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Bacterial membranes have been described to operate at a physical state close to the lamellar (L)-to-
inverted-hexagonal (HII) phase transition because they are primarily composed of 
phosphatidylethanolamine (PE) lipids.[1] Pure PE aggregates provide an increased curvature and 
tendency to form hexagonal structures and, therefore, are considered to be non-bilayer lipids.[2] 
Polyisoprenes (PIs), that are conserved throughout all domains of life belong to the same class.[3] 
The predominant role of PIs is their function as membrane anchors for the biosynthesis of glycan 
species before the glycans are transferred to the side chains of proteins or are subjected to 
peptidoglycan layer assembly.[3,4] Recent studies involving the knockout of lipid pathways in 
Bacillus subtilis provided the first evidence that the cellular production of PIs is related to the 
formation of ‘bacterial rafts’.[5] 

Previous studies of PIs in lipid model membranes revealed their potential to destabilize membrane 
integrity and shift the L-HII phase transition.[6-9] This is especially interesting, since the existence 
of HII phases is suggested to hold significant biological function in promoting protein-membrane 
interactions.[10] Unlike cholesterol, PIs seem to comprise a preference for modulating PE lipids and 
therefore have an increased effect on bacterial membranes.[11] To date, biophysical studies of PIs 
have exclusively relied on non-oriented lipid samples (suspensions or vesicles) and usually focused 
on eukaryotic and/or biologically inactive species with respect to glycan assembly.[6,7] 

In the presented study we reconstituted substrates and products (1, 2) of the canonical enzymatic 
pathway of N-linked protein glycosylation (Camphylobacter jejuni) as well as pool-species of Gram 
positive bacteria (3) and PIs with special structural features (4, 5) in highly-aligned multilamellar 
membrane stacks of a binary lipid mixture as well as in E. coli lipid extracts (Figure 1). At the high 
resolution diffraction beamline P08 at PETRA III, the solid supported and fully hydrated bilayer 
stacks were subjected to X-ray reflectivity (XRR) and gracing incidence small angle X-ray 
scattering (GISAXS) analysis at various temperatures and with varying amounts of the different 
PIs. 

 

Figure 1: Polyisoprenyl-species (PIs, A) that have been reconstituted in highly aligned membrane 
multilayers (fluid phase) and studied by XRR and GISAXS (B). 



XRR generated structural information in z-direction and allowed for reconstruction of the electron 
density profiles along the membrane normal. Reflectivity curves were obtained up to 9 lamellar 
orders for the pure lipid mixtures. The lipid order was diminished upon PI reconstitution and a 
splitting of the Bragg reflexes could be observed for certain PI/membrane compositions. This is 
indicative of a lipid de-mixing or the coexistence of lipid phases. The observed effect was stronger 
with increasing amounts of PIs and appeared most prominent for the undecaprenyl-diphospho-
disaccharide species (2) and least prominent for the free-alcohol species undecaprenol (3). In 
previous studies, undecaprenol or dolichol, respectively, was suggested to be sandwiched between 
the two membrane leaflets and, therefore, not to impair the membrane order.[11,12] The electron 
density profiles along z revealed a thickening of the membranes upon PI insertion again with 
increasing magnitude in order of the PIs with 2>1>3. The PI-chain properties of the shorter PIs 4 
and 5 with an all-trans double bond geometry seemed to overcome the impact of the PI headgroups 
on the bilayer structure and revealed an opposed character with respect to the behavior of the free-
alcohol and the phosphorylated species. 

GISAXS, together with a mapping of the reciprocal space, elucidated how lateral membrane 
features were biased by PI reconstitution (Figure 1). For the first time, the induction of hexagonal 
phases by PIs (shift of the L- HII phase transition) could be directly visualized in oriented and 
planar membrane samples that did not contain an intrinsic curvature that might have compromised 
comparability to a native system. For the binary synthetic lipid mixture, hexagonal phases could be 
observed at physiologically relevant temperatures for increased amounts (5% and 10% of total 
lipids) of the phosphate and pyrophosphate-species. In the case of E. coli lipids, this effect occurred 
at even lower molar amounts of the PIs. This is probably due to a synergistic effect caused by the 
presence of cardiolipin, a component of bacterial membranes that is found in highly curved 
membrane compartments. 

Besides the rather qualitative 2D-imaging of hexagonal phases (Figure 1), the analysis of the lipid 
chain-chain correlation peak (cc-peak) by Lorentzian fitting along sections through the reciprocal 
space granted access to parameters in real space, such as the lateral lipid chain-chain distances a as 
well as the lipid correlation length . The strong disorder caused by hexagonal phase formation and 
the PI reconstitution in general as well as an increased membrane permeability is additionally 
reflected by the changes in lateral lipid spacing. In general, the lipid chain-chain distance increased 
upon PI reconstitution, while the lipid correlation length and therefore the lipid cooperativity were 
diminished. In the case of the undecaprenyl-phosphate species (1), which is the first membrane-
bound protein substrate in glycan assembly pathways, the lipid-lipid correlation length increased 
proportionally with the lipid chain distance, which is counterintuitive but might suggest the 
potential for undecaprenyl-phosphate to be involved in micro domain formation. 
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