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Background: Glycoglycerolipids, synthesized by glycosyltransferases (glycolipid synthases), are key structural membrane
components in mycoplasma.
Results: M. genitalium GT MG517 has been recombinantly expressed and kinetically characterized. It is a processive GT
transferring glucosyl or galactosyl residues tomembrane-bound diacylglycerol, with highermonoglycosyl- than diglycosyltrans-
ferase activity. Inhibition of the enzyme results in mycoplasma growth inhibition.
Conclusion: The membrane glycoglycerolipids ofM. genitalium are synthesized by a single processive glycosyltransferase, GT
MG517. It is proposed as a potential therapeutic target against mycoplasma infections.
Significance:The essential function ofGTMG517 formycoplasma viability and the absence of glycoglycerolipids in animal host
cells of mycoplasma infections make the enzyme a target for drug discovery by designing specific inhibitors.

Mycoplasmas contain glycoglycerolipids in their plasma
membrane as key structural components involved in bilayer
properties and stability. A membrane-associated glycosyltrans-
ferase (GT), GT MG517, has been identified in Mycoplasma
genitalium, which sequentially produces monoglycosyl- and
diglycosyldiacylglycerols. When recombinantly expressed in
Escherichia coli, the enzyme was functional in vivo and yielded
membrane glycolipids from which Glc�1,6Glc�DAG was iden-
tified as the main product. A chaperone co-expression system
and extraction with CHAPS detergent afforded soluble protein
that was purified by affinity chromatography. GTMG517 trans-
fers glucosyl and galactosyl residues from UDP-Glc and UDP-
Gal to dioleoylglycerol (DOG) acceptor to form the correspond-
ing �-glycosyl-DOG, which then acts as acceptor to give
�-diglycosyl-DOG products. The enzyme (GT2 family) follows
Michaelis-Menten kinetics. kcat is about 5-fold higher for UDP-
Gal with either DOG or monoglucosyldioleoylglycerol accep-
tors, but it shows better binding for UDP-Glc than UDP-Gal, as
reflected by the lowerKm, which results in similar kcat/Km values
for both donors. Although sequentially adding glycosyl residues
with �-1,6 connectivity, the first glycosyltransferase activity (to
DOG) is about 1 order of magnitude higher than the second (to
monoglucosyldioleoylglycerol). Because the ratio between the
non-bilayer-forming monoglycosyldiacylglycerols and the
bilayer-prone diglycosyldiacylglycerols contributes to regulate
the properties of the plasmamembrane, both synthase activities
are probably regulated. Dioleoylphosphatidylglycerol (anionic

phospholipid) activates the enzyme, kcat linearly increasingwith
dioleoylphosphatidylglycerol concentration. GT MG517 is
shown to be encoded by an essential gene, and the addition of
GT inhibitors results in cell growth inhibition. It is proposed
that glycolipid synthases are potential targets for drug discovery
against infections by mycoplasmas.

Glycoglycerolipids (galactolipids) are found in plant chloro-
plasts and cyanobacteria as membrane components associated
with photosynthetic tissues (1, 2). Similar glycolipids with a
wider structural diversity are widespread inGram-positive bac-
teria, in which the headgroups linked to diacylglycerol contain
glucosyl, galactosyl, or mannosyl units with diverse glycosidic
linkages (1). Their functions expand from membrane anchors
of other biomolecules (i.e. lipoteichoic acids) (3, 4) to free com-
ponents involved in membrane bilayer stability (1). Within the
latter role, incorporation of glycosyl residues switches a non-
bilayer-forming monoglycosyldiacylglycerol into a bilayer-
forming diglycosyldiacylglycerol (5–7).
Glycoglycerolipids are synthesized by the action of glycosyl-

transferases (GTs)4 on a diacylglycerol acceptor. Glycolipid
synthases are classified in different sequence-basedGT families
(carbohydrate-active enzyme classification (8)). Although not
many have been enzymologically studied, most of them have
either mono- or disynthase activity, one enzyme for the first
glycosylation of diacylglycerol, and a different enzyme for fur-
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ther glycosylation leading to the diglycosyldiacylglycerol
product. Table 1 summarizes currently identified glycolipid
synthases classified by GT families. In plants, monogalactosyl-
diacylglycerol (MGalDAG) synthases belong to family 28 gly-
cosyltransferases (GT28) (9–13, 15, 16), whereas the digalacto-
syldiacylglycerol (DGalDAG) synthases are classified in family
GT4 (17). In cyanobacteria, MGlcDAG synthases are family
GT2 enzymes (18), whereas DGalDAG synthases are tenta-
tively assigned to family GT4 (19). In non-photosynthetic
Gram-positive bacteria, sequentially acting GTs are also found,
in which a single enzyme transfers the first and second (and
eventually a third or more) glycosyl unit. The enzymes from
Bacillus and Staphylococcus belong to family GT28 and have
been shown to producemono-, di-, and oligoglucoglycerolipids
starting with DAG as primary acceptor (3, 20, 21). The Staph-
ylococcus aureus GT activity (YpfP) is localized on the cyto-
plasmic side of the plasma membrane, and the diglucosyldia-
cylglycerol product is translocated to the extracellular side,
serving as a priming structure for lipotheicoic acid synthesis (4).
Also, processive bacterial enzymes are found in family GT21,
whichmainly containsmammalian glucosylceramide synthases
(22).
Mollicutes are a class of bacteria devoid of cell wall, which

include several genera, such as Acholeplasma, Anaeroplasma,
and Mycoplasma. They are related to Gram-positive bacteria
and contain free glycoglycerolipids as key structural membrane
components (23, 24). Acholeplasma laidlawii is one of the best
investigated non-photosynthetic bacteria with regard to the
function of glycolipids in biological membranes (7, 25–29, 31).
Two different GTs belonging to family GT4 have been identi-
fied as mono- and diglucosyldiacylglycerol synthases, respec-
tively, responsible for the sequential glycosylationof theprecursor
diacylglycerol and regulation of the ratio between non-bilayer
and bilayer-forming glycolipids (32–37). More recently,Myco-

plasma pneumoniae has been shown to contain a processive
GT2 producing mainly galactoglycerolipids (38).
Due to the fundamental role of glycoglycerolipids in mem-

brane stability in mycoplasmas and the fact that these lipid
structures are absent in the animal host cells of mycoplasma
infections, we hypothesize that GTs involved in their biosyn-
thesis are potential targets for drug discovery. GT4 enzymes
from A. laidlawii have been well characterized (32–37), pro-
ducing �-linked glycolipids (Table 1). However, genome-se-
quencedmycoplasmas (more than 18 different species) contain
mainly GT2 enzymes. Experimentally, only the MPN483 gene
product fromM. pneumoniaehas been identified as a glycolipid
synthase (38). It is responsible for the synthesis of most of the
glycoglycerolipids found in the plasma membrane (proces-
sive enzyme with broad specificity), but this study character-
ized the enzyme in crude membrane extracts, where other
membrane components may interfere or regulate the observed
activity.
Because GT2 enzymes are the most common glycosyltrans-

ferases in pathogenic mycoplasmas and are encoded by essen-
tial genes (as shown by gene inactivation in Mycoplasma geni-
talium (39)), they are potential targets for enzyme inhibition in
the design of new antibiotics. With the aim of better under-
standing the kinetic properties of processive (or sequentially
acting)GT2 enzymes, we here address the recombinant expres-
sion and purification of a novel GT from M. genitalium for
detailed kinetic characterization of the isolated enzyme.
M. genitalium is the smallest free-living organism considered a
minimal cell model (39, 40) and the subject of intense research
in mycoplasma systems biology (41–43). Due to its reduced
genome of only 580 kb and about 480 genes encoding for pro-
teins, it lacks many metabolic pathways like amino acid, nucle-
otide, fatty acid, and cholesterol biosynthesis and maintains a
reduced energy metabolism devoid of Krebs cycle (23, 44).

TABLE 1
Characterized glycosyldiacylglycerol synthases grouped by CAZyme GT families
Phylogenetic trees for glycosyldiacylglycerol synthases (UNIPROT sequences, both characterized and uncharacterized) are provided in supplemental Fig. S4).

Family Activity/EC Organism Enzyme UNIPROT Product Reference

GT28a MGalDAG synthase/EC 2.41.1.46 Arabidopsis thaliana Mgd1 O81770 Gal�3DAG 10, 15
A. thaliana Mgd2 O82730 Gal�3DAG 10, 12
A. thaliana Mgd3 Q9SI93 Gal�3DAG 10, 12
Cucumis sativus MGD1 P93115 Gal�3DAG 9
Spinacia aleracea MGD1 Q9SM44 Gal�3DAG 13

MGalD synthase/EC 2.41.1.46 Chloroflexus aurantiacus MGD A9WFF3 Gal�3DAG 14
DGlcDAG/EC 2.4.1.208 C. aurantiacus DGD A9WFF4 Glc�6Gal�3DAG 14
Processive GlcDAG synthase Bacillus subtilis YpfP P54166 Glc�3DAG, Glc�6Glc�3DAG 20

S. aureus str. RN4220 YpfP Q5HH69 Glc�3DAG, Glc�6Glc�3DAG 21
GT21 Procesive Glc/Gal synthase Agrobacterium tumefaciens AtGcs Q7CYH2 Glc�3DAG, Gal�3DAG, Glc�6Glc�3DAG,

Glc�6Gal�3DAG, Gal�6Gal�3DAG
22

Mesorhizobium loti MlGcs Q98BB3 Same as above 22
GT4b DGalDAG synthase/EC 2.4.1.241 A. thaliana DGDG1 Q9S7D1 Gal�6Gal�3DAG 17

MGlcDAG synthase/EC 2.4.1.157 A. laidlawii AlMgs Q93P60 Glc�3DAG 33
Streptococcus pneumoniae SpMgs O06453 Glc�3DAG 33
Deinococcus radiodurans DrMgs Q9RV05 Glc�3DAG 14
Thermotoga maritima TrMgs Q9WZK3 Glc�3DAG 14

DGlcDAG synthase/EC 2.4.1.208 A. laidlawii AlDgs Q8KQL6 Glc�2Glc�3DAG 36
S. pneumoniae CpoA O06452 Gal�2Glc�3DAG 52

GT2 MGlcDAG synthase/EC 2.4.1.157 Synechocystis sp. MGlcDG P74165 Glc�3DAG 18
Nostoc sp. PCC 7120 MGlcDG Q8YMK0 Glc�3DAG 18

Procesive Glc/Gal synthase M. pneumoniae MPN483 P75302 Gal�3DAG, Glc�6Gal�3DAG 38
M. genitalium MG517 Q9ZB73 Glc�3DAG, Gal�3DAG, Glc�6Glc�3DAG This work

a Other annotated (UNIPROT), not characterized GT28 (plant): Glycine max (Q9FZL4), Nicotina tabacum (Q9FZL3), Oryza sativa subsp. Japonica (type 1, Q69QJ7 ; type 2,
Q6UTZ2 ; type 3, Q0DWQ1), O. sativa subsp. Indica (type 2, A2YTP9), Vigna unguiculata (type A, Q07A03; type B, A4UNX3, fragment).

b Other annotated (UNIPROT), not characterized GT4 (plant): DGalDAG synthase: A. thaliana (type 2, Q8W1S1), Lotus japonicus (type 2, Q6DW73), L. japonicus (type 1,
Q6DW74), G. max (type 1, Q6DW76), G. max (type 2, Q6DW75), N. tabacum (Q6DQ98), V. unguiculata (type 1, Q07A01), V. unguiculata (type 2, A4UNX4, fragment);
Xerophyta humilis (Q84XL8). Other annotated (UNIPROT), not characterized GT4 (cyanobacteria): DGalDAG synthase Synechocystis sp. PCC 6803 (P73948).
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M. genitalium is a human pathogen involved in urogenital
diseases such as acute and chronic non-gonococcal urethritis,
cervicitis, and pelvic inflammation (45, 46). Here we report a
chaperone co-expression system that has allowed the overpro-
duction and subsequent purification of the membrane-associ-
ated GT MG517. We provide for the first time the kinetic
parameters for the first (monoglycosyldiacylglycerol synthase)
and second (diglycosyldiacylglycerol synthase) glycosyl transfer
activities catalyzed by a GT2 glycolipid synthase in isolated
form. Inhibition of this GT activity is shown to inhibit myco-
plasma growth, supporting our hypothesis of GT2 glycolipid
synthases as potential therapeutic targets against mycoplasma
infections.

EXPERIMENTAL PROCEDURES

Mycoplasma Growth Conditions and Glycolipid Labeling

20 ml of SP4 medium (47) supplemented with 5 g/liter glu-
cose (or [14C6]glucose, 15 �Ci, in labeling experiments) in 150-
cm2 Falcon flasks were inoculated with 50 �l ofM. genitalium
glycerinate stock and incubated at 37 °C in 5%CO2 atmosphere
until exponential (3.5 days) or stationary (6 days) phase,
depending on its use for GT activity assays or lipid extraction,
respectively. Cells were washed with 5 ml of PBS and resus-
pended in 5 ml of PBS by direct scraping of the surface. After
centrifugation, the cellular pellet was resuspended in reaction
buffer when used for activity assays or extracted with chloro-
form/methanol (2:1) when used for lipid analysis.
For cell growth inhibition assays, PPMP and N-(n-nonyl)-

deoxygalactonojirimycin (C9J) (inhibitors of GT MG517, as
shown below) dissolved in 100 �l of ethanol were added to 5ml
of culture medium (in 25-cm2 Falcon flasks) before inoculation
(with 7 �l of M. genitalium glycerinate) to give final inhibitor
concentrations of 0–500�M.Cell growthwas followed bymon-
itoring the pH of themedium, which drops from 7 to 5 within 6
days for a control M. genitalium culture (without inhibitor)
(43).

Cloning of M. genitalium ORFs mg025, mg060, and mg517

M. genitalium cells grown at 37 °C, 5% CO2 to stationary
phase (6 days) were scraped, washed, and resuspended in Lysis
buffer A (67 mMTris-Cl, pH 8.8, 16.7 mM ammonium sulfate, 5
mM �-mercaptoethanol, 6.7 mMMgCl2, 6.7 mM EDTA, pH 8.0,
1.67 �M SDS, and 50 �g/ml proteinase K). The cell lysate was
directly used as template in hot start polymerase chain reac-
tions (PCRs) to amplify the three ORFs, mg025, mg060, and
mg517. After restriction digestion and ligation to a pUC18 vec-
tor, electrocompetent Escherichia coli DH5� cells were trans-
formed with the ligation mixtures, and positive transformants
were verified byDNA sequencing. All Trp-codingUGA codons
present in mg025 (two codons; Trp-218 and Trp-273), mg060
(five codons; Trp-88, Trp-126, Trp-131, Trp-227, andTrp-287)
andmg517 (four codons; Trp-170, Trp-197, Trp-268, and Trp-
275) weremutated toUGG for recombinant protein expression
in E. coli. Next, the codon-adapted genes in pUC18 vectors
were subcloned into pET38b(�) between NdeI and AvrII sites
for protein expression of the full-length proteins under the con-
trol of a T7 promoter. The final constructs were verified by
DNA sequencing. E. coli BL21(DE3) cells were transformed

with each vector for protein expression. Detailed protocols and
primer sequences are given in the supplementalmaterial (Table
S1).

Expression of mg025, mg060, and mg517 Gene Products in
Recombinant E. coli

E. coli BL21(DE3) cells harboring each plasmid (pET38b(�)-
mg025, pET38b(�)-mg060, or pET38b(�)-mg517) were grown
in LBmedium supplementedwith 50�g/ml ampicillin at 37 °C.
When the culture reached an OD of 0.3, a heat shock at 42 °C
for 30min was applied. Then IPTG (1mM) was added, and cells
were grown for 16 h at 20 °C. After centrifugation at 4 °C, the
cell pellet was directly used for lipid analysis (in vivo glycolipid
biosynthesis) or for the preparation of spheroblasts (for in vitro
GT activity assays).

Lipid Extraction and TLC Analysis

The cellular pellet of M. genitalium or recombinant E. coli
BL21(DE3) expressing the corresponding genes was subjected
to lipid extraction with chloroform/methanol (2:1) (v/v). The
organic fraction, dried with MgSO4 and concentrated under
vacuum, was analyzed by TLC developed with chloroform/
methanol/water 65:35:4 (v/v) and stained with different
reagents for lipid identification (48): (a) �-naphtol in sulfuric
acid/methanol for general staining, where different lipid fami-
lies develop a characteristic color (red-brown for cholesterol
and apolar lipids; blue for glycolipids; brown for phospholip-
ids); (b) ninhydrin for phosphatidylethanolamine; (c) N,N-
diphenylamine for glycolipid staining; (d) Draggendorf
staining for phosphatidylcholine; and (d) sulfuric/methanol/
water (45:45:10, v/v/v) for general visualization. In the case
of 14C-labeled glycolipids, developed TLC plates were visu-
alized by autoradiography.

Glycosyltransferase Activity Assay on Cells

M. genitalium cells or E. coli spheroblasts were resuspended
in reaction buffer with acceptor lipid premix to a final concen-
tration of 120 mM Tris-maleate buffer, pH 8, 20 mM MgCl2, 1
mM dioleoylglycerol (DOG), and 0.2 mM SDS. After preincuba-
tion at 4 °C for 30min, reactions were started by the addition of
UDP-Glc donor substrate (0.2 �Ci of UDP-[14C6]Glc) to a final
5 mM concentration (100-�l total volume). Reactions were
incubated for 1 h at 28 °C and stopped by the addition of 1ml of
chloroform/methanol (2:1, v/v) or 1 ml of scintillation liquid
(Econofluor�, PerkinElmer Life Sciences). In the first case, the
organic fraction was separated, and lipids were analyzed by
TLC-autoradiography. In the second case, the reactionmixture
was added to the scintillation liquid, which acted as an organic
extractant. The aqueous phase containing an excess of UDP-
[14C6]Glc was decanted in the scintillation vial, and radioactiv-
ity in the organic phase was quantified by scintillation counting
(Tri-carb 2100 TR, Packard).

Isolation, Methanolysis, and Acetylation of GL2 from
Recombinant E. coli

E. coli BL21(DE3)-pET38b(�)-mg517 cells expressing GT
MG517 were harvested and then subjected to continuous
extraction (Soxhlet) with acetone. The lipid extract was dried,
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redissolved in chloroform, and fractionated by silica gel chro-
matography sequentially eluted with chloroform, acetone, and
methanol. The acetone fraction containing GL2 was collected,
and the solvent was evaporated under vacuum. The product
was subjected to methanolysis (NaOH, 0.2 N in methanol) for
1 h, chloroform and water (1:1) were added, and the aqueous
phase was neutralized by adding Amberlist IR-120 resin. After
filtration, the aqueous solution was freeze-dried. The resulting
solid was acetylated with acetic anhydride in pyridine (1:1) and
catalytic amounts of dimethylaminopyridine for 16 h at room
temperature. After work-up, the acetylated product was puri-
fied by silica gel chromatography using ethyl acetate/hexane
(1:1) as eluent. The structure of the purified product dissolved
in CDCl3 was elucidated by NMR experiments as described
under “Results.”

In Vitro Synthesis of GL1 and GL2 with Purified GT MG517

25 mg of DOG and 2.3 mg of SDS were mixed with 4 ml of
Reaction buffer (1.2 M Tris-malate, pH 8.0, 0.2 M MgCl2) and 2
ml of H2O. Micelles were formed by extensive vortexing, and
then 1mg of purified GTMG517 protein (see below) in dialysis
buffer was added. After a 1-h incubation at 4 °C, UDP-Glc was
added to get the final reaction conditions: 5mMUDP-Glc, 1mM

DOG, 0.2mMSDS, 120mMTris-maleate, pH8, 20mMMgCl2 in
a 40-ml total volume. After 48 h of incubation at 28 °C in an
orbital shaker, glycolipid products were extracted with 150 ml
of chloroform/methanol (2:1), and the organic phase was dried
over MgSO4 and concentrated in a rotatory evaporator under
vacuum. The lipid mixture was then fractionated by silica gel
chromatography column (sequential elution with ethyl acetate,
chloroform, acetone, and methanol). MGlcDOG and DGl-
cDOG were isolated after solvent evaporation pure enough for
NMR analysis.

Recombinant Expression of GT MG517

Gene mg517 in pET38b(�) vector was subcloned into
pET44b(�) to introduce a His tag at the C terminus of the
expressed protein. First, a new restriction site was introduced
by replacing the stop codon in plasmid pET38b(�)-mg517 for
the XhoI restriction sequence (therefore adding two codons for
Leu-Glu at the C terminus of the encoded protein) in order to
ligate the gene in frame to the XhoI site upstream of the His tag
coding sequence of the vector. The final pET44b(�)-mg517
construct was verified by DNA sequencing (for details, see the
supplemental material).
E. coli BL21(DE3star) cells were co-transformed with

pET44b(�)-mg517 and pGro7 (from Takara Bio, Ltd.), a plas-
mid encoding for the E. coli chaperones GroEL and GroES
under the control of an araB promoter and containing a chlor-
amphenicol resistance gene (49). Cells were grown in LB
medium containing 50 �g/ml ampicillin and 170 �g/ml chlor-
amphenicol at 37 °C. When the optical density of the culture
reached 0.4, expression of chaperones was induced by adding
L-arabinose (final concentration 0.2%). The culture was further
incubated for 30 min at 37 °C before IPTG (1 mM) induction of
GT-MG517 expression. Cells continued to be grown for 16 h at
30 °C before harvesting.

GT MG517 Protein Purification

Cell Lysis Buffer Selection—Cells from 50-ml cultures were
harvested by centrifugation (9000 � g for 10 min at 4 °C),
washed with 5 ml of 0.9% NaCl, and resuspended in 2.5 ml of
different lysis buffers (Table 2). Bacteria were lysed by sonica-
tion, and the resulting suspension was incubated for 2 h at 4 °C
with continuous stirring. Separation of the solubilized protein
fraction was achieved by centrifugation (16,000 � g for 30 min
at 4 °C). Total protein concentration and glycolipid synthase
activity of the resulting supernatant was determined by the
BCA assay and radiometric activity assay described below,
respectively. A buffer containing CHAPS and glycerol was
selected for protein purification.
Protein Purification by Metal Affinity Chromatography—

Cells coming from 1 liter of culture were harvested by centrif-
ugation (9000 � g for 10 min at 4 °C), washed in 100 ml of 0.9%
NaCl, and resuspended in 50 ml of lysis buffer (20 mM HEPES,
pH 8, 500 mM NaCl, 10 mM CHAPS, 20% glycerol). Bacteria
were lysed by a single passage through a cell disrupter (Con-
stant Cell Disruption Systems Ltd.) at a cell pressure of 20.5
kilopascals/inch2. After washing the cells with an additional 50
ml of lysis buffer, the final 100-ml mixture was centrifuged at
16,000� g for 30min at 4 °C. After pellet removal, viscosity was
decreased by sonication, and the resulting suspension was cen-
trifuged (16,000 � g for 30 min at 4 °C) and filtered through a
0.22-�m filter (Millipore) to obtain the final soluble protein
fraction. It was loaded to a prepacked 1-ml HisTrapTM HP col-
umn (GE Healthcare), previously equilibrated with lysis buffer
in an ÄKTApurifierTM FPLC system (GE Healthcare). Non-
specifically bound proteins were eluted first by a step gradient
up to 8–9% of CHAPS-containing elution buffer (20 mM

HEPES, pH 8, 500 mM NaCl, 10 mM CHAPS, 20% glycerol, 500
mM imidazole). Then the column was extensively washed with
washing buffer (20 mM HEPES, pH 8, 500 mM NaCl, 20% glyc-
erol) to ensure CHAPS detergent removal. The protein was
finally eluted by a second step-gradient up to 80% of glycerol-
containing elution buffer (20 mM HEPES, pH 8, 500 mM NaCl,
20% glycerol, 500mM imidazole). Collected fractions were ana-
lyzed by SDS-PAGE, and fractions containingGT-MG517were
combined and dialyzed against 20 mM HEPES, pH 8, 500 mM

NaCl, 20% glycerol to remove the imidazole. The final protein

TABLE 2
Buffers for solubilization of recombinant E. coli cell extracts for GT
MG517 purification

Buffer Total proteina Specific activityb

mg/ml units/mg
Buffer A: glycerol (20%) in 0.5 M
NaCl, 50 mM phosphate, pH 7

4.1 0.083

Buffer B: Triton X-100 (0.5%) �
glycerol (5%) in 0.5 M NaCl, 50
mM phosphate, pH 7

6.3 0.17

Buffer C: CHAPS (20 mM) in 0.5 M
NaCl, 20 mM HEPES, pH 8

4.8 0.076

Buffer D: CHAPS (20 mM) �
glycerol (10%) in 0.5 M NaCl, 20
mM HEPES, pH 8

7.0 0.24

a Total protein in the soluble fraction after extraction, expressed as mg of pro-
tein/ml of cell extract.

b Specific activity of the solubilized protein extract determined by the radiometric
assay. Conditions were as follows: 1 mM UDPGal, 1.25 mM DOG, 20 mM HEPES,
20 mM MgCl2, 20 mM CHAPS, 12.5 mM DOPG, pH 8.0, 35 °C. Units/mg, �mol
of �14C�Gal incorporated/min/mg of total protein.
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was free of lipidic contaminants as shown by chloroform
extraction and TLC analysis. The protein was quantified by the
BCA assay and was used for activity assays within 48 h of stor-
age at 4 °C.

Radiometric Glycosyltransferase Activity Assay

The radiometric assay developed for GT-MG517 activity
monitoring was based on the protocol by Shimojima et al. (9).
Solubilization of Substrate andMatrix Lipids—DOG (accep-

tor substrate), dioleoylphosphatidylglycerol (DOPG) (enzyme
activator), and (when indicated) dioleoylphosphatidylcholine
(DOPC) (matrix lipid) were dissolved in chloroform using the
required amounts to give the final concentrations for each assay
as indicated. The solvent was evaporated under a steam of N2,
and the lipid mixture was dried under vacuum for 1 h. The
mixture was then solubilized to homogeneity (mixed micelles)
in 20 mM CHAPS, 20 mM HEPES, pH 8.0, 20 mM MgCl2, by
extensive vortexing and bath sonication for 5 min.
Activity Assay—The glycolipid synthase activity assay was

performed with both protein extract obtained as described
under “Cell Lysis Buffer Selection” and purifiedGT-MG517. To
prepare the reaction mixture, 10 �l of enzyme source (protein
extract or pure protein, 1–10 �M assay concentration) were
added to 60 �l of freshly prepared micellar solution containing
the acceptor substrate as indicated above. The preparation was
kept for 30 min on ice and preincubated for 10 min at 35 °C.
Reactions were started by adding the labeled donor (UDP-
[14C6]Glc or UDP-[14C6]Gal, 1–5 �Ci). Final buffer composi-
tion was 20 mMHEPES, pH 8, 20 mMMgCl2, 20 mM CHAPS in
a 110-�l reaction volume. Five 20-�l samples were taken at
different times and immediately quenched by the addition of
500 �l of ethyl acetate and 250 �l of 0.45% NaCl. After vortex-
ing and centrifugation (2500 rpm for 5 min), 350 �l of the
organic phase were withdrawn and mixed with 4 ml of ACS-II
scintillation liquid (GE Healthcare) and 500 �l of methanol.
The amount of the produced radiolabeled glycolipids was
determined with a TRI-CARB 2100 TR scintillation counter
(Packard). Initial rates were calculated from the slopes of the
linear time course (�mol of Glc or Gal incorporated to prod-
ucts) versus time.
For specific activity determination (protein extracts or puri-

fied protein) reaction conditions were as follows: 1 mM UDP-
Glc, 1.25 mM (3.7 mol %) DOG, 12.5 mM (37 mol %) DOPG, 20
mMCHAPS, 20mMMgCl2, 20mMHEPES, pH 8.0, at 35 °C. For
determination of kinetic parameters with purified enzyme,
donor (0.5 �M to 2 mM), acceptor (50 �M to 1.25 mM), and
DOPG (0–12.5mM) were individually varied, maintaining con-
stant the other components. Initial rates versus donor or accep-
tor concentrations were fitted to a Michaelis-Menten equation
by non-linear regression, from which the kinetic parameters
were derived.
Enzyme Inhibition—For inhibition measurements, PPMP

was included in the mixed micelles with DOG and DOPG in
CHAPS. Reaction conditions were 300 �M UDP-Glc, 300 �M

DOG, 12.5 mM DOPG, 0–200 �M PPMP, 20 mM CHAPS, 20
mM MgCl2, 20 mM HEPES, pH 8.0, at 35 °C. Enzyme activity at
each inhibitor concentration was determined as above.

HPLC-MS Time Course Monitoring of GT Activity

Reactions prepared as above (with cold UDP-Glc and UDP-
Gal) were monitored by taking 20-�l aliquots at different time
intervals, whichwere added to 200�l ofmethanol and analyzed
by HPLC-MS. The equipment was an Acquity UPLC system
(Waters) coupled to a ZMD mass spectrometer (Waters) as
detector (ESI�, SIM mode, 20-V cone voltage). The ions ana-
lyzed were m/z 644 [M � Na�] for DOG, 806 [M � Na�] for
MGlcDOG, and 968 [M � Na�] for DGlcDOG. Chromato-
graphic separation was done on a Nova-Pack C18 column
(Waters), eluted with MeOH/H2O (98:2) at a 1-ml/min flow
rate, 10-�l injection. Calibration curves (peak area versus con-
centration) were obtained using GL1 and GL2 glycolipid prod-
ucts from in vitro synthesis (see above).

RESULTS

Functional GT Activity in M. genitalium

In addition to phospholipids and cholesterol, two major gly-
colipids (namely GL1 and GL2) were observed in the plasma
membrane ofM. genitalium cells grown to stationary phase in
[14C]glucose-enriched medium (supplemental Fig. S1). They
were sequentially synthesized from diacylglycerol by the action
of GT activities. When incubating M. genitalium cells with a
mixture of UDP-[14C6]Glc and DOG as donor and acceptor
substrates in the presence of SDS as solubilizing detergent, the
lipid extract showed two labeled spots corresponding to GL1
and GL2 (supplemental Fig. S1). Their relative intensities
remarkably differ from those obtained in the in vivo labeling
experiment, indicating that the relative glycosyltransferase
activities are regulated in vivo. The isolated 14C-labeled GL1
product was then used as acceptor and incubated with the
M. genitalium cell pellet in the presence of SDS and cold UDP-
Glc, showing that GL1 is converted toGL2, thus demonstrating
the sequential action of the two GT activities. They are local-
ized in the plasma membrane because activity was only
observed in the membrane fraction.
Only three putative GT genes have been annotated in the

M. genitalium genome. Based on their translated amino acid
sequences, all three (mg025,mg060, andmg517) are classified in
family GT2 in the CAZY data base (8). BLAST screening iden-
tified homologues in other Mycoplasma species, being those
from M. pneumoniae the closest relatives. The M. genitalium
mg517 gene product shares 77% similarity with the M. pneu-
moniae MPN483 protein, recently identified as a processive
GT-synthesizing galactosyl and glucosyl-�1,6-galactosyldiacyl-
glycerols (38). The other two genes, mg025 and mg060
(orthologs of mpn028 and mpn075), have unknown function.
None of them showed homology with the best characterized
GTs involved in glycolipid biosynthesis in A. laidlawii (33, 50),
where both synthases belong to CAZY family GT4. The three
ORFs were cloned in E. coli for recombinant expression and
activity characterization (see “Experimental Procedures”).

Glycolipid Synthesis in Recombinant E. coli Cells

Gram-negative bacteria, such as E. coli, do not have gly-
coglycerolipids, so the functionality of theM. genitalium genes
can be detected by analyzing formation of newglycolipids in the
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plasma membrane of recombinant E. coli cells expressing the
cloned genes. Total lipid extracts of recombinant E. coli
BL21(DE3) cells expressing genes mg025, mg060, and mg517
were prepared and analyzed by TLC (Fig. 1a). Only E. coli cells
expressingmg517 showed two new spots not present in control
cells and in cells expressing mg025 and mg060, which were
identified as glycolipids by specific staining withN,N-diphenyl-
amine. When compared with the glycolipids observed in the
membrane ofM. genitalium (GL1 and GL2), the less polar gly-
colipid corresponded to GL2, whereas GL1 was not observed,
and the more polar glycolipid (GL3) had no counterpart in
Mycoplasmamembrane lipids.
To confirm further that only MG517 and not MG025 and

MG060 produce glycolipids, GT activity assayswere performed
on isolated spheroblasts from the three recombinant E. coli
cells. After a 1-h incubation with UDP-[14C6]Glc and DOG in
the presence of SDS, the lipid extracts were analyzed by TLC-
autoradiography (Fig. 1b). Lanes formg025 andmg060 did not
show any radioactive spots, confirming that UDP-Glc was not
incorporated into lipophilic metabolites. Spheroblasts of trans-
formed E. coli cells with themg517-containing plasmid yielded
twomajor glycolipids in theGTactivity assay, which, compared
with M. genitalium glycolipids, correspond to GL1 and GL2.
Other minor spots for more polar glycolipids were also
observed with much lower intensity.
Time course monitoring of the GT activity of E. coli (mg517)

spheroblasts is shown in Fig. 2. TLC-autoradiography analysis
of the lipid extracts at increasing reaction times shows the
sequential behavior of the GT activity. Initially, GL1 was
formed, followed by formation of GL2. After longer reaction
times (�20 min under these experimental conditions), two
more polar glycolipids were produced, the lower spot corre-
sponding to the previously seen GL3, whereas the other spot
was not identified.

Structure Determination of Glycolipids GL1 and GL2

For structural elucidation of the glycolipids by spectroscopic
analysis, two different experiments were performed. First, the

glycosidic moiety of GL2 produced in vivo by recombinant
E. coli cells expressing mg517 was determined. For that, the
ester linkages were hydrolyzed to simplify the analysis due to
the heterogeneity of the fatty acids that come from E. coli. Sec-
ond,GL1 andGL2were produced in vitro using the purifiedGT
MG517 enzymewith dioleoylglycerol as acceptor andUDP-Glc
as donor, allowing structure elucidation of the glycolipids with
homogeneous oleoyl fatty acid chains.
To identify the glycosidic moiety of GL2 produced in vivo,

recombinant E. coli (mg517) cells were subjected to acetone
extraction, yielding a glycolipid-enriched extract that was then
fractionated by chromatography. PurifiedGL2was treatedwith
sodium hydroxide in methanol to release the fatty acid side
chains, and the resulting glycosylglycerol was acetylated with
acetic anhydride in pyridine. After chromatographic purifica-
tion, the structure of the peracetylated glycosylglycerol product
was elucidated by NMR experiments (see supplemental Table
S1, Fig. S2, and Fig. S3). The coupling constants J1,2 � 8.1 Hz in
both sugar rings indicates a glucose-glucose-glycerol structure
with � linkages, consistent with the inverting mechanism pro-
posed for this family 2 glycosyltransferase. The up-field shift of
both 1H and 13C signals for H6 and C6 compared with H6� and
C6� signals indicates a 136 linkage that was confirmed by
NOESY experiments, where H1� showed spatial correlation
with H6a and H6b signals. Therefore, the polar head structure
of glycolipid GL2 was identified as 3-O-�-(D-glucopyranosyl-
�(136)-D-glucopyranosyl)-syn-glycerol.

Next, glycolipids GL1 and GL2 were synthesized in vitro by
incubating purified enzyme (see below) with UDP-Glc and pre-
formed micelles of DOG and SDS at pH 8.0 and 28 °C. When
the reaction was completed, lipophilic products were extracted
with chloroform/methanol and fractionated by column chro-
matography. The structures of isolated GL1 and GL2 were de-
termined by 1H and 13C NMR experiments (see supplemental
Tables S3 andS4).GL1was identified as 3-O-�-D-glucopyranosyl-
1,2-dioleoyl-syn-glycerol, and GL2 was identified as 3-O-�-(D-
glucopyranosyl-�(136)-D-glucopyranosyl)-1,2-dioleoyl-syn-
glycerol (Fig. 3).

FIGURE 1. Glycolipid synthesis in recombinant E. coli. A, TLC of lipid
extracts from E. coli cells expressing mg517, mg060, and mg025 genes, respec-
tively. BL21 are control cells transformed with the pET38b(�) with no insert.
B, TLC-autoradiography of in vivo glycolipids from M. genitalium grown in
[14C]glucose medium (lane 1 labeled Myc) and in vitro products from GT assays
with spheroblasts of E. coli cell expressing mg517, mg060, and mg025 genes
incubated with UDP-[14C6]Glc, DOG, and SDS. GL1, GL2, and GL3, glycolipids;
TG, triglycerides.

FIGURE 2. Time course monitoring of GT activity in recombinant E. coli
spheroblasts expressing mg517. A, in vitro GT assay: TLC-autoradiography
of the reaction mixture containing E. coli-pET38b(�)-mg517, UDP-[14C6]Glc,
and DOG in SDS at increasing reaction times. B, in vivo glycolipid biosynthesis;
TLC of a lipid extract of E. coli cell expressing mg517 stained for glycolipids
with N,N-diphenylamine.
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Expression and Purification of GT MG517

Once it was demonstrated that glycolipid biosynthesis in
M. genitalium was mediated by the mg517 gene product, the
GT enzyme was isolated and purified from recombinant E. coli
for characterization. To simplify the purification protocol, the
gene was subcloned into the pET44b(�) expression vector in
order to introduce a His tag at the C terminus of the protein for
metal affinity chromatography separation. Bioinformatics anal-
ysis of the translated amino acid sequence (341 amino acids)
identified the GT family 2 fold in the N terminus (from amino
acid 6 to 192) and a C terminus region with no homology to
other GT2 proteins except with its Mycoplasma orthologs.
Although the enzyme activity is associated with the membrane
fraction, no transmembrane domain was predicted, but the
hydrophobicity profile suggested that it may be membrane-as-
sociated through the C terminus region.
Protein expression in E. coli by standard IPTG induction of

transformed cells yielded mainly insoluble protein. After
observing that a heat shock at 42 °C for 30min just before IPTG
induction and subsequent growth at 20 °C afforded higher
yields of soluble protein, a chaperone co-expression systemwas
attempted. E. coli cells were co-transformed with the pET vec-
tor containing themg517 gene (T7 promoter, Amp resistance)
and the pGro7 vector (49) encoding for GroEL and GroES
chaperones (araB promoter, Chl resistance). In this way,
expression yields were notably improved.
Solubilization of the cell extract to isolate solubilized protein

for purification was further explored. Cells were lysed by soni-
cation in different buffers (Table 2). Based on the amount of
total protein extracted and specific activity, a buffer containing
CHAPS and glycerol in 20 mM HEPES, pH 8.0, 0.5 M NaCl was
selected. Although glycerol alone (buffer A) was able to solubi-
lize the protein, it was observed that the protein co-eluted with
membrane lipids when purified by metal affinity chromatogra-
phy. With the chaperone co-expression system and protein
extraction with a CHAPS/glycerol buffer, �60% of the GT
MG517 protein was obtained in the soluble fraction.
For preparative purification, cells suspended in CHAPS/

glycerol extraction buffer were lysed in a cell disrupter. The
solubilized protein fraction was applied to an immobilized
metal affinity chromatograph. Detergent was removed, and the
protein eluted in a 20% glycerol buffer with imidazole. After
dialysis, the proteinwas about 90–95%homogeneous as judged
by SDS-PAGE (Fig. 4) andwas free of lipidic contaminants. The
protein remained soluble in 20% glycerol buffer up to 5 mg/ml
concentration, and the specific activity (radiometric assay) with
UDP-Glc as donor andDOGas acceptorwas 0.34 unit/mg,with
an overall yield of 9mgof purified protein/liter of initial culture.

Kinetic Characterization

Enzyme activity was analyzedwithUDP-Glc andUDP-Gal as
donors and DOG as acceptor in mixed micelles with CHAPS
and DOPG as activating lipid. Although SDS was used as solu-
bilizing detergent in the initial in vitro assays with cells (see
above), CHAPS proved to give higher specific activity in con-
junction with the phospholipid DOPG in mixed micelles with
the acceptor substrate.
First, monoglycosyl- and diglycosyltransferase activities of

GT MG517 were monitored by HPLC-MS. Fig. 5A shows the
time course at 1 mM UDP-Glc donor and 1.25 mM (3.7 mol %)
DOGacceptor substrateswith a solubilizedE. coli cell extract in
CHAPS/glycerol/NaCl buffer. MGlcDOG was formed fast and
then converted to DGlcDOG, the reaction being completed
after 200 min. To set up initial rate conditions for kinetics,
dilutions of purified GTMG517 were assayed. As shown in Fig.
5B, at 0.1 �M enzyme, the reaction was slow enough tomonitor
MGlcDOG (from UDP-Glc) or MGalDOG (from UDP-Gal)
formation up to �10–15% conversion before any diglycosy-
lated products (or only traces) were formed.
Kinetic Parameters for Donor and Acceptor Substrates—Us-

ing the above conditions (initial rates for less than 15% conver-
sion), kinetic parameters were determined by a radiometric
assay that monitors 14C label incorporation from UDP-
[14C6]Glc or UDP-[14C6]Gal to the acceptor in mixed micelles.
Kinetics varying one substrate at saturating concentration of
the other obeyed Michaelis-Menten kinetics (Fig. 6), and
kinetic parameters are summarized in Table 3. Parameters for
UDP-Glc and UDP-Gal donors at saturating DOG correspond
to the first glycosyl transfer to give monoglycosyldioleoylglyc-
erol products because no diglycosylated products were
observed under these conditions by HPLC-MSmonitoring. Km
is lower for UDP-Glc, but kcat is higher for UDP-Gal, rendering
similar kcat/Km values for both donor substrates. Kinetic

FIGURE 3. Structure of glycolipids GL1 and GL2 produced by in vitro synthesis with purified GT MG517 with UDP-Glc and DOG in SDS.

FIGURE 4. SDS-PAGE (Coomassie staining) of expressed GT MG517. M,
molecular weight marker; 1, solubilized cell extract with CHAPS/glycerol; 2,
flow-through in IMAC; 3, isolated MG517 after IMAC. The 52 kDa band corre-
sponds to GroEL, and the 42 kDa band is GT MG517 (identified by MS finger-
printing after trypsin digestion).

M. genitalium Glycosyltransferase in Glycolipid Biosynthesis

OCTOBER 14, 2011 • VOLUME 286 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 35373



parameters for the acceptor DOGmay not only reflect the first
monoglycosyltransferase activity because at low DOG concen-
tration (high donor/acceptor ratio) some diglycosylated prod-
ucts might be formed even under initial rate conditions. MGl-
cDOG is also an acceptor to yield the diglycosylated products
(Fig. 6, c and d), and kinetic parameters for donor substrates are
assignable to the diglycosyltransferase activity of GT MG517.
Again,UDP-Gal is a better donor thanUDP-Glc in terms of kcat,
but Km for UDP-Glc is much lower, rendering similar kcat/Km
values for both donor substrates (Table 3). DOG is a better
acceptor than MGlcDOG in terms of kcat and kcat/Km, indicat-
ing that the diglycosyltransferase activity is significantly slower
than the monoglycosyltransferase under these conditions (12.5
mM DOPG as activating anionic lipid), in agreement with the
time course monitoring by HPLC-MS (Fig. 5).
Specific Activity for Donor/Acceptor Pairs—Specific activities

of purified GT M517 at 1 mM/1.25 mM donor/acceptor pairs

(saturating conditions) are summarized inTable 4. The enzyme
has higher activity with UDP-Gal than UDP-Glc using any
acceptor. With both donors, DOG is the preferred acceptor,
having a 45-fold higher specific activity than MGlcDOG under
these conditions, which reflect kcat values (saturation for both
donor and acceptor). A monogalactosylated analog, galactosyl-
distearylglycerol (MGalDStG) from plant chloroplasts was also
assayed. It was shown to be a better acceptor than MGlcDOG
but still with a 10-fold lower specific activity than DOG. With
both donors, the diglycosyl synthase activity (with MGlcDOG
acceptor) is about 2.2–2.3% relative to themonosynthase activ-
ity (with DOG acceptor), but it increases to 9–14% with
MGalDStG acceptor.
Activation by Anionic Lipids—As shown for bacterial and

plant glycolipid synthases (i.e. see Refs. 13 and 28), GT activity
requires anionic phospholipids for activation. All of the above
kinetics with GT MG517 were performed in the presence of
12.5 mM (37 mol %) DOPG as part of mixed micelles with the
acceptor (DOG or MGlcDOG) and the detergent (CHAPS).
The effect of anionic DOPG was evaluated by varying DOPG
concentration while maintaining constant the total lipid con-
centration in the mixed micelles with added DOPC as matrix
(neutral) lipid (Fig. 7). In the absence of DOPG, essentially no
activity was detected, and kcat for UDP-Glc increased with
DOPG concentration. The activation was only due to DOPG
because experiments at two different total lipid concentrations
(DOPG � DOPC) yielded equivalent dependence on DOPG
concentration.

Essential Function of GT MG517 for Cell Viability

Toevaluate the hypothesis ofGTMG517 as a potential target
against mycoplasma infections, a knock-out was prepared to
verify its essential function, and enzyme inhibition was tested
for cell growth inhibition.
mg517Knock-out—Genemg517was proposed to be essential

by global transposonmutagenesis in theM. genitalium genome
(39). To confirm its essential function, a single gene knock-out
was prepared by homologous recombination. After verifying
thatmg517 is not part of an operon and that it does not overlap
with neighboring genes, the full coding sequence was replaced
by the tetM438 selection marker (tetracycline resistance). This
was achieved by using a suicidal plasmid that contains the
tetM438 marker (51) enclosed by the flanking regions of the
mg517 gene for transformation ofM. genitalium cells as previ-
ously used for the preparation of other M. genitalium null
mutants (52). Upon recombination, only colonies from single
recombination events were obtained, where the tetM marker
was inserted but mg517 was not deleted (supplemental mate-
rial). The lack of transformants from double recombination
events reinforces the essential role of themg517 gene. The same
experiment was performed on mg025 and mg060 genes (the
other two annotated putative glycosyltransferases with
unknown function), showing that mg060 is also an essential
gene, butmg025 is not. This is in contrast with the earlier pro-
posal by global transposon mutagenesis (39) in which all three
putative GTs were assigned as essential genes.
Inhibition of GTMG517 Activity—PPMP (threo-1-phenyl-2-

palmitoylamino-3-morpholino-1-propanol), a known inhibitor

FIGURE 5. HPLC-MS monitoring of the GT MG517 activity. A, reaction mon-
itoring with recombinant E. coli cell extracts (1.3 mg/ml total (solubilized)
protein, 0.01 unit based on radiometric assay) with 1 mM UDP-Glc, 1.25 mM

DOG. MGD, MGlcDOG m/z 806 [M � Na]�; DGD, DGlcDOG m/z 968 [M � Na]�;
DOG, dioleoylglycerol m/z 644 [M � Na]�. B, reaction monitoring with puri-
fied GT MG517 (0.1 �M) under initial rate conditions. R1, reaction with 1 mM

UDP-Glc, 1.25 mM DOG, where only MGlcDOG product is detected. R2, reac-
tion with 1 mM UDP-Gal, 1.25 mM DOG, where MGalDOG is formed and a trace
amount of DGalDOG. Conditions were as follows: 1 mM UDP-Glc or UDP-Gal,
1.25 mM (3.7 mol %) DOG, 12.5 mM (37 mol %) DOPG in 20 mM HEPES, 20 mM

CHAPS, 20 mM MgCl2, pH 8.0, at 35 °C.
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of glucosylceramide synthases (53), was tested as an inhibitor of
GTMG517. The activity assay was performed at 300 �M UDP-
Gal, 300 �M DOG acceptor, and increasing concentrations of
PPMP inhibitor under the same experimental conditions used

for kinetic characterization. Fig. 8A shows the activity depend-
ence on inhibitor concentration. An IC50 value of about 50 �M

was obtained, but no full inhibition was observed up to 200 �M

inhibitor. Likewise, C9J, another inhibitor of glucosylceramide

FIGURE 6. GT MG517 kinetics with UDP-Glc and UDP-Gal donors and DOG and MGlcDOG acceptors at pH 8.0, 35 °C. A and B, monoglycosyltransferase
activity with DOG acceptor. A, varying UDP-Gal (or UDP-Glc; inset) at constant 1.25 mM (3.7 mol%) DOG. B, dependence on DOG concentration at constant 1 mM

UDP-Gal. C and D, diglycosyltransferase activity with MGlcDOG acceptor. C, varying UDP-Gal (or UDP-Glc; inset) at constant 1.25 mM (3.7 mol %) MGlcDOG.
D, dependence on MGlcDOG concentration at constant 1 mM UDP-Gal. Fitted parameters are given in Table 3.

TABLE 3
Kinetic parameters of GT MG517 for donor and acceptor substrates at pH 8.0, 35 °C
Conditions were as follows: 20 mM HEPES, 20 mM MgCl2, 20 mM CHAPS, 12.5 mM DOPG, �GTMG517� � 50–350 nM, at pH 8.0, 35 °C.

Donor Acceptor kcat Km kcat/Km

s	1 �M M	1�s	1

Donora parameters UDP-Glc DOG 0.27 
 0.02 87 
 16 (3.1 
 0.8) � 103
UDP-Gal DOG 1.10 
 0.06 234 
 45 (5 
 1) � 103
UDP-Glc MGlcDOG 0.004 
 0.001 �50 �80
UDP-Gal MGlcDOG 0.030 
 0.001 479 
 50 63 
 9

Acceptorb parameters UDP-Gal DOG 1.13 
 0.1 270 
 90 (0.83 mol%) (4 
 1) � 103
UDP-Gal MGlcDOG 0.023 
 0.001 �90 (0.3 mol %) �30

a Donor parameters at 1.25 mM (3.7 mol%) acceptor (DOG or MGlcDOG, saturating).
b Acceptor parameters at 1 mM donor (UDP-Gal, saturating).

TABLE 4
Specific activities of GT MG517 for donor/acceptor pairs at pH 8.0, 35 °C
Conditions were as follows: 1 mM donor, 1.25 mM (3.7 mol%) acceptor, 20 mM HEPES, 20 mM MgCl2, 20 mM CHAPS, 12.5 mM (37 mol %) DOPG, at pH 8.0, 35 °C.

Donor Acceptor Unitsa/mg Percentage specific activityb Percentage specific activityc

% %
UDP-Gal DOG 1.27 100

MGlcDOG 0.029 2.3
MGalDStG 0.18 14

UDP-Glc DOG 0.34 27 100
MGlcDOG 0.0073 0.6 2.2
MGalDStG 0.030 2.4 9

a Units, �mol/min product formed, as determined by the radiometric assay.
b Percentage specific activity relative to UDGGal.
c Percentage specific activity relative to UDPGlc.
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synthases (30), was shown to inhibit GT MG517 (data not
shown).
Mycoplasma Cell Growth Inhibition—Both PPMP and C9J

were assayed as inhibitors ofM. genitalium cell growth. In con-
trol cultures, the pH of the medium drops from 7 to 5 in 6 days
due to the release of lowmolecular weight acids (44). Growth is
inhibited by the low pH, and turbidity is observed arising from
the slow release of cells from the attached monolayer on the
flask surface. When PPMP or C9J was added to the medium
before inoculation, a concentration-dependent inhibition was
observed (Fig. 8B). Both compounds had essentially no effect at
5 �M concentration. For C9J, the growth was slower at 50 �M

with a t50 (midpoint of the pH change) of 150 h as compared
with 120 h in the absence of inhibitor. No growth was observed
at 500 �M. For PPMP, full inhibition was already obtained at 50
�M compound.

DISCUSSION

Membrane Glycoglycerolipids in M. genitalium Are Synthe-
sized by a Single Glycosyltransferase—M. genitalium contains
twomajor glycolipids in the plasmamembrane synthesized by a
single GT enzyme encoded by mg517, which sequentially
transfers glycosyl units to the initial diacylglycerol acceptor.
Recombinant expression of GT MG517 in E. coli showed that
the major in vivo product accumulated in the plasma mem-
brane was a diglucosylated DAG, with a polar headgroup
Glc�1,6Glc�-. The in vitro activity of the isolated enzyme with
UDP-Glc and DOG as donor and acceptor substrates pro-
duced the monoglucosylated (Glc�DOG) and diglucosylated
(Glc�1,6Glc�DOG) dioleoylglycerols.

Processive (or sequentially acting) glycoglycerolipid syn-
thases have only been reported in bacteria (Table 1): in family
GT28 for Gram-positive bacteria (i.e. Bacillus and Staphylococ-
cus), in family 21 (i.e. Agrobacterium), and in family GT2 for
mycoplasmas (M. pneumoniae and M. genitalium here
reported). A phylogenetic analysis based on amino acid se-
quence similarity of characterized and annotated glycoglycer-

olipid synthases (supplemental Fig. S4) shows that, inGT2, pro-
cessivemycoplasma enzymes are closely related to cyanobacte-
rial MGlcDAG synthases, whereas GT28 processive bacterial
enzymes are close to plant MGalDAG synthases and also to
bacterial GT4 enzymes.
GT MG517 is homologous to the M. pneumoniae enzyme

encoded bympn483 gene, reported to produce similar glycolip-
ids (38). However, both enzymes show subtle differences in
substrate specificity. Only galactolipids are synthesized in
M. pneumoniae cells, and in vitro assays with solubilized
M. pneumoniae cells and solubilized recombinant E. coli cells
expressingmpn483 gave a variety of glycolipids.WithUDP-Gal
as glycosyl donor, DAG and Gal�DAG were good acceptors,
the latter being preferred to give Gal�1,6Gal�DAG. With
UDP-Glc as donor, DAG and Gal�DAG were acceptors, but

FIGURE 7. GT MG517 activation by DOPG. Dependence of initial rates on
DOPG concentration at two different lipid concentrations (DOPG � DOPC as
neutral lipid). Conditions were as follows: 1 mM UDP-Glc, 1.25 mM (3.7 mol %)
DOG in 20 mM HEPES, pH 8.0, 20 mM MgCl2, 20 mM CHAPS, 35 °C. Inset,
dependence of kcat on [DOPG] at 12.5 mM (37 mol %) total DOPG � DOPC
concentration.

FIGURE 8. Inhibition by PPMP and C9J. A, GT M517 enzyme inhibition by
PPMP at 300 �M UDP-Gal, 300 �M DOG. B, M. genitalium cell growth inhibition
by PPMP (B1) and C9J (B2) at increasing inhibitor concentration (0, 5, 50, and
500 �M) by monitoring the pH of the medium.
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not Glc�DAG (38). Moreover, the main glycolipid synthesized
in vivo by recombinant E. coli cells expressing mpn483 was
identified as Glc�1,6Gal�DAG. It was concluded that the
M. pneumoniae enzyme was mainly a galactosyltransferase,
with higher diglycosyltransferase activity on Gal�DAG as
acceptor, whereas it did not accept Glc�DAGas substrate. This
is remarkably in contrast with the main glycolipid product
identified for the M. genitalium enzyme (Glc�1,6Glc�DAG).
Such in vivo specificity resembles more closely that of the
B. subtilis and Staphylococcus GT28 glycosyltransferases,
which produce diglucosylated diacylglycerols with the same
�1,6 connectivity (20, 21). To get a better insight on the speci-
ficity of the new GT MG517, the M. genitalium enzyme was
purified to homogeneity for detailed kinetic characterization.
TheMonoglycosyl- and Diglycosyltransferase Activities of GT

MG517 Are Regulated by Other Membrane Components—The
monosynthase (UDP-Glc � DAG 3 MGlcDAG (GL1)) and
disynthase (UDP-Glc�MGlcDAG3DGlcDAG (GL2)) activ-
ities (as well as further transfer activity leading to GL3, tenta-
tively assigned to triglucosyldiacylglycerol) should be regulated
because the relative amounts of glycolipid products strongly
depend on the experimental system. The in vivo activity in
M. genitalium producedGL1 as amajor compound and a lower
amount of GL2, whereas the GT activity assay with isolated
M. genitalium cells rendered similar amounts of GL1 and GL2
(supplemental Fig. S1). In recombinant E. coli cells expressing
mg517, GL2 was the major component in vivo, GL1 not being
detected or being detected in trace amounts, and GL3 was also
formed in lower amounts (Fig. 2). However, the GT activity
assay on isolated spheroblasts produced all three glycolipids
(and the unknown compound (?)) after a long reaction time
(Fig. 2), and the time course showed the sequential appearance
of these glycolipids.
The mechanisms by which other membrane components

regulate the activities and therefore the ratio of glycolipid prod-
ucts remain to be studied. The different composition of the
E. colimembrane seems to displace the glycolipid ratio toward
DGlcDAG as compared withM. genitalium. Becausemonogly-
cosylated diacylglycerols are non-bilayer-forming and diglyco-
sylated diacylglycerols are bilayer-forming lipids, their relative
concentration (monoglycosyldiacylglycerol/diglycosyldiacyl-
glycerol ratio) contributes to regulate the properties and stabil-
ity of the plasma membrane, as it has been best studied in
A. laidlawii (25–31). As discussed below, anionic lipids
strongly activate the enzyme, and the amount and ratio of gly-
colipids are probably regulated by the lipidic environment of
the enzyme.
Chaperone Co-expression and Extraction with Detergents Are

Required to Isolate Soluble Recombinant GT MG517—To fur-
ther characterizeGTMG517, the enzymewas overexpressed in
E. coli and purified. Although standard recombinant expres-
sion in a pET vector produced functional protein, as confirmed
by the formation of glycolipid products in the E. colimembrane
in vivo, attempts to isolate the enzymemainly yielded insoluble
protein. Higher yields of soluble protein were obtained with a
chaperone coexpression system. A lysis buffer containing
CHAPS detergent and glycerol gave the best results, with about
60% protein recovery in the soluble fraction. A buffer with glyc-

erol alonewas also able to extract and solubilize the protein, but
the protein retained bound membrane lipids that could not be
released by subsequent column chromatography. A buffer con-
taining detergent had to be included not only to increase the
extraction yield but also to displace bound membrane lipids.
These results strongly indicate that GTMG517 is amembrane-
associated protein, probably attached to the membrane
through hydrophobic regions or amphipathic helixes at the C
terminus of the protein because no transmembrane domains
are suggested by bioinformatic tools based on amino acid
sequence. The protein was further purified by metal affinity
chromatography, kept soluble in a buffer containing glycerol,
and proved to be stable for at least 1 week with less than 10%
reduction in specific activity.
GT MG517 Has Broad Donor and Acceptor Specificity—GT

MG517 sequentially transfers Glc or Gal from the sugar nucle-
otide donor to DAG acceptor first, forming monoglycosyl-
DAG,which then acts as acceptor for a secondGlc orGal trans-
fer to produce diglycosyl-DAG (Figs. 2 and 5). It is an intriguing
feature of processive glycosyltransferases that they attach a gly-
cosyl residue to hydroxyl groups of a hydrophobic acceptor
(DAG) embedded in the surface layer of the membrane, and
then they glycosylate a hydrophilic glycosyl residue. However,
in both transferase reactions, the acceptor hydroxyl group is a
primary alcohol (3-OH in DAG and 6-OH inmonoglycosyldia-
cylglycerol). This is the case seen for theM. genitalium enzyme
here reported, theM. pneumoniae enzyme (38), and other “pro-
cessive” glycolipid synthases, such as those from Bacillus sub-
tilis and S. aureus, all of which form �1,6 linkages (20, 21).
Interestingly, in other organisms that produce glycolipids with
connectivities different from �1,6 between glycosyl units, the
monoglycosyl- and diglycosyltransferase activities are cata-
lyzed by different enzymes (i.e. A. laidlawii, where the diglyco-
sylated product is Glc�1,2Glc-DAG or plant GTs with �1,6
linkage (1)). This is an intriguing feature that will deserve struc-
tural interpretation when a three-dimensional structure of any
glycolipid synthase becomes available.
For both monoglycosyltransferase and diglycosyltransferase

activities of GT MG517, the enzyme follows hyperbolic
(Michaelis-Menten) kinetics when varying one substrate at sat-
urating concentration of the other (Fig. 6). An exception seems
to be the reaction withMGlcDOG as acceptor and UDP-Gal as
donor, where some substrate inhibition at high acceptor con-
centration becomes apparent (Fig. 6d). Initial rates for UDP-
Gal donor are faster than for UDP-Glc. kcat is about 5-fold
higher for UDP-Gal with either DOG or MGlcDOG acceptors,
but the enzyme shows better binding for the glucoside donor, as
reflected by the lower Km values for UDP-Glc than UDP-Gal. It
results in similar kcat/Km values for both donor substrates.With
regard to acceptor, DOG reacts faster than MGlcDOG with
both UDP-Glc and UDP-Gal donors. kcat is about 50-fold
higher, whereas Km is just 5-fold higher for DOG than MGl-
cDOG, respectively. The same trend in reactivity and specificity
is observed when comparing specific activities (Table 4). In
conclusion, under these experimental conditions, GT MG517
has a higher monoglycosyl- than diglycosyltransferase activity
and has higher kcat values for UDP-Gal than UDP-Glc, but
kcat/Km values are similar with both donors and 1 order of mag-
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nitude higher for the monoglycosyl- than diglycosyltransferase
activity.
Activity and specificity of GTMG517 differ from its ortholog

MPN483 from M. pneumoniae, although direct comparison is
tentative because only relative activities for solubilized cell
extracts have been reported for the M. pneumoniae enzyme
(38). When comparing specific activities of GTMG517 (Table 4)
and MPN483, the later has higher diglycosyltransferase (with
Gal�DAG as acceptor) than monoglycosyltransferase activity, as
opposed to theM. genitalium enzyme forwhich the second trans-
ferase activity is about 2% (MGlcDOG)or 10% (MGalDStG)of the
monoglycosyltransferase activity (with DOG as acceptor).
Moreover, GlcDAG is not even an acceptor for the M. pneu-
moniae enzyme, and the main glycolipid obtained in vivo from
recombinant E. coli cells was Glc�1,6Gal�DAG. In contrast,
Glc�1,6Glc�DAG was the main product isolated from recom-
binant E. coli expressing GTMG517. Therefore, theM. genita-
lium GT has a broader specificity, with similar kcat/Km values
for both UDP-Glc andUDP-Gal. The higher intracellular avail-
ability of UDP-Glc than UDP-Gal explains why the main prod-
uct detected in vivowas the diglucosylated diacylglycerol due to
the significantly lower Km for UDP-Glc in both transferase
activities.
Anionic Lipids Are Required for Enzyme Activation—GT

MG517 activity required the presence of DOPG (anionic phos-
pholipid) in mixed micelles of acceptor substrate (DOG or
MGlcDOG) with detergent (CHAPS). As shown in Fig. 7, activ-
ity linearly increases with DOPG concentration, and it was
independent of total lipid concentration because approxi-
mately the samedependencewas observed at two different total
lipid concentrations (with added DOPC as neutral lipid). With
onlyDOPC inCHAPSorwithCHAPS alone to solubilizeDOG,
essentially no activity was detected. Also, SDS as anionic deter-
gent to solubilize the DOG acceptor was activating the enzyme
(conditions used for the preparative synthesis of glycolipid
products with purified enzyme or with cell extracts). Enzyme
regulation by anionic lipids is known for membrane-associated
glycolipid synthases, such as those from A. laidlawii (28) and
plant galactosyltransferases (13). Whether they are required
not only for activation but also to modulate the ratio between
monoglycosyl- and diglycosyltransferase activity remains to be
analyzed for theM. genitalium enzyme. However, indirect evi-
dence is provided by the observation that the lipidic environ-
ment modifies the ratio of MGlcDAG and DGlcDAG products
obtained in vivo and in vivo as discussed above.
GTMG517 Is a Potential Therapeutic Target—Three lines of

evidence allow us to propose mycoplasma glycolipid synthases
as potential therapeutic targets against mycoplasma infection.
First,mg517 is an essential gene forM. genitalium viability; sec-
ond, glycoglycerolipids are absent in animal host cells of myco-
plasma infections (because they only contain glycosphingolip-
ids); and third, inhibition of GT MG517 activity results in cell
growth inhibition. Glucosylceramide synthase inhibitors have
here been preliminarily tested as a proof of concept, but specific
inhibitors based on acceptor specificity may render selective
compounds toward the design of novel antibiotics.
Conclusion—A new membrane-associated, sequentially act-

ing glycosyltransferase (glycolipid synthase, family GT2) from

M. genitalium has been cloned, recombinantly expressed, and
characterized. It has broad substrate specificity, producing glu-
cosyl and galactosyl diacylglycerols with similar kcat/Km values
for UDP-Glc and UDP-Gal but higher kcat values for the latter.
Although sequentially adding glycosyl residues with �-1,6 con-
nectivity, the first glycosyltransferase activity (to DAG accep-
tor) is about 1 order of magnitude higher than the second (to
MGlcDOG as acceptor) under the tested experimental condi-
tions. Because the ratio between the non-bilayer-forming
monoglycosyl DAG and the bilayer-prone diglycosyl DAG con-
tribute to regulate the properties and stability of the plasma
membrane, both synthase activities should be regulated. In the
best characterized microorganism, A. laidlawii, two different
enzymes (both from family GT4) are responsible for each activ-
ity, and they are independently regulated by anionic phospho-
lipids and other metabolites. In the case here reported for
M. genitalium, a single enzyme is synthesizing both types of
glycolipids by sequential glycosyl transfer. DOPG (anionic
phospholipid) has been shown to be required for enzyme acti-
vation, but its function in regulating the ratio between both
transferase activities is unknown. Whether other membrane
components or metabolites are involved in the enzyme regula-
tion remains to be studied, as well as the interaction with the
membrane and its role in activity.
Because animal cells are devoid of glycoglycerolipids, myco-

plasma glycolipid synthases are potential targets for drug dis-
covery against infections by mycoplasma and Gram-positive
bacteria. Structural and mechanistic knowledge about activity,
specificity, and regulation will provide the background for the
design of specific inhibitors.
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R. F., Mäler, L., and Wieslander, A. (2007) Biochemistry 46, 5664–5677

38. Klement, M. L., Ojemyr, L., Tagscherer, K. E., Widmalm, G., and Wies-
lander, A. (2007)Mol. Microbiol. 65, 1444–1457

39. Glass, J. I., Assad-Garcia, N., Alperovich, N., Yooseph, S., Lewis, M. R.,
Maruf, M., Hutchison, C. A., 3rd, Smith, H. O., and Venter, J. C. (2006)
Proc. Natl. Acad. Sci. U.S.A. 103, 425–430

40. Hutchison, C. A., Peterson, S. N., Gill, S. R., Cline, R. T., White, O., Fraser,
C. M., Smith, H. O., and Venter, J. C. (1999) Science 286, 2165–2169

41. Gibson, D. G., Benders, G. A., Andrews-Pfannkoch, C., Denisova, E. A.,
Baden-Tillson, H., Zaveri, J., Stockwell, T. B., Brownley, A., Thomas,
D. W., Algire, M. A., Merryman, C., Young, L., Noskov, V. N., Glass, J. I.,
Venter, J. C., Hutchison, C. A., 3rd, and Smith, H. O. (2008) Science 319,
1215–1220

42. Yus, E.,Maier, T.,Michalodimitrakis, K., vanNoort, V., Yamada, T., Chen,
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