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Glycerol is one of the few carbon sources that can be utilized by Mycoplasma pneumoniae. Glycerol metab-
olism involves uptake by facilitated diffusion, phosphorylation, and the oxidation of glycerol 3-phosphate to
dihydroxyacetone phosphate, a glycolytic intermediate. We have analyzed the expression of the genes involved
in glycerol metabolism and observed constitutive expression irrespective of the presence of glycerol or pre-
ferred carbon sources. Similarly, the enzymatic activity of glycerol kinase is not modulated by HPr-dependent
phosphorylation. This lack of regulation is unique among the bacteria for which glycerol metabolism has been
studied so far. Two types of enzymes catalyze the oxidation of glycerol 3-phosphate: oxidases and dehydroge-
nases. Here, we demonstrate that the enzyme encoded by the M. pneumoniae glpD gene is a glycerol 3-phosphate
oxidase that forms hydrogen peroxide rather than NADH2. The formation of hydrogen peroxide by GlpD is
crucial for cytotoxic effects of M. pneumoniae. A glpD mutant exhibited a significantly reduced formation of
hydrogen peroxide and a severely reduced cytotoxicity. Attempts to isolate mutants affected in the genes of
glycerol metabolism revealed that only the glpD gene, encoding the glycerol 3-phosphate oxidase, is dispens-
able. In contrast, the glpF and glpK genes, encoding the glycerol facilitator and the glycerol kinase, respectively,
are essential in M. pneumoniae. Thus, the enzymes of glycerol metabolism are crucial for the pathogenicity of
M. pneumoniae but also for other essential, yet-to-be-identified functions in the M. pneumoniae cell.

Mycoplasma pneumoniae causes infections of the upper and
lower respiratory tracts. These bacteria are responsible for a
large fraction of community-acquired pneumonias. Although
usually harmless for adult patients, M. pneumoniae may cause
severe disease in children or elderly people. In addition, M.
pneumoniae is involved in extrapulmonary complications such
as pediatric encephalitis and erythema multiforme (for re-
views, see references 15, 21, and 34).

M. pneumoniae and its relatives, the Mollicutes, are all char-
acterized by the lack of a cell wall and a very close adaptation
to a life within a eukaryotic host. This close adaptation is
reflected by degenerative genome evolution that resulted in an
extreme genome reduction. As a result, the Mollicutes are the
organisms that are capable of independent life with the small-
est known genome. M. pneumoniae has a genome of 816 kb and
encodes only 688 proteins (18). This genome reduction is taken
even further in the close relative Mycoplasma genitalium, which
has only 482 protein-coding genes (18). Thus, the analysis of
the Mollicutes allows us to study a minimal form of natural life.
This question has recently attracted much interest and resulted
in the determination of the essential gene sets of M. pneu-
moniae, M. genitalium, and, more recently, Mycoplasma pulmo-
nis (6, 20). In M. genitalium, with the most reduced genomes,
only 100 out of the 482 protein-coding genes are dispensable,

suggesting that the remaining 382 genes form the essential
gene set (7).

Reductive genome evolution in M. pneumoniae is still under
way: the genes for the utilization of mannitol as a carbon
source seem to be present in M. pneumoniae; however, this
substrate cannot be used by the bacteria. M. genitalium, which
is further advanced in genome reduction, has lost the genes for
mannitol transport and oxidation. It was therefore suggested
that the genes for mannitol utilization in M. pneumoniae either
are not expressed or encode inactive proteins (12).

In M. pneumoniae as well as in other Mollicutes, pathogenic-
ity is closely linked to carbon metabolism (13). M. pneumoniae
can use glucose, fructose, and glycerol as the only carbon
sources (12). Studies with Mycoplasma mycoides revealed that
glycerol metabolism has a major impact on the pathogenicity
of these bacteria. Oxidation of glycerol involves the glycerol
3-phosphate oxidase, which produces hydrogen peroxide
rather than NADH2, which is generated by the glycerol 3-phos-
phate dehydrogenase in most other bacteria (28). In addition
to the induction of autoimmune responses, the formation of
hydrogen peroxide is the only established mechanism by which
mycoplasmas cause damage to their hosts (31, 34). Pathogenic
strains of M. mycoides possess a highly active ABC transport
system for glycerol in addition to the ubiquitous glycerol facil-
itator (33). The efficient formation of hydrogen peroxide by the
membrane-bound glycerol 3-phosphate oxidase is the major
virulence factor of the highly pathogenic strains of M. mycoides
(28).

M. pneumoniae possesses the complete set of genes for glyc-
erol utilization, and the bacteria do indeed use this carbon
source (12). The first component in glycerol metabolism is the
glycerol facilitator encoded by the glpF gene. The transported
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glycerol is then phosphorylated by the glycerol kinase (product
of glpK), and glycerol 3-phosphate is subsequently oxidized to
dihydroxyacetone phosphate, a glycolytic intermediate. The
relevant enzyme is annotated as glycerol 3-phosphate dehydro-
genase (encoded by the gene glpD) in M. pneumoniae (17).

In all organisms studied so far, glycerol metabolism is under
dual control: the genes involved in glycerol utilization are ex-
pressed only if glycerol or glycerol 3-phosphate is present in
the medium, and they are not expressed in the presence of
glucose, the preferred carbon source (3, 4). This second mode
of regulation, carbon catabolite repression, involves two dis-
tinct mechanisms in the Firmicutes, from which the Mollicutes
evolved. In the presence of preferred sugars, the CcpA repres-
sor protein binds in the promoter regions of glycerol utilization
genes and prevents their expression. Moreover, the molecular
inducer of the system, glycerol 3-phosphate, is formed only in
the absence of glucose. This results from the low activity of the
glycerol kinase. This enzyme is activated upon phosphorylation
by HPr, a protein of the phosphoenolpyruvate:sugar phospho-
transferase system (PTS). HPr can phosphorylate other pro-
teins only in the absence of glucose, thus providing a link
between glucose availability, the activity of the glycerol kinase,
and the induction of the glycerol utilization genes (3). Nothing
is known about the regulation of glycerol utilization in any
member of the Mollicutes; however, regulatory events seem to
be rare in these organisms due to the lack of regulatory pro-
teins, among them CcpA.

In this work, we studied the mechanisms of glycerol utiliza-
tion in M. pneumoniae, its regulation, and its contribution to
cytotoxicity. We demonstrate constitutive expression of the
genes for glycerol utilization in M. pneumoniae. As observed in
M. mycoides, glycerol 3-phosphate oxidation involves the for-
mation of hydrogen peroxide and is important for damaging
the host cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The M. pneumoniae strains used in
this study were M. pneumoniae M129 (ATCC 29342) in the 33rd broth passage
and its isogenic mutant derivative GPM52 (glpD::mini-Tn, Gmr). M. pneumoniae
was grown at 37°C in 150-cm2 tissue culture flasks containing 100 ml of modified
Hayflick medium as described previously (12). Carbon sources were added to a
final concentration of 1% (wt/vol). Growth curves were obtained by determining
the wet weight of M. pneumoniae cultures as described previously (12). Strains
harboring transposon insertions were cultivated in the presence of 80 �g/ml
gentamicin. Escherichia coli DH5� was used as the host for cloning and recom-
binant protein expression.

Construction of plasmids for the expression of enzymes of glycerol metabo-
lism. The M. pneumoniae glycerol kinase carrying an N-terminal His tag is insoluble;
therefore, the glpK allele in which all TGA codons were replaced by TGG was
amplified using the oligonucleotides CH20 (5�-AAAAGAGCTCGATGGATCTA
AAACAACAATACATTCTTG) and CH21 (5�-TATAGGATCCGTCTTAGTCT
AAGCTAGCCCATTTTAG) and plasmid pGP254 (14) as the template. The PCR
product was digested with SacI and BamHI and cloned into the expression vector
pGP172 (26). The resulting plasmid was pGP255. This plasmid allowed the purifi-
cation of the M. pneumoniae glycerol kinase carrying a N-terminal Strep tag. For the
expression of the M. pneumoniae glycerol 3-phosphate dehydrogenase carrying an
N-terminal His tag, we constructed plasmid pGP266 as follows. First, the glpD gene
was amplified using the primer pair CH48 (5�-AAAAGGATCCATGGAAACAA
GAGATGTTTTAATAG)/CH53 (5�-TATAATGCATTTAGATCCATGGCAGA
TTG) and chromosomal DNA of M. pneumoniae as the template. This fragment was
digested with BamHI and NsiI and cloned into the expression vector pWH844 (30)
linearized with BamHI and PstI. The resulting plasmid, pGP265, served as the
template for the exchange of the four TGA stop codons by the multiple-mutation
reaction (14). For this purpose, the glpD gene was amplified with CH48/CH53 as the

external primers in the presence of the phosphorylated mutagenic primers CH49
(5�-P-GGTAAAAAGCTCTGGTTAAATACCTAC), CH50 (5�-P-GAAGGTAG
CTGGGCAATTGATC), CH51 (5�-P-GGACTTATTTAGTTTGGACTAACAA
CGAAAC), and CH52 (5�-P-CTAAAAAGCCGAACTGGAACGGAAAG). The
resulting PCR product was digested with BamHI and NsiI and cloned into pWH844
as described above.

Protein purification. The glycerol kinase carrying an N-terminal Strep tag and
the glycerol 3-phosphate dehydrogenase with an N-terminal His tag were over-
expressed using the expression plasmids pGP255 and pGP266, respectively. Ex-
pression was induced by the addition of IPTG (isopropyl-�-D-thiogalactopyrano-
side) (final concentration, 1 mM) to exponentially growing cultures (optical
density at 600 nm of 0.8). Cells were lysed using a French press (20,000 lb/in2

[138,000 kPa], two passes; Spectronic Instruments, United Kingdom). After lysis,
the crude extracts were centrifuged at 15,000 � g for 60 min. For the purification
of glycerol 3-phosphate dehydrogenase, the resulting supernatants were passed
over an Ni2�-nitrilotriacetic acid Superflow column (5-ml bed volume; Qiagen),
followed by elution with an imidazole gradient (from 0 to 500 mM imidazole in
a buffer containing 10 mM Tris-HCl [pH 7.5], 600 mM NaCl, and 10 mM
�-mercaptoethanol). For the glycerol kinase carrying an N-terminal Strep tag,
the crude extract was passed over a Streptactin column (IBA, Göttingen, Ger-
many). The recombinant protein was eluted with desthiobiotin (Sigma; final
concentration, 2.5 mM).

After elution the fractions were tested for the desired protein using 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The relevant frac-
tions were combined and dialyzed overnight. The protein concentration was
determined according to the method of Bradford using the Bio-Rad dye-binding
assay with bovine serum albumin as the standard.

Assays of GlpD enzymatic activity. GlpD could exhibit either glycerol 3-phos-
phate dehydrogenase or oxidase activity. Therefore, both enzymatic activities
were measured. The glycerol 3-phosphate dehydrogenase activity was deter-
mined by a photometric assay of NADH2 formation (5).

Glycerol 3-phosphate oxidase activity results in the formation of hydrogen
peroxide. This activity was determined as follows. The enzyme (1 �g) was incu-
bated for 60 min at 37°C with glycerol 3-phosphate (0.1 mM) in a potassium
phosphate buffer (10 mM, pH 7.5; final volume, 1 ml). The hydrogen peroxide
formed was then detected by adding 2.5 U horseradish peroxidase and its sub-
strate, o-dianisidine (0.5 mM). The peroxidase oxidizes the colorless o-dianisi-
dine to a brown intermediate, which was measured at 405 nm.

Assay of GlpK enzymatic activity. The glycerol kinase assay is based on the
formation of glycerol 3-phosphate and the subsequent oxidation by the glycerol
3-phosphate dehydrogenase and the formation of NADH2. Briefly, 3.6 �g of
glycerol kinase was incubated with 4 �g of rabbit muscle glycerol 3-phosphate
dehydrogenase (Sigma) in a 100 mM glycine-hydrazine buffer containing 3 mM
ATP, 3 mM glycerol, 3 mM MgCl2, and 0.5 mM NAD� in a volume of 320 �l.
NADH2 formation was determined spectrophotometrically at 340 nm. The effect
of HPr(His-P) on glycerol kinase activity was analyzed in the presence of 4.5 �g
of HPr, 0.06 �g of enzyme I, and 0.5 mM phosphoenolpyruvate. To study the
potential regulation of glycerol kinase activity by doubly phosphorylated
HPr(His-P, Ser-P), we added 4.5 �g of HPr(His-P), 0.3 �g of HPr kinase, and 0.1
mM of ATP to the assay mixture. HPr, HPr(His-P), enzyme I, and the HPr
kinase were prepared as described previously (9).

Determination of in vivo hydrogen peroxide production. The hydrogen per-
oxide production by M. pneumoniae was determined using the Merckoquant
peroxide test (Merck, Darmstadt, Germany), which has a detection range of 0.5
to 25 �g of hydrogen peroxide per ml of solution. The supernatant of a 100-ml
culture was discarded, and the cells were washed twice with a buffer containing
67.6 mM HEPES (pH 7.3), 140 mM NaCl, and 7 mM MgCl2. The cells were
scraped with 1.5 ml buffer, transferred into a fresh tube, and centrifuged (10 min,
10,000 rpm, 4°C). The pellet was washed with 1 ml and finally resuspended in 4
ml of the same buffer. Aliquots of 1 ml were adjusted to an A550 of 1.0. After
incubation for 1 h at 37°C, glycerol or glucose (final concentration, 100 �M) was
added to one aliquot. An aliquot without any added carbon source served as the
control. The test strips were dipped into the suspensions for 1 s and subsequently
read.

Preparation of cell extracts. A 100 ml culture was washed twice with cold
phosphate-buffered saline (PBS). The cells were harvested with 1.5 ml PBS by
scraping them off the surface of the flask. The cells were then centrifuged for 4
min at 13,000 rpm at 4°C. The pellet was resuspended in 500 �l of 10 mM
Tris-HCl (pH 7.5)–600 mM NaCl. The cells were sonicated (three times for 10 s
each at 4°C and 50 W), and the cell debris was removed by centrifugation (10
min, 13,000 � rpm, 4°C).

To fractionate the cytoplasmic and the membrane proteins, the pellet was
resuspended in 1 ml 0.5% Triton X-114 in PBS. After incubation for 1 h on ice
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with regular, gentle shaking, the mixture was centrifuged (5 min, 10,000 rpm,
4°C). The supernatant was carefully transferred onto a 0.5-ml sucrose cushion
(20 ml PBS, 1.2 g sucrose, 100 �l Triton X-114) and incubated for 4 min at 37°C,
followed by centrifugation for 3 min at 10,000 � g. After this step, the superna-
tant (predominantly cytoplasmic proteins) and the pellet (membrane-enriched
fraction) were treated separately.

The membrane-enriched fraction was incubated for 4 min in 1 ml PBS at 37°C
and then centrifuged (3 min, room temperature, 10,000 � g). After two identical
washings of the pellet in PBS, the volume of the pellet was estimated and it was
resuspended in a threefold volume of PBS.

The cytoplasmic fraction was transferred into a new tube and mixed with 150
�l 11.4% Triton X-114. The mixture was incubated for 4 min at 37°C and
centrifuged for 3 min at 10,000 � g. This procedure was repeated twice.

Western blot analysis. The purified GlpK and GlpD proteins were used to
generate rabbit polyclonal antibodies. For Western blot analysis, M. pneumoniae
crude cell extracts were separated on 12.5% sodium dodecyl sulfate-polyacryl-
amide gels. After electrophoresis, the proteins were transferred onto a polyvi-
nylidene difluoride membrane (Bio-Rad) by electroblotting. GlpK and GlpD
were detected with polyclonal antibodies raised against these proteins. Antibod-
ies were visualized by using anti-rabbit immunoglobulin G–alkaline phosphatase
secondary antibodies (Promega) and the CDP* detection system (Roche Diag-
nostics).

Southern blot analysis. Southern blot analysis was done as described previ-
ously (10). Briefly, chromosomal DNA of M. pneumoniae was isolated and
digested with EcoRV and NdeI. The fragments were separated using 1% agarose
gels, transferred onto a positively charged nylon membrane (Roche Diagnostics),
and probed with digoxigenin (DIG)-labeled riboprobes obtained by in vitro
transcription with T7 RNA polymerase (Roche Diagnostics) using PCR-gener-
ated fragments as templates. Primer pairs for the amplification of aac-ahpD and
glpD gene fragments were SH62/SH63 (10) and SH7 (5�-GTTTTAATAGTTG
GCGGTGGTG)/SH8 (5�-CTAATACGACTCACTATAGGGAGAAGCATAA
TGACCTGCAGCATC), respectively. The reverse primers contained a T7 RNA
polymerase recognition sequence (underlined in SH8). In vitro RNA labeling,
hybridization, and signal detection were carried out according to the manufac-
turer’s instructions (DIG RNA labeling kit and detection chemicals; Roche
Diagnostics).

Electron microscopy. The cells in a 100-ml culture were harvested by centrif-
ugation (5 min, 10,000 rpm, 4°C). The cells were fixed with 2.5% glutaraldehyde
(in PBS) for 1 h and then washed twice with PBS. Cells were then prepared for
whole-mount preparations (19, 29). The fixed cells were resuspended in 1 ml
PBS, and a drop of this solution was pipetted onto Parafilm. A carbon-coated
Formvar-nickel grid was incubated for 3 min on the drop and was briefly dried
on filter paper. For immunolocalization, the primary antibody, anti-P01 (16), or
anti-GlpD was diluted 1:100 with PBS, a drop of the antibody solution was
pipetted onto Parafilm, and the grid was incubated for 1 h on this drop. After
three washes of the grid with PBS, the secondary antibody (anti-rabbit immu-
noglobulin G–5-nm gold [1:100 with PBS]) was incubated for 30 min with the
grid. After two additional washes of the grid with PBS, the grid was briefly put
in deionized water and then dried upside down on filter paper. Finally, the
specimens were stained with 3% (wt/vol) phosphotungstic acid solution (pH 7.0)
for a few seconds. Electron microscopy was carried out with a Philips EM 301
instrument at calibrated magnifications. Images were recorded on IMAGO elec-
tron-sensitive films (Plano, Wetzlar, Germany).

Cell culture. HeLa cells were grown in 24-well plates at 2.5 � 104 cells per well
in 700 �l Dulbecco modified Eagle medium for 24 h at 37°C with 5% CO2. The
M. pneumoniae cultures were grown for 96 h at 37°C. The M. pneumoniae cells
were then washed three times with 67.6 mM HEPES (pH 7.3), 140 mM NaCl,
and 7 mM MgCl2. The cells were scraped with 1 ml buffer and resuspended with
a 0.4- by 20-mm needle. Depending on the size of the pellet, it was resuspended
in 5 to 8 ml buffer. The cell suspensions were adjusted to an A550 of 0.1 and
centrifuged for 5 min at 10,000 rpm at 4°C. The pellet was resuspended in 125 �l
of modified Hayflick medium with a 0.4- by 20-mm needle. The cells were then
pipetted onto the lawn of HeLa cells and incubated for 2 h at 37°C and 5% CO2.
Then the supernatant was removed and replaced by 700 �l Dulbecco modified
Eagle medium.

RESULTS

Synthesis of the enzymes of glycerol metabolism in different
media. In all organisms studied so far, the enzymes of glycerol
metabolism are expressed only if glycerol is present as an
inducer and glucose as the preferred carbon source is absent

(4). Since regulation at the level of protein synthesis seems to
be rare in M. pneumoniae (11), we intended to study the con-
trol of glycerol kinase and glycerol 3-phosphate dehydrogenase
in more detail. For this purpose, the corresponding genes glpK
and glpD were cloned into expression vectors that allow syn-
thesis of the two proteins carrying affinity tags (see Materials
and Methods). The stop codons present in both genes, which
would interfere with expression in E. coli, were replaced using
the multiple-mutation reaction (14). The proteins were puri-
fied to apparent homogeneity and used to raise polyclonal
antibodies.

To determine the regulation of GlpK and GlpD synthesis,
cultures of M. pneumoniae M129 were grown in modified Hay-
flick medium supplemented with glucose, glycerol, or a mixture
of both as the carbon source. Cell extracts were subjected to
Western blot analysis with antibodies raised against either of
the two enzymes (Fig. 1). Both GlpK and GlpD were present
in similar amounts under all conditions tested. This observa-
tion demonstrates the absence of substrate induction and car-
bon catabolite repression in the expression of the enzymes of
glycerol metabolism.

Impact of PTS components on GlpK activity. In gram-pos-
itive bacteria with a low GC content (i.e., the Firmicutes),
glycerol kinase activity is low unless the enzyme is phosphory-
lated by the HPr protein of the PTS. This regulation at the
level of enzyme activity is one of the mechanisms of catabolite
regulation of glycerol metabolism (4). Since M. pneumoniae
and the other Mollicutes are one clade of the Firmicutes and the
phosphorylation site is conserved in GlpK of M. pneumoniae
(His-234), we asked whether glycerol kinase activity in M.
pneumoniae might also require HPr-dependent phosphoryla-
tion. To answer this question, we purified the glycerol kinase
carrying an N-terminal Strep tag and performed enzyme assays
in the absence and presence of HPr and its phosphorylated
variants. In the absence of all PTS components, we observed a
specific activity of 165 U per mg of protein. The purified HPr
of M. pneumoniae was active in phosphate transfer (9). How-
ever, the presence of HPr(His-P) or HPr(His-P, Ser-P) in the
enzyme assays had no effect on the specific activity of the M.
pneumoniae glycerol kinase (data not shown). Thus, there is no
regulation of GlpK activity at the level of enzymatic activity in
M. pneumoniae. Taken together, our findings demonstrate that
neither the synthesis nor the activity of the enzymes of glycerol
metabolism is regulated by the carbon source.

FIG. 1. Immunoblot analysis of GlpK (A) and GlpD (B) synthesis
during growth of M. pneumoniae in the presence of different carbon
sources. Antibodies raised against M. pneumoniae GlpK and GlpD were
used to determine total amounts of GlpK (A) and GlpD (B) in cells grown
in the presence of glucose (lanes 2), glucose and glycerol (lanes 3), or
glycerol (lanes 4). The concentrations of the carbon sources were 1%
(wt/vol). A total of 50 ng of recombinant Strep-tagged GlpK (A) or
His6-tagged GlpD (B) served as a control (lanes 1).
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M. pneumoniae GlpD has oxidase activity. The genome an-
notation of M. pneumoniae predicts the presence of a glycerol
3-phosphate dehydrogenase encoded by the glpD gene (17).
However, an analysis of the enzymatic activity of the corre-
sponding enzyme in M. mycoides revealed that it exhibits oxi-
dase rather than dehydrogenase activity (28). We asked, there-
fore, whether the M. pneumoniae enzyme has dehydrogenase
or oxidase activity. If the protein exhibited dehydrogenase ac-
tivity, it would use NAD� as the electron acceptor. In contrast,
an oxidase would use molecular oxygen as the electron accep-
tor and would generate hydrogen peroxide.

To distinguish between these two possibilities, we performed
a dehydrogenase assay based on the detection of NADH2. No
activity was detected in this assay (data not shown), suggesting
either that the protein has no dehydrogenase activity or that
the N-terminal His tag might interfere with the enzymatic
activity. In a second experiment, we assayed the oxidase activ-
ity by determining the formation of hydrogen peroxide. In-
deed, the enzyme generated hydrogen peroxide in the presence
of glycerol 3-phosphate (36 �mol hydrogen peroxide in the
presence of 1 mM substrate per minute per �g of protein).
These findings establish that the enzyme encoded by the glpD
gene in M. pneumoniae indeed has glycerol 3-phosphate oxi-
dase activity.

Intracellular localization of GlpD. In M. mycoides, the glyc-
erol 3-phosphate oxidase is a membrane-spanning protein
(28). Since nothing has been known about the localization of
this enzyme in other Mollicutes, we attempted to determine the
cellular fraction that contains the M. pneumoniae GlpD. For
this purpose, the cytoplasmic and membrane fractions were
separated and tested for the presence of glycerol 3-phosphate
oxidase by Western blot analysis. As shown in Fig. 2, the major
fraction of GlpD is present in the cytoplasm, and only a minor
fraction is associated with the membrane. The specificity of this
analysis was verified by using the glpD mutant strain GPM52.
Only a faint nonspecific signal was observed in the cytoplasmic
fraction of this strain, suggesting that the antibody recognized
GlpD correctly.

To verify the result obtained by Western blot analysis, we
addressed the presence of GlpD at the cell surface of M.
pneumoniae by electron microscopy. The presence of a protein
was detected with the help of a primary antibody raised against
the target protein and a secondary gold-labeled antibody. As
control, the protein MPN474, which has recently been shown
to cover the M. pneumoniae cell (16), was used. Moreover, we
tested the M. pneumoniae cells with the secondary antibody to
exclude any nonspecific binding to the cell surface. As shown in

Fig. 3A, the secondary antibody did not bind the M. pneu-
moniae cells. In contrast, the MPN474 protein was detected in
high abundance on the cell surface (Fig. 3B). Only a few gold
particles were detected at the cell surface when the cells were
probed with primary antibodies specific for GlpD (Fig. 3C).
Thus, the electron microscopy confirms the results obtained by
Western blot analysis. Taken together, our findings demon-
strate that unlike its M. mycoides counterpart, the M. pneu-
moniae glycerol 3-phosphate oxidase is present predominantly
in the cytoplasm (see Discussion).

Construction of mutants affected in glycerol metabolism.
The analysis of mutants is one of the most powerful tools for
studying gene functions and bacterial physiology. The isolation
of desired M. pneumoniae mutants became possible only re-
cently by the introduction of “haystack mutagenesis” (10). To
gain more insight into the functions of the enzymes involved in
glycerol metabolism, we attempted to isolate glpF, glpK, and
glpD mutants, affected in the glycerol facilitator, the glycerol
kinase, and glycerol 3-phosphate oxidase, respectively.

The strategy of “haystack mutagenesis” is based on an or-
dered collection of pooled random transposon insertion mu-
tants that can be screened for junctions between the transpo-
son and the gene of interest due to transposon insertion. The
64 pools were used in a PCR to detect junctions between
the glpF, glpK, or glpD gene and the minitransposon using the
oligonucleotides CH32, CH07, and CH33 (for the respective
genes) and SH29 (for the minitransposon) (10) (Fig. 4A).
Positive signals were obtained for glpD but not for glpF and
glpK. Since the probability that a mutation of any nonessential
gene is present in our library is 99.999% (10), we can conclude

FIG. 2. Localization of GlpD. Immunoblot analysis of Triton
X-114-treated cell extracts of the wild-type (WT) and glpD mutant
(GPM52) with anti-GlpD is shown. A total of 20 �g of protein each
from the aqueous phase (C, cytoplasmic fraction) and the detergent
phase (M, membrane fraction) was applied to the gel.

FIG. 3. Localization of GlpD by immunoelectron microscopy.
(A) Negative control using gold-labeled anti-rabbit antibody. (B) Pos-
itive control using anti-MPN474. (C) Detection of GlpD with anti-
GlpD. Some gold particles are indicated by arrows.
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that the glpF and glpK genes are essential in M. pneumoniae.
From one pool that gave a positive signal for glpD, colony PCR
with the 50 individual mutants resulted in the identification of
one glpD mutant. The presence of the transposon insertion in
glpD was verified by Southern blot analysis (Fig. 4B). To test
whether this strain contained only a unique transposon inser-
tion, we made another Southern blot using a probe specific for
the aac-aphD resistance gene present on the minitransposon.
As shown in Fig. 4B, only a single band hybridizing with this
probe was detected; moreover, this fragment had the same size
as the EcoRV/NdeI fragment hybridizing to the glpD probe.
The isolated glpD mutant strain was designated GPM52. The
position of the transposon insertion in the glpD gene of M.
pneumoniae GPM52 was determined by DNA sequencing. The
glpD gene was disrupted between nucleotides 555 and 556,
resulting in a truncated protein of 185 amino acids with 7
additional amino acids and the stop codon carried by the in-
serted minitransposon. To make sure that all biological effects
of the transposon insertion were due to the disruption of glpD
and not to a possible polar effect on glpK expression, we per-
formed a Western blot analysis to visualize GlpK expression.
In the glpD mutant GPM52, the glycerol kinase was still ex-
pressed, although the cellular amount of the protein was some-
what reduced (data not shown). Thus, the glpD disruption does
not prevent synthesis of the essential protein GlpK.

Contributions of GlpD to growth, hydrogen peroxide pro-
duction, and cytotoxicity. First, we compared the abilities of

the wild-type strain and the glpD mutant GPM52 to utilize
glucose and glycerol as single carbon sources (Fig. 5). Both
strains grew well with glucose. As reported previously, the
wild-type strain exhibited very slow growth with glycerol as the
only carbon source. In contrast, the glpD mutant strain did not
grow at all in glycerol-containing medium. This finding sug-
gests that the glycerol 3-phosphate oxidase encoded by glpD is
essential for glycerol utilization.

Glycerol oxidation results in the generation of hydrogen
peroxide, the major cytotoxic product of M. pneumoniae. We
asked therefore whether the glpD disruption would affect hy-
drogen peroxide formation and, if so, whether it also affects
cytotoxicity. Hydrogen peroxide formation was assayed in M.
pneumoniae cultures that contained glucose, glycerol, or no
carbon source. In the absence of an added carbon source,
neither the wild-type strain nor the glpD mutant GPM52
formed substantial amounts of hydrogen peroxide (Fig. 6). In
the presence of glucose, both strains produced low levels of
hydrogen peroxide (about 1.5 to 2 �g/ml). If glycerol was
available, maximal hydrogen peroxide formation (5 �g/ml) was
observed in the wild-type strain. This is in good agreement with
previous reports on the increase of hydrogen peroxide gener-
ation in the presence of glycerol (25). It is important to note
that the glycerol concentration used here (100 �M) corre-
sponds to the physiological concentration in blood serum (28).

FIG. 4. Isolation of a M. pneumoniae glpD transposon insertion
mutant. (A) Schematic representation of the genomic region of the
glpD gene in M. pneumoniae and the site of the transposon insertion in
the glpD mutant strain GPM52. Probes hybridizing to internal frag-
ments of the glpD and the aac-ahpD genes are depicted as dotted lines.
(B) Southern blot analysis to confirm the unique insertion of the
minitransposon into the glpD gene of strain GPM52. Chromosomal
DNAs of the wild-type (WT) and mutant (GPM52) strains were di-
gested using EcoRV and NdeI. Blots were hybridized with the glpD-
specific probe (left) and a probe hybridizing to the aac-ahpD gene of
the minitransposon (right). DIG-labeled DNA molecular mass marker
III (Roche Applied Science) served as a standard.

FIG. 5. Growth of M. pneumoniae wild-type (WT) and glpD mutant
(GPM52) strains in modified Hayflick medium containing glucose or
glycerol as the carbon source. One hundred milliliters of medium was
inoculated with 15 mg of cells and incubated for 2, 4, or 6 days at 37°C
in 150-cm2 cell culture flasks. Glucose and glycerol were added to a
final concentration of 1% (wt/vol). Attached cells were collected by
scraping, and growth was monitored by determination of the wet
weight of the cell pellets. All measurements were done at least twice.

FIG. 6. Hydrogen peroxide production by wild-type (WT) and glpD
mutant (GPM52) strains in the presence of different carbon sources
(100 �M) after 20 min. Results are from a representative experiment.
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In contrast to the wild-type strain, the glpD mutant GPM52
produced nearly no hydrogen peroxide under these conditions.
This experiment provides unequivocal evidence that the glyc-
erol 3-phosphate oxidase encoded by glpD is responsible for
the increased hydrogen peroxide synthesis when M. pneu-
moniae grows in the presence of glycerol.

To assess the cytotoxicity of the different M. pneumoniae
strains, we infected confluently grown HeLa cell cultures with
a huge excess of M. pneumoniae cells. As shown in Fig. 7, the
HeLa cells were lysed after 6 days upon infection with wild-
type M. pneumoniae. In contrast, a large portion of intact cells
was observed after infection of the cell culture with the glpD
mutant GPM52. However, the glpD mutant cells were able to
damage the HeLa cells as judged from the comparison of
noninfected cells with those infected with GPM52. These data
clearly demonstrate that GlpD-dependent hydrogen peroxide
formation is a major factor that contributes to host cell dam-
age, but other factors obviously do exist.

DISCUSSION

In this work, we have provided evidence that the expression
of genes required for glycerol metabolism in M. pneumoniae is
constitutive. Moreover, we demonstrate that the genes for two
of the relevant enzymes are essential and that glycerol metab-
olism leads to the formation of hydrogen peroxide, which is
crucial for cytotoxicity of M. pneumoniae to eukaryotic cells.

Glycerol is one of the few carbohydrates that can be utilized
by M. pneumoniae. In all other bacteria for which glycerol
metabolism has been studied so far, the genes for glycerol
uptake, phosphorylation, and conversion to dihydroxyacetone
phosphate, an intermediate of glycolysis, are expressed only if
(i) glycerol is present as the inducing agent for gene expression
and (ii) no glucose or other preferred carbon sources that
cause carbon catabolite repression are present (3, 4). To the
best of our knowledge, M. pneumoniae is the only known ex-
ample with constitutive expression of the glpF, glpK, and glpD
genes. This constitutive expression is in good agreement with
the absence of genes encoding potential regulators of glycerol
metabolism in the genome of M. pneumoniae and all other
sequenced Mollicutes. Regulation of gene expression is tradi-
tionally regarded as a means for the efficient use of resources,
and expression of glycerol catabolic enzymes in the absence of
this substrate is definitely a waste. However, for an organism
highly adapted to commensal life on human mucosal surfaces,
this type of efficient use of resources may not be relevant. This
conclusion is in agreement with the observation that there is in
general no catabolite repression of gene expression in M. pneu-

moniae (11). This is paralleled in an obligate parasite, Chla-
mydia trachomatis, that also does not respond to changes in
carbon source supply (8, 27).

The absence of regulation of genes required for glycerol
metabolism in M. pneumoniae may also be related to the fact
that two out of the three genes are essential. The fact that the
glpK gene is essential was already observed in two previous
studies (7, 20). However, glpK seems to be dispensable in M.
pulmonis (6). Interestingly, glpF mutants were reported for M.
genitalium but not for M. pneumoniae and M. pulmonis, sug-
gesting that the glycerol facilitator is essential only for the
latter two organisms (6, 7, 20). In the gram-positive model
organism Bacillus subtilis, none of the genes of glycerol metab-
olism is essential (24). This mosaic pattern of essentiality of
glycerol catabolic genes (even in the absence of glycerol) sug-
gests that the glycerol facilitator GlpF and the glycerol kinase
GlpK exert additional functions in M. pneumoniae. The glyc-
erol facilitator is very similar to the water channel protein
aquaporin. Since such a protein is not encoded in the M.
pneumoniae genome, GlpF might be involved in the transport
of water across the cytoplasmic membrane. It has been ob-
served in other bacteria that the genes for many enzymes are
essential even if these enzymes are not actually required in
their metabolic function. Specifically, this was observed for
glycolytic enzymes of B. subtilis, E. coli, and Corynebacterium
glutamicum (1, 24, 32). It is tempting to speculate that these
essential enzymes have cellular functions in addition to just
providing the cell with the proper metabolic intermediates.
Indeed, glycolytic enzymes of E. coli and B. subtilis are involved
in mRNA processing and DNA replication, respectively (2,
22). It will thus be an important task to identify the essential,
secondary functions of the glycerol facilitator and of glycerol
kinase.

Glycerol metabolism via glycerol 3-phosphate oxidase is a
major source of the cytotoxic hydrogen peroxide. Here, we
have shown that the enzyme encoded by the glpD gene has
oxidase rather than dehydrogenase activity. This is in good
agreement with previous observations for M. mycoides (28).
However, there is a substantial difference: the enzyme from M.
mycoides is a membrane protein (28), whereas the M. pneu-
moniae glycerol 3-phosphate oxidase is present predominantly
in the cytoplasm. This difference might be related to the in-
tensity of glycerol metabolism and the resulting requirement
for hydrogen peroxide detoxification in the two bacteria. In the
highly pathogenic variant of M. mycoides, glycerol is trans-
ported by a specific and very efficient ABC transporter. In
contrast, M. pneumoniae as well as the weakly pathogenic vari-
ant of M. mycoides possess only the glycerol facilitator GlpF for
glycerol uptake by diffusion (33). Thus, glycerol catabolism
may be much more efficient in the virulent strain than in the
other strains. Indeed, the difference in glycerol transport and
the activity of glycerol 3-phosphate oxidase are the major fac-
tors contributing to the high pathogenicity of M. mycoides
small colony (28, 33). With a high rate of glycerol phosphate
oxidation and concomitant hydrogen peroxide formation, it is
essential for the cell to prevent damage to its own macromol-
ecules. This may be achieved by directly excreting the hydrogen
peroxide by using a membrane-embedded glycerol 3-phos-
phate oxidase, whereas this kind of autoprotection may be
much less of a problem for M. pneumoniae with its less efficient

FIG. 7. Cytotoxicity of M. pneumoniae toward HeLa cell cultures.
(A) HeLa cell culture without M. pneumoniae; (B) HeLa cell culture
incubated with wild-type M. pneumoniae; (C) HeLa cell culture incu-
bated with the glpD mutant. After 6 days, HeLa cell cultures were
stained with crystal violet and photographed.
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glycerol uptake. The analysis of the glpD mutant revealed that
the corresponding enzyme and the formation of hydrogen per-
oxide are important for the toxic effects on the host cells.
However, even though the glpD mutant strain is less cytotoxic
than the isogenic wild-type strain, there is still some host cell
damage (Fig. 7). This observation suggests that other factors
are involved in host cell damage. A strong candidate is the
ADP-ribosylating and vacuolating cytotoxin, which has been
shown to cause death of mammalian cells (23). With the avail-
ability of genetic approaches to the analysis of M. pneumoniae
pathogenesis, the assessment of the relative impacts of the
different virulence factors is a challenging task for the future.
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