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The Interplay of the Pex11-Amph Peptide with Peroxisomal Membranes

The Interplay of the Pex11-Amph Peptide with
Peroxisomal Membranes

J. Su, A.S. Thomas, C.P. Williams, S.J. Marrink, M.N. Melo, to be
submitted

Abstract

Pex11 proteins are crucial in the elongation process of peroxisome proliferation.
Pex11-Amph, the conserved N-terminal amphipathic helix of Pex11, is able to
tubulate liposomes in vitro. The molecular level details of the interplay between
Pex11-Amph and membranes remain unknown due to the limitations of experimental
methods. To overcome this we performed simulations of P. chrysogenum Pex11-
Amph peptide on different types of membranes using molecular dynamics.
Interestingly we observed peptides aggregated as a linear pattern on the membrane.
One mutant of the peptide was successfully designed to break this aggregation pattern;
the mutant’s in vitro tubulating activity was also abolished, pointing towards a link
between the two phenomena. By combining experiment and simulations we are able
to shed light on the action of Pex11-Amph on the peroxisomal membrane.

4.1 Introduction

Peroxisomes are membrane-bound cellular organelles that are found in all eukaryotes.
They perform various metabolic functions, including the fatty acid -oxidation and
detoxification of reactive oxygen species, especially H,O, (1). Failure in peroxisome
formation in human cells results in biogenesis disorders (PBDs) such as the Zellweger
syndrome (2). Peroxisomes are remarkably fluid and can change dramatically in
abundance, size, shape and content in response to numerous cues. The fluid nature of
peroxisomes is essential for peroxisome proliferation, a multistep process including
elongation, constriction and fission (3). The Pex11 protein, one of the most abundant
peroxisomal membrane proteins, is a key player in this process. Pex11 proteins are
thought to participate in the first two steps, whereas DRP1 (dynamin-related protein)
and Fisl (mitochondrial fission protein 1) are essential for fission (4, 5).

To date, the molecular mechanism of Pex11 function in peroxisome proliferation is
poorly understood. One of the proposed models for induction and regulation of
membrane curvature is the insertion of amphipathic a-helices that cause membrane
asymmetry resulting in bending of the membrane (6). Opalinski et al. found that the
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N-terminus of Pex11 contains a conserved amphipathic helix, termed Pex11-Amph,
that binds to membranes and alters the shape of liposomes, leading to tubulation (7).
Through the use of mutants the amphipathic properties of Pex11-Amph were found to
be crucial for the function of Pex11l in peroxisome proliferation. However, the
molecular level details of the interplay between Pex11-Amph and membranes remain
unknown due to the limitations of experimental methods.

Molecular dynamics (MD) simulations are able to compensate the shortcomings of
experiments regarding the molecular level detail. In order to investigate the interplay
of Pex11-Amph with membranes, we performed molecular dynamics (MD)
simulations based on the membrane composition from Opalinski et al. and the P.
chrysogenum Pex11 peptide. We used the MARTINI coarse-grained (CG) force field
(8), which enabled the use of large system sizes required to observe the collective
peptide effect on membrane remodeling. The MARTINI model is based on
reproducing thermodynamic data and has been applied in many biomolecular areas,
such as characterization of membrane properties (2, 9-11), lipid polymorphism(12),
protein—lipid interplay (13, 14), and membrane protein oligomerization (15). Our CG
MD simulations revealed specific aggregation patterns of Pex1l on the
membrane .With this information we were able to design mutants with modulated
membrane organization properties.

4.2 Methods
4.2.1 Simulation setup

The lipid compositions of the membranes are the same as used by Opalinski et al.(7).
Three different lipid composition model membranes were built up: DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine), DOPC:DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) at a ratio of 70:30, and DOPC/DOPE/DOPS (1,2-dioleoyl-sn-
glycero-3-phospho-L-serine) /CL (cardiolipin) /Pl (phosphatidylinositol) at a ratio of
55:30:5:5:5 — the last mixture mimicking the phospholipid composition of the
peroxisomal membrane from bovine liver. The simulated peptide is the P.
chrysogenum Pex11-Amph, with sequence
YNAVKKQFGTTRKIMRIGKFLEHLKAAA. The secondary structure was assumed
to be entirely o-helical. Membrane patches of the composition described above,
periodic in the x and y dimensions, were built using the insane tool(16). The lipids
were described by MARTINI lipid parameters (8, 17-20). For the peptides, the
improved MARTINI protein parameters (21) were employed.

4.2.2 Protocol for peptide placement
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The concentration of peptide in the membrane used in experiments is difficult to
know exactly, since part of the peptide will remain in the aqueous phase and only a
fraction will partition to the bilayers. Knowing the global concentrations of liposomes
and peptides, and assuming a typical partition constant of 104 for this type of peptides,

one can estimate the bound peptide fraction as: = " [[]] in which is the

partition constant of the peptide for membrane-water system, and [L] is the global
phospholipid concentration (22). Using Opalinski’s et al. (7) experimental lipid
concentration for [L] which is 0.65 mg/ml this estimate yielded a bound lipid-to-
peptide ratio of 20:1.

An attempt was made to place peptides on a single leaflet at the 20:1 global lipid-to-
peptide ratio. However, we found the peptides become impractically crowded in the
latter case. We settled, then, for placing the peptides on a single leaflet at a 40:1 lipid-
to-peptide ratio, which locally corresponds to the 20:1 ratio as long as the peptides
remain bound to that leaflet. To place the peptides on the membrane surface but allow
time for an optimal orientation to be reached and prevent untimely aggregation the
following procedure was followed: the peptides were distributed on a plane in a way
to have the desired density without peptide—peptide contacts. Each peptide’s center of
mass was then softly pulled towards the membrane. To prevent lateral diffusion and
peptide—peptide interactions, each peptide’s N and C terminus was restrained in its x
and y movement for the duration of this steered adsorption procedure, which lasted
400 ns. The terminal restraints allow the peptides to rotate around their helical axis,
and therefore adopt the most favorable orientation to interact with the bilayer. Figure
4.1 shows the models of lipids, peptides, and a snhapshot of one of the initial
membrane systems — which contain around 4000 lipids and 99 peptides, with an
initial box size of 38 nm x 38 nm x 16 nm. These flat membrane systems were
production-run for 2.7 ps.
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Flat system

DOPS o Ribbon system |

Figure 4.1. Overview of simulation setup. Simulation boxes for the flat (solvent
omitted for clarity backbones of peptides are in pink and side chains in yellow) and
ribbon systems (peptides not shown, water is cyan), together with a representation
of the coarse-grain model for the peptide and lipids, are shown.

4.2.3 Setup of ribbon systems

Membrane systems were also set up to study the induction of curvature. In these
systems an oblong membrane was built, with an x/y aspect ratio of ~4. This membrane
was then made discontinuous in the x dimension by appending a 10 nm slab of solvent
to one of the membrane’s box x faces, as done in similar studies (23). By making the
membrane nonperiodic in x it can now freely bend around the y axis. Due to its aspect
ratio and possibility to curl we termed this setup a ‘ribbon’ system, as opposed to the
regular “flat” membrane systems. The used peptide-to-lipid ratio was 40:1, the same as
for the fully periodic systems, and the same peptide adsorption procedure was used.
Ribbon systems contained 5348 lipids and 134 peptides, and are also shown in Figure
4.1; their final box size was 99 nm x 22 nm x 31 nm. Simulations of the ribbon
membrane systems were production-run for 3.9 ps.
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A potential artifact of adding peptides to one leaflet only is that membrane bending
might be observed solely because of the induced asymmetry in leaflet tension. To
account for this effect, a flat-bottom semi-harmonic restraining potential was initially
used with ribbon systems to keep the membrane planar. Such a potential still allows
the lipids to flip-flop around the membrane edge, which occurs as a response to the
increased tension brought about by the adsorption of the peptides. Another restraining
potential was used to keep the peptides from reaching and flipping over the membrane
edge. Tension equilibration of this set up — which took 2 ps — was monitored by
counting the evolution of the number of lipids on each leaflet. Production runs ensued
after removal of the restraining potentials.

4.2.4 Simulation parameters

All the MD simulations were performed using the GROMACS software package
version 4.6 (24). Periodic boundary conditions in all directions were imposed, even
when simulating the discontinuous bilayers of the ribbon systems. The temperature
was weakly coupled (coupling time 0.1 ps) to T= 323 K, using the Berendsen
thermostat (25). The pressure was coupled (coupling time of 1.0 ps and
compressibility of 3.0x10™), using a semi-isotropic Berendsen coupling, in which the
lateral and perpendicular pressures were coupled independently at 1 bar,
corresponding to a tension-free state of the membrane; for the ribbon systems pressure
coupling was applied only in z. Non-bonded interactions were computed as Lennard-
Jones (LJ) potentials, switched to zero from 0.9 to 1.2 nm (pair-list update frequency
of once per 10 steps). Electrostatics were calculated as coulombic interactions shifted
to zero from O nm to the same 1.2 nm cutoff.

4.2.5 Analysis

Peptide aggregation was analyzed by counting backbone—backbone contacts at a 0.6
nm distance cutoff. Two peptides are counted as being in contact whenever each
contacts at least three backbone beads of the other. The peptides can then be divided
into clusters, where a peptide contacts at least one peptide of the remaining cluster.
For each peptide pair in contact a contact map can also be drawn up. We used the
method described by Fraser et al. (26) to group the contact maps of all the peptide
pairs, over the entire trajectory time, with the similarity metric of Jarvis et al. (27).
Since contact map analysis did not yield a clear aggregation mode, focus was then put
on analyzing the indiscriminate contact counts per residue. This was done by tallying
all neighboring residues (within 1.0 nm) of each residue, regardless of the peptide
contact status described above.
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4.3 Results and Discussion
4.3.1 Pex11-Amph peptides self-aggregate on membranes

Pex11-Amph peptides were added onto three flat membrane systems: two model
membranes composed of either pure DOPC or a DOPC/DOPE mixture, and an
anionic DOPC/DOPE/DOPS/CL/PI membrane that mimics the lipid composition of
peroxisomal membranes of bovine liver, according to Opalinski et al. (7). Figure 4.2
shows the snapshots obtained after 2.7 ps simulation, together with the cluster size
distributions of the peptides. We find that the Pex11-Amph peptides aggregated on
each of the three membrane systems. In all cases, aggregates formed roughly in a
linear fashion. Besides a slightly longer aggregate for the charged membrane case,
there were no other large differences in the aggregation behavior between the three
systems. The aggregation patterns were found to be quite stable at the timescale of the
simulation, and once in touch with each other peptides typically stayed bound.
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Figure 4.2. Pex11-Amph peptides cluster on different membranes. Top panels are
snapshots (membrane top view) after 2.7 us; lower panels are the cluster size
analyses. Lipids follow the same coloring scheme as in Figure 4.1. Backbones of
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peptide are shown in pink. A) DOPC membrane. B) DOPC/DOPE 70:30 membrane. C)
DOPC/DOPE/DOPS/CL/PI 55:30:5:5:5 membrane.

Peptides remained mostly at the surface level, but more crowded aggregates caused
some peptides to bulge out into the aqueous phase. This bulging away from the
membrane surface occurred less in the charged membrane than in the other systems,
presumably due to the more favorable electrostatic interactions between the cationic
peptides and the anionic membrane. If taken to represent membrane affinity, this
observation is consistent with the experimental work by Opalinski et al. (7), in which
a larger amount of peptide was seen to bind the anionic liposomes — which in turn
might explain the observed difference in tubulation activity for the different
membrane systems. In addition to a putative higher affinity, we also observed that the
anionic lipids that compose the charged membrane tend to cluster around the peptide
aggregates. Again, this is likely a consequence of the peptide-lipid electrostatic
interactions, with potential relevance for the Pex11-Amph mechanism of action.
Given the similar behavior of the peptide with the different membrane systems it was
decided to proceed only with the charged membrane, which is also the most faithful
peroxisome membrane mimetic.

4.3.2 Specific peptide residues involved in aggregation

The apparently regular peptide organization in the aggregate trains prompted a contact
analysis to determine whether a preferred peptide—peptide binding pattern exists.
Contact maps were obtained for all the peptide pairs, over the entire trajectory, and
then clustered by similarity. However, peptide pair binding modes proved to be quite
diverse, with no clear main aggregation pattern (data not shown). The peptides do
bind preferably in a parallel fashion, although at several shifts relative to one another.
A less discriminating approach was then chosen, in which the count of neighboring
residues was tallied for each residue (see Figure 4.3).
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with residues of neighboring peptides, for the Pex11-Amph peptide aggregates on a
DOPC/DOPE/DOPS/CL/PI charged membrane.

From Figure 4.3 the C-terminal half of the peptide can be seen to be the most
interacting part of the peptide. The anionic C terminus itself established the most
contacts, predominantly with the cationic residues of neighboring peptides. After that
residues 20F, 23H, and 24L were the most involved in peptide—peptide contacts.
Interestingly, two of these residues are apolar, suggesting that it is not only charged
interactions that rule aggregations.

To gauge the relevance of the binding residues, 20F, 23H, and 24L to the aggregation
process we mutated them to charged ones: aspartic acid or arginine. Runs were also
carried out with the C-terminal charge removed — to understand its effect on
aggregation but also to be closer to the physiological case where this peptide, being
part of a larger protein, has no negative charge at that particular position.

Figure 4.4 shows the snapshots for Pex11-Amph and mutants after at least 2 ps
simulations, and the respective aggregation size analysis. The C-terminus uncharged
peptide is able to form linear train-like structures, albeit with a higher number of
monomers or low-order aggregates than the wild type. Nevertheless, the range of
aggregation sizes still overlaps with that of the wild type peptide. The aspartate
mutant displays a strong aggregation profile, but clearly with a different and less
ordered aggregation topology than the linear trains. This increase in self interaction is
likely due to the introduction of three anionic charges in a peptide that already has 8
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cationic charges. In the opposite direction, after mutating the three residues to
arginine the linear train pattern aggregation is abolished, with the aggregation sizes
becoming much smaller — mostly trimers and dimers. This highlights that the
aggregation behavior of wide type results from a delicate balance between
electrostatic attraction/repulsion and apolar interactions.

Fraction
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Figure 4.4. Aggregation behavior of Pex11-Amph and different mutants on a
charged membrane (DOPC/DOPE/DOPS/CL/PI). Top panels are top-view snapshots
(only peptide backbones are shown) from the end of the simulations; lower panels
represent histograms of oligomer size distribution. A) wild type Pex11-Amph. B)
Uncharged C-terminus mutant. C) Aspartic mutant. D) Arginine mutant.

4.3.3 Membrane curvature with Pex11-Amph and the Arginine mutant

The tubulation activity of Pex11-Amph requires the induction of membrane curvature.
One might envision that the long linear train aggregation pattern might be related to
such membrane curvature generation. A ribbon system (see Methods) was set up to
try and verify this hypothesis. Since the linear train structure is abolished in the
arginine mutant a control ribbon system with this mutant was also simulated.

Figure 4.5A shows a snapshot of the wild type peptide on the ribbon membrane after
3.9 ps simulation. In this system the membrane readily begins to bend. From the top
view, it can be seen that linear train structure aggregations were formed on the
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membrane, perpendicularly to the curvature direction. Figure 4.5B shows a snapshot
of the arginine mutant peptides on the ribbon membrane after 3.9 ps. Membrane
curvature was also observed for this system. The aggregation pattern of the mutant
peptides remains the same as displayed on the flat membrane: mostly trimers and
dimers.

Arginine mutant 3.9 us

Figure 4.5. The curvatures of a charged ribbon membrane with wild type and

arginine mutant peptides. Only the backbone of the peptides is shown (in pink). The
lipid coloring scheme is the same as in Figure 4.2 and the different panels represent
views down the z axis, along the y axis, and from both x ends of the system. A) wild
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type peptide on membrane after 3.9 us. B) Arginine mutant on membrane after 3.9
us.

Even though we were able to devise a system setup that allows less biased simulations
of membrane bending, further work is still needed to pinpoint the mechanistic
determinants of peptide activity: with many more replicates we may be able to
ascertain whether there is a difference in bending kinetics between the wild type
peptide and the mutant — if such a difference exists it would partly validate the
hypothesis that the train-like aggregation plays a role in tubulation. Alternatively, runs
can be focused on systems with lower peptide concentrations: this may expose clearer
aggregation patterns and, by potentially slowing down bending kinetics, make
differences more obvious between wild type and mutant behavior.

4.3.4 Experimental work

The hypothesis of the relation between Pex11-Amph aggregation and induction of
membrane curvature/tubulation was tested by our experimental collaborators. The
experimental detais can be seen in Supporting Material. Figure 4.6A shows the results
of a turbidimetric assay that reflects the degree of membrane tubulation after peptide
addition to liposomes mimicking the peroxisomal lipid composition. A stark contrast
can be seen between the activities of the wild type peptide and the arginine mutant,
with the mutant being an order of magnitude less active. This observation, in
combination with the simulated aggregation behavior of the wild type vs. the mutant
peptide (Figure 4.4A and 4.4D), further supports the hypothesis that aggregation is
key to the activity of Pex11-Amph.

Validation must be carried out on these turbidimetric results. First and foremost it
must be assessed whether peptide binding was not impaired by the mutation. Were the
mutant to bind less, it would not be possible to know whether the low activity is a
consequence of the different aggregation or the lower amount of bound peptide. In
Figure 4.6B are the results of comparative binding of the wild type and mutant
peptides to the same peroxisome membrane mimics. Separation between bound and
unbound peptide was carried out by ultracentrifugation. For both cases binding can be
seen, but to a lower extent in the case of the mutant (visible as a weaker staining of
the pellet fraction). It is unclear whether this difference in binding is enough to
account for the difference in activity, or if indeed the mutant peptide that does bind
also has a weaker bending-inducing ability. Further work is needed to more accurately
pinpoint the difference in peptide affinity. It is also important to ascertain whether the
turbidimetric assay is reporting the same phenomenon for both peptides: the little
increase in optical density for the addition of the mutant might be a consequence not
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even of tubulation but rather of liposome aggregation — a possibility when liposomes
of anionic surface become covered in cationic peptides.

A 0.6
05

Absorbance

—o—Wild type

~£+Arginine mutant

0 5 10 15
Concentration of peptides ( pM)
B Wild type Arginine-mutant
T S P T 5 P

10 kDa

Figure 4.6. Experimental validation of tubulation efficiency of wild type versus
arginine mutant. A) Turbidimetric measurements, where increased optical density
indicates tubulation. The blue graph indicates the increase of absorbance when the
wild type peptide is added to liposomes. A markedly weaker activity by the arginine
mutant can be seen. B) Peptide binding: after ultracentrifugation, 15 ul of all three
fractions, namely total (T; whole material before centrifugation), supernatant (S) and
pellet (P) of both the wild type and arginine mutant were subjected to a tricine PAGE
and made visible by silver staining.
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4.4 Conclusion

In this work coarse-grain MD simulations were employed to shed light on the
molecular-level processes responsible for the tubulating activity of Pex11-Amph. To
that end this work establishes a number of protocols for minimal bias approaches to
simulating high densities of peptides on membranes, and setting up systems for
studying induced bending.

The observation of a particular aggregation pattern in simulations prompted a
hypothesis relating Pex11-Amph aggregation to activity. MD data was then also used
to successfully design a non-aggregating mutant, with which the aggregation—bending
hypothesis could be partly validated in vitro. More than just clarifying the activity of
Pex11-Amph this work illustrates the power — and importance — of combining
simulations and experiments.
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4.6 Supporting Material
This section contains materials and methods of experimental result.
Synthesis of peptides

The peptide arrays corresponding to the amino acids Pex11-Amph bearing the point
mutations Phe20, His23 and Leu24 to Arginine were synthesized on amino-modified
cellulose membranes (B-alanine membrane) according to SPOT synthesis protocols.
Peptides were resuspended in lipid rehydration buffer (20mM HEPES, 150mM NacCl,
pH 7.4) prior to use.

Preparation of Liposomes

Small unilamellar vesicles (SUVs) were prepared using chloroform solutions of lipids
from Avanti Polar Lipids. Liposomes were prepared by mixing the following
concentrations of lipids together: DOPC-55 mole%, DOPE-30 mole%, DOPS-5
mole%, CL-5 mole%, PI-5 mole%. A nitrogen stream was used to evaporate the
chloroform and the lipid film was stored in vacuum overnight. Following rehydration
in lipid rehydration buffer a final concentration of 0.8 mg/ml was obtained.
Liposomes of desired diameter was produced by first extruding the SUVs through a
polycarbon membrane with the pore size of 400 nm, followed by extrusion through a
polycarbon membrane with a pore size of 50 nm.

Peptide Binding Assay

SUVs and peptides were mixed to a final concentration of 0.65 mg/ml lipids and 50
WM peptides in a volume of 250 pl. After incubating the mix for 20 minutes at room
temperature, a sample of 50 pl was taken and pelleted by ultracentrifugation (21°C,
20 min, 100,000x g). The pellet was resuspended in 200 ul of lipid rehydration buffer.
Equal volumes of the supernatant and pellet fraction were then subjected to a 16%
Tricine-Gel along with the total fraction. Bands were visualized using silver staining
(BioRad).

In vitro peptide-peptide interactions

Wild type and arginine mutant peptides (20, 5 and 1.25 pmoles) were subjected to
native gel analysis using the NativePAGE™ system (Invitrogen). Due to the high pl
values of the peptides (wild type 10.6; arginine mutant 11.8), gels were run with
reversed polarity. Peptides on the gel were visualized using coomassie staining.

Turbimetric Measurements
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SUV solutions (0.4 mg/ml) were mixed with peptides (0 to 100 uM) in Lipid
rehydration buffer. ~ Absorbance was recorded at 400nm for 5 minutes at room
temperature using a Perkin Elmer Lambda 35 spectrophotometer. Changes in
absorbance were plotted against peptide concentration.
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