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Background: PlaB is the most prominent 

phospholipase A of Legionella pneumophila. 

Results: PlaB possesses high activity at 

nanomolar but low activity at micromolar 

concentrations where it forms tetramers.  

Conclusion: PlaB tetramerization inhibits and 

oligomer dissociation activates phospholipase 

activity.  

Significance: Our data highlight the first example 

of concentration-dependent phospholipase 

inactivation by tetramerization which may be a 

mechanism for self-protection.  

 

SUMMARY 

The intracellularly replicating lung pathogen L. 

pneumophila comprises an extraordinary variety 

of phospholipases including at least 15 different 

phospholipases A (PLA). Among them, PlaB, the 

first characterized member of a novel lipase 

family, is a hemolytic virulence factor that exhibits 

the most prominent PLA activity in L. 

pneumophila. We analyzed here protein 

oligomerization, the importance of 

oligomerization for activity, addressed further 

essential regions for activity within the PlaB C-

terminus, and the significance of PlaB-derived 

lipolytic activity for L. pneumophila intracellular 

replication. We determined by means of analytical 

ultracentrifugation and small angle X-ray 

scattering analysis, that PlaB forms homodimers 

and homotetramers. The C-terminal 5, 10, or 15 

amino acids, although the individual regions 

contributed to PLA activity, were not essential for 

protein tetramerization. Infection of mouse 

macrophages with L. pneumophila wild type, plaB 

knock out mutant, and plaB complementing or 

various mutated plaB-harboring strains showed 

that catalytic activity of PlaB promotes 

intracellular replication. We observed that PlaB 

was most active in the lower nanomolar 

concentration range but not or only at a low level 

at concentrations above 0.1 µM where it exists in a 

dimer / tetramer equilibrium. We therefore 

conclude that PlaB is a virulence factor that on the 

one hand assembles in inactive tetramers at 

micromolar concentrations. On the other hand, 

oligomer dissociation at nanomolar concentrations 

activates PLA activity. Our data highlight the first 

example of concentration-dependent 

phospholipase inactivation by tetramerization 

which may protect the bacterium from internal 

PLA activity but enzyme dissociation may allow 

its activation after export.  

______________________________________ 

 

INTRODUCTION 

Phospholipases are important bacterial 

virulence factors which may either cause massive 

host cell destruction or modulate the host more 

subtly by means of hijacking signaling cascades 

(1,2). Legionella pneumophila, an important 

intracellular lung pathogen which primarily thrives 
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in environmental amoebae, possesses a variety of 

phospholipases (1-3). So far, phospholipases A 

(PLA)/ lysophospholipases A (LPLA) comprising 

15 different proteins are the most prominent ones, 

although three additional phospholipases C, and 

one phospholipase D have been described 

(1,2,4,5). The PLA enzymes fall into three major 

groups, the GDSL-like (3 members), the patatin-

like (10-11 members), and the PlaB-like (one 

member) proteins. The GDSL and patatin-like 

lipase families were also analyzed in other bacteria 

(1,2,6-12). Importantly, PlaB is the only 

experimentally characterized member of a recently 

discovered protein family (13,14). Yet 

uncharacterized PlaB homologs are found in 

Pseudomonas aeruginosa and other water-

associated bacteria and all genome-sequenced 

strains of the genus Legionella possess a plaB 

gene (13,15-21). Both the GDSL and patatin-like 

hydrolases show homology to eukaryotic proteins 

in higher plants and the latter to cytosolic PLA2 

(1,2,6). In contrast, PlaB does not possess 

similarities to eukaryotic proteins suggesting that 

rather the other mentioned families might mimic 

their eukaryotic counterparts during Legionella 

infection. 

Nevertheless, PlaB is a virulence factor of L. 

pneumophila as shown in in vivo guinea pig 

infections in which the knock out mutants confer 

attenuated replication in the lung and reduced 

dissemination to the spleen (22). PlaB consists of 

474 amino acids corresponding to a calculated 

molecular weight of about 54 kDa. It is a cell-

associated and hemolytic protein hydrolyzing 

predominantly phosphatidylglycerol (PG) and 

phosphatidylcholine (PC), where the hemolytic 

activity is determined by the ability to hydrolyze 

PC (13,14). Previous data suggested that PlaB is 

displayed on the bacterial cell surface and that it is 

transported independently of several L. 

pneumophila protein secretion systems based on 

the detection of enzyme activity (22). 

Cell-associated PLA activity was not only 

found for L. pneumophila but also in some non-

pneumophila species, such as L. gormanii and L. 

spiritensis which are associated with 

Legionnaires’ disease very seldomly or not at all 

(23,24). Interestingly, the PLA activity of the non-

pneumophila species tested comprises a different 

phospholipid substrate spectrum as compared to L. 

pneumophila, which may restrict hemolytic 

activity of the former (13,14). 

PlaB possesses the most prominent PLA/LPLA 

activity to date found in in vitro grown L. 

pneumophila as well as during host cell infection. 

It is about 100-fold more active than the PLAs 

released into the culture supernatant. Important 

amino acids for catalytic activity, such as the 

potential catalytic triad Ser85, Asp203, His251 

have been identified by mutagenesis of individual 

amino acids of conserved residues within the 

novel family of lipases. Protein truncation studies 

have pointed to the importance of the C-terminal 

15 amino acids for lipolytic activity (13). 

Here we addressed protein oligomerization, the 

influence of oligomerization on activity, analyzed 

the contribution of the PlaB C-terminus to 

lipolytic activity and oligomerization, and the 

significance of PlaB-derived lipolytic activity for 

L. pneumophila intracellular replication. We 

conclude that PlaB is a potent PLA and virulence 

factor that assembles in inactive tetramers at 

micromolar concentrations and oligomer 

dissociation at lower concentrations activates PLA 

activity. 

 

EXPERIMENTAL PROCEDURES 

Bacterial strains and growth conditions – L. 

pneumophila sg1 strain Corby (25) was used as the 

wild type control and for gene cloning and 

expression. All cloning experiments and plasmid 

propagations were performed in E. coli strains 

DH5α or Top10 (Invitrogen); recombinant 

expression of PlaB protein was done in E. coli 

BL21. The L. pneumophila strains as well as the 

different E. coli strains used in this study are listed 

in table 1 and were grown on buffered charcoal 

yeast extract agar (BCYE) and in buffered yeast 

extract (BYE) broth (for Legionella), or on Luria-

Bertani (LB) agar and in LB broth (for E. coli) as 

described previously (26-28). When needed, 

media were supplemented with antibiotics at final 

concentrations as follows: kanamycin 25 μg/ml (L. 

pneumophila) or 50 μg/ml (E. coli), 

chloramphenicol 9 μg/ml (L. pneumophila) or 30 

μg/ml (E. coli), and ampicillin 100 µg/ml (E. coli). 

DNA techniques and sequence analysis – E. 

coli DH5α or Top10 were used for the propagation 

of recombinant plasmid DNA with backbones of 

the following vectors: pBCKS+ (Stratagene) and 

pGP172 (kindly provided by S. Halbedel, Robert 

Koch-Institut) (29). Plasmid DNA was prepared, 

amplified, and sequenced according to standard 

protocols. Primers were obtained from Eurofins 
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MWG Operon (see table 2). Restriction enzymes 

were purchased from New England Biolabs 

(NEB). Foreign DNA was introduced into L. 

pneumophila strains by electroporation with a Life 

Technologies cell porator according to the 

manufacturer’s specifications as described 

previously (26). Foreign DNA was transformed 

into chemo-competent E. coli cells according to 

standard protocols. Nucleotide and translated 

protein sequences were analyzed using the 

DNASTAR package, the NCBI website and 

ExPASy. 

Cloning of L. pneumophila plaB into vectors 

for recombinant expression in E. coli and in a L. 

pneumophila plaB mutant – For recombinant 

overexpression of N-terminally Strep-tagged 

versions of PlaB, the corresponding gene was 

amplified using a proofreading polymerase (Pfu 

Polymerase, Fermentas; see table 2 for primers). 

For expression of N-terminally Strep-tagged PlaB, 

the purified PCR product was ligated into the 

SmaI/KpnI site of pGP172 resulting in pKK19. 

Truncated versions of PlaB and Strep-tagged PlaB 

were generated by amplifying pJB04 or pKK19 

with Phusion polymerase (NEB, see table 2 for 

primers), respectively. All mentioned plasmids 

were confirmed by sequencing prior to use. 

Expression of recombinant Strep-PlaB and 

variants and purification of Strep-PlaB – Miniprep 

DNA of plaB as well as its truncated variants 

expressing plasmids were transformed into chemo-

competent E. coli BL21 cells and grown in LB 

broth supplemented with 100 µg/ml ampicillin. 

After overnight incubation at 37°C, cultures were 

diluted 100-fold in fresh LB broth and were grown 

to OD600 of 0.6 at 37°C. Strep-PlaB expression 

was induced by addition of 2 mM isopropyl 1-

thio-β-D-galactopyranoside (IPTG) and 

transferred to 20 °C for overnight expression. For 

purification of Strep-tagged variants, cell pellets 

were solubilized at 4°C in 100 mM Tris pH 8.0, 

100 mM NaCl, 1 mM EDTA supplemented with 

Complete Protease Inhibitor Cocktail (Roche 

Diagnostics GmbH). Cells were lysed via three 

passages through an Emulsi-Flex-C3 homogenizer 

(Avestin). Lysates were cleared by centrifugation 

at 37,000 × g for 20 min at 4°C. Strep-tagged 

proteins were purified at 4°C using Strep-Tactin 

Superflow high capacity matrix (IBA) according 

to the manufacturer’s recommendations. 

Determination of lipolytic activities –

Incubation of rStrep-PlaB and protein versions 

with different lipids from Avanti Polar Lipids, Inc. 

(dipalmitoylphosphatidylcholine (PC), 

dipalmitoylphosphatidylglycerol (PG), 1-

monopalmitoyllysophosphatidylcholine (LPC), 1-

monopalmitoyllysophosphatidylglycerol (LPG)) 

was performed as described previously (13). Size 

exclusion chromatography (SEC) - Purified 

recombinant protein was analyzed by size 

exclusion chromatography using an analytical 

Superdex 200 10/300 GL column (GE Healthcare) 

connected to an Äkta explorer system (GE 

Healthcare). The column equilibrated with Tris 

buffer (100 mM Tris pH 8.0, 100 mM NaCl) or 

HEPES buffer (50 mM HEPES pH 7.5, 100 mM 

NaCl) was loaded with Strep-tagged protein in a 

volume of 0.5 ml with a concentration of 1 mg/ml 

(18 µM). The elution was carried out with the 

same buffer by applying one column volume (~24 

ml) at a flow rate of 0.5 ml/min. Elution fractions 

were analyzed by 12.5% SDS-PAGE. The 

Superdex 200 column was calibrated with protein 

standards purchased from Sigma to determine 

molecular weight of Strep-PlaB and its variants. 

Analytical ultracentrifugation – Sedimentation 

velocity experiments (SV) were carried out in a 

Beckman Coulter ProteomeLab XL-I analytical 

ultracentrifuge at 10°C using an An-50 Ti rotor at 

40,000 rpm and ProteomeLab XL-I GUI version 

6.0 (firmware 5.7). Data analysis was performed 

with the program SEDFIT providing a model for 

diffusion-deconvoluted differential sedimentation 

coefficient distributions [c(s) distributions] (30). 

Partial specific volume, buffer density, and 

viscosity were calculated by the program 

SEDNTERP (31) and were used to correct the 

experimental s-values to standard conditions 

(20°C, water) yielding s20,w. Sedimentation 

equilibrium experiments (SE) were performed at 

4°C in an An-50 Ti rotor using a Beckman Optima 

XL-A analytical ultracentrifuge equipped with 

XL-A Data Acquisition and Analysis Software 

version 3.0. The samples were spun at 4,000, 

6,000 and 8,000 rpm until no change in 

concentration gradients was observed for at least 

12 h. Data analysis was performed using the 

program BPCFIT as described previously (32). 

Experiments were performed in standard 3 or 12 

mm double sector centerpieces and concentration 

profiles were measured at 280 nm or 230 nm using 

the UV absorption scanning optics of the 

centrifuges. For SV at high protein concentrations 

(5.4 to 24.4 µM), rStrep-PlaB was dialysed against 
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100 mM Tris-HCl pH 8.0, 100 mM NaCl, and 1 

mM EDTA. Prior to SV at low protein 

concentrations (0.13-1.1 µM) and SE, rStrep-PlaB 

was subjected to SEC in the same buffer but 

without EDTA using a Superdex 200 column (GE 

Healthcare). Protein concentrations were 

determined spectrophotometrically using the 

absorption coefficients at 280 nm as calculated 

from amino acid composition with the program 

SEDNTERP (31) and are given in monomers 

throughout the text.  

Small angle X-ray scattering (SAXS) - SAXS 

data was recorded at the BioSAXS P12 station of 

the EMBL Hamburg at the synchrotron storage 

ring PETRA III at DESY. The protein solution 

sample was loaded by an automated sample 

changer to a quartz capillary mounted in vacuum. 

The X-ray energy was set to 12 keV and the s-axis 

for the scattering vector calibrated with a silver-

behenate standard. In order to check for radiation 

damage 10 frames of 100 ms were recorded. Using 

the first frame of every series as reference, the 

following frames were compared and only those 

frames without any sign of radiation damage were 

averaged. The resulting scattering functions were 

normalized for exposure time and sample 

transmission. For further analysis, corresponding 

buffers were subtracted by an automated 

procedure and the scattering function normalized 

against the sample concentration. Initial SAXS 

parameters such as radius of gyration, the 

molecular mass of the protein, and the pair 

distance distribution function p(r) were derived by 

automated standard procedures (33). The SAXS 

curves of wild type rStrep-PlaB and three variants 

truncated by 5, 10 and 15 amino acids were 

recorded at concentrations of 1 mg/ml. The good 

quality of these data was verified by manual 

checks and directed towards further SAXS 

modeling procedures. Twenty low-resolution 

models of PlaB were calculated with the program 

DAMMIF (34) and used for the construction of a 

representative ab initio model by using the 

programs DAMAVER and SUPCOMB (35). The 

models had a mean normalized spatial discrepancy 

(NSD) of 1.119 and a variation of NSD of 0.216. 

One model showed an NSD of greater than 1.551 

(= mean NSD + 2* variation of NDS) and was 

hence excluded from the calculation of the ab 

initio model. 

L. pneumophila infection of RAW 264.7 mouse 

macrophages – RAW 264.7 cells, a murine 

macrophage cell line (ATCC CRL-24), are 

susceptible to Legionella infection (2,8,36,37) and 

were maintained in high glucose DMEM (GE 

Healthcare/PAA) supplemented with 10% heat 

inactivated fetal calf serum (GE Healthcare/PAA) 

at 37°C and 5% CO2. To assess intracellular 

growth, cells were harvested in DMEM with 10% 

fetal calf serum transferred to 24-well tissue 

culture plates (Greiner bio-one) at a concentration 

of 5×10
5
/ml. After 18h, the cells were infected 

with wild type bacteria, isogenic mutants, or 

complementing strains at multiplicities of 

infection of 1 in high glucose DMEM. After 2 h of 

incubation, non-adhering bacteria were removed 

by three washing steps with DMEM. CFU 

determination by means of plating serial dilutions 

on BCYE agar was performed at the indicated 

time points after host cell lysis using a final 

concentration of 0.1% saponin (Roth). 

 

RESULTS 

Establishment of an expression and 

purification protocol for L. pneumophila PlaB – 

To analyze activity and structural features of 

purified L. pneumophila PlaB, we recombinantly 

expressed PlaB as a fusion protein together with 

the following N-terminal tags: 6His, GST, MBP, 

and Strep. Only the two latter constructs allowed 

expression of sufficient amounts of soluble 

protein. Cleavage of the MBP tag was not 

efficiently obtained and therefore this approach 

was not continued. Expression of the eight amino 

acid short Strep Tag construct yielded in good 

protein levels and further purification by means of 

affinity chromatography resulted in suitable 

amounts (about 5 mg protein per liter culture 

volume) of soluble and active rStrep-PlaB (Fig. 

1A). The minor amount of further protein bands at 

about 60 and 70 kDa belonged to the co-purifying 

chaperones DnaK and GroEL. We tested the 

protein for PLA activity at a concentration of 0.01 

µg/ml (0.186 nM) and most prominent activity 

was determined towards PG and LPG   (Fig. 1B). 

In summary, we successfully recombinantly 

expressed and purified active soluble PlaB.  

Size exclusion chromatography shows that 

Strep-PlaB forms homodimers - It has been 

described for the outer membrane PLA2 of E. coli 

that dimerization triggers activation of the enzyme 

(38). Therefore, we analyzed the oligomerization 

state of PlaB by means of several methods. As an 

initial experiment, size exclusion chromatography 
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(SEC) of 500 µg (1 mg/ml = 18.6 µM) rStrep-

PlaB, generated from E. coli BL21 (pKK19), 

yielded an elution volume of 13.6 ml 

corresponding to an apparent molecular weight of 

about 110 kDa. Since the molecular weight of 

monomeric rStrep-PlaB as calculated from amino 

acid composition is 55.3 kDa, this suggested 

occurrence of PlaB oligomers and especially 

dimers. Monomeric PlaB was not detected in 

substantial amounts (Fig. 2A).  

Analytical ultracentrifugation shows that 

Strep-PlaB forms homodimers and homotetramers 

- MALDI-TOF analyses of rStrep-PlaB 

preparations interestingly revealed the presence of 

a tetramer (222,343 Da/z) in addition to a dimer 

(110,680 Da/z) and a monomer (54,714 Da/z). A 

further peak corresponding to a trimer was 

considered as a laser-induced artifact (data not 

shown). Therefore we applied further methods to 

analyze the presence of additional oligomeric 

states of PlaB. rStrep-PlaB was analyzed in 

sedimentation velocity experiments (SV) by 

means of analytical ultracentrifugation (AUC). At 

concentrations of 5.4 µM (0.3 mg/ml) and higher, 

c(s) analysis with the program SEDFIT (30) 

revealed independent of protein concentration 

used that the main fraction of the protein 

sedimented with an s20,w of 9.7 S (Fig. 3A). Taking 

diffusion broadening of the sedimenting boundary 

into account, c(s) analysis yielded a molecular 

weight of about 200 kDa. Therefore, in this 

concentration range, PlaB forms most probably 

tetramers with a frictional ratio f/f0 = 1.33 

compared to an unhydrated spherical tetramer. The 

frictional ratio (f/f0) is a measure of 

macromolecule asymmetry and is expected to be 

in the range of 1.1 to 1.2 for a hydrated spherical 

protein (39). Accordingly, the shape of the rStrep-

PlaB tetramer deviates somewhat from that of a 

sphere. In the c(s) distributions, aggregates with s-

values above 12 S were visible (Fig. 3A), and 

therefore the protein was further purified by SEC 

prior to sedimentation equilibrium centrifugation. 

At a protein concentration of 10.4 µM, analysis 

with a model of a single species yielded a 

molecular weight of 218 kDa (data not shown), 

confirming the tetrameric state of PlaB at protein 

concentrations above 5.4 µM. At lower protein 

concentrations, however, a second species was 

observed in SV, with an s20,w of 5.9 S (data not 

shown). Since the signal to noise ratio at these 

concentrations was rather low, SV centrifugation 

was repeated at 230 nm using SEC purified protein 

and lower protein concentrations. To allow for 

equilibration, the diluted samples were incubated 

for 7 h at 10°C prior to SV. In addition to the 

tetrameric protein sedimenting with s20,w=9.7 S, a 

second species sedimenting with s20,w=5.9 S was 

observed at concentrations of 1.1 µM and below 

(Fig. 3B). As the fraction of the slower 

sedimenting species clearly increased with 

decreasing protein concentration, tetrameric PlaB 

seems to dissociate at lower protein 

concentrations. The second species is most 

probable a dimer, since its s-value is higher than 

that of a spherical monomer and c(s) analysis 

revealed a molecular weight of about 110 kDa. For 

dimeric PlaB f/f0 = 1.38 was obtained, which is 

similar to the value for the tetrameric protein. 

Even at the lowest concentration used (0.13 µM), 

no significant amounts of monomeric PlaB were 

detected (Fig. 3B). Analytical ultracentrifugation 

therefore indicates that rStrep-PlaB exists in the 

lower micromolar concentration range in a dimer / 

tetramer equilibrium, with the protein being nearly 

completely dissociated into dimers at 0.13 µM and 

almost completely tetrameric above 5.4 µM. 

SAXS analysis reveals shape information of the 

PlaB tetramers – As a further method to analyze 

the oligomeric state, small-angle X-ray scattering 

(SAXS) was applied. The radius of gyration (Rg) 

determined from the SAXS curves for rStrep-PlaB 

was 5.16 nm. The value was in line with a 

hydrodynamic radius of 5.34 nm that correlates 

with the frictional ratio of 1.33 determined by 

analytical ultracentrifugation and indicated a 

molecular weight of about 200 kDa. This implied 

that PlaB was present as a tetramer at the 

concentration of 1 mg/ml (18.6 µM) used for 

SAXS experiments. The equilibrium between 

dimers and tetramers observed by analytical 

ultracentrifugation suggested that the PlaB 

tetramer assembles from the PlaB protomer in a 

two-step association via PlaB dimers that are 

predominant at lower concentrations. Hence, the 

PlaB tetramer must be classified as dimer of two 

dimers (D2 tetramer). An ab initio model of PlaB 

calculated from the SAXS curve under the 

assumption of D2 point group symmetry seems 

physically probable (Fig. 4) whereas models 

calculated assuming C2 or C4 point group 

symmetry exhibit shapes that seem unlikely for 

protein molecules (data not shown). 
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The entire C-terminal 15 amino acid region of 

PlaB is essential for lipolytic activities – Earlier, 

we showed that the catalytically important amino 

acids (Ser85, Asp203, His251) of PlaB are 

contained in the N-terminal protein region of 

about 300 amino acids and that the C-terminal 

appendage of about 170 amino acids is 

nevertheless essential for PLA/LPLA activity. The 

removal of 15 C-terminal amino acids even 

abolished enzymatic activity (13). To narrow 

down, which of the last 15 amino acids is 

essential, we performed further C-terminal protein 

truncations deleting 5 and 10 amino acids and 

analyzed purified rStrep-PlaB variants. As 

expected, the lack of 15 amino acids caused a 

severe loss of catalytic PLA and LPLA activities 

toward all substrates used in these experiments. 

The removal of 5 or 10 amino acids gradually 

decreased PLA activity and the impact on PC-PLA 

was especially severe (Fig. 5A). In parallel with 

the shortage of the C-terminus, a reduction of in 

vitro hemolysis was detected (data not shown).  

PlaB catalytic activity and the C-terminal 15 

amino acids contribute to efficient intracellular 

replication of L. pneumophila in RAW 264.7 

mouse macrophages - Previously we showed that 

depletion of PlaB in L. pneumophila did not 

influence infection and replication in U937 

macrophages and Acanthamoeba castellanii (14), 

but did attenuate infection and replication in an in 

vivo guinea pig model (22). Most interestingly, 

upon infection of RAW 264.7 mouse 

macrophages, we observed a replication defect of 

the plaB mutant (Fig. 5B). For example within 

48h, the wild type replicated about 200-fold 

whereas the plaB mutant multiplied less than 60-

fold. Provision of plaB in trans resulted in an 

increase of the replication rate to wild type levels 

(Fig. 5B). Defective replication of the plaB knock 

out mutant in the here applied model gave us the 

opportunity to analyze whether loss of catalytic 

activity and not a PlaB-protein region with a 

different / unknown function is important for the 

observed defects. Indeed, we  detected that 

provision of the plaB gene with respective 

mutations in amino acids of the catalytic triad, 

such as S85A and D203N, which were earlier 

shown to be essential for lipolytic activity (13), 

did not rescue replication efficiency in contrast to 

the wild type plaB-harboring strain (Fig. 5C). 

Furthermore, a strain harboring a C-terminal 

truncated plaB gene (PlaB -15 amino acids) 

exhibited strongly reduced PlaB activity (data not 

shown, for respective recombinant protein see Fig. 

5A) and was not able to increase bacterial 

replication of the L. pneumophila plaB mutant 

(Fig. 5C). Our data show that PlaB catalytic 

activity and the C-terminal 15 amino acids 

contribute to efficient intracellular replication of L. 

pneumophila in RAW 264.7 mouse macrophages. 

The C-terminal 15 amino acid region is not 

essential for oligomerization – The loss of 

enzymatic activity upon deletion of the C-terminal 

15 amino acids prompted us to speculate that those 

residues might regulate oligomerization and 

thereby enzymatic activity. We tested by means of 

SAXS experiments whether the gradual loss of 

activity resulting from deletion of the last 5, 10, or 

15 amino acids correlates with a change of the 

oligomeric state of PlaB. Since wild type PlaB and 

the truncated variants showed similar CD spectra  

(data not shown), it was indicated that the C-

terminal truncations are confined to unstructured 

regions and that the PlaB protomer does not 

undergo major conformational changes upon 

removal of the C-terminus. SAXS curves of 

rStrep-PlaB and the three truncated variants 

coincided for low values of momentum transfer, 

which indicates a similar shape at low resolution 

for the wild type and variants, and a comparable 

quaternary structure (Fig. 6). The radii of gyration 

(Rg) determined from the SAXS curves for wild 

type and variants were similar within the 

procedural error margin with 5.16 nm, 5.31 nm, 

5.25 nm, and 5.10 nm, respectively. In conclusion, 

we observed that the entire C-terminal 15 amino 

acid region plays an important role for activity but 

is not essential for PlaB tetramerization. 

PlaB is highly active in the nanomolar 

concentration range only – Since we showed that 

PlaB exists in a dimer / tetramer equilibrium, we 

analyzed whether the two states differ in their 

lipolytic activity. We therefore tested rStrep-PlaB 

for activity at different concentrations. We 

observed an increase in activity from 0.2 nM to 70 

nM PlaB but a decrease from concentrations of 

0.14 µM to 18.6 µM (Fig. 7A). Accordingly, 

specific activity was decreasing in a sigmoidal 

pattern when the concentration was increased to 

0.1 µM (Fig. 7B). Interestingly, our data showed 

that at concentrations above 5.4 µM, where the 

protein is exclusively in its tetrameric state, PlaB 

is inactive. Even at a concentration of 0.14 µM 

where the protein is expected to be dissociated 
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almost completely into dimers, the specific 

activity is still very low (Fig. 3B). Definitely, the 

curve pattern, showing a strong increase in 

specific activity below 8.8 nM, implies that 

another PlaB species showing predominant 

activity is present in the lower nanomolar 

concentration range (Fig. 7B). Therefore, our data 

suggest that monomeric PlaB is actually the active 

form. The detection limits for SAXS (about 1 

mg/ml = 18.6 µM) and AUC (about 0.13 µM) did 

not allow analysis at lower concentrations in order 

to check for the occurrence of PlaB monomers in 

the lower nanomolar concentration range. In 

summary, our results show that PlaB is highly 

active in the lower nanomolar concentration range 

and that the dimeric and tetrameric forms present 

at higher concentrations show very low specific 

activity or are inactive. Therefore, we propose that 

dissociation of the tetramer into monomers 

activates lipolytic activity. 

 

DISCUSSION 

We here present evidence that PlaB, in contrast 

to the above mentioned activation of 

phospholipases by oligomerization, forms inactive 

tetramers and that oligomer dissociation activates 

PLA (Fig. 7 and 8). We further showed that the C-

terminal 15 amino acids important for enzymatic 

activity are not required for protein tetramerization 

(Fig. 6). Indeed, it is difficult to predict structure 

and oligomerization domains without a hint on the 

3D structure because PlaB is the first characterized 

homolog and the constituting member of a novel 

class of lipases (13). Structural analysis of PlaB 

may provide answers to questions we raised here, 

particularly concerning the nature of the interface 

for oligomer formation and enzyme inactivation 

by oligomerization. 

Whereas many examples are known for 

enzyme activation upon oligomerization (40-48), 

only few examples on enzyme activation upon 

dissociation have been described (49-52). One 

example is the purine nucleoside phosphorylase 

(PNP) from bovine spleen. PNP is a trimeric 

enzyme which dissociates into monomers upon 

dilution. Decreasing enzyme concentration from 

20 to 0.02 µg/ml is accompanied by an at least 50-

fold increase in enzyme activity. It is therefore 

interpreted that the monomeric form is the fully 

active species. Further enzyme activity is 

influenced by phosphate concentration which also 

determines oligomerization state and activity 

(50,52). A second example, although the involved 

mechanism is different, is the Crotalus atrox 

venom PLA2. Dilution experiments show that this 

secreted PLA2 forms an extremely tight dimer. 

Fluorescence correlation spectroscopy (FCS) data 

indicate that the addition of n-

dodecylphosphocholine (C12-PN) results in 

dissociation of the dimer. On the basis of FCS and 

tryptophan fluorescence results, it was postulated 

that an intermediate state is formed where the two 

monomers are in loose interaction within the 

protein-lipid comicelle. A complete dissociation of 

the dimer was observed with increasing 

concentrations of C12-PN. This indicates that the 

C. atrox PLA2 is dimeric in the absence of lipids 

and dissociates upon interaction with lipids and 

therefore supports the monomer hypothesis for 

PLA2 action (51).  

What might be the reason for a down 

regulation of PLA activity at higher protein 

concentrations, such as observed for PlaB? 

Phospholipases, such as PlaB, showing a high 

specific activity might be harmful for the 

producing bacterium when accumulating to 

significant concentrations. Therefore, from the 

perspective of L. pneumophila, it is of great 

importance that the protein contained in the 

bacterial cytoplasm is inactive to prevent 

disintegration of bacterial lipids. For example, for 

PlaC a PLA and acyltransferase, of L. 

pneumophila, it has been shown that the zinc-

metalloproteinase ProA cleaves a disulfide loop 

and thereby processes and activates PlaC after 

export to the external space (53). A proteolytic 

activation of PlaB seems unlikely because the 

protein confers activity as a recombinant 

expressed and purified protein in the absence of 

additional factors. Therefore, other mechanisms 

must exist to bring the protein at the desired site 

and time into action. An effective way of activity 

up regulation via oligomer dissociation and down 

regulation via oligomer assembly is suggested by 

our present experiments. That this might be the 

case shows an approximate determination of the 

cellular PlaB concentration by means of Western 

Blotting and subsequent band intensity analysis 

using rStrep-PlaB as standard for quantification. 

When a size of a L. pneumophila bacterium of 

about 0.5 µm diameter and 1.5 µm length is 

assumed (54), about 64 monomers or 16 tetramers 

of PlaB are detected per cell and results in a 

cellular PlaB concentration of about 0.35 µM 
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(Kuhle and Flieger, unpublished observation). At 

this concentration only a low specific activity of 

the protein was detected (see Fig. 7B) and 

considering molecular crowding in the cytoplasm, 

occurrence of the tetrameric form would be even 

more promoted. Molecular crowding conditions 

refer to the notion that the cell cytoplasm contains 

high concentrations of high-molecular-weight 

components that occupy a substantial part of the 

volume. The effect of macromolecular crowding 

can influence biochemical processes in the cell 

such as assembly of macromolecular structures, 

protein folding, and protein-protein interactions 

(55-58). By means of analyzing enzymatic 

activity, it has been shown that PlaB is found in its 

active form at the surface of the bacteria and that 

the cell fractions with PlaB-derived lipolytic 

activity overlap with those containing the major 

outer membrane protein (MOMP) (22). Therefore, 

a fraction of formerly inactive PlaB is translocated 

to the bacterial surface and then may be present in 

an active dissociated form. So far, however, the 

mechanism of PlaB export and its distribution 

within the bacterial cell is unknown. 
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FIGURE LEGENDS  

FIG. 1 Affinity chromatographic purification of rStrep-PlaB and PLA activity. A) Coomassie-

stained 12.5% SDS-PAGE of affinity chromatography fractions (1 ml Strep-Tactin column) from rStrep-

PlaB expressed from an 1 l culture of E. coli BL21 (pKK19). Lane: 1 = soluble supernatant after cell 

disruption, 2 = flow through, 3-5 = washing fraction, 6-12 = elution fraction. B) Release of free fatty 

acids (FFA) was detected after incubation of 0.01 µg/ml (0.186 nM) purified rStep-PlaB with 

phospholipids for 60 min. The result represents the means and standard deviations of triplicate samples 

and is representative for at least three experiments. Abbreviations: PG = dipalmitoylphosphatidylglycerol, 

PC = dipalmitoylphosphatidylcholine, LPG = 1-monopalmitoyllysophosphatidylglycerol, LPC = 1-

monopalmitoyllysophosphatidylcholine, M = molecular weight standard. 

FIG. 2 Size-exclusion chromatography shows that PlaB forms homodimers. SEC chromatogram of 

500 µl 1 mg/ml (18.6 µM) purified Strep-PlaB expressed from E. coli BL21 (pKK19) (A) and calibration 

curve (B) (Ve = elution volume of standard protein or PlaB; Vo = void volume of 8 ml). Results are 

representative of at least two independent experiments. 
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FIG. 3 Analytical ultracentrifugation shows that PlaB forms homodimers and homotetramers. A) 

c(s) distributions of purified Strep-PlaB expressed from E. coli BL21(pKK19) at high concentrations [5.4 

µM (black dashed line), 10.8 µM (grey line) and 24.4 µM (black solid line)] show that Strep-PlaB 

predominately sediments as a tetramer with 9.7 S. SV experiments were performed in 100 mM Tris pH 

8.0, 100 mM NaCl, 1 mM EDTA and absorbance was measured at 280 nm. For better comparison all c(s) 

distributions have been converted to 12 mm path length. B) At lower protein concentrations [0.13 µM 

(black solid line), 0.27 µM (black dashed line), 0.54 µM (grey solid line), 1.1 µM (grey dashed line)] two 

protein species are visible in the c(s) distributions: PlaB tetramers sedimenting with 9.7 S and PlaB 

dimers sedimenting with 5.9 S. Conditions as in (A), but rStrep-PlaB was subjected to SEC prior to SV 

and absorbance was measured at 230 nm and therefore EDTA was omitted from the buffer.  

FIG. 4 SAXS analysis confirms formation of PlaB tetramers. rStrep-PlaB was expressed from E. coli 

BL21(pKK19) and was purified. Low-resolution ab initio model calculated from the SAXS curve of 

Strep-PlaB under the assumption of D2 point group symmetry. From left to right: front, side, and top 

view. 

FIG. 5 The entire C-terminal 15 amino acid region of PlaB is essential for lipolytic activity and PlaB 

lipolytic activity is required for optimal intracellular replication. A) Purified rStrep-PlaB and 

truncated variants were analyzed for enzymatic activities. Release of FFA was detected after incubation 

of 0.04 µg/ml (0.72 nM) purified rStep-PlaB and truncated variants with phospholipids for 45 min. RAW 

264.7 macrophages were infected with (B) L. pneumophila wild type, dotA
-
, plaB

-
 mutants and the 

complementing strain plaB
-
(plaB) expressing intact PlaB. (C) RAW 264.7 macrophages were also 

infected with the plaB
-
 mutant expressing active PlaB from pJB04, catalytic mutants expressing inactive 

PlaB from pJB06 and pJB12, or C-terminal truncated inactive PlaB from pKK50 at multiplicities of 

infection of 1. The dotA
-
 strain was used as a virulence-attenuated control. The time point -2 h denotes the 

bacterial inoculum when the two hours uptake period was started.  At various time points before and post 

uptake period, bacteria were quantified by plating aliquots on BCYE agar.  The results represent the 

means and standard deviations of triplicate samples and are representative of at least two additional 

experiments. Replication of plaB
-
 strains expressing plaB S85A, plaB D203N, or plaB aa1-459 and dotA

-
 

was significantly different from the wild type (* P <0.005, Student’s t test, n 3). Abbreviations: PG = 

dipalmitoylphosphatidylglycerol, PC = dipalmitoylphosphatidylcholine, LPG = 1-

monopalmitoyllysophosphatidylglycerol, LPC = 1-monopalmitoyllysophosphatidylcholine.  

FIG. 6 The C-terminal 15 amino acid region of PlaB is not essential for oligomerization. Regularized 

SAXS curves determined for Strep-PlaB (WT) and the three C-terminally truncated variants lacking 5, 10, 

or 15 amino acids (WT-5aa, WT-10aa, WT-15aa). The logarithm of scattering intensity is plotted vs. the 

momentum transfer s=4πsinθ/  and the corresponding resolution dmin. The curves coincide well on the 

left-hand side of the diagram, which corresponds to low values of momentum transfer and indicates 

identical low-resolution structures of rStrep-PlaB and variants, i.e. the same oligomeric states. Deviations 

of the curves on the right-hand side result from minor structural differences apparent only at higher 

resolution. 

FIG. 7 Lipid hydrolysis at different concentrations of PlaB. rStrep-PlaB was expressed from E. coli 

BL21 (pKK19) and was purified. Different concentrations of PlaB [18.6 µM (1 mg/ml) – 0.0003 µM 

(0.015 µg/ml)] were incubated with LPG for 15 min at 37 °C. To analyze the enzymatic activity, the 

release of FFA was determined. The catalytic activity (amount of FFA per time) is plotted vs. 

concentration of rStrep-PlaB (A) and the specific activity (catalytic activity per mg enzyme) is plotted vs. 

concentration of rStrep-PlaB (B). The grey shaded area highlights the protein concentrations used in AUC 

experiments. The results represent the means and standard deviations of triplicate samples and are 

representative of at least two additional experiments.  

FIG. 8 Model of the occurrence of PlaB-associated oligomerization states (monomer, dimer and 

tetramer) and their relation to concentration and PLA activity.   
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TABLES 

Table 1: Overview of strains used in this study (Abbreviations: term.= terminal.; L.pn. = L. pneumophila Corby) 

Organism Mutation(s)/plasmid Tags 
Selection 

marker 
Source/reference 

L.pn.  Wild type L. pneumophila Sg1 Corby   (25) 

L.pn.  dotA knock-out E01  KmR 

This study  

(Aurass, Tröller, 

Flieger, unpublished) 

L.pn. plaB
-
 plaB::km insertion mutant  (= plaB1)  KmR (14) 

L.pn. plaB
-
 

pJB04 = pBCKS plaB (complementing 

strain) 
 CmR (13) 

L.pn. plaB
-
 pKK50 = pBCKS plaB aa1-459  CmR This study 

L.pn. plaB
-
 pJB12 = pBCKS plaB D203N  CmR (13) 

L.pn. plaB
-
 pJB06 = pBCKS plaB S85A  CmR (13) 

E. coli BL21 pKK19 = pGP172 plaB 
N-term. 

Strep tag 
AmpR This study 

E. coli BL21 pKK25 = pGP172 plaB aa1-469 
N-term. 

Strep tag 
AmpR This study 

E. coli BL21 pKK26 = pGP172 plaB aa1-464 
N-term. 

Strep tag 
AmpR This study 

E. coli BL21 pKK27 = pGP172 plaB aa1-459 
N-term. 

Strep tag 
AmpR This study 

 

 

Table 2: Overview of primers used in this study (Abbreviations: term.= terminal.; aa = amino acid) 

Plasmid Gene Tag Primer name Primer sequence (5’- 3’) 

pKK19 plaB 

N-term. 

Strep 

tag 

plaBkpnIf 

plaB_SmaIr 

pGP172XmaIf 

pGP172KpnIr 

-CAGGGTACCATGATTGTTATC- 

-CTACCCGGGTCAATCTATCTTT- 

-CTACCCGGGGATCCGGCT- 

-GATGGTACCGGCGCCTTTTTCG- 

pKK25 
plaBaa1-

469 

N-term. 

Strep 

tag 

pGP172plaB-5f 

pGP172plaB-5r 

-GAAAGCCAACTTGACCCGGGGATCCGGC- 

-CCGGGTCAAGTTGGCTTTCCACTGATTTTTGCC 

GGAG- 

pKK26 
plaBaa1-

464 

N-term. 

Strep 

tag 

pGP172plaB-10f 

pGP172plaB-10r 

-GCAAAAATCTGACCCGGGGATCCGGC- 

-CCGGGTCAGATTTTTGCCGGAGTAAGGTTGTTGC- 

pKK27 
plaBaa1-

459 

N-term. 

Strep 

tag 

pGP172plaB-15f 

pGP172plaB-15r 

-CAACAACCTTTGACCCGGGGATCCGGC- 

-CCGGGTCAAAGGTTGTTGCTGATACGGAAAACTG 

TCC- 

pKK50 
plaBaa1-

459 
- 

pJB04-15Ctf 

pJB04-15Ctr 

-CAACAACCTTTGATACCTCTTTCGTTTGATGC- 

-GAGGTATCAAAGGTTGTTGCTGATACGGAAAA 

CTG- 

 

 


