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Abstract 

Cytadherence and subsequent parasitism of host cells by the human pathogens, Mycoplasma pneumoniae and My- 
coplasma genitalium, are mediated by adhesins and adherence-related accessory proteins. In this report we demonstrate the 
use of transposon Tn40Ql to generate Tn-induced transformants displaying cytadherence-deficient characteristics. My- 

coplasma pneumoniae Tn-generated transformant, designated 8R, lacked the high-molecular weight adherence-accessory 
proteins HMW1/4 and was deficient in hemadsorption and cytadherence capabilities. In transformant 8R, Tn4001 was not 
localized in or near the hmwl gene or in the upstream adhesin (p30/h mw3) locus, suggesting an alternate site associated 
with the regulation of hj~wl gene expression. Sequence analysis identified the transposon insertion site at the cd locus 
previously reported, although the protein characteristics of transformant 8R differed from the earlier described transformants. 
The M. genitalium Tn-transformant, designated G26, was also defective in hemadsoxption and cytadherence. However, 
transformant G26 synthesized adhesins P140 and P32 suggesting that Tn4001 transposed int0.a new gene or site previously 
unlinked to cytadherence, namely ORF MG032. This study demonstrates the utility of Tn400l mutagenesis for both M. 
pneumoniae and kf. genitahm which, in the latter case, has special relevance in light of the recent cpmplete characteriza- 
tion of its continuous total genomic sequence. 
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1. Introduction 

Pathogenic mycoplasmas are among the most un- 
usual self-replicating bacteria, possessing small 
genomes, requiring cholesterol for membrane func- 

tion and growth, utilizing the UGA codon for trypto- 
phan and possessing a differentiated tip-like structure 

* Corresponding author. Tel: + 1 (210) 567-3939; Fax: + 1 
(210) 567-6612; E-mail: baseman@uthscsa.edu 

which mediates surface parasitism of host target cells 
[ll. Mycoplasma pneumoniae causes primary atypi- 
cal pneumonia and extra-pulmonary complications 
[2,3], and its adhesins (Pl and P30) and adhesin-re- 
lated accessory proteins (HMWl-4) are essential for 
cytadherence, a critical first step in the establishment 
of disease [l]. Mycoplasma genitalium causes non- 
gonococcal, non-chlamydial uiethritis [4] and is im- 
plicated in acute respiratory disease [5], polyarthritis 
[6,7] and as a cofactor in AIDS progression [8-101. 
The M. genitalium adhesin P140 [l 11, putative ad- 
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hesin P32 and accessory protein P69 [ 121 are homol- 
ogous to the PI, P30 and HMW3 proteins of M. 
pneumoniae, respectively [ 11,121. Therefore, despite 
substantial differences in codon usage among these 
two Mycoplasma species, the sequence homologies 

and similarities in the chromosomal organization of 
these adherence-associated genes and proteins rein- 
force the critical evolutionary importance of this 
family of adherence-related pathogenic determinants 

MI. 
The characterization of spontaneously arising mu- 

tants of M. pneumoniae and M. genitalium defective 
in hemadsorption and cytadherence provided addi- 
tional evidence for the biological relevance of the 
adherence-related genes and their products [l]. How- 
ever, the high reversion rates common among my- 
coplasmas have limited the isolation of large num- 

bers of stable phenotypes defective in adherence 
characteristics. Successful mutagenesis of M. pneu- 
moniae with transposon Tn4001 offers an alternate 
means to isolate mycoplasma transformants [ 131, and 
we have extended Tn4001 mutagenesis for the first 
time to M. genitalium. The fact that the entire 
genomic sequence of M. genitalium has recently 
been determined [ 14,151 and that of M. pneumoniae 
has been completed (R. Herrmann, personal commu- 

nication) provides unparalleled opportunities to ap- 
ply transposon insertion mutagenesis to analyze the 
biology of these smallest, self-replicating pathogens 
[I]. In this report we describe the isolation and 
characterization of Tn4001_generated, cytadherence- 
deficient transformants of M. pneumoniae and M. 
genitalium and identify new loci involved in the 
expression of adherence-related functions. 

2. Materials and methods 

2.1. Mycoplasma strains, plasmids and antibodies 

Mycoplasma pneumoniae B 10 and Mycoplasma 
genitalium G37 strains were supplied by J. Tully 
(National Institute of Allergy and Infectious Dis- 
eases, Bethesda, MD) and grown in SP-4 medium 
[5,7] in tissue culture flasks. Plasmid pKV8 carrying 
the M. pneumoniae 9.4-kbp EcoRI DNA fragment, 
which encodes the P30 adhesin and HMW3 
adhesin-related accessory protein [ 161, and plasmid 

pKV16 carrying the M. pneumoniae 5-kbp BumHI 
DNA fragment, which encodes the adhesin-related 
accessory protein HMWl [17,18], were provided by 
D. Krause (University of Georgia, Athens, GA). 
Plasmid pISMlOO1 carrying transposon Tn4001 [19] 
was a gift from C. Minion (Iowa State University, 

Ames, IA). Plasmid pMG201, carrying the 2.1-kbp 
XbaI M. genitalium DNA fragment, which encodes 
the adhesin P32 and adhesin-related accessory pro- 
tein P69 (homologs of P30 and HMW3 of M. pneu- 
moniae, respectively, [12]) and plasmid pMG140 
carrying the P140 adhesin gene in the 3%kbp EcoRI 
DNA fragment were constructed by us and described 
earlier [ll]. Rabbit polyclonal antibodies to M. 
pneumoniae HMWl and HMW3 proteins were sup- 
plied by D. Krause. Monoclonal antibodies to M. 
pneumoniae Pl and P30 adhesins and rabbit 

monospecific polyclonal antibodies to the M. geni- 
talium P140 adhesin and to a unique 12-amino acid 

synthetic peptide deduced from the predicted P32 
protein sequence were prepared by us [1,12]. 

2.2. Transformution by ekctroporation 

Transformation of M. pneumoniae and M. geni- 
t&urn with plasmid pISM1001 containing transpo- 

son Tn4001 was performed as described [ 131 with 
few modifications. Briefly, mycoplasmas were grown 
to log phase in SP-4 medium [5,11], washed three 
times with cold electroporation buffer (8.0 mM 

HEPES, pH 7.4, and 272 mM sucrose; Sigma Chem- 
ical Co., St. Louis, MO), resuspended in the same 
buffer and kept in ice. Aliquots of 100 p.1 of my- 
coplasma suspension (10’ cells) were placed in 
Gene-Pulser cuvettes (Bio-Rad Laboratories, Rich- 
mond, CA) with 0.2 cm electrode-gaps. Mycoplas- 
mas were mixed with 30 pg of plasmid pISMlOO1 
DNA in 30 pl of electroporation buffer; control cells 
received 30 ~1 of buffer alone. After 15 min the 

cuvettes were transferred to a Gene-Pulser Electro- 
porator (Bio-Rad Laboratories). Mycoplasmas were 
electroporated at 2.5 kV with a resistance of 100-R 
and capacitance of 25 p,F. After electroporation, the 
cuvettes were placed in ice for another 15 min before 
the addition of 0.9 ml of cold SP-4 medium. Then, 
mycoplasmas were incubated at 37°C for 2 h and 
plated on SP-4 agar supplemented with 50 kg/ml of 
gentamycin (Sigma Chemical Co.) for M. pneumo- 
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niae and 150 kg/ml ‘of gentamycin for M. genital- 
ium. Mycoplasmas plated on SP-4 agar without gen- 
tamycin served as controls. 

2.3. Screening and isolation of hemadsorption-nega- 
tiue (HA - 1 and @adherence-negative (Cyt - ) 
colonies 

Adsorption of erythrocytes by mycoplasma 
colonies was used as an initial screening tool for the 
isolation of HA- colonies [20]. Gentamycin-resistant 
(gen-R) colonies were flooded with 2.0 ml of diluted 
(1:50 in PBS) sheep erythrocytes (40% erythrocytes 
in 60% Alsever’s solution, Bio-Whittaker, Walk- 

ersville, MD) and incubated for 1 h at 37°C. My- 
coplasma colonies were washed repeatedly with PBS 
and observed by light microscopy (Leitz Wetzlar, 
Germany). Individual gen-R colonies that failed to 

adsorb erythrocytes were picked and transferred to 2 
ml aliquots of SP-4 broth containing appropriate 

amounts of gentamycin. After growth, culture 
aliquots were filtered through 0.45 p,rn filters to 
remove cell clusters and replated on SP-4 agar con- 
taining gentamycin. Individual gen-R colonies were 
regrown and maintained as stocks for later analysis. 

Since the frequenc,y of HA- phenotypes among 
gen-R colonies was very low, an enrichment proce- 

dure was developed. Briefly, after electroporation 
with pISM1001, mycoplasmas were grown in lo-50 

ml of fresh SP-4 broth supplemented with gen- 

tamycin, harvested and resuspended in 5 ml of fresh 
gentamycin-containing SP-4 broth. Sheep erythro- 
cytes were added at 1:50 dilution and incubated with 
gentle rocking at 37°C for 1 h. The suspension was 
subjected to low speed centrifugation, and the super- 
natant containing unadsorbed mycoplasmas was re- 
covered and mixed with sheep erythrocytes for a 
second round of enrichment. After a third enrichment 
step, the supematant was filtered through a 0.45 km 
filter and plated onto SP-4 agar containing gen- 
tamycin. Seven to 10 days later, individual colonies 
were screened for the HA- phenotype. HA- colonies 
were picked and regrown, and this colony cloning 
process was repeated again in order to obtain stable 
HA- colonies. For screening the Cyt- phenotype, 
CEM human T-cells (ATCC# CCCll9) and U937 
human monocytes (ATCC# CRL1593) from the 
American Type Culture Collection (Rockville, MD) 

were grown in suspension culture in RPM1 1640 
(Gibco-BRL, Gaithersburg, MD) supplemented with 
10% fetal bovine serum (FBS, Hyclone Laboratories 
Inc., Logan, UT) at 37°C under 5% CO,. Eucaryotic 
cells were pelleted, resuspended in PBS at a cell 
density of lo* cells/ml, and added in l-ml volumes 

to SP-4 plates containing gen-R mycoplasma 
colonies. Mycoplasma colonies were visualized for 
cytadherence properties using light microscopy. 

2.4. DNA preparations, manipulations and Southern 
hybridizations 

Mycoplasma genomic DNAs were isolated as de- 
scribed by us [ 11,121. Plasmid DNAs were prepared 
by the alkaline lysis procedure and CsCl density 
gradients [21]. Restriction endonuclease digestion of 
DNA preparations and separation of restriction frag- 

ments for transfer to nitrocellulose membranes 
(Schleicher and Schuell, Keene, NH) were described 
previously [ 12,211. Southern hybridizations were per- 

formed under high stringency at 60°C [21]. DNA 
probes used in Southern hybridization experiments 
were labeled with 01 [32 P]ATP (Dupont/New Eng- 
land Nuclear, Boston, MA) by nick-translation (BRL, 
Gaithersburg, MD) as suggested by the manufac- 

turer. 

2.5. Cloning and sequencing of Tn4001-disrupted 
adherence-related genes in mycoplasma transfor- 
mants 

Two stable HA- Cyt- Tn400I-derived my- 
coplasma transformants, M. pneumoniae 8R and M. 
genitalium G26, were chosen for further analysis. 
The genomic DNAs from these transformants were 
extracted, purified and digested with EcoRI to com- 
pletion [ 11,121. The EcoRI DNA fragments of sizes 
between 6 and 12 kb were transferred electrophoreti- 
tally from agarose (Gibco-BRL, Gaithersburg, MD) 
gels onto NA-45 DEAE membranes (Schleicher and 
Schuell, Keene, NH), eluted using high salt buffer 
and purified as recommended by the manufacturer. 
These DNA fragments were ligated to the EcoRI 
digested-alkaline phosphatase-treated vector DNA, 
pUC 18 [ 12,211. This ligated mix was used to trans- 
form E. coli DH5o cells which were then plated on 
LB solid medium containing 100 Kg/ml ampicillin, 
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0.1 mM IPTG (isopropyl-B-D-thiogalactopyranoside) 
and 40 kg/ml X-Gal (5bromo-4-chloro-3-indolyl- 

B-D-galacto-pyranoside), all from Gibco-BRL. Two 
hundred ampicillin-resistant white E. coli colonies 
were picked for colony hybridization and probed 
with a 32P-labeled 2.5 kb Hind111 DNA fragment 

carrying part of the gentamycin-resistance gene from 
Tn40OZ [13]. The positive E. coli colonies were 
identified, and their plasmids were extracted. These 
plasmids were physically mapped by restriction en- 
donucleases and analyzed for the presence of 

Tn4001. One each of the representative plasmids 
that contained h4. pneumoniae or M. genitalium 
DNA sequences transposed with Tn4001 were sub- 
jected to automated cycle sequencing (Applied 
Biosystems model 373 DNA sequencer and per- 

formed by the University DNA Facility) using fluo- 
rescent terminators. The sequencing was stopped 
once the Tn4001 sequence was detected, and the 
identification of mycoplasma genes was accom- 
plished by BLAST or BLASTX searches in the 
NCBI databases. The genomic location of the M. 
genitalium gene was achieved by using TIGR 

database at the Institute for Genome Research, 
Rockville, MD. R. Herrmann (University of Heidel- 
berg, Germany) assisted in the chromosome location 
of the M. pneumoniae Tn-disrupted gene. 

2.6. Sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) and immunoblotting 

The separation of total mycoplasma cell proteins 
by SDS-PAGE followed standard procedures [ 1,121. 
For immunoblotting, SDS-PAGE separated proteins 
were transferred to nitrocellulose membranes for de- 
tection using anti-mycoplasma adhesin antibodies and 
secondary antibodies conjugated with alkaline-phos- 
phatase (Zymed, San Francisco, CA). 

2.7. Identification of mycoplasma proteins that selec- 
tively bind to host cells 

A glutaraldehyde-fixed binding assay used to de- 
tect putative adhesin molecules [22] was modified as 
follows. M. pneumoniae and M. genitalium cells 
were grown to late log phase in 100 ml of SP-4 broth 
at 37°C washed three times with PBS and resus- 
pended in 10 ml of Hanks Balanced Salts (Gibco- 

BRL) supplemented with 10% foetal bovine serum 
(FBS). Mycoplasma cultures were biosyntbetically 
labelled with [ 35 Slmethionine (ICN Radiochemicals, 

Irvine, CA) for 2 h at 37°C with gentle rocking. 
After three washes with PBS, radiolabeled mycoplas- 
mas were resuspended in 3 ml of solubilization 
buffer (35 mM Tris-HCl, pH 8.2, 250 mM NaCl, 48 
mg Na deoxycholate, 3 mg SDS, and protease in- 
hibitors (300 Fg PMSF, 150 pg TLCK, 300 kg 
TPCK, and 30 kg leucopeptin, Sigma Chemical Co.) 
and incubated at 37°C for 1 h with gentle rocking. 
After a 2 min centrifugation step to pellet insoluble 

material, supematants were recovered and stored in 
ice. 

For the preparation of eucaryotic target cells used 
in the glutaraldehyde-fixed ligand binding assay, 

monolayers of HEp-2 cells (ATCC# CCL23) were 
grown in RPM1 1640 supplemented with 10% FBS. 
After three rinses with PBS, monolayers were scraped 
and resuspended in 2% glutaraldehyde in 0.2 M 
sodium cacodylate buffer, pH 7.2, and kept at 4°C 
for 1 h. After four washes with PBS, HEp-2 cell 
preparations were treated with 2 mg/ml BSA in 

PBS for 1 h at 37°C. Excess BSA was removed with 
two washes of NET buffer (150 mM NaCl, 5 mM 
EDTA and 50 mM Tris-HCl, pH 7.2). One ml of 

detergent-solubilized, radiolabeled mycoplasma cell 
extract was added to glutaraldehyde-fixed and BSA- 
blocked HEp-2 cells (10’ cells) and incubation con- 
tinued for 2 h at 37°C. The unbound mycoplasma 
proteins were removed by washing HEp-2 cells four 
times with PBS containing 0.5% Tween 80 and 
protease inhibitors. Then, HEp-2 cells were resus- 
pended in 200 pl of solubilization buffer described 
earlier, and the bound mycoplasma proteins were 

eluted by boiling the suspension for 5 min and 
separated by SDS-PAGE. Gels were dried and ex- 
posed to Kodak X-OMAT AR film (Eastman Kodak 
Co., Rochester, NY). 

3. Results 

3.1. Transposon Tn4001 mutagenesis of M. pneumo- 
niae and M. genitalium 

Genomic DNAs from gen-R mycoplasma cells 
transformed by electroporation with plasmid 
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Fig. 1. Southern hybridization analysis of BamHI digested my- 

coplasma genomic DNAs from wild-type and gen-R transformants 

using the 2.5-kbp HindIII fragment of Tn4001 as probe [13]. (A) 
Lane 1. wild-type M. pneumoniae BIO; lanes 2-7, gen-R Tn4001 

M. pneumoniae transformants. (B) Lane 1, wild-type M. genital- 

ium G37; lanes 2-7 gen-R Tn4001 M. geniralium transformants. 

The numbers on the left represent the molecular weight (in kbp) 

of phage A genomic DNA ‘digested with HindIII. 

pISMlOO1 were extracted and digested with the re- 
striction endonuclease BamHI since no internal 
BumHI sites exist in Tn4001[13,23]. When genomic 
DNAs from 6 individual Tn-transformed gen-R 
clones of M. pneumoniae were probed with a radio- 
labeled Tn400Z internal 2.5-kbp Hind111 fragment 
(Fig. 1 A), each contained the transposon (lanes 2-7) 
in contrast to wild-type genomic DNA (lane 1). 

However, the sizes of the M. pneumoniae BamHI 
DNA fragments that carried Tn4001 differed; e.g. in 
lanes 2-5 the fragment was 21.3-kbp while in lanes 
6 and 7 it was 28.3-kbp. Similarly, 6 individual 
gen-R clones of M. genitalium carried Tn4001 (Fig. 
lB, lanes 2-7) in contrast to wild-type (lane 1). The 
sizes of the M. genitalium BamHI DNA fragments 
that contained Tn4001 ranged from 19.3-kbp (lanes 
2-4 and 6) to 24.3-klbp (lanes 5 and 7). The DNA 
fragment sizes reflect a subtraction of 4.7-kbp 
(molecular weight of Tn4001) from the total calcu- 
lated molecular weight [17,23]. Most gen-R isolates 

contained only one copy of Tn4001 although several 
clones possessed more than one copy. Genomic 
DNAs from the above gen-R clones were also probed 
with a 2.95kbp t:coRI DNA fragment from 
pISM1001 that only contained the plasmid sequences 
and not the Tn4001 sequences [ 131. No hybridization 
was observed indicating that only the transposon had 
integrated into the genomic DNA of the gen-R trans- 
formants (data not shown). 

For estimating cell viability after electroporation, 

mycoplasma samples were plated on SP-4 solid 
medium in order to determine colony counts. No 
significant reduction in mycoplasma viability oc- 

curred after electroporation when compared to un- 
electroporated controls. For estimating the transfor- 
mation efficiency, mycoplasma cells electroporated 
in the presence of plasmid pISM 100 1 were plated on 
SP-4 solid medium with and without gentamycin. 
The efficiency of transformation was 5 X 10e3 for 
both Mycoplusma species, which is in agreement 
with previously published results on M. pneumoniae 
[ 131. In order to reduce the number of spontaneously 
arising gen-R mutants, 50 and 150 pg/ml amounts 
of gentamycin were used for the direct isolation of 

gen-R colonies of M. pneumoniae and M genital- 
ium, respectively. These gentamycin concentrations 
reduced the spontaneously arising gen-R colonies to 
> 5 X lop8 and permitted growth of gen-R colonies 
to normal wild-type colony size. At higher concen- 
trations of gentamycin, gen-R colonies were notice- 
ably smaller than wild-type. 

3.2. Protein profile dijherences among gen-R HA- 
transformants of M. pneumoniae and M. genitalium 

Mycoplasma cells transformed with pISM 100 1 
containing Tn4001 were grown to late log phase in 

the presence of gentamycin (50 pg/ml for M. pneu- 
moniae, 150 pg/ml for M. genitulium). Stable indi- 
vidual gen-R HA- colonies were obtained by subse- 
quent plating and screening for the HA- phenotype. 
These HA- transformants were further screened by 
SDS-PAGE protein profiles and compared to their 
respective wild-type strains. Among 15 gen-R HA- 
M. pneumoniae transformants, three lacked two high 
molecular mass proteins. One of the transformants, 
designated 8R, was selected for further analysis. Fig. 
2 shows the differences in high molecular mass 
proteins between wild-type M. pneumoniue and 
transformant 8R. The latter lacked 195~kDa and 
180~kDa proteins (Fig. 2, lane 2) when compared to 
the wild-type (Fig. 2, lane 1). These missing high- 
molecular weight (HMW) proteins were identified as 
the adherence accessory proteins HMW 4 (195~kDa) 
and HMW 1 (180~kDa) implicated in cytadherence 
[1,24,25]. The immunoblot using anti-HMWl anti- 
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1 2 

Y” ,q &@A 
1*/ i” b 

kDa 

200 - 
HMW4 - 

HMWl- 

HMW2 - 

Pi - 
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Fig. 2. Protein profiles of wild-type and gen-R HA- Tn4001 

mycoplasma transformants. Lane 1, M. pneumoniae BlO; lane 2, 

M. pneumoniae Tn4001 transformant 8R; lane 3, M. genitalium 
G37; lane 4, M. genitalium Tn4001 transformant G26. Identifica- 

tion of M. pneumoniae and M. genitalium proteins is based upon 

prior reports [ 1,11,12,22]. Mycoplasma proteins were separated on 

5% polyacrylamide gels with SDS and visualized with Coomassie 

blue. The numbers on the left represent the molecular mass of 

protein standards. 

body detected only HMWl (180 kDa) in wild-type 
M. pneumoniae and not in the transformant 8R under 
these experimental conditions (Fig. 3A). Both wild- 
type and 8R transformant contained the adherence 
accessory protein HMW3 protein (Fig. 3B), and the 
PI (Fig. 3C) and P30 (Fig. 3D) adhesins. No protein 
profile differences were detected below 100~kDa. 

Among the available gen-R HA- M. genitulium 
transformants, one designated G26, exhibited no dis- 
cernible differences in Coomassie blue-stained 
SDS-PAGE protein profiles when compared to its 
wild-type parent (Fig. 2). Both wild-type and trans- 
formant M. genitalium contained the PI40 and P32 
adhesins (Fig. 3E and 3F, respectively) and a 30-kDa 
protein (Fig. 3F) probably derived from proteolyti- 
tally cleaved P32 [12]. Like the M. pneumoniue 8R 
transformant, the M. genitulium G26 transformant 
failed to cytadhere to CEM T-cells and U937 mono- 
cytes (gen-R HA- Cyt- phenotype). 

3.3. Detection of Tn4001 in the genomes of gen-R 
HA- transformants designated 8R and G26 

As indicated earlier, the genomic DNAs from M. 
pneumoniae transformant 8R and M. genitalium 
transformant G26 carried Tn4001 in their genomes 
based upon Southern hybridization (Fig. 4A). In M. 
pneumoniae transformant 8R, Tn4001 was localized 
in 14.3-kbp BamHI and 4%kbp EcoFU fragments 
(Fig. 4A, lanes 3 and 4; fragment sizes reflect a 

subtraction of the 4.7-kbp Tn4001 sequence from the 
calculated molecular weights [17,23]). In M. genital- 

M pneumoniae 

kDa A B C 
200 - 

d % 
e__ _ 

43- 

rrc** 
29 - 

M. genitalium 

E 

F 

Fig. 3. Immunoblots of M. pneumoniae and M. genitalium ad- 

hesins and adhesin-related accessory proteins. Panels A-D repre- 

sent M. pneumoniae wild-type BlO (left lanes) and Tn4001 

transformant 8R (right lanes). (A) Monospecific antiserum against 

HMW1/4 accessory protein diluted 1: 1OtXl. (B) Monospecific 

antiserum against HMW3 accessory protein diluted 1:4@4l. (C) 

Monoclonal antibody against adhesin Pl. (D) Monoclonal anti- 

body against adhesin P30. Panels E-F represent M. genitalium 
wild-type G37 (left lanes) and Tn4001 transformant G26 (right 

lanes). (E) Monospecific antibody against adhesin P140 diluted 

1: 1000. (F) Monospecific antibody against adhesin P32 diluted 

1:.5000. The numbers on the left represent the molecular mass of 

protein standards. 
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Kb 

23.13 - 

9.4 - 
6.6 - 

4.4 - 

Fig. 4. Southern hybridization analysis of gen-R HA- phenotypes 

of M. pneumoniae and M. genitalium genomic DNAs using the 

2.5-kbp HindIII fragment of Tn4001 probe [ 131. (A) M. pneumo- 
niae wild-type BlO DNA (lanes 1 and 2): M. pneumoniae gen-R 

HA- Tn4001 transformant 8R DNA (lanes 3 and 4). (B) M. 
genitalium wild-type G37 DNA (lanes 1 and 2), M. genitalium 
gen-R HA- Tn4001 transformant Cl26 DNA (lanes 3 and 4). In A 

and B, the DNAs in lanes 1 and 3 were. digested with BarnHI, and 

the DNAs in lanes 2 and 4 were digested with EcoRI. The 

numbers on the left represent the molecular weight (in kbp) of 

phage A genomic DNA digested with HindIII. 

ium transformant G26, Tn4001 was localized in 
13.3-kbp BumHI and 2.9-kbp EcoRI fragments (Fig. 
4B, lanes 3 and 4; values are corrected as in Fig. 
4A). A weak 15.3-kbp EcoFU fragment in G26 was 

also detected. Wild-type genomes of these My- 
coplasma species did not carry Tn4001 sequences 
(Fig. 4A and 4B, lanes 1 and 2). Both transformants 
carried only the Tn4001 sequence and not the plas- 
mid sequence as revealed by Southern hybridization. 
Furthermore, continuous passage of the 8R and G26 
transformants in gentamycin did not alter the HA- 
phenotype. Broth passage of 8R and G26 cultures in 
the absence of gentalmycin resulted in the loss of 

Kb 

23.13 - 

9.4 - 

6.6 - 

4.4 - 

2.3 - 
2.0 - 

Fig. 5. Southern hybridization analysis of mycoplasma genomic 

DNAs using specific mycoplasma genes as probes. (A) Lane 1, 

EcoRI-digested wild-type M. pneumoniae BlO DNA and lane 2, 

EcoRI-digested Tn4001 transformant 8R probed with a 5-kbp 

BumHI fragment from pKV16 containing the hmwl gene [17]. (B) 

Lane 1, EcoRI digested M. genitulium G37 and lane 2, Tn4OOl 

transformant G26 probed with a 3%kbp EcoRI fragment contain- 

ing the ~140 gene [ll]. (C) Lanes 1 and 2, M. genitulium G37 
and lanes 3 and 4, Tn4001 transfonnant G26 probed with a 

2. I-kbp XbaI fragment from pMG201 containing the p32/p69 

genes [ 121. The DNAs in lanes 1 and 3 were digested with BumHI 

and in lanes 2 and 4 with EcoRI. The numbers on the left 

represent the molecular weight (in kbp) of i genomic DNA 

digested with HindIII. 

Tn4001 and the return to HA+ phenotypes (data not 

shown). 

3.4. Further localization of Tn4001 in M. pneumo- 
niae 8R transfoimant 

Since M. pneumoniae transformant 8R lacked the 
HMWl/4 adherence accessory proteins, we at- 
tempted to localize the transposon insertion. EcoRI 
digested genomic DNA was hybridized to the radio- 

labeled 5-kbp BamHI M. pneumoniue DNA frag- 

Table 1 

Mycoplasma proteins selectively bound to eucaryotic cells 

Mycoplasma Wild-type &Da) 

M. pneumoniue 1950-IMW4); 18o(HMWl); 17O(Pl); 
1400-IMW3); 135fP41; 1 lo(P2); 

65; 40; 37; 30 (P30) 

Tn-mutant &Da) 

Same as wild-type except for the absence 

of HMW4 and HMW 1 

M. genitulium 140 (P140); 120; 100; 67; 40; 32 (P32) Same as wild-type except for the absence of 100 

Mycoplasma cells were biosynthetically labeled with [35S]methionine, and proteins were extracted for the glutaraldehyde-fixed HEp-2 host 

cell binding assay as descrbed in Section 2, Materials and methods. M. pneumoniae and M. genitolium proteins designated in parentheses 

are consistent with prior reports [1,11,12,22]. 
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ment containing an internal 3-kbp hmwl gene (cloned 
in pKV16). Three similar sized EcoRI hybridizing 

fragments were observed in both wild-type and 8R 
transformant (Fig. 5A, lanes 1 and 2). The sizes of 
the EcoRI fragments were 9.4, 5.0 and l.O-kbp (Fig. 
5A). These sizes are in agreement with the physical 
map of the M. pneumoniae genome digested with 
EcoRI [26]. The 9.2-klbp EcoRl fragment from pKV8 

[ 161, carrying the ~30 and hmw3 genes upstream of 
the hmwl gene [17], hybridized to the same 9.2-kbp 
EcoRI fragment in wild-type and transformant 8R 

genomic DNAs digested with EcoRI (data not 

shown). 

3.5. Further localization of Tn4001 in M. genitalium 
transformant G26 

present in the overlapping cosmids FlO and HlO of 
the M. pneumoniae genomic restriction map [26]. 
This site is about 607 kbp downstream from the Pl 
operon (Fig. 6) and has been previously identified as 
the cytadherence regulatory locus, crl [17]. NCBI 
database searches using the Tn-disrupted M. pneu- 
moniae DNA sequence identified only a highly ho- 
mologous M. genitalium gene, designated MG218 in 
the TIGR database. No related M. pneumoniae se- 
quence existed in the NCBI databases. When the 
entire open reading frames of MG218 and the corre- 

sponding M. pneumoniae Tn-disrupted gene were 
compared, the overall DNA sequence identity was 
61% with several regions sharing over 80% identity. 

The M. genitalium ORF MG218, located between 
the P140 and P32/P69 loci (Fig. 6, [15]>, encodes a 
2 16-kDa basic protein (pMG2 18). 

Our analysis of the adhesin and adherence-related 
accessory genes in the genome of M. genitalium 
revealed an operon-like organization [ 121. The detec- 

tion of P140 and P32 adhesins in transformant G26 
by immunoblot prompted us to investigate the loca- 
tion of Tn4a)l in the transformant. The 3.8-kbp 
EcoRI DNA fragment. containing the P140 gene and 
the 2.1-kbp XbaI fragment carrying P32 and P69 

genes were used as probes in Southern hybridiza- 
tions with EcoRI-digested total genomic DNAs from 

wild-type and transformant (Fig. 5B and 5C). No 
differences were observed in the sizes of the hy- 
bridizing fragments that carried the ~140 gene (Fig. 
5B) or the p32-p69 genes (Fig. 5C) in either strain. 

The M. genitalium DNA sequence disrupted by 
Tn4001 in the cytadherence-deficient transformant 
was located at the beginning of the left end of the M. 
genitalium chromosome (Fig. 6) and designated 
MG032 [15] based upon NCBI and TIGR databases. 
The MG032 ORF encodes a 77-kDa basic protein 
(pMG032) with one transmembrane helix. 

3.7. Identification of mycoplasma proteins that bind 
to glutaraldehyde-fixed HEp-2 cells 

3.6. Precise identtfkrtion of Tn4001 disrupted my- 
coplasma genes responsible for adherence defcien- 
ties 

The genomic DNAs from the representative 
Tn400I-derived cytadherence and hemadsorption de- 
fective transformants, M. pneumoniae 8R and M. 
genitalium G26, were extracted and digested with 
EcoRI and probed with Tn4001. The EcoRI frag- 
ments containing both mycoplasma DNA and trans- 
poson were cloned mto plasmid pUCl8 and se- 
quenced. The identification of mycoplasma genes 
and Tn4001 was accomplished by searches using the 
NCBI databases and PCGENE programs. 

Several proteins, including adhesins and adher- 
ence-related proteins of M. pneumoniae that selec- 
tively bind to eucaryotic host cells, were identified 
using a glutaraldehyde-fixed cell binding assay [22]. 
Other than the absence of HMW l/4 proteins from 
M. pneumoniae transformant 8R radiolabeled prepa- 
rations, no differences in the bound protein profile 
were observed between wild-type M. pneumoniae 
and transformant 8R (Table 1). With wild-type M. 
genitalium preparations, proteins with molecular 
masses of 140, 120, 100, 67, 40 and 32-kDa bound 
to HEp-2 cells (Table 1). In M. genitalium transfor- 
mant G26, only the 100~kDa protein was missing 
(Table 1). 

4. Discussion 

The M. pneumoniae DNA sequence disrupted by Despite the limited total genomic homology and 
Tn4001 was located in the 6.2-kbp EcoRI fragment the considerable codon usage differences exhibited 
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by M. pneumoniae and M. genitalium [ll, these 
mycoplasmas share substantial sequence similarities 
among their adhesins and adherence-related acces- 
sory proteins and have comparable organization of 
the genes that encode these proteins [ 1,l 1,121. This 
relatedness offers unique opportunities to compare 
mechanisms of mycoplasma pathogenicity. The high 
spontaneous mutation rates observed in mycoplas- 
mas, coupled with the availability of specific screen- 

ing tools, such as hemadsorption and cytadherence, 

have enabled the characterization of mycoplasma 
adherence factors [ 11. Unfortunately, high sponta- 
neous reversion rates have limited the isolation of 
stable classes of HA-, Cyt- phenotypes. Recently, 
Tn4001 was used to mutagenize M. pneumoniae 
[ 131, and we have extended this methodology to M. 
genitdium for the first time. The survival rates and 
transformation frequencies of gen-R M. genitalium 
after electroporation with plasmid pISM1001 con- 
taining Tn4001 were similar to those reported for M. 

pneumoniae [ 131. 
Since the E. coli replicon in plasmid pISM1001 

was incapable of autonomous replication in my- 
coplasmas, it was predicted that the plasmid portion 
of the pISM1001 would be degraded as Tn4001 
transposed into the mycoplasma chromosome [13]. 
As expected, the chromosomes of the gen-R transfor- 
mants of M. pneumoniae and M. genitalium con- 
tained only the transposon and not the plasmid. The 
various sizes of the BamHI genomic DNA fragments 
that contained Tn4001 suggest that Tn4001 was 
transposing randomly at different sites of the my- 
coplasma chromosomes (Figs. 1 and 4). However, 
the limited number of Tn insertion sites detected in 
both mycoplasma genomic DNAs could be related to 
the BarnHI digestion patterns, which generated many 
large-sized fragments. Clearly, the mapping of all 
chromosomal sites into which Tn4001 transposed 
would require digestion of genomic DNAs by com- 
binations of restriction enzymes and separation of 
restriction fragments by high resolution pulse-field 
agarose gel electrophoresis [14,26] followed by hy- 
dridization with Tn4001. 

We examined gen-R HA- mycoplasma colonies, 
which remained phenotypically stable throughout 
multiple passages. The Tn-containing M. pneumo- 
niue mutant SR lacked HMW 1 (1 SO-kDa) and 
HMW4 (195kDa) proteins (Figs. 2 and 3A). These 

adherence-related accessory proteins are structurally 
and immunologically related (HMW4 is a heat-mod- 
ified derivative of HMW 1 [24]) and are found in the 
tip-like structure that mediates cytadherence. Sponta- 
neously arising M. pneumoniae mutants deficient in 
HMW1/4 are also defective in hemadsorption, cy- 
tadherence and virulence [ 1,24,25]. Likewise, the M. 
pneumoniae 8R transformant was defective in adher- 
ence properties. However, in transformant 8R, 

Tn4001 neither transposed in the hmwl gene cluster 

nor upstream of the p3O / hmw3 locus for a polar 
effect on HMW1/4 protein expression [ 171. This 
was shown by two different approaches, immunoblot 
and DNA hybridization. Immunoblots demonstrated 
that the 8R transformant contained Pl and P30 ad- 
hesins and the HMW3 accessory protein but lacked 
HMWl (Fig. 4). The absence of HMW4 from the 
immunoblot of wild-type A4. pneumoniue (Fig. 4A) 
was due to the low levels of the HMW4 protein. 
Southern hybridizations between the genomic DNAs 
from transformant 8R and wild-type parent, using the 

5-kbp BamHI DNA from pKV16 containing the 
hmwl gene and the 9.4-kbp EcoRI fragment from 

pKV8 containing p3U/hmw3 genes, revealed no 
differences in hybridizing fragments (Fig. 5A). 

Further analysis revealed that the DNA sequence 
of the M. pneumoniae gene disrupted by Tn4001 
was located in the crl locus [17] and was highly 
homologous to M. genitdium ORF MG218 [ 151. 
The protein product derived from this ORF, pMG2 18, 
is a basic protein containing seven leucine zippers 

and three nuclear targeting sequences, characteristic 
of proteins with binding functions [27,28]. Like pre- 
viously characterized mycoplasma adhesins, the 
pMG218 also shares homology with eukaryotic 
myosin heavy chain [7,29,30]. Taken together, these 
features of pMG218 and its homolog in M. pneumo- 
niae are consistent with a fundamental role in my- 
coplasma cytadherence. Hedreyda and Krause re- 
ported that six independent Tn4001 mutations in M. 
pneumoniae mapped downstream of hmwl in the 
cytadherence regulatory locus (crl) which resulted in 
the loss of HMWl/4, HMW2 and HMW3 proteins 
[ 171. However, the location of the transposon was 
not precisely mapped. In the M. pneumoniae trans- 
formant 8R, the Tn4001 has transposed at the very 
beginning (5’ end) of a gene homologous to M. 
genitulium ORF MG218. Unlike the Tn4001 trans- 
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formants described by Hedreyda and Krause [17], 
transformant 8R contained the HMW3 protein. The 
cd locus is presumed to contain genes encoding P24, 
P14, HMW2 and the RGD motif-containing P65 
[31]. It is clear that. the precise location of the 
transposon in all transformants and the complete 
biochemical characterization of the high molecular 
weight proteins (HMWs) must be determined in 
order to unravel the interactions among the HMWs 
and other protein(s) associated with the cd locus. 

Interestingly, in most of the Tn4001 M. pneumoniae 
transformants defective in cytadherence (six de- 
scribed earlier [17] and three by us, including 8R), 
the transposon was found in the crl locus, indicating 
a hot-spot for transposition by insertion sequence 
IS256 in Tn4001 [23]. 

The M. genitalium genes encoding homologue 
adhesins and adherence accessory proteins are lo- 
cated in two distinct loci (Fig. 6, [29]). Based upon 
the data presented in Fig. 3E and 3F, and Fig. 5B 
and 5C it appeared that Tn4001 had inserted into a 
different locus in M. genitdium transformant G26. 

Comparison of the dt genitalium DNA sequences 
disrupted by Tn40Ul with the published M. genital- 
ium genomic sequence [15] led to the identification 
of a new site (ORF MG032) that appears implicated 
in hemadsorption and cytadherence. Although 

pMG032 was reported to have 27% amino acid 
identity with Bacillus subtilis ATP-dependent nucle- 
ase (encoded by addA) [15], we could not find 
similar results with our searches in the NCBI 
databases or in match-ups with PCGENE programs, 
even with the least stringent homology computation 

parameters. However, our search showed that 

pMG032 (77~kDa protein) shared significant homol- 
ogy with the protein products derived from M. geni- 
t&urn ORFs MG096 and MG288 [15] and with the 
L protein of Peptostreptococcus magnus [32,33]. In 
the TIGR database MG096 is listed as a heretofore 
unknown sequence whereas MG288 is homologous 
to P. mugnus L protein. Our results show that 
pMG096 (527 amino acids) and pMG288 (414 amino 

acids) are highly homologous. Interestingly, the L 
protein of P. magnus, like mycoplasma adhesins, 
contains several repe,ats followed by a proline-rich 
COOH terminus. The L protein binds to immuno- 
globulin kappa light chains (Ig,), and its preferential 
expression in the P. magnus strains isolated from 

patients with bacterial vaginosis, implicates this pro- 
tein as a virulence determinant [32,33]. 

Comparisons of wild-type M. genitulium and 
transformant G26 proteins that bind to glutaralde- 
hyde-fixed HEp-2 cells revealed the absence of a 
lOO-kDa protein in the transformant (Table 1). It is 
unclear whether the missing lOO-kDa protein is re- 
lated to pMG032 and displays an anomalous higher 

gel migration, which is characteristic of some of the 
adherence-related proteins [ 12,161, or is the conse- 
quence of the mutation in ORF MG032. Additional 

studies are needed to understand the role played by 
pMG032. Importantly, neither M. pneumoniae trans- 
formant 8R nor M. genitulium transformant G26 
reverted back to HA+ phenotypes, even after pro- 
longed passage in the presence of gentamycin, 
demonstrating the stability of the transposon inser- 
tion and its direct effect on adherence as reported in 
M. pneumoniae Tn4001 transformants [ 171. Further- 

more, removal of gentamycin as a selective pressure 
resulted in the reacquisition of the HA+ phenotype 
in transformants 8R and G26 of M. pneumoniae and 

M. genitdium, respectively, establishing that the 
Tn4UUZ insertion was the direct cause of the HA- 

phenotype. 
Overall, remarkable homologies exist between the 

cytadherence-related operons of M. pneumoniae and 
M. genitulium as depicted in Fig. 6. The Pl, 0RF4 
and 0RF6 proteins encoded by the Pl operon of M. 
pneumoniae are homologous to the P140, ORFl and 
0RF3 proteins encoded by the P140 (MgPa) operon 
of M. genitalium, respectively. The P21, P30, 

HMW3, ORF7 (36-kDa), 0RF9 (33~kDa) and 
HMW 1 proteins encoded by the P30/HMW 1 operon 
of M. pneumoniae are homologous to the P20 (20- 

kDa), P32 (32-kDa), ‘HMW3’ (P69), 34-kDa, 24- 
kDa, and 130.5~kDa proteins encoded by the 
P32/‘HMW3’ operon of M. genitalium, respec- 
tively. The M. genitalium ORF MG2 18 located 
between the P140 (MgPa) and P32/‘HMW3’ operon 
(Fig. 6) is homologous to the M. pneumoniae gene 
which mapped in the cd locus and was responsible 
for the cytadherence-deficient phenotype in M. 
pneumoniue [1,11,12,14,15,17,18,26,29,34]. 

This report reinforces the feasibility of generating 
transposon mutations in M. pneumoniae and for the 
first time extends its applicability to M. genitulium. 
This experimental approach to identify genes associ- 
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ated with particular mycoplasma phenotypes will be 
particularly relevant in the study of M. pneumoniae 
and M. genitalium biology and pathogenicity now 
that the sequence of their entire genomes has been 
determined ([15] and personal communication, R. 

Herrmann). 

Mycoplasmas stimulate replication of human immunodefi- 

ciency virus type 1 through selective activation of CD4+ T 

lymphocytes. AIDS Res. Human Retrovirus. 9, 775-780. 

[ll] Dallo, S.F., Chavoya, A., Su, C-J. and Baseman, J.B. (19891 

DNA and protein homologies between the adhesins of My- 

coplasma pneumoniae and Mycoplasma genitalium. Infect. 

Immun. 57, 1059-1065. 
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