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Materials and Methods   

LspA expression and purification 

The wild-type lspA gene from P. aeruginosa, strain PAO1, was cloned into the expression 
vector pET28a using restriction sites NdeI and XhoI (6). The recombinant construct was the 
wild-type P. aeruginosa PAO1 LspA modified N-terminally with an MGSS sequence 
followed by a 6 x His-tag and the thrombin cleavage sequence SSGLVPRGSH. Sequencing 
(MWG Biotech) confirmed the identity of the recombinant gene. The pET28a-lspa 
recombinant plasmid was transformed into chemically competent E. coli C41 (DE3) (NEB) 
cells. Cells were grown in LB broth (Sigma) supplemented with 50 mg/L kanamycin 
(Melford) at 37 oC to an OD600 of 0.5-0.6 and induced with 1 mM isopropyl ß-D-1-
thiogalactopyranoside (IPTG) (Sigma) at 30 oC and 180 rpm for 18 h. Cells were harvested 
by centrifugation at 5,000g for 10 min at 4 oC. Cells were either used immediately or stored 
at -80 oC for a maximum of 2 months.  

For SeMet labelling of LspA the methionine auxotroph E. coli strain B834 (DE3) (Novagen) 
was transformed with the pET28a-lspa plasmid. SeMet medium was made using the 
SelenoMet™ kit (Molecular Dimensions) according to the manufacturer’s instructions. The 
medium was supplemented with 50 mg/L SeMet (Sigma) and 50 mg/L kanamycin. Because 
expression levels were low production of biomass was carried out on a scale of 20 L. 
Biomass production and protein purification of the SeMet form of LspA were as described 
for unlabelled enzyme. 

LspA cell mass was re-suspended at 1 g/mL Buffer A (50 mM MES pH 6.15, 150 mM NaCl, 
10 %(v/v) glycerol) at room temperature (RT, 20-22 oC) and a single Complete Protease 
Inhibitor Cocktail tablet (Roche) was added per 50 mL of resuspended material. Cells were 
lysed by three passages through a high pressure homogenizer (Emulsiflex-C5; Avestin). Cell 
debris was removed by centrifugation at 24,000g for 12 min at 4 oC. A membrane fraction 
was separated from the supernatant by ultra-centrifugation at 150,000g for 45 min at 4 oC. 
The membrane pellet was resuspended in 100 mL Buffer A containing 1 %(w/v) fos choline-
12 (FC12) (Anatrace) and solubilisation was carried out for 1 h at 4 oC with agitation using a 
magnetic stirrer. Unsolubilized material was separated by ultra-centrifugation at 150,000g for 
30 min at 4 oC. The supernatant to which 20 mM imidazole was added was incubated with 5 
mL Ni-NTA Superflow resin (Qiagen) for 1 h at 4 °C on a rotor circulating at 20 rpm. The 
resin was added to a BioRad Econo Column (4 cm diameter) and washed with 150 mL Buffer 
B (50 mM MES pH 6.15, 150 mM NaCl, 10 %(v/v) glycerol, 0.14 %(w/v) FC12) containing 
50 mM imidazole. Bound protein was eluted with 15 mL Buffer B containing 300 mM 
imidazole. 1 mL fractions were collected and protein concentration was determined in each 
by absorbance at 280 nm (A280) measured with a Nanodrop 1000 (Wilmington, DE, USA). 
Fractions containing ≥ 1 mg/mL LspA were combined and concentrated to a volume of 1.5 
mL using a 15 mL Millipore centrifuge filter with a molecular weight cut off of 50 kDa. The 
concentrated sample was loaded onto a HiLoad 16/600 column packed with Superdex 200 
size-exclusion resin pre-equilibrated with 180 mL Buffer B at 4 °C using a GE Healthcare 
ӒKTA Purifier system. Size-exclusion chromatography was performed at 4 °C at a flow rate 
of 0.5 mL/min. LspA eluted as a single, symmetrical A280 peak at 76 mL. Peak fractions with 
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A280 values larger than half the peak maximum were combined and concentrated to 10 - 30 
mg/mL using a 4 mL Millipore centrifuge filter with a molecular weight cut off of 50 kDa. 
The pure protein was aliquoted into 20 μL fractions, flash frozen in liquid nitrogen and stored 
at -80 oC. The identity of the protein was confirmed as LspA by mass-spectrometry.   

LspA mutant genes were obtained either by site-directed mutagenesis of the wild-type lspA 
construct in pET28a (D115A, R116A, D143A, D143N) or as synthetic genes cloned into 
pET28a (D115N, D124N) (GenScript). That the correct mutations had been made was 
confirmed by sequencing (MWG Biotech). Expression and purification of all LspA mutants 
was performed according to the wild-type protocol. 

Native and SeMet-labelled LspA was also produced using an E. coli-based cell-free 
expression system, mainly to facilitate the production of the SeMet derivative. The pET28a-
lspA recombinant plasmid was purified from E. coli DH5α cells (NEB) using a Plasmid 
Midiprep kit (Qiagen) according to the manufacturer’s instructions. Optimisation of 
magnesium concentration for protein production was carried out in a continuous exchange, 
precipitate-generating cell-free (P-CF) expression system on a 50-μL scale, as described (16). 
The optimal magnesium concentration was subsequently used for preparative-scale (3 mL 
reaction mix, 42 mL feeder mix) cell-free expression, as described (16). Expression was 
carried out in an incubator at 30 °C with continuous shaking at 150 rpm over a 16-h period. 
For SeMet labelling, the cell-free amino acid mix was supplemented with SeMet (Sigma) in 
place of Met. Purification of cell-free LspA was carried out as described above for in vivo 
expressed LspA starting with the solubilisation step.     

Crystallisation 

Aliquots of purified LspA at 12 mg/mL in Buffer B were thawed on ice and incubated for 5 
min on ice with a 10-fold molar excess of the antibiotic globomycin from Streptomyces 
hagronensis (Sigma). This solution was then used to prepare the cubic phase with monoolein 
as host lipid following well-established procedures (7, 17).  

In meso crystallisation trials were set up by transferring 50 nL of the protein-laden mesophase 
onto a silicanised 96-well glass crystallisation plate which was then covered with 800 nL of 
precipitant solution using in meso robots (18). Plates were sealed with a glass cover plate and 
incubated in and imaged at 20 oC with a Formulatrix Rock Imager. Best quality crystals were 
obtained using precipitant solutions containing 100 mM MES pH 5.6-6.0, 35-43 %(v/v) 
PEG400 and 60-100 mM ammonium phosphate monobasic. Plate-shaped crystals appeared 
after 1 - 3 days and continued to grow reaching dimensions of 3 x 30 x 80 µm3 in 2 weeks. 
Crystals were harvested by opening the wells with a tungsten carbide glass cutting tool, 
removing crystals with a minimum of adhering mesophase using MiTeGen cryoloops 
followed by snap-cooling in liquid nitrogen without added cryoprotectant (17). 

Data collection and processing 

X-ray diffraction data were collected on the 23-ID-B beamline of the General Medicine and 
Cancer Institute Collaborative Access Team (GM/CA-CAT) at the Advanced Photon Source 
(APS), Argonne, Illinois, USA, the PXII beamline at the Swiss Light Source (SLS), Villigen, 
Switzerland and the I24 beamline at the Diamond Light Source (DLS), Didcot, Oxford, UK. 
Data were collected at 100 K using a 10 x 10 μm2 collimated microbeam at GM/CA-CAT, 
while 10 x 18 μm2 and 10 x 10 μm2 microfocus beams were used at SLS and DLS, 
respectively. Software-implemented grid-scan protocols were used to locate and center 
crystals obscured by the opaque frozen lipid cubic phase. 
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Data were processed with xia2 using XDS (19) for indexing, integration and scaling, XSCALE 
(19) for relative scaling of multiple datasets and AIMLESS (20) for merging of reflections. An 
8-fold redundant SeMet derivative data set to 3.3 Å was obtained by merging 8 data sets from 
6 crystals collected at the K-edge of selenium, determined by means of a fluorescence scan to 
be 0.9793 Å. A 2.8 Å native data set was obtained by merging 16 data sets collected from 9 
crystals of native protein collected at 0.9824 Å. 

Structure solution and refinement 

Due to a weak anomalous signal extending only to 6 Å solving the structure was not 
straightforward. The selenium substructure search was performed using SHELXD (21) via the 
HKL2MAP GUI (22) with a large variety of input parameters. Since no clear solution was 
evident and SHELXE (21) failed to deliver acceptable maps or models all SHELXD selenium 
substructure solutions were screened for solutions with slightly favourable statistics and a 
reasonable substructure occupancy distribution. Solutions selected in this way were submitted 
to PHENIX Autosol (23) for substructure refinement and phasing. A favourable solution 
emerged with 12 out of 13 selenium sites of the refined SHELXD output located at 
anomalous peaks while also being reasonably positioned in relation to the protein envelopes 
discernible after solvent flattening. This solution was submitted to the PHENIX AutoBuild 
routine which built 397 out of 676 residues representing four molecules in the asymmetric 
unit with R / Rfree factors of 0.36 / 0.44. R / Rfree were improved to 0.219 / 0.245 by using the 
2.8 Å native data and rounds of iterative model building and refinement in Coot (24) and 
PHENIX. Refinement was performed with automatic optimization of X-ray / stereochemistry 
and X-ray / ADP weights and torsion-angle NCS restraints.  In the MolProbity (25) 
Ramachandran plot 97.3 % of residues were in the favoured region, 2.5 % were in the 
allowed region. There was one Ramachandran outlier fit into poor density. The clash score 
was 6.69 and the MolProbity score was 1.50. There were no rotamer outliers and the average 
B-factor of 68.2 Å2 (66.0 Å2 for the peptide chain) corresponded well with the Wilson B-
factor of 67.7 Å2. 

For Molecule A in the asymmetric unit (AU) all residues except the N-terminal methionine 
and 11 disordered residues at the C-terminus could be placed in electron density. The models 
for the other 3 molecules in the AU were less complete with 20 residues not modelled for 
each. Thus, 604 of 676 possible LspA wild-type residues in the 4 protein chains in the AU 
could be placed. Clear doughnut-shaped density for the globomycin ligand was observed 
after the PHENIX autobuild step, allowing the ligand to be placed unambiguously.  Twenty 
four monoolein (9.9 MAG) molecules were added to the model based mainly on density of 
the glycerol headgroups and the first few carbon atoms in the acyl chain. The monoolein 
molecule with the strongest density in all four of the asymmetric units was bound in a groove 
adjacent to the globomycin binding site (fig. S5). 

Proteins for LspA assay 

The LspA substrate used in this work is the dagylated form of the PAO1 pre-prolipoprotein, 
ICP (pre-proICP). In order to generate the substrate (proICP) for use in in vitro assays, it was 
necessary to produce purified Lgt, the dagylating enzyme, and ICP.   

The lgt wild-type gene from P. aeurginosa PAO1 was synthesized (GenScript) and cloned 
into pET28a using restriction sites NdeI and HindIII. The recombinant Lgt construct 
contained an N-terminal 6 x His-tag and the TEV cleavage site sequence ENLYFQG. The 
pET28a-lgt recombinant plasmid was transformed into E. coli CD43 (NEB) cells for 
expression. Cells were grown in 1 L TB broth (Sigma) in 6 x 3 L flasks at 37 oC to an OD600 



P a g e  | 4 
 

of 0.5-0.6. Protein expression was induced with 0.25 mM IPTG at 20 oC with shaking at 180 
rpm for 18 h. Cells was harvested by centrifugation at 5,000g for 10 min at 4 oC. The cell 
mass was either used immediately or stored at -80 oC for a maximum of 2 months.  

The protocol for Lgt purification was similar to that used with LspA with the following 
modifications. The buffer used throughout the purification was 50 mM Tris pH 7.5, 500 mM 
NaCl, and 1 mM tris(2-carboxyethyl)phosphine (TCEP). Lgt was solubilised using 1 %(w/v) 
lauryl maltose neopentyl glycol (LMNG) (Anatrace). The buffer used post-solubilisation was 
supplemented with 0.02 %(w/v) LMNG. The gel filtration buffer included 50 mM Tris/HCl 
pH 7.5, 250 mM NaCl, 1 mM TCEP, and 0.02 %(w/v) LMNG. The purified protein was 
identified as Lgt by mass spectrometry.  

Potential pre-prolipoprotein substrates were identified using the DOLOP database (26) and a 
PAO1 lipoprotein database of our own construction. ICP was chosen based on its overall size, 
signal sequence length and amino acid composition. The wild-type icp gene from P. 
aeruginosa PAO1 was synthesized (GeneScript) and sub-cloned into the pET28a plasmid 
using the restriction sites NdeI and HindIII. The resulting recombinant expression construct 
was the wild-type ICP gene with the same N-terminal modifications as described for LspA.  

Pre-proICP was produced in E. coli C41 (DE3) (NEB) cells at 37 oC in TB broth (Sigma) 
following induction with 1 mM IPTG at an OD600 of 0.6. Expression was carried out for 2 h. 
Longer expression resulted in a lower yield presumably because the pre-proICP was 
processed by E. coli Lgt and LspA to a form no longer detectable by Western blotting with 
anti-His tag antibodies. The protocol for pre-proICP purification was similar to that used with 
LspA with the following modifications. The buffer was Hepes pH 7.1, 150 mM NaCl, 1 mM 
TCEP, and 10 %(v/v) glycerol. Pre-proICP was solubilised in 1 %(w/v) LMNG. The purified 
protein was identified as pre-proICP by mass spectrometry.  

Enzyme assays 

The proteolytic activity of LspA was assayed in what amounts to a coupled system. Thus, the 
proICP substrate was generated in situ in the reaction mix by the action of Lgt on pre-proICP 
using DOPG (sodium salt, Sigma) for the dagylation reaction. All assays were carried out in 
Buffer C (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 1 mM TCEP, 0.02 %(w/v) LMNG) at 37 
oC. DOPG was solubilised in Buffer C at a concentration of 1.5 mM. For time course assays, 
a 200 µL reaction was set up containing 12 µM pre-proICP, 250 µM DOPG, 1.5 µM Lgt and 
0.5 µM LspA in Buffer C. The reaction was initiated by adding LspA. At timed intervals, 20 
µL samples were removed and the reaction was stopped by adding SDS loading buffer (62.5 
mM Tris/HCl pH 6.8, 2.5 %(w/v) SDS, 0.002 %(w/v) bromophenol blue, 0.5 M ß-
mercaptoethanol, 10 %(v/v) glycerol). For LspA concentration-dependent activity assays, a 
200 µL reaction mix was prepared containing 9 µM pre-proICP, 1.5 µM Lgt, and 250 µM 
DOPG in Buffer C. The reaction mix immediately divided into 20 µL samples to which LspA 
at a final concentration of 0 to 500 nM was added to start the reaction. The reaction was 
carried out for 20 min at 37 oC. For the globomycin inhibition assay, a 220 µL reaction mix 
was prepared containing 5 µM pre-proICP, 2.5 µM Lgt and 250 µM DOPG. After 30 min, 
the reaction mix, which now contains proICP following Lgt action, was divided into 20 µL 
samples. Globomycin was added to a final concentration of 0 to 20 µM followed immediately 
by 2 µM LspA. The reaction was allowed to proceed for 1 h at 37 oC. For the mutant assays a 
280 µL reaction mix was prepared containing 10 µM pre-proICP, 1.2 µM Lgt, and 250 µM 
DOPG in Buffer C. 20 µL samples were taken from the reaction mix to which 2.5 µM of 
LspA (wild type, D115N, D115A, R116A, D124N, D143N) was added to start the reaction. 
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The reactions were allowed to proceed for 1 h at 37 oC and were stopped with SDS loading 
buffer. Samples were electrophoresed in Criterion™ Precast 10-20 % Tris-Tricine gels in 
Tris-Tricine buffer (Sigma) and stained using InstantBlue™ (Expedeon). Quantitation of 
protein on gels was by image analysis using ImageJ (27).  

Molecular dynamics simulations and docking 

All MDS were performed using GROMACS v5.0.5 (28). The Martini 2.2 force field (29) was 
used to run an initial 1 μs Coarse Grained (CG) MD simulation to permit the assembly and 
equilibration of a palmitoyloleolylphosphatidylglycerol (POPG) 
palmitoyloleoylphosphatidylethanolamine (POPE) (1:3 mole ratio) bilayer around LspA (30). 
The end-snapshot of the CG simulations was then converted to atomic detail with the crystal 
structure aligned with the CG protein within the assembled lipid bilayer (31). The systems 
were equilibrated for 1 ns with the protein restrained before 500 ns of unrestrained atomistic 
MD using the Gromos53a6 force field (32). The parameters for globomycin were manually 
created, modifying the standard amino acid force field parameters to generate the correct 
stereochemistry and to complete the cyclic structure of the antibiotic. The dagylated cysteine 
parameters were created from lipid parameters for diacylgylcerol and appended to the thiol 
side chain of cysteine. Systems were neutralised with 150 mM NaCl. In silico mutagenesis 
was performed and figures were prepared using PyMol (Schrödinger). 

To model substrate binding into the apo-form of LspA (Fig. 3B), the helix of the signal 
peptide of pre-proICP was docked to the transmembrane groove in LspA using ZDOCK (33). 
The architecture of the signal peptide binding site is similar to the glove-like structure of the 
6TM helix TatC protein, which forms an earlier step in the post-translational processing 
pathway for some substrates of LspA (34). The C-terminal end of the docked TM helix was 
aligned with the structure to permit the lipobox sequence to follow the coordinates of g·Leu, 
g·Ile and g·Ser of globomycin. The location of the neighboring MAG guided the position and 
orientation of the next residue, Cys*. This permits the flexible linker of the substrate to dock 
into the β-cradle, with the folded lipoprotein extending in the periplasm. The docking and 
simulations was repeated with LppL (PA5276), the shortest pre-prolipoprotein (46 residues 
total) from P. aeruginosa with similar outcomes as for ICP. The overall configuration for 
both was stable in the simulations, especially in the region of the TM helix and the lipobox. 
To study the membrane partitioning of globomycin by MDS, the antibiotic was placed in the 
solvent 50 Å from the membrane and allowed to freely sample the solvent and membrane. 
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Supplementary figures 

 

 

Fig. S1. Proposed mechanism for aspartyl protease catalysis and comparison of the tetrahedral 
intermediate to globomycin and non-cleavable transition state isosteres developed for the synthesis of 
protease inhibitors. (A) Chemical structure of globomycin (5). Component parts of this cyclic depsipeptide are 
labelled. Drawn in roughly the same orientation as globomycin in Fig. 2. Natural congeners come with L-Val in 
place of L-allo-Ile and with fatty acids that range in total number of carbons from 8 to12 (5). In the complex, 
globomycin was modelled with a 10 carbon acid.  (B.i) Tetrahedral transition state proposed to form during the 
aspartyl protease reaction. (B.ii, B.iii). Non-cleavable transition state isosteres of the hydroxyethylamine and 
hydroxyethylene types, respectively (9). (C). Proposed catalytic mechanism for aspartyl proteases  (9, 12) with 
parts of the substrate around the scissile bond labelled as found in a prolipoprotein: SP, signal peptide; LP, 
lipoprotein; DAG, diacylglycerol.  (C.i) Michaelis complex. (C.ii) Tetrahedral intermediate. (C.iii) Product 
complex.  
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Fig. S2. Purification and crystallization of LspA. (A) LspA eluted from a Superdex200 size-exclusion column 
as a symmetric Gaussian peak at an elution volume of 76 mL. (B) An SDS PAGE loading series to estimate 
LspA purity after size-exclusion chromatography. The protein, which runs with an apparent molecular weight of 
~17 kDa (arrow), is ~98 % pure as determined by ImageJ densitometry analysis. (C) Thin plate-shaped crystals 
of LspA growing in the 9.9 MAG mesophase imaged with a bright field microscope. (D) As in (C) viewed 
between crossed polarizers.  
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Fig. S3. Partitioning of globomycin into the membrane observed by MDS. (A) Globomycin partitions from 
the aqueous solution into the bulk membrane. In the membrane, the antibiotic is oriented at the interface as 
expected for an amphiphilic molecule. (B) A similar orientation is observed for the antibiotic in the LspA-
globomycin complex structure. The g·Leu of globomycin is marked with an asterisk. Phosphorus atoms of the 
lipid headgroups are shown as orange spheres and globomycin as sticks. The lipid acyl chain compartment of 
the membrane along with headgroups in the background are shown as a light gray transparent surface. 
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Fig. S4. Interactions between LspA and globomycin in a membrane as revealed by MDS. (A) The crystal 
structure of LspA (cartoon representation) embedded in a POPE:PG lipid bilayer, with globomycin (yellow 
spheres) bound. Phosphorus atoms of the lipid headgroups are shown as orange spheres. (B) Globomycin 
contacts with LspA over 500 ns MDS. Residues making contact with the globomycin are shown on a scale of 
grey to red, where grey designates no contacts and red corresponds to contacts throughout the 500 ns MDS. 
Residues that make contact with globomycin are shown as sticks, while residues that interact for greater than 
80% of the simulation are labeled. (C) All contacts made by globomycin during the MDS. The 80% cut-off is 
marked by a dashed line. 
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Fig. S5. Electron density for lipid extends into the active site of LspA.  (A) The view is from the membrane 
into the active site where the catalytic dyad residues Asp124 and Asp143 are shown in stick representation with 
cyan carbons. Density for the lipid (9.9 MAG, the hosting lipid used for crystallization) and globomycin 
contoured at 1 σ is shown as a blue mesh. For clarity the map used in this figure is a PHENIX (23) feature 
enhanced map.  LspA is shown in surface representation while lipid and globomycin are shown as sticks with 
white and yellow carbons, respectively. For reference, the positioning of  a prolipoprotein chain according to our 
model (Fig. 3B) is shown in tube representation (green from N-terminus to cleavage site, magenta starting with 
Cys*). (B) View from within the membrane along the long axis of density near the active site into which the 
glycerol headgroup and the first seven methylenes of the acyl chain of a 9.9 MAG lipid were modelled. The 
view reveals the shape complementarity between the proposed prolipoprotein DAG binding site on LspA 
created where the β-cradle and MH4 come together and part of the DAG moiety. LspA density (blue) is shown 
as a PHENIX feature-enhanced map contoured at 1 σ. The lipid density (green) is a simulated annealing 
composite omit map contoured at 1 σ and carved at 2 Å around the modelled MAG. Residues forming the 
binding site are shown as sticks (purple carbons). Phe139 at the back of the binding site is strictly conserved. 
Residue 136 is strictly conserved as an aromatic residue and Pro137, which generates a kink in the fourth strand 
of the β-cradle that allows residue 136 to clamp down on the lipid, is 96% conserved. (C) and  (D) As in (A) and 
(B), respectively, using bias-free, iterative-build composite OMIT maps contoured at 1 σ for all shown density. 
Despite the low-quality phases due to zero manual model building and the use of a ligand-free model, density 
for the two ligands (globomycin, GLM, and lipid, MAG) is clearly present and identifiable.  
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Fig. S6. Hydrogen bonded network involving all strictly conserved polar residues and Asp115 in the 
LspA-globomycin complex. (A) View from the periplasm between the β-cradle and the PH loop into the active 
and globomycin binding sites.  Inter-side chain hydrogen bonds are shown as thick green dashed lines. 
Hydrogen bonds between side chains and globomycin are shown as thick magenta dashed lines. Side chains and 
globomycin have purple and yellow carbon atoms, respectively. Parts of the β-cradle that sit over the binding 
site are rendered transparent for clarity. (B) View of the hydrogen bonded network roughly along the proposed 
DAG binding groove.  
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Fig. S7. SDS-PAGE gels used to assay LspA endopeptidase activity and to characterize LspA mutants. (A) 
Schematic representation of how proteins run on SDS-PAGE gels in assays of LspA endopeptidase activity with 
in situ produced proICP. i. Part of an actual gel from Fig. 4G. The yellow asterisk marks the position of wild-
type LspA.  ii – iv. Position on the gel of the pre-proICP (ppICP) substrate for Lgt, the proICP (pICP) substrate 
for LspA, and the products of the LspA reaction, ICP and signal sequence (SSeq), respectively. All forms of ICP 
(ppICP, pICP and ICP) run as two bands. The faster running of the two is less intense and is indicated by a 
prime.  v. Position on the gel of proteins in a typical reaction mix containing the enzymes Lgt and LspA (red 
bands) and the substrates and products, ppICP, pICP, ICP and SSeq (black bands). Interpretation of the gels is 
complicated by the fact that all forms of ICP run as pairs of bands, the LspA, ppICP’ and pICP’ bands are 
closely spaced on the gel, and ppICP and pICP have similar mobilities. Thus, ppICP and pICP together appear 
as a single broad band (v). The same is true for ppICP’ and pICP’.  (B) Gel mobility of wild-type and mutant 
forms of LspA. Even numbered lanes contain pre-proICP. Lanes 1, 3, 5, 7, 9 and 11 contain the wild-type, 
D115A, D115N, R116A, D124N and D143N forms of LspA, respectively.  (C) Activity assay measurement 
controls demonstrate that Lgt, LspA, DOPG and ICP must all be present in the reaction mix for the 
endopeptidase reaction to occur (Lane 7), that globomycin inhibits the reaction (Lane 8), and that LspA requires 
the dagylated form of ICP for activity (Lanes 5 and 6).   
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Fig. S8. Shape complementarity explains LspA’s ability to function with a broad range of lipoprotein 
substrates.  (A) The dagylated cysteine, Cys*, is common to all prolipoprotein substrates of LspA enabling the 
enzyme to proteolytically cleave in a highly specific way almost 200 different proteins. Its uniqueness derives 
from an extramembrane lipoprotein domain, a DAG and a signal peptide linked, respectively, to its carboxyl 
end, its side chain and its amino terminus. The Cys* is held in position in the active site by shape 
complementarity features (colored shapes) on LspA that include i) a cleft between the periplasmic β-cradle and 
PH loop sub-domains which secures the extended peptide leading into the lipoprotein domain, ii) a cleft where 
the β-cradle and MH4 meet at the membrane interface (dotted line) that holds the lipid in place, and iii) a long 
groove created by MH2, MH3 and MH4 which anchors the signal peptide helix. The net effect is to position the 
scissile bond (asterisk) of the prolipoprotein in the active site for cleavage. The bold red arrows are shown 
originating from the tetrahedral α-carbon of Cys* to convey the sense of how the components of this special 
residue are splayed apart by being anchored to disparate parts of the enzyme. The stereochemistry of the α-
carbon dictates how the substrate is oriented for docking on the enzyme. The α-hydrogen of Cys* is out of view 
behind the α-carbon. Both α-hydrogen and α-carbon extend away from the viewer into a pocket on the protein 
surface where MH4 and the β-cradle meet.  (B) Expanded view of the prolipoprotein substrate in the LspA 
active and binding sites. LspA is shown in surface representation, prolipoprotein in cartoon and DAG and Cys* 
(C*) as sticks. The example shown is the prolipoprotein ICP modelled in Fig. 3B.  (C) Zoomed out view from 
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the membrane of the prolipoprotein bound to LspA as in (B).  (D) As in (C) rotated ~90° to reveal the groove 
between the β-cradle and MH4 in which one of the DAG acyl chains sits. The hydrophobic cleft where the PH 
loop and MH2 meet accommodates the acyl chain of globomycin. Likewise, it may bind one of the 
prolipoprotein DAG acyl chains to assist in substrate docking for catalysis.  (E) As in (C) viewed from the 
periplasm to reveal how the N-terminal end of the lipoprotein sits in the groove between the β-cradle and the PH 
loop. The lipoprotein domain has been removed for clarity.  (F) As in (C) viewed from the cytoplasm to show 
how the signal peptide sits in the long groove created by MH2, MH3 and MH4.  
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Fig. S9. A structure homology model of LspA from MRSA has a similar fold and arrangement of strictly 
conserved residues to those observed in LspA from P. aeruginosa. (A, B) Orthogonal views of LspA from 
within the membrane and from the periplasm, respectively.  The protein is shown in the apo form in cartoon 
representation with cylindrical helices. With the exception of glycines, which are represented as spheres, strictly 
conserved residues are shown as sticks. Amino acids are numbered as in the P. aeruginosa sequence. P. 
aeruginosa and MRSA orthologs are colored cream and blue, respectively. The most notable differences 
between the two structures are at the PH loop and the N-terminus. (C) An expanded view from within the 
membrane of all fourteen strictly conserved residues in and around the active and binding sites of LspA. 

  



P a g e  | 16 
 

Table S1. Data collection and refinement statistics 
 Wild type LspA* SeMet LspA** 
Data collection   
Space group C2 C2 
Cell dimensions     
    a, b, c (Å) 112.5, 105.9, 85.4 112.0, 106.1, 85.5 
    β  (˚) 96.9 96.4 
Resolution (Å) 44.9-2.8 (2.9-2.8) *** 55.6-3.3 (3.39-3.30) 
Rmerge 0.151 (0.764) 0.318 (1.36) 
I/σI 7.4 (1.7) 11.5 (2.8) 
Completeness (%) 98.1 (95.6) 99.9  (99.9) 
Redundancy 3.6 (2.8) 8.1 (7.3) 
CCanom****  0.45 
   
Refinement   
Resolution (Å) 2.8  
No. of reflections 23,968   
Rwork/Rfree 0.219/0.245  
No. of atoms 5,653  
    Protein 4,853  
    Ligand/ion 784  
    Water 16  
Average B-factors (Å2)   
    Protein 66.0  
    Ligand/ion 82.2  
    Water 53.1  
R.m.s. deviations   
    Bond lengths (Å)  0.004  
    Bond angles (º) 0.92  
   
Validation   
Ramachandran favored (%) 97.3  
Ramachandran outliers (%) 0.2  
Clash Score 6.69  
MolProbity Score 1.50  
*        After merging 16 data sets from 9 crystals  
**      After merging 8 data sets from 6 crystals  
***    Highest resolution shell is shown in parenthesis 
****  Anomalous correlation coefficient to a resolution of 5.5 Å (used for substructure determination) 
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Table S2.  Hydrogen bonds in the active site hydrogen-bonded network of the LspA-globomycin 
complex* 
 

Partner 1 Partner 2 Distance 
(Å)** 

g.Leu:O Asn112:ND2 3.0 
g.Ile:O Arg116:NH2 2.6 
g.Ser:O Arg116:NH2 3.0 
g.Ser:OG Asp143:OD2 2.4 
g.Ser:OG Asp124:OD1 2.9 
g.Ser:N Asp143:OD1 3.0 
Asp23:OD2 Lys27:NZ 2.8 
Asp23:OD1 Ala142:N 2.9 
Lys27:NZ Asp115:OD2 2.5 
Lys27:NZ Asn112:OD1 2.9 
Asn54:ND2  Asp124:OD2 3.4 
Asn54:OD1 Gly56:N 2.7 
Asn112:OD1 Asn140:ND2 3.3 
Asn112:ND2  Asp143:OD1 3.0 
Asn140:ND2  Asp124:OD1 3.2 
Asn140:OD1  Asp143:N 2.8 
Asp143:OD2 Asn140:N 3.5 

 
*With the exception of Asp115, all LspA residues identified in this table are strictly conserved. 
**Distances were measured in molecule A, which has the best density of the four molecules in the asymmetric 
unit. 
  



P a g e  | 18 
 

  

 

Movies: 

 

Movie S1. LspA and its globomycin (grey sticks) binding site are stable in a membrane bilayer through 
500 ns of MDS. LspA is shown in cartoon representation, with residues involved in hydrogen bonds (dashed 
lines) shown as sticks.   
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Movie S2. Apo-LspA is stable in a membrane bilayer through 500 ns of MDS. Removal of globomycin 
from the LspA-globomycin complex does not induce gross structural changes in 500 ns of MDS due, in part, to 
a tight network of hydrogen bonds between the conserved polar residues in and around the active site. LspA is 
shown in cartoon representation, with residues involved in hydrogen bonds (dashed lines) shown as sticks.  
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Movie S3. The prolipoprotein substrate, ProICP (grey), docked into apo-LspA is stable in a membrane 
bilayer through 100 ns of MDS. Full details of how proICP was modelled and docked into the apo-form of 
LspA are provided under Methods. Movie S3A is a view of the overall complex from the membrane plane. 
Movie S3B is a zoomed in view of the lipobox (shown as sticks) in the active site.  
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Movie S4. A water molecule coordinates between the catalytic dyad aspartates Asp124 and Asp143 of 
apo-LspA in MDS.  With restraints imposed upon the protein to maintain the precise coordinates of the X-ray 
structure, the two catalytic aspartate residues dynamically coordinate waters individually that infiltrate the active 
site of the enzyme. Rather than coordinating a single water throughout the MDS, multiple waters (marked by 
different colors) engage with the catalytic aspartates. Waters also freely exchange between the active site and 
the periplasm, navigating through a portal formed by the PH, MH2 and MH3; observed at the top right of the 
screen.  
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Movie S5. MDS of the mutant Asp115Ala indicates that Asp115 affects the catalytic dyad by way of an 
extensive hydrogen bonded network. Asp115 was expected to be a catalytic residue based on previous 
biochemical data (8).  MDS of the mutant Asp115Ala (van der Waals spheres) indicate that it has a downstream 
effect on the catalytic site. The absence of the acidic side chain disrupts the side chain position of Lys27 
enabling it to change conformation. This facilitates a flip in the side chain of Asn140, which is seen by MDS to 
initially coordinate Asp124 and Asp143 in the wild-type enzyme. The change in side chain rotamer of Asn140 
destabilises the catalytic aspartates, enabling Asp124 to drift away from the active site thus lowering 
endopeptidase activity. By contrast, the Asp115Asn mutation (not shown) had a less adverse effect on LspA 
activity (Fig. 4). Its side chain carboxamide oxygen can stabilize Lys27 in position which in turn fixes Asn140 
with less of an impact on the catalytic dyad.  
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Movies in dropbox 

Movie 1: https://www.dropbox.com/s/u44o9m9vvtdqv78/movie%201%20LspA-globomycin.mov?dl=0  

Movie 2: https://www.dropbox.com/s/i0cmdk03imxdqwk/movie%202%20LspA-apo.mov?dl=0  

Movie 3: https://www.dropbox.com/s/tronnzo3s7jckni/movie%203%20ICP-combine.mov?dl=0  

Movie 4: https://www.dropbox.com/s/frr6yj2kk012h0m/movie%204%20LspA-waters.mov?dl=0  

Movie 5: https://www.dropbox.com/s/szrfuskcvhjb9se/movie%205%20LspA-D115A.mov?dl=0  

 

Author Information Atomic coordinates and structure factors for the LspA-globomycin 
complex are deposited in the Protein Data Bank under accession code 5DIR. Correspondence 
and requests for materials should be addressed to M.C. (martin.caffrey@tcd.ie). 

https://www.dropbox.com/s/u44o9m9vvtdqv78/movie%201%20LspA-globomycin.mov?dl=0
https://www.dropbox.com/s/i0cmdk03imxdqwk/movie%202%20LspA-apo.mov?dl=0
https://www.dropbox.com/s/tronnzo3s7jckni/movie%203%20ICP-combine.mov?dl=0
https://www.dropbox.com/s/frr6yj2kk012h0m/movie%204%20LspA-waters.mov?dl=0
https://www.dropbox.com/s/szrfuskcvhjb9se/movie%205%20LspA-D115A.mov?dl=0
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