotD, DotC, and IcmN mutants are ad-
ditive. In addition to the fact that the DotD and DotC proteins
contain a conserved lipobox motif, this motif was also found in
IcmN (Fig. 2A). The corresponding gene is located in the
middle of the icm (or dor) region II, and it codes for a protein
that has many homologues in other bacteria but does not have
a homologous protein on the Incl plasmid, on which proteins
homologous to DotD and DotC (TraH and Tral, respectively)
were found. An icmN insertion mutant (GS3007) was exam-
ined before for intracellular growth in HL-60-derived human
macrophages and in A. castellanii, and it was found to be
dispensable for intracellular growth in the human cell line and
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FIG. 4. The effects of the DotD, DotC, and IcmN mutants are additive. Intracellular growth experiments in the protozoan host 4. castellanii
(A and C) and in HL-60-derived human macrophages (B and D) were performed as described in Materials and Methods. Shown in panels A and
B are the dotD-icmN double mutant GY806 containing the vector pMMB207ab-Km-14 (solid boxes), the dotDCB operon (pGY-DCB-09) (open
boxes), the dotDCB operon with the mutated (C19S) dotD gene (pGY-D-C19S-01) (gray boxes), and the dotD mutant GY203 containing the
dotDCB operon with the mutated (C19S) dotD gene (pGY-D-C19S-02) (solid circles). Shown in panels C and D are dotC-icmN double mutant
GY1003 containing the vector pMMB207ab-Km-14 (solid boxes), the dotDCB operon (pGY-DCB-09) (open boxes), the dotDCB operon with the
mutated (C19A) dotC gene (pGY-C-C19A-01) (gray boxes), and the dotD mutant GY203 containing the dotDCB operon with the mutated (C19S)
dotD gene (pGY-D-C19S-02) (solid circles). In all panels, solid diamonds represent wild-type L. pneumophila (JR32) and solid triangles represent
the icmN mutant GS3007 containing the vector pMMB207ab-Km-14. The experiments were performed at least three times, and similar results
were obtained. T,, number of bacteria at each time point; T,,, number of bacteria at time zero.

only partially required for intracellular growth in the proto-
zoan host (34). To determine whether the minor defect in
intracellular growth observed with the icmN insertion mutant
results from the presence of the two other lipoproteins (DotD
and DotC), double mutants were constructed containing non-
polar in-frame deletions in dotD or dotC together with an
insertion mutation in icmN (GY806 and GY1003, respec-
tively). When these double mutants were examined, they were
found to be completely defective for intracellular growth, as
expected from the single in-frame deletions in dotD and dotC
(Fig. 4A through D). When the double mutants were comple-
mented with a plasmid containing the dotDC genes, the intra-
cellular growth defect in A. castellanii was similar to the one
observed for the single icmN mutant, and no intracellular
growth defect was observed in HL-60-derived human macro-
phages (an observation similar to that of the lack of the phe-
notype of the single icmN mutant). However, when the double

deletion mutants were complemented with a plasmid contain-
ing the dotD or dotC cysteine mutants, no intracellular growth
was observed in A. castellanii, and a clear additive effect was
observed in HL-60-derived human macrophages (Fig. 4A
through D). These results clearly indicate that the presence of
two functional lipoproteins out of three (DotD and DotC,
DotD and IcmN, or DotC and IcmN) is sufficient for a result
of partial intracellular growth in A. castellanii, but when two of
these proteins are mutated, no intracellular growth can be
obtained in the protozoan host. These results clearly demon-
strate that the intracellular growth phenotypes of the three
lipoproteins (DotD, DotC and IcmN) are additive, and they
probably perform their functions independently.

Analysis of the Coxiella burnetii dotDC genes. Previously, it
was found that the obligate intracellular pathogen C. burnetii
contains proteins that are homologous to all the Icm/Dot pro-
teins other than IcmR (44). In addition, it was demonstrated



VoL. 73, 2005

A.

35

THE L. PNEUMOPHILA icm (OR dot) LIPOPROTEINS 7585

-10

dotDCE - TARCAAACAATGTCTITGACAACAAGCCTTCCTCCTGTTTICAATCARACTAATATTTCCAAATGGTARAGAACATTGAATG

icmN — ATTATTTAAARAAATGGCAATTTTATTAAATTCATTGTAACGTAATGATTTGTATGTTT<650bp>TGGGGATAACAGGTG

&

80007
70007
60007
50007
40007
30007
20007
10007

0 T T T
W.T. rpoS relA letA

B-Galactosidase (M.U.)

C.
3004
5 2501
S
w 2001
3
'Z2 1501
g
= 1001
2
501
0 Y v .
W.T. rpoS relA letA

FIG. 5. Analysis of dotDCB operon and icmN gene regulation. (A) Sequences of the dotDCB and icmN regulatory regions. The transcription
start sites are in boldface and underlined, the initiation codons of the DotD and IcmN proteins are in boldface, and the predicted promoter
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in all the strains were found to be significantly different (P > 0.0001) by the standard ¢ test. M.U., Miller units.

that some of the C. burnetii homologous genes can replace
some of the icm (or dot) genes for their functions during
intracellular growth, but some of them cannot replace the
latter genes (41, 44). To determine whether the C. burnetii
dotD and dotC genes can substitute for the corresponding L.
pneumophila genes during intracellular growth, these genes were
examined for complementation after they were cloned down-
stream to the L. pneumophila dotDCB regulatory region in a
manner similar to that described before (44). Even though the
C. burnetii DotD and DotC proteins are relatively homologous to
the corresponding L. pneumophila proteins (39.2% identity and
45.8% similarity for DotD and 40.1% identity and 51.1% similar-
ity for DotC), no complementation was observed (data not
shown). Interestingly, similar results were also obtained previ-
ously with other C. burnetii icm genes (icmP, icmO, icmlJ, icmB,
and icmX), which also contain homologous genes on the conju-
gative plasmids (41, 44).

mRNA analysis of the dotDCB transcriptional unit and the
icmN gene. To characterize the basic regulatory elements and
transcription organization of the dotD and dotC genes, reverse
transcription analysis was used, and it was found that dotC,
dotD, and dotB are located on the same transcriptional unit
(data not shown), as was expected from the organization of the
genes. In addition, using the RACE system, the transcription
start sites of the dotDCB transcriptional unit and of the icmN
gene were determined (Fig. SA). The dotDCB transcription
start site was found to be located 27 bp upstream from the first
ATG of the dotD gene, and it is the first icm (or dot) gene in
which a very clear —35 promoter element was observed (14).
The icmN transcription start site was found to be located 87 bp
upstream from the first ATG of the icmN gene, and it contains

a relatively weak homology to the consensus promoter ele-
ments at both the —10 and the —35 promoter regions.

The dotDCB operon and the icmN gene are expressed at
higher levels at stationary phase. To obtain additional infor-
mation about the regulation of the dotDCB operon and the
icmN gene, lacZ translational fusions were constructed. When
examined in the wild-type strain, the dotD::lacZ fusion was
found to be highly expressed, and its level of expression was
about 50% higher at stationary phase (Fig. 5B). On the con-
trary, the icmN::lacZ fusion was expressed at low levels, and its
level of expression was about 20% higher at stationary phase
(Fig. 5C). To examine whether stationary phase-related regu-
lators that were proposed to be involved in pathogenesis of L.
pneumophila (1, 16, 17) are involved in the regulation of these
lipoprotein-encoding genes, the levels of expression of these
fusions were examined in 7poS, relA, and letA insertion mutants
(Fig. 5B and C). As can be seen in Fig. 5B and C, the levels of
expression of the dotD::lacZ and the icmN::lacZ fusions were
unaffected by the RelA insertion mutant, were somewhat
higher in the RpoS mutant at stationary phase, and were re-
duced in the LetA mutant at stationary phase. These results
might indicate that even though the levels of expression of the
dotDCB transcriptional unit and the icmN gene were found to be
very different, they might be coregulated, since the effects of the
three regulators examined on their expressions were minor but
similar.

DISCUSSION

All the large bacterial secretion systems contain lipopro-
teins that probably anchor the complex to the membrane. The
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L. pneumophila icm (or dot) system is predicted to code for
three lipoproteins, of which one (IcmN) was characterized
before and found to be dispensable for intracellular growth in
HL-60-derived human macrophages and only partially re-
quired for intracellular growth in the protozoan host 4. castel-
lanii. In this report, two additional lipoproteins (DotD and
DotC) were characterized and found to be completely required
for intracellular growth in both hosts, and the relations be-
tween these three lipoproteins were determined as well. Our
results uncover three main findings about the lipoproteins in
the Icm/Dot system.

First, even though the dotC and dotD deletion mutations
resulted in completely null phenotypes for intracellular growth,
the corresponding cysteine mutants had clear abilities to grow
intracellularly, albeit not as well as the wild-type strain. In
other systems where such mutations were constructed (11, 21),
it was found that signal peptidase I rather than signal peptidase
II (the natural processing enzyme of lipoproteins) processes
the N-terminal ends of the mutated proteins, and in this way
they are transferred to the periplasm. Analysis of the DotC and
DotD wild-type sequences as well as of the mutated sequences
using the LipoP program (20) indicated very clearly that these
wild-type proteins are predicted to be recognized by signal
peptidase II, while the cysteine mutants of these proteins were
predicted to be recognized by signal peptidase I and expected
to be cleaved at a location very similar to that for the wild-type
protein. Taking this information together with the results of
the intracellular growth analysis, it is most likely that the mu-
tated DotC and DotD proteins were translocated to the
periplasm and were partially able to perform their functions
there, as evident from the intracellular growth results, indicat-
ing that both DotD and DotC lipoproteins have functions in
the icm (or dot) system which are unrelated to their functions
as lipoproteins.

Second, even though the dotC and dotD cysteine mutations
resulted in similar intracellular growth phenotypes, the double
mutation was found to be additive, which indicates that these
two genes perform their functions independently. In addition,
the Iem/Dot system was found to be partially functional for
intracellular growth when all three lipoproteins were present in
the bacterial cell, even if one of them did not contain a func-
tional lipobox; however, there was no situation in which two
out of the three lipoproteins were mutated and intracellular
growth was observed in the protozoan host, indicating that the
system can tolerate a change in one of its lipoproteins but not
in two of them.

Third, the icmN gene that was characterized before had no
effect on intracellular growth in HL-60-derived human macro-
phages and only a partial intracellular growth phenotype in
A. castellanii. These results, together with the lack of homology
between this protein and conjugation-related proteins, sug-
gested that it might be that icmN, which is located in the
middle of icm (or dot) region 11, is not an integral part of the
icm (or dot) system. However, the additive effects of the icmN
insertion and the dotC and dotD cysteine mutants indicate that
icmN is part of the icm (or dot) system.

In summary, as in other secretion systems, the lipoproteins
of the L. pneumophila icm (or dot) system are essential com-
ponents of this secretion system, and they perform their func-
tions independently from one another.
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