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Abstract

The catalytic action of membrane-embedded rhomboid proteases Is dramatically influenced by the nature of the lipid environment. As a first step towards deciphering how
lipid molecules affect rnomboid protease function, we examined the molecular dynamics of the E. Coli GlpG rhomboid in the presence of different bulk lipid molecules and

different lipid molecules docked into the enzyme active site. An important outcome of the simulations is the slightly tilted orientation of the protein with respect to the lipid

nilayer. The optimization of the protein:lipid interactions Is achieved via rearrangements of the surrounding lipid bilayer, which adapts to the highly irregular shape of the
orotein. As a consequence, in the vicinity of the protein the lipid bilayer is thinner than at locations distant from the protein. The different lipid:protein hydrogen-bonding

Interactions revealed by the simulations using POPC vs. POPE lipid bilayers may contribute to the observed impact of lipids on the rnomboid protease activity.

Introduction

Intramembrane proteases are highly conserved components of the cellular
apparatus that liberate membrane-anchored substrates of fundamental importance
for cell physiology and disease.! Rhomboid protease, the only intramembrane
protease whose three-dimensional structure was solved to high resolution,?>
cleaves a wide range of substrates such as the epidermal growth factor ligand in
Drosophila Melanogaster,® or adhesin proteins in Toxoplasma gondii’ and
Plasmodium falciparum.® The dramatic impact of the lipid environment on the
cleavage activity of rhromboid protease® and the highly irregular shape of this
protein raise the challenging question as to the atomic-detail picture of the
rhomboid protease:lipid bilayer interactions. Computer simulations are critical in
overcoming the intrinsic limitations of experimental approaches to provide specific
Information on the structure and dynamics of lipid:protein interactions. To
understand the molecular origin of the influence of lipids on rhomboid protease
function, we performed an extensive set of all-atom molecular dynamics simulations
of wild-type and mutant phenotypes of the Escherichia Coli GIpG rhomboid
embedded in various lipid membrane environments.

GlIpG rhomboid protease in lipid bilayers

NN\ wt GlpG in POPE
wt GIpG in POPC + PGV

It Is essential to know the orientation of
the protein in the lipid bilayer, because it
determines how deeply buried iIs the _
catalytic serine in the membrane. During 900 -
the equilibration GlpG assumes an
orientation slightly tilted with respect to
the membrane normal (Fig. 1A). Whereas 300_-
In POPE there Is a Gaussian distribution of

the protein tilt angles, in POPC the 0
distribution is skewed towards smaller

angles. —
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Optimization of the protein:lipid
bilayer interactions Is achieved
mainly by the surrounding lipid
molecules adjusting their geometry
(Fig. 1B,C) and forming strong
hydrogen bonds with charged protein
groups (Fig. 1D), while the protein
conformation is remarkably stable.
The rearrangement of the lipid
molecules leads to the average
thickness of the lipid bilayer being 3-
4 A smaller in the vicinity of the
protein than at remote distances (Fig.
1B). Such thinning of the membrane
IS likely to influence the conformation
of the substrate presented to the
active site, because the substrate
alone does not induce a similar
perturbation of the bilayer (Fig. 1E).

Fig. 1 Lipid:protein interactions of GlpG rhomboid
protease. (A) Orientation of GIpG rhomboid with
respect to the membrane normal in POPE (red)
and POPC (green) lipid bilayers. (B) The lipid
bilayer is thin in the vicinity of the protein. For
clarity, only a ~40A slab of the lipid bilayer
containing the protein is shown.

Conformational flexibility of the cap loop

An essential open question about the rhromboid
protease function is how the protein controls
the access of substrates to the catalytic site.
One scenario assigns a central role to the cap
loop L5 (connecting TM5 and TM6, Fig. 2C),
which presumably opens upon docking of the
substrate to the protease.* The significant
conformational variability or disordering of the
cap loop indicated by the crystal structures is
consistent with the proposal of an intrinsic
flexibility of the L5 loop,* but also raises the
guestion as to what extent a conformational
transition of the cap loop Is indeed related to
substrate binding. On the timescale of our
simulations, no conformational transition of the
cap loop L5 was observed when the lipid
headgroup docked into the active site is POPE
(Fig. 2A) or POPC. A structural rearrangement
of the cap loop occurred when a
phosphoglycerol headgroup was docked into
the active site (Fig. 2B). The conformational
transition involves an increase of the TM5-
Leu244:TM6-Met247 distance with ~2A relative
to the starting crystal structure coordinates
(Fig. 3B, C&D), and was not reversed within 10
ns (Fig. 2 B).

C. D.

Fig. 2. Conformational transition of the cap loop connecting TM5 and TM6. (A-B) Distances between pairs of
protein groups from the TM5 and TM6 segments in a POPE bilayer simulation (A) and a POPC bilayer with
PGV lipid docked into the active site (B). (C-D) Conformation of the cap loop before (C) and after (D) the
structural rearrangement in the POPC+PGV simulation. The gray spheres indicate the locations sampled by
the water molecules within 5 A from the hydroxyl oxygen of the catalytic serine Ser201 during the last 1ns
of the simulation. The pairs of protein groups selected to monitor the geometry of the cap loop are depicted
In magenta.
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