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Mpycoplasma pneumoniae is a bacterial pathogen of the human respiratory tract that causes a wide range of airway
diseases as well as extrapulmonary symptoms. It possesses a distinct, differentiated terminal structure, termed the
attachment organelle, that mediates adherence to the host respiratory epithelium. Previously, we reported that
surface-associated M. pneumoniae elongation factor Tu (EF-Tu, also called MPN665) serves as a fibronectin
(Fn)-binding protein, facilitating interactions between mycoplasmas and extracellular matrix. In the present study,
we determined that binding of M. pneumoniae EF-Tu to Fn is primarily mediated by the EF-Tu carboxyl region. A
179-amino-acid region spanning the carboxyl terminus (designated EC; amino acids 192 to 394) binds Fn in a
dose-dependent manner. Further analysis of carboxyl constructs (ED3 and ED4) and their deletion truncations
(ED3.1, ED3.2, and ED4.1) revealed that the carboxyl region possessed two distinct sites with different Fn-binding
efficiencies. Immunogold electron microscopy using antibodies raised against recombinant ED3 and ED4 demon-
strated the surface accessibility of the EF-Tu carboxyl region. Competitive binding assays using intact radiolabeled
mycoplasmas and purified recombinant ED3 and ED4 proteins, along with antibody blocking assays, reinforced the
role of the surface-exposed EF-Tu carboxyl region in Fn binding. Alkali and high-salt treatment of mycoplasma
membranes and Triton X-114-partitioned mycoplasma fractions confirmed the stable association of EF-Tu within
the mycoplasma membrane. These observations highlight the unique, multifaceted, and unpredictable role of the
classically defined cytoplasmic protein EF-Tu relative to cellular function, compartmentalization, and topography.

Microbial pathogens possess multiple adherence mecha-
nisms, providing biological versatility in their interactions with
host targets. For successful colonization of the respiratory
tract, Mycoplasma pneumoniae adheres to host respiratory ep-
ithelial cell receptors through tip-mediated protein adhesin
molecules, designated P1 (24) and P30 (16). Interestingly, hem-
adsorption-negative mutants (22) of M. pneumoniae that fail to
express these specific adhesins still exhibit low-level adherence
to target cells (32). Therefore, classical tip-mediated cytadher-
ence may not account for all adherence pathways. Consistent
with this possibility, we demonstrated that surfaced localized
elongation factor Tu (EF-Tu) and the pyruvate dehydrogenase
E1B subunit of M. pneumoniae mediate mycoplasma binding to
fibronectin (Fn) (17).

Fn is a high-molecular-weight glycoprotein, abundantly
found in fibrillar form in extracellular matrix (ECM) and in
soluble form in body fluids. While the primary role of Fn is to
serve as a substrate for mammalian cell adhesion (55), a wide
variety of microbial pathogens bind Fn for colonization pur-
poses, which contributes to the infectious process. Since our
initial observation describing the interaction of Treponema pal-
lidum with Fn (43), many Fn-binding proteins (FnBPs) have
been identified, like the MSCRAMM (microbial surface com-
ponents recognizing adhesive matrix molecules) family of pro-
teins that includes FnBPA and FnBPB from Staphylococcus
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aureus (27, 52) and Sfbl/protein F1, protein F2 (23), SfbII (33),
FnbA, and FnbB (37) from streptococcus. While the primary
Fn-binding region for the MSCRAMM family of FnBPs is
located on the N-terminal 30-kDa type 1 heparin-binding frag-
ment of Fn, secondary binding sites have also been reported
(35). Among mycoplasmas, the first Fn interaction was identi-
fied in Mycoplasma penetrans (18), followed by M. pneumoniae,
where its EF-Tu unexpectedly bound Fn (17).

EF-Tu is the most abundant bacterial protein (25), consti-
tuting approximately 10% of M. pneumoniae total protein (47).
It is responsible for critical steps in protein synthesis in its
GTP-associated form (31). In addition to its role in protein
synthesis, EF-Tu has been linked to many “moonlighting”
roles, including protein disulfide activities (48), chaperone-like
properties (10), initiation of QB phage replication (6), and
upregulation in the presence of high concentrations of iron
(54). EF-Tu forms filaments or bundles of filaments in vitro
and is speculated to be a structural element in the “cytoskeletal
web” (39). EF-la, its eukaryotic counterpart, also demon-
strates variable activities by binding to actin filaments and
microtubules (20) and influencing the assembly and stability of
cytoskeletal polymers (40).

The membrane location of EF-Tu has been observed in
numerous prokaryotes and is attributed to posttranslational
modifications. For example, in Escherichia coli, EF-Tu is trans-
ferred from cytoplasm to periplasm during osmotic shock (5)
and to the membrane during starvation when subpopulations
of EF-Tu are methylated (57). It has been identified as a major
cell wall protein of Mycobacterium leprae (38) and is a periplas-
mic component in Neisseria gonorrhoeae (44). In M. pneu-
moniae, 17% of the total EF-Tu is observed in the membrane
fraction (17). The ability of EF-Tu to function as an M. pneu-
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TABLE 1. Construction of M. pneumoniae EF-Tu and truncations
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PCR primer sequence®

No. of

. Nucleotide . Amino acid
Protein Y amino .
Forward primer (5'—3") Reverse primer (5'—3") position acids residue nos.

MPN EF-Tu FL GAGACGTAATTCAAACATAT GGCTTTCCTTGAGGATCCTAACA —18 to 1185 394 1-394
GGCAAGAGAG GAGTCAA

EN GAGACGTAATTCAAACATAT CGGCCAGGATCCGTCATGGTGTC —18 to 645 215 1-215
GGCAAGAGAG TTAGATTGCC

EC GCTAAGATCCATGATCATATG GTGCCTGGCTTTCCTTGAGGATC 577-1185 202 192-394
AATGCAGTTG CTAACAGAGT

ED1 GAGACGTAATTCAAACATAT CCATGCGTGGATCCCCCACTTAG —18 to 372 124 1-124
GGCAAGAGAG CGGGCCAA

ED2 GACTACATTAAGCATATGATT CGGCCAGGATCCGTCATGGTGTC 276-645 122 91-215
ACTGGTGCTGC TTAGATTGCC

ED3 GCTAAGATCCATGATCATATG CCGGTGTGAGGATCCCCTTCTTA 577-942 122 192-314
AATGCAGTTG CTTCTTTAAAGC

ED4 GAACGTGGTCATATGTTAGCT GTGCCTGGCTTTCCTTGAGGATC 879-1185 102 292-394
AAACCAGG CTAACAGAGT

ED3.1 GCTAAGATCCATGATCATATG GGATCCTTAGCTTTACACTTGACC 577-876 100 192-292
AATGCAGTTG ACGTTCCACTTC

ED3.2 CTTCTTGTTGCATATGGAAGA GGATCCTTAGCTTTACACTTGACC 646-876 77 215-292
CACCATGACG ACGTTCCACTTC

ED4.1 GCTTTACATATGGAAGAAGG GTGCCTGGCTTTCCTTGAGGATC 943-1185 80 314-394

TGGTCGTCAC

CTAACAGAGT

¢ Introduced BamHI and Ndel sites underlined, and introduced stop codons are in bold.
b —, upstream position of nucleotide from the adenine nucleotide of the starting ATG codon.

moniae FnBP provided evidence of its biological versatility,
which was subsequently reinforced by reports of EF-Tu mem-
brane association in Lactobacillus johnsonii and Listeria mono-
cytogenes, where it mediated binding to mucin (19) and fibrin-
ogen (50), respectively. Recently, it has been reported that in
Pseudomonas aeruginosa EF-Tu binds factor H and plasmino-
gen (34). Thus, EF-Tu joins the group of enzymes, including
enolase (4), glyceraldehyde-3-phosphate dehydrogenase (1,
41), and pyruvate dehydrogenase E1B subunit (17) that exhibit
unexpected biological functions, in addition to their well-de-
fined enzymatic activities.

In this study we identified specific regions of EF-Tu that are
surface localized and mediate binding to Fn, further reinforc-
ing the intricate and dynamic interplay between cytosolic en-
zymes and their moonlighting activities.

MATERIALS AND METHODS

Bacterial strains, plasmids, and DNA manipulations. E. coli INVaF’
[F'endAl recl hsdR17 supE44 gyrA96 lacZM15 (lacZYAargF)] (Invitrogen, Carls-
bad, CA) and E. coli BL21(DE3) [F'ompT hsdSg (rg~ mg~) gal dem (DE3)]
(Stratagene, La Jolla, CA) were grown in Luria-Bertani broth and used to clone,
express, and purify M. pneumoniae EF-Tu full-length (FL) and its truncated
forms. The following vectors and bacterial cells were used: pCR2.1 (TA cloning
vector; Invitrogen) and E. coli INVaF' for gene manipulations and pET-19b
(N-terminal His,, tag; expression vector; Novagen/EMD Biosciences Inc., San
Diego, CA) and E. coli BL21(DE3) for protein expression. An M. pneumoniae
low-passage clinical isolate designated S1 was used for isolation of genomic DNA
(16) in competitive enzyme-linked immunosorbent assays (ELISAs) and anti-
body blocking assays.

Mycoplasma culture conditions. M. pneumoniae cells were grown to mid-log
phase in SP-4 medium at 37°C for 72 h in 150-cm? tissue culture flasks as earlier
reported (17). Mycoplasmas were harvested by washing surface-adherent cells
three times with phosphate-buffered saline (PBS) (150 mM NaCl, 10 mM sodium
phosphate, pH 7.4) before cells were scraped and pelleted at 12,500 X g for 15
min at 4°C. For radiolabeling, M. pneumoniae cell pellets were resuspended in
1/10 of their original volume in Dulbecco’s modified Eagle’s medium without
cysteine or methionine and supplemented with 10% fetal bovine serum. [*>S]me-
thionine (1 mCi; specific activity of 43.5 TBq/mmol; PerkinElmer Inc., Waltham,

MA), was added, and mycoplasmas were incubated at 37°C for 4 h on a rocker,
pelleted, and washed four times with PBS before use.

Cloning, expression, and purification of EF-Tu truncations. M. pneumoniae
EF-Tu FL and individual truncations (EN, EC, ED2, ED3, ED4, ED3.1, ED3.2,
and ED4.1) (Table 1) were amplified, and the resultant DNA fragments were
cloned into PCR2.1 vector (Invitrogen) and transformed into E. coli INVaF’
cells. PCR2.1 plasmids with inserts were digested with Ndel and BamHI, and
excised fragments were cloned into pET-19b vector and transformed into E. coli
INVaF'. pET-19b plasmids with inserts were isolated using Qiagen mini-prep
kits according to the manufacturer’s protocol, screened for individual inserts by
PCR amplification using specific primers (Table 1), and sequenced. One positive
clone representing each truncation was transformed into E. coli BL21(DE3) for
expression studies. E. coli cells were grown to an optical density at 600 nm of 0.6
at 37°C in Luria-Bertani medium containing 100 wg/ml ampicillin (Sigma, St.
Louis, MO). Induction of all recombinant proteins was accomplished with 1 mM
IPTG (isopropyl-B-p-thiogalactopyranoside; Sigma) for 3 h at 37°C with aeration
at 220 rpm. Large-scale purification of recombinant proteins was performed
under native conditions using columns packed with Ni-nitrilotriacetic acid Su-
perflow (Qiagen, Valencia, CA), except for ED3.1, ED3.2, and ED4.1, which
were purified under denatured conditions using 8 M urea. All proteins were
desalted in 50 mM Tris-Cl (pH 7.4) and 5% glycerol, and protein concentrations
were estimated by the bicinchoninic acid method (Pierce, Rockford, IL). Each
purified protein was separated on Nu-PAGE (where PAGE is polyacrylamide gel
electrophoresis) 4 to 12% gradient gels (Invitrogen) and visualized using Coo-
massie blue. Immunoblotting of parallel gels transferred onto membranes was
performed with polyclonal anti-EF-Tu antibodies and anti-His monoclonal an-
tibody (MAbD) (Clontech/BD Biosciences, San Jose, CA). Purified recombinant
proteins were also tested with anti-His MAD and anti-EF-Tu antiserum using an
ELISA format (described below) except that increasing concentrations of re-
combinant proteins, instead of Fn, were coated onto wells. All recombinant
proteins were reactive with anti-His MADb in a concentration-dependent manner.

Identification of EF-Tu truncations that mediate Fn binding. Interactions
between EF-Tu and Fn were measured by ELISA. In brief, individual wells of
96-well plates (Reacti-Bind amine-binding maleic anhydride-activated plates;
Pierce) were coated overnight at 4°C with 100 pl of 100 ng/well Fn in PBS (pH
7.4). Wells were blocked with 200 pl of 0.1% bovine serum albumin (BSA;
Sigma) in PBS for 2 h at room temperature (RT). Then, 100 pl of increasing
concentrations (25 nM, 50 nM, 75 nM, and 100 nM in 0.1% BSA-PBS) of
recombinant His-tagged EF-Tu FL and its truncations was individually added in
separate wells and incubated for 2 h at room temperature. Wells were washed
three times with PBS and further incubated with 100 pl of a 1:2,000 dilution of
anti-His MAD in 1% BSA-PBS for 2 h. Wells were again washed three times with
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PBS and incubated with 100 pl of a 1:2,000 dilution of goat anti-mouse immu-
noglobulin G (IgG) alkaline phosphatase (AP) antibody (Invitrogen) in 1%
BSA-PBS. Wells coated with 0.1% BSA alone served as negative controls. All
assays were performed in triplicate and developed using p-nitrophenyl phosphate
substrate (Sigma). Plates were read by an ELISA reader (Dynatech Laborato-
ries, Chantilly, VA) at 405 nm.

Generation of mouse polyclonal antibodies. Six-week-old BALB/c mice (n =
5 for each construct) were prebled and screened by immunoblotting for lack of
reactivity against recombinant proteins EF-Tu FL, EN, ED3, and ED4. Then,
individual mice were immunized intraperitoneally with recombinant proteins
plus complete Freund’s adjuvant and boosted as described earlier (29). Animals
were screened after each boost by immunoblotting using recombinant proteins
and whole M. pneumoniae cell lysates. All mice exhibited strong immunoreac-
tivity to recombinant EF-Tu FL, EF-Tu in whole-cell mycoplasma lysates, and
each specific recombinant fragment used for immunization.

Antibody blocking assay. [>>S]methionine-labeled viable mycoplasmas were
treated with prebleed serum or anti-EN, anti-ED3, or anti-ED4 antiserum at
1:1,000 dilution for 1 h at RT before incubation with immobilized Fn (100 pl of
1 g of Fn in PBS overnight) on ELISA plates for 1 h at 37°C. Individual wells
were extensively rinsed with PBS, and radioactive counts were determined.
Values obtained using M. pneumoniae incubated with individual prebled sera
represented background and were subtracted from test values.

Competitive ELISA. Purified recombinant ED3 and ED4 were used to com-
pete with biosynthetically [**S]methionine-labeled M. pneumoniae cells for bind-
ing to Fn coated onto microtiter plates as already described. ED3 and ED4 at 75,
375, and 750 nM final concentrations were added separately to individual Fn-
coated wells and incubated for 2 h at RT. Then, radiolabeled mycoplasmas were
added and incubated for 1 h at 37°C. After extensive washing, M. pneumoniae
binding to Fn was assessed by determining radioactive counts per well.

Phase partitioning of M. pneumoniae components using Triton X-114. M.
pneumoniae cells at the mid-log phase of growth were separated into Triton
X-114 insoluble and aqueous fractions by slight modification of the method of
Bordier (8). Washed M. pneumoniae cells were suspended in 1 ml of prewashed,
condensed 1% (wt/vol) Triton X-114 in PBS, incubated on ice for 2 h, and
centrifuged at 13,000 X g for 30 min at 4°C. The supernatant was incubated at
37°C for 5 min for rapid condensation of Triton X-114 and centrifuged at
13,000 X g for 10 min at RT to generate an aqueous upper phase and lower
Triton phase; the latter was freed of the aqueous phase by extraction two more
times. The final aqueous and Triton phases were ethanol precipitated, pellets
were suspended in 1X PBS (pH 7.4), and soluble and insoluble protein fractions
were quantified by the bicinchoninic acid method. Equal amounts of each frac-
tion were loaded onto Nu-PAGE 4 to 12% gradient gels, and electrophoresis and
protein transfers were performed prior to immunoblotting with mouse anti-
EF-Tu (1:3,000) or rabbit anti-EF-G (1:3,000) antiserum in 3% milk in Tris-
buffered saline ([TBS] Blotto) for 1 h at RT. After extensive washes with 1X
TBS-0.05% Tween-20, membranes were incubated with goat anti-mouse IgG AP
or goat anti-rabbit AP (1:2,000) in 3% Blotto for 1 h at RT. After multiple
washes with 1X TBS-0.05% Tween-20, membranes were developed with ni-
troblue tetrazolium chloride/5-bromo-4-chloro-3-indolylphosphate (Roche Diag-
nostics, Indianapolis, IN).

Mycoplasma membrane purification. Pelleted SP-4 grown, mid-log-phase M.
pneumoniae cells were subjected to membrane isolation by osmotic lysis (17, 45).
Individual sucrose gradient-purified mycoplasma membrane preparations were
treated with 0.1 M Na,CO; (pH 11.5) for 1 h at 37°C (2) or suspended in 2 mM
Tris (pH 7.4) with 1 M NaCl and 3 M KClI (49) and incubated on ice for 1 h. Polar
reagents such as alkali or high-salt concentrations dissociate peripherally asso-
ciated proteins from the membrane. Treated samples were centrifuged at
13,000 X g for 30 min. Supernatants containing peripheral proteins and pellets
containing integral membrane proteins were loaded onto Nu-PAGE 4 to 12%
gels and transferred onto nitrocellulose membranes for immunoblotting with
rabbit anti-EF-Tu antiserum (1:2,000) and goat anti-rabbit AP (1:2,000).

Immunogold electron microscopy. Immunogold labeling of M. pneumoniae
cells was performed as reported previously (17). After mycoplasma cells were
washed with 100 mM Tris-HCl buffer (pH 7.5) and incubated with buffer A (100
mM Tris-HCI [pH 7.5] containing 1% BSA and supplemented with 1% heat-
inactivated goat serum), intact viable M. pneumoniae cells were incubated with
anti-EN, anti-ED3, or anti-ED4 mouse antiserum diluted 1:1,000 in buffer A for
120 min at 37°C. Then, mycoplasma cells were washed with buffer A, followed by
incubation for 60 min at RT with goat anti-mouse IgG-gold (10-nm particles)
complex diluted 1:20 in buffer B (PBS, pH 7.4, with 1% BSA). Sequential washes
with buffer B, PBS, and deionized water were performed, and mycoplasmas were
mounted on Formvar-coated nickel grids and fixed with 1% glutaraldehyde-4%
formaldehyde for 20 min at RT. Individual grids were examined with a Philips
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208S transmission electron microscope at 80 kV accelerating voltage after stain-
ing with 7% uranyl acetate followed by Reynolds lead citrate.

Interaction of EF-Tu FL, ED3, and ED4 with different Fn domains. Equal
amounts (3 pg) of commercially available Fn peptides representing a 30-kDa
fibrin-heparin-binding domain (Sigma), 45-kDa gelatin-binding domain (Sigma),
40-kDa heparin-binding domain (Chemicon, Temecula, CA), and 120-kDa cell-
binding domain (Chemicon) and of BSA as a control were electrophoresed in
individual lanes of 4 to 12% Nu-PAGE gels and transferred onto nitrocellulose
membranes. Individual nitrocellulose membranes were then incubated with 10
pg/ml recombinant EF-Tu FL, ED3, or ED4 proteins for 2 h at RT and immu-
noblotted using mouse anti-His MAb (1:5,000) followed by goat anti-mouse AP
(1:2,000). The intensity of each band was analyzed using Kodak document im-
aging software (version 3.5.5B), and interactions were classified based on the
mean intensity values as follows: 0 to 30, no binding; 31 to 60, weak; 61 to 90,
intermediate; and >91, strong.

RESULTS

Identification of EF-Tu regions that interact with Fn. In an
attempt to identify the regions of EF-Tu that interact with Fn,
we generated two recombinant proteins, designated EF-Tu
N-terminal (EN, amino acids 1 to 215) and C-terminal (EC,
amino acids 192 to 394) regions, with an overlapping region of
24 amino acids (Fig. 1A). While the purified recombinant EN
protein matched its predicted theoretical molecular mass of 26
kDa, recombinant EC ran higher than its predicted molecular
mass of 24 kDa (Fig. 1B).

To determine which EF-Tu regions bound Fn, we added
increasing concentrations (nM) of recombinant His-tagged
EF-Tu FL, EN, and EC to immobilized Fn and monitored
binding. While EN demonstrated markedly reduced binding to
Fn, EC bound in a dose-dependent manner, like EF-Tu FL
(Fig. 1C).

Two distinct regions of the carboxyl terminus bind to Fn. To
further define the Fn-binding region of EC, we constructed two
overlapping truncations, ED3 and ED4. We also attempted to
construct two overlapping amino-terminal truncations of EN
(ED1 and ED2) to further reinforce their limited role in Fn
binding. Except for ED1, all constructs were expressed and
purified under native conditions (Fig. 2A). Binding assays with
ED2, ED3, ED4, and FL revealed that within the carboxyl
terminus, ED3 exhibited higher binding for Fn than ED4 and
EF-Tu FL (Fig. 2B). As expected, like EN, ED2 had minimal
binding to Fn.

Since ED3 and ED4 possessed Fn-binding properties, we set
out to determine the minimal EC-related Fn-interacting re-
gion(s) by generating additional truncations. ED3.1 was con-
structed by deleting the overlapping 22 amino acids shared by
ED3 and ED4 (Fig. 3A). ED3.2 overlapped with ED3.1 but
was missing 23 amino acids that overlapped with ED2. ED4.1
was missing the overlapping amino acids shared by ED3 and
ED4 (Fig. 3A). Recombinant ED3 and ED3.1 (Fig. 3B) dem-
onstrated the highest Fn-binding activity (Fig. 3C), and ED4.1
marginally differed from ED4 (Fig. 3C). Interestingly, ED3.2
showed a marked decrease in its Fn-binding ability, especially
compared to ED3 and ED3.1.

EF-Tu FL, ED3, and ED4 interact with multiple Fn regions.
Ligand blotting was performed to determine the domains of Fn
(Fig. 4A) that bound EF-Tu FL, ED3, and ED4. While EF-Tu
FL interacted with the N-terminal 30-kDa fibrin-heparin and
45-kDa gelatin-binding domains, ED4 also interacted with the
N-terminal 30- and 45-kDa domains plus the C-terminal 40-
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FIG. 1. Identification of Fn-binding region of M. pneumoniae EF-Tu. (A) Schematic representation of EF-Tu amino and carboxyl termini.
EF-Tu FL (amino acids 1 to 394) was divided into two overlapping amino-terminal (EN, residues 1 to 215) and carboxyl-terminal (EC, residues
192 to 394) constructs. (B) Purification of EF-Tu FL, EN, and EC proteins. Regions encoding EF-Tu FL, EN, and EC were cloned, expressed,
and purified as described in Materials and Methods, separated on 4 to 12% Nu-PAGE gels, and stained with Coomassie blue. (C) Binding of
recombinant EF-Tu FL, EN, and EC to immobilized Fn. Microtiter plates were coated with 0.1 pg of human Fn. Increasing concentrations of
recombinant proteins were incubated in individual wells for 2 h at RT. Bound proteins were detected with mouse anti-His MAb and goat
anti-mouse AP-conjugated antibodies, followed by color development with p-nitrophenyl phosphate substrate. Results are expressed as means *

standard deviations. Each sample point is based upon triplicate values. OD 405, optical density at 405 nm.

kDa heparin-binding domain. ED3 interacted with the N-ter-
minal 30-kDa and 45-kDa and C-terminal 40-kDa domains and
uniquely bound to the 120-kDa cell-binding domain (Fig. 4B).
Thus, ED3 and ED4 possessed both common and distinct
Fn-binding regions.

M. pneumoniae EF-Tu subpopulation is associated with the
Triton X-114-enriched and membrane fractions. Earlier, we
reported the surface accessibility of M. pneumoniae EF-Tu by
whole-cell radioimmunoprecipitation, membrane fraction-
ation, trypsin sensitivity, antibody-blocking assays, and immu-
nogold labeling (17). Here, we further characterized the mem-

brane association of M. pneumoniae EF-Tu by subjecting intact
mycoplasmas to Triton X-114 phase partitioning. Although
most of the EF-Tu partitioned to the aqueous cytosolic frac-
tion, we detected a subpopulation of EF-Tu in Triton X-114
soluble and insoluble fractions (Fig. 5A). Antibody reactive
against EF-G (a gift from R. Herrmann), a protein limited to
the cytoplasm, was used as control for cytosolic contamination
of Triton-soluble fractions.

The primary structure of EF-Tu indicates two putative trans-
membrane domains (amino acids 28 to 35 and 101 to 108) by
the dense alignment surface method (14), and therefore EF-Tu
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FIG. 2. Characterization of minimal Fn-binding regions of M. pneumoniae EF-Tu. (A) Schematic representation of deletion constructs of
amino and carboxyl regions of EF-Tu. EN was further divided into ED1 (residues 1 to 124) and ED2 (residues 91 to 215) with 23 overlapping amino
acids while EC was divided into ED3 (residues 192 to 314) and ED4 (residues 292 to 394) with 22 overlapping amino acids. (B) Purification of
ED2, ED3, and ED4. All recombinant proteins were purified as described in Materials and Methods, separated by electrophoresis with 4 to 12%
Nu-PAGE gels, and stained with Coomassie blue. ED1 could not be expressed. (C) Dose-dependent binding of recombinant EF-Tu-related
proteins to immobilized Fn. ELISAs were performed with recombinant ED2, ED3, and ED4 as described in the legend of Fig. 1C. OD 405, optical
density at 405 nm.
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FIG. 3. Construction and Fn binding of overlapping carboxyl regions of M. pneumoniae EF-Tu. (A) Schematic representation of deletion
constructs ED3.1, ED3.2, and ED4.1. ED3.1 and ED3.2 were constructed by deleting the overlapping regions of ED3 and ED4. ED3.2 additionally
had a deletion of the overlapping region of ED3 and ED2. ED4.1 was constructed by deleting the ED3-overlapping region. (B) Purification of
ED3.1, ED3.2, and ED4.1. ED3.1, ED3.2, and ED4.1 were purified under denatured conditions and then refolded in 50 mM Tris buffer. Purified
proteins were separated by electrophoresis with 4 to 12% Nu-PAGE gels and stained with Coomassie blue. (C) Interaction of ED3.1, ED3.2, and
ED4.1 with Fn. ELISAs were performed using 75 nM concentrations of recombinant proteins in triplicate as described in Materials and Methods.
Values were determined, and binding percentages were calculated using ED3 binding values at 75 nM as 100%. Results are expressed as means *
standard deviations. Each sample point is based upon triplicate values.

could be associated with the mycoplasma membrane. Treat- nM by 80, 85, and 90%, respectively, and ED4 at similar con-

ment of mycoplasma membrane preparations with alkali (0.1
M Na,CO; [pH 11.5]) and high salts (3 M KCl and 1 M NaCl),
which aids the dissociation of peripherally associated proteins,
did not completely release membrane-associated EF-Tu
(Fig. 5B).

Surface accessibility of the M. pneumoniae EF-Tu carboxyl
regions and its interaction with Fn. Since the carboxyl termi-
nus of M. pneumoniae EF-Tu binds Fn, it was likely that this
region was surface exposed in intact mycoplasmas. Therefore,
soluble recombinant ED3 and ED4 fragments were used in
competitive Fn-binding ELISAs with viable M. pneumoniae
cells. Both fragments competed effectively as recombinant
ED3 blocked M. pneumoniae cell binding at 75, 375, and 750

centrations blocked binding by 60, 75, and 80%, respectively.

Preincubation of viable M. pneumoniae cells with antibodies
raised against purified recombinant fragments ED3 and ED4
reduced mycoplasma binding by 80 and 75%, respectively. In
contrast, antiserum against EN demonstrated 20% blocking.
Preimmune sera possessed no blocking capabilities.

The surface accessibility of the Fn-interacting carboxyl re-
gion of EF-Tu was further confirmed by immunoelectron mi-
croscopy. Surface immunogold labeling of M. pneumoniae cells
occurred consistently with antisera generated against ED3 and
ED4, while antiserum to EN revealed limited labeling (Fig. 6).
Exposure of mycoplasmas to preimmune sera resulted in no
labeling (data not shown).

A 30 kDa 45 kDa 120 kDa 40 kDa
Fibrin-Heparin Gelatin Cell binding Heparin Fibrin
B 30 k Da 45 kDa 120 kDa 40 kDa
EF-Tu FL +++ +
ED3 ++ + ++ +
ED4 +++ ++ +

FIG. 4. Interaction of M. pneumoniae EF-Tu FL and its truncations with different Fn domains. (A) Schematic representation of different
domains of Fn. The figure was adapted from Virkola et al. (53). Fn domains used for the ligand blot analyses are indicated in cross-hatched boxes.
(B) Interaction of EF-Tu FL, ED3, and ED4 with domains of Fn. Equal amounts of available Fn fragments were separated individually on 4 to
12% Nu-PAGE gels and transferred onto nitrocellulose membranes, which were incubated with 10 wg/ml recombinant EF-Tu proteins in 3%
Blotto in 1X TBS for 2 h at RT (see Materials and Methods). Membranes were probed with mouse anti-His MAb (1:5,000) and subsequently with
goat anti-mouse AP (1:2,000) reagent. Based on the mean intensities of His tag antibody recognition of recombinant EF-Tu proteins, interactions
were classified as demonstrating weak (+), intermediate (++), strong (+++) or no (—) binding.
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FIG. 5. M. pneumoniae EF-Tu association with mycoplasma mem-
brane. (A) Triton X-114 phase partitioning of intact M. pneumoniae
cells. Equal amounts of sample were separated on Nu-PAGE gels
under reducing conditions and transferred onto nitrocellulose mem-
branes. Immunoblotting was performed with mouse anti-EF-Tu (1:
3,000) or rabbit anti-EF-G (1:3,000) antiserum in 3% Blotto for 1 h at
RT. (B) Alkali and high-salt treatment of M. pneumoniae membranes.
M. pneumoniae S1 membranes (M) were treated with 3 M KCl, 0.1 M
Na,COs;, and 1 M NaCl. Supernatant (S) and pellet (P) fractions were
subjected to Nu-PAGE under reducing conditions, transferred onto
nitrocellulose membranes, and immunoblotted with anti-EF-Tu anti-
serum as described in Materials and Methods.

DISCUSSION

In this study we characterized the regions of M. pneumoniae
EF-Tu that interact with Fn. We determined that Fn binding
by EF-Tu is primarily mediated by the carboxyl terminus
(amino acids 192 to 394; recombinant peptides ED3 and ED4)
(Fig. 2), which includes the well-described EF-Tu domains 2
and 3 (amino acids 209 to 394) involved in interactions with
macromolecular ligands during the translation process (31). In
contrast, EN (amino acids 1 to 215) and its truncation ED2
(Fig. 2), which correspond to domain 1 (amino acids 1 to 200)

y

Anti-EN

Anti-ED3

M. PNEUMONIAE EF-Tu BINDS FIBRONECTIN 3121

and are involved in binding GTP (31), exhibited minimal Fn-
binding properties. Based on our experimental data using de-
letion truncations, EF-Tu possessed two Fn-interacting regions
in the carboxyl terminus with different binding properties. One
Fn-binding region included amino acids 192 to 292 (Fig. 3,
ED3.1), and the other Fn-binding region included amino acids
314 to 394 (Fig. 3, ED4.1). Amino acids 192 to 214 contributed
to maximum Fn binding, as observed by the deletion of these
23 amino acids from ED3.1 (i.e., truncation ED3.2) (Fig. 3A)
which decreased binding to Fn by ~50% (Fig. 3C). However,
these 23 amino acids by themselves do not appear to directly
mediate Fn interactions, since ED2 alone (amino acids 91 to
215) (Fig. 3A) exhibited minimal Fn binding (Fig. 2). Of in-
terest are the amino acids EDT (216 to 218) that follow the 23
amino acids in the carboxyl terminus. Amino acids EDT be-
long to a larger motif that mediates Fn binding in several
MSCRAMM FnBPs (13, 51). Interestingly, ED3, ED3.1, and
ED3.2 possess the EDT motif, although ED3.2 exhibits re-
duced Fn binding. In ED3 and ED3.1, EDT is preceded by 192
to 215 amino acids, and Fn binding is enhanced. In contrast,
ED2, regardless of possessing these 23 amino acids, lacks EDT
and exhibits negligible Fn-binding ability. Hence, the 23 amino
acids plus the EDT motif appear essential for efficient EF-
Tu-Fn interactions.

The second carboxyl-terminal Fn-interacting region of
EF-Tu is located within ED4 (amino acids 292 to 394) and
ED4.1 (amino acids 314 to 394) (Fig. 3). This region revealed
no significant homologies to any conserved motifs identified in
other FnBPs. Several sequence and organizational variations
have been reported as motifs in Fn-binding bacterial proteins.
For example, in staphylococci and streptococci, the primary
Fn-binding site is localized to unstructured repeats of 35 to 40
residues, and a secondary Fn-binding site lies outside of the

Anti-ED4

FIG. 6. Immunogold labeling of EF-Tu on intact M. pneumoniae cells. Mycoplasmas were incubated with antisera (1:1,000) generated against
EN, ED3, or ED4 truncations followed by anti-mouse IgG gold complex (10 nm). Mycoplasma membrane-associated gold labeling of EF-Tu is
readily observed with ED3 and ED4 antisera and much less so with EN antiserum. EN magnification, X71,000; ED3 magnification, X44,000; and

ED4 magnification, X71,000.
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carboxyl-terminal repeats (51). Further, FnBPs like the Fn
attachment protein family in mycobacteria consist of two non-
contiguous regions of four amino acids (58), and Campy-
lobacter jejuni CadF consists of a single Fn-binding domain of
four amino acids (30). Overall, M. pneumoniae EF-Tu lacks the
recognizable motifs and repeats associated with other FnBPs,
indicating the existence of alternative sequence-independent
and conformational properties that mediate Fn interactions.

The existence of two Fn-binding regions within the carboxyl
terminus of M. pneumoniae EF-Tu was unexpected and led us
to predict that more than one recognition site on Fn served as
a target for EF-Tu. Like a majority of FnBPs (26, 42), EF-Tu
FL and its carboxyl truncations exhibited significant interaction
with the N-terminal 30-kDa type I fibrin-heparin-binding re-
gion (Fig. 4A and B). Also, the carboxyl region of EF-Tu
interacted with the C-terminal 40-kDa type II heparin-binding
domain. Similar interactions have been observed with some
FnBPs (9, 36). ED3 interacted specifically with the 120-kDa
cell-binding domain. Thus, M. pneumoniae EF-Tu has at least
two Fn-interacting regions, and these two regions recognize
common as well as specific domains on Fn. Interestingly,
EF-Tu FL did not recognize the 40- or 120-kDa Fn domains
(Fig. 4B), suggesting that in recombinant EF-Tu FL, the ED3
and ED4 sites are unavailable for Fn binding. Clearly, the
contribution of EF-Tu and its potential impact on mycoplasma
airway colonization and internalization via Fn-binding dynam-
ics need to be further investigated.

Using Triton X-114, we demonstrated the presence of
EF-Tu in all mycoplasma fractions (Fig. SA). Similar studies
with Triton X-100 identified M. pneumoniae EF-Tu as a major
component of the insoluble cytoskeleton fraction (46). The
inability to remove membrane-associated EF-Tu with alkali or
high-salt treatments (Fig. 5B) lends credence to its strong
membrane association. While M. pneumoniae membrane-lo-
calized EF-Tu was reported to be trypsin sensitive (17), com-
petitive ELISAs using recombinant ED3 and ED4 and anti-
body blocking assays with antisera generated against ED3 and
ED4 proved conclusively that the Fn-interacting carboxyl ter-
minus is surface exposed. Antiserum generated against EF-Tu
FL exhibited blocking consistent with our previous report (17).
Immunoelectron microscopy results further supported the sur-
face accessibility of the EF-Tu carboxyl terminus (Fig. 6).

Despite the classification of EF-Tu as a cytosolic protein, we
have shown that EF-Tu can relocate to the mycoplasma mem-
brane surface with an exposed carboxyl terminus to facilitate
Fn binding. While there are other reports that document the
presence of cytosolic proteins, including EF-Tu, on surfaces of
different bacteria, important questions regarding how these
proteins translocate to the surface remain unanswered, espe-
cially since conventional secretion or anchoring signals are
absent. Physiological factors, including osmotic stress, have
been implicated in E. coli EF-Tu association with the
periplasm, and other possible mechanisms for export of cyto-
solic proteins have been described (50), including the impact of
posttranslational modifications (7).

Attachment and colonization of target tissues by M. pneu-
moniae and other microbial pathogens are prerequisites for
successful infection and disease progression. While adherence
of virulent M. pneumoniae is primarily mediated by adhesins,
like P1 (24), the absence of this protein (21, 32) still permits weak
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adherence. Furthermore, monospecific antibodies against P1 in-
hibit attachment of virulent M. pneumoniae to the respiratory
epithelium by a maximum of 75% (3), further suggesting the
involvement of other adhesin-like proteins, as well as alternate
mechanisms of mycoplasma binding to host cells. Fn is an
abundant and available pathogen target, as earlier noted; it
exists in soluble form in blood fluids and plasma and in fibrillar
form in ECM. As ECM underlies the epithelial and endothe-
lial cells and surrounds connective tissue, mycoplasmas could
readily access ECM following epithelial damage. Events fol-
lowing M. pneumoniae cytadherence have been studied in in-
fected hamster tracheal organ cultures and include inhibition
of respiratory cell macromolecular synthesis, followed by char-
acteristic ciliostasis, cytoplasmic and nuclear vacuolization, and
extensive epithelial cell fragmentation and sloughing (11, 12).
Recently, we described the role of a unique ADP-ribosylating
and vacuolating M. pneumoniae toxin (annotated MPN372) in
eliciting the characteristic cytopathology associated with my-
coplasma infection (28). Interestingly, this toxin is surface as-
sociated and binds selectively to human lung surfactant protein
A (29). Thus, in association with toxin-mediated epithelial cell
damage, M. pneumoniae could also directly access subepithelial
tissue targets and ECM by multiple pathways, including EF-Tu
interactions with Fn. Further, these distinct pathogenic path-
ways may also contribute to the ability of M. pneumoniae to
invade and establish intracellular and perinuclear residence
(15, 56). Taken together, these findings indicate that M. pneu-
moniae is a sophisticated and versatile bacterial pathogen with
wide-ranging colonization strategies to overcome host defenses
and trigger acute and chronic airway and extrapulmonary dis-
eases.
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